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Abstract

This thesis consists of an introductory text followed by two separate parts which may be
read independently of each other. In Part I we analyze certain hyperbolic structures arising
when studying gravity in the vicinity of spacelike singularities (the BKL-limit). In this limit,
spatial points decouple and the dynamics exhibits ultralocal behaviour which may be mapped
to an auxiliary problem given in terms of a (possibly chaotic) hyperbolic billiard. In all super-
gravities arising as low-energy limits of string theory or M-theory, the billiard dynamics takes
place within the fundamental Weyl chambers of certain hyperbolic Kac-Moody algebras, sug-
gesting that these algebras generate hidden infinite-dimensional symmetries of gravity. We
investigate the modification of the billiard dynamics when the original gravitational theory is
formulated on a compact spatial manifold of arbitrary topology, revealing fascinating math-
ematical structures known as galleries. We further use the conjectured hyperbolic symmetry
E10 to generate and classify certain cosmological (S-brane) solutions in eleven-dimensional su-
pergravity. Finally, we show in detail that eleven-dimensional supergravity and massive type
ITA supergravity are dynamically unified within the framework of a geodesic sigma model for
a particle moving on the infinite-dimensional coset space K (€10)\E1o-

Part II of the thesis is devoted to a study of how (U-)dualities in string theory pro-
vide powerful constraints on perturbative and non-perturbative quantum corrections. These
dualities are typically given by certain arithmetic groups G(Z) which are conjectured to be
preserved in the effective action. The exact couplings are given by moduli-dependent func-
tions which are manifestly invariant under G(Z), known as automorphic forms. We discuss
in detail various methods of constructing automorphic forms, with particular emphasis on a
special class of functions known as (non-holomorphic) Eisenstein series. We provide detailed
examples for the physically relevant cases of SL(2,Z) and SL(3,Z), for which we construct
their respective Eisenstein series and compute their (non-abelian) Fourier expansions. We
also discuss the possibility that certain generalized Eisenstein series, which are covariant un-
der the maximal compact subgroup K (G), could play a role in determining the exact effective
action for toroidally compactified higher derivative corrections. Finally, we propose that in
the case of rigid Calabi-Yau compactifications in type ITA string theory, the exact universal
hypermultiplet moduli space exhibits a quantum duality group given by the Picard modular
group SU(2,1;7Z][i]). To verify this proposal we construct an SU (2, 1;Z[i])-invariant Eisen-
stein series, and we present preliminary results for its Fourier expansion which reveals the
expected contributions from D2-brane and NS5-brane instantons.
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Introduction — A Tour Through the
Dualities of String Theory

1.1 The Principle of Beauty

To unravel the fundamental laws of nature is the ultimate goal of theoretical physics. In
order to advance in this ambitious undertaking, it is desirable to have a set of underlying
principles to guide us through the mist. A striking example is provided by Einstein’s principle
of equivalence, which states that the concepts of inertial and gravitational mass are merely
two sides of the same coin. With this principle as a guiding light, Einstein was led to the
discovery of the general theory of relativity.

It was argued by Dirac that the most basic principle that should serve as a lamppost
for the pursuit of truth in fundamental laws, is the principle of beauty. Beauty is of course
a subjective notion, but, nonetheless, physicists and mathematicians alike tend to agree on
whether a certain theory, or a mathematical equation, is beautiful. This principle of beauty
in fundamental laws should not be confused with simplicity. The mathematical formulation
of the laws of nature exhibits a remarkably rich and complicated structure, for which “simple”
is not a fitting description. Dirac therefore restated the basic principle by saying that we
should pursue mathematical beauty, since this has often, perhaps surprisingly, proven to go
hand in hand with an accurate description of nature.

In addition to the general theory of relativity, another great achievement of the twentieth
century was the discovery of quantum mechanics. This relied heavily on what may in ret-
rospect be referred to as a principle of symmetry, stating that the fundamental laws should
look the same irrespective of whether one derives them standing upright or hanging upside
down. More accurately, the principle of symmetry demands that the mathematical laws of a
theory should remain invariant under a set of transformations. In mathematical terminology,
such a set of transformations form a group, the properties of which are described in terms of
group theory. These mathematical techniques were vital in the development of the standard
model of particle physics, the framework in which the fundamental constituents of nature are
described. This theory is essentially determined uniquely by specifying that its mathemat-
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ical laws should remain invariant under symmetry transformations described by the group
SU(3) x SU(2) x U(1). This shows that the principle of symmetry is extremely powerful
in constraining the possible descriptions of nature. Of course, to uncover which particular
symmetry group is relevant for describing a certain property of nature is in general a difficult
problem; but it is a well defined problem, and therefore sets the physicist onto a clear path
forward.

The underlying theme of this thesis is the quest for finding the fundamental symmetry
of string theory, which is a leading candidate for a theory unifying the two descriptions
of nature mentioned above: general relativity - describing the large-scale structure of the
universe - and quantum mechanics - the framework in which we describe interactions between
the fundamental building blocks of nature, the elementary particles. The basic idea of string
theory is that these elementary particles correspond to different vibrational modes of a single
fundamental object, a string. Originally developed in the 1970’s, string theory has grown into
a vast subject of research, by now encompassing large areas of both physics and mathematics.
String theory is a well defined and consistent theory in a mathematical sense; whether or not
it describes our universe is yet to be verified. Despite the frustrating lack of experimental
evidence for string theory, it exhibits a truly beautiful and intricate structure which may
potentially answer some of the most difficult questions we can ask: How did the universe
begin? What is the fundamental structure of spacetime? What is inside a black hole?
Whether or not the answers are true remains to be revealed.

One of the outstanding problems in string theory is to find a satisfactory fundamental
formulation of the theory from first principles, analogous to the way Einstein formulated
general relativity based on the principle of equivalence. At present, such a formulation is not
known, but rather we have variety of different descriptions which are valid in certain limits
and regimes. The remarkable property of the theory, as realized by Witten, is that all of these
different descriptions are related in various ways to each other, creating an intricate web of
dualities which tie the whole structure together into a robust and consistent framework.
These dualities reveal an elaborate generalization of the principle of symmetry: although
the various descriptions of the theory change under duality transformations, the complete
structure is left invariant. It is the purpose of this thesis to further explore the notion of
duality in string theory from several different viewpoints, with the hope that this line of
research will eventually lead us to uncover its basic underlying symmetry.

As a motivational prequel to the remainder of this thesis, we shall now embark on a brief
guided tour through the duality web of string theory. The bulk of the thesis is then divided
into two main parts — referred to as Part I and Part II — and the following introduction
provides a general overview of the main concepts and ideas which underlie the analysis. It
should be noted that the two main parts of the thesis may be read independently. However,
it is also the purpose of the present introduction to give the reader a notion of how Part 1
and Part IT may ultimately be related. Before we begin, it is in order to extend an apology,
and a warning, to the layman reader because, despite the gentle words of motivation above,
the following text is written at a fairly technical level, and is primarily aimed towards a
theoretical physicist who is well versed in the framework of string theory.
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1.2 The Duality Web of Type Il String Theory

String theory lives in ten spacetime dimensions, with its “mother”, M-theory, hovering above
in eleven dimensions. There are five different ten-dimensional string theories — known under
the esoteric names type I, type ITA and IIB, Heterotic Eg x Eg and Heterotic SO(32) — which
are all related by various non-trivial dualities, often via M-theory [1]. We will in our current
treatment restrict to the type I theories and their relation with M-theory. The other theories
are also interesting in their own right, but do not play an immediate role for the analysis in
this thesis. We refer the reader to [2-4] for more information.

1.2.1 Duality and Maximal Supersymmetry

The main feature that enables us to relate various string theories to each other is through
compactification, namely formulating the theory on a product space RVP~" x X, where X is an
n-dimensional compact internal manifold. One of the prime examples is the relation between
ten-dimensional type IIA string theory and M-theory on R% x S1 [1]. Tt has been known for
a long time that the corresponding low-energy limits, eleven-dimensional supergravity and
type ITA supergravity, are related by dimensional reduction on a circle [5-7]. Subsequently,
Witten realized that this correspondence in fact extends to the full quantum theories, with
one of the key features being the interpretation of the type IIA string coupling ¢ = e?®)
in terms of the radius of the M-theory circle. This implies that at weak coupling, ¢* — 0,
there is a nice description of type ITA string theory in terms of a perturbative expansion in
g5V, while in the opposite, strong-coupling limit, ¢g{* — oo, the compact dimension of the
circle appears, and the theory becomes eleven-dimensional. This implies that strongly-coupled
type IIA string theory is accurately described in terms of weakly-coupled eleven-dimensional
supergravity, which in turn is the low-energy limit of M-theory.

By taking yet another direction to be compact, we end up with M-theory compactified
on a torus 72, giving rise to a nine-dimensional theory which is dual to type IIA on S! in the
sense described above. Furthermore, in nine dimensions, type ITA string theory is related to
type 1IB string theory via T-duality on the circle. More precisely, T-duality relates type IIA
on a circle St of radius R to type IIB on a different circle S of radius 1 /R.

We have seen above that the strongly coupled type ITA theory is eleven-dimensional
supergravity. What is the corresponding statement for strongly coupled type IIB string
theory? The relation between type IIB and M-theory turns out to be slightly more subtle:
via T-duality in D = 9 one obtains an equivalence between type IIB string theory on S!
and M-theory on 72. Under this map, the complex structure Q = €y + i€y of the torus
is identified with the “axio-dilaton” 7 = C(g) + ie~?®)  which contains the type IIB string
coupling ¢g{¥ = e®®. The M-theory formulation exhibits a natural SL(2,Z)-invariance
associated with modular transformations of the torus, which maps to an SL(2,Z)-action
on the axio-dilaton 7 of type IIB in nine dimensions. However, since the axio-dilaton exists
already in D = 10, this suggests that ten-dimensional type IIB string theory should in fact be
invariant under SL(2,Z) [1,8]. In particular, the action of the modular group on 7 inverts the
type IIB string coupling, e®® — ¢~?®  implying that type IIB is self-dual under S-duality.
In other words, strongly coupled type IIB string theory is equivalent to weakly coupled type
IIB string theory.
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So far we have restricted our attention to dualities appearing in nine and ten dimensions.
However, more interesting structures appear as we take a larger internal manifold. It has
been known since the work of Cremmer and Julia [9,10] that maximal supergravity on a
torus 7™ exhibits a chain of hidden symmetries described by Lie groups Gp_,(R) in their
split real form. The moduli space of scalars in lower dimensions is then given by the coset
space Mp_, = Gp_n(R)/K, where K = K(Gp_y) is the maximal compact subgroup. For
example, in eight dimensions one finds Gg(R) = SL(3,R) x SL(2,R), while in six dimensions
the global symmetry group is SO(5,5). These groups are referred to as “hidden symmetries”
because they are always larger than the naive isometry GL(n,R) of the internal torus. The
extra structure which is responsible for the enhancement of the symmetry arises from the
dualisation of Ramond-Ramond and NS-NS p-form fields as we descend in dimension. Re-
markably, starting in D = 5 these global symmetries are given by the exceptional Lie groups
En(R) [10]. In particular, for dimensional reduction to D = 3, all vector fields may be dual-
ized into scalars and the theory is globally invariant under the largest exceptional Lie group
Es(R).

The groups Gp_,(R) are exact symmetries only of the classical effective action in D —n
dimensions, while the embedding into string/M-theory breaks the symmetry. This fact can be
understood quite generally by the following argument [1,8]. In addition to the moduli space
of scalars Gp_,(R)/K, the reduced theories contain abelian vector fields arising from the
reduction of the D-dimensional metric and the various p-form fields. The charges associated
with these vector fields transform in a representation of Gp_, (see, e.g. [11]). However,
through the embedding in string theory, these charges arise from the couplings of the vector
fields to the basic objects in the theory, i.e. strings and D-branes, and are therefore subject
to Dirac-Zwanziger quantization conditions. One then deduces that a continuous symmetry
group Gp_p(R) can never be an exact symmetry of string theory since it does not preserve
the lattice of charges [8].

Then what is the fate of the classical symmetry groups Gp_,(R) in string theory? It
has been conjectured by Hull and Townsend that these are broken to discrete subgroups
Gp-n(Z) C Gp_n(R), and that the full string/M-theory remains invariant under Gp_,,(Z)
[8]. This is known as U-duality, and provides one of the cornerstones for the consistency
of the string/M-theory duality web [1, 8] (see also [11]). In the quantum theory, the exact
moduli space is then given by

M — G (Z)\Gp_n(R)/K. (1.2.1)

Let us discuss this in some more detail for the case of compactifications to D = 4, where
the classical symmetry is given by the exceptional group &;(R), and the conjectured U-
duality group is £7(Z). We want to understand the structure of this group from the general
arguments above. In D = 4, all p-form fields can be dualized to axionic scalars or to abelian
vector fields. For the case at hand, the bosonic sector of the four-dimensional effective
action contains, in addition to the metric, 70 scalar fields parametrizing the coset space
E:(R)/(SU(8)/Z2), together with 28 Maxwell fields Alﬂ. The electric and magnetic charges
(¢', pr) associated with these vector fields transform in a 56-dimensional representation of the
Lie algebra F-. However, as argued above, in the quantum theory these charges are subject
to Dirac-Zwanziger charge quantization. More specifically, for two particles with electric-
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magnetic charges (¢!, pr) and (¢',p7) the quantization condition enforces the constraint
'pr—q'pr € 2. (1.2.2)

This implies that in the quantum theory the charges (ql ,pr) span a 56-dimensional integral
lattice which is invariant under the electric-magnetic duality group Sp(56;7Z). Based on these
arguments, it was conjectured in [8] that the largest possible subgroup of £(R) that can
be preserved in the quantum theory is defined by the subset of transformations which leave
the electric-magnetic charge lattice invariant. In other words, the U-duality group &;(Z) is
defined by [8]

E(Z) = &7 (R) N Sp(56;Z). (1.2.3)

The U-duality conjecture implies that all couplings in the quantum effective action should be
functions on £ (R)/(SU(8)/Zz2), which in addition are completely invariant under the discrete
group &7(Z) [12,13]. Such functions are known as automorphic forms and will play a leading
role in Part II of this thesis. All quantum corrections to the effective action must respect the
U-duality symmetry and this enforces powerful constraints which in principle are sufficient to
determine the action exactly (see for instance [12-15]). Moreover, this statement is expected
to hold in any dimension 4 < D < 11, with the respective duality groups Gp_,(Z) encoding
the relevant quantum corrections in each dimension.

1.2.2 Duality in N’ = 2 Theories

The fascinating structures that we have seen emerging above can be viewed as a consequence
of supersymmetry. In ten dimensions, the type II theories exhibit N/ = 2 supersymmetry,
corresponding to 32 supercharges. Upon dimensional reduction on a torus 7™, all of these
supercharges are preserved. For example, reduction on T gives rise to N = 8 supergravity in
D = 419,10]. It is this large amount of supersymmetry which constrains the classical moduli
spaces of the reduced theories to be given by symmetric spaces Gp_,(R)/K. When taking
more complicated internal manifolds X, many of the 32 supercharges are broken, giving rise
to theories exhibiting a lesser amount of supersymmetry.

Of particular relevance for the topics treated in Part II of this thesis is the case when
X is a Calabi-Yau threefold. This compactification breaks a quarter of the original 32 super-
charges and thus preserves N' = 2 supersymmetry in four dimensions. Originally, Calabi-Yau
compactifications were introduced in order to obtain four-dimensional theories containing
chiral fermions [16,17]. These are also interesting examples for the purpose of probing the
intricate duality web of string theory, because they provide an intermediate step between the
simpler compactifications preserving NV > 4 supersymmetry in D = 4 — for which the moduli
space is constrained to be a symmetric space G/K — and the difficult case of (more realistic)
N =1 theories, for which quantum corrections are essentially unconstrained.

The classical limit of type II theories compactified on a Calabi-Yau threefold X is de-
scribed by pure N' = 2 supergravity in four dimensions coupled to vector multiplets and
hypermultiplets. One of the complications in describing this theory is the fact that the scalar
fields no longer parametrize a symmetric space, but is rather given by a product [18,19]

My = Mg x My, (1.2.4)
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where My, is a special Kdahler manifold, parametrized by scalars belonging to vector multi-
plets, and M, is a quaternionic-Kdhler manifold, parametrized by hypermultiplet scalars.
The same structure appears both for the type ITA and type IIB theories, while the particular
details of the effective actions are quite different. In type IIA compactifications, the moduli
space M is 2h; 1-dimensional and encodes the (complexified) Kihler structure deforma-
tions of X while the quaternionic manifold My is 4(hg 1 + 1)-dimensional and encodes the
complex structure deformations of X. On the type IIB side the situation is reversed: the
vector multiplet moduli space MY is 2hg 1-dimensional, while the hypermultiplet moduli
space MYy is 4(hy 1 + 1)-dimensional.

Although N' = 2 supersymmetry does constrain the moduli space My to always split
into a special Kahler and a quaternionic-Kahler manifold, this constraint is still not very
strong: there is a zoo of possible quantum corrections to the four-dimensional effective action
which deform the metric on the moduli space My. Nevertheless, even when all quantum
corrections are turned on, the decoupling between hypermultiplets and vector multiplets
is preserved. This fact provides the basis for yet another powerful string duality: mirror
symmetry. Consider again type ITA string theory on X. Then the mirror symmetry conjecture
states that there exists a different mirror Calabi-Yau manifold X, such that the moduli spaces
of type ITA and type IIB are related as follows [20,21]

M (X) = MR(X),  MG(X) = Mg (X), (1.2.5)

which is a consequence of the fact that the complex structures and Kahler structures for a
mirror pair (X, X) are interchanged: hy 1(X) = ho1(X) and hg1(X) = h11(X). We should
emphasize that this relation between type IIA on X and type IIB on X is not restricted to a
relation between the moduli spaces: the statement of (generalized) mirror symmetry is that
the complete theories, including quantum corrections, should be equivalent [20)].

Recall now that type ITA and type IB are simply related by T-duality in D = 9. Could
there exist a version of this in lower dimensions, in addition to mirror symmetry? Indeed,
there is such a duality which at the level of the moduli space is known as the c-map [22]. To
reveal this, we start from the type IIA point of view and consider the further reduction on a
circle to D = 3.! Under this reduction, the moduli space /\/l ) simply goes along unchanged,
while the vector multiplet moduli space MY gets enhanced due to the additional scalars
arising from the reduction process. More precisely, in addition to the 2k 1 scalar fields, the
vector multiplets in D = 4 also contain hi; abelian vector fields Af“ I'=1,...,h11. Upon
reduction on S' to D = 3 these vector fields give rise to hi,1 new scalars ¢ = Af;, while
the three-dimensional vector fields Ag can in turn be dualized into an additional set of hj 1
scalars C~ 7, giving rise to a total of 21 1 new scalar fields (¢t E 7). These scalars parametrize a
2h1 1-dimensional torus T2h1,1 which is fibered over the four-dimensional moduli space MY
Had we been considering the reduction of D = 4, N' = 2 supersymmetric gauge theory, this
would have been the end of the story (see [24]).

However, in the present analysis, we are analyzing N’ = 2 supergravity, and therefore we
must also take into account the reduction of the gravity multiplet in D = 4. This corresponds
simply to the four-dimensional metric g,, together with an additional abelian vector A,
known as the graviphoton. Similarly to the other vector fields, the reduction of A, gives rise

'For a nice discussion of the c-map, see [23].
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to two axionic scalars ¢ and 50, while the reduction of the metric contributes with the radius
of the circle eV as well as a Kaluza-Klein vector A, = go4 which can be dualized into yet
another axionic scalar o. Together with the 2h4 1 scalars of M| we thus conclude that the
theory in D = 3 contains a total of 4(h;; + 1) scalar fields. Recall that this is precisely the
dimension of the hypermultiplet moduli space MEQBIi of type IIB string theory compactified
on the same Calabi-Yau threefold X. In fact, the new moduli space in D = 3 is also a
quaternionic manifold which precisely coincides with MEQB&. Microscopically, this relation is
actually not unexpected: it arises from T-duality along the circle S', in particular mapping
the (inverse) radius eV in type IIA on X x S! to the string coupling e®®) in type IIB on
X x S'. In a similar way, one may deduce that the vector multiplet moduli space My is
mapped, via the c-map, to the hypermultiplet moduli space MEQAIQ of type ITA on X. This is
therefore in strong contrast to the case of mirror symmetry, which, as we have seen above,
interchanges the vector- and hypermultiplet moduli spaces between type IIA and type IIB
on different Calabi-Yau threefolds.

The analysis above has revealed that there is a fascinating duality structure within the
type II sector of string theory also for compactifications on more complicated manifolds than
tori. But there appears to be one piece of the puzzle missing: Where is the relation with
M-theory? Previously we have learned that boosting the type IIA string coupling ¢5* to
infinity takes us to eleven-dimensional supergravity. So what happens if we do the same
in D = 47 To answer this question, we must first note an important point. After the
compactification on X the dilaton modulus e?® belongs to a hypermultiplet, and therefore
parametrizes the quaternionic moduli space Mg}g. This is, however, not quite the whole
truth because for the decoupling between the moduli spaces to work out, one must
rescale the ten-dimensional dilaton by the volume of the internal manifold, and define a new
four-dimensional dilaton by e~2%4 = Vol(X)e 2%). The string coupling constant in D = 4
is then defined with respect to the rescaled dilaton g{¥ = e®*, and the strong-coupling limit
corresponds to gi¥ — oo.

Now consider M-theory compactified on the same Calabi-Yau manifold X. This gives rise
to N = 1 supergravity in five dimensions, with a hypermultiplet moduli space taking the
same form as Mgﬁg in , although with a different interpretation of the scalar fields.
Upon further reduction on S to D = 4 this moduli space goes along unchanged and the
type ITA dilaton e®®) is again interpreted as the radius of the circle. Hence the statement is
that the strong-coupling limit ¢ — oo of type IIA on X should be interpreted as blowing
up the M-theory circle e?(® — oo while keeping the volume of X fixed. To conclude, in the
strong-coupling limit, type IIA on X is equivalent to M-theory on X x S', in analogy with
the 10/11-dimensional duality.

1.2.3 Instanton Effects and String Dualities

Because of the lesser amount of supersymmetry preserved, quantum corrections to the four-
dimensional effective action in Calabi-Yau compactifications are considerably less constrained
compared to the toroidal case. As we have seen, the string coupling gs belongs to the
quaternionic hypermultiplet moduli space M. both in type ITA and type IIB. This implies
that the hypermultiplet moduli space is sensitive to quantum corrections associated with
the perturbative power expansion in g, corresponding worldsheets of higher genus. Since
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we have seen that supersymmetry enforces a complete decoupling between the two moduli
spaces these quantum corrections will only affect the hypermultiplet moduli space
M k- For the vector multiplet moduli space, on the other hand, the situation is different in
type ITA and type IIB. In type IIA, the vector multiplet scalars are associated with Kéahler
structure deformations of X, and the associated moduli space MY only receives quantum
corrections with respect to the perturbative expansion in the worldsheet coupling o/, while
being completely insensitive to the corrections in the string coupling gs. In type IIB, the
Kahler structure deformations are encoded in the hypermultiplet moduli space ./\/l((;f}l, which
therefore also receives o'-corrections in addition to the corrections in gs. Thus, because
all quantum corrections on the IIB side affect the quaternionic manifold ./\/lgg&, the vector
multiplet moduli space My is tree-level exact both in o/ and in g, (see [25] for a nice review).

In addition, the metric on MEQAK/B) receives non-perturbative corrections which are ex-
ponentially suppressed of order e~/9 in the weak-coupling limit. These non-perturbative
effects arise from Euclidean D-branes whose worldvolume wraps cycles in the Calabi-Yau man-
ifold [26]. On the type ITA side, such effects are attributed to Euclidean D2-branes wrapping
special Lagrangian submanifolds in X, while in type IIB they arise from all Euclidean Dp-
branes, with p = —1,1, 3,5, wrapping even cycles in X. In addition, both in type IIA and
type 1IB there are effects from Euclidean NS5-branes wrapping the entire Calabi-Yau three-
fold. Such NS5-brane instantons behave differently compared to the D-brane instantons since
the tension of the NS5-brane scales as Tnss ~ g5 2 while for a D-brane we have Tp, ~ g; '
This implies that NS5-brane instanton effects are exponentially suppressed of order e~/ g:
and are therefore subdominant in the weak-coupling limit compared to D-brane instantons.

To compute the complete quantum corrected metric on the hypermultiplet moduli spaces
/\/lg?{/ B) has long been an outstanding problem. There is generically no analogue in N = 2
theories of the U-duality groups G(Z) which proved to be so powerful for toroidal com-
pactifications. Nonetheless, considerable progress has been made recently by assuming that
the SL(2,Z)-invariance of type IIB string theory should be unaffected by the compactifi-
cation. Enforcing this constraint directly in the four-dimensional effective action made it
possible to sum up all instanton corrections to the moduli space MEQBQ due to D(—1) and
D1-instantons [27]. Using the mirror map between the ITA and IIB moduli spaces, it
was also possible to sum up the contributions to the moduli space /\/lg;{) due to a subset of
the D2-brane instantons [28]. Additional progress has also been made recently [29-31] using
twistor techniques, and this will be discussed in more detail in Chapter In Chapter
we will also see that for certain special cases of Calabi-Yau threefolds, known as rigid, there
is an appealing candidate for a larger discrete group than SL(2,7Z) that might potentially
constrain completely also the NS5-brane instantons.

1.3 Hyperbolic Billiards and Infinite-Dimensional Dualities

1.3.1 Infinite-Dimensional U-Duality?

The observant reader may have noticed an apparent lack of continuity in the previous section.
If the various compactifications of the type II string theories reveal such interesting structures
and dualities, why stop the reduction process in D = 37 The naive answer is: No reason!
However, below D = 3 things start to become slightly more subtle. As we have seen in the
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previous section, the dimension D = 3 is special since it is the first dimension where all
p-form fields, originating from ten or eleven dimensions, may be dualized into scalars. In the
context of Calabi-Yau compactifications, this feature was responsible for the enhancement of
the 2n-dimensional special Kéhler moduli space M, to a quaternionic 4(n + 1)-dimensional
manifold MQK.2

For the case of toroidal compactifications to D = 4 we learned that the classical moduli
space is given by £7(R)/(SU(8)/Zz). Recall that this four-dimensional theory also contained
28 Maxwell fields. Upon further reduction to D = 3 all of these 28 abelian vector fields may
be dualized and give rise to 56 new axionic scalars. Moreover, as we have seen, the D = 4
metric yields a dilaton eV and a Kaluza-Klein scalar o in D = 3. These scalars always appear
during the reduction from D = 4 to D = 3 and are independent of which four-dimensional
theory we started with. Adding up all the scalars we find a total of 2 + 56 + 70 = 128 scalar
fields in D = 3. These parametrize the coset space E(R)/(Spin(16)/Zs), with the global
symmetry described by the largest of the exceptional Lie groups Es(R).

So what does happen if take the compactification below three-dimensions? It was in fact
conjectured long ago by Julia [32,33] that the chain of hidden symmetries should persist, with
the groups & (R), £19(R) and &1 (R) appearing upon toroidal reduction to D = 2, D = 1 and
D = 0, respectively. This is not as obvious as it might sound, because these groups are no
longer finite-dimensional Lie groups, but rather infinite-dimensional generalisations of these,
known as Kac-Moody groups (see [34]). This makes it very tricky to understand the statement
that these should become symmetries in dimensions below D = 3. How can a theory with a
finite number of degrees of freedom suddenly reveal an infinite-dimensional symmetry? This
is indeed a crucial point which is not at all understood for the case of D = 1 and D = 0, while
for reductions to two dimensions it is possible to make sense of the enhanced symmetry.

In D = 3 all p-form fields can be dualized to scalars, enhancing the symmetry from £7(R)
to E(R). It turns out that D = 2 also has a very special property, namely that scalars are
dual to scalars, in the sense that any axionic scalar x can be dualized into another axionic
scalar y through the relation dxy = xdy. The symmetry group £(R), which acts on the
original scalar y, has an induced non-linear action on the dual scalar y through the duality
relation dy = xdy. Moreover, the duality can be applied an infinite number of times giving
rise to an infinite number of dual axions. It is the infinitely many new axionic scalars which
are responsible for enhancing the symmetry to & (R), with the total moduli space in D = 2
being the infinite-dimensional coset space E9(R)/K (E9) [35]. This phenomenon was originally
uncovered in the simpler setting of pure gravity in D = 4 by Geroch [36], in which case the
relevant infinite-dimensional group was later identified as SL(2,R)" [37], corresponding to
the affine extension of the three-dimensional duality group G3 = SL(2,R). For this reason,
the infinite exceptional group &y is sometimes called the Geroch group.

Similarly to SL(2,R)™, the group &y is an affine Kac-Moody group which can be obtained
through an affine extension of £, and is therefore often denoted S; . Concretely, the extension
is performed by adjoining an extra node to the Dynkin diagram of £ in a certain prescribed
way which will be explained in detail in Chapter The groups £19 and &19, which are
conjectured to appear upon further reduction below D = 2, may in turn be constructed by
extending the Dynkin diagram of £ with one or two extra nodes, respectively [38]. For this

2Recall n = hi1,1, ha,1 for type ITA, I1IB, respectively.
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reason, they are also denoted by &9 = €8++ and &£11 = Sg++.

The affine £9-symmetry of type II supergravities in D = 2 is by now well-established, and
may be attributed to the fact that any gravitational theory becomes completely integrable
in two dimensions [35,37]. However, it is still not understood how, or even if, the infinite
Kac-Moody groups £19 and &1 are supposed to appear upon further reduction. Nevertheless,
these groups encode interesting algebraic structures that might turn out to play important
roles in the ultimate formulation of string/M-theory. An important difference compared to
the finite Lie groups discussed in the previous section is that the invariant metric on the
Cartan subgalgebra § of the associated Lie algebras E1g and E7; is of Lorentzian signature.
In contrast, all finite-dimensional Lie algebras have Killing forms which are Euclidean when
restricted to the Cartan subalgebra. For this reason, the Kac-Moody algebras F19 and E1;
belong to the class of Lorentzian Kac-Moody algebras [38].

For the purposes of this thesis, it is the Kac-Moody algebra E1¢ which will play a lead-
ing role. This belongs to the small subclass of Lorentzian Kac-Moody algebras known as
hyperbolic. The nomenclature here refers to the fact that the Weyl group W(E1p) leaves in-
variant the unit hyperboloid inside the Cartan subalgebra h C Ejg, analogously to the Weyl
groups of finite Lie algebras which leave invariant a sphere at infinity, and are a therefore
known as spherical. If the conjecture that F1g appears as a symmetry of eleven-dimensional
supergravity on T is true, then it begs the question of what the fate of this symmetry is
when the theory is embedded into M-theory. Following the general arguments of Hull and
Townsend [8], discussed extensively in the previous section, one would expect that the con-
tinuous symmetry &19(R) be broken to some discrete subgroup &19(Z), and that M-theory
on T (or type II string theory on T?) are invariant under this infinite U-duality group. In
fact, an analysis of the moduli space of M-theory on T was initiated in [39], where it was
verified that the moduli space has Lorentzian signature, signaling the underlying structure of
E19.% If these speculations are true, then we would expect that €10(Z) encodes information
about novel non-perturbative effects in string theory, such as Euclidean D8-branes wrapping
the internal torus 7°.

1.3.2 Hyperbolic Weyl Groups and Cosmological Billiards

The discussion above fits well into the philosophy of Section regarding the principle of
beauty: the hyperbolic Kac-Moody algebra Fy( is without a doubt a beautiful and intriguing
mathematical object, and its suggestive appearance opens up new and largely unexplored
territories which lie on the borderline between mathematics and physics. However, despite
these suggestive speculations the facts remain clear: we do not yet understand the underlying
role of £y within string theory and M-theory.* Nevertheless, we shall now discuss a very
different physical setting in which the hyperbolic Kac-Moody algebra Fqy also makes a sur-
prising appearance, giving yet another indication of its possible importance. More precisely,
it turns out that the Weyl group of Ejg controls the dynamics of eleven-dimensional super-
gravity close to a cosmological singularity [44]. To understand this statement, we shall begin
by discussing some of the underlying ideas which form the basis of Part I of this thesis.

3Extensions of these ideas have also been pursued in [40].
“Other appearances of E1g in string theory are discussed in [41-43].
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In the 1970’s, Belinskii, Khalatnikov and Lifshitz (BKL) analyzed the generic behaviour
of four-dimensional pure gravity close to a cosmological (spacelike) singularity [45-47]. Their
conclusion was that in this limit the temporal dependence of the dynamical degrees of freedom
dominate over the spatial dependence, creating an effective decoupling of spatial points. The
approach to the singularity is described by a sequence of Kasner epochs, where the dynamics in
each epoch is associated to a certain Kasner solution. It was also found that this oscillating
behaviour is chaotic, implying that there is an infinite sequence of oscillations before one
reaches the singularity. Subsequently, Misner showed that the BKL-dynamics at a generic
spatial point can be recast in terms of the dynamics of an auxiliary particle moving in a
bounded region of hyperbolic space, called mizmaster behaviour [48].

These results were later extended to higher-dimensional gravitational theories, and it was
found that pure gravity exhibits chaotic BKL-oscillations only in dimensions 4 < D < 10,
while pure gravity in eleven dimensions ceases to be chaotic [49]. However, it it turns out that
all supergravities arising as low-energy limits of string theory and M-theory do reveal chaotic
dynamics in the “BKL-limit” [50]. The surprising appearance of chaos in eleven-dimensional
supergravity is attributed to the additional 3-form field C(3) which is not present in pure
gravity.

Following the original ideas of Misner, it has been shown that the dynamics in the BKL-
limit for any gravitational theory can be recast into geodesic motion in a region of hyperbolic
space, bounded by hyperplanes [51]. The auxiliary particle undergoes geometric reflections
against these hyperplanes, thus giving rise to a billiard-type behaviour. From the point
if view of the original BKL-analysis, free-flight motion of the particle represents a single
Kasner solution, while a geometric reflection flips between two distinct Kasner solutions. The
behaviour close to a spacelilke singularity has therefore been dubbed cosmological billiards
[61]. Whether a certain theory exhibits chaotic behaviour is then equivalent to determining
whether the region in which the billiard dynamics takes place is of finite volume or not. It is
well-known that random motion in a finite-volume hyperbolic billiard is chaotic.

It turns out that all of these discoveries have a very elegant algebraic explanation [44].
The auxiliary hyperbolic space hosting the billiard may be identified with the Cartan subal-
gebra of a Lorentzian Kac-Moody algebra g, while the bounded region in which billiard ball
is confined corresponds to the fundamental Weyl chamber. In this new interpretation, it be-
comes clear that the geometric reflections responsible for the sequence of Kasner oscillations
in fact generate the Weyl group W of g. Hence, the dynamics in the BKL-limit is completely
controlled by the Weyl group of a Lorentzian Kac-Moody algebra. This gives a powerful way
of determining whether a given theory exhibits chaotic dynamics or not: if the Lorentzian
Kac-Moody algebra g is of hyperbolic type, then the fundamental Weyl chamber is of finite
volume, and the theory is chaotic [52].

Remarkably, when performing this analysis for eleven-dimensional supergravity one finds
that the algebra whose Weyl group controls the dynamics in the BKL-limit is precisely the
hyperbolic Kac-Moody algebra Ejg, thus explaining the appearance of chaos [44]. Moreover,
it turns out that the Weyl group of Fjg also appears for the type IIA and type IB super-
gravities, revealing that these three theories display identical dynamical behaviour in the
BKL-limit. This is in perfect accordance with the fact that type IIA, type IIB as well as
eleven-dimensional supergravity become equivalent upon reduction on a torus 7" as discussed
above. We should also emphasize that the Weyl group W(E1p) is in fact a subgroup of the
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conjectured U-duality group £10(Z), thus suggesting that the BKL limit is an alternative way
of “unveiling” a possible underlying symmetry of string theory. Part I of this thesis is to
a large extent devoted to a careful study of the dynamics in the BKL-limit, with particular
emphasis on the underlying algebraic structures.

1.3.3 Geodesic Motion on Infinite-Dimensional Coset Spaces

The particle dynamics in a finite-volume billiard is only sensitive to the hyperplanes which are
“closest” to the particle geodesic. These are known as the dominant walls. From the algebraic
point of view, this translates to the statement that the relevant Weyl-reflections governing the
BKL-oscillations are only those with respect to the simple roots of the Kac-Moody algebra g,
implying that there is a correspondence between dominant billiard walls and simple roots of
g. However, generically all theories give rise to many more walls than just the dominant ones.
Depending on the structure of the theory, there can be a number of different subdominant
walls which play no role in the strict BKL-limit [51]. However, when going away from the
strict BKL-limit it is expected that the dominant walls become less sharp and subdominant
walls come into play. Another way to say this is that the complete decoupling of spatial
points is no longer valid, and spatial dependence gradually reappears. From the algebraic
point of view, the subdominant walls are associated with non-simple positive roots of the
Kac-Moody algebra, and hence probes the possible hidden Kac-Moody symmetry g beyond
its Weyl group W(g).

These ideas were put on a more concrete footing in the context of eleven-dimesional su-
pergravity by Damour, Henneaux and Nicolai [53]. Inspired by the BKL-analysis discussed
above, they constructed a manifestly £;g-invariant non-linear sigma model for a particle mov-
ing on the infinite-dimensional coset space E19/K (£19).> To make sense of the coset space
E10/K (&10), the Kac-Moody algebra Ejy was sliced up into an infinite gradation, called a
level decomposition, with finite-dimensional subspaces falling into representations of a distin-
guished s[(10,R) subalgebra. At low levels this decomposition reveals tensorial representa-
tions matching the field content of eleven-dimensional supergravity, and it was shown that
there is a dynamical equivalence between the geodesic motion on &19/K(E19) and a certain
truncation of eleven-dimensional supergravity. The match works up to height 30 on the al-
gebraic side, and therefore probes the Kac-Moody algebra FEqy far beyond its simple roots,
which by definition all have height one.®

This correspondence between £y and eleven-dimensional supergravity was later extended
also to encompass type ITA [61] and type IIB supergravity [62].” In the second half of Part I
of this thesis we will discuss the original example in great detail, and we will extend the

5Tt has also been conjectured by West that the Lorentzian Kac-Moody algebra E11 should correspond to a
non-linearly realized hidden symmetry of eleven-dimensional supergravity, or possibly of M-theory [54,55]. A
lot of work has been done within the framework of this alternative proposal (see for example [56-60]). In the
present work, we are mainly motivated by the cosmological billiard picture, and we will therefore not treat
this point of view in more detail.

5The height of a root is defined as the sum of all the coefficients when this root is written as a linear
combination of the simple roots. This is explained in more detail in Chapter

"This type of construction has also been extended by Englert and Houart to Ej; = , as well as to
other Lorentzian Kac-Moody algebras of triple-extended type [63—65]. This framework is particularly powerful
for analyzing the algebraic structure of BPS solutions in the context of maximal supergravities [66-68].

+++
ES
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correspondence to the case of massive type ITA supergravity.

It has also been understood how to incorporate fermions into the correspondence be-
tween supergravity and infinite-dimensional sigma models. The fermionic degrees of freedom
are associated with certain spinorial representations of the maximal compact subalgebra
K(Eqp) [69-72]. For exampe, in the case of eleven-dimensional supergravity, the gravitino
arises as a 320-dimensional vector-spinor representation of K (FEjp). This is an unfaithful
representation of the infinite-dimensional algebra K (FE1p), and it is an outstanding problem
to understand the construction of non-trivial faithful representations which could match the
infinite gradation involving the bosonic degrees of freedom. Because of this mismatch it has
not yet been possible to construct a supersymmetric version of the non-linear sigma model
on Elo/K(glg).

With these words we end our tour through the duality web of type II string theory and
supergravity. The topics discussed in this introduction will all play important roles in the
analysis of Part I and Part II of this thesis.
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Spacelike Singularities and Hyperbolic
Structures in (Super-)Gravity






Kac-Moody Algebras

In this chapter we present the basic theory of Kac-Moody algebras, with emphasis on the
affine and Lorentzian cases.! Our treatment is aimed towards physicists, and to this end
we do not give formal definitions, theorems or proofs, but rather we introduce the reader
to a “toolbox”, whose constituents can, in principle, be mastered relatively quickly. We
presuppose a working knowledge of the theory of finite simple Lie algebras, and explain in
detail how these structures generalize to arbitrary infinite-dimensional Kac-Moody algebras.
The techniques presented here play a central role in the remainder of this thesis, in particular
in Part I but also to some extent in Part Il. Recommended references for this chapter
are [34,73].

2.1 Preliminary Example: A; — The Fundamental Building Block

In this section we consider a simple “warm-up” example which nevertheless contains many
of the important features encountered later on. Even though being the smallest finite-
dimensional simple Lie algebra, A; plays an important role in the general theory of Kac-
Moody algebras. In particular, one may view any simple rank r Kac-Moody algebra g as
a set of r distinct Aj-subalgebras which are intertwined in a non-trivial way. This fact is
a cornerstone in the representation theory of Kac-Moody algebras [34]. For this reason, A
may be described as the fundamental building block of all Lie algebras, finite- as well as
infinite-dimensional. All terminology introduced in this example will be properly defined in
subsequent sections.

A; ~ s1(2,C) is the algebra of 2 x 2 complex traceless matrices. This algebra is 3-
dimensional and we take as a basis the set of generators {7; | i = 1,2,3}, subject to the
commutation relations

(T3, Tj] = —eijiTk, (2.1.1)

!This chapter is based on lectures given by the author at the Third Modave International Summer School
on Mathematical Physics, held in Modave, Belgium, August 2008.
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with £103 = 1. Writing this out we find the following relations between the generators:
[Th, T5] = T, [Th, T3] = T, (T2, T3] = =Th. (2.1.2)

In the fundamental representation we have a matrix realization of the form

1/0 i 1/ 0 1 1/ 0
T1_2<i 0)’ T2_2(—1 0>’ T3_2<0 —i>’ (2.1.3)

which can easily be seen to satisfy (2.1.2)). For the purposes of this thesis, it is useful to
switch to another basis, where the three basis elements take the form

. 0 1
e = T, —iTh7 = <O 0),
. 0 0
f = -(T+iT) = <1 0);
_ . B 1 0
h = —2il3 = < 0 —1 ) (2.1.4)

The new basis {e, f, h} is similar to the familiar basis {J*, J~, J3} of s5u(2). The commutation
relations now become

le.f]=h,  [hel =2  [hf]=—2f, (2.1.5)

implying that the generators e and f can be thought of a “step operators”, taking us, respec-
tively, “up” and “down” between the lowest and highest weights of the representation. The
basis {e, f, h} is called the Chevalley basis, and corresponds to a Chevalley presenta-
tion of A;. There are two main reasons for working in this basis. Firstly, it is the starting
point for the generalization to arbitrary Kac-Moody algebras which we shall consider in the
next section. Secondly, in the Chevalley basis, the matrix realization of the generators only
involves real traceless matrices. This ensures that simply by restricting all linear combina-
tions of generators to the real numbers, we obtain a real Lie algebra, namely the split real
form s[(2,R), consisting of 2 x 2 real traceless matrices.

The Chevalley presentation reveals a natural decomposition of s[(2,R) as the following

direct sum of vector spaces
sl(2,R) =Rf ® Rh @ Re. (2.1.6)

This is the triangular decomposition of the Lie algebra, which in this case simply means that
each matrix can be decomposed as a sum of a lower triangular, a diagonal and an upper
triangular matrix. The two subspaces Rf and Re form nilpotent subalgebras and RA form
the abelian Cartan subalgebra. Of course, these concepts are all somewhat trivial in this
example, but it is nevertheless useful to employ this terminology for later use.

An important concept which we shall encounter numerous times is that of a maximal
compact subalgebra. It is well known that the maximal compact subalgebra of s[(2,R) is
50(2), the algebra of 2 x 2 (traceless) antisymmetric matrices. Let us now try to understand
this from a more abstract point of view. The algebra so(2) C sl(2,R) is a so-called involutory
subalgebra, meaning that there exists an involution w of s[(2,R) such that s0(2) coincides
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with the set {z € sl(2,R) | w(x) = z}, which is pointwise fixed by w. The involution w is
called the Chevalley involution and is defined on the Chevalley generators as follows

w(e) = —f, w(f) = —e, w(h) = —h. (2.1.7)

This is obviously an involution, w? = 1, and it leaves the commutation relations invariant, so
w is an automorphism of s[(2, R).

Now note that the combination e — f is fixed by w and so spans the one-dimensional
maximal compact subalgebra of s[(2,R). Indeed we have

e f— ( ° ) € s0(2), (2.1.8)

so that we may write s0(2) = R(e — f). The Chevalley involution thus induces another
decomposition of s[(2,R) into pointwise invariant and anti-invariant subsets under the action
of w. Explicitly, this yields the Cartan decomposition

sI(2,R) =R(e — f) @ (Rh DR(e+ f)). (2.1.9)

It is important to note that this is a direct sum of vector spaces, and, in particular, that the
anti-invariant part p = Rh@R(e+ f) is not a subalgebra. This is in contrast to the triangular
decomposition above, for which each subspace is a subalgebra in itself. It is easy to see that
p does not form a subalgebra by noticing that the commutation relations do not close,

[h,e+ f] =2(e — f) € 50(2). (2.1.10)
Moreover we have
[h,e — fl=2(e+ f) €p, e — f,e+ fl=2h€p, (2.1.11)
revealing that the algebraic structure of the decomposition is
[p,p] C s0(2), [s0(2),p] C p, [s0(2),50(2)] C s0(2), (2.1.12)

indicating that at the “group level” p corresponds to a symmetric space, which in this case
coincides with the coset space SL(2,R)/SO(2). We shall come back to this in Section

Finally, we consider an additional useful decomposition, known as the Iwasawa decom-
position, which will play an important role in what follows. It takes the form (direct sum of
vector spaces)

sl(2,R) = s0(2) ® Rh @ Re, (2.1.13)

where each subspace is now a subalgebra. Note that in this decomposition, even though s0(2)
is defined as before through the Chevalley involution, the second part, Rh @ Re (the Borel
subalgebra) is not anti-invariant under w.
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2.2 Basic Definitions

Kac-Moody algebras are infinite-dimensional generalizations of the finite simple Lie algebras,
as classified by Cartan and Killing. A standard treatment of an [-dimensional Lie algebra is
in terms of a set of generators {7, | m = 1,...,l}, subject to the commutation relations

[TmaTn] = fminm (2.2.1)

where the structure constants f,,,” contain all the information of the algebra. This con-
struction is not very convenient if we want to generalize it to cases when | — oo. It is for
this reason that we in the previous section emphasized the importance of the Chevalley-Serre
presentation, a construction which is amenable for generalization. We turn now to discuss
the basic properties of Kac-Moody algebras, using the Chevalley-Serre presentation.

2.2.1 The Chevalley-Serre Presentation
Let (e;, fi, h;) be a triple of generators, satisfying the commutation relations of s[(2, R):
lei, fi] = N, [hi, ei] = 2e;, [his fil = =2f;. (2.2.2)

We can now construct an algebra g by letting the index ¢ run from 1 to r and “intertwining”
the r copies of s[(2,R) through the following relations

lei, [;] = dizhy,
[hiej] = Agjej,
(hi, f5] = —Aijf;,
[hi,hy] = 0. (2.2.3)

It is important to note that here r is always finite, even if the algebra itself might be infinite-
dimensional. The structure of the algebra g is encoded in the Cartan matriz A, whose
entries, A;;, determine the commutation relations between the generators of the different
s[(2, R)-subalgebras. We shall discuss the Cartan matrix in more detail below, and for now
we just impose that it be non-degenerate, det A # 0. This condition will be lifted later on.
We shall often emphasize the dependence of g on the Cartan matrix, and write g(A). From
now on we also fix the base field of g to R.
Further elements of g are obtained by taking multiple commutators as follows

[67:17[ei27""[eik—17eik]”.]]’ [fiw[figv"':[fikfwfik]"'H' (2'2-4)

Note that at this point the algebra g is infinite-dimensional because there are no relations
between the e; or f; that restrict these multicommutators.

Through the use of the Chevalley relations, , any commutator involving the h;
may be reduced to one of the form of . This gives rise to the so-called triangular
decomposition of g, which takes the form (direct sum of vector spaces)

g=n_ohodn,. (2.2.5)
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Here, b is a real vector space spanned by the h;,
'
b=> Rh,, (2.2.6)
i=1

which forms an abelian subalgebra of g, called the Cartan subalgebra. The subspaces ny and
n_ are freely generated by the e;’s and the f;’s, respectively. The algebra g is not simple, but
has a maximal ideal i, which decomposes as a direct sum of ideals,

i=@{Nn_ )@ (inng) =i @iy, (2.2.7)

where the two subspaces iy and i_ are ideals in ny and n_, respectively. It follows that we
have

itNh=0, ipNi.=0. (2.2.8)

The two ideals i are generated by the subsets of elements S1 given by

Sy = fade ey i, ij=1,..m},
S = {ad, Y(f) | i£G i i=1...r} (2.2.9)

where “ad” denotes the adjoint action, i.e., for z,y € g, ad,(y) = [z,y]. We shall now take
the quotient of g(A) by the ideal i. This gives rise to relations among the generators of n
and n_. We thereby define the Kac-Moody algebra g(A), associated with the Cartan matrix
A, as follows

g(4) =a(4) /i (2.2.10)

Since we have chosen the base field to be R, this defines the split real form of the corresponding
Kac-Moody algebra over C.

The rank r Kac-Moody algebra g(A) is now generated by the 3r generators e, fi, h;
subject to the Chevalley relations, , and the Serre relations,

ads M (e;) = [eq, [ess - - [esses] -+ )] = 0,
ad}:Aij(fj) =fi,[fir-- i fi] -] =0, (2.2.11)

with each relation containing 1 — A;; commutators. The triangular decomposition of g(A)
then reads

g(A)=n_@hdny, (2.2.12)

where
ng =10y /iy (2.2.13)

The Serre relations thus impose restrictions on ny which cut the chains of multiple commu-
tators involving e; and f;. These restrictions might, or might not, render the algebra g(A)
finite-dimensional. We shall see in the next section how this depends on the properties of the
Cartan matrix.



22 Chapter 2 Kac-Moody Algebras

2.2.2 The Cartan Matrix and Dynkin Diagrams

So far we have discussed how the algebra g(A) is constructed by imposing relations between
the Chevalley generators e;, f;, h;. These relations are completely determined by the entries
of the matrix A, an important object which we shall now discuss more closely.

An 7 x r matrix A = (A;j)ij=1,.r is called a generalized Cartan matriz if it satisfies the
following properties:

Aii:27 i:1,...,T,
Aij =0« Aji = 0,
Ay € Z_ (i # 7). (2.2.14)

For brevity, we shall in the following refer to A simply as a Cartan matrix. The Cartan matrix
is called indecomposable if the index set S = {1,...,r} can not be divided into two non-empty
subsets Z and J such that A;; = 0 for i € 7 and j € J. An important statement is then
the following: when the Cartan matriz A is non-degenerate, det A # 0, and indecomposable,
the Kac-Moody algebra g(A) is simple [34]. In the following we shall always assume that A
is indecomposable.

It is now possible to provide a (partial) classification of the various types of algebras g(A)
that can be constructed from a Cartan matrix. There exist three main classes:

e If A is positive definite, the algebra g(A) is finite-dimensional and falls under the
Cartan-Killing classification, i.e., it is one of the finite simple Lie algebras A, By, Cy,
Dy, Gs, Fy, Eg, Eq or Es.

e If A is positive-semidefinite, i.e., det A = 0 with one zero eigenvalue, the algebra is
infinite-dimensional and is said to be an affine Kac-Moody algebra.? All affine Kac-
Moody algebras are classified [34].

e If A is not part of the two classes above, the algebra g(A) is infinite-dimensional and
is generally called an indefinite Kac-Moody algebra, by virtue of the fact that A is of
indefinite signature.

For the third class above, no general classification exists. We shall, however, mainly be
interested in a subclass of the indefinite Kac-Moody algebras, corresponding to the case when
the matrix A has one negative eigenvalue and r — 1 positive eigenvalues. The associated Kac-
Moody algebras are called Lorentzian, because of the signature (— 4+ +--- 4+ +) of A. A
special subclass of the Lorentzian algebras, known as hyperbolic Kac-Moody algebras, have
in fact been classified. We shall define hyperbolic Kac-Moody algebras in Section

Since most of the entries of the Cartan matrix are zero, it is convenient to encode the
non-vanishing entries in a diagram, I' = T'(A), called a Dynkin diagram. To this end, we
associate a node o in I' to each Chevalley triple (e;, fi, h;), and if A;; # 0 for ¢ # j the nodes
i and j are connected by max(|A;;|,|A;i|) lines. In addition, when |A;;| > |Aj;| we draw an
arrow from node j to node i. Indecomposability of the Cartan matrix A is equivalent to the
statement that the Dynkin diagram I'(A4) is connected.

2Strictly speaking, in the case of det A = 0 the algebra constructed from the Chevalley-Serre relations only
corresponds to the derived algebra g’ = [g, g]. We shall come back to this issue in Section m
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Let us now discuss some simple examples in order to illustrate the relation between the
Kac-Moody algebra g(A), its Cartan matrix A and the associated Dynkin diagram I'(A).
We begin with the simplest possible case, namely the Lie algebra A; = sl(2,R), discussed at
length in Section Here there is only one Chevalley triple, (e, f, h), and consequently the
Cartan matrix is just the number (2), with Dynkin diagram consisting of one node o. The
Lie algebra Ay = sl(3,R), in turn, is described by the Cartan matrix

(% 3)

and Dynkin diagram o—o. This corresponds to two copies of s[(2,R) which are intertwined
through the non-vanishing off-diagonal components of the Cartan matrix. In contrast, if
A19 = A1 = 0 we have a direct sum of Lie algebras A; ® Ay corresponding to the decompos-
able Cartan matrix
2 0
(03)

with Dynkin diagram o o. This algebra is not simple, since the two A;’s constitute two
non-trivial ideals. Later on we shall discuss these examples, and more involved ones, in more
detail.

2.2.3 The Root System and the Root Lattice

A very important notion in the theory of Kac-Moody algebras is that of a root. In this
section we shall develop the basic theory of roots and examine the vector space which they
span, hopefully convincing the reader that these issues are extremely useful for a deeper
understanding of Kac-Moody algebras.

Let us begin by noting that, by virtue of the Chevalley relations, , the adjoint
action of h on ny is diagonal,

adh(ei) = [h, ei] = ozi(h)ei, heb, (2215)

and similarly for the action on f;. The eigenvalue «;(h) represents the value of a linear map
from b to the real numbers,

a; b > h+— ai(h) € R (2.2.16)

The linear maps «; are called simple roots and belong to the dual space h*. We shall some-
times employ the notation (a, h) = a(h) for the pairing between a form a € h* and a vector
h € h. If the eigenvalue a(h) vanishes, then « is not a root. It is also common to refer to
the Cartan generators h;as simple coroots to emphasize that they belong to the dual of the
space of roots. In this case one also writes a = h;. The same analysis can be performed for
multiple commutators, e.g,

[0, [eiej]] = —lei[ej, h]] = [ej [ eil]
= (05 + o )(h)[es, €], (2.2.17)
where in the first line we made use of the Jacobi identity. If the generator e, = [e;, ;] is

non-vanishing, i.e., is not killed by the Serre relations, then oo = «; + «; is the root associated
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with e,. We denote by IT = {aq, ..., @, } the basis of simple roots and by IV = {a,...,a/}
the basis of simple coroots. Any root can be expressed as an integer linear combination of
the simple roots. We denote by ® the complete set of roots. This is called the root system.

In analogy with (2.2.6) we also have
,
b* =) Ra. (2.2.18)
i=1

A root is called positive (negative) if it can be written as a linear combination of the simple
roots IT with only non-negative (non-positive) coefficients. From the triangular decomposition
it follows that all roots are either positive or negative. Thus, the root system, ®, splits into
a disjoint union of positive and negative roots,

d=0, UD_. (2.2.19)
For g 5 z,, # 0 the associated root
-
a=Y mio (2.2.20)
i=1

belongs to ® if all m; € Z>p and to ®_ if all m; € Z<g. Let us for definiteness take a to be
a positive root. Then —« is necessarily a negative root, and we write

To = eq € Ny, (2.2.21)
Too = fa € n_. (2.2.22)
In the Chevalley basis the eigenvalues a;(h) are always integers, called the Cartan integers,

revealing that the set of roots ® lie on an r-dimensional lattice ) spanned by the simple
roots,

Q=> Za; C b~ (2.2.23)

i=1

All elements of the root system thus belong to () but the converse is not true, hence
dC Q. (2.2.24)

In the Cartan subalgebra h we similarly have the dual notion of a coroot lattice:
Q=Y Zo C b (2.2.25)
i=1

We may now decompose the algebra g into disjoint subsets g, C g, where each subset is
spanned by those generators x € g, whose eigenvalue under the action of h € b is given by
a(h). This decomposition is called the root space decomposition and reads

g=EP ga, (2.2.26)

aed
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where the subspace g, is the root space associated to the root a. Explicitly these are given
by
go={zc€g|Vheh : ady(z) = a(h)z}. (2.2.27)

Note that the zeroth subspace gy coincides with the Cartan subalgebra, go = . Because of
the disjoint split @ U ®_ of the root system we can write the root space decomposition as

follows
g=he P e P 9o (2.2.28)

a€<I>+ a€¢+

The dimension of each subspace g, is called the multiplicity, mult(«), of the root «,
mult(a) = dim g,. (2.2.29)

Thus, for a given root v € ®, with root space

gy =Rz eRzP & - o Rz @ RalV), (2.2.30)
we have
mult(y) =k € Z\{0}. (2.2.31)

The root spaces corresponding to the simple roots are one-dimensional
9o, = Re;, 0-a, = Rfj, (2.2.32)
and, consequently, the multiplicities of the simple roots are one,
mult(a;) = 1. (2.2.33)

For finite-dimensional Lie algebras the root multiplicities are always one. This does not carry
over to infinite-dimensional Kac-Moody algebras, for which roots can have arbitrarily large
multiplicity. We shall come back to the issue of root multiplicities in Section when we
discuss the Weyl group. We can now write the full root system as follows

d={aech*|a#0, go #0}. (2.2.34)
A useful notion is that of the height of a root. This is a linear integral map
ht: o — ht(a) € Z (2.2.35)

defined as the sum of the coefficients of « in the basis of simple roots (see (2.2.20)),
T
ht(a) = > m;. (2.2.36)
i=1

It follows that for & € &, we have ht(a) > 0, and vice versa for the negative roots. An
important object will turn out to be half the sum of all positive roots,

pi= % Z a. (2.2.37)

acd
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We now have a better understanding of the appearance of the Cartan matrix in .

It simply corresponds to the values of the simple roots o; € h* acting on the simple coroots
o) €9, e,

Aij = aj(af) = (aj,0) . (2.2.38)

Finally we shall here develop a more geometric description of the root system, which is
very useful for our understanding of the Kac-Moody algebra g(A). An arbitrary root v € ®
may be seen as a “vector” in h* with components given by

vi = (hi), (2.2.39)

i.e., the components of v correspond to the different values of the root v acting on the simple
coroots h; = . We shall sometimes write the root vector ¥ as

—

¥=01---%) € b~ (2.2.40)

From this point of view the entries A;; of the Cartan matrix correspond to the components
of the root vectors @; associated with the simple roots:
A = (), Qi2), - Qi)

= (AM', AQZ', ce ,Am'), (2241)

where we have indicated the component index (7) of the simple roots within parenthesis to
distinguish it from the index 7 labeling the different simple roots.

We conclude this section by defining an involution w on the Kac-Moody algebra g(A),
known as the Chevalley involution. This is defined as follows on the Chevalley generators:

wlei)) =—fi, w(fi)=e,  wlhi)=—hi (2.2.42)

This involution leaves the Chevalley relations, (2.2.3)), invariant and therefore corresponds to
an automorphism of g(A4). The involution w acts as on multiple commutators in the standard
way, e.g, on ez = [e1, e2] € ny C g(A) one has

w(es) = w(ler, e2]) = [wler),wlea)] = [f1, fo] = fz € n_ C g(A). (2.2.43)
The subset of g(A) which is pointwise fixed under w defines the mazimal compact subalgebra
K(g)={ze€g(A) |w(x) =2} C g (2.2.44)

The maximal compact subalgebra is generated by the combinations e; — f;, ¢ = 1,...,r, of
Chevalley generators. We have the induced Cartan decomposition of g(A) (direct sum of
vector spaces):

g=K(g) ®p, (2.2.45)

where the complement p is the subset of g which is pointwise anti-invariant under w,

p={zecg(A) |wx)=—z} (2.2.46)



2.2 Basic Definitions 27

This is not a subalgebra of g, but elements of p transforms in some representation of K(g).
The Cartan decomposition yields the following characteristic properties of a symmetric space:

[b,p] C K(g), [K(g),p] Cp, [K(g), K(g)] C K(g)- (2.2.47)

Let us also note here an additional important decomposition of g(A). This is the Iwasawa
decomposition which reads
g=K(g)dhodn,. (2.2.48)

In the finite-dimensional case this decomposition reduces to the familiar fact that any matrix
can be decomposed into an orthogonal part, a diagonal part and an upper triangular part.
The subset

b=bHDny (2.2.49)

is known as the Borel subalgebra. There is an alternative Iwasawa decomposition which
instead utilizes the negative nilpotent subspace n_:

g=n_ohae K(g), (2.2.50)
with an associated negative Borel subalgebra
b_=n_dbh. (2.2.51)

The first of version of the Iwasawa decomposition will be used frequently in Part I of this
thesis, while in Part IT we will make use of the second version. This is purely a matter of
convention.

2.2.4 The Invariant Bilinear Form

To proceed with the analysis of the roots of a Kac-Moody algebra it is useful to first define
a “metric” (-]-) on the space h*. This will then be extended to an invariant bilinear form on
the entire Kac-Moody algebra g(A), and will thereby also play an important role in many of
the subsequent developments.

We shall assume, as before, that the Cartan matrix, is non-degenerate, and, in addition,
we shall take it to be symmetrizable. The first condition will be lifted later on, while the
second condition will be kept throughout the remainder of these lectures. Symmetrizability
of A implies that there exists a diagonal matrix D = diag(ey,...,€,), with all ¢; > 0, such
that the Cartan matrix decomposes according to

A= DS, (2.2.52)

where S is a symmetric r X r matrix. The matrix S = (S;;) now defines a symmetric invertible
bilinear form (-|-) on h* as follows

Siy = (ailay), (2.2.53)
for a;, a; € II. Moreover, by imposing the defining relation A;; = 2 we find
2
€6 =-—-". 2.2.54
"~ () (2250

We have now defined a bilinear form on the space h*, which in turn induces a bilinear
form on the root lattice (). An important consequence of this is the following;:
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e For finite-dimensional Lie algebras the bilinear form (:|-) is of Euclidean signature and,
consequently, () is a Euclidean lattice. In this case the bilinear form coincides with the
standard Killing form.

e For Lorentzian Kac-Moody algebras the bilinear form (+|-) is a flat metric with signature
(= +---+) and, consequently, @ is a Lorentzian lattice.

The bilinear form can now be extended to the full Kac-Moody algebra. Since (-|-) is
non-degenerate it defines an isomorphism p : h* — b as follows:

(a,u(B)) = (alB),  B,aeb*, u(pB)eh, (2.2.55)

with the inverse map p~! : h — bh* then defines a bilinear form (-|-) on the Cartan subalgebra
h through

(i (aY),8Y) = (V18Y),  a¥,8" € b, u(aY) € b*. (2.2.56)
Then, from the definition of (-|-) in (2.2.53)), we find
1
(@:]8) = — (B, ai) . (2.2.57)
In addition, by virtue of (2.2.55)), we have the relation
(as]B) = (B, w(ew)) (2.2.58)
and by equating ([2.2.57)) with (2.2.58]) we arrive at the explicit expressions
1
plag) = —ay or p o)) = gay. (2.2.59)
€

We can use this result to find a relation between the bilinear forms on § and h*:
(o ef) = eiej(ailay), (2.2.60)
and in the special case ¢ = j we thus have

(o) 2
> = Taan’ (2.2.61)

Let us further note that ensures that the Cartan matrix can be expressed solely in
terms of the bilinear form
2(cviloj)
(ciai)
an expression which is very useful for practical purposes.
At this point we have a non-degenerate symmetric bilinear form on the Cartan subalgebra
h C g(A). To extend this to the entire algebra, one exploits the invariance of (-|-), i.e., the

property

Ajj = (2.2.62)

([zy),2) = (. [y,2]), 9,2 € g(A). (2.2.63)

For example, by computing (¢)|[e), ej]) = Agj(e;|ej) and using the invariance on the left
hand side we find
(o)le;) =0, (2.2.64)
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because of the fact that [, )] = 0. A similar argument gives («/|f;) = 0. Moreover, by
computing ([o), €;]| f;) one finds

(€l fj) = €idij, (2.2.65)

or, more generally, for two arbitrary generators z,, 23 € g(A) one has
(:L‘a|175) ~ Oa,— 35 (2.2.66)

where the proportionality constant depends on the normalization of the Chevalley generators.

Before we proceed with some examples, let us discuss some additional features of the root
system ® of a Kac-Moody algebra g(A). In the special case when g(A) is a rank r finite-
dimensional Lie algebra we have seen that the root lattice is an r-dimensional Euclidean
lattice, thus implying that all roots have positive norm, o > 0, Yo € ®. In the general case
however, the root lattice can have arbitrary signature, and thus roots can in general have
positive, zero or negative norm. We shall adopt the standard terminology and call roots of
positive norm real roots, and those of zero or negative norm, imaginary roots. In this way
the root system of a Kac-Moody algebra decomposes into two disjoint sets @i and P of real
and imaginary roots, respectively. The largest norm squared of the real roots is, by analogy
with the finite-dimensional case, restricted to 2, while the imaginary roots can come with
arbitrarily large negative norm squared. We can thus describe these two types of roots as
follows

Pp = {ae®|0<(ala) <2},
% = {Bea|(88) <o}, (2.2.67)
and we have
D = dg U Py,. (2.2.68)

The multiplicity of the real roots is always one, mult(a) = 1, Va € g, while the imag-
inary roots generally come with a non-trivial multiplicity, mult(3) > 1, V3 € ®g. In par-
ticular, for the indefinite Kac-Moody algebras the multiplicity of the imaginary roots grows
exponentially with increasing height, thus rendering these algebras very difficult to control.
We shall come back to the issue of real and imaginary roots in Section after we have
learned some of the basic properties of the Weyl group.

2.2.5 Example: A, versus Af

Let us now try to make all this a bit more concrete, by introducing and comparing two
examples in detail. We shall consider the familiar finite-dimensional Lie algebra Ay = s[(3,R)
and the infinite-dimensional affine Kac-Moody algebra Af (the notation will be explained
in Section . Our goal is firstly to understand what it is that makes the first one finite
and the second one infinite-dimensional. Secondly, we shall investigate and compare the two
different root systems.
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Serre Relations

The rank 2 Lie algebras As and A] are described by the Cartan matrices

AlAs] = < c > A[AT] = < S ) (2.2.69)

with the associated Dynkin diagrams displayed in Figure For simplicity of notation, we
shall refer to the two different Cartan matrices simply as A = A[Ay] and A = A[A]].

O————O O—O

Figure 2.1: On the left the Dynkin diagram of the Lie algebra Ay = s(3,R) and on the right
the Dynkin diagram of the affine Kac-Moody algebra Af.

_ The Chevalley generators for Ay are {e1, €2, f1, f2, h1, ha} and the ones for AT are {é1, €, f1,
f2,h1, ha}. The commutation relations follow from the general form of the Chevalley relations
in (2.2.3)), with the insertion of the individual Cartan matrix components. For example, we
have

Ay ¢ [h1,ho] =0, [hi,e2] = —ea, [ho,e1] = —er, le1, fi] = hu,

AT 0 (i ho =0, [hy,E] = 262, [ho,E1] =261, [e1, fi] =h1.  (2.2.70)

It is clear that the relations in Ay are remarkably similar to those in A] with the only
difference arising in the relations involving the off-diagonal entries of the Cartan matrices,
which, of course, is the only obvious distinction between the algebras at this point. We now
want to understand how this seemingly trivial change in the Cartan matrix can render an
algebra infinite-dimensional. The answer lies in the Serre relations.

Let us now proceed to check the Serre relations involving the positive nilpotent generators
of “e-type”. The analysis is analogous for the negative ones. For As we then have

adl; 412 (e2) = [e1, [er, e2]] = 0, (2.2.71)

implying that the generator [ej, [e1,e2]] does not exist in the algebra. The commutators
es = [e1, e2], on the other hand, is not killed by and so corresponds to a new generator.
On the negative side, we similarly find the new generator f3 = —[f1, f2]. No other non-
vanishing generators exist in Ao and therefore the algebra is eight-dimensional. We may
take as a basis of Ay the eight elements {e1, e, €3, f1, fa, f3, h1, ha}. This corresponds to the
adjoint representation 8 of sl(3,R).

We now turn to AT. The Serre relation for €; and e reads

adl 12 (ey) = [e1, [e1, e, &2)]] = 0. (2.2.72)

This condition therefore kills the generator [é1, [é1, [61,€2]]] in A, while there are no restric-
tions on the following two generators:

eé3 = [él, 52], €4 = [él, [él, EQH. (2.2.73)
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In addition, we have the Serre relation for e, acting on é; which yields yet another non-
vanishing generator
é5 = [ég, [ég, él]]. (2274)

It is the existence of €4 and €5 which renders Af infinite-dimensional. For example, consider
the following multicommutator, alternating between é; and éo,

(€1, [e2, [e1, €2]]] = —en, [e2, [€2, &1]] # 0. (2.2.75)
In A5 this commutator would have been zero because the Serre relations impose

[627 [627 61]] =0,

while in Af it corresponds to —[éy, €5] which is unrestricted. It is possible to continue in this
way, and any alternating multicommutator is non-vanishing, e.g,

e1, [ea, [€1, [€2, - - ., [e1,e2] -+ ]]]] € AT. (2.2.76)

Root Systems

We shall now proceed to compare the two algebras Ao and Af at the level of their respective
systems of roots. To Ag we associate the simple roots I = {a1, as}, and to A, I = {a1, az}.
Since the Cartan matrices are symmetric, they give directly the bilinear forms on the space
of roots. We have

(i|ar) =2, (az|ag) =

(a|an) = (qola) =2, (au]ag) = -2. (2.2.77)

All roots can be described as integral non-negative or non-positive linear combinations of the
simple roots. For A,, we find that a1 + a9 is a root, because the corresponding generator

es = [e1, ea] survives the Serre relations. Thus we define a3 = a3 + ag. Let is now try
to add yet another simple root and take, say, ag + ag. This corresponds to the generator
[es, ea] = [[e1, 2], e2] which is zero in As because of the Serre relations. In this way we find

that the root system ® = ®(A) of A, is given by
D=0, UP_ ={a,a0,a3} U{ —a1,—ag, —as}, (2.2.78)

revealing that indeed the root system of As is finite. Of course, any vector ma1 +nasg, m,n €
Z, lies on the root lattice @ of As, even though it is not a root. Because the root ag is the
root with largest height, ht(as) = 2, of @, it is the highest root of the algebra. This is also
the highest weight of the adjoint representation.

It is illuminating to draw the root system in a root diagram, which makes it easier to
visualize the structure of the algebra. To this end we define, as described in the previous
section, the simple root vectors &@; and ds, with components

ar = (Ai1, Ar2) = (2, -1),
dy = (A1, Ag2) = (—1,2). (2.2.79)
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Figure 2.2: The root diagram of As, representing the adjoint representation 8. The root
a1 + «g is the highest root corresponding to the highest weight of the representation.

The two vectors @1 and ds span a two-dimensional Euclidean lattice, with separating angle
of 2w /3. We have indicated the root diagram of As in Figure Let us now analyze the
root system ® = ®(A) of A]. We begin by noting that the determinant of the Cartan matrix
vanishes

2 -2
det< P >_0, (2.2.80)

as we have seen is the distinguishing feature of affine Kac-Moody algebras. This implies that
the bilinear form of the algebra constructed from A is degenerate. We shall discuss how to
deal with this feature in Section For our present purposes, however, we just note that
(2.2.80) implies that there exists a root § € ®, which has zero norm,

(5]6) = 0. (2.2.81)
In terms of the simple roots, we have
§ =@y + as, (2.2.82)

as follows from . That § is indeed a root of ® can be seen by noting that the associated
generator [€1, &3] is non-vanishing. The existence of a null root is indicative of the fact that
the algebra, as well as the associated root system, is infinite-dimensional.

In order to understand the root system it will prove convenient to write & = § — &, and
treat the root system as a two-dimensional Lorentzian space, with basis vectors a; and 8. Is
8 — 2a; a root of the algebra? The answer is no, because the associated generator vanishes,

é5—2&1 = [ég—&pr] = [éQa fl] = 07 (2283)

as follows from the Chevalley relations. However, 20 — &; = @&; + 209 is a root since it
corresponds to the generator [é3]éa,€1]] # 0. One can iterate this procedure and find a
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complete description of the root system. All null roots are multiples of 6, while the real
roots are combinations of +&; with 8. As discussed in the previous section, the root system
thereby splits into disjoint sets corresponding to the real (i.e., spacelike) and the imaginary
(i.e., lightlike) roots. Explicitly, the root system of A} then reads

= rUds={Ltar+nd|necZ}U{kd|keZ\{0}}. (2.2.84)

In addition we have, of course, the usual split of ® into positive and negative roots.

2.2.6 The Weyl Group

A very important concept, which we shall use extensively in subsequent sections, is that of
the Weyl group W = W(A) of the Kac-Moody algebra g(A). We begin by constructing
the group W(A) abstractly and then we show how it is related to a Kac-Moody algebra.
Fix a set of generators S = {s1,...,s,} and let W be the free group generated by S. Let
m = (mj)ij=1,.,r be an r X r matrix satisfying: (i) my = 1, (i) my; € Z>1, i # j, and
(#4i) mij; = mj;. The group W then has a normal subgroup N generated by the particular
combinations [73]

(SiSj)mij. (2.2.85)

The Weyl group W, associated to the set S, is the quotient group
W=W/N. (2.2.86)

This is a particular instance of a Cozeter group, and the entries of the matrix (m;;) are called
Cozeter exponents. Our construction implies that the Weyl group, W, is the group generated
by the set & modulo the relations

(sisj)™i =1, i,j=1,...,r (2.2.87)
The elements s; € S are called the fundamental reflections, by virtue of the property
s? =1, (2.2.88)

as follows from the first condition on (m;;) above.
We now show how the group W(A) enters the story of Kac-Moody algebras. The Weyl
group is a group of automorphisms of the root lattice @,

W:Q — Q, (2.2.89)

with the fundamental reflections s; being geometrically realized as reflections in the hyper-
planes orthogonal to the simple roots «;. More specifically, we associate a fundamental
reflection s; to each simple root «;, such that the action on v € Q) is given by

sity — si(v)=v— (7, . (2.2.90)
It is clear from this definition that s; reverses the sign of «; and pointwise fixes the hyperplane

Ti={BeQ]| (B,e)) =0} (2.2.91)
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Ai; A 0 1 2 3 4

>

Table 2.1: The relation between the entries A;; of the Cartan matrix and the Coxeter expo-
nents m;;.

Let us also check the condition s? = 1 explicitly for the geometric realization. Applying

(12.2.90) twice on v € @ yields

si-si(y) = s (7 - <%04;/> O‘i)
= 7—2<’y,a;/>04i+<’Y,a;/><ai7a;/>ai
_— (2.2.92)

where, in the last step, we made use of the fact that (a;,a)) = A;; = 2.
When realized geometrically in this way, the fundamental reflections are commonly called
Weyl reflections. When acting on the simple roots themselves, the Weyl reflections become

2(a]a;)

= o — Ay 2.2.93
(ai’az‘) Q; a] Zjaw ( )

si(oy) = a;j —
where (A;;) is the Cartan matrix. There is a simple relation between the entries of the
Cartan matrix and the associated Coxeter exponents. This is displayed in Table When
Ai;jAj; > 4 the corresponding Coxeter exponents are infinite, implying that there are no
relations between the generators s; and s; for these particular values of ¢ and j.
The bilinear form (+|-) is W-invariant,

(wB|w(8") = (8|8, (2.2.94)

which follows by direct calculation using . This implies that the Weyl group is “or-
thogonal” with respect to the bilinear form (-]-) and hence is a discrete subgroup of the
isometry group O(h*) of h*,

W C O(h*). (2.2.95)

We can now make use of the Weyl group to get a better handle on the structure of the
root system. The first important fact is that the root system ®(A) of a Kac-Moody algebra
g(A) is W(A)-invariant,

W.-o=9o. (2.2.96)

We can associate a general Weyl reflection w, to any root a € ®. This will be described by
a finite product of the fundamental reflections,

Wa = SiySig *** Sip_1 Sigs (2.2.97)

where the minimal number k of fundamental reflections needed to describe w,, is called the
length of wq, and is denoted by ¢(«). By definition, the fundamental reflections have length
one, {(s;) = 1.
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The reflection w, € W fixes the hyperplane T, C bh*,
T.={y€b*| (yle) =0, a € D}, (2.2.98)

orthogonal to a. By removing all such hyperplanes we may decompose h* into connected
subsets, called chambers. We choose one such subset C C h* and give it a distinguished
status as the fundamental chamber. The fundamental chamber is conventionally chosen as
the region enclosed by the hyperplanes T; orthogonal to the simple roots. This implies that
C contains all vectors v € h* such that (y|«;) is positive,

C={veb | (vlay) >0,V o €T}, (2.2.99)

The chambers in h* correspond to the images w(C) for w € W. The union X of all such
images is called the Tits cone,
x =[] w©) (2.2.100)
wew
For finite-dimensional Lie algebras, the Tits cone coincides with the space h*, while in general,
when ®g # (), one has X C h*.
We are now at a stage where we can describe the root system ® with more precision. A
first important fact is that the sets of real and imaginary roots are separately invariant under
the Weyl group,

W-dp = g,

Wby = &g (2.2.101)

The sets of real and imaginary roots have a decomposition into disjoint sets of positive and
negative roots, and we write

P = Ppy UPn_,
by = Pg UDg_, (2.2.102)
with
Py NPy =0, Pp_ Ndgy_ =0. (2.2.103)

The only root a € ®g; for which s;(a) € Pp_ is a = a4, implying that

si - Py /i) = Py /{au), (2.2.104)

and similarly for the negative real roots. A consequence of this is that, since a; ¢ ®g, the
positive and negative imaginary roots are separately invariant under the Weyl group

We can now state which elements of the root lattice @ are actually roots. First, all real
roots lie in Weyl orbits of the simple roots, and thus we have

O = | J w(). (2.2.106)
weW
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We now want to find a similar description for the set of imaginary roots. To this end it is
useful to first introduce the notion of the support, supp(a), of an element o € Q. Let

T
a=> ko € Q, (2.2.107)
i=1
and introduce the subdiagram =Z,(A) C T'(A), of the Dynkin diagram I'(A), as the diagram
consisting only of those vertices i for which k; # 0 and of all lines joining these vertices. We
then have

supp(a) = E4(A). (2.2.108)
Next, we define a region K C ®g, as follows
K={aecQ:| (a,0)) <0, Vi : Eq(A) is connected}. (2.2.109)

The set of positive imaginary roots can now be elegantly described as the union of all images
of K under the Weyl group [34],
o = | w(K). (2.2.110)
wew
with a similar description of the negative imaginary roots.

Through the aid of the Weyl group W(A) we have now obtained a complete description
of the root system ®(A) of any Kac-Moody algebra g(A). In subsequent sections we shall
discuss in more detail the root systems for the classes of affine and hyperbolic Kac-Moody
algebras, for which some simplifications arise.

We have defined the Weyl group as the group of reflections with respect to the simple
roots. Through a natural generalization of one can define reflections s, € W through
any real root a € ®y. These reflections act as follows on 3 € h*:

sa(B) = B— (B,a")a = p— 2V,

ala)

(2.2.111)

How are these reflections related to the fundamental reflections s; = so,7 To answer this
question we first note that since « is real we must have a = w(a;) for some w € W and some

a; € II. Inserting o = w(e;) into (2.2.111)) then yields

_ 5 2(Blw(ai) '
2(w'(8)]aus)
7T ey
= B—{(w (B), o)) w(). (2.2.112)
where we made use of the invariance of (-|-) under the Weyl group. We can rewrite

sa(B) = w(w ' (B) = (wB), &) a),
= w-s(w(B)), (2.2.113)

revealing that the generalized reflection s, corresponds to a conjugation of the fundamental
reflection s; by some element w € W:

Sq =wsiw L € W. (2.2.114)
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2.3 Affine Kac-Moody Algebras

In this section we shall explore affine Kac-Moody algebras in more detail. This class of
algebras corresponds to the first step away from the finite-dimensional Lie algebras, and is
the only class of infinite-dimensional Kac-Moody algebras which are well understood. We
recall that a Kac-Moody algebra g(A) is said to be of affine type if the associated Cartan
matrix A is positive semi-definite, det A = 0, with one zero eigenvalue. Because of the
degeneracy of A, the bilinear form as constructed in Section is degenerate. We shall
explain how this problem is circumvented through the inclusion of an additional generator,
called the derivation d, in the Cartan subalgebra. This new generator ensures that the
invariant bilinear form on the full algebra is non-degenerate.

2.3.1 The Center of a Kac-Moody Algebra
The center Z of a Kac-Moody algebra g(A) is defined as follows:

Z={xecg(4d)|Vyeca(A) : [z,y] =0} (2.3.1)

It is a general result that Z # 0 if and only if det A = 0 [34]. This is related to the rank of
the matrix A. In previous sections we have treated the Cartan matrix as an r x r matrix of
matrix rank equal to the rank r of the associated Kac-Moody algebra g(A). Now we shall
be more general and let A = (A;j)ij=1,..» be an r x r matrix of matriz rank n. In this
case, det A = 0 and the rank r Kac-Moody algebra g(A) has a non-trivial center Z # 0 of
dimension

dim Z = corank A =7 —n. (2.3.2)

For affine Kac-Moody algebras the Cartan matrix has only one zero eigenvalue and hence the
corank of A is one, implying that the center is one-dimensional and is spanned by the central
element c,

Z = Re. (2.3.3)

A consequence of this is that affine Kac-Moody algebras are nmot simple, since the center
forms a non-trivial ideal in g(A). The center Z is always contained in the Cartan subalgebra

Z Ch, (2.3.4)

implying that the central element ¢ must be expressible as a linear combination Y ;_, ¢;a
of the simple corrots IV = {ay,...,a)Y}. To see this, let v = (v1,...,v,)" be the non-trivial
element of the kernel of the transposed matrix A7, i.e.,

r

AT v =) (A7) =0. (2.3.5)
j=1

We then have ¢; = vy, i.e.,

c= Zvia;/ € ZCh. (2.3.6)
i=1
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This result follows from the fact that ¢ must commute with all the Chevalley generators
ei, t=1,...,r, and hence
,

0= [C, 6i] = ZCj [Oé}/, ei] = ZC]‘ <Oéi, Oé;/> €; = Z chjiei = [Z(AT)Z‘jCj] €, (237)
j=1 j=1 Jj=1

j=1

which is only satisfied when Z;ZI(AT)ijcj = 0, and hence ¢; = v; as announced.

2.3.2 The Derived Algebra and the Derivation

It is now time to define what we mean by an affine Kac-Moody algebra. In fact, the algebra
constructed from an “affine” Cartan matrix A using the Chevalley-Serre relations is only the
derived Kac-Moody algebra
g'(4) = [9(4),8(4)]. (2.3.8)
When det A # 0 the derived algebra g’ coincides with the full algebra g, i.e., g = [g,g]. To
understand these statements we must introduce the notion of a derivation d. The motivation
for this is that the complete Kac-Moody algebra must have a well-defined non-degenerate
bilinear form, an object which does not exist for the derived algebra g’ because of the de-
generacy of the Cartan matrix. For the following discussion it will be convenient to make a
slight relabelling of the simple roots and the simple coroots. This is motivated by the fact
that for any affine Kac-Moody algebra g of rank r one may identify a maximal rank r — 1
finite-dimensional subalgebra g C g, and view g as an extension g = g* of g, where the
superscript “4” indicates that the affine Kac-Moody algebra g is obtained by adding a single
node to the Dynkin diagram of g in a prescribed way. We shall discuss the general theory
of extensions of Lie algebras in Section but for now this will suffice. To this end we
take the r = k + 1 simple roots of g(A) to be Il = {ag,a1,...,ar}, with IT = {ay,..., o}
representing the k simple roots of the finite subalgebra g. The root «q is called the affine
root. 1t is always of the form
ag=90—0, (2.3.9)

where § is a null root, (§|0) = 0, and 6 is the highest root of the finite subalgebra g C g.
We now follow Kac [34] and add by hand a generator d € h to the Cartan subalgebra,
with the property
<Oéi,d> = 51'0, 1= 0,1,...,/6‘. (2.3.10)

The basis of the Cartan subalgebra b is then taken to be IIV = {ay, Y, ..., a),d}, on which
a non-degenerate bilinear form now exists with the following properties:

(clay) =0, (c|e)=0, (c|d)=1, (2.3.11)

where the non-degeneracy of (-|-) on h follows from the non-vanishing scalar product between
the derivation d and the central element ¢. An affine Kac-Moody algebra g(A) is then defined
as the derived algebra g’ augmented with the derivation d,

g=g9 +Rd. (2.3.12)

Note that this implies that an affine Kac-Moody algebra of rank r has a Cartan subalgebra
of dimension r + 1.
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Let us now make an effort towards understanding the structure of . Because
of its definition, , the derivation d € § will never appear on the right hand side of
any commutator in the algebra. For example, the commutation relations with the positive
Chevalley generators are

[d,eo] = eo, (2.3.13)

and similarly for the f;’s. This implies that the derived algebra g’ does not contain the
derivation d, thus explaining the structure of . In fact, the derivation can be viewed as
a “counting operator” which counts the number of times the affine generator eg, corresponding
to the affine root oy, appears in any commutator.

2.3.3 The Affine Root System

In the case of affine Kac-Moody algebras, the appearance of imaginary roots does imply a
drastic complication. As we have alluded to before, the only “independent” imaginary root is
the null root §, of which all other imaginary roots are multiples. The complete root system ®
is therefore determined by the finite root system @ of the maximal finite subalgebra g C g and
the null root §. As mentioned in the previous section, the Dynkin diagram of g is obtained
by deleting the zeroth node in the Dynkin diagram of the affine algebra g.

Let A be the Cartan matrix of an affine Kac-Moody algebra g, with associated root system
® = ®(A). We begin by splitting ® into its real and imaginary parts,

D = dp U Pg. (2.3.14)

In the example in Section we saw that the real roots of Af were given by all roots of
the form oy + nd, nZ, with ay being the simple root (and, in fact, the only positive root) of
the underlying finite algebra A;. This fact generalizes to any affine Kac-Moody algebra g(A)
in the following way

@gg:{a—i—vﬁ‘Vae@; neZ}, (2.3.15)

with ® being, as usual, the root system of the underlying finite-dimensional Lie algebra g.
The positive part of the real roots can then be described as follows

Py = {a+nd ‘ Vae® neZstUdy. (2.3.16)

It is well known in Lie theory that if « is a root of a finite-dimensional Lie algebra, then the
only multiples of a which are also roots are +«. This feature carries over to the real part of
the root system of general Kac-Moody algebras, while it is no longer true for the imaginary
roots. For affine Kac-Moody algebras there exists only one independent imaginary root, and
this is the root § which appears in the construction of the zeroth simple root ag = 6 — 6. Any
multiple of ¢ is also an imaginary root, and hence the imaginary part of the root system of
any affine Kac-Moody algebra is very easy to describe:

Py = Py UDPg_ = {715 ‘ n e ZZO} U {ncS | n e Zgo}. (2.3.17)
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2.3.4 The Affine Weyl Group

We now want to perform a closer analysis of the Weyl group of an affine Kac-Moody algebra.
During our study we will find a natural explanation for where the name affine has its origin.

The Weyl group W(A) associated with an affine Kac-Moody algebra g(A) is defined
through the geometric action of the fundamental reflections S = {sg, s1,..., sk} on the dual
space h*. Moreover we have seen that one can associate a reflection s, with respect to any
real root o € Oy as sq = ws;w ! for w € W and a = w(@;). On the other hand, no such
construction exists for the imaginary roots since for 3 € ®g the pairing («, 3") is not defined.
Therefore, although they act on ®g, all Weyl reflections are defined with respect to real roots
only.

An important new feature owing to the existence of null roots is that, since (d|a) = 0 for
all a € Py, we have
2(6]a)
(afa)

This implies that the entire Weyl group acts as the identity on the set of imaginary roots:

Sa(0) =0 —

a=4. (2.3.18)

w(B)=p, VB € os. (2.3.19)

Note that this is true only in the affine case for which all roots in ®4 are lightlike, but not
in the general case when ®g also contains timelike roots.

Let W C W be the finite Weyl group of g C g. A particular feature of affine Weyl groups
is the fact that they decompose into a semidirect product of the form

W=WxT, (2.3.20)

where TV denotes the abelian group of translations of the coroot lattice QY of g.2 We shall
explain this phenomenon in detail below in the context of a simple example.

Example: The Weyl Group of A}

Let IT = {ag,a1} be the simple roots of g = A] and II = {1} the simple root of the
underlying finite subalgebra g = A;. The Weyl group W of A is generated by a single
reflection s; with respect to ajy:

31(041) = —Qq, (2.3.21)

implying that W = Zy. The Cartan matrix of A] is

2 =2

-2 2
which has a kernel spanned by the column vector ( 11 )T. Thus, from our discussion of
the center of Kac-Moody algebras in Section we find that A has a central element

given by
c=ay +af. (2.3.22)

3Here we refer to the coroot lattice Q" as a lattice in h*, in the sense that we can use the non-degenerate
bilinerar form (:|-) on g(A) to identify h with h*. Then the coroot lattice is spanned by the simple coroots
o = 2a;/(ai]ai) € h* and we have Q C QY.
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It is easy to check that ¢ indeed commutes with all generators of the algebra. For example,
we have
[c,e1] = [ag, e1] + [a),e1] = (=2 + 2)e; = 0. (2.3.23)

Recall now from Section that so far we have been dealing only with the derived algebra
o = [A},A]] (2.3.24)
whose Cartan subalgebra is
h' =Ray + Ray. (2.3.25)
However, to understand the Weyl group W it is crucial that we treat the full algebra

AT = [AT, A1+ Rd. (2.3.26)
Thus, we add by hand the derivation d to the algebra, with the properties
(c|ld) =1, (dlag) =0, (d|d) = 0. (2.3.27)

In the following we shall also view the central element ¢ as a basis element of the Cartan
subalgebra, instead of the generator «j. This will prove convenient later on. The full Cartan
subalgebra now takes the form

h=ho (Re+Rd), (2.3.28)

where h = Ray is the Cartan subalgebra of Aj.

We shall now proceed to write the simple roots as the root vectors dp and &; with
components given by the eigenvalues under the adjoint action of h on the Chevalley generators
eg and ej. For eg we find

[, e0] = (o, c) eg = —2eo,

[Cv 60] =0,

[d, eo] = (v, d) eg = e, (2.3.29)
and for e; we have

[a) e1] = (o1, 0 ) e1 = 2ey,

[c,e1] =0,

[d, 61] = <041, d> €1 = O, (2330)

where we made use of the defining relation, (2.3.10)), for the derivation. Consequently, the
component forms of the simple root vectors, in the basis determined by ), ¢ and d, are

&0 = (_27071)7
& = (2,0,0). (2.3.31)

We now have all the ingredients to understand the Weyl group of AT. The group W is
generated by the two fundamental reflections sp and s;. We shall compute the action of
these generators on an arbitrary vector

— —

X=(\km) € b~ (2.3.32)
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We begin by computing the action of si:

siA) = X—

= (_AJ{;vm)' (2.3.33)

This result was expected, namely that the action of s; on the root lattice Q = Zay is the
same as for the Weyl group of A, i.e., in component form we have

s1(N) = =, s1(k) =k, s1(m) = m. (2.3.34)
Now, let us move on to the more interesting case of the sgp-generator. Its action on X becomes

+ 2(X|do)

N o= X o
o (olo)
= (X7k7m)_[_5\+k](_27071)
= (=A+2k,k,m+ N —k). (2.3.35)

We shall focus on the “projected” action of sy on the root lattice @, which reads

so(A) = =\ + 2k. (2.3.36)

This corresponds to a reflection of A\, not with respect to the origin, but rather with respect
to the point displaced by k away from the origin in (). We can make things more clear by
noting that the combined reflection ¢ = sg o s1 acts on @) as a pure translation:

t(A) = sp o s1(\) = A + 2k. (2.3.37)

Thus the Weyl group of Af, acting on the Euclidean root lattice Q of g, contains translations,
i.e., affine transformations, thus explaining the origin of the name affine Kac-Moody algebras.
The action of sy can now be written as

s0(A\) =tosi(N), (2.3.38)

which corresponds to the combination of an element s; € W and an element ¢ € T, with T
being the abelian group of translations of the root lattice ). This group is generated by ¢
with a general element " € T acting as follows

t"(A) = A + 2kn. (2.3.39)

The complete Weyl group of Af is therefore
W={t", t"os | n€Z; s1 € W}, (2.3.40)

which is equivalent to the semidirect product
W=WxT, (2.3.41)

as announced in the beginning of this section. The reason why it is the root lattice ) which
appears here, and not the coroot lattice QV, is that for AI“ they coincide, since all roots have
the same length. However, in the general case it is the coroot lattice which is relevant.
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2.4 Lorentzian Kac-Moody Algebras

Kac-Moody algebras of indefinite type constitute a vast wasteland of unexplored territory.
Not much is known in general about these algebras; most notably there is no indefinite Kac-
Moody algebra for which the root multiplicities are known in closed form to arbitrary height.
We shall here focus on a particular subclass of indefinite Kac-Moody algebras, namely those
for which the invariant bilinear form is of Lorentzian signature. These Lorentzian Kac-Moody
algebras similarly constitute an infinite class of unclassified algebras, but they nevertheless
has a subclass which is, in a certain sense, under control. We refer here to the Lorentzian
algebras which can be obtained through prescribed extensions of finite-dimensional simple
Lie algebras [38]. Extensions of finite Lie algebras can in this way give rise to Lorentzian Kac-
Moody algebras, with properties which have proven to be of interest in string and M-theory.
The precise extension procedure is described in detail in Section Then, in Section
2.4.2| analyze a very interesting subclass of the Lorentzian Kac-Moody algebras, known as
hyperbolic. As was the case with affine Kac-Moody algebras, we shall see that the hyperbolic
class also draws its name from properties of the associated Weyl groups. The hyperbolic
Kac-Moody algebras are the only examples of indefinite Kac-Moody algebras which have
been completely classified.

2.4.1 Extensions of Lie Algebras

Let A be a symmetrizable generalized Cartan matrix and S its symmetric part. If the
bilinear form (-|-) defined by S is of Lorentzian signature then the Kac-Moody algebra g(A)
is of Lorentzian type. We shall in this section describe how algebras of Lorentzian type can
be obtained from finite simple Lie algebras g = g(A) through double and triple extensions,
denoted g™+ and g™+*, respectively, of the Dynkin diagram I'(A4) associated with g.

As in Section we let I = {a1,...,a;} be a basis of simple roots for the finite rank
k Lie algebra g. The root lattice Q = Zle Zay; is Euclidean. Let also Z!'! be the (unique)
even two-dimensional unimodular Lorentzian lattice, spanned by the vectors u; and us. We
define a non-degenerate bilinear form (-|-) on Z"!, of signature (—+), by

(ul\uQ) = 1, (ul\ul) = O, (’LLQ‘UQ) =0. (2.4.1)
This scalar product is induced from the standard Minkowski metric on RV by taking
uy = (1,0), U2 = (O, —1), (2.4.2)

and we write
RY = Ruj + Rug,  ZY' = Zuy + Zus. (2.4.3)

We now want to extend the Dynkin diagram I' = T'(A) with one node in such a way that
the new diagram I'" corresponds to the Dynkin diagram of an affine Kac-Moody algebra g*.
This step was actually already discussed in Section and we recall that an affine algebra
can be obtained from any finite Lie algebra g by augmenting the set of simple roots with the
affine root

ag = U — 9, (244)
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where 6 is the highest root of g and u; € Z%! corresponds to the null root 6. We now have
(avilu) =0, for i=1,...,k, (2.4.5)
implying that the new root lattice
Q" =Zao+Q (2.4.6)

is contained in the direct sum of Q and Zb!,

QtcQaez". (2.4.7)
We define new indices A, B :_(O,i), such that we can write the matrix of scalar products
between the new simple roots IIT = {ag, a1, ..., ax} as follows
i 2(calaB)
Al =222 2.4.8
AB (OéA’CYA) ( )

which then corresponds to the entries of the Cartan matrix A1 of the affine Kac-Moody
algebra g+ = g(A™).
Let us now proceed to include also the second basis vector us € Z!'. This is done by
adding the simple root
a_1 = —ui — us, (2.4.9)

which has non-vanishing scalar product only with ay:
(0671|Oé(]) = —1, (0171’041') = 0, Vi= 1, ey k. (2.4.10)

Since we also have (a_1|a_1) = (ag|ag) = 2 this implies that the node associated with a4
attaches by a single link to the zeroth node of the Dynkin diagram I'"™ of g*. As before, we
define new collective indices I, J = (—1,0,1), and the matrix of scalar products

2(azlay)

A+ —
7 (arlag)

(2.4.11)

is the Cartan matrix of the Lorentzian Kac-Moody algebra g™*. The root lattice Q7 is
then of Lorentzian signature and is equivalent to the direct sum of Q with Zb!,

QT =Qaozht. (2.4.12)

In order to obtain a triple extension, while still keeping the Lorentzian signature of the root
lattice, we introduce yet another two-dimensional Lorentzian lattice Z!, spanned by the
basis vectors v; and ve. The scalar product on Z'! is of the same form as the one on Z'1!,

(Ul‘vg) = 1, (’1)1|2)1) = O, (’1)2|122) =0. (2.4.13)

We now note that the vector vy + vy € ZL! is spacelike, (v1 4+ vo|vy + v2) = 2. Thus, by
including this vector into the new root lattice we ensure that the Lorentzian signature is
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preserved, i.e., we do not introduce zero eigenvalues in the bilinear form. We augment the
set of simple roots with the “triple-extended” root

a_g =uy — (v1 + v2). (2.4.14)

Again, this root is spacelike, (a_2|a_2) = 2, and the associated node in the Dynkin diagram
connects with a single link to the node corresponding to a_1,

(a—gla—q) = —1, (a—o|laq) =0, VA=0,1,... k. (2.4.15)
The new Lorentzian root lattice is given by
QM =Za o+ Za_1 + Zoy + Q, (2.4.16)

and we have
QYT c ZV ez Q. (2.4.17)

Introducing new indices M, N = (-2, —1,0,7) we can once again organize the scalar products
" (oxlon)
- 2(anm|an
Attt = 2 2.4.18
MN (OZM‘OZM) ( )

corresponding to the Cartan matrix AT+ of a Lorentzian Kac-Moody algebra gt++ =

g(AT+t).

Nice examples of extended Lie algebras, which shall be discussed extensively later on, are
the Kac-Moody algebras obtained by extending the largest exceptional Lie algebra Eg. This
gives rise to the following chain of embeddings

Es CEy=FEf C Eyg=EJ* C Enn=E{", (2.4.19)

of which Fy is affine, Ej¢ is hyperbolic and Ej; is Lorentzian (but not hyperbolic). In the next
section we shall focus on the subclass of hyperbolic Kac-Moody algebras. In particular, the
hyperbolic algebra Eqy will play an important role in Part I of this thesis, and is discussed
in more detail in Section 2.5.4] below.

2.4.2 Hyperbolic Kac-Moody Algebras

A hyperbolic Kac-Moody algebra is defined as a Lorentzian algebra which upon removal of
any node in the Dynkin diagram yields only finite or (at most one) affine subdiagrams. By this
criterion it is easy to understand why F4; is not hyperbolic; removal of the node associated
with the triple-extended root a_s gives the Dynkin diagram of Fpy which is neither finite
nor affine. In this section we shall see that the class of hyperbolic algebras exhibit some very
intriguing features which are unique among all indefinite Kac-Moody algebras.

In the rest of this section we shall take g(A) to be a rank r hyperbolic Kac-Moody algebra,
unless otherwise specified. By virtue of its Lorentzian signature the space h* is isomorphic
to r-dimensional Minkowski space:

h* ~ R L (2.4.20)
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An important consequence of this is that there exists a lightcone in h*, defined as
O ={zeb* | (z|z) <0}. (2.4.21)
The lightcone clearly separates real and imaginary roots
O =dNO. (2.4.22)

These properties are of course shared among all Lorentzian algebras. However, a unique
feature of hyperbolic Kac-Moody algebras is that its root system is in principle known. By
this we mean that any element of the root lattice Q(A) is also an element of the root system
II(A) if its norm is less than or equal to 2. In this way we find the following description of
the root system:

?={aeQ]| (ala) <2} (2.4.23)

Furthermore, we recall that the fundamental Weyl chamber C is defined as the region of h*
which is bounded by the hyperplanes T; which are orthogonal to the simple roots «;. As
a consequence of their definition, hyperbolic Kac-Moody algebras have the special property
that all these hyperplanes intersect inside or on the lightcone. Thus, for any hyperbolic
Kac-Moody algebra the fundamental Weyl chamber is contained inside the lighcone

C c O. (2.4.24)

Because of the Lorentzian signature, the lightcone decomposes into future and past com-
ponents, O, and O_, respectively. We shall employ the convention that the simple roots
have future temporal directions, implying that the fundamental Weyl chamber, defined as
{Beb*|(Bla;) >0, i=1,...,7},is actually contained in the past lightcone. Since no simple
roots are inside the lightcone, the union of all the images of the Weyl group, W, acting on
C, will not extend outside of C, and, in fact, we have that the Tits cone, X, coincides with
the past lighcone:

o=x=|]Jw() (2.4.25)

wew

Because of this, the Weyl chamber C is not a fundamental domain for the action of W on
all of h*, as is the case for finite Lie algebras, but rather is the fundamental domain for the
action of W on the Tits cone, X.

The Weyl group W(A) of a hyperbolic Kac-Moody algebra g(A) is a discrete subgroup of
the isometry group of h* = R~ Moreover, since all of the hyperplanes Tj are either timelike
or lightlike the Weyl group preserves the temporal direction of any x € h*. This implies that
the Weyl group of a hyperbolic Kac-Moody algebra is a subgroup of the ortochronous Lorentz
group, OT(1,7 — 1), i.e., the time-preserving part of the isometry group of R1" 1

W c Of(1,r—1). (2.4.26)

Because of this fact, the Weyl group preserves spaces of constant negative curvature in O,
i.e., the r-dimensional hyperbolic space H,. The hyperplanes T; project onto hyperplanes in
‘H, and because we then have r 41 hyperplanes bounding a region in an r-dimensional space,
the Weyl chamber C projects onto a simplex of finite volume in H,. Geometric reflections in
the faces of a finite volume simplex in hyperbolic space are elements of a hyperbolic Coxeter
group. The associated Weyl groups therefore correspond to such hyperbolic Coxeter groups,
and it is this fact which is the origin of the name hyperbolic Kac-Moody algebras.
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2.4.3 Extended Example: The Weyl Group of A"

We have previously discussed the Weyl groups of g = A; and gt = Af in some detail. Recall
that we found:

W(A) =Zy, W(AT)=Zyx T, (2.4.27)
where T is the abelian group of translations of the Euclidean root lattice ). The first group
Zs is of course of finite order, while the second one, Zy x T, is of infinite order due to
the presence of the translation group. Finite Coxeter groups, such as Zs, are often called
spherical because they are reflections about the origin in a Euclidean space and so leaves
invariant a sphere at infinity. Similarly the affine Coxeter groups leave the entire Euclidean
spaces themselves invariant. Finally, on the other side we have the hyperbolic Coxeter groups
which leave the hyperbolic space invariant. In this section we shall check this more explicitly
by investigating the Weyl group of the hyperbolic Kac-Moody algebra g = Afr, i.e., the
double extension of A;. The Cartan matrix of this algebra is

2 -1 0
AATH = -1 2 -2 |, (2.4.28)
0 -2 2

and the associated Dynkin diagram I'(A{ ™) is displayed in Figure We associate a funda-

O————CO—0O

-1 0 1

Figure 2.3: The Dynkin diagram of the hyperbolic Kac-Moody algebra AT’L.

mental reflection s; with each of the simple roots oy, I = —1,0,1. By making use of Table
and (2.2.87)) we find that these generators obey
(5150)° =1, (s05-1)% =1, (s15.1)* = 1. (2.4.29)

The root space of ATJF is three-dimensional and thus the (projected) Weyl chamber C is a
simplex in the two-dimensional hyperbolic plane Hy = {8 € b* | (8|3) = —1}, bounded by
the three hyperplanes T_1, Ty and T7. The angle 975 between two adjacent faces I and J are
related to the Coxeter exponents, myy, as follows (see, e.g., [73])

T (2.4.30)
mrj

In our case we thus find that the angle between 17 and Tp is zero, the one between T} and
T_ is /2 and the one between Ty and 71 is w/3. This implies that the hyperplanes 7} and
Ty intersect on the border of the lighcone, while the other walls intersect inside the lightcone.

This verifies that Afr is indeed hyperbolic.
We now proceed to show that the Weyl group of Af+ is isomorphic to the extended
modular group PGL(2,7Z) (see, e.g, [73]). We define the group PGL(2,Z) as the group of

2 X 2 matrices
PGL(2,Z) > (Z 2) a,be,d € Z, (2.4.31)
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with determinant ad — bc = 1 and the identification {a,b,c,d} ~ {—a, —b, —c,—d}. [The de-
terminant of any element X € GL(2,7Z) is restricted to +1 or —1 in order for the inverse X ~!
to be contained in the group. In the projected group PGL(2,Z) elements with determinant
—1 are projected out.]
Now, we recall that the hyperbolic plane Hs has a realization as the complex upper half
plane H (see, e.g, [74])
H={reC|3(r)>0} (2.4.32)

The group PGL(2,Z) acts on 7 € Hz as

, au+b
— = — 2.4.
T T ot d (2.4.33)

where we take

T ; ad—bc=1
“= { 7 5 ad—bc=—1. (2.4.34)
The reason for taking u = 7 when ad — bc = —1 is to ensure that the upper half plane is
preserved, i.e.,
S(r) >0 = S(') > 0. (2.4.35)

We can think of the transformation (2.4.33) as the ordinary action of the modular group
PSL(2,Z) ¢ PGL(2,Z) together with the action of complex conjugation. Recall that
PSL(2,7Z) is generated by the translation 7 : 7 — 7+ 1 and the inversion Z : 7 — —1/7,

with the realization
1 1 0 —1
T-(Ol), I-(l O)' (2.4.36)

The generators of PGL(2,7) can now be obtained simply by adding the complex conjugation
transformation 7 — —7, i.e., we obtain the three generators:

rn T — —T
ro=ro7 : 1T — 1-7
1
r1=rioZ : T — —. (2.4.37)
T

These have the matrix realization:

1 0 1 —1 01
701_<0 _1>’ ro_(o _1>7 T—1—<1 0) (2438)

Using the explicit action of PGL(2,7Z) in (2.4.33) one may verify, e.g., that
(ror—1)o(ror—1)o(ror—1) : 7 — T (2.4.39)

and similarly that (r;7_1)2 = 1. We also have that no product of (ri7g) gives the identity,
and so we have (r17r9)>°. The group generated by 71,79 and r_; therefore coincides with the
Weyl group of Af+ and we may conclude that

W(ATT) ~ PGL(2,7). (2.4.40)
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Let us finally note that one can see that the groups are the same by comparing the
geometric properties of the Weyl chamber with the fundamental domain for the action of
PGL(2,Z) on the upper half plane. To this end we write 7 = x 4+ iy € 4, for z,y € R, and
check that r1 acts as

ro:ox+iy —  —x 41y, (2.4.41)

which implies that this is a reflection in the “hyperplane” Wi = {r € C | R(7) = 0}, i.e.,
a reflection in the line x = 0. By similar arguments one finds that the sy transformation is
a reflection in the line z = 1/2 (Wy = {7 € C | R(r) = 1/2}), and that s_; is a reflection
in the unit circle |7| =1 (W_y = {7 € C | |7| = 1}). The angle between W; and W is
therefore zero, the angle between W; and W_; is 7/2 and the angle between Wy and W_,
is w/3. Hence the PGL(2,Z)-elements 11, ro and r_; generate a Coxeter group with Coxeter
exponents mjp = 00,my—1) = 2 and mg_y) = 3, which, again, is the same as for the Weyl
group of Af ™.

Subgroups of W(A] ™)

There exists a powerful method to obtain regular subalgebras of a Kac-Moody algebra g by
studying subgroups of its Weyl group W(g). In this section we shall illustrate this procedure
for the example of g = A#.

Recall that since A is hyperbolic, all elements of the lightcone C C b are timelike or
lightlike. This implies that reflections in these walls preserve the time-orientiation, and hence
the Weyl group W(A{™) is a subgroup of the ortochronous Lorentz group O*(2,1). As we
saw above, the Weyl chamber C is contained in the future lightcone O C h, and hence the
unit hyperboloid Hy = {8 € O4 | (8|8) = —1} is invariant under W(A] ). We may therefore
project the Weyl chamber onto the hyperbolic space Ha. This can be viewed as a projection
from the interior of the future lightcone O, onto the coset space SL(2,R)/SO(2). The Weyl
group of AiH' is then realized as the group of reflections in Hs, and the walls of the Weyl
chamber correspond to the intersections of the hyperplanes Wi, Wy and W_1, defined above,
with the unit hyperboloid. We have seen above that this Weyl group is isomorphic to the
extended modular group PGL(2,Z) = GL(2,7)/Zs.

The action of PGL(2,7Z) on C gives rise to a tiling of the hyperbolic space into an infinite
union of subregions, which are all images of the fundamental region C under W(A{ ™). Each
image w(C) € b, for w € W(A]™T), is a simplex in Ha, i.e., is bounded by three walls. This is
indicated in Figure

We shall here use the Weyl group W(A;FJF) to exhibit two explicit embeddings of regular
subalgebras of A]". We consider the rank 3 hyperbolic Kac-Moody algebras g(A4; ;) and
g(A; rr) discussed by Gritsenko and Nikulin in the context of Siegel modular forms [75]. The
second of these, g(Aj 1), has also played an important role recently in understanding the
wall-crossing behaviour of BPS states in D = 4, N' = 4 string theory [76-79].

The two hyperbolic Kac-Moody algebras g(A; ;) and g(A; ) are constructed from the
Cartan matrices

2 =2 -1 2 =2 =2
ALI = -2 2 —1 R ALII = -2 2 =2 . (2442)
-1 -1 2 -2 =2 2
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Figure 2.4: Tiling of the hyperbolic plane as defined by the action of the Weyl group W(A1 )
on the fundamental chamber C = {8 € b | a;(5) > 0,7 = 1,0, —1}, with Wy, Wy, W_; being
the hyperplanes orthogonal to the simple roots ag, ag, a—y of Afr.

The associated Dynkin diagrams are displayed in Figures [2.5] and [2.6]

3

T 2
Figure 2.5: The Dynkin diagram of the rank 3 hyperbolic Kac-Moody algebra g(A; ). Its

embedding into ATJ“ is defined by @1 = 2a1 + ag, & = g, @3 = a_1, where aq, ag, a_1 are
the simple roots of Ai"+.

The Weyl groups W(A; 1) and W(A; rr) are hyperbolic Coxeter groups with the following
presentations,

W(AL]) = <Si | 52 = 1, (5182)00

i ) (5183)3 =1, (5253)3 =1, >7
W(Ai 1) = <ri | TZ-Q =1, (rir9)™

(i) = 1, (rars)® =1).

1
1
(2.4.43)

We begin by considering g(A; 7). Define a new basis of simple roots I C A as follows
a1 = 201 + ap, a9 = ag, a3 = o_1. (2.4.44)

Clearly, A C A. The scalar products between the new simple roots give rise to the Cartan
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w2

T 2

Figure 2.6: The Dynkin diagram of the rank 3 hyperbolic Kac-Moody algebra g(A; ;7). Its
embedding into Af+ is defined by a1 = a1,ds = a1 + 29, &3 = a1 + 209 + 21, where
a1, ag, a1 are the simple roots of Afr.

matrix Ay g,

2(avilay) 2 =2 -1
Sl DA ) 2 -1 | =A, (2.4.45)
(@) -1 -1 2

implying that the algebra g(A; r) is a regular subalgebra of g(A;j ) :_AT+, with the embed-
ding defined by ([2.4.44)). We further note that the set of simple roots II of g(A; 1) is obtained
by replacing a1 by the image of o under the fundamental reflection sy,

81(050) = 201 + ayg, (2446)

implying that the fundamental chamber C of W(A; 1) is twice as large as the original funda-
mental domain C, and it corresponds to the union

C=CUs(C), (2.4.47)

where

Sl(C) = {h €h | al(h) <0, (20&1 + Oéo)(h) >0, lel(h) > O} (2448)

Thus, the wall Wi = {h € h|ai(h) = 0} “slices” the region C into two subregions of equal
size. This is indicated in Figure where the new wall W7 is explicitly given by

Wi ={h e |ai(h)= (201 + ag)(h) = 0}. (2.4.49)
We thus deduce -
Area C =2 Area C = 3 (2.4.50)

One way to see that the precise numerical factor is 7/3 is to note that the fundamental
domain of C is half that of the quotient PSL(2,7Z)\'H2, which is the familiar fundamental
domain for the action of PSL(2,Z) on the upper half plane Ha, which is well known to have
area /3 (see, e.g., [80,81]).
We proceed to the case of g(Aj 7). To this end we define yet another set of simple roots
I by
a; = aq, as = a1 + 2, a3 = a1 + 209 + 2a_1. (2.4.51)
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Figure 2.7: The fundamental Weyl chamber C of W(A; ;) is shown as the union of C and
51(C), where C is the fundamental Weyl chamber of W(A, ).

The normalized scalar products between these simple roots give rise to the Cartan matrix
Ax 11,

2(ail;) >
S L= -2 2 -2 | =A, (2.4.52)
(Gulevs) —2 -2 2

and we thereby deduce that g(A; rr) is a regular subalgebra of Af+ with the embedding
defined by . The structure of the fundamental domain C of g(A1 17) can be analyzed
by considering its embedding inside the lightcone of A, as above. First note that C ob-
viously contains the original fundamental domain C of W(A; ) as a subregion. In fact, the
fundamental Weyl chamber C can be embedded into the Cartan subalgebra b C Af“ as the
following union of chambers,

6
c=Ja, (2.4.53)
i=1
where each chamber C; is a copy of the fundamental chamber. Explicitly we have
G = C,
Ca = s2(C1),
Cg = 838283(C2),
Cy = s3(Cs),
C5 = 89 (C4),
Cé = 535283(Cs). (2.4.54)

It is easy to see that the sequence stops at Cg, since applying s3 on Cg takes us back to C, and
any other reflection on Cg yields either a chamber outside of C or another of the six chambers
of C. We thus find that the size of C is

AreaC =6 - Area C = . (2.4.55)
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=

Figure 2.8: The fundamental Weyl chamber C of W(A1 11) is displayed as the ideal triangle
inside the Cartan subalgebra of A7 ™.

The embedding C C b is displayed in Figure and it corresponds to the so called “ideal
triangle”. In Chapterwe will learn that the union of chambers ([2.4.53|) has a nice description
in the theory of buildings, and is known as a gallery.

2.5 Level Decomposition in Terms of Finite Regular Subalgebras

So far we have discussed general aspects of Kac-Moody algebras, with special emphasis on the
Lorentzian subclass. When dealing with these infinite-dimensional structures in a physical
context in Chapters 5] [6] and [7] it will prove to be very convenient to slice up the algebras
into finite-dimensional subspaces gy. More precisely, following [53], we will in this section
define a so-called level decomposition of the adjoint representation of g such that each level
¢ corresponds to a finite number of representations of a finite regular subalgebra t of g.
Generically the decomposition will take the form of the adjoint representation of t plus a
(possibly infinite) number of additional representations of r. This type of expansion of g will
prove to be very useful when considering sigma models invariant under g for which we may
use the level expansion to consistently truncate the theory to any finite level ¢ (see Chapter
5). We begin by illustrating these ideas for the finite-dimensional Lie algebra s((3,R) after
which we generalize the procedure to the indefinite case in Sections [2.5.2] [2.5.3] and [2.5.4]
This section is based on Paper III.

2.5.1 A finite-dimensional example: s[(3,R)
The rank 2 Lie algebra g = s[(3,R) is characterized by the Cartan matrix

AsI(3,R)] = (_f g) , (2.5.1)

whose Dynkin diagram is displayed in Figure
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Figure 2.9: The Dynkin diagram of s((3, R).

We recall that s((3,R) is the split real form of s((3,C) = A, and is thus defined through
the same Chevalley—Serre presentation as for s[(3,C), but with all coefficients restricted to
the real numbers.

The Cartan generators {hq, ho} will indifferently be denoted by {ay,as}. As we have
seen, they form a basis of the Cartan subalgebra b, while the simple roots {1, as}, associated
with the raising operators e; and es, form a basis of the dual root space h*. Any root v € h*
can thus be decomposed in terms of the simple roots as follows,

v =maq + Lag, (2.5.2)

and the only values of (m,n) are (1,0), (0,1), (1,1) for the positive roots and minus these
values for the negative ones.

The algebra sl(3,R) defines through the adjoint action a representation of sl(3,R) itself,
called the adjoint representation, which is eight-dimensional and denoted 8. The weights of
the adjoint representation are the roots, plus the weight (0,0) which is doubly degenerate.
The lowest weight of the adjoint representation is

Ag = —Q1 — (9, (253)

corresponding to the generator [f1, fo]. We display the weights of the adjoint representation
in Figure 2.10]

The idea of the level decomposition is to decompose the adjoint representation into rep-
resentations of one of the regular sl(2, R)-subalgebras associated with one of the two simple
roots ag or ag, i.e., either {e1,ay, f1} or {es, ay, fo}. For definiteness we choose the level to
count the number ¢ of times the root ao occurs, as was anticipated by the notation in Equa-
tion . Consider the subspace of the adjoint representation spanned by the vectors with
a fixed value of ¢. This subspace is invariant under the action of the subalgebra {ei, oy, f1},
which only changes the value of m. Vectors at a definite level transform accordingly in a
representation of the regular s[(2, R)-subalgebra

t = Re; @ Ray @ Rf;. (2.5.4)

Let us begin by analyzing states at level £ = 0, i.e., with weights of the form v = maj.
We see from Figure [2.10] that we are restricted to move along the horizontal axis in the root
diagram. By the defining Lie algebra relations we know that ady, (fi) = 0, implying that

Ag(]i) = —a; is a lowest weight of the s[(2, R)-representation. Here, the superscript 0 indicates
that this is a level £ = 0 representation. The corresponding complete irreducible module is
found by acting on f; with ey, yielding

le1, f1] = o, le1, af] = —2ey, le1,e1] = 0. (2.5.5)

We can then conclude that Agil) = —q; is the lowest weight of the three-dimensional adjoint

representation 3y of s[(2,R) with weights {Aé?i),(), —Ag?i)}, where the subscript on 3y again
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ay

A

Ay

Figure 2.10: Level decomposition of the adjoint representation R,q = 8 of s[(3,R) into
representations of the subalgebra s[(2,R). The labels 1 and 2 indicate the simple roots oy
and ao. Level zero corresponds to the horizontal axis where we find the adjoint representation
Rgzl) = 3p of 5[(2,R) (red nodes) and the singlet representation R = 1y (green circle about
the origin). At level one we find the two-dimensional representation R(") = 2; (green nodes).
The black arrow denotes the negative level root —ag and so gives rise to the level £ = —1
representation R(-1) = 2(_1). The blue arrows represent the fundamental weights A; and

As.
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indicates that this representation is located at level £ = 0 in the decomposition. The module
for this representation is L'(Ag?i)) = span{ f1, oy, e1}.

This is, however, not the complete content at level zero since we must also take into
account the Cartan generator cwy which remains at the origin of the root diagram. We can
combine oy with o into the vector

h=a) + 2a3, (2.5.6)

which constitutes the one-dimensional singlet representation 1¢ of t since it is left invariant
under all generators of t,

le1,h] = [f1,h] = [af ,h] =0, (2.5.7)

as follows trivially from the Chevalley relations. Thus level zero contains the representations
3¢ and 1.

Note that the vectors at level 0 not only transform in a (reducible) representation of
s[(2,R), but also form a subalgebra since the level is additive under taking commutators.
The algebra in question is gl(2,R) = sl(2,R) & R. Accordingly, if the generator a3 is added
to the subalgebra v, through the combination in Equation , so as to take the entire
¢ = 0 subspace, t is enlarged from s[(2,R) to gl(2,R), the generator h being somehow the
“trace” part of gl(2,R). This fact will prove to be important in subsequent sections.

Let us now ascend to the next level, £ = 1. The weights of t at level 1 take the general
form v = may + oy and the lowest weight is A = ay, which follows from the vanishing of
the commutator

[f1,e2] = 0. (2.5.8)

Note that m > 0 whenever £ > 0 since ma; + fay is then a positive root. The complete
representation is found by acting on the lowest weight A with e; and we get that the
commutator [e1, eg] is allowed by the Serre relations, while [ey, [e1, e2]] is killed, i.e.,

[61762] 7& 0,

le1,[e1,e2]]] = O. (2.5.9)

The non-vanishing commutator ey = [e1, e2] is the vector associated with the highest root 6
of s((3,R) given by
0 = oy + as. (2.5.10)

This is just the negative of the lowest weight Ag. The only representation at level one is
thus the two-dimensional representation 2; of v with weights {A(}) #}. The decomposition
stops at level one for s[(3,R) because any commutator with two ey’s vanishes by the Serre
relations. The negative level representations may be found simply by applying the Chevalley
involution and the result is the same as for level one.
Hence, the total level decomposition of s[(3,R) in terms of the subalgebra s[(2, R) is given
by
8=30910D2; @2(_1). (2.5.11)

Although extremely simple (and familiar), this example illustrates well the situation encoun-
tered with more involved cases below. In the following analysis we will not mention the
negative levels any longer because these can always be obtained simply through a reflection
with respect to the £ = 0 “hyperplane”, using the Chevalley involution.
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2.5.2 Some Formal Considerations

Before we proceed with a more involved example, let us formalize the procedure outlined
above. We mainly follow the excellent treatment given in [82], although we restrict ourselves
to the cases where t is a finite regular subalgebra of g.

In the previous example, we performed the decomposition of the roots (and the ensuing
decomposition of the algebra) with respect to one of the simple roots which then defined the
level. In general, one may consider a similar decomposition of the roots of a rank r Kac—
Moody algebra with respect to an arbitrary number s < r of the simple roots and then the
level ¢ is generalized to the “multilevel” £ = (€1, ,{s).

Gradation

We consider a Kac-Moody algebra g of rank r and we let v C g be a finite regular rank
m < r subalgebra of g whose Dynkin diagram is obtained by deleting a set of nodes N' =
{n1, -+ ,ns} (s =r —m) from the Dynkin diagram of g.
Let v be a root of g,
Y= mici+ Y Llata. (2.5.12)
igN aeN
To this decomposition of the roots corresponds a decomposition of the algebra, which is called
a gradation of g and which can be written formally as

=P o, (2.5.13)

lezs

where for a given ¢, g, is the subspace spanned by all the vectors e, with that definite value
£ of the multilevel,
[h,eq] = v(h)es, la(7) = g (2.5.14)

Of course, if g is finite-dimensional this sum terminates for some finite level, as in Equa-
tion (2.5.11)) for s[(3,R). However, in the following we shall mainly be interested in cases

where Equation (2.5.13)) is an infinite sum.
We note for further reference that the following structure is inherited from the gradation:

90, 90] € got0r- (2.5.15)

This implies that for £ = 0 we have

80, 8¢] € 91, (2.5.16)

which means that gy is a representation of gg under the adjoint action. Furthermore, gg is a
subalgebra. Now, the algebra t is a subalgebra of gy and hence we also have

v, 90] C g0, (2.5.17)

so that the subspaces gy at definite values of the multilevel are invariant subspaces under the
adjoint action of v. In other words, the action of t on g, does not change the coefficients ¢,.

At level zero, £ = (0,---,0), the representation of the subalgebra t in the subspace go
contains the adjoint representation of t, just as in the case of s[(3, R) discussed in Sectionm
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All positive and negative roots of t are relevant. Level zero contains in addition s singlets for
each of the Cartan generator associated to the set \.

Whenever one of the £,’s is positive, all the other ones must be non-negative for the
subspace g, to be nontrivial and only positive roots appear at that value of the multilevel.

Weights of g and Weights of ¢

Let V' be the module of a representation R(g) of g and A € by be one of the weights occurring
in the representation. We define the action of h € b4 in the representation R(g) on x € V' as

h-x=A(h)x (2.5.18)

(we consider representations of g for which one can speak of “weights” [34]). Any represen-
tation of g is also a representation of t. When restricted to the Cartan subalgebra b, of ¢, A
defines a weight A € h%, which one can realize geometrically as follows.

The dual space b7 may be viewed as the m-dimensional subspace II of by spanned by the
simple roots «;, i ¢ N. The metric induced on that subspace is positive definite since t is
finite-dimensional. This implies, since we assume that the metric on h; is non-degenerate,
that by can be decomposed as the direct sum

by = b} oI (2.5.19)
To that decomposition corresponds the decomposition
A=Al At (2.5.20)

of any weight, where Al € h¥ = T and AL € TT+. Now, let h = > k) € b, (i ¢ V). One
has A(h) = All(h) + A+(h) = All(h) because A+(h) = 0: The component perpendicular to b}
drops out. Indeed, A+(a)) = 20 as) _ ) for 4 ¢ N.

(avifas)

It follows that one can identify the weight A € b with the orthogonal projection Al e be
of A € by on bi. This is true, in particular, for the fundamental weights A;. The fundamental
weights A; project on 0 for ¢ € A and project on the fundamental weights A; of the subalgebra
v for i ¢ N. These are also denoted \;. For a general weight, one has

A= "pihi+)  kala (2.5.21)

igN aeN
and
A=Al= Zpi)\i. (2.5.22)
eN
The coefficients p; can easily be extracted by taking the scalar product with the simple roots,
2
pi = ———(ai|A), (2.5.23)
(cvilovi)
a formula that reduces to
pi = (qilA) (2.5.24)

in the simply-laced case. Note that (Al|Al) > 0 even when A is non-spacelike.
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Outer Multiplicity

There is an interesting relationship between root multiplicities in the Kac-Moody algebra g
and weight multiplicites of the corresponding t-weights, which we will explore here.

For finite Lie algebras, the roots always come with multiplicity one. This is in fact true
also for the real roots of indefinite Kac-Moody algebras. However, recall from Sections
and that imaginary roots can have arbitrarily large multiplicity. This must therefore be
taken into account in the sum .

Let v € b3 be a root of g. There are two important ingredients:
e The multiplicity mult(y) of each v € b at level £ as a root of g.

e The multiplicity multR(g) (7) of the corresponding weight 7 € b} at level £ as a weight
Y

in the representation RSYZ) of v. (Note that two distinct roots at the same level project

on two distinct t-weights, so that given the t-weight and the level, one can reconstruct
the root.)

It follows that the root multiplicity of «y is given as a sum over its multiplicities as a weight in
the various representations {Ry) lg=1,---, Ny} at level £. Some representations can appear
more than once at each level, and it is therefore convenient to introduce a new measure of
multiplicity, called the outer multiplicity ,U,(Rée)), which counts the number of times each
representation R((f) appears at level £. So, for each representation at level £ we must count
the individual weight multiplicities in that representation and also the number of times this
representation occurs. The total multiplicity of v can then be written as

Ny
mult(y) = > u(RY) mult ) (7)- (2.5.25)
q=1

This simple formula might provide useful information on which representations of ¢ are allowed
within g at a given level. For example, if v is a real root of g, then it has multiplicity one.
This means that in the formula , only the representations of t for which ~ has weight
multiplicity equal to one are permitted. The others have u(Ré@) = 0. Furthermore, only one
of the permitted representations does actually occur and it has necessarily outer multiplicity
equal to one, M(R((f)) =1

The subspaces gy can now be written explicitly as

Ny | w(®RY)

w=FB| E HMaP)|, (2.5.26)
k=1

q=1

where E(A((f)) denotes the module of the representation Rgf) and Ny is the number of in-

equivalent representations at level £. It is understood that if M(R((f)) = 0 for some ¢ and g,
then [,(A((f)) is absent from the sum. Note that the superscript [k] labels multiple modules

associated to the same representation, e.g., if M(Rff)) = 3 this contributes to the sum with a
term
NG 2] A (£ 3 (A
APy e LB A e BAP). (2.5.27)
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Finally, we mention that the multiplicity mult(«) of a root a@ € h* can be computed
recursively using the Peterson recursion relation, defined as [34]

(ala=2p)ca= > (11)eyey, (2.5.28)
T+ =a
7,7 € Qy

where Q1 denotes the set of all positive integer linear combinations of the simple roots,
i.e., the positive part of the root lattice, and p is the Weyl vector (see Eq. (2.2.37). The
coefficients ¢, are defined as

=3 % mult <%> , (2.5.29)
k>1

and, following [83], we call this the co-multiplicity. Note that if v/k is not a root, this gives
no contribution to the co-multiplicity. Another feature of the co-multiplicity is that even if
the multiplicity of some root v is zero, the associated co-multiplicity c, does not necessarily
vanish. Taking advantage of the fact that all real roots have multiplicity one it is possible,
in principle, to compute recursively the multiplicity of any imaginary root. Since no closed
formula exists for the outer multiplicity p, one must take a detour via the Peterson relation
and Equation in order to find the outer multiplicity of each representation at a given
level.

2.5.3 Level Decomposition of A

The Kac—Moody algebra A# is one of the simplest hyperbolic algebras and so provides a
nice testing ground for investigating general properties of hyperbolic Kac-Moody algebras.
From a physical point of view, it is the Weyl group of A7 which governs the chaotic behavior
of pure four-dimensional gravity close to a spacelike singularity [52], as we have explained.
Moreover, as we saw in Section the Weyl group of A is isomorphic to the well-known
arithmetic group PGL(2,Z).

The level decomposition of g = A" follows a similar route as for s[(3,R) above, but
the result is much more complicated due to the fact that A# is infinite-dimensional. This
decomposition has been treated before in [51]. Recall that the Cartan matrix for A7 is

given by
2 -2 0
-2 2 -1/, (2.5.30)
0 -1 2

and the associated Dynkin diagram is given in Figure[2.11

e—o ©°
1 2 3

Figure 2.11: The Dynkin diagram of the hyperbolic Kac—-Moody algebra ATF = AT’L. The
labels indicate the simple roots a1, a2 and a3. The nodes “2” and “3” correspond to the
subalgebra t = s[(3, R) with respect to which we perform the level decomposition.
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We see that there exist three rank 2 regular subalgebras that we can use for the decom-
position: Aa, A1 © Ay or A. We will here focus on the decomposition into representations
of t = Ay = sl(3,R) because this is the one relevant for pure gravity in four dimensions [52]*.
The level £ is then the coefficient in front of the simple root o in an expansion of an arbitrary
root v € by, i.e.,

v = Loy + moaiy + mgas. (2.5.31)

We restrict henceforth our analysis to positive levels only, £ > 0. Before we begin, let us
develop an intuitive idea of what to expect. We know that at each level we will have a set of
finite-dimensional representations of the subalgebra t. The corresponding weight diagrams
will then be represented in a Euclidean two-dimensional lattice in exactly the same way as in
Figure[2.10]above. The level £ can be understood as parametrizing a third direction that takes
us into the full three-dimensional root space of Af"’. We display the level decomposition up
to positive level two in Figure 2.12]

From previous sections we recall that Afr is hyperbolic so its root space is of Lorentzian
signature. This implies that there is a lightcone in b3 whose origin lies at the origin of the
root diagram for the adjoint representation of v at level £ = 0. The lightcone separates real
roots from imaginary roots and so it is clear that if a representation at some level £ intersects
the walls of the lightcone, this means that some weights in the representation will correspond
to imaginary roots of by but will be real as weights of hY. On the other hand if a weight lies
outside of the lightcone it will be real both as a root of by and as a weight of b7.

Level / =0

Consider first the representation content at level zero. Given our previous analysis we expect
to find the adjoint representation of v with the additional singlet representation from the
Cartan generator ay. The Chevalley generators of v are {es, f2, €3, f3,ay,ay} and the gen-
erators associated to the root defining the level are {e1, f1, oy }. As discussed previously, the
additional Cartan generator oy that sits at the origin of the root space enlarges the subal-
gebra from sl(3,R) to gl(3,R). A canonical realisation of gl(3,R) is obtained by defining the
Chevalley generators in terms of the matrices K* j (4,7 =1,2,3) whose commutation relations
are

[K'j, K] = 6F K, — 5] K%, (2.5.32)

All the defining Lie algebra relations of gl(3, R) are then satisfied if we make the identifications

oy = K'Y — K2 — K33,
ey = K21, f2 = KIQ, Oég = K22 —Kll, (2533)
es = K39, f3 = K2, ay = K33-K2%.

Note that the trace K'; + K25 + K33 is equal to —4ay — 2ay — 3a. The generators e; and
f1 can of course not be realized in terms of the matrices K*; since they do not belong to level
zero. The invariant bilinear form ( | ) at level zero reads

(K';|K*) = {6 — 8kop, (2.5.34)

“The decomposition of AT into representations of A} was done in [84].
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Figure 2.12: Level decomposition of the adjoint representation of A#. We have displayed
the decomposition up to positive level £ = 2. At level zero we have the adjoint representation
Rgo) = 8 of sl(3,R) and the singlet representation Rgo) = 1¢ defined by the simple Cartan
generator . Ascending to level one with the root oy (green vector) gives the lowest weight
AW of the representation R = 6;. The weights of R() labelled by white crosses are on
the lightcone and so their norm squared is zero. At level two we find the lowest weight A2
(blue vector) of the 15-dimensional representation R(2) = 15,. Again, the white crosses label
weights that are on the lightcone. The three innermost weights are inside of the lightcone
and the rings indicate that these all have multiplicity 2 as weights of R(?). Since these also
have multiplicity 2 as roots of by we find that the outer multiplicity of this representation is
one, p(R?) = 1.
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where the coefficient in front of the second term on the right hand side is fixed to —1 through
the embedding of gl(3,R) in A ™.

The commutation relations in Equation characterize the adjoint representation
of gl(3,R) as was expected at level zero, which decomposes as the representation Rg(ji) @ R&O)
of (3, R) with R = 8y and R{"”) = 1,.

Dynkin Labels

It turns out that at each positive level £, the weight that is easiest to identify is the lowest
weight. For example, at level one, the lowest weight is simply «7 from which one builds all
the other weights by adding appropriate positive combinations of the roots as and ag. It
will therefore turn out to be convenient to characterize the representations at each level by
their (conjugate) Dynkin labels ps and p3 defined as the coefficients of minus the (projected)

lowest weight —Al(v? expanded in terms of the fundamental weights A2 and Az of sl(3,R) (blue

arrows in Figure ,
— AY = poxy + p3hs. (2.5.35)

Note that for any weight A we have the inequality
(A|A) < (A|A) (2.5.36)

since (A|A) = (A|A) — [(A+]A1)].
The Dynkin labels can be computed using the scalar product ( | ) in b} in the following
way:

p2=—(azlAl)),  p3=—(as|Al). (2.5.37)

For the level zero sector we therefore have

8 : [p2,p3] =11,1],
1o : [p2,p3] =10,0]. (2.5.38)

The module for the representation 8 is realized by the eight traceless generators K* j of
s[(3,R) and the module for the representation 1y corresponds to the “trace” «y .

Note that the highest weight Ay, of a given representation of t is not in general equal
to minus the lowest weight A of the same representation. In fact, —Ay, is equal to the
lowest weight of the conjugate representation. This is the reason our Dynkin labels are really
the conjugate Dynkin labels in standard conventions. It is only if the representation is self-
conjugate that we have Ay, = —A. This is the case for example in the adjoint representation
8p.

It is interesting to note that since the weights of a representation at level ¢ are related
by Weyl reflections to weights of a representation at level —¢, it follows that the negative of
a lowest weight A at level ¢ is actually equal to the highest weight A}(;VZ) of the conjugate
representation at level —¢. Therefore, the Dynkin labels at level £ as defined here are the
standard Dynkin labels of the representations at level —/.
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Level / =1

We now want to exhibit the representation content at the next level £ = 1. A generic level
one commutator is of the form [ey,[---[---]]], where the ellipses denote (positive) level zero
generators. Hence, including the generator e; implies that we step upwards in root space,
i.e., in the direction of the forward lightcone. The root vector e; corresponds to a lowest
weight of t since it is annihilated by fs and f3,

adg,(e1) = [f2,e1] =0, (2.5.39)

adf3(€1) = [fs;e1] =

which follows from the defining relations of Afr.
Explicitly, the root associated to e; is simply the root o that defines the level expansion.
Therefore the lowest weight of this level one representation is

AY = @y, (2.5.40)
Although a; is a real positive root of by, its projection a(y) is a negative weight of hy. Note

that since the lowest weight Agl) is real, the representation R has outer multiplicity one,

p(RW) = 1.

Acting on the lowest weight state with the raising operators of t yields the six-dimensional
representation R = 6, of s[(3,R). The root «a; is displayed as the green vector in Fig-
ure taking us from the origin at level zero to the lowest weight of R(Y). The Dynkin
labels of this representation are

(R ) = Clasdey =2 (25.41)
p3(RY) = —(azlar) =0,
which follows directly from the Cartan matrix of AT’. Three of the weights in R correspond
to roots that are located on the lightcone in root space and so are null roots of hy. These are
a1+ a9, oy +as+az and a4+ 2as+ a3 and are labelled with white crosses in Figure The
other roots present in the representation, in addition to oy, are a1 + 29 and o + 2as + 203,
which are real. This representation therefore contains no weights inside the lightcone.

The gl(3,R)-generator encoding this representation is realized as a symmetric 2-index
tensor £ which indeed carries six independent components. In general we can easily compute

the dimensionality of a representation given its Dynkin labels using the Weyl dimension
formula which for sl(3,R) takes the form [85]

Ay (513, R)) = (p2 + 1)(p3 + 1) (;(pz +p3) + 1> : (2.5.42)

In particuar, for (p2,ps) = (2,0) this gives indeed d,ay =6.
hw,1
It is convenient to encode the Dynkin labels, and, consequently, the index structure of

a given representation module, in a Young tableau. We follow conventions where the first
Dynkin label gives the number of columns with 1 box and the second Dynkin label gives the
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number of columns with 2 boxes®. For the representation 6; the first Dynkin label is 2 and
the second is 0, hence the associated Young tableau is

61 = []] (2.5.43)

At level £ = —1 there is a corresponding negative generator Fj;. The generators EY and
F;; transform contravariantly and covariantly, respectively, under the level zero generators,
ie.,

Ki . Ekl — 6kEzl 4 (51~Eki,
[K"J- I ) B —JéiF- —](VF 4 (2.5.44)
(K, Flu] = E* gl 1 kg
The internal commutator on level one can be obtained by first identifying
e = B, fi = i, (2.5.45)
and then by demanding [e1, f1] = o we find
[Eij, Fkl] = 258“[{])[) - 5](€Z(Slk) (Kll + K22 + K33), (2546)

which is indeed compatible with the realisation of o given in Equation (2.5.33). The Killing
form at level 1 takes the form
(Filek’) =o"s). (2.5.47)

Constraints on Dynkin Labels

As we go to higher and higher levels it is useful to employ a systematic method to investigate
the representation content. It turns out that it is possible to derive a set of equations whose
solutions give the Dynkin labels for the representations at each level [53].

We begin by relating the Dynkin labels to the expansion coefficients £, ms and mg of a
root v € h%, whose projection 4 onto h} is a lowest weight vector for some representation of t
at level £. We let a = 2,3 denote indices in the root space of the subalgebra s((3,R) and we
let i = 1,2, 3 denote indices in the full root space of A#. The formula for the Dynkin labels
then gives

Pa = —(aaly) = —€Aq1 — maAs2 — m3Ags, (2.5.48)

where A;; is the Cartan matrix for Af"r, given in Equation (2.5.30). Explicitly, we find the
following relations between the coefficients ms, m3 and the Dynkin labels:

po = 20— 2mo + mg,

2.5.49
ps = ma—2ms3. ( )

These formulae restrict the possible Dynkin labels for each ¢ since the coefficients mo and
ma must necessarily be non-negative integers. Therefore, by inverting Equation (2.5.49) we
obtain two Diophantine equations that restrict the possible Dynkin labels,

4 2
my = l—_-p2—p3s >0,

§£ 3 Y (2.5.50)
m3 = §_§p2_§p3_ .

5Since we are, in fact, using conjugate Dynkin labels, these conventions are equivalent to the standard ones
if one replaces covariant indices by contravariant ones, and vice-versa.
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In addition to these constraints we can also make use of the fact that we are decomposing
the adjoint representation of AiH. Since the weights of the adjoint representation are the
roots of the algebra we know that the lowest weight vector A must satisfy

(AJA) < 2. (2.5.51)

Taking A = oy + moag + msas then gives the following constraint on the coefficients ¢, mo
and mas:
(A|A) = 202 + 2m3 + 2m3 — 40my — 2mam3 < 2. (2.5.52)

We are interested in finding an equation for the Dynkin labels, so we insert Equation (2.5.50))
into Equation (2.5.52)) to obtain the constraint

P} + D} + pops — 2 < 3. (2.5.53)

The inequalities in Equation and Equation are sufficient to determine the
representation content at each level £. However, this analysis does not take into account the
outer multiplicities, which must be analyzed separately by comparing with the known root
multiplicities of Afr as given in Table Hs on page 215 of [34]. We shall return to this issue
later.

Level / =2

Let us now use these results to analyze the case for which £ = 2. The following equations
must then be satisfied:

a8 — 2p2 — P3 2 Oa
4—py—2p5 > 0, (2.5.54)
Pi+pi+paps < T

The only admissible solution is po = 2 and ps = 1. This corresponds to a 15-dimensional
representation 159 with the following Young tableau

155 ) (2.5.55)

Note that ps = p3 = 0 is also a solution to Equation but this violates the constraint
that mo and m3 be integers and so is not allowed.

Moreover, the representation [p2, ps] = [0,2] is also a solution to Equation but
has not been taken into account because it has vanishing outer multiplicity. This can be un-
derstood by examining Figure a little closer. The representation [0, 2] is six-dimensional
and has highest weight 2\3, corresponding to the middle node of the top horizontal line in
Figure This weight lies outside of the lightcone and so is a real root of A#. There-
fore we know that it has root multiplicity one and may therefore only occur once in the
level decomposition. Since the weight 2)3 already appears in the larger representation 159
it cannot be a highest weight in another representation at this level. Hence, the representa-
tion [0,2] is not allowed within A]". A similar analysis reveals that also the representation
[p2, p3] = [1,0], although allowed by Equation , has vanishing outer multiplicity.
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The level two module is realized by the tensor E;/* whose index structure matches the
Young tableau above. Here we have used the sl(3, R)-invariant antisymmetric tensor €% to
lower the two upper antisymmetric indices leading to a tensor E;?* with the properties

EF = EGM Bk =, (2.5.56)

This corresponds to a positive root generator and by the Chevalley involution we have an as-
sociated negative root generator F ijk at level £ = —2. Because the level decomposition gives
a gradation of Af+ we know that all higher level generators can be obtained through com-
mutators of the level one generators. More specifically, the level two tensor E;7* corresponds
to the commutator

[EY, EF = emklp, D4 ¢miGE, )k (2.5.57)
where €% is the totally antisymmetric tensor in three dimensions. Inserting the result py = 2
and p3 = 1 into Equation gives mo = 1 and mg = 0, thus providing the explicit form
of the root taking us from the origin of the root diagram in Figure to the lowest weight

of 155 at level two:
A® =201 + ay. (2.5.58)

This is a real root of AT, (v]y) = 2, and hence the representation 159 has outer multiplicity

one. We display the representation 159 of s[(3,R) in Figure The lower leftmost weight
(2)

lw 1D terms of the fundamental

is the lowest weight A(). The expansion of the lowest weight A
weights Ao and A3 is given by the (conjugate) Dynkin labels

— Al(jg = Podo + P3A3 = 2X9 + A3. (2.5.59)
The three innermost weights all have multiplicity 2 as weights of s(3,R), as indicated by the
black circles. These lie inside the lightcone of hy and so are timelike roots of Afr.
Level / =3

We proceed quickly past level three since the analysis does not involve any new ingredients.

Solving Equation (2.5.50) and Equation (2.5.53) for ¢ = 3 yields two admissible s[(3,R)
representations, 273 and 83, represented by the following Dynkin labels and Young tableaux:

275 ¢ [pap] =22 L,
(2.5.60)
85 ¢ [po,psl =[1,1] §
The lowest weight vectors for these representations are
AP = 3a + 20,
(135) 1 2 (2.5.61)
AS = 3ai + 3as + as.

The lowest weight vector for 273 is a real root of A] T, (A(237) |A(257)) = 2, while the lowest weight

vectors for 83 is timelike, (Ag’)\Agg)) = —4. This implies that the entire representation 83
lies inside the lightcone of . Both representations have outer multiplicity one.

Note that [0, 3] and [3, 0] are also admissible solutions but have vanishing outer multiplic-
ities by the same arguments as for the representation [0, 2] at level 2.
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Figure 2.13: The representation 155 of s[(3,R) appearing at level two in the decomposition of
the adjoint representation of A into representations of s[(3,R). The lowest leftmost node
is the lowest weight of the representation, corresponding to the real root A = 2aq + as of
Ai"+. This representation has outer multiplicity one.

Level ¢/ =4

At this level we encounter for the first time a representation with non-trivial outer multiplicity.
It is a 15-dimensional representation with the following Young tableau structure:

5y : [po,ps] = [1,2] <= . (2.5.62)
The lowest weight vector is
AY = day + das + as, (2.5.63)

which is an imaginary root of A,
4 4
AYAR) = 6. (2.5.64)
Table Hj of [34] we find that this root has multiplicity 5 as a root of Af ¥,

mult(A'Y) = 5. (2.5.65)

In order for Equation (2.5.26)) to make sense, this multiplicity must be matched by the

total multiplicity of A;(é) as a weight of s[(3,R) representations at level four. The remaining
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representations at this level are

24, : [3,1] <« [ 1]
3, ;0,1 <« [
L (2.5.66)
64 [2,0] <~ ED,
42, : [2,3] — 1],

By drawing these representations explicitly, one sees that the root 4a; +4ais+ag, representing
the weight A%) , also appears as a weight (but not as a lowest weight) in the representations
42, and 244. It occurs with weight multiplicity 1 in the 244 but with weight multiplicity 2
in the 42,. Taking also into account the representation 154 in which it is the lowest weight

we find a total weight multiplicity of 4. This implies that, since in Afr
mult(4a; + 4ag + az) =5, (2.5.67)

the outer multiplicity of 154 must be 2, i.e.,
M@g):z (2.5.68)

When we go to higher and higher levels, the outer multiplicities of the representations located
entirely inside the lightcone in by increase exponentially.

2.5.4 Level decomposition of EF,

In this section we shall describe in detail the level decomposition of the Kac—-Moody algebra
E1p which is one of the four hyperbolic algebras of maximal rank [34]; the others being
BEyy, DEyg and CEqg (see, e.g., Paper III for more information). As already mentioned in
Section[2.4.1] Ej¢ can be constructed as an overextension of Eg and is therefore often denoted
by Eg *. Similarly to Eg in the rank 8 case, Fyg is the unique indefinite rank 10 algebra with
an even self-dual root lattice, namely the Lorentzian lattice II; g.

Our first encounter with Fjq in a physical application will be in Chapter 3] where we will
show that the Weyl group of E1g describes the chaotic dynamics that emerges when studying
eleven-dimensional supergravity close to a spacelike singularity [44].

In Chapter [5, we will also discuss how to construct a Lagrangian manifestly invariant
under global &jg-transformations, and compare its dynamics to that of eleven-dimensional
supergravity. The level decomposition associated with the removal of the “exceptional node”
labelled “10” in Figure will be central to the analysis. It turns out that the low-
level structure in this decomposition precisely reproduces the bosonic field content of eleven-
dimensional supergravity [53].

Moreover, decomposing E1g with respect to different regular subalgebras reproduces also
the bosonic field contents of the Type ITA and Type IIB supergravities. The fields of the
ITA theory are obtained by decomposition in terms of representations of the Dy = s0(9,9,R)
subalgebra obtained by removing the first simple root ay [86]. An alternative way of revealing
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the degrees of freedom of type ITA supergravity is to decompose E1g with respect to and
5[(9, R)-subalgebra. This viewpoint has a natural interpretation as describing the emergence
of type IIA supergavity from a dimensional reduction of eleven-dimensional supergravity.
This was analyzed in detail in Paper VI and is discussed in Chapter [7}

Similarly the degrees of freedom of type IIB supergavity appear at low levels in a de-
composition of Fjg with respect to the Ag & A1 = sl(9,R) @ sl(2,R) subalgebra found upon
removal of the second simple root g [87]. The extra Aj-factor in this decomposition ensures
that the global SL(2, R)-symmetry of IIB supergravity is recovered. This SL(2, R)-symmetry,
and its arithmetic subgroup SL(2,Z) C SL(2,R) will also play an important role in Part II
of this thesis.

Decomposition with Respect to s[(10,R)

Let ag, -+ , a9 denote the simple roots of Eqg and oy, - - - , oy the Cartan generators. These
span the root space h* and the Cartan subalgebra b, respectively. Since Fjq is simply laced
the Cartan matrix is given by the scalar products between the simple roots:

2 -1 0 0 0 0 0 0 0 0
-1 2 -1 0 0 0 0 0 0 0
0 -1 2 -1 0 0 0 0 0o -1
0 0 -1 2 -1 0 0 0 0 0
0 0 0 -1 2 -1 0 0 0 0
Aij[Eo] = (ailay) = 0 0 0 0 -1 5 1 0 0 0 (2.5.69)
0 0 0 0 0 -1 2 -1 0 0
0 0 0 0 0 0 -1 2 -1 0
0 0 0 0 0 0 0 -1 2 0
0 0o -1 0 0 0 0 0 0 2

The associated Dynkin diagram is displayed in Figure We will perform the decomposi-
tion with respect to the s[(10, R) subalgebra represented by the horizontal line in the Dynkin
diagram so the level ¢ of an arbitrary root a € h* is given by the coefficient in front of the
exceptional simple root, i.e.,

9
v = Z m'o; + Layg. (2.5.70)
i=1
As before, the weight that is easiest to identify for each representation R(A(g)) at positive
level £ is the lowest weight Al(f;). We denote by /_\l(fv) the projection onto the spacelike slice of

the root lattice defined by the level £. The (conjugate) Dynkin labels py, - - - , pg characterizing
the representation R(A®)) are defined as before as minus the coefficients in the expansion of

./_\1(5;) in terms of the fundamental weights A of s[(10,R):

9
A =S (2.5.71)
i=1
The Killing form on each such slice is positive definite so the projected weight [Xfﬁz, is

of course real. The fundamental weights of s[(10,R) can be computed explicitly from their
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e L @ L @ @ L ®
9 8 7 6 5 4 3 2 1
Figure 2.14: The Dynkin diagram of Ejg. Labels ¢ = 1,---,9 enumerate the nodes cor-

responding to simple roots «; of the s[(10,R) subalgebra and “10” labels the exceptional
node.

definition as the duals of the simple roots:
. 9 ..
X'=>"Bia,, (2.5.72)
j=1

where BY is the inverse of the Cartan matrix of Ag,

9 8 7 6 5 4 3 21
8 16 14 12 10 8 6 4 2
7 14 21 18 15 12 9 6 3
L6 12 18 24 20 16 12 8 4
(Bij[Ag])*l—E 5 10 15 20 25 20 15 10 5 (2.5.73)
4 8 12 16 20 24 18 12 6
3 6 9 12 15 18 21 14 7
2 4 6 8 10 12 14 16 8
1 2 3 4 5 6 7 89

Note that all the entries of BY are positive which will prove to be important later on. As
we saw for the Af+ case we want to find the possible allowed values for (my,---,mg), or,
equivalently, the possible Dynkin labels [py,-- -, pg] for each level £.

The corresponding diophantine equation, Equation , for Ey was found in [53] and
reads

9
m’ = B®— " Bip; > 0. (2.5.74)
j=1
Since the two sets {p;} and {m’} both consist of non-negative integers and all entries of B%
are positive, these equations put strong constraints on the possible representations that can

occur at each level. Moreover, each lowest weight vector A®) = v must be a root of Ejg, so
we have the additional requirement

9
(AOAO) = Z Bp;p; — %62 <2. (2.5.75)
ij=1

The representation content at each level is represented by s[(10, R)-tensors whose index
structure are encoded in the Dynkin labels [p1,---,pg]. At level £ = 0 we have the adjoint
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Table 2.2: The low-level representations in a decomposition of the adjoint representation of
FE1p into representations of its Ag subalgebra obtained by removing the exceptional node in
the Dynkin diagram in Figure [2.14

0| AY = [p1,- - , P9l A = (my,---,mi9) Aog-representation FEjg-generator
1] [0,0,1,0,0,0,0,0,0] (0,0,0,0,0,0,0,0,0,1) 120, Fabe

2 | [0,0,0,0,0,1,0,0,0] (1,2,3,2,1,0,0,0,0,2) 210, Fo1as

3 1[1,0,0,0,0,0,0,1,0] (1,3,5,4,3,2,1,0,0,3) 4405 Falbibs

representation of s[(10, R) represented by the generators K%, obeying the same commutation
relations as in Equation but now with s((10, R)-indices.

All higher (lower) level representations will then be tensors transforming contravariantly
(covariantly) under the level £ = 0 generators. The resulting representations are displayed up
to level 3 in Table[2.2] We see that the level 1 and 2 representations have the index structures
of a 3-form and a 6-form respectively. In the Fjp-invariant sigma model, to be constructed in
Chapter [p] these generators will become associated with the time-dependent physical “fields”
Aape(t) and Ag,...q6 (t) which are related to the electric and magnetic component of the 3-
form in eleven-dimensional supergravity. Similarly, the level 3 generator F*1% with mixed
Young symmetry will be associated to the dual of the spatial part of the eleven-dimensional
vielbein. This field is therefore sometimes referred to as the “dual graviton”.

Algebraic Structure at Low Levels

Let us now describe in a little more detail the commutation relations between the low-level
generators in the level decomposition of Ejp (see Table 2.2). We recover the Chevalley
generators of Ag through the following realisation:

e =K*y  fi=K'ipn,  hi=EK'i, K'Y (i=1,---,9), (2.5.76)
where, as before, the K’ j's obey the commutation relations
(K, K"] = 6F K" — 6] K", (2.5.77)

At levels £1 we have the positive root generators E®° and their negative counterparts
Fupe = —7(E%°), where 7 denotes the Chevalley involution as defined in Section m Their
transformation properties under the s[(10, R)-generators K%, follow from the index structure
and reads explicitly

[Kab’Ecde] — 35[[)0Ede]a’

K%, Frgel = —36%.Fyelo,
K%, Feae] [ delb (2.5.78)

10
(B, Faep] = 185[[321{6}]‘] — 2005 " K",
a=1
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where we defined )

o = L (0eah— o)
1 (2.5.79)
532; = 5(5;525; + 5 permutations).

The “exceptional” generators e1g and fig are fixed by Equation (2.5.76)) to have the following
realisation:

e = E', Ji0 = Fi23. (2.5.80)

The corresponding Cartan generator is obtained by requiring [e1g, fio] = hio and upon in-

spection of the last equation in Equation (2.5.78]) we find

1 2
hio = -3 d K%+ g(Kl1 + K% + K33), (2.5.81)
i#£1,2,3
enlarging s[(10,R) to gl(10,R).
The bilinear form at level zero is
(K';|K*)) = ojok — o%of (2.5.82)

and can be extended level by level to the full algebra by using its invariance, ([z,y]z) =
(z|[y, z]) for x,y,z € Eio (see Section [2.2.4). For level 1 this yields

(EabC\Fdef) — 31530 (2.5.83)
where the normalization was chosen such that

(e10]f10) = (E'**|F1a3) = 1. (2.5.84)

Now, by using the graded structure of the level decomposition we can infer that the level 2
generators can be obtained by commuting the level 1 generators

91, 01] C go. (2.5.85)
Concretely, this means that the level 2 content should be found from the commutator
[(ra2as | [asasas] (2.5.86)

We already know that the only representation at this level is 2109, realized by an antisym-
metric 6-form. Since the normalization of this generator is arbitrary we can choose it to have
weight one and hence we find

Eas = [paa2as | [adasas] (2.5.87)
The bilinear form is lifted to level 2 in a similar way as before with the result

(B Fy, b)) = 6!6211.'[.';66. (2.5.88)
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Continuing these arguments, the level 3-generators can be obtained from

[l91,91), 91] C gs. (2.5.89)

From the index structure one would expect to find a 9-form generator E% % corresponding
to the Dynkin labels [0,0,0,0,0,0,0,0,1]. However, we see from Table that only the
representation [1,0,0,0,0,0,0,1,0] appears at level 3. The reason for the disappearance of
the representation [0,0,0,0,0,0,0,0,1] is because the generator E% % is not allowed by the
Jacobi identity. A detailed explanation for this can be found in [88]. The right hand side of
Equation therefore only contains the index structure compatible with the generators
Ea\bl---bg,

[[Eab1b27 E'l73b4b5]7 Eb6b7b8] — _E[a\blbﬂbsmbs’ (2.5.90)

where the minus sign is purely conventional.
For later reference, we list here some additional commutators that are useful [89]:

[Ealm%anlbzb?,] = _5!5£?252§3Ea1a2a3]’
10
(B9 Fy 4] = 6- 616000 ol 2-6'6“1""162[(‘1
) bl'“b()' - . [b1'“b5 b6] 3 ““by--bg as (2 5 91)
a=1 RN
(B0, By = =748 (3pifoher Bl — gleaes pooosler)

[Balero, By ] = =8 (sp2lcp e porasel  gleror pasanler).

6



Chaotic Cosmology and Hyperbolic
Coxeter Groups

In this chapter we will see explicitly how the mathematical structures presented in Chapter
appears in a physical context. To this end we begin by analyzing gravity close to a spacelike
singularity and explain in detail the reformulation of the dynamics in terms of a hyperbolic
billiard. The key steps in this analysis are to work within a Hamiltonian framework, and
to perform an Iwasawa decomposition of the spatial metric. This separates diagonal and
off-diagonal degrees of freedom and leads in a natural way to the billiard description. Next,
we make the connection with Kac-Moody algebras by showing that the billiard dynamics
takes place within a bounded region of the Cartan subalgebra of a Lorentzian Kac-Moody
algebra. This reveals that the approach to the singularity is controlled by the Weyl group
of this Kac-Moody algebra, and provides a natural explanation for the (non-)existence of
chaos. This chapter is based on Paper III, written in collaboration with Marc Henneaux
and Philippe Spindel.

3.1 Cosmological Billiards

Here we present a lightning review of the billiard interpretation of the dynamics in the BKL
limit. We emphasize features which are relevant for understanding the connection between
the billiards and the underlying Kac-Moody algebraic structure, a concept which is discussed
in more detail in Section For more details, we refer the reader to Paper III or the
review [51].

Our starting point is the conjecture of Belinskii, Khalatnikov and Lifshitz (BKL) that the
dynamics of gravity close to a spacelike (or “big bang type”) singularity becomes ultralocal
due to a complete decoupling of spatial points [45-47]. We will here make use of Misner’s
reformulation of the dynamics in terms of a a billiard-type particle motion in an auxiliary
hyperbolic space, originally called “mixmaster behaviour” [48,90].

This conjecture was originally framed in the context of pure four-dimensional gravity, but
has subsequently been generalised to any dimension and to gravity coupled to any number

75
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of p-forms. For our purposes it is useful to divide the conjecture into two parts:

e The dynamics in the vicinity of the singularity is inherently “local”. This means that
the partial differential equations describing gravity reduce to a collection of ordinary
differential equations, at each spatial point, with respect to proper time. This feature
is sometimes referred to as a “decoupling of spatial points”.

e Each collection of ordinary differential equations can be equivalently described by a
billiard motion in a region of hyperbolic space. If this region is of finite volume then
the billiard dynamics is chaotic, and if the region is of infinite volume then the dynamics
is non-chaotic.

For what follows we will assume these conjectures to be true.

3.1.1 General Considerations

Our main interest in this thesis will be to analyze the BKL-limit in the context of gravitational
theories which arise as low-energy limits of string theory and M-theory. However, the methods
applied in this section are completely general and can be applied to any gravitational theory
coupled to bosonic matter fields. The only known bosonic matter fields that consistently
couple to gravity are p-form fields and “dilatonic” scalars, so we begin by considering a
general action in D = d + 1 dimensions of the form

AP g

1 e
_ D ()
S [gw’ ¢,A(p)} — /d V=G |R—8,60"¢ — 5 Z WF#?"MHF(M B fipt
p
(3.1.1)
where we have chosen units such that 167G = 1, and we have chosen the Einstein metric
G to have Lorentzian signature (—,+,--- ,+). We further assume that among the scalars,

there is only one dilaton!, denoted ¢, whose kinetic term is normalized with weight 1 with
respect to the Ricci scalar. The real parameter A®) measures the strength of the coupling to
the dilaton. The other scalar fields, collectively referred to as axions, are denoted A and
have dilaton coupling A®) # 0. The integer p > 0 labels the various p-forms A®) present in
the theory, with field strengths F?) = dA®). We assume that the degree p of A®) is strictly
smaller than D — 1, since a (D — 1)-form in D dimensions carries no local degree of freedom.
Furthermore, if p = D — 2 the p-form is dual to a scalar and we impose also A(P~2) #0.

The field strength, F®) = dA®) | of each p-form could be modified by additional coupling
terms of Yang-Mills or Chapline-Manton type [91,92]?, but we neglect such terms in the
action since they are of no consequence in the BKL-limit. For the same reason, we also
neglect Chern-Simons terms in what follows.

We shall at this stage consider arbitrary dilaton couplings and menus of p-forms. The
following discussion remains valid no matter what these are; all theories described by the

!This is done mostly for notational convenience. If there were other dilatons among the 0O-forms, these
should be separated off from the p-forms because they play a distinct role. They would appear as additional
scale factors and would increase the dimensions of the relevant hyperbolic billiard (they define additional
spacelike directions in the space of scale factors).

2For example, Fo = dC® — C@dB®@ for two 2-forms ¢ and B® and a 0-form C?, as it occurs in
ten-dimensional type IIB supergravity.
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general action Equation lead to the billiard picture. However, it is only for particular
p-form menus, spacetime dimensions and dilaton couplings that the billiard region is regular
and associated with a Kac-Moody algebra. This will be discussed in Section Note that
the action, Equation , contains as particular cases the bosonic sectors of all known
supergravity theories.

3.1.2 Hamiltonian Treatment

For the purposes of analyzing the action in the BKL-limit, it is convenient to first re-
formulate it in Hamiltonian form. To this end, we assume that there is a spacelike singularity
at a finite distance in proper time. We adopt a spacetime slicing adapted to the singularity,
which “occurs” on a slice of constant time. The slicing is then built up starting from the
singularity by taking pseudo-Gaussian coordinates defined by N = ,/g and N ¢ = 0, where
N is the lapse and N" is the shift [51]. Here, g = det(g;;), with g;; being the spatial metric.
Thus, in some spacetime patch, our metric ansatz reads?

ds® = —g(dx®)? + g;;(2°, 2") da’ da?, (3.1.2)

where the local volume g collapses at each spatial point as z° — 400, in such a way that the
proper time d7T' = —\/gdxo remains finite (and tends conventionally to 07). Here we have
assumed the singularity to occur in the past, as in the original BKL analysis, but a similar
discussion holds for future spacelike singularities.

In the Hamiltonian description of the dynamics, the canonical variables are the spatial
metric components g;;, the dilaton ¢, the spatial p-form components A%...mp and their
respective conjugate momenta 7%, 4 and w?;)l"'m”. The Hamiltonian action in the pseudo-
Gaussian gauge is given by

$ 8iss 7, 6,7, AP )| = / da® [ / da (w”’g;j b+ w?;;"'mpAﬁﬁi...mp> - H] ,
p

(3.1.3)
where the Hamiltonian is
H = /dde:/dda:(K’JrV’),
ij 1 e 1 2 (p!)e_)‘(p)¢ my-m
K' = 77]7Tij - ﬁ(ﬂz) + 1(77(;5) + Z fﬂ'(p)l pﬂ-(P) mi-mp) (3.1.4)
6)\(@)¢p ) ®)
I ij . . - p p) my---m

In addition to imposing the coordinate conditions N = ,/g and N ¢ =0, we have also set the
temporal components of the p-forms equal to zero (“temporal gauge”).

3Note that we have for convenience chosen to work with a coordinate coframe dz®, with the imposed
constraint N = ,/g. In general, one may of course use an arbitrary spatial coframe, say Qi(x), for which the
associated gauge choice reads N = w(z),/g, with w(x) being a density of weight —1. This general kind of
spatial coframe was also used extensively in the recent work [93].
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The dynamical equations of motion are obtained by varying the above action w.r.t. the
canonical variables. Moreover, there are additional constraints on the dynamical variables,
which are preserved by the dynamical evolution and need only be imposed at some “initial”
time, say 2 = 0. The detailed form of these constraints can be found in [51,94], and here
we shall only be concerned with the Hamiltonian constraint,

H =0, (3.1.5)

obtained by varying the action with respect to the lapse function N, before imposing the
gauge condition N = ,/g.

3.1.3 Iwasawa Decomposition of the Metric

In order to study the dynamical behavior of the fields as 2° — oo (g — 0) and to exhibit the
billiard picture, it is particularly convenient to perform separate diagonal from off-diagonal
components of the spatial metric. Effectively, this corresponds to performing an Iwasawa
decomposition of the spatial vielbein. Let e(x°,2) be the spatial vielbein, such that the
spatial metric can be written as g(2°, 2%) = e(2?, 2%)Te(2?, 2%). We then perform the following
Iwasawa decomposition of the vielbein?

e=KAN, KeSO(,R), (3.1.6)

where N/ = N (2, 2%) is an upper triangular matrix with 1’s on the diagonal (Nj; = 1,
Nij =0 for i > j) and A = A(2%,2%) is a diagonal matrix with positive elements, which we
parametrize as

A=exp(-p), B =diag(p",3* - ,p%. (3.1.7)
The spatial metric then reads
g=cle=NTAN, (3.1.8)
or, in components,
d
do? = g da’ da? = Ze(_%k)(wk)2 (3.1.9)
k=1
with
WP =" Ny da', (3.1.10)

The variables 3¢ of the Iwasawa decomposition give the (logarithmic) scale factors in the
new, orthogonal, basis. The variables N;; characterize the change of basis that diagonalizes
the metric and hence they parametrize the off-diagonal components of the original g;;.

We extend the transformation Equation in configuration space to a canonical
transformation in phase space through the formula

i<j

4See Chapter [2| for a definition of the Iwasawa decomposition.
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Since the scale factors and the off-diagonal variables play very distinct roles in the asymp-
totic behavior, we split off the Hamiltonian as a sum of a kinetic term for the scale factors
(including the dilaton),

1|& 1 d ’
_ 2 ‘ 2
K = 1 ;1 (i <;1 7rz> +75 (3.1.12)

plus the rest, denoted by V', which will act as a potential for the scale factors. The Hamilto-
nian then becomes

H=K+V, (3.1.13)

with
Vo= Vs+Ve+d Vo+ Vi,

p
Vo= Ly (S p)

1<j
VG = _Rg)
o el magn
Viy = VitV (3.1.14)
| 2@ ¢
a _ Dple S
Vi = 2 Ty ) mamy:
AP g
magn € (p) (p) my--m
V(p) - 2(p+ 1) 8 Py I pe,

Vo = 8780i00;¢.
The kinetic term K is quadratic in the momenta conjugate to the scale factors and defines
the inverse of a metric in the space of the scale factors. The space of scale factors will play

a crucial role in what follows and we will denote it by Mg. The metric v, on Mg can be
extracted by inverting the metric in the kinetic term K and one finds

sy, = Y dBrdp” = (') — (Z dﬁi)2 + (dg)*. (3.1.15)

%

Since the metric coefficients do not depend on the scale factors, this metric is always flat and,
moreover, is of Lorentzian signature. A conformal transformation where all scale factors are
scaled by the same number (3" — 3 + €) defines a timelike direction. It will be convenient
in the following to collectively denote all the scale factors (the 3’s and the dilaton ¢) as 8*,
ie., (B*) = (B, ¢). We will discuss these important properties of Mg later on.

The analysis is further simplified if we take for new p-form variables the components of
the p-forms in the Iwasawa basis of the w*’s,

'Ag))w = Z (N_l)mlil '”(N_l)mpipA(P)ml“'mp’ (3'1'16)
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and again extend this configuration space transformation to a point canonical transformation
in phase space,

(N Pog AR o™ ) = (Wi Pl ARy €077 (3.1.17)
using the formula Y pdq =Y p’ dq’, which reads

> PNy +Z (e AR oy = > PN +Z<€“ AR (3.1.18)
1<j 1<J
Note that the scale factor variables are unaffected, while the momenta P;; conjugate to N

get redefined by terms involving £, N and A since the components A%i...mp of the p-forms
in the Iwasawa basis involve the A’s. On the other hand, the new p-form momenta, i.e., the

components of the electric field Wg)lmmp in the basis {w*} are simply given by
“ = Z M1m1 Nigms - 'Mpmpﬂ?;)lmmp' (3.1.19)

In terms of the new variables, the electromagnetic potentials become

1 _ p' 7261' s ﬁ 111 2
Vey = 5 e e DEry?,

2 i

T " (3.1.20)

magn —2my ..y 8 2

V(p) o= 2(p+ 1) Z € P (f(p)i1~~-ip+1) .

21,22, ,lp+1
Here, €;,...,(3) are the electric linear forms
. ‘ AP

€iri(B) = B + -+ B + 7¢ (3.1.21)

(the indices ¢; are all distinct because S(i;j"ip is completely antisymmetric) while 7,

in the basis {w*},

11 ip41

are the components of the magnetic field Fipy,,..m, 4

f(P)il"'ierl = Z (N_I)M1i1 T (N_l)mp+1ip+1F(p)m1-~~mp+1a (3‘1-22)

M1, Mpy1

and my,...;,,, (B) are the magnetic linear forms

. (p)
M= Y -0 (3.1.23)

J&{irsiz,ipt1}

One sometimes rewrites m;,...i,,, (3) as bi,,...i,(8), where {iy42,ip13, - 44} is the set com-
plementary to {i1,42, - ipt1}, €.8.,

A(P)
bro..ap1(B) =B+ +pP1 — 0= p.a. (3.1.24)
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The exterior derivative F of A in the non-holonomic frame {w*} involves of course the
structure coefficients C"j;, in that frame, i.e.,

Fp)iriprr = iy Aigeviysy) + “CA”-terms, (3.1.25)
where
0y = > (N Hmyiy (0/02™) (3.1.26)

is here the frame derivative. Similarly, the potential V; reads

V, = Z e 2 (F;)2, (3.1.27)

where F; is

Fi=(N"1;0;¢ (3.1.28)

and

mi(B) =>_ 7. (3.1.29)
j#i

3.1.4 Decoupling of Spatial Points

So far we have only redefined the variables without making any approximation. We now
start the discussion of the BKL-limit, which investigates the leading behavior of the degrees
of freedom as 2° — oo (g — 0). As already discussed in the introduction to Section it is
illuminating to separate two aspects of the BKL conjecture.?

The first aspect is that the spatial points decouple in the limit 2° — oo, in the sense that
one can replace the Hamiltonian by an effective “ultralocal” Hamiltonian HV" involving no
spatial gradients, and hence leading at each spatial point to a set of dynamical equations
that are ordinary differential equations with respect to time. The effective ultralocal Hamil-
tonian has a form similar to that of the Hamiltonian governing certain spatially homogeneous
cosmological models, as will be explained below.

The second aspect of the BKL-limit is to take the sharp wall limit of the ultralocal
Hamiltonian. This leads then directly to the billiard description of the dynamics.

Spatially Homogeneous Models

In spatially homogeneous models, the fields depend only on time in invariant frames, e.g., for
the metric

ds® = gij ()", (3.1.30)

where the invariant forms fulfill

ai =~ flaad Ao

5The heuristic derivation of [51] in the Hamiltonian framework shares many features in common with the
work of [95-98], extended to some higher-dimensional models in [99,100]. The central feature of [51] is the
Iwasawa decomposition which enables one to clearly see the role of off-diagonal variables.
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Here, the f! jk are the structure constants of the spatial homogeneity group. Similarly, for a
1-form and a 2-form,

) 1 ) )
AW = 4,20yt AP = §Al-j(:co)q,zﬂ AT, ete. (3.1.31)

The Hamiltonian constraint yielding the field equations in the spatially homogeneous context®
is obtained by substituting the form of the fields in the general Hamiltonian constraint and
contains, of course, no explicit spatial gradients since the fields are homogeneous. Note,
however, that the structure constants f*;, contain implicit spatial gradients. The Hamiltonian
can now be decomposed as before and reads

HUL = K 4 yUL

e ,magn .1.32
VU = Ve v 3 () + V). i
p

where K, Vg and V(‘;l), which do not involve spatial gradients, are unchanged and where Vj
disappears since 0;¢ = 0. The potential Vi is given by [49]

1 . 1 _ )
Vo=-gR= > e 2GurP(Ci)? + 3 > e2mild) (czjk Ckii+ - ) . (3.1.33)
1#7, 17k, j#k J

where the linear forms Gj;,(8) (with ¢, j, k distinct) read

Giw(B) =28+ Y p"™, (3.1.34)

m:m#i,m#£jm#k

and where the ellipsis represent the terms in the first sum that arise upon taking i = j
or i = k. The structure constants in the Iwasawa frame (with respect to the coframe in
Equation (3.1.30])) are related to the structure constants f*;; through

Cjp = Z i N N N (3.1.35)

51 4l !
i3k

and depend therefore on the dynamical variables. Similarly, the potential V(I;)agn becomes

1 -
magn _ —2myy .. (ﬁ) h 2
Yo T 3pa) Yo e OE ) (3.1.36)

11,82, ip+1

where the field strengths .7:& )i reduce to the “AC” terms in dA and depend on the

i1iptn
potentials and the off-diagonal Iwasawa variables.

5This Hamiltonian exists if fir = 0, as we shall assume from now on.
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The Ultralocal Hamiltonian

Let us now come back to the general, inhomogeneous case and express the dynamics in the
frame {dx®, '} where the 1)"’s form a “generic” non-holonomic frame in space,

d' =~ Fla™) 0 Ak, (3.1.37)

Here the f? jk's are in general space-dependent. In the non-holonomic frame, the exact Hamil-
tonian takes the form
H = HUL 4 peradient (3.1.38)

where the ultralocal part HY" is given by Equations and (3.1.33) with the relevant
f jk's, and where Heradient inyolves the spatial gradients of f? ik, B, ¢ and Nj;.

The first part of the BKL conjecture states that one can drop H&2dent agymptotically;
namely, the dynamics of a generic solution of the Einstein—p-form-dilaton equations (not
necessarily spatially homogeneous) is asymptotically determined, as one goes to the spatial
singularity, by the ultralocal Hamiltonian

HYL = / d%x HV", (3.1.39)

provided that the phase space constants f*;z(z™) = — f';(z™) are such that all exponentials
in the above potentials do appear. In other words, the f’s must be chosen such that none of
the coefficients of the exponentials, which involve f and the fields, identically vanishes — as

would be the case, for example, if f;; = 0 since then the potentials Vi and V(gl)agn are equal

to zero. This is always possible because the fijk, even though independent of the dynamical
variables, may in fact depend on x and so are not required to fulfill relations “ff = 0”
analogous to the Bianchi identity since one has instead “0f + ff = 0”.

3.1.5 The Sharp Wall Limit

The second step in the BKL-limit is to take the sharp wall limit of the potentials.” This leads

to the billiard picture. It is crucial here that the coefficients in front of the dominant walls

are all positive. Again, just as for the first step, this limit has not been rigorously justified.
To summarize, we first recall that the ultralocal Hamiltonian reads explicitly

HY =K+ Ve+ Vi +> (V@l) + V(E)L’mag“) (3.1.40)
p

where the potentials are completely determined by exponentials containing linear forms w(3)
in the scale factors 3. We can then write the ultralocal Hamiltonian as

HUL = K + ZCS 6—28]‘@'(5) + Z cq 6_2G’i.jk(6)
1<j i#j,i#k,j#k
+ Z CE e~ 2¢iip(B) 4 Z cM eiQmil“"'pH(ﬂ)’ (3.1.41)

11 <io < <ip 11 <t <-<ipt1

"In this article we will exclusively restrict ourselves to considerations involving the sharp wall limit. How-
ever, in recent work [93] it was argued that in order to have a rigorous treatment of the dynamics close to the
singularity also in the chaotic case, it is necessary to go beyond the sharp wall limit. This implies that one
should retain the exponential structure of the dominant walls.
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where the coefficients are irrelevant for the dynamics.

The idea is now that as one goes to the singularity, the exponential potentials get sharper
and sharper, and in the strict limit 2° — oo they can be replaced by corresponding ©-
functions, defined by

O(z) =

{ 0 =<0 (3.1.42)

oo x>0.

Since a©(z) = O(zx) for all a > 0, the coefficients in (3.1.41) may be neglected and that the
“sharp wall” Hamiltonian becomes

Hsharp _ K+Z@(_2sﬂ(ﬁ))—|— Z @(_2057,]k(6))

i<j i) i#k,j £k
+ Y O(=2e,.,(B)+ D O(=2miyy, (8). (3.1.43)
11 <t <-<ip 11 <t <-<fpt1

For the readers convenience we list here all of the linear forms appearing in the arguments of
the step functions:

Symmetry walls, originating from off-diagonal components of the spatial metric,

si(B) =/ =5 j>i (3.1.44)

Gravity walls, originating from the spatial curvature,

Giw(B) =28+ > ™ (3.1.45)

m:m#i,m#£j,m#k

Electric walls, originating from the electric components of each p-form,

) . AP
Cireip(B) = B A+ 57 4+ = (3.1.46)

Magnetic walls, originating from the magnetic components of each p-form,

, (»)
M= Y F -0 (3.1.47)

J&{irsia, ipy1}

We shall refer to these linear forms as wall forms and denote them collectively by w(3) =
wyB*. Each wall form defines a co-dimension one subspace W in the space of scale factors
Mg, which is defined by the locus where the associated wall form vanishes, i.e.

Wiw] := {8 € Mg | w(3) =0}. (3.1.48)

It is now clear that the complete dynamics of any gravitational theory, described by the
action (3.1.1)), reduces in the limit 2° — oo to the dynamics of the scale factors 3(z", x) at
each spatial point x. Because the potential walls are infinite (and positive), the motion of
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the scale factors is constrained to the region of Mg where the arguments of all ©-functions
are negative, i.e., to

sji(B) = 0 (i < j), Gijk(B) > 0, eiy-i,(B) = 0, Miyeiper (B) > 0. (3.1.49)

This corresponds to the “positive side” of all the walls Ww]|. In this region, the dynamics is
governed by the kinetic term K, implying that the motion is a geodesic for the metric in the
space of scale factors Mpg. Since that metric is flat, this is a straight line. In addition, the
Hamiltonian constraint H = 0 reduces to K = 0 away from the potential walls and therefore
forces the straight line to be null. In other words, the dynamics of the particle 3#(z°) is
given by lightlike motion in Mpg. We shall furthermore assume that the time orientation in
the space of the scale factors is such that this lightlike motion is future oriented (g — 0 in
the future).

3.1.6 Dynamics as a Billiard in Hyperbolic Space

Our analysis so far has led us to the realization that the original gravity-p-form action in
has a very simple description in the limit #° — oo (proper time 7' — 07) in terms of
the lightlike linear motion of the scale factors 3#(z%, x) in a region of the space Mg. This
implies that in the BKL-limit we may replace the action by an effective geodesic action
at each spatial point x given by

08" "
Serc(8) = [ da® v g oo = V(6)]: (3.1.50)

which is a non-linear sigma model describing maps from the worldline parametrized by z° into
the target space Mpg. In defining we have set N = ,/g as before. All the remaining
non-trivial information about the original action is now stored in the potential V' (f3),
which takes the general form

vig = Y, e, (3.1.51)

we{wall forms}

where we sum over all possible wall forms.

Now let us analyze this action in more detail. Firstly, one may check that all the walls
Ww], defined by Equations (3.1.47) and (3.1.48)), are timelike hyperplanes in Mg. This
follows from the fact that the squared norms of all the wall forms w in are positive:

(Ww) = Ywuw,

= zi:wiwi - ﬁ(Zw,)( wj> + wgwg > 0, (3.1.52)

i J

where we have used the inverse metric y** in Mpg. Explicitly, for the wall forms defined in
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(13.1.47)) one finds

(sjilsji) = 2,
(GijklGijr) = 2,
2
(€1 |€iroi,) = p(d—p—1)+ (A?) (3.1.53)
i10ip | Ci1-ip =

d—1 4 7

pd—p=1) (A®)?
d—1 1

(mi1-~ip+1 |mi1“'ip+1)

Because these potential walls are timelike, they have a non-empty intersection with the
forward light cone in the space of the scale factors. The motion thus corresponds to lightlike
free flight motion in Mg, occasionally interrupted by collisions with the timelike hyperplanes
Ww] € Mg. When the null straight line representing the evolution of the scale factors hits
one of the walls, it gets reflected according to the rule [50]

L i vWwy,
ot — ot - 2———wh (3.1.54)
(wlw)
where v# is the velocity vector associated with particle 8#(2°) (see Section [3.1.7). Since
the hyperplanes are timelike, this reflection preserves the time orientation of the motion and
therefore belong to the orthochronous Lorentz group O'(d,1) which is a subgroup of the
isometry group of Mgs.®

The motion is thus a succession of future-oriented null straight line segments interrupted
by reflections against the walls, where the motion undergoes a reflection belonging to O'(k, 1).
We can simplify the description of the dynamics further by noting that not all of the scale-
factors are independent. This follows from the Hamiltonian constraint, which enforces

0Bt 03 65’) ( 8@) 0¢ 0¢
_—— E — E — ———=0. 3.1.55
- 0xY 920 ( - OxV —~ 920 + 029 920 ( )
Since the collisions against the hyperplance Ww] preserves the time-orientation, it is consis-

tent to use the Hamiltonian constraint to restrict to a physical subset of scale factors. This
is conveniently done by projecting the motion onto the unit hyperboloid Hy, defined by

Hy:={8€ Mg | (B|8) =-1}. (3.1.56)

Since we have chosen the time-orientation such that Y, 3° > 0 the motion is now confined to
the positive sheet H; of the unit hyperboloid Hy. We then recall that the positive sheet of
the unit hyperboloid provides a model for hyperbolic space (see, e.g., [74]). The straight line
motion on Mg projects to lightlike geodesic motion on Hj, while the walls Ww| project onto
hyperplanes in hyperbolic space. In this new picture the dynamics corresponds to that of a
particle bouncing around in a bounded region of hyperbolic space, very much like a billiard
ball bouncing around on a billiard table. This is the origin of the name cosmological billiards.

The description of the dynamics in terms of a hyperbolic billiard is very useful for deter-
mining the nature of the approach to the singularity. In the original work of BKL, it was

8If there are k dilatons, this changes to O'(d — 1+ k, 1).
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found that the approach to the singularity may exhibit chaotic behaviour. This can be most
easily understood in our present framework.

As mentioned above, the intersection of a timelike hyperplane Ww| with the unit hyper-
boloid Hy defines a hyperplane in hyperbolic space Hj. The region in HZIL on the positive side
of all hyperplanes is the allowed dynamical region and is called the “billiard table”, denoted
Bg C H:{. It is never compact in the cases relevant to gravity, but it may or may not have
finite volume. In this picture it is also clear that not all of the walls W[w] will have dynamical
relevance, since some of the walls will be “behind” others, and will thus never be seen by the
geodesic motion. The billiard table is therefore uniquely defined by a subset {W’'} C {W} of
dominant walls, and can be described as follows

Bg:={BeMpg|walB) >0, A=1,...,d+1}, (3.1.57)

where wy denotes the d + 1 dominant walls. The billiard table thus defines a simpler in
hyperbolic space, i.e. a region in a d-dimensional space bounded by d + 1 walls. If the
intersection between two dominant hyperplanes W and W' in Mg lies outside of the lightcone,
then the projected hyperplanes in H} will never intersect. As a consequence, the projected
region Bg will be of infinite volume. In contrast, when all of the dominant walls intersect
inside or on the lightcone, then the billiard table Bg will be of finite volume.

When the volume of the billiard table is finite, the collisions with the potential walls never
end (for generic initial data) and the motion is chaotic. Onn the other hand, when the volume
is infinite, generic initial data lead to a motion that ultimately freely runs away to infinity
since after a few collisions there will be no wall to interrupt the motion. The dynamics is
then non-chaotic. In Section we will describe a powerful mathematical technique which
makes it straightforward to determine whether or not the volume of Bg is finite, and hence
to determine the type of dynamics.

Let us now for convenience list which of the possible wall forms in are dominant.
These are

e dominant symmetry walls (i =1,2,--- ,d —1):
gt — gl =0, (3.1.58)

e dominant gravity walls:

Qﬁl +ﬁ2+"'+/8d_2 =0, (3.1.59)
e dominant electric wall:

1 (@)

3 +...+ﬁp+7¢:07 (3.1.60)

e dominant magnetic wall:
AP)

Bl 4. gl ¢ =0. (3.1.61)
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3.1.7 Recovering the Kasner Solution

We conclude this section by discussing the relation between the billiard description of the
BKL-limit and the more conventional description in terms of a (possibly infinite) sequence of
different Kasner solutions. The free motion between two bounces in the billiard is a straight
line in the space of the scale factors. In terms of the original metric components, this simply
corresponds to a Kasner solution with dilaton. To see this, we note that a straight line in
Mg is described by

B = vta® + By,

where the “velocities” v* are subject to
S0 (S (Xw) et =0
i i j

since the motion is lightlike by the Hamiltonian constraint. The proper time dT' = —,/g dxz
is then T = Bexp(—Kz?), with K = Y, v' for some constant B (we assume, as before, that
the singularity is at 7' = 0%). By the following redefinition

we then obtain the standard Kasner solution

ds? = —dT?+ > T% (da')’, (3.1.62)

¢ = —ppInT+ A, (3.1.63)

subject to the constraints

Yor=1 > )P +pi=1, (3.1.64)

where A is a constant of integration and where the coordinates 2* have been suitably rescaled
(if necessary). We may therefore conclude that each segment of free flight motion of the
billiard ball is in one-to-one correspondence with a certain Kasner solution defined by .
Moreover, each reflection against a wall has the effect of modifying the dynamics to a different
Kasner solution. Hence, a finite volume billiard indeed leads to an infinite sequence of Kasner
solutions as we approach the singularity, while a finite volume billiard leads to dynamics which
eventually settle down in one specific Kasner regime all the way to T'= 0.

3.2 Kac-Moody Billiards

We shall now reinterpret the results of previous sections within the mathematical framework
introduced in Chapter [2| In particular, we explore the correspondence between Weyl groups
of Lorentzian Kac-Moody algebras and the limiting behavior of the dynamics of gravitational
theories close to a spacelike singularity.
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We have seen in Section [3.1.6]that in the BKL-limit, the dynamics of gravitational theories
is equivalent to a billiard dynamics in a region of hyperbolic space. In the generic case, the
billiard region has no particular feature. However, as shown in [44], in the special cases of the
supergravities arising as low-energy limits of string theory or M-theory, the billiard exhibits
nice regularity properties which are linked to underlying hyperbolic Kac-Moody algebras.

In fact, this feature arises for all gravitational theories whose toroidal dimensional reduc-
tion to three dimensions exhibits hidden symmetries, in the sense that the reduced theory can
be reformulated as three-dimensional gravity coupled to a nonlinear sigma-model based on a
coset space K3\G3, where K3 is the maximal compact subgroup of G3. The “hidden” symme-
try group Gs is also called, by a generalization of language, “the U-duality group” [11]. This
situation covers the cases of pure gravity in any spacetime dimension, as well as all known
supergravity models. In all these cases, the billiard region is the fundamental domain of a
Lorentzian Coxeter group (“Coxeter billiard”). Furthermore, the Coxeter group in question
is crystallographic and turns out to be the Weyl group of a Lorentzian Kac-Moody alge-
bra. The billiard table is then the fundamental Weyl chamber of a Lorentzian Kac—Moody
algebra [44,52] and the billiard is also called a “Kac-Moody billiard”. This enables one to
reformulate the dynamics as a motion in the Cartan subalgebra of the Lorentzian Kac—Moody
algebra, hinting at the potential — and still conjectural at this stage — existence of a deeper,
infinite-dimensional symmetry of the theory.

3.2.1 The Kac-Moody Billiard of Pure Gravity

We start by providing some examples of theories leading to regular billiards, focusing first
on pure gravity in any number of D (> 3) spacetime dimensions. In this case, there are
d = D — 1 scale factors §* and the relevant walls are the symmetry walls, Equation (3.1.58)),

siB)=pt-p=0  (i=1,2,--,d—1), (3.2.1)
and the curvature wall, Equation (3.1.59)),
r(8)=28"+8+---+ 877 =0. (3.2.2)

There are thus d relevant walls, which define a simplex in (d — 1)-dimensional hyperbolic
space Hg_1. The scalar products of the linear forms defining these walls are easily computed.
One finds as non-vanishing products

(si]ss) (i=1,---,d—1),
(rlr) = 2
(siv1]si) = -1 (i=2,---,d—1) (3.2.3)
(rls1) = -1,
(r|sg—e) = -1

The matrix of the scalar products of the wall forms is thus the Cartan matrix of the (simply-
laced) Lorentzian Kac-Moody algebra A;fQ with Dynkin diagram as in Figurem The roots
of the underlying finite-dimensional algebra A; o are given by s; (i = 1,--- ,d — 3) and 7.
The affine root is s4_o and the overextended root is sg_1.
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r s, s, Sg-s Sq-a Sy

Figure 3.1: The Dynkin diagram of the hyperbolic Kac—-Moody algebra Az{;; which controls
the billiard dynamics of pure gravity in D = d 4+ 1 dimensions. The nodes s1,---,S4_1
represent the “symmetry walls” arising from the off-diagonal components of the spatial metric,
and the node r corresponds to a “curvature wall” coming from the spatial curvature. The
horizontal line is the Dynkin diagram of the underlying A;_»-subalgebra and the two topmost
nodes, sq_o and sq_1, give the affine- and overextension, respectively.

Accordingly, in the case of pure gravity in any number of spacetime dimensions, one finds
also that the billiard region is regular. This provides new examples of Coxeter billiards, with
Coxeter groups A:{_B, which are also Kac-Moody billiards since the Coxeter groups are the
Weyl groups of the Kac—Moody algebras Aij.

3.2.2 The Kac-Moody Billiard for the Coupled Gravity-3-Form System

Let us review the conditions that must be fulfilled in order to get a Kac-Moody billiard
and let us emphasize how restrictive these conditions are. The billiard region computed
from any theory coupled to gravity with n dilatons in D = d + 1 dimensions always defines a
convex polyhedron in a (d+n— 1)-dimensional hyperbolic space Hgy,—1. In the general case,
the dihedral angles between adjacent faces of Hg4yn—1 can take arbitrary continuous values,
which depend on the dilaton couplings, the spacetime dimensions and the ranks of the p-forms
involved. However, only if the dihedral angles are integer submultiples of 7 (meaning of the
form 7/k for k € Z>2) do the reflections in the faces of Hg4,—1 define a Coxeter group. In
this special case the polyhedron is called a Cozeter polyhedron. This Coxeter group is then a
(discrete) subgroup of the isometry group of Hgqpn—1.

In order for the billiard region to be identifiable with the fundamental Weyl chamber of
a Kac-Moody algebra, the Coxeter polyhedron should be a simplex, i.e., bounded by d + n
walls in a d + n — 1-dimensional space. In general, the Coxeter polyhedron need not be a
simplex.

There is one additional condition. The angle ¥ between two adjacent faces ¢ and j is
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given, in terms of the Coxeter exponents, by

(3.2.4)

Coxeter groups that correspond to Weyl groups of Kac-Moody algebras are the crystallo-
graphic Coxeter groups for which m;; € {2,3,4,6,00}. So, the requirement for a gravitational
theory to have a Kac-Moody algebraic description is not just that the billiard region is a
Coxeter simplex but also that the angles between adjacent walls are such that the group of
reflections in these walls is crystallographic.

These conditions are very restrictive and hence gravitational theories which can be mapped
to a Kac—-Moody algebra in the BKL-limit are rare.
The Kac-Moody Billiard of Eleven-Dimensional Supergravity

Consider for instance the action (3.1.1)) for gravity coupled to a single three-form in D = d+1
spacetime dimensions. We assume D > 6 since in lower dimensions the 3-form is equivalent
to a scalar (D = 5) or has no degree of freedom (D < 5).

Theorem: Whenever a p-form (p > 1) is present, the curvature wall is subdominant as it can
be expressed as a linear combination with positive coefficients of the electric and magnetic
walls of the p-forms. (These walls are all listed in Section )

Proof: The dominant electric wall is (assuming the presence of a dilaton)

er.p(B) = + 32+ + 5P — %¢ =0, (3.2.5)

while one of the magnetic wall reads

M1, d—2(B) = B+ P 44 g2 %cﬁ =0, (3.2.6)
so that the dominant curvature wall is just the sum e1...,(3) + m1 pt1.... da—2(0).
It follows that in the case of gravity coupled to a single three-form in D = d+ 1 spacetime
dimensions, the relevant walls are the symmetry walls, Equation ,
si(B)=pt - =0  i=12--,d-1 (3.2.7)
(as always) and the electric wall
e13(B) =B+ 82+ =0 (3.2.8)
(D > 8) or the magnetic wall
mi.ps(B) =B+ +---pP P =0 (3.2.9)

(D < 8). Indeed, one can express the magnetic walls as linear combinations with (in general
non-integer) positive coefficients of the electric walls for D > 8 and vice versa for D < 8.
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Hence the billiard table is always a simplex (this would not be true had one a dilaton and
various forms with different dilaton couplings).

However, it is only for D = 11 that the billiard is a Coxeter billiard. In all the other
spacetime dimensions, the angle between the relevant p-form wall and the symmetry wall
that does not intersect it orthogonally is not an integer submultiple of . More precisely, the
angle between

e the magnetic wall 8! and the symmetry wall 32 — 3! (D = 6),
e the magnetic wall 8 + 32 and the symmetry wall 32 — 32 (D = 7), and

e the electric wall 8 + 32 + 3% and the symmetry wall g* — 33 (D > 8),

is easily verified to be an integer submultiple of 7 only for D = 11, for which it is equal
to m/3.

From the point of view of the regularity of the billiard, the spacetime dimension D = 11
is thus privileged. This is of course also the dimension privileged by supersymmetry. It is
quite intriguing that considerations a priori quite different (billiard regularity on the one
hand, supersymmetry on the other hand) lead to the same conclusion that the gravity-3-form
system is quite special in D = 11 spacetime dimensions.

For completeness, we here present the wall system relevant for the special case of D = 11.
We obtain ten dominant wall forms, which we rename ayq, - - - , aig,

an(B) = pmtl—pm (m=1,---,10),

ap(B) = L+ 32+ 60 (8:2.10)

Then, defining a new collective index i = (m, 10), we see that the scalar products between
these wall forms can be organized into the matrix

2 1.0 0 0 0 0 0 0 0

-1 2 -1 0 0 0 0 0 0 0

0O -1 2 -1 0 0 0 0 0 -1

0 0 -1 2 -1 0 0 0 0 0

(ovilarj) 0o 0 0 -1 2 -1 0 0 0 0
Ai=2en " lo o 0o 0o -1 2 -1 0 0o ol (3:2.11)

0o 0 0 0 0 -1 2 -1 0 0

o 0 0 0 0 0 -1 2 -1 0

o 0 0 0 0 0 0 -1 2 0

0o 0 -1 0 0 0 0 0 0 2

which can be identified with the Cartan matrix of the hyperbolic Kac-Moody algebra E7¢ that
we have encountered in Section We again display the corresponding Dynkin diagram
in Figure |[7.3] where we point out the explicit relation between the simple roots and the
walls of the Einstein—3-form theory. It is clear that the nine dominant symmetry wall forms
correspond to the simple roots «,, of the subalgebra s[(10,R). The enlargement to Ejq is
due to the tenth exceptional root realized here through the dominant electric wall form eqo3.
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Figure 3.2: The Dynkin diagram of Fig. Labels m = 1,--- 9 enumerate the nodes corre-

sponding to simple roots, a,,, of the s[(10,R) subalgebra and the exceptional node, labeled
“107, is associated to the electric wall a9 = eq23.

3.2.3 Dynamics in the Cartan Subalgebra

We have just learned that, in some cases, the group of reflections that describe the (possibly
chaotic) dynamics in the BKL-limit is a Lorentzian Coxeter group. In this section we fully
exploit this algebraic fact and show that whenever this Coxeter group is crystallographic, the
dynamics takes place in the Cartan subalgebra h of the Lorentzian Kac—Moody algebra g,
for which the relevant Coxeter group is identified with the Weyl group W(g). Moreover, we
show that the “billiard table” can be identified with the fundamental Weyl chamber in b.

Scale Factor Space and the Wall System

Let us first briefly review some of the salient features encountered so far in the analysis. In
the following we denote by Mg the Lorentzian “scale factor”-space (or 3-space) in which the
billiard dynamics takes place. Recall that the metric in Mg, induced by the Einstein—Hilbert
action, is a flat Lorentzian metric, whose explicit form in terms of the (logarithmic) scale
factors reads

d d d
Guydptds” = dp'dp — (Z dﬂ’) > dp | +dgde, (3.2.12)
=1 i=1

Jj=1

where d counts the number of physical spatial dimensions (see Section . The role of
all other “off-diagonal” variables in the theory is to interrupt the free-flight motion of the
particle, by adding walls in Mg that confine the motion to a limited region of scale factor
space, namely a convex cone bounded by timelike hyperplanes. When projected onto the
unit hyperboloid, this region defines a simplex in hyperbolic space which we refer to as the
“billiard table”.

One has, in fact, more than just the walls. The theory provides these walls with a specific
normalization through the Lagrangian, which is crucial for the connection to Kac—Moody
algebras. Let us therefore discuss in somewhat more detail the geometric properties of the
wall system. The metric, Equation , in scale factor space can be seen as an extension
of a flat Euclidean metric in Cartesian coordinates, and reflects the Lorentzian nature of
the vector space Mg. In this space we may identify a pair of coordinates (3’, ¢) with the
components of a vector § € Mg, with respect to a basis {@,} of Mg, such that

Uy - Uy = Gy (3.2.13)
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The walls themselves are then defined by hyperplanes in this linear space, i.e., as linear forms
w = wyo*, for which w = 0, where {g*} is the basis dual to {@*}. The pairing w(3) between
a vector 3 € Mg and a form w € Mg is sometimes also denoted by (w, 3), and for the two
dual bases we have, of course,

(ot u,) = oh. (3.2.14)

We therefore find that the walls can be written as linear forms in the scale factors:
d
wW(B) =Y wuB” (g ) =Y wuB = Wi +wyd. (3.2.15)
v 1% =1

We call w(3) wall forms. With this interpretation they belong to the dual space M3, Le.,

./\/l:g; o> W ./\/lg — R,
g = w@)

From Equation we may conclude that the walls bounding the billiard are the hyper-
planes w = 0 through the origin in Mg which are orthogonal to the vector with components
wht = GHw,.

It is important to note that it is the wall forms that the theory provides, as arguments
of the exponentials in the potential, and not just the hyperplanes on which these forms w
vanish. The scalar products between the wall forms are computed using the metric in the
dual space M7%, whose explicit form was given in Section

(3.2.16)

d d d
1
(wlw') = GPwyw, = E wiwg—ﬁ (E wi> g Wi | +wgwly, w,w’ € Mg. (3.2.17)
i=1 i=1 j=1

Scale Factor Space and the Cartan Subalgebra

The crucial additional observation is that (for the “interesting” theories) the matrix A asso-
ciated with the relevant walls w4,

(3.2.18)

is a Cartan matrix, i.e., besides having 2’s on its diagonal, which is rather obvious, it has
as off-diagonal entries non-positive integers (with the property Aap # 0 = Apa # 0). This
Cartan matrix is of course symmetrizable since it derives from a scalar product.

For this reason, one can usefully identify the space of the scale factors with the Cartan
subalgebra h of the Kac-Moody algebra g(A) defined by A. In that identification, the wall
forms become the simple roots, which span the vector space h* = span{ay, - ,a,} dual to
the Cartan subalgebra. The rank r of the algebra is equal to the number of scale factors
B*, including the dilaton(s) if any ((8*) = (8%, ¢)). This number is also equal to the number
of walls since we assume the billiard to be a simplex. So, both A and p run from 1 to r.
The metric in Mg, Equation (3.2.12)), can be identified with the invariant bilinear form of
g, restricted to the Cartan subalgebra h C g. The scale factors " of Mg become then
coordinates h* on the Cartan subalgebra h C g(A).
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The Weyl group of a Kac-Moody algebra has been defined first in the space h* as the
group of reflections in the walls orthogonal to the simple roots. Since the metric is non-
degenerate, one can equivalently define by duality the Weyl group in the Cartan algebra b
itself. For each reflection r; on h* we associate a dual reflection ) as follows,

r/(B) =6~ {, B o, B, €, (3.2.19)

which is the reflection relative to the hyperplane a;(3) = (a4, 3) = 0. This expression can be
rewritten,

2(8ley)
\ 7 \Y
ri (B)=8— o, (3.2.20)
' (o)
or, in terms of the scale factor coordinates (¥,
2(8|w")
p W= Bh T L) VH 3.2.21
This is precisely the billiard reflection Equation (3.1.54)) found in Section
Thus, we have the following correspondence:
Mp = b,
M* = *,
p " (3.2.22)
wa(B) = aa(h),
billiard wall reflections = fundamental Weyl reflections,

As we have also seen, the Kac-Moody algebra g(A) is Lorentzian since the signature of the
metric Equation (3.2.12) is Lorentzian. This fact will be crucial in the analysis of subsequent
sections and is due to the presence of gravity, where conformal rescalings of the metric define
timelike directions in scale factor space.

We thereby arrive at the following important result [44,51,52]:

The dynamics of certain gravity-p-form systems can in the BKL-limit be mapped
to a billiard motion in the Cartan subalgebra b of a Lorentzian Kac—Moody algebra g.

3.2.4 Hyperbolicity Implies Chaos

Let us now point out the main consequence of the identifications in . As in Section
let Bg denote the region in scale factor space to which the billiard motion is confined,
i.e. the “billiard table”,

Bg = {8 € Mg|wa(B) > 0}, (3.2.23)

where the index A runs over all dominant walls. On the algebraic side, recall from Section
that the fundamental Weyl chamber Cy C b is the closed convex (half) cone given by

Ch=1{heblaa(h)>0; A=1,--- rankg}, (3.2.24)
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where we have put a subscript on Cy to emphasize that this is the fundamental chamber in
the Cartan subalgebra b, in contrast to the fundamental chamber C of the dual root space
h*. We see that the conditions as(h) > 0 defining Cy are equivalent, upon examination of
Equation (3.2.22)), to the conditions wa(8) > 0 defining the billiard table Byg,. We may
therefore make the crucial identification

Cy = B, (3.2.25)

which means that the particle geodesic is confined to move within the fundamental Weyl
chamber of h. From the billiard analysis in Section we know that the piecewise mo-
tion in scale-factor space is controlled by geometric reflections with respect to the walls
wa(B) = 0. By comparing with the dominant wall forms and using the correspondence in
Equation we may then conclude that the geometric reflections of the coordinates
B (7) are controlled by the Weyl group in the Cartan subalgebra of g(A).

Now recall further that the BKL dynamics is chaotic if and only if the billiard table is of
finite volume when projected onto the unit hyperboloid. From our discussion of hyperbolic
Coxeter groups in Section and from the identification , we deduce that this
feature is equivalent to hyperbolicity of the corresponding Kac—-Moody algebra. This leads
to the crucial statement [44,51,52]:

If the billiard region of a gravity-p-form system can be identified with the fundamental
Weyl chamber of a hyperbolic Kac—Moody algebra, then the dynamics is chaotic.

As we have also discussed above, hyperbolicity can be rephrased in terms of the funda-
mental weights A; defined as
2(Aj i)

<AJ'>O%’>ZW

Sijy o €h, A; € b~ (3.2.26)

Just as the fundamental Weyl chamber in §* can be expressed in terms of the fundamental
weights, the fundamental Weyl chamber in h can be expressed in a similar fashion in terms
of the fundamental coweights:

Cy={Beh|B=> ah), a; € Rxo}. (3.2.27)

Thus, hyperbolicity holds if and only if none of the fundamental weights are spacelike,
(AJA:) <0, (3.2.28)

for all i € {1,--- ,rank g}.



Compactification, Cohomology and
Coxeter Groups

In the previous chapter we have seen that many gravitational theories of physical interest ex-
hibit chaotic behavour in the BKL-limit, which in turn is related to an underlying hyperbolic
Kac-Moody algebraic structure. In this chapter we shall analyze this in more detail, and in
particular study the modification of the billiard dynamics when there is a spacetime splitting
of the form ¥ = R x X, with X being a smooth compact internal manifold of arbitrary
topology. This question is of particular interest for clarifying the role of BKL-chaos within
Big Bang/Big Crunch scenarios which typically relies on a smooth collapsing phase in the
approach towards the singularity, in apparent contradiction with the chaotic BKL-behaviour
exhibited by, for example, string theory related supergravities. We will learn that for certain
special internal manifolds, chaos is removed by the compactification, thus providing a possible
reconciliation with the aforementioned analysis. Along the way we will also discover fascinat-
ing new algebraic structures of the modified billiards which are described using the theory of
buildings. This chapter is based on Paper V, written in collaboration with Marc Henneaux
and Daniel H. Wesley. For explicit examples of the results presented in this chapter, as well
as a complete classification, the reader is referred to Paper V.

4.1 Intermediate Asymptotics

The original BKL analysis is classical and has been pushed all the way to the singularity
[45,47]. As such it is valid for any spatial topology. In the approach to a spacelike singularity
there is an asymptotic decoupling of spatial points, and the dynamics becomes “ultralocal”.
These results (decoupling of spatial points and chaotic oscillations) are by now well supported
by extensive analytical and numerical evidence; a non-exhaustive list of references include
[93,101-108].

The classical analysis has however obvious limitations and it is not clear what becomes
of the BKL results for energy scales above the Planck scale, where quantum gravity effects
cannot be ignored. In the standard BKL analysis, which ignores quantum effects, no walls are
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removed as the big crunch is approached. But, when some spatial dimensions are compact,
there is a wide range of initial conditions for which walls corresponding to massive modes are
always subdominant until the universe enters the quantum regime, and these walls are not
relevant for the billiard analysis while the universe is described by classical physics [109,110].
For this broad set of initial conditions, there is no epoch in which the usual classical BKL
analysis, with the full set of walls, applies.

For this reason, it is of interest to consider the regime of intermediate asymptotics where
the curvature is much smaller than the Planck curvature but where the billiard analysis
applies (see [111]). In that pre-Planck regime, it is not true that the topology of spacetime is
irrelevant [109]. A modification might arise in the presence of p-forms because the massless
spectrum of p-forms in the lower-dimensional theory depends on the de Rham cohomology
of the internal manifold, and since massless degrees of freedom dominate in the BKL-limit
before reaching the Planck scale [109], non-trivial compactification eliminates billiard walls
corresponding to degrees of freedom which are rendered massive in the compactification.
Depending on which walls are removed by the compactification, a chaotic theory can be
rendered non-chaotic.

There are a number of reasons to better understand the interplay between BKL dynamics
and compactification. On the physics side, the BKL-limit with compact internal spaces is
relevant for certain types of cyclic or “pre-big bang” cosmological models built from string
or M-theory (see, e.g., [112-115] and references therein). Cosmological models with a big
crunch/big bang transition rely on a smooth collapsing phase as they approach the big crunch
singularity, hence chaotic BKL oscillations close to the singularity are a potential problem for
these models. If chaos can be removed by interpreting our four-dimensional world as an effec-
tive description of a more fundamental higher-dimensional theory where the “troublesome”
billiard walls are eliminated through the cohomology of the internal space, the problems with
BKL chaos in these models may be circumvented. On the mathematical side, the billiard
regions and the reflection groups that emerge after compactification possess a rich structure
which deserves investigation.

4.2 The “Uncompactified Billiard”

We shall here recall some useful features of the billiards which were discussed in Chapter
This corresponds to the case when all the walls are switched on, as it occurs when no
internal dimension is compact [109]. This is also the case relevant when the BKL analysis is
pushed all the way to the singularity. The billiard region is then the smallest possible one
in the sense that the billiard region of all the other cases will contain the billiard region of
the uncompactified theory. We shall denote by w4/ the dominant walls of the uncompactified
theory. While the number of dominant walls relevant to the compact cases might not be equal
to the dimension M of Mg, it turns out that for all theories whose dimensional reduction to
three dimensions is described by a symmetric space, the number of dominant walls is equal
to M [51].

In this case the dominant walls confine the billiard motion to the region By C Mg defined

by (see Section [3.1.6])
Bs={feMgs|wa(B) >0, A'=1,--- , M}, (4.2.1)
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The billiard table is a simplex in H,,. We shall call somewhat improperly the region
the “uncompactified billiard region” and its projection on H,, the “uncompactified billiard
table”.

The scalar products (war|wp’) between the dominant walls can be organized into a matrix,

Q(wA/|wB/)
Apypg = ———-. 4.2.2
A'B (wA/|wA/) ( )

In the noncompact case, the matrix A turns out to possess the properties of a Lorentzian
Cartan matrix [44,51], thereby identifying the dominant wall forms w4, with the simple roots
of the Kac-Moody algebra g(A) constructed from A [34]. This Kac-Moody algebra is the
“overextension” u™T of the U-duality algebra u. The group generated by the reflections in
the billiard walls of the uncompactified theory is a Coxeter group, which is the Weyl group
of the corresponding Kac-Moody algebra [44,51]. We shall denote it by W.

Recall from Section that the action of the Weyl group W on the (future) lightcone
O7 splits up into a disjoint union of chambers, called Weyl chambers. One of these chambers
is defined by the inequalities w4, > 0 and is called the fundamental chamber F.!' Then, all
other chambers in OF correspond to images of F under W. The action of W on the Weyl
chambers is simply transitive. When projected onto H,,, these chambers become m-simplices
of finite volume. The fundamental chamber F is the uncompactified billiard region in which
the chaotic dynamics takes place. The m + 1 hyperplanes (or dominant walls) which bound
the fundamental chamber, correspond to the codimension-one faces of 7 when projected onto

H,, (see also Section {4.5.3).

4.3 Compactification and Cohomology

Compactification can modify the billiard, as was shown in [109,110]. This occurs because
the billiard dynamics in the intermediate regime considered here depends not only on the
p—form menu, but also on the topology of the space upon which the theory is formulated,
specifically on the de Rham cohomology HP(X) of the compactification manifold X. The
rules for constructing the noncompact billiard system are given above, and here we focus on
the “selection rule” that describes how this billiard is modified after compactification.

4.3.1 Selection Rule

We study situations in which all spatial dimensions are compact, and thus spacetime ¥ has
topology
=R x X, (4.3.1)

where X is closed, compact, and orientable. Electric and magnetic walls, e(3) and m(3),
arise from the electric and magnetic components, Fg and Fjs, of a given p-form F. On a
compact manifold X the p-form fields which remain massless during the compactification

!Note that in Chapters [2] and [3] the fundamental Weyl chamber was denoted C. In this chapter we let C
denote an arbitrary chamber and reserve the notation F for the specific choice of fundamental chamber. We
trust that the reader will not confuse the two.
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correspond to solutions of the equations of motion of the form
Fp = fE(t) wp N\ dt, Fy = fB(t) Wp+15 (4.3.2)

where w, and w,;1 are representatives of the de Rham cohomology classes HP(X) and
HPHL(X), respectively. When X is compact, solutions that yield electric and magnetic billiard
walls can therefore only be found when the de Rham cohomology classes are nontrivial.

We may now state the influence of the topology of X on the billiard structure simply
in terms of a selection rule. This rule makes use of the Betti numbers b;(X), which are
the dimensions of the de Rham cohomology classes HP(X). The selection rule reads as
follows [109, 110]:

e Selection Rule: When bs(X) = 0 for some s, we remove all billiard walls correspond-
ing to electric s—forms, or magnetic (s — 1)—forms.

The selection rule is established using the same assumptions as the noncompact BKL analysis,
namely that we are in a regime where classical gravity is valid, and studying a sufficiently
“generic” spacetime solution.

It has been known for some time that the algebraic structure of the billiard is invariant
under Kaluza-Klein reduction on tori [116]. The selection rule is compatible with these
results, since tori have no vanishing Betti numbers. Note also that none of the symmetry
walls (or gravity walls) is eliminated by the compactification. Hence, among the dominant
walls of the compactified theory we always have the (d—1) dominant symmetry walls 3% — 3,

ey B0 — BT,

4.4 Gram Matrices and Coxeter Groups

In order to understand the structure of the reflection group that emerges when some p-form
walls are switched off as well as the features of the corresponding billiard domain, it is useful
to recall a few facts about polyhedra and reflection groups in hyperbolic space. The main
reference for this section is [117].

4.4.1 Convex Polyhedra

We shall consider convex polyhedra P of hyperbolic space, i.e., regions of the form
N
P=()H, (4.4.1)
s=1

where HJ is a half-space bounded by the hyperplane Hg, and N is the number of such
bounding hyperplanes. In our case, Hy is one of the walls of the relevant dominant wall
System,

Hy = {8 € Mg | ws(B) =0}, (4.4.2)

and H; is defined by
HE = {5 e My | w,(8) = 0}, (143

The polyhedra P therefore contain the fundamental domain (4.2.1)), defined by the dominant
walls of the uncompactified theory. Hence it is clear that P has non-vanishing volume.
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4.4.2 Relative Positions of Walls in Hyperbolic Space

It is customary to associate with the convex polyhedron P a matrix G(P), the so-called
Gram matriz, which differs from the matrix A by normalization. The construction proceeds
as follows. To each hyperplane Hg we associate a unit spacelike vector es; pointing inside
P, i.e., pointing towards the billiard region (which is thus defined by (3, e5) > 0). We then
construct the N x N matrix G(P) of scalar products (es|ey). Four cases can occur for the
scalar product (es|ey ) between a given pair of distinct vectors es and ey [117]%:

i. —1 < (esles) < 0. In this case, the hyperplanes Hy and Hy intersect and form an acute
angle. The limiting case (es|es) = —1 means that the hyperplanes intersect at infinity,
i.e., are parallel. The other limiting case (es|es) = 0 means that the hyperplanes form
a right angle, which is both acute and obtuse.

ii. 0 < (eslesr) < 1. In this case, the hyperplanes also intersect, but form an obtuse angle.
The limiting case (es|less) = 1 corresponds again to parallel hyperplanes meeting at
infinity.

i, (esley) < —1.
iv. (esles) > 1.

In the latter two cases, the hyperplanes diverge, i.e., do not meet even at infinity. The
difference between these two cases is that while the condition H; N H; defines a non-empty
region when (esley) < —1, one has H N H, = () whenever (es|es’) > 1. The fourth case is
thus excluded from our analysis, as is the limiting case (esless) =1 (s # s’). We denote also
the dihedral angle between the hyperplanes Hs and Hy by H N Hs'f When the hyperplanes
intersect, the value of the dihedral angle H; N Hs",r can be found from the relation

cos(Hf N H}) = —(esles). (4.4.4)

4.4.3 Acute-Angled Polyhedra

If the number of dominant walls is strictly smaller than the dimension M of Mg, the billiard
table in H,,, has infinite volume and the motion is non-chaotic. After a finite number of
collisions, the billiard ball escapes to infinity [49,118]. We shall therefore assume that the
number of dominant walls is greater than or equal to the dimension M of Mg, a case that
needs a more detailed analysis. The Gram matrix is then of rank M because among the S
dominant wall forms, one can find a subset of M of them that defines a basis, namely the (d—1)
symmetry walls and one of the other dominant walls if there is no dilaton (or two linearly
independent dominant non-symmetry walls if there is a dilaton etc.). The convex polyhedron
defined by the dominant walls is therefore non-degenerate (see [117]). We shall also assume
that the Gram matrix is indecomposable (cannot be written as a direct sum upon reordering
of the ¢;’s), as the decomposable case can be analysed in terms of the indecomposable one.

2Note that one cannot have e, = —e,s since then the region HS N Hsf = H, has vanishing volume, which
is excluded as we observed above.
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If the number of dominant walls is exactly equal to M, the billiard table is a simplex in
hyperbolic space. Otherwise, one has a non-simplex billiard table, with the number of faces
exceeding dim H, +1=n+ 1.

A crucial notion in the study of reflection groups is that of acute-angled polyhedra. A
convex polyhedron is said to be acute-angled if for any pair of distinct hyperplanes defining
it, either the hyperplanes do not intersect, or, if they do, the dihedral angle H}f N Hs"t does
not exceed 5. The Gram matrix, which has 1’s on the diagonal, has then negative entries off
the diagonal. While non-degenerate, indecomposable acute-angled polyhedra on the sphere
or on the plane are necessarily simplices, this is not the case on hyperbolic space.

4.4.4 Coxeter Polyhedra and the Billiard Group

We have seen that the dynamics of gravity is described in all cases (uncompactified or com-
pactified) by the motion of a billiard ball in a region of hyperbolic space. The reflections s
(s =1,...,N) with respect to the billiard walls generate a discrete reflection group which
we want to characterize. This group, which we shall call the billiard group and denote by
B, is a subgroup of the Coxeter group relevant to the uncompactified case, where the total
number of walls is maximum and the billiard region the smallest (and contained in all other
billiard regions). The billiard group is a crystallographic Coxeter group since it is gener-
ated by reflections [117] and since it preserves the root lattice of the Kac-Moody algebra of
the uncompactified case. Its presentation in terms of the billiard walls might, however, be
non-standard. The billiard group 8 will be examined more carefully in Sections and
4.5.2]

The billiard table has an important property which it inherits from the complete wall
system of the theory. Consider the dihedral angle H :r N H;r between two different walls H;
and H; that intersect. If this angle is acute, then it is an integer submultiple of 7, i.e., of the
form m/m;; where m;; is an integer greater than or equal to 2. If this angle is obtuse, then
T — Hf N H]+ is an integer submultiple of 7, i.e., m — H;L N H]+ = 7/m;j, where m;; € Z>o.
If the walls do not intersect, they are parallel and one has m;; = oco. Thus, given any pair of
distinct walls, one can associate to it an integer m;; = mj; > 2.

In the case when all the angles are acute, and hence integer submultiples of 7, the polyhe-
dron is called a Coxeter polyhedron. Coxeter polyhedra are thus acute-angled. In hyperbolic
space, they may or may not be simplices.

4.5 General Results

In this section we describe our new results concerning general features of the billiard structures
after compactification. In Section we use features of the wall system to explain why
the billiard table need not be a Coxeter polyhedron after compactification. In Section 4.5.3
we describe the billiard region after compactification in terms of galleries, which we explain.
Finally, we describe in Section [4.5.4] our methods for determining the chaotic properties for
all possible compactifications.
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4.5.1 Rules of the Game

We show why the billiard region need not be a Coxeter polyhedron after compactification
with the aid of two facts about billiard wall systems:

e Fact 1: If both an electric and a magnetic wall are present for a given p—form, then
the gravitational walls are subdominant. This was proven in [105,116], by noticing that
for any p we have

Gijk = e’V[’Zi]""/‘p + mg’;}"'sd_p_p (451)

where one of the r, and one of the s, are equal to ¢, and neither j nor k appears in
either the r, or sq.

e Fact 2: The inner product between a gravitational wall and a p—form wall is unity for

— electric walls with p < D — 3,

— magnetic walls with p > 1,
and the inner product vanishes for

— electric walls with p =D — 2,

— magnetic walls with p = 0.

Typically, p forms with p > | D/2] — 1 are dualised so that we may safely assume that
p < |D/2| — 1. (This is a stronger condition than p < D — 3 for D > 4). Then, we
have that the inner product between gravitational and p—form walls is always positive,
except when the p—form is a scalar (axion) and the inner product vanishes. This fact is
proven by computing the relevant inner products (which are independent of the dilaton
coupling(s) of the p—form) using the metric between wall forms.

This fact is significant in combination with the requirement that a system of dominant
walls define an acute-angled polyhedron if the inner products between each pair of walls
are either zero or negative. Therefore we can conclude:

If the dominant wall set includes a gravitational wall and any non-scalar p—form wall,
then the dominant wall system does not define a Coxeter polyhedron.

For compactifications on tori, only Fact 1 is relevant since all components of the same p-
forms are preserved in the compactification [116]. Hence, electric and magnetic walls are
always present in pairs, ensuring that the gravity wall is always subdominant. More general
compactifications can eliminate one of the electric or magnetic walls of a given p—form, while
leaving the other intact. Unlike the noncompact case, it is possible for both gravitational
and p—form walls to appear simultaneously in the set of dominant walls. Fact 2 tells us that
when this happens, we no longer have a Coxeter polyhedron.

In our analysis, we never eliminate gravitational walls (although there are some partial
results regarding their selection rules that were given in [109]). This means that after com-
pactification there is always a gravitational wall in the root system, though it is not necessarily
dominant. Therefore all compactifications we study fall into one of three classes:
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e A pair of electric and magnetic walls from the noncompact theory has not been elim-
inated by compactification, so the gravitational wall is subdominant. The resulting
billiard table may be a Coxeter polyhedron, depending on the details of the p-form
menu and couplings in the theory.

e One (or both) members of each pair of electric/magnetic walls are eliminated, so the
gravitational wall is exposed. If there are any other p-form walls left, because of Fact
2, the billiard table cannot be a Coxeter polyhedron. However, it may occur that “co-
incidentally” two walls from different p-forms can combine and make the gravitational
wall subdominant.

e All of the p-form walls are eliminated by compactification, and so only the gravitational
wall is left. In this case one always obtains AT, the billiard corresponding to pure
gravity. This billiard sits at the bottom of every list when all possible Betti numbers
are set to zero. Occasionally there are also direct summands corresponding to scalar
fields that are never eliminated by compactification.

For examples of these three cases we refer the reader to Paper V. Only the first of the
cases described above arises in the noncompact theory, where gravitational walls are never
dominant, except when they are the only non-symmetry walls.

4.5.2 Describing the Billiard Group After Compactification

We shall now begin to assemble the various structures described so far in order to analyze
the group-theoretical properties of the billiard dynamics after compactification. This involves
understanding the relation between the billiard table and the fundamental domain of the
associated reflection group. In this context it is important to distinguish between the formal
Coxeter group and the billiard group. We consider these concepts in turn in the following
two sections, and explain how they are related in Section [£.5.2]

The Formal Coxeter Group

Recall from Section that the reflections s; with respect to the dominant walls H; generate
a Coxeter group. To describe this group we must characterize the relations among the
reflections s;. Being reflections, they clearly satisfy

s?=1. (4.5.2)

Consider next the reflections s; and s; with respect to two different hyperplanes H; and H;.
Then, the product s;s; is a rotation by the angle n%—:r (where the integers m;; were introduced

J
in Section [4.4.4]) and so

(SiSj)mij =1. (4.5.3)

These relations alone define a Coxeter group, which we shall call the formal Cozeter
group € associated with the billiard. One can describe € more precisely as follows. Let €
be the group freely generated by the elements of the set S = {ry,...,ry}, and let D be the
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normal subgroup generated by (r;r;)™#, where the Cozeter exponents m;; satisfy [34,73] (see
also [94])

my; = 1,
mij € L2, 1 F J,
mij = mji. (4.5.4)

Then € is defined as the quotient group (}S/ 91 and has the following standard presentation:
C=(ri,...,r | (ryrj)™ =1,4,j=1,...,N). (4.5.5)

One can associate a Coxeter graph with the formal Coxeter group, i.e., with the set of m;;’s.
Each r; defines a node of the Coxeter graph, and two different nodes ¢ and j are connected
by a line whenever m;; > 2, with m;; explicitly written over the line whenever m;; > 3 [73].
To a Coxeter graph, one can further associate a symmetric matrix defined by

B;; = — cos ( U ) (4.5.6)
with 1’s on the diagonal and non-positive elements otherwise.

The Billiard Group and its Fundamental Domain

In Section [4.4.4 we introduced the concept of the billiard group B. Here we shall elaborate
on this object and elucidate the structure of its fundamental domain.

The billiard group 9B is defined as the group generated by the reflections s; with respect
to the dominant walls of the billiard table. This group coincides with the formal Coxeter
group € (with r; = s;) if and only if there are no additional relations among the s;’s. Two
cases must be considered.

i. Acute-angled billiard tables. There is no additional relations among the s;’s if and
only if the billiard table is acute-angled, i.e., is a Coxeter polyhedron [117]. In that
case, the matrix B = (B;;) coincides with the Gram matrix G(P). Furthermore, the
billiard table is a fundamental domain [117].

In the hyperbolic case relevant here, the billiard table need not be a simplex. When it
is a simplex, however, there is further structure. The Gram matrix is non-degenerate
and the action of the Coxeter group on the 3-space Mg coincides with the standard
geometric realization considered in [73]. In addition, the matrix

2(ws|ws')

Ass’ = ’
(ws|ws)

(4.5.7)

has non-positive integers off the diagonal and hence is a non-degenerate Cartan matrix.
It is obvious that the off-diagonal entries are integers since the walls correspond to
some roots of the Kac-Moody algebra of the uncompactified case. Moreover, it follows
from the fact that the billiard table is acute-angled that they are negative. The billiard
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group is then the Weyl group of a simple Kac-Moody algebra.? When the matrix A is
a Cartan matrix, one can associate to it a Dynkin diagram.

ii. Non acute-angled billiard tables. If the billiard table is not acute-angled (and
hence not a Coxeter polyhedron), there are further relations among the s;’s and the
billiard group is therefore the quotient of the formal Coxeter group € by these additional
relations. Moreover, the billiard table is not a fundamental domain of the billiard group.
One may understand this feature as follows. Consider a dihedral angle Hf NnH J+ of
the polyhedron that is obtuse. The rotation s;s; by the angle 27 /m;; is an element of
the group and hence maps reflection hyperplanes to reflection hyperplanes. The image
by this rotation of Hj is the hyperplane s; H; that intersects the interior of the billiard
table.* The reflection sisjs; with respect to this hyperplane belongs to the group, and
hence the billiard table cannot be a fundamental region of the billiard group since
the orbit of a point sufficiently close to s;H; intersects the billiard table at least twice.
Fundamental regions are obtained by considering all the mirrors (reflection hyperplanes)
associated with the group (most of which are not billiard walls), which decompose
the space into equivalent chambers that are permuted by the group (homogeneous
decomposition). Each of these chambers is a fundamental domain. The billiard group B
is generated by the reflections in the mirrors of the fundamental domain, which provide
a standard presentation of the group, and the billiard table is a union of chambers [117].
Examples of the occurrence of this phenomenon will be discussed below.

Although the billiard table is not a fundamental domain, it can be naturally described
as a gallery defined by the Coxeter group of the uncompactified theory. This is described

in Section [.5.3]

Non-Standard Presentations of Coxeter Groups

We have seen how one can associate a formal Coxeter group € to the billiard region using
the Coxeter presentation € = é/ 9. The billiard group B — which is also a Coxeter group —
differs from € when the billiard table possesses obtuse angles because the reflections in the
walls of the billiard then fulfill additional relations. This yields a non-standard presentation
of the billiard group, which can be formally described as follows.

Let Bg be the billiard region after compactification, let the elements of the set & =
{si|i=1,...,N} be the reflections in the walls W; bounding Bg, and let ¢ be the formal
group freely generated by S. The dihedral angles between the W; give rise to a set of Coxeter
exponents m;;, with associated normal subgroup 91 C ¢. Suppose now that the region Bg
is not a fundamental domain of B, and denote by J the normal subgroup of ¢ generated by
(sisj)™i and any other non-standard relations between the elements of S. Note that we have
9 C J. The billiard group B is then the quotient

B =¢/3. (4.5.8)

3In the case of a non-simplex, acute-angled billiard table, the matrix A is also a valid Cartan matrix, but it
is degenerate and the corresponding Kac-Moody algebra is not simple. Furthermore, the standard geometric
realization is defined in a space of dimension larger than M, while the billiard realization is defined in the
M-dimensional S3-space.

“When the Coxeter group is crystallographic, the converse is also true: if the angle between H; and H; is
acute, then the image s; H; does not intersect the interior of the billiard table.
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Equivalently, if we denote by § the normal subgroup of ¢ generated only by the non-standard
relations between the elements of S, we may describe the billiard group as

B = ¢/F. (4.5.9)

Neither of these presentations is a Coxeter presentation.

In all cases we consider in this analysis, the uncompactified billiard is described by the
Weyl group W[u™T] of a Lorentzian Kac-Moody algebra u™*. For general compactifications,
the billiard group B is therefore a Coxeter subgroup of W[u™"]. However, in Paper V
examples were found of cases when the formal Coxeter group € after compactification dif-
fers from u™", while the billiard group 9B is actually isomorphic u™", with a non-standard
presentation. We refer to Paper V for more details.

4.5.3 Fundamental Domains, Chamber Complexes and Galleries

We have seen that the billiard table need not be a Coxeter polyhedron upon compactifica-
tion. When it is not a Coxeter polyhedron, it no longer corresponds a fundamental domain
of the billiard group B. Moreover, 8 is the quotient by nontrivial extra relations of the
formal Coxeter group associated with the billiard table. In this section, we describe how the
billiard region relevant to the compactified case can then be built as a union of images of
the uncompactified billiard region. This is achieved using the theory of buildings, in terms
of chambers and galleries.

Chambers and Galleries

The analysis in this section makes use of the treatment of Coxeter groups as a theory of
buildings, a formalism mainly developed by J. Tits. Introductions and references may be
found in [119,120].

The basic idea is to study Coxeter groups in geometric language by defining them in
terms of the objects on which they act nicely. The buildings are the fundamental objects
which then defines the associated Coxeter group. For example, finite Coxeter groups act on
so-called spherical buildings, because these groups preserve the unit sphere. We are interested
in Coxeter groups which act on hyperbolic buildings, i.e., hyperbolic Coxeter groups, which
preserve the hyperbolic space.

An n-simplex X in hyperbolic space is determined by its n + 1 vertices. A 1-simplex is
determined by its two endpoints, a 2-simplex (a triangle) is determined by its three vertices
etc. For this reason, it is convenient to identify an n-simplex X with the set of its n + 1
vertices, X = {set of n + 1 vertices}. A face f of X is a simplex corresponding to a non-
empty subset f C X. The codimension of f with respect to X is given by dim X — dim f.
For example, there are three codimension-one faces in a 2-simplex, which are the three edges
of the triangle.

Next we define the notion of a simplicial complex. Let V be a set of vertices, and K a
set of finite subsets X, C V. We assume that the subsets containing a single vertex of V' are
all elements of K. Then K is called a simplicial complex if it is such that given X € K and a
face f of X, then f € K. The elements X} of I are the simplices in the simplicial complex.
Two simplices X7 and X, of the same dimension in I are called adjacent if they share a
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codimension-one face, i.e., if they are separated by a common wall. Figure illustrates a
simplicial complex of 2-simplices.

Figure 4.1: A simplicial complex of 2-simplices (triangles). The two shaded regions represent
adjacent (maximal) simplices.

A maximal simplex C in K is such that C does not correspond to the face of another simplex
in IC. Maximal simplices in a simplicial complex are called chambers and they shall be our
main objects of study. A sequence of chambers Cy,...,C, such that any two consecutive
chambers C; and C;11 are adjacent is called a gallery I'. Thus, a gallery corresponds to a
connected path between two chambers C; and Ci, in K, and we write

T : C1,Co...,Ch1,Ch. (4.5.10)

The length of T is k, and the distance between C; and Cy, is the length of the shortest gallery
connecting them. If any two chambers in K are connected by a gallery, then the simplicial
complex is called a chamber complex. A simple example of a gallery inside a chamber complex
is displayed in Figure |4.2

The Billiard Region as Gallery

We describe the billiard regions of compactified gravity-dilaton-p-form theories in the lan-
guage presented above. This is achieved by expressing them in terms of the billiard region of
the uncompactified theory (or compactified on a torus) which we recall is the fundamental
Weyl chamber F of the Weyl group W[u™*] of the Kac-Moody algebra u™*, whose Cartan
matrix is defined through the scalar products between the dominant wall forms.

Compactification amounts to a process of removing dominant walls, and so the billiard
table is enlarged. The inequalities w4, > 0 associated with the simple roots of the underlying
Kac-Moody algebra are indeed replaced by weaker inequalities. The bigger region so defined
can be written as a union of Weyl chambers of W[u™*]. We shall illustrate this phenomenon
on the example of the familiar Lie algebra Az, whose Weyl group is a spherical Coxeter group.
The fundamental Weyl chamber F is defined by

wi(B) =0, wa(B) >0, ws(3) >0, (4.5.11)
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Figure 4.2: A chamber complex with a gallery I' : Cy,...,Cq, represented by the shaded
region. The length of the gallery is kK = 9, which is also the distance between C; and Cg since
I" is the shortest gallery connecting C; and Cy.

corresponding to the three simple roots. The non simple roots are w; + wo, wo + w3 and
w1 + w2 + ws. Suppose that the single dominant wall W defined by w1 (8) = 0 is suppressed.
Effectively, this implies that the particle geodesic may cross the wall Wj. Thus it moves from
the region where wy (/) > 0 into the region where

w1(B) < 0. (4.5.12)
We shall consider two cases. (i) The new billiard region is defined by
wi(B) +w2(B) >0, wa(B) >0, ws(B) >0, (4.5.13)

i.e., the wall W} is replaced by the wall wi(5) +w2(5) = 0; (ii) In the second case, we suppose
that also the wall defined by wi(83) 4+ wa(8) = 0 is suppressed. Then the new billiard region
is defined by the inequalities

w1 (B) + w2(B) + w3(B) = 0, wa(B) >0, ws(8) >0 (4.5.14)
i.e., the wall W is replaced by the wall w;(8) + w2(8) + w3(5) = 0.
In the first case, one can write the new billiard region as the union F U As where Aj is
defined by the inequalities
wi(8) <0, wi(f) +w2(B) =20, ws(8) =0 (4.5.15)
(which imply we(8) > 0). The region Az is the Weyl chamber obtained by reflecting the
fundamental Weyl chamber across the wall W7 since
si(w1) = —wi,
s1(w2) = wi+ws,
51(UJ3) = w3. (4.5.16)
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Hence,
s1-F ={Beh|wi(B) <0, (wn +w2)(B) = 0,w5(5) >0} = Ay, (45.17)

A reflection of this type which maps a chamber C to an adjacent chamber C’ is known as an
adjacency transformation [117]. By removing the single dominant Wi, we therefore get in the
first case a new region which is precisely twice as large as the original fundamental region.

In the second case, although we also remove a single dominant wall of the original billiard,
we get a larger region. This is because we also remove the subdominant wall wq (3)4w2(3) = 0
which is exposed once W1 is removed. Indeed, the new billiard region can now be written as
the union F U Ay U Ag where Aj is defined by the inequalities

wa(B) >0, wi(B) +wa(B) <0, wi(B)+w2(f) +ws3(B) >0 (4.5.18)

(which imply wq () < 0 and ws(3) > 0). The region As is again a Weyl chamber, obtained
from Ay by acting with the reflection s with respect to w1 + ws since

s(—w1) = we
s(wy +w2) = —(w1 + we),
s(wg) = w1+ wa + ws. (4.5.19)

Hence,

s- Ay ={B€b|waB) >0, (w1 +w2)(B) <0,wi1(B) +waB) +ws(B) >0} = A3. (4.5.20)

Note that Ay and Az are adjacent. Thus, while in the second case we also remove a single
dominant wall, we now obtain a region three times larger than the fundamental Weyl chamber.
This new region can be described as a union of three pairwise adjacent Weyl chambers. In
Figure [4.3] we describe pictorially a similar example for the case of the hyperbolic Coxeter
group A7 .

By extrapolating this analysis to the general case where we remove an arbitrary number
r < n+ 1 of dominant walls, we may conclude that the new billiard region corresponds to
a union of images of the fundamental Weyl chamber. This naturally has the structure of
a simplicial complex, and moreover, by a suitable ordering of the chambers, one sees that
it corresponds to a gallery covering the whole complex. In conclusion, we have found the
following: the billiard region B obtained by compactification on a manifold of non-trivial
topology is described by a gallery T' inside the Cartan subalgebra § of the original hyperbolic
Kac-Moody algebra g.

The dynamics after compactification is chaotic if the new billiard region is a finite union
of images of the fundamental chamber, i.e., if the gallery I" has finite length, while if this
union is infinite the particle motion will eventually settle down in a single asymptotic Kasner
solution, and chaos is removed. Since the Coxeter reflections preserve the volume, the volume
of B is

vol B =k -vol F, (4.5.21)

where k is the length of the gallery I' associated with B.
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NZ. %

Figure 4.3: Here we illustrate a gallery I' : Cy,Ca,Cs of length 3 for the case of the hyperbolic
Kac-Moody algebra A]". The two walls Wy and W_; are associated with the affine and
overextended simple roots ap and a_1, respectively. The original fundamental Weyl chamber
Ci={heb|ai(h) >0, ap(h) >0, a_1(h) > 0} corresponds to the leftmost shaded region.
We have removed the wall Wi = {h € b | a1(h) = 0} as well as the wall (ag+c1)(h) = 0. The
far end of the billiard region is now bounded by the new wall W, = {h € b | (2a0+3a1)(h) =
0}. Each of the three chambers is clearly a copy of the fundamental chamber, and the total
region is of finite volume. See, e.g., [94,121] for more detailed discussions of the Weyl group
of ATT.

4.5.4 Determining the Chaotic Properties After Compactification

The selection rules described in Section provide a straightforward means to determine
the billiard system after compactification. Determining whether or not this billiard system is
chaotic, i.e., computing the biliard table volume, is somewhat more involved because finding
explicitly the corresponding galleries might be intricate. In most cases it is possible to answer
this question purely analytically without working out the gallery, although there are several
different techniques that work for different types of billiard system. In this section we describe
the various methods we employ.

The simplest case is when the billiard table is a Coxeter simplex. The matrix Ay, is
then a Cartan matrix. The associated Kac-Moody algebra g(A) is by construction a regular
subalgebra® of the Kac-Moody algebra g(A), whose Weyl group controlled the uncompactified
billiard. The dynamics of the compactified billiard is described by the Weyl group W of g(A),

and the billiard region B coincides with the fundamental domain F of W. Thus, if g(A) is

5A subalgebra g C g is regularly embedded in g if and only if two conditions are fulfilled: (i) the root vectors
of g are root vectors of g; and (ii) the simple roots of g are real roots of g. Moreover, the embedding is positive
regular if the positive root vectors of g are positive root vectors of g. See, e.g., [121,122] for more detailed
discussions on regular subalgebras of Kac-Moody algebras.
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hyperbolic, then B is of finite volume, yielding chaotic dynamics. If the Kac-Moody algebra
g(A) is Lorentzian but not hyperbolic, then the billiard is non-chaotic. This is illustrated in

Figure [4.4]

(a) (b) (©)

Figure 4.4: Some examples of the wall systems and their chaotic properties: (a) the wall
system corresponding to a hyperbolic Kac-Moody algebra, (b) the wall system of a non-
hyperbolic Kac-Moody algebra, or one for which the coweight construction is possible, (c) a
wall system with fewer walls than the dimension of the (-space.

In many cases the billiard table is a simplex, but some dihedral angles are obtuse (positive
inner product between two different walls) and the matrix A is not a proper Cartan matrix.
It is however non-degenerate, so that it is possible to define a set of dominant “coweights”
AY'" such that

war AP =68 4, (4.5.22)

where w is a dominant wall labelled by A’. As in the standard Kac-Moody algebra case,
these “coweights” span the space of rays that lie within the wall cone, provided we only
combine “coweights” using non-negative coefficients. A non-chaotic solution to the equations
of motion, which corresponds to a null ray within the wall cone, exists if and only if there
is at least one timelike and one spacelike “coweight”. This condition is readily checked once
the “coweights” are in hand. This technique was employed in [110].

When the billiard table is not a simplex and the number of walls is less than the dimension
of Mg, then the theory is not chaotic, essentially because there are too few walls to prevent
a ray from reaching infinity.

When the billiard table is not a simplex and the number of walls is greater than the
dimension of Mg, the analysis becomes more complex. This situation is illustrated in Figure
One method to determine whether chaos is present is to successively remove dominant
walls until the billiard region is again a simplex. If there is (at least) one way to do this
such that the resulting structure is hyperbolic, then we can conclude that the full region is
of finite volume, since reinserting the walls that were removed can never render the volume
infinite. In a small number of cases, all wall removals lead to non-chaotic billiards and one
cannot conclude immediately whether or not the volume of the billiard table is finite. Another
method is then to search numerically for whether a spacelike direction in the wall cone exists.
We do this by maximising the Lorentzian norm of points on the unit sphere that lie within
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the wall cone. If the maximal norm is negative, then no spacelike direction exists and the
system is chaotic.

Also, as we have described in Section [£.5.3]it is sometimes possible to compute the volume
of the billiard region exactly by making use of certain properties of the Weyl group Wg|,
associated with the uncompactified theory and construct the associated gallery.

Figure 4.5: The figure illustrates a non-simplex billiard table. To determine whether the
theory is chaotic, it is sufficient to locate a spacelike ray. This is equivalent to maximising
the Lorentzian norm on the unit sphere surrounding the origin.

As a byproduct of the “coweight construction” mentioned above, we can easily prove the
following useful fact:

e Fact 3: Whenever the billiard is described by a direct product B g, X By, of a finite
and a hyperbolic Coxeter group, then the dynamics is non-chaotic.

This follows by noting that the metric is a direct sum of the metric of Bg, and that of
Bpyp so the coweights associated with each factor define orthogonal subspaces. Since the
coweights associated with the finite factor are spacelike, there will always exist at least one
spacelike intersection in the region inside the dominant walls. A different intuitive way to
see this is to recall that the volume of the fundamental Weyl chamber of the first factor is
finite after projection on the sphere and that of the second factor after projection on the
hyperboloid. Two projections are needed to have a finite volume but there is only one here
(on a hyperboloid living in the product space).
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Beyond the Weyl Group — Infinite
Symmetries Made Manifest

We have learned that there is an intimate connection between gravitational theories and
hyperbolic Kac-Moody algebras, which is revealed when studying the theory close to a space-
like singularity. It is then natural to speculate whether this indicates the existence of a huge
hidden hyperbolic symmetry of gravity. The aim of this chapter is to describe one line of
research intended to put these speculations to the test. This approach is directly inspired by
the results obtained through toroidal dimensional reduction of gravitational theories, where
the scalar fields form coset manifolds exhibiting explicitly larger and larger symmetries as
one goes down in dimensions. In the case of eleven-dimensional supergravity, reduction on
an n-torus T reveals a chain of exceptional U-duality symmetries &, [9,10], culminating
with & in three dimensions [123]. This has lead to the conjecture [32] that the chain of en-
hanced symmetries should in fact remain unbroken and give rise to the infinite-dimensional
duality groups &9, £19 and &£11, as one reduces the theory to two, one and zero dimensions,
respectively.

The connection between the symmetry groups controlling the billiards in the BKL-
limit, and the symmetry groups appearing in toroidal dimensional reduction to three di-
mensions has led to the attempt to reformulate eleven-dimensional supergravity as a one-
dimensional nonlinear sigma model with target space given by the infinite-dimensional coset
space K(E10)\E10 [53]. This sigma model describes the geodesic flow of a particle moving on
K(&10)\E10, whose dynamics can be seen to match the dynamics of the associated (suitably
truncated) supergravity theory.

We begin by describing some general aspects of nonlinear sigma models for finite-dimensional
coset spaces. We then explain how to generalize the construction to the infinite-dimensional
case. We finally apply the construction in detail to the case of eleven-dimensional supergrav-
ity where the conjectured symmetry group is &p.

This chapter is based on Paper III, written in collaboration with Marc Henneaux and
Philippe Spindel.
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5.1 Nonlinear Sigma Models on Finite-Dimensional Coset Spaces

A nonlinear sigma model describes maps £ from one Riemannian space X, equipped with a
metric 7, to another Riemannian space, the “target space” M, with metric g. Let 2™ (m =
1,---,p = dim X) be coordinates on X and {* (o = 1,---,¢ = dim M) be coordinates on
M. Then the standard action for this sigma model is

S = [ @0 @) 0 (2) 0,8 () 9o (6(0)) . (5.0.1)
X

Solutions to the equations of motion resulting from this action will describe the maps £¢ as
functions of z™.

A familiar example, of direct interest to the analysis below, is the case where X is one-
dimensional, parametrized by the coordinate . Then the action for the sigma model reduces
to

de(t) deb
Sgeodesic = /th édt(t)gdt(t)gaﬁ (é-(t)) ) (512)

where A is ’yn\ﬁ and ensures reparametrization invariance in the variable ¢. Extremization
with respect to A enforces the constraint

de° (t) de(t)

dt dt

9o (&(t)) =0, (5.1.3)

ensuring that solutions to this model are null geodesics on M. We have already encountered
such a sigma model before, namely as describing the free lightlike motion of the billiard ball
in the (dim M — 1)-dimensional scale-factor space. In that case A corresponds to the inverse
“lapse-function” N~! and the metric Jap is a constant Lorentzian metric.

5.1.1 The Cartan Involution and Symmetric Spaces

In what follows, we shall be concerned with sigma models on symmetric spaces K\G where
G is a Lie group with semi-simple real Lie algebra g in its split real form and K = K(G)
its maximal compact subgroup with real Lie algebra ¢ (sometimes also denoted K (g)) corre-
sponding to the maximal compact subalgebra of g. Since elements of the coset are obtained
by factoring out K, this subgroup is referred to as the “local gauge symmetry group” (see
below). Our aim is to provide an algebraic construction of the metric on the coset space K\G
and explain how to obtain the associated sigma model Lagrangian.

We recall from Section that for any maximally split real Lie algebra g, the Chevalley
involution w induces a Cartan decomposition of g into even and odd eigenspaces:

g=tdp (5.1.4)
(direct sum of vector spaces), where

t = {reglu() =2},

b = {yeglwly)=—y) (5:1.5)
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play central roles. The decomposition ([5.1.4)) is orthogonal, in the sense that p is the orthog-
onal complement of ¢ with respect to the invariant bilinear form (-|-) = B(, ),

p={yeg|Vret: (ylz) =0} (5.1.6)
The commutator relations split in a way characteristic for symmetric spaces,
egce  [eplcp,  [pplCl (5.1.7)

The subspace p is not a subalgebra. Elements of p transform in some representation of £,
which depends on the Lie algebra g. We stress that if the commutator [p, p] had also contained
elements in p itself, this would not have been a symmetric space.

The left coset space K\G is defined as the set of equivalence classes [g] of G defined by
the equivalence relation

g~g iff g¢ ' € K and g,¢ € G, (5.1.8)
i.e.,

l9] = {kg|Vk € K}. (5.1.9)

5.1.2 Nonlinear Realisations

The group G naturally acts through right multiplication on the quotient space K\G as
[h] — [hg]. (5.1.10)

This definition makes sense because if h ~ k', i.e., b’ = kh for some k € K, then h/g ~ hg
since h'g = (kh)g = k(hg) (left and right multiplications commute).

In order to describe a dynamical theory on the quotient space K\G, it is convenient to
introduce as dynamical variable the group element V(z) € G and to construct the action for
V(z) in such a way that the equivalence relation

Vk(z) € K : V(z) ~ k(x)V(z) (5.1.11)

corresponds to a gauge symmetry. The physical (gauge invariant) degrees of freedom are then
parametrized indeed by points of the coset space. We also want to impose Equation (5.1.10))
as a rigid symmetry. Thus, the action should be invariant under

V(z) +—— k(x)V(x)g, k(z) € K, g € G. (5.1.12)

One may develop the formalism without fixing the K-gauge symmetry, or one may instead
fix the gauge symmetry by choosing a specific coset representative V(z) € K\G. When K
is a maximal compact subgroup of G there are no topological obstructions, and a standard
choice, which is always available, is to take V(x) to be of upper triangular form as allowed
by the Iwasawa decomposition. This is usually called the Borel gauge and will be discussed
in more detail later. In this case an arbitrary global transformation,

V(z) +~— V(z) =V(x)g, geaq, (5.1.13)
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will destroy the gauge choice because V'(z) will generically not be of upper triangular form.
Then, a compensating local K-transformation is needed that restores the original gauge
choice. The total transformation is thus

V(z) +—— V(2)"=k(V(z),g9)V(x)g, k(V(z),9) e K, g €G, (5.1.14)

where V”(x) is again in the upper triangular gauge. Because now k (V(z),g) depends non-
linearly on V(z), this is called a nonlinear realisation of G.

5.1.3 Three Ways of Writing the Quadratic K x G-Invariant Action

Given the field V(z), we can form the Lie algebra valued one-form (Maurer—Cartan form)
aV(x) V(z)™ = dz" 9,V (z)V(x)~ . (5.1.15)
Under the Cartan decomposition, this element splits according to Equation ,
OV (z) V(z) ™' = Qu(z) + Pulz), (5.1.16)

where Q,(x) € £ and P, (x) € p. We can use the Cartan involution 6 to write these explicitly
as projections onto the odd and even eigenspaces as follows:

Qu(z) = %[aMV(x)V(x)*l+9(aMV(x)V(x)*1)} e,

1 (5.1.17)
P.(z) = 5 [aMV(SU)V(.T)_l —0 (aMV(x)V(x)_l)] € p.
If we define a generalized transpose T by
O)F =-0(), (5.1.18)

then P, (z) and Q,(z) correspond to symmetric and antisymmetric elements, respectively,

P.(z)7 =Pu(z),  Qux)T = -Qu(x). (5.1.19)

Of course, in the special case when g = sl(n, R) and € = so(n), the generalized transpose ()7

coincides with the ordinary matrix transpose ()?. The Lie algebra valued one-forms with
components 9, V(z)V(z)™!, Q,(x) and P, (z) are invariant under rigid right multiplication,
V(z) — V(z)g.

Being an element of the Lie algebra of the gauge group, Q. (z) can be interpreted as a
gauge connection for the local symmetry K. Under a local transformation k(z) € K, Q,(z)
transforms as

K:Qu) +—  k(@)Qu@)k(x)™t + 0,k(x)k(z) !, (5.1.20)

which indeed is the characteristic transformation property of a gauge connection. On the
other hand, P, (x) transforms covariantly,

K:P,(z) +— k(z)Pu(2)k(z)™, (5.1.21)

because the element 9,k (x)k(z) ! is projected out due to the negative sign in the construction
of P,(z) in Equation (5.1.17).
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Using the bilinear form (+|-) we can now form a manifestly K x G-invariant expression by
simply “squaring” P, (z), i.e., the p-dimensional action takes the form (cf. Equation (5.1.1)))

Sg/K:/Xdpa:ﬁ'y’“’ (Pu(z)|Py(x)) . (5.1.22)

We can rewrite this action in a number of ways. First, we note that since Q,(x) can be
interpreted as a gauge connection we can form a “covariant derivative” D/, in a standard way

D,V(z) =0, V(z) — Qu(z)V(x), (5.1.23)

which, by virtue of Equation (5.1.17)), can alternatively be written as
D,V(z) = Pu(x)V(z). (5.1.24)

We see now that the action can indeed be interpreted as a gauged nonlinear sigma model,
in the sense that the local invariance is obtained by minimally coupling the globally G-
invariant expression (9,V(z)V(z)~10*V(z)V(z)™1) to the gauge field Q,(x) through the
“covariantization” 9, — D,

(0, V(2)V(z) Ho"V(2)V(z)™") —  (DuV(2)V(z) ' DV(z)V(z) ™) = (Pu(2)|Pu(z)).

Thus, the action then takes the form
S = / P A (DV(@)V(@) DV (@)V () ). (5.1.26)
X

We can also form a generalized “metric” M(z) that does not transform at all under the
local symmetry, but only transforms under rigid G-transformations. This is done, using
the generalized transpose (extended from the algebra to the group through the exponential
map [124]), in the following way,

M(z) = V(z)T V(z), (5.1.27)

which is clearly invariant under local transformations
K:M@z) ~—  (k(@)V(@)T (k@@)V(@) = V(@) (k@) k@) V(z) = M(z)  (5.1.28)
for k(z) € K, and transforms as follows under global transformations on V(x) from the right,
G:M(z) +— gTM(z)g, geG. (5.1.29)

A short calculation shows that the relation between M(z) € G and P(z) € p is given by
1 _ -1 -1
§M(£L‘) 9. M(z) = (V(.CE)TV(ZL')) 0,V ()T V(z) + (V(x)TV(x)) V(2)78,V(z)

V(z)~! [(auV(a;)V(:c)—l)T + aMV(a:)V(:c)—l} V(z)
(2) P, (2)V(z). (5.1.30)

< IR
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Since the factors of V(z) drop out in the squared expression,
(V(x)_lP“(:r)V(x)|V(:J:)_1P“(:U)V(x)) = (Pu(z)|P*(x)) , (5.1.31)

Equation (5.1.30)) provides a third way to write the K x G-invariant action, completely in
terms of the generalized metric M(z),

Sogw = 7 [ @2 A (M@ 9,M@)[M@) " 9,M(@). (5.1.32)

We call M a “generalized metric” because in the SO(n)\GL(n,R)-case, it does correspond
to the metric, the field V being the “vielbein”; see Section [5.3.2]

All three forms of the action are manifestly gauge invariant under K. If desired, one can
fix the gauge, and thereby eliminating the redundant degrees of freedom.

5.1.4 Equations of Motion and Conserved Currents

Let us now take a closer look at the equations of motion resulting from an arbitrary variation
5V (z) of the action in Equation (5.1.22). The Lie algebra element §V(z)V(x)~! € g can be
decomposed according to the Cartan decomposition,

oV(z)V(z)™t = B(z) + Az), Y(x) € €, Alx) € p. (5.1.33)

The variation ¥(z) along the gauge orbit will be automatically projected out by gauge in-
variance of the action. Thus we can set ¥(z) = 0 for simplicity. Let us then compute 0P, (x).
One easily gets

5P, (@) = BuA(x) — [Qu(x), Aa)]. (5.1.34)
Since A(x) is a Lie algebra valued scalar we can freely set d,A(x) — V,A(x) in the variation
of the action below, where V# is a covariant derivative on X compatible with the Levi—Civita
connection. Using the symmetry and the invariance of the bilinear form one then finds

5SK\¢ = /Xdpx VI 2 [(=VuPu(e) + [Qu(z),Pu(x)]|Alz))] - (5.1.35)
The equations of motion are therefore equivalent to
DFPu(x) =0, (5.1.36)
with
DuPy(z) = VP () = [Qu(z), Pu(z)], (5.1.37)

and simply express the covariant conservation of P, ().
It is also interesting to examine the dynamics in terms of the generalized metric M(x).
The equations of motion for M(x) are

1 _
V" (M(z)~'9,M(z)) = 0. (5.1.38)
These equations ensure the conservation of the current
1
T = 51\4(95)—16”1\4@) =V(z) P, (2)V(z), (5.1.39)
ie.,
VET, = 0. (5.1.40)

This is the conserved Noether current associated with the rigid G-invariance of the action.
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5.1.5 Parametrization of K\G

The Borel gauge choice is always accessible when the group K is the maximal compact
subgroup of G. In the noncompact case this is no longer true since one cannot invoke the
Iwasawa decomposition (see, e.g. [125] for a discussion of the subtleties involved when K
is noncompact). This point will, however, not be of concern to us in this thesis. We shall
now proceed to write down the sigma model action in the Borel gauge for the coset space
K\G, with K being the maximal compact subgroup. Let IT = {a}, -+, '} be a basis of
the Cartan subalgebra h C g, and let A4 C h* denote the set of positive roots. The Borel
subalgebra of g can then be written as

b—ZRa + > RE,, (5.1.41)

aEA L

where E,, is the positive root generator spanning the one-dimensional root space g, associated
to the root a. The coset representative is then chosen to be

V(z) = Vi(2)Va(z) = Exp

Z@

Exp Z Xo(z)Eo| € K\G. (5.1.42)

acA L

Because g is a finite Lie algebra, the sum over positive roots is finite and so this is a well-
defined construction.

From Equation {i we may compute the Lie algebra valued one-form 8“V(x)V(:c)*1
explicitly. Let us do this in some detail. First, we write the general expression in terms of
Vi(z) and Va(z),

0, V(z)V(z)™ = 9, Vi(2)Vi(z) ' + Vi(z) (@LVQ(x)Vg(JJ)_I) Vi(z)™L. (5.1.43)

To compute the individual terms in this expression we need to make use of the Baker—
Hausdorff formulas:

T [A,[A,0,4]) + -
L (5.1.44)
Sl [4,B]] +

Opete™ = 9 A+ = [A 0, A] +

eABe™4 = B+][A, B]

The first term in Equation ([5.1.43) is easy to compute since all generators in the exponential
commute. We find

9, V1i(x) Zau@ o) €bh. (5.1.45)

Secondly, we compute the corresponding expression for Va(x). Here we must take into account
all commutators between the positive root generators E, € ny. Using the first of the Baker—
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Hausdorff formulas above, the first terms in the series become

(9MV2(93)V2($)_1 = OuExp Z Xa(2)Eq | Exp ZXO‘

(XEAJr « €A+
= Z a,uXa(fE) o Z Xa uXa )[EouEa’]
aEA L a o’€A
1
+a > Xal@)Xar (2)0uXar () Eas [Ear, Ear]] + -+ (5.1.46)
‘a0l €AY
Each multi-commutator [Eq, [Ey/, -]+, Eqw] corresponds to some new positive root gen-

erator, say F, € ni. However, since each term in the expansion is a sum over all
positive roots, the specific generator £, will get a contribution from all terms. We can there-
fore write the sum in “closed form” with the coefficient in front of an arbitrary generator F,
taking the form

1 1
Ry (@) = Ouxy(2) + 2 X¢(@)Opxe (x) +- - + il X (@) Xy (@) + = X (2) O (), (5.1.47)
P N—_——o—— ot
C+(¢'=y N0t =y

where k., denotes the number corresponding to the last term in the Baker-Hausdorff expan-
sion in which the generator E. appears. The explicit form of R, ,(z) must be computed
individually for each root v € Ay.

The sum in Equation can now be written as

9, Va(z) =) Raulx (5.1.48)

OCEA+

To proceed, we must conjugate this expression with Vi(x) in order to compute the full
form of Equation . This involves the use of the second Baker—-Hausdorff formula in
Equation for each term in the sum, Equation . Let h denote an arbitrary
element of the Cartan subalgebra,

n
h=>Y ¢i(z)a) €. (5.1.49)
i=1
Then the commutators we need are of the form

[h, Ea] = a(h)Eq, (5.1.50)

where a(h) denotes the value of the root a € h* acting on the Cartan element h € b,

= dil@)ala)) = dilx) (a,a)) = di(w)a. (5.1.51)
=1 =1 =1
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So, for each term in the sum in Equation (5.1.48) we obtain

Vl(x)Eavl (m)_l = F,+ Z gi)i(:c)aiEa + %Z gi)i(:c)qﬁj(az)aiaan + -
i id

Z ¢i(r)a

= WE,. (5.1.52)

= Exp E,

We can now write down the complete expression for the element 9,V (x)V(x) ™,

NV (x)V(x)™! = f:au@(m)ay +> MR, u(2) B (5.1.53)
=1

aEA L

Projection onto the coset p gives (see Equation ([5.1.17))

Pu@) = 3 Oui()a) + 5 3 P Rau(x) (Bat Ba), (5.1.54)
=1

aEA L

where we have used that EZ = E_, and (o))7 = «'.
Next we want to compute the explicit form of the action in Equation ([5.1.22f). Choosing
the following normalization for the root generators,

(EOé|Eo/) = 5@,—04’7 (a;/|a}/) = 5ij, (5155)

which implies
(EolEL) = (BalE—a) = Saor (5.1.56)

one finds the form of the K x G-invariant action in the parametrization of Equation (5.1.42)),

Sk\¢ = /X Px | 0udi(x)d,ilx) + % > MR, (@) Rap(@)| . (5.1.57)
i=1

CMEAJr

5.2 Geodesic Sigma Models on Infinite-Dimensional Coset Spaces

In the following we shall both “generalize and specialize” the construction from Section
The generalization amounts to relaxing the restriction that the algebra g be finite-dimensional.
Although in principle we could consider g to be any indefinite Kac-Moody algebra, we shall
be focusing on the case where it is of Lorentzian type. The analysis will also be a specializa-
tion, in the sense that we consider only geodesic sigma models, meaning that the Riemannian
space X is the one-dimensional worldline of a particle, parametrized by one variable t. This
restriction is of course motivated by the billiard description of gravity close to a spacelike
singularity, where the dynamics at each spatial point is effectively described by a particle
geodesic in the fundamental Weyl chamber of a Lorentzian Kac—Moody algebra.

The motivation is that the construction of a geodesic sigma model that exhibits this Kac—
Moody symmetry in a manifest way, would provide a link to understanding the role of the
full algebra g beyond the BKL-limit.
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5.2.1 Formal Construction

For definiteness, we consider only the case when the Lorentzian algebra g is a split real form,
although this is not really necessary as the Iwasawa decomposition holds also in the non-split
case.

A very important difference from the finite-dimensional case is that we now have nontrivial
multiplicities of the imaginary roots (see Section . Recall that if a root o« € A has
multiplicity mg, then the associated root space g, is my-dimensional. Thus, it is spanned by
Mg generators Ec[f] (s=1,--,mg),

go = REW 4 ... 4 REIMe, (5.2.1)

The root multiplicities are not known in closed form for any indefinite Kac—-Moody algebra,
but must be computed recursively as described in Section

Our main object of study is the coset representative V(t) € K\G, which must now be seen
as “formal” exponentiation of the infinite number of generators in p. We can then proceed
as before and choose V(t) to be in the Borel gauge, i.e., of the form

dim b Ma
V() =Exp | Y Bty | BExp | Y Y ¢I®ER| € K\G. (5.2.2)
p=1 a€A4 s=1

Here, the index p does not correspond to “spacetime” but instead is an index in the Cartan
subalgebra b, or, equivalently, in “scale-factor space” (see Section . In the following we
shall dispose of writing the sum over u explicitly. The second exponent in Equation
contains a formal infinite sum over all positive roots Ay. We will describe in detail in subse-
quent sections how it can be suitably truncated. The coset representative V(t) corresponds
to a nonlinear realisation of G and transforms as

G:V(t) — kWV({1),9) V), k(V(t),g9) e K,g€Gq. (5.2.3)
A g-valued “one-form” can be constructed analogously to the finite-dimensional case,
VYY)t = Q(t) + P(t), (5.2.4)

where 0 = J;. The first term on the right hand side represents a £-connection that is fixed
under the Chevalley involution,

T(Q) =9, (5.2.5)
while P(t) lies in the orthogonal complement p and so is anti-invariant,
T7(P) = =P (5.2.6)

(for the split form, the Cartan involution coincides with the Chevalley involution). Using the
projections onto the coset p and the compact subalgebra €, as defined in Equation (5.1.17)),
we can compute the forms of P(t) and Q(t) in the Borel gauge, and we find

Pt) = aﬂu(t)a;+% 3y fjea(ﬂ)m@(t) (E§1+E[_SL),
, m, 2SR+ (5.2.7)
_ [ s s [s]
ot) = 5 Y Y el (L - BY,).

acA4 s=1
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where R/ (t) is the analogue of Rq(x) in the finite-dimensional case, i.e., it takes the form

R (1) = 0 r) + 5 P nockin) 4 (5.25)
_,_/
C+'=a

which still contains a finite number of terms for each positive root .. The value of the root
o € h* acting on § = (), € b is

a(f) = a,p". (5.2.9)

Note that here the notation «; does not correspond to a simple root, but denotes the com-
ponents of an arbitrary root vector a € h*.

The action for a particle moving on the infinite-dimensional coset space K'\G can now be
constructed using the invariant bilinear form (-|-) on g,

Sie = / dtn(t)"L (POO)IP(2), (5.2.10)

where n(t) ensures invariance under reparametrizations of ¢. The variation of the action with
respect to n(t) constrains the motion to be a null geodesic on K\G,

(P(t)|P(t)) = 0. (5.2.11)
Defining, as before, a covariant derivative ® with respect to the local symmetry K as
DP(t) =0P(t) — [Q(t), P(t)], (5.2.12)
the equations of motion read simply
D (n(t)"'P(t)) =0. (5.2.13)

The explicit form of the action in the parametrization of Equation (5.2.2)) becomes

SK\G—/dtn(t)1 G 08" (t) 95" (1) Z Zeh REORE @), (5.2.14)

OéEA+ s=1

where G, is the flat Lorentzian metric, defined by the restriction of the bilinear form (-|-)
to the Cartan subalgebra b C g. The metric G, is exactly the same as the metric in scale-
factor space (see Section [3.1.6)), and the kinetic term for the Cartan parameters 5*(t) reads
explicitly

dim h—1 dim h—1 dim h—1 .
G 08" (t) 98" () Z o' (t) 9B (t) ( Z apB'( )) >0 (t) | +0¢(t) 06(t).
j=1

(5.2.15)

Although g is infinite-dimensional we still have the notion of “formal integrability”, owing

to the existence of an infinite number of conserved charges, defined by the equations of motion
in Equation (5.2.13)). We can define the generalized metric for any g as

M) =ve)Tv), (5.2.16)
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where the transpose ()7 is defined as before in terms of the Chevalley involution,
()7 =—=70). (5.2.17)

Then the equations of motion DP(t) = 0 are equivalent to the conservation 03 = 0 of the
current

J= %M(t)_l(?/\/l(t). (5.2.18)

This can be formally solved in closed form
M(t) = e M(0)e, (5.2.19)
and so an arbitrary group element g € G evolves according to
g(t) = k(t)g(0)e,  k(t) € K. (5.2.20)

Although the explicit form of P(t) contains infinitely many terms, we have seen that each

coefficient f)%gf}(t) can, in principle, be computed exactly for each root a. This, however, is
not the case for the current J. To find the form of J one must conjugate P(¢) with the coset
representative V(t) and this requires an infinite number of commutators to get the correct
coefficient in front of any generator in J.

5.2.2 Consistent Truncations

One method for dealing with infinite expressions like Equation consists in considering
successive finite expansions allowing more and more terms, while still respecting the dynamics
of the sigma model.

This leads us to the concept of a consistent truncation of the sigma model for K\G. We
take as definition of such a truncation any sub-model S’ of S K\G Whose solutions are also
solutions of the original model.

There are two main approaches to finding suitable truncations that fulfill this latter
criterion. These are the so-called subgroup truncations and the level truncations, which will
both prove to be useful for our purposes, and we consider them in turn below.

Subgroup Truncation

The first consistent truncation we shall treat is the case when the dynamics of a sigma model
for some global group G is restricted to that of an appropriately chosen subgroup G C G. We
consider here only subgroups G which are obtained by exponentiation of regular subalgebras
g of g. The concept of regular embeddings of Lorentzian Kac—-Moody algebras is discussed
in detail in Paper 1.

To restrict the dynamics to that of a sigma model based on the coset space K(G)\G,
we first assume that the initial conditions g(t)}t:(] = ¢(0) and Og(t are such that the
following two conditions are satisfied:

M=o

i. The group element g(0) belongs to G.

ii. The conserved current J belongs to g.
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When these conditions hold, then g(0)e"¥ belongs to G for all t. Moreover, there always
exists k(t) € K(G) such that

g(t) = k(t)g(0)e € K(G)\G, (5.2.21)
i.e, g(t) belongs to the Borel subgroup of G. Because the embedding is regular, k(t) belongs
to K and we thus have that g(t) also belongs to the Borel subgroup of the full group G.

Now recall that from Equation (5.2.20), we know that g(t) = k(t)g(0)e!d is a solution
to the equations of motion for the sigma model on K(G)\G. But since we have found
that g(t) preserves the Borel gauge for K\G, it follows that k(t)g(0)e!¥ is a solution to the
equations of motion for the full sigma model. Thus, the dynamical evolution of the subsystem
S'=8 K(G)\G Preserves the Borel gauge of G. These arguments show that initial conditions
in G remain in G, and hence the dynamics of a sigma model on K\G can be consistently
truncated to a sigma model on K (G)\G.

Finally, we recall that because the embedding g C g is regular, the restriction of the
bilinear form on g coincides with the bilinear form on g. This implies that the Hamiltonian
constraints for the two models, arising from time reparametrization invariance of the action,
also coincide.

We shall make use of subgroup truncations in Chapter [6]

Level Truncation and Height Truncation

Alternative ways of consistently truncating the infinite-dimensional sigma model rest on the
use of gradations of g,

g=--+gotgi+go+gi+tg+---, (5.2.22)

where the sum is infinite but each subspace is finite-dimensional. One also has

90, 907]  gor e (5.2.23)

Such a gradation was for instance constructed in Section and was based on a so-called
level decomposition of the adjoint representation of g into representations of a finite regular
subalgebra v C g. We will now use this construction to truncate the sigma model based
of K\G, by “terminating” the gradation of g at some finite level £. More specifically, the

truncation will involve setting to zero all coefficients ha (t), in the expansion of P(t), cor-

responding to roots o whose generators Et[j ] belong to subspaces gy with ¢ > ¢. Part of this
section draws inspiration from the treatment in [51,53,82].

The level £ might be the height, or it might count the number of times a specified single
simple root appears. In that latter case, the actual form of the level decomposition must
of course be worked out separately for each choice of algebra g and each choice of decom-
position. We will do this in detail in Section for a specific level decomposition of the
hyperbolic algebra FE719. Here, we shall display the general construction in the case of the
height truncation, which exists for any algebra.

Let o be a positive root, o € A,. It has the following expansion in terms of the simple
roots

a= Zmiai (m; > 0). (5.2.24)
7
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Then the height of « is defined as (see Section [2.2.3))
=> m. (5.2.25)
i

The height can thus be seen as a linear integral map ht : A — Z, and we shall sometimes use
the notation ht(a) = h, to denote the value of the map ht acting on a root a € A.

To achieve the height truncation, we assume that the sum over all roots in the expansion of
P(t), Equation , is ordered in terms of increasing height. Then we can consistently set
to zero all coefficients 9%[5} (t) corresponding to roots with greater height than some, suitably
chosen, finite height h. We thus find that the finitely truncated coset element Py(t) is

()] = OB" () +* > Ze DRl (1) (E£S]+E[_5L>, (5.2.26)

aEAL s=1
ht(a)<h
which is equivalent to the statement
Rel(t) =0  vye Ay, ht(y) > h. (5.2.27)

For further use, we note here some properties of the coefficients %Ef} (t). By examining
the structure of Equation 1’ we see that iﬁ([f} (t) takes the form of a temporal derivative
acting on 5&5 ] (t), followed by a sequence of terms whose individual components, for example
13 ES] (t), are all associated with roots of lower height than «, ht(¢{) < ht(«). It will prove useful

to think of 9%[5] (t) as representing a kind of “generalized” derivative operator acting on the
field ﬁ,[f |, Thus we define the operator D by

DESl (1) = aeklr) + FiI (co¢,20¢,---) (5.2.28)

where F (t) is a polynomial function of the coordinates £(t), whose explicit structure follows
from Equation . It is common in the literature to refer to the level truncation as “setting
all higher level covariant derivatives to zero”, by which one simply means that all Dﬁk ] (t)
corresponding to roots v above a given finite level £ should vanish. Following [53] we shall
call the operators D “covariant derivatives”.

It is clear from the equations of motion DP(t) = 0, that if all covariant derivatives Dg,[f ] (t)
above a given height are set to zero, this choice is preserved by the dynamical evolution.
Hence, the height (and any level) truncation is indeed a consistent truncation. Let us here
emphasize that it is not consistent by itself to merely put all fields 5[8]( t) above a certain
level to zero, but one must take into account the fact that combinations of lower level fields
may parametrize a higher level generator in the expansion of P(t), and therefore it is crucial
to define the truncation using the derivative operator Dﬁgs] (t).

5.3 Eleven-Dimensional Supergravity and K (&0)\&

We shall now illustrate the results of the previous sections by explicitly constructing an action
for the coset space K(€19)\E10. We employ the level decomposition of Ejg = Lie &1 in terms
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of its regular s[(10, R)-subalgebra (see Section [2.5]), to write the coordinates on the coset
space as (time-dependent) s[(10, R)-tensors. It is then shown that for a truncation of the
sigma model at level ¢ = 3, these fields can be interpreted as the physical fields of eleven-
dimensional supergravity. This “dictionary” ensures that the equations of motion arising
from the sigma model on K(&19)\&19 are equivalent to the (suitably truncated) equations of
motion of eleven-dimensional supergravity [53].

5.3.1 Low-Level Fields

We perform the level decomposition of Ejy with respect to the s[(10, R)-subalgebra obtained
by removing the exceptional node in the Dynkin diagram in Figure This procedure
was described in Section When using this decomposition, a sum over (positive) roots
becomes a sum over all s[(10,R)-indices in each (positive) representation appearing in the
decomposition.

We recall that up to level three the following representations appear

t=0: Kaba

(=1: Eoabe — plabe]

{=2: Eaas — plai-as] (5.3.1)
(=3: Ealbibs — pallbi--bs]

where all indices are s[(10,R)-indices and so run from 1 to 10. The level zero generators
K%, correspond to the adjoint representation of s[(10,R) and the higher level generators
correspond to an infinite tower of raising operators of Eig. As indicated by the square
brackets, the level one and two representations are completely antisymmetric in all indices,
while the level three representation has a mixed Young tableau symmetry: It is antisymmetric
in the eight indices b - - - bg and is also subject to the constraint

plalbr=bsl — (5.3.2)

In the scale factor space ([-basis), the roots of Ejp corresponding to the above generators
act as follows on 3 € b:

K% <<=  au@)=p"-8  (a>0b),
Eoabe — O‘abc(ﬁ) = [+ ﬁb + B¢,
B9 e aga(8) = 5%+ e+ 59, (5.3.3)
pelabibr e gy (B) = 28+ O - 4 BT,
Ea1|a2---a9 <~ Qay---ag (/8) = ﬁal +oet ﬁa9~

We can use the scalar product in root space, h*, to compute the norms of these roots. The
metric on h* is the inverse of the metric in Equation (5.2.15)), and for Fyg it takes the form

10 10 10
. 1
(ww) = GYwiw; = Zwiwi % (Z wi> ij , w € h*. (5.3.4)
i=1 i=1 7=1
The level zero, one and two generators correspond to real roots of Ejg,

(qap|oed) = 2, (gpelages) = 2, (g -eag | Oty b ) = 2. (5.3.5)
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We have split the roots corresponding to the level three generators into two parts, depending
on whether or not the special index a takes the same value as one of the other indices. The
resulting two types of roots correspond to real and null roots, respectively,

(Caby by |Cedy dr) = 2, (Qay-ag |Obybg) = 0. (5.3.6)

Thus, the first time that generators corresponding to imaginary roots appear in the level
decomposition is at level three. This will prove to be important later on in our analysis.

5.3.2 The SO(10)\GL(10,R)-Sigma Model

Because of the importance and geometric significance of level zero, we shall first develop
the formalism for the SO(10)\GL(10,R)-sigma model. A general group element H in the
subgroup GL(10,R) reads

H = Exp [habKab} (5.3.7)

where h,’ is a 10 x 10 matrix (with a being the row index and b the column index). Although
the K%’s are generators of F1g and can, within this framework, at best be viewed as infinite
matrices, it will prove convenient — for streamlining the calculations — to view them in the
present section also as 10 x 10 matrices, since we confine our attention to the finite-dimensional
subgroup GL(10,R). Namely, K%, is treated as a 10 x 10 matrix with 0’s everywhere except
1 in position (a,b). The final formulation in terms of the variables ho’(t) — which are 10 x 10
matrices irrespectively as to whether one deals with GL(10,R) per se or as a subgroup of
FEqy — does not depend on this interpretation.

It is also useful to describe GL(10,R) as the set of linear combinations m;/ K*; where the
10 x 10 matrix m;/ is invertible. The product of the K’ j’s is given by

K K%, =6 K. (5.3.8)

One easily verifies that if M = m;/K’; and N = n;/K’; belong to GL(10,R), then M N =
(mn)ij K'; where mn is the standard product of the 10 x 10 matrices m and n. Furthermore,
Exp (hij K j) = (eh)iJ K j where el is the standard matrix exponential.

Under a general transformation, the representative H(t) is multiplied from the left by a
time-dependent SO(10) group element R and from the right by a constant linear GL(10, R)-
group element L. Explicitly, the transformation takes the form (suppressing the time-
dependence for notational convenience)

H— H' = RHL. (5.3.9)

In terms of components, with H = e,’ K%, e,® = (eh)ab, R = R,’K% and L = L,’K%, one
finds
e’ = R, Ly, (5.3.10)

where we have set H' = e;bKab. The indices on the coset representative have different
covariance properties. To emphasize this fact, we shall write a bar over the first index,
ea’ — egz’. Thus, barred indices transform under the local SO(10) gauge group and are

called “local”, or also “flat”, indices, while unbarred indices transform under the global
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GL(10,R) and are called “world”, or also “curved”, indices. The gauge invariant matrix
product M = HT H is equal to
M = ¢gPKy, (5.3.11)

with K, = K%, and
g = e (5.3.12)

C

The g do not transform under local SO(10)-transformations and transform as a (symmetric)
contravariant tensor under rigid GL(10, R)-transformations,

g/ab _ ngLcaLdb' (5313)

They are components of a nondegenerate symmetric matrix that can be identified with an
inverse Fuclidean metric.

Indeed, the coset space SO(10)\GL(10,R) can be identified with the space of symmetric
tensors of Fuclidean signature, i.e., the space of metrics. This is because two symmetric
tensors of Euclidean signature are equivalent under a change of frame, and the isotropy
subgroup, say at the identity, is evidently SO(10). In that view, the coset representative e,’
is the spatial vielbein.

The action for the coset space SO(10)\GL(10,R) with the metric of Equation is
easily found to be

£o =1 (99" (1) = g™ (1)g°(1) ) Dgab () Dgeat(t). (5.3.14)

Note that the quadratic form multiplying the time derivatives is just the “De Witt superme-
tric” [126]. Note also for future reference that the invariant form OH H~! reads explicitly

OH H™' = 0e; b e,° KO, (5.3.15)

where ¢e," is the inverse vielbein.

5.3.3 Sigma Model Fields and SO(10)joca1 X GL(10,R),54-Covariance

We now turn to the full nonlinear sigma model for K(&19)\&10. Rather than exponentiating
the Cartan subalgebra separately as in Equation , it will here prove convenient to
instead single out the level zero subspace go = gl(10,R). This permits one to control easily
SO(10)10ca1 X GL(10, R),igiq-covariance. To make this level zero covariance manifest, we shall
furthermore assume that the Borel gauge has been fixed only for the non-zero levels, and we
keep all level zero fields present. The residual gauge freedom is then just multiplication by
an SO(10) rotation from the left.
Thus, we take a coset representative of the form

1 1 1
V() = H(t) Bxp | 5 Aabe(t) B + o Aarag (DE™ 7 + Sl (t) Bt o

3!
(5.3.16)
where the sum in the first exponent would be restricted to all a > b if we had taken a full Borel
gauge also at level zero. The parameters Aupe(t), Aay a6 (t) and Ay, .55 (t) are coordinates
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on the coset space K (€19)\E10 and will eventually be interpreted as physical time-dependent
fields of eleven-dimensional supergravity.

How do the fields transform under SO(10)iocat X GL(10,R);igia? Let R € SO(10), L €
GL(10,R) and decompose V according to Equation as the product

Y =HT, (5.3.17)
with

H = Exp [hab(t)K“b} € GL(10,R),

T = EXp |:31!Aabc(t)Eabc + éAm---aﬁ (t)EalmaG + éAaﬂnmbg (t)anlmbs + - :| .
(5.3.18)
One has
V -V =R(HT)L = (RHL)(L™'TL). (5.3.19)

Now, the first matrix H' = RHL clearly belongs to GL(10,R), since it is the product of
a rotation matrix by two GL(10,R)-matrices. It has exactly the same transformation as in
Equation above in the context of the nonlinear sigma model for SO(10)\GL(10,R).
Hence, the geometric interpretation of ez® = (eh)ab as the vielbein remains.

Similarly, the matrix 77 = L~'TL has exactly the same form as T,

1 1 1
T' = Exp <L1 [B,Aabc(t)E“”c g Aarag (DE™ 4 5oy (B 4 } L>

1 1 1
~ Exp [3, ;bcu)Eabw&Agl...%(t)Ear"auQ!A;bl.._b8<t>Ea'b1“‘b8+---}, (5.3.20)

where the variables A, , A}, . 4 -, are obtained from the variables Agpc, Agy-ag, - DY
computing L-1E®c[, L=1E*e [, . using the commutation relations with K%, Explicitly,

one gets

_ _ _ _ b _ be
izbc = (L 1)ae(L 1)bf(L 1)cg~’4€fg7 Afll-.-aﬁ = (L 1)(11 ' "(L 1)(16 bAbl...bﬁ, etc.
(5.3.21)
Hence, the fields Agpe, Aqgy-ag, .-~ do not transform under local SO(10) transformations.

However, they do transform under rigid GL(10,R)-transformations as tensors of the type
indicated by their indices. Their indices are world indices and not flat indices.

5.3.4 “Covariant Derivatives”
The invariant form 9V V! reads
OVV I =9HH '+ HOTT HH . (5.3.22)

The first term is the invariant form encountered above in the discussion of the level zero
nonlinear sigma model for SO(10)\GL(10,R). So let us focus on the second term. It is clear
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that 9T T—! will contain only positive generators at level > 1. So we set, in a manner similar

to Equation ([5.1.48]),
OTT ' = Y Y DAasEas, (5.3.23)

OCEA+ S

where the sum is over positive roots at levels one and higher and takes into account multi-
plicities (through the extra index s). The expressions DA, s are linear in the time derivatives
0A. As before, we call them “covariant derivatives”. They are computed by making use of
the Baker—Hausdorff formula, as in Section [5.2.1] Explicitly, up to level 3, one finds

: 1 1 1
TT ! = QDAabc(t)EabC + 57D Aarag (VB + 5D Agjpy g (t)Ealbr-bs .. (5.3.24)

with
DAapc(t) = OAanc(t),
DAgyas(t) = 0Aqgya6(t) + 1041, 505 ()0 As,a506) (1),
DAgjpy s (1) = OAqppbg (t) + 424 140,8, (E)0Ap,.06) (1) — 420 A 10,8, (£) Aby.g) (1),

+280A<ab1b2 (t)Ab3b4b5 (t)aA bebrbs) (t)a
(5.3.25)
as computed in [53]. The notation (a;---ay) denotes projection onto the Young tableaux
symmetry carried by the field upon which the covariant derivative acts'. It should be stressed
that the covariant derivatives D.A have the same transformation properties under SO(10)
(under which they are inert) and GL(10,R) as A since the GL(10,R) transformations do not
depend on time.

5.3.5 The K (&) x &p-Invariant Action at Low Levels

The action can now be computed using the bilinear form (:|-) on Ejg,

SK(&0)\e10 = /dfn(?f)‘1 (P)|P(®)) . (5.3.26)

where P is obtained by projecting orthogonally onto the subalgebra £g,, by using the gener-
alized transpose,
(Kab>T — Kba’ (Eabc)'T = Fpe, - - - etc., (5.3_27)

where as above ()7 = —w( ) (with w being the Chevalley involution). We shall compute the
action up to, and including, level 3,

SK(510)\510 = /dtn(t)_l (Lo+Li+Lo+L3+---). (5.3.28)

1As an example, consider the projection Popy = Tiapy) of a three index tensor Top, onto the Young
tableaux

This projection is given by

1
7 Tasy + Tpay — Thpa — Tﬁ'ya)v

Popy = 3(

which clearly satisfies
Paﬁ'y = _P"//BOH P[aﬁ'y] =0.
Note also that P.gy 7# Pgay-



134 Chapter 5 Beyond the Weyl Group — Infinite Symmetries Made Manifest

From Equation (5.3.22)) and the fact that generators at level zero are orthogonal to gen-
erators at levels # 0, we see that £y will be constructed from the level zero part H H~' and
will coincide with the Lagrangian (5.3.14)) for the nonlinear sigma model SO(10)\GL(10,R),

Lo = 1 (gac(t)gbd(t) _ gab(t)ng(t)) Ogap(t) 0geq(t). (5.3.29)

4

To compute the other terms, we use the following trick. The Lagrangian must be a
GL(10,R) scalar. One can easily compute it in the frame where H = 1, i.e., where the metric
gap 18 equal to J4p. One can then covariantize the resulting expression by replacing every-
where 04 by gap. To illustrate the procedure consider the level 1 term. One has, for H = 1
and at level 1, OV V™! = %DAabc(t)Eabc and thus, with the same gauge conditions, P(t) =
Q%!DAabc(t) (E“bc + F “bc) (where we have raised the indices of Fyy. with 6%, Fia3 = F''23 etc).
Using (E®1@203| Fbib2bs) — §a1b1 jazbs §asbs 4 permutations that make the expression antisymmetric
(3! terms; see Section , one then gets £1 = 55D Agpe(t) DAges(t) 6°46°¢6% in the frame
where gup = d4p. This yields the level 1 Lagrangian in a general frame,

ﬁl _ aicy ganz ga363 DAa1a2a3 (t) DAClcQCS (t)

2.31Y
1
= 5D Auaas (1) DM 1) (5.3.30)

By a similar analysis, the level 2 and 3 contributions are

1

L2 = g DAuag(t) DA (1),
1

Ly = ﬁDAawl...bg(t)DA“'bl bs (¢).

(5.3.31)

Collecting all terms, the final form of the action for K(&19)\E10 up to and including level
{=3is

Sk(E0\en = / dtn(t)”! [i (99" (t) = 9" ()9 (1)) gan(t) Dgea(?)

1 1
+ 537 PAwrazas (1) DA (1) 4 5 DAay g () DA™ (1)

1
+72 ) Q!DAa|b1---bg (t) DAa|b1---b8 (t) + .. :| , (5332)

which agrees with the action found in [53].

5.3.6 The Correspondence

We shall now relate the equations of motion for the K (€19)\&19 sigma model to the equations
of motion of eleven-dimensional supergravity. As the precise correspondence is not yet known,
we shall here only sketch the main ideas. These work remarkably well at low levels but need
unknown ingredients at higher levels.

We have seen that the sigma model for K(£10)\€10 can be consistently truncated level by
level. More precisely, one can consistently set equal to zero all covariant derivatives of the
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fields above a given level and get a reduced system whose solutions are solutions of the full
system. We shall show here that the consistent truncations of K (&19)\&10 at levels 0, 1 and 2
yields equations of motion that coincide with the equations of motion of appropriate consistent
truncations of eleven-dimensional supergravity, using a prescribed dictionary presented below.
We will also show that the correspondence extends up to parts of level 3.

We recall that in the gauge N* = 0 (vanishing shift) and Agy. = 0 (temporal gauge),
the bosonic fields of eleven-dimensional supergravity are the spatial metric g.;(z%, 2%), the
lapse N (20, z) and the spatial components Agp.(z", 2%) of the vector potential 3-form. The
physical field is F' = dA and its electric and magnetic components are, respectively, denoted
Foape and Fypeq. The electric field involves only time derivatives of Agp.(2¥,2%), while the
magnetic field involves spatial gradients.

Levels 0 and 1

If one keeps only levels zero and one, the sigma model action (5.3.32) reduces to

Slaa0) Ause). 0] = [ dne)™ | (50050 - 5(0.5°0) 00ut) Dt

1

330

0Aq, agas(t) OAMI293 (t)] . (5.3.33)

Consider now the consistent homogeneous truncation of eleven-dimensional supergravity
in which the spatial metric, the lapse and the vector potential depend only on time (no spatial
gradient). Then the reduced action for this truncation is precisely Equation ([5.3.33)) provided
one makes the identification ¢t = 2% and

gab(t) = gap(t), (5.3.34)
Aabc(t) = Aabc(t)7 (5335)
n(t) = Ng(tz) (5.3.36)

(see, for instance, [49]). Also the Hamiltonian constraints (the only one left) coincide. Thus,
there is a perfect match between the sigma model truncated at level one and supergravity
“reduced on a 10-torus”. If one were to drop level one, one would find perfect agreement
with pure gravity. In the following, we shall make the gauge choice N = /g, equivalent to
n = 1.

Level 2

At levels 0 and 1, the supergravity fields gu, and Agp. depend only on time. When going
beyond this truncation, one needs to introduce some spatial gradients. Level 2 introduces
spatial gradients of a very special type, namely allows for a homogeneous magnetic field. This
means that Ag. acquires a space dependence, more precisely, a linear one (so that its gradient
does not depend on z). However, because there is no room for xz-dependence on the sigma
model side, where the only independent variable is ¢, we shall use the trick to describe the
magnetic field in terms of a dual potential A, ...qs. Thus, there is a close interplay between
duality, the sigma model formulation, and the introduction of spatial gradients.
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There is no tractable, fully satisfactory variational formulation of eleven-dimensional su-
pergravity where both the 3-form potential and its dual appear as independent variables
in the action, with a quadratic dependence on the time derivatives (this would be double-
counting, unless an appropriate self-duality condition is imposed [127,128]). This means that
from now on, we shall not compare the actions of the sigma model and of supergravity but,
rather, only their respective equations of motion. As these involve the electromagnetic field
and not the potential, we rewrite the correspondence found above at levels 0 and 1 in terms
of the metric and the electromagnetic field as

gab(t) = gab(t)7
DAupe(t) = Foape(t).

The equations of motion for the nonlinear sigma model, obtained from the variation of the
Lagrangian Equation (5.3.32)), truncated at level two, read explicitly

(5.3.37)

1 -1 1
56 (n_lgac agcb) = nT <D.Aa0162 DAbClCQ - §6abD.A61C2CS DAClCQCg)
n! DA DA 1 0yDAT" DA
T3 beres T g0 b e )1 (5.3.38)
1
0 (n_lpAal‘l?“?’) = 3 n" DAY DAy, asass
9 (n'DAM) = 0.
In addition, we have the constraint obtained by varying n,
1
(PIP) = 3 (9‘“ g —g" ng> O9ab Oged
1 1
+2 . 3!DAa1a2a3 DAayazas + 2 6!DA“1"'“6 DAa-ag
= 0. (5.3.39)

On the supergravity side, we truncate the equations to metrics gu;(¢) and electromagnetic
fields Foape(t), Faped(t) that depend only on time. We take, as in Section [3.1.6)), the spacetime
metric to be of the form

ds? = —N%(t) dt* 4 gap(t) dz® da®, (5.3.40)
but now with 2% = ¢. In the following we use Greek letters A, o, p,--- to denote eleven-
dimensional spacetime indices, and Latin letters a, b, c,--- to denote ten-dimensional spatial

indices.

The equations of motion and the Hamiltonian constraint for eleven-dimensional super-
gravity have been explicitly written in [49], so they can be expediently compared with the
equations of motion of the sigma model. The dynamical equations for the metric read

1 —1_ac 1 apoT 1 a oT
58(\/@]\[ 1g agcb) = EN\/EFP Fbpm'_mN\/g(S bF)\p F)\pa‘r

1 1
_ Z]\]-_1\/§}71()11(2102F10ch2 _ %N_l\/gylb FOclcQCSF()chch

1 1
+EN\/§FCL01C203F5016203 T4

144N\/g5ab FClC2CBC4F610203C4)

(5.3.41)
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and for the electric and magnetic fields we have, respectively, the equations of motion and
the Bianchi identity,

1
8 (FOGLbCN ) - = 0abcd1d2d361626364F F ’
\/g 1445 0didads L erezeszey (5342)
0F 4 a0a3as = 0.
Furthermore we have the Hamiltonian constraint
1 1 1
7 (878" = £"8") Ogas Oged + 15 ™" Foabe + 15 N*F™* Fupeq = 0. (5.3.43)

(We shall not consider the other constraints here; see remarks as at the end of this section.)
One finds again perfect agreement between the sigma model equations, Equation ([5.3.38))
and (5.3.39), and the equations of eleven-dimensional supergravity, (5.3.41) and (5.3.43)),

provided one extends the above dictionary through [53]

I 4
DA™ (t) = _Eeal a6b1b2b3b4Fblbzb3b4 (t) (5'3'44)
This result appears to be quite remarkable, because the Chern—Simons term in (5.3.42) is in
particular reproduced with the correct coefficient, which in eleven-dimensional supergravity
is fixed by invoking supersymmetry.

Level 3

Level 3 should correspond to the introduction of further controlled spatial gradients, this
time for the metric. Because there is no room for spatial derivatives as such on the sigma
model side, the trick is again to introduce a dual graviton field. When this dual graviton
field is non-zero, the metric does depend on the spatial coordinates.

Satisfactory dual formulations of non-linearized gravity do not exist. At the linearized
level, however, the problem is well understood since the pioneering work by Curtright [129].
In eleven spacetime dimensions, the dual graviton field is described precisely by a tensor
Aqjp,-bs With the mized symmetry of the Young tableau [1,0,0,0,0,0,0,1,0] appearing at
level 3 in the sigma model description. Exciting this field, i.e., assuming DAy, .55 # 0
amounts to introducing spatial gradients for the metric — and, for that matter, for the other
fields as well — as follows. Instead of considering fields that are homogeneous on a torus,
one considers fields that are homogeneous on non-Abelian group manifolds. This introduces
spatial gradients (in coordinate frames) in a well controlled manner.

Let 6% be the group invariant one-forms, with structure equations

1
do® = ZC%.do° A do°. (5.3.45)
2

We shall assume that C%,. = 0 (“Bianchi class A”). Truncation at level 3 assumes that the
metric and the electric and magnetic fields depend only on time in this frame and that the
C%. are constant (corresponding to a group). The supergravity equations have been written
in that case in [49] and can be compared with the sigma model equations. There is almost a
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complete match between both sets of equations provided one extends the dictionary at level 3
through

(with the equations of motion of the sigma model implying indeed that DAY does not
depend on time). Note that to define an invertible mapping between the level three fields
and the C%,., it is important that C%,. be traceless; there is no “room” on level three on the
sigma model side to incorporate the trace of C'%,.

With this correspondence, the match works perfectly for real roots up to, and including,
level three. However, it fails for fields associated with imaginary roots (level 3 is the first
time imaginary roots appear, at height 30) [53]. In fact, the terms that match correspond
to “SL(10,R)-covariantized Eg”, i.e., to fields associated with roots of Eg and their images
under the Weyl group of SL(10,R).

Since the match between the sigma model equations and supergravity fails at level 3 under
the present line of investigation, we shall not provide the details but refer instead to [53] for
more information. The correspondence up to level 3 was also checked in [89] through a slightly
different approach, making use of a formulation with local frames, i.e., using local flat indices
rather than global indices as in the present treatment.

Let us note here that higher level fields of Fqg, corresponding to imaginary roots, have
been considered from a different point of view in [40], where they were associated with certain
brane configurations (see also [130,131]).

The Dictionary

One may view the above failure at level 3 as a serious flaw to the sigma model approach
to exhibiting the Eqg symmetry?. Let us, however, be optimistic for a moment and assume
that these problems will somehow get resolved, perhaps by changing the dictionary or by
including higher order terms. So, let us proceed.

What would be the meaning of the higher level fields? As discussed in Section there
are indications that fields at higher levels contain higher order spatial gradients and therefore
enable us to reconstruct completely, through something similar to a Taylor expansion, the
most general field configuration from the fields at a given spatial point.

From this point of view, the relation between the supergravity degrees of freedom g;;(¢, z)
and Fy)(t,z) = dA3)(t, z) would be given, at a specific spatial point x = x¢ and in a suitable
spatial frame 0%(x) (that would also depend on z), by the following “dictionary”:

gab(t) = gab(t, XU)?
DAabc(t) = Ftabc(ta XO);

. 5.3.47

D.Aalm%(t) _ _ggal...aabcdercde(t,xo), ( )
3

DAt (1) = Dt y(xo),

2This does not exclude that other approaches would be successful. That E1o, or perhaps E11, does encode a
lot of information about M-theory is a fact, but that this should be translated into a sigma model reformulation
of the theory appears to be questionable.
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which reproduces in the homogeneous case what we have seen up to level 3.

This correspondence goes far beyond that of the algebraic description of the BKL-limit in
terms of Weyl reflections in the simple roots of a Kac-Moody algebra. Indeed, the dynamics
of the billiard is controlled entirely by the walls associated with simple roots and thus does
not transcend height one. Here, we go to a much higher height and successfully extend (un-
fortunately incompletely) the intriguing connection between eleven-dimensional supergravity
and EIO-

5.3.7 Higher Levels and Spatial Gradients

We have seen that the correspondence between the £jp-invariant sigma model and eleven-
dimensional supergravity fails when we include spatial gradients beyond first order. It is
nevertheless believed that the information about spatial gradients is somehow encoded within
the algebraic description: One idea is that space is “smeared out” among the infinite number
of fields contained in &£y and it is for this reason that a direct dictionary for the inclusion
of spatial gradients is difficult to find. If true, this would imply that we can view the level
expansion on the algebraic side as reflecting a kind of “Taylor expansion” in spatial gradi-
ents on the supergravity side. Below we discuss some speculative ideas about how such a
correspondence could be realized in practice.

The “Gradient Conjecture”

One intriguing suggestion put forward in [53] was that fields associated to certain “affine
representations” of Fi1g could be interpreted as spatial derivatives acting on the level one,
two and three fields, thus providing a direct conjecture for how space “emerges” through the
level decomposition of Fqy. The representations in question are those for which the Dynkin
label associated with the overextended root of Fjg vanishes, and hence these representations
are realized also in a level decomposition of the regular Ey-subalgebra obtained by removing
the overextended node in the Dynkin diagram of Ejg.

The affine representations were discussed in Section and we recall that they are given
in terms of three infinite towers of generators, with the following s[(10, R)-tensor structures,

ajazas al---ag ailaz--a
E192 3b1-~bk7 E% 6b1~-bka FE 1faz gbl...bk, (5.3.48)

where the upper indices have the same Young tableau symmetries as the £ = 1,2 and 3
representations, while the lower indices are all completely symmetric. In the sigma model
these generators of &g are parametrized by fields exhibiting the same index structure, i.e.,
Aarazas™ (1), Aayovag” " (1) and Aa1|a2---a9b1mbk (t).

The idea is now that the three towers of fields have precisely the right index structure to
be interpreted as spatial gradients of the low level fields

Aa1a2a2b1mbk (t) = .. abkAalazas (t)7
Aayoag?7% (1) = 0% 0% Ag,.aq (1), (5.3.49)
Aa1|a2---a9b1mbk (t) = abl e 8bk~’4a1\a2---a9 (t)

Although appealing and intuitive as it is, this conjecture is difficult to prove or to check
explicitly, and not much progress in this direction has been made since the original proposal.
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Let us point out, however, that recently [68] this problem was attacked from a rather different
point of view with some very interesting results, indicating that the gradient conjecture may

need modification.



Geometric Configurations and
Cosmological Solutions from &

In this chapter we will show that the low level equivalence between the K (&19)\E10 sigma
model and eleven-dimensional supergravity can be put to practical use for finding exact
solutions. We will restrict our analysis to a cosmological sector where it is assumed that
all spatial gradients can be neglected so that all fields depend only on time. Moreover, we
impose diagonality of the spatial metric. These conditions must of course be compatible with
the equations of motion; if the conditions are imposed initially, they should be preserved by
the time evolution.

A large class of solutions to eleven-dimensional supergravity preserving these conditions
were found in [49]. These solutions have zero magnetic field but have a restricted number of
electric field components turned on. Surprisingly, it was found that such solutions have an
elegant interpretation in terms of so called geometric configurations, denoted (n,,gs), of n
points and g lines (with n < 10) drawn on a plane with certain pre-determined rules. That
is, for each geometric configuration (whose definition is recalled below) one can associate
a diagonal solution with some non-zero electric field components Fj;jx, determined by the
configuration. In this section we re-examine this result from the point of view of the sigma
model based on K (&19)\E1p.

We show, following [122], that each configuration (n,,, g3) encodes information about a
(regular) subalgebra g of Ejg, and the supergravity solution associated to the configuration
(nmg3) can be obtained by restricting the & g-sigma model to the subgroup G whose Lie
algebra is g. Therefore, we will here make use of both the level truncation and the subgroup
truncation simultaneously; first by truncating to a certain level and then by restricting to
the relevant g-algebra generated by a subset of the representations at this level.

This chapter is based on Paper I, written in collaboration with Marc Henneaux, Mauricio
Leston and Philippe Spindel, as well as on Paper III, written in collaboration with Marc
Henneaux and Philippe Spindel.

141
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6.1 Bianchi | Models and Eleven-Dimensional Supergravity

On the supergravity side, we will restrict the metric and the electromagnetic field to depend

on time only,
ds® = —NZ(t)dt® + gup(t) dz® da,

F)\pch = F)\pUT(t)'

Recall from Section [5.3| that with these ansatze the dynamical equations of motion of eleven-
dimensional supergravity reduce to [49]

(6.1.1)

1 B 1 T 1

58 (\/EN lgacagcb) = EN\/gFapa Fpr"T - mN\/g 5ab FAPUTF)\’DUT, (612)
1

a (Ftach\/§> — mgtabcdldgdg,elegeg,&lFtdldeS Felege3e47 (613)

OF 00000, = 0. (6.1.4)

This corresponds to the truncation of the sigma model at level 2 which, as we have seen, com-
pletely matches the supergravity side. We also defined 9 = 9, as in Section Furthermore
we have the following constraints,

1 1 1
Z (gacgbd - gabng> agab 8gcd + EFmchtabc + @NQFQdeFabcd = Oa (615)

1
6NF“’CdFaM = 0, (6.1.6)

tabcycacscadidadsd,
e TR F e coesea Py dodzds = 0, (6.1.7)

which are, respectively, the Hamiltonian constraint, momentum constraint and Gauss’ law.
Note that Greek indices «;, 3,7, - - - correspond to the full eleven-dimensional spacetime, while
Latin indices a, b, ¢, - - - correspond to the ten-dimensional spatial part.

We will further take the metric to be purely time-dependent and diagonal,

10
ds’ = —=N*(t)dt* + > a7 (t)(da'). (6.1.8)
=1

This form of the metric has manifest invariance under the ten distinct spatial reflections

v -

GH i (6.1.9)
and in order to ensure compatibility with the Einstein equations, the energy-momentum
tensor of the 4-form field strength must also be diagonal.

6.1.1 Diagonal Metrics and Geometric Configurations

Assuming zero magnetic field (this restriction will be lifted below), one way to achieve diag-
onality of the energy-momentum tensor is to assume that the non-vanishing components of
the electric field F+%¢ = N=1F, ;. are determined by geometric configurations (nm,, g3) with
n < 10 [49].

A geometric configuration (n,,,g3) is a set of n points and ¢ lines with the following
incidence rules [132-134]:
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i. Each line contains three points.
ii. Each point is on m lines.

iii. Two points determine at most one line.

It follows that two lines have at most one point in common. It is an easy exercise to
verify that mn = 3g. An interesting question is whether the lines can actually be realized as
straight lines in the (real) plane, but, for our purposes, it is not necessary that it should be
so; the lines can be bent.

Let (nm,g3) be a geometric configuration with n < 10 points. We number the points of
the configuration 1,--- ,n. We associate to this geometric configuration a pattern of electric
field components F-%¢ with the following property: F--%¢ can be non-zero only if the triple
(a,b, ) is a line of the geometric configuration. If it is not, we take F-%¢ = 0. It is clear that
this property is preserved in time by the equations of motion (in the absence of magnetic
field). Furthermore, because of Rule [iiif above, the products F' Labe rLa't'e! b Geer Vanish when
a # a’ so that the energy-momentum tensor is diagonal.

6.2 Geometric Configurations and Regular Subalgebras of £

We prove here that the conditions on the electric field embodied in the geometric configura-
tions (1, g3) have a direct Kac-Moody algebraic interpretation. They simply correspond to
a consistent truncation of the E1g nonlinear sigma model to a g nonlinear sigma model, where
g is arank g Kac-Moody subalgebra of E1 (or a quotient of such a Kac-Moody subalgebra by
an appropriate ideal when the relevant Cartan matrix has vanishing determinant), with three
crucial properties: (i) It is regularly embedded in F1y (see Section for the definition of
regular subalgebras), (ii) it is generated by electric roots only, and (iii) every node P in its
Dynkin diagram Dj is linked to a number k of nodes that is independent of P (but depend
on the algebra). We find that the Dynkin diagram g of g is the line incidence diagram of
the geometric configuration (n,,, g3), in the sense that (i) each line of (n,,, g3) defines a node
of Dyg, and (ii) two nodes of Dy are connected by a single bond iff the corresponding lines of
(nm, g3) have no point in common. This defines a geometric duality between a configuration
(nm, g3) and its associated Dynkin diagram Dg. In the following we shall therefore refer to
configurations and Dynkin diagrams related in this way as dual.

None of the algebras g relevant to the truncated models turn out to be hyperbolic: They
can be finite, affine, or Lorentzian with infinite-volume Weyl chamber. Because of this, the
solutions are non-chaotic. After a finite number of collisions, they settle asymptotically into
a definite Kasner regime (both in the future and in the past).

6.2.1 General Considerations

In order to match diagonal Bianchi I cosmologies with the sigma model, one must truncate
the £190/K(€1p) action in such a way that the sigma model metric g4 is diagonal. This will
be the case if the subalgebra g to which one truncates has no generator K* j with i # j. The
off-diagonal components of the metric are precisely the exponentials of the associated sigma
model fields. The set of simple roots of g should therefore not contain any root at level zero.
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Consider “electric” regular subalgebras of Eyg, for which the simple roots are all at level
one, where the 3-form electric field variables live. These roots can be parametrized by three
indices corresponding to the indices of the electric field, with iy < io < i3. We denote them
Qijigis- FoOr instance, ajes = aqp. In terms of the [-parametrization of [44, 51|, one has
Qiyigiy = B + B2 + 3.

Now, for g to be a regular subalgebra, it must fulfill, as we have seen, the condition that the
difference between any two of its simple roots is not a root of E1g: i, iyis — i, ¢ &g, for
any pair o i,i; and it of simple roots of g. But one sees by inspection of the commutator
of E"1"2"% with Fy iy in Equation that oy iy — @iy iy, 18 & T0O% of Eyg if and only if
the sets {41, 42, i3} and {i}, 5,75} have exactly two points in common. For instance, if i; = i/,
ig = i and i3 # i, the commutator of E1%2% with Fiy i produces the off-diagonal generator
K i3ié corresponding to a level zero root of E1g. In order to fulfill the required condition, one
must avoid this case, i.e., one must choose the set of simple roots of the electric regular
subalgebra g in such a way that given a pair of indices (i1,42), there is at most one i3 such
that the root ayji, is a simple root of g, with (4, j, k) being the re-ordering of (i1, 2, 43) such
that ¢+ < j < k.

To each of the simple roots a;,4,i, of g, one can associate the line (i1, i2, i3) connecting the
three points 71, io and i3. If one does this, one sees that the above condition is equivalent to
the following statement: The set of points and lines associated with the simple roots of g must
fulfill the third rule defining a geometric configuration, namely, that two points determine at
most one line. Thus, this geometric condition has a nice algebraic interpretation in terms of

regular subalgebras of E1g.

The first rule, which states that each line contains 3 points, is a consequence of the fact
that the Fqg-generators at level one are the components of a 3-index antisymmetric tensor.
The second rule, that each point is on m lines, is less fundamental from the algebraic point of
view since it is not required to hold for g to be a regular subalgebra. It was imposed in [49]
in order to allow for solutions isotropic in the directions that support the electric field. We
keep it here as it yields interesting structure.

6.2.2 Incidence Diagrams and Dynkin Diagrams

We have just shown that each geometric configuration (n,,, gs3) with n < 10 defines a regular
subalgebra g of Eig. In order to determine what this subalgebra g is, one needs, according
to the theorem recalled in Section to compute the Cartan matrix

C= [Ciligig,i'lz‘gig] = [(az‘lz‘m\aigiéig)} (6.2.1)

(the real roots of Fjp have length squared equal to 2). According to that same theorem, the
algebra g is then just the rank ¢ Kac-Moody algebra with Cartan matrix C, unless C' has
zero determinant, in which case g might be the quotient of that algebra by a nontrivial ideal.

Using for instance the root parametrization of [44,51] and the expression of the scalar
product in terms of this parametrization, one easily verifies that the scalar product is equal
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to
2 if all three indices coincide,
(av il A/) _ 1 if two and only two indices coincide, (6.2.2)
1r2is 1T ot 0 if one and only one index coincides, -
-1 if no indices coincide.

The second possibility does not arise in our case since we deal with geometric configurations.
For completeness, we also list the scalar products of the electric roots a;j;, (i < j < k) with
the symmetry roots ay, (¢ < m) associated with the raising operators K™ :

-1 if ¢ € {i,j,k} and m ¢ {i,j, k},
(aijk‘agm) = 0 if {£7m} C {i7j7 k} or {Eam} N {i7j7 k} = Q)v (623)
1 if ¢ ¢ {i,j,k} and m € {i, ], k},

as well as the scalar products of the symmetry roots among themselves,

-1 if j =0 ori=m,
it {¢,myn{i,j} =0,
ifi=~orj#m,
if {¢,m} ={i,j}.

Given a geometric configuration (n,,, g3), one can associate with it a “line incidence diagram”
that encodes the incidence relations between its lines. To each line of (7, g3) corresponds
a node in the incidence diagram. Two nodes are connected by a single bond if and only if
they correspond to lines with no common point (“parallel lines”). Otherwise, they are not
connected!. By inspection of the above scalar products, we come to the important conclusion
that the Dynkin diagram of the reqular, rank g, Kac—Moody subalgebra g associated with the
geometric configuration (N, gs) is just its line incidence diagram. We shall call the Kac—
Moody algebra g the algebra “dual” to the geometric configuration (n,,, g3).

Because the geometric configurations have the property that the number of lines through
any point is equal to a constant m, the number of lines parallel to any given line is equal
to a number k£ that depends only on the configuration and not on the line. This is in fact
true in general and not only for n < 10 as can be seen from the following argument. For a
configuration with n points, g lines and m lines through each point, any given line A admits
3(m — 1) true secants, namely, (m — 1) through each of its points?. By definition, these
secants are all distinct since none of the lines that A intersects at one of its points, say P,
can coincide with a line that it intersects at another of its points, say P’, since the only line
joining P to P’ is A itself. It follows that the total number of lines that A intersects is the
number of true secants plus A itself, i.e., 3(m — 1) + 1. As a consequence, each line in the
configuration admits k = g — [3(m — 1) + 1] parallel lines, which is then reflected by the fact
that each node in the associated Dynkin diagram has the same number k of adjacent nodes.

(vijlaem) = (6.2.4)

N = O

!One may also consider a point incidence diagram defined as follows: The nodes of the point incidence
diagram are the points of the geometric configuration. Two nodes are joined by a single bond if and only if there
is no straight line connecting the corresponding points. The point incidence diagrams of the configurations
(93, 93) are given in [133]. For these configurations, projective duality between lines and points lead to identical
line and point incidence diagrams. Unless otherwise stated, the expression “incidence diagram” will mean “line
incidence diagram”.

2A true secant is here defined as a line, say A’, distinct from A and with a non-empty intersection with A.
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6.3 Cosmological Solutions With Electric Flux

Let us now make use of these considerations to construct some explicit supergravity solutions.
We begin by analyzing the simplest configuration (31, 13), of three points and one line. It is
displayed in Figure This case is the only possible configuration for n = 3.

1 2 3
® ® |

Figure 6.1: (31,13): The only allowed configuration for n = 3.

This example also exhibits some subtleties associated with the Hamiltonian constraint
and the ensuing need to extend g when the algebra dual to the geometric configuration is
finite-dimensional. We will come back to this issue below.

6.3.1 General Discussion

In light of our discussion, considering the geometric configuration (31,13) is equivalent to
turning on only the component Ajo3(t) of the 3-form that parametrizes the generator 123
in the coset representative V(t) € K(&10)\&10. Moreover, in order to have the full coset
description, we must also turn on the diagonal metric components corresponding to the
Cartan generator h = [E'?3) Fyo3]. The algebra has thus basis {e, f, h} with

1 2
e=E?  f=Fpa,  h=lef]= — > K%+ §(K11 + K%+ K3%),  (6.3.1)
a#1,2,3

where the form of h followed directly from the general commutator between E%¢ and F, rin
Section The Cartan matrix is just (2) and is nondegenerate. It defines an A; = sl(2,R)
regular subalgebra. The Chevalley—Serre relations, which are guaranteed to hold according
to the general argument, are easily verified. The configuration (31, 13) is thus dual to Aj,

93,.3) = A1 (6.3.2)

This A; algebra is simply the s[(2, R)-algebra associated with the simple root ag. Because
the Killing form of A; restricted to the Cartan subalgebra h4, = Rh is positive definite,
one cannot find a solution of the Hamiltonian constraint if one turns on only the fields
corresponding to A;. One needs to enlarge A; (at least) by a one-dimensional subalgebra Rl
of hg,, that is timelike. As will be discussed further below, we take for [ the Cartan element
K4 4+ K% + Kb + K77 + K8 + K% + K193, which ensures isotropy in the directions not
supporting the electric field. Thus, the appropriate regular subalgebra of E1g in this case is
A1 R

The need to enlarge the algebra A; was discussed in the paper [135] where a group
theoretical interpretation of some cosmological solutions of eleven-dimensional supergravity
was given. In that paper, it was also observed that Rl can be viewed as the Cartan subalgebra
of the (non-regularly embedded) subalgebra A; associated with an imaginary root at level 21,
but since the corresponding field is not excited, the relevant subalgebra is really RI.
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6.3.2 The Solution

In order to make the above discussion a little less abstract we now show how to obtain the
relevant supergravity solution by solving the £1p-sigma model equations of motion and then
translating these, using the dictionary from Section to supergravity solutions. For this
particular example the analysis was done in [135].

In order to better understand the role of the timelike generator [ € h we begin the analysis
by omitting it. The truncation then amounts to considering the coset representative

V(t) = e¢(t)h e-A123(t)E123 c K(Elo)\glo (633)

The projection P(t) onto the coset becomes

P = 5 [veve T+ @eve )]
= 0¢(t)h + %62¢(t)a¢4123(t) (E123 + F123> , (6.3.4)

where the exponent is the linear form «(¢) = 2¢ representing the exceptional simple root
aq23 of Ejg. More precisely, it is the linear form « acting on the Cartan generator ¢(t)h, as
follows:

a(¢h) = ¢ (a,h) = ¢ {a,a”) = a’p = 2¢. (6.3.5)

The Lagrangian becomes
1
L = S(POIPW)
1
= 06(t)0p(t) + Ze4<f><t> DA123(t) DA123(t). (6.3.6)

For convenience we have chosen the gauge n = 1 of the free parameter in the K(&19)\E10-
Lagrangian. Recall that for the level one fields we have DAgp.(t) = dAgpe(t), which is why
only the partial derivative of Aj23(t) appears in the Lagrangian.

The reason why this simple looking model contains information about eleven-dimensional
supergravity is that the A; subalgebra represented by (e, f, h) is embedded in Ejg through
the level 1-generator E'23, and hence this Lagrangian corresponds to a consistent subgroup
truncation of the £1g- sigma model.

Let us now study the dynamics of the Lagrangian in Equation (6.3.6). The equations of
motion for Ajg3(t) are

1 1
9 <2e4¢(t)8./4123(t)> =0 = §e4¢(t)8¢4123(t) =a, (6.3.7)
where a is a constant. The equations for the £ = 0 field ¢ may then be written as

?¢(t) = 2a2e™ 1M, (6.3.8)

Integrating once yields
p(t) Op(t) + ale M) = (6.3.9)
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where E plays the role of the energy for the dynamics of ¢(¢). This equation can be solved
exactly with the result [135]

o(t) = % In [j% cosh \/Et}

We must also take into account the Hamiltonian constraint

%lnH(t). (6.3.10)
H = (P|P) =0, (6.3.11)

arising from the variation of n(t) in the &£;p-sigma model. The Hamiltonian becomes

H = 28¢(t)8¢(t)+%€4¢(t)a«4123(t)8v4123(t)
= 2 <8¢>(t)8qb(t) + a2e*4¢<t>)
— 2F. (6.3.12)

It is therefore impossible to satisfy the Hamiltonian constraint unless £ = 0. This is the
problem which was discussed above, and the reason why we need to enlarge the choice of
coset representative to include the timelike generator [ € fj. We choose [ such that it commutes
with h and E'3,

[I,h] = [I, E'?3] =0, (6.3.13)

and such that isotropy in the directions not supported by the electric field is ensured. Most
importantly, in order to solve the problem of the Hamiltonian constraint, [ must be timelike,

=) <o, (6.3.14)

where (+]-) is the scalar product in the Cartan subalgebra of Ejg. The subalgebra to which
we truncate the sigma model is thus given by

g=A1 ®RI C Ey, (6.3.15)
and the corresponding coset representative is
V(t) = dOh+oWl A1z (OE (6.3.16)

The Lagrangian now splits into two disconnected parts, corresponding to the direct product
SO(2)\SL(2,R) x R,

- 1 2 . -
£ = (9000 26(0) + 160 0.n(0) 2un(t)) + 506(0) 930, (6:317)
The solution for (;3 is therefore simply linear in time,
é=|2VEL (6.3.18)

The new Hamiltonian now gets a contribution also from the Cartan generator [,

H =2E — |I’|E. (6.3.19)
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This contribution depends on the norm of I and since {> < 0, it is possible to satisfy the
Hamiltonian constraint, provided that we set

- 2
E= ’mE. (6.3.20)
We have now found a consistent truncation of the K(&19) x Ejp-invariant sigma model
which exhibits SL(2,R) x SO(2) x R-invariance. We want to translate the solution to this
model, Equation , to a solution of eleven-dimensional supergravity. The embedding
of sl(2,R) C Ejg in Equation induces a natural “Freund-Rubin” type (1+3+7) split
of the coordinates in the physical metric, where the 3-form is supported in the three spatial
directions x', 2%, 23. We must also choose an embedding of the timelike generator [. In order
to ensure isotropy in the directions z*,- - , !0, where the electric field has no support, it is

natural to let [ be extended only in the “transverse” directions and we take [135]
=K+ -+ K%, (6.3.21)
which has norm
() = (K% + -+ KK + -+ K') = —42. (6.3.22)

To find the metric solution corresponding to our sigma model, we first analyze the coset
representative at £ = 0,

V(t),_, = Exp [qﬁ(t)h + &(t)z} . (6.3.23)

In order to make use of the dictionary from Section [5.3.6] it is necessary to rewrite this in a
way more suitable for comparison, i.e., to express the Cartan generators h and [ in terms of
the gl(10, R)-generators K%, We thus introduce parameters £%(t) and £%(t) representing,
respectively, ¢ and (Z) in the gl(10,R)-basis. The level zero coset representative may then be
written as

10

VO)|o = Exp [Z (")) + &) K7

a=1

10
= Exp lz (£0(0) + €%()) K + (€'1(0K 1 + €31 K%2 + E%5()K73) ||
a=4
(6.3.24)

where in the second line we have split the sum in order to highlight the underlying spacetime
structure, i.e., to emphasize that £%, has no non-vanishing components in the directions

x!, 22, 23. Comparing this to Equation (6.3.1) and Equation (6.3.21) gives the diagonal
components of £€%; and £%,

¢ =8 =6=2¢/3, = =890=-9/3 = =89%=¢. (6.3.25)

Now, the dictionary from Section identifies the physical spatial metric as follows:

_ 7 : a = b
Ban(t) = ea” (e (1)355 = (XHE0), " (SHE0) o (6:3.26)
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By observation of Equation (|6.3.25)) we find the components of the metric to be

4¢/3
)

— o—20/3+26

g11 = 822 =833 =¢€ (6.3.27)

844 = = 8(10)(10)

This result shows clearly how the embedding of h and [ into Ejj is reflected in the coordinate
split of the metric. The gauge fixing N = /g (or n = 1) gives the gy-component of the
metric,

oy = N2 = ¢146-20/3 (6.3.28)

Next we consider the generator E'?3. The dictionary tells us that the field strength of the
3-form in eleven-dimensional supergravity at some fixed spatial point x¢ should be identified
as

Fi123(t,x0) = DAj23(t) = 0A123(1). (6.3.29)

It is possible to eliminate the Aj93(¢) in favor of the Cartan field ¢(¢) using the first integral
of its equations of motion, Equation (6.3.7)),

%e*‘*d’(f)aAlzg(t) = a. (6.3.30)

In this way we may write the field strength in terms of a and the solution for ¢,
Fua3(t, x0) = 2ae*®) = 20 H2(t). (6.3.31)

Finally, we write down the solution for the spacetime metric explicitly:

i 10
ds® = —el40120/3 42 4 (40/3 [(d$1)2 + (dz?)? + (d$3)2] + e20—20/3 Z(d:}:a)Q

a=4

_ 10

— _HYB)esVE g2 | 23y [(dz")? + (da?)? + (dz®)?] + H1/3(t)e@t > (da™)?,
a=4

(6.3.32)

where
B 2a

VE

This solution coincides with the cosmological solution first found in [49] for the geometric
configuration (31, 31), and it is intriguing that it can be exactly reproduced from a manifestly
E10 X K (&1p)-invariant action, a priori unrelated to any physical model.

Note that in modern terminology, this solution is an SM2-brane solution (see, e.g., [136]
for a review) since it can be interpreted as a spacelike (i.e., time-dependent) version of the
M2-brane solution. From this point of view the world volume of the SM2-brane is extended
in the directions ', z? and 3, and so is Euclidean.

In the BKL-limit this solution describes two asymptotic Kasner regimes, at t — oo and
at t — —o0. These are separated by a collision against an electric wall, corresponding to the
blow-up of the electric field Fyj23(t) ~ H~2(t) at t = 0. In the billiard picture the dynamics

H(t) cosh VEt. (6.3.33)
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in the BKL-limit is thus given by free-flight motion interrupted by one geometric reflection
against the electric wall,

e123(8) = B + 52+ 5, (6.3.34)
which is the exceptional simple root of F1g. This indicates that in the strict BKL-limit,
electric walls and SM2-branes are actually equivalent.

6.3.3 Intersecting Spacelike Branes From Geometric Configurations

Let us now examine a slightly more complicated example. We consider the configuration
(62,43), shown in Figure This configuration has four lines and six points. As such
the associated supergravity model describes a cosmological solution with four components
of the electric field turned on, or, equivalently, it describes a set of four intersecting SM2-
branes [122].

Figure 6.2: The configuration (62, 43), dual to the Lie algebra A; & A1 & Ay @ A;.

From the configuration we read off the Chevalley—Serre generators associated to the simple
roots of the dual algebra:

e = E'?3, ey = B, e3 = F240, eq = E3%, (6.3.35)

The first thing to note is that all generators have one index in common since in the graph any
two lines share one node. This implies that the four lines in (62,43) define four commuting
A subalgebras,

(62, 43) = H(6243) = A1 DAL QAL D A (6336)

One can make sure that the Chevalley—Serre relations are indeed fulfilled for this embedding.
For instance, the Cartan element h = [E*%2% [} ;. ] (no summation on the fixed, distinct
indices by, b, b3) reads

1 2
h=—3 > Kot g(K"y 4 K™, 1 K%,). (6:3.37)
a#b1,b2,b3

Hence, the commutator [h, EbiCd] vanishes whenever E%¢? has only one b-index,

L 2

[ B = =S [(K et K), B+ S[(K™y + K, + K), B

B 11 2\ o
= (3 3+3>E =0 (i=1,2,3). (6.3.38)
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Furthermore, multiple commutators of the step operators are immediately killed at level 2
whenever they have one index or more in common, e.g.,

[E123,E145] _ pl23145 _ (6.3.39)

To fulfill the Hamiltonian constraint, one must extend the algebra by taking a direct sum
with Rl, | = K77+ K8+ K%+ K'0. Accordingly, the final algebrais A; @A ®A1H A SRI.
Because there is no magnetic field, the momentum constraint and Gauss’ law are identically
satisfied.

By investigating the sigma model solution corresponding to the algebra g(g, 4,), augmented
with the timelike generator [,

g=A10410A A4, ORI, (6.3.40)

we find a supergravity solution which generalizes the one found in [49]. The solution describes
a set of four intersecting SM2-branes, with a five-dimensional transverse spacetime in the
directions t, 27, 28, 2°, 1°.

Let us erte down also this solution explicitly. The full set of generators for gg, 4, is

e1 = E123 eg = E145 e3 = E246 64:E356
fi = F123, fo = Fis, fz = Faue, fa = F356
hh o= —3 ZK“a—i- (K'y + K% + K73),
a7£123
hy = —- ZK“G+—(K11+K44+K55), (6.3.41)
a7é145
hy = —< ZKacHr (K% + K'y + K%),
a7é246
hy = —= ZK“aJr (K33 4+ K5 + K%).
a7£356

The coset element for this configuration then becomes
V(t) = €¢1(t)h1+¢2(t)h2+¢3(t)h3+¢4(t)h4+<13(t)l €A123(t)E123+A145(t)E145+A246(t)E246+A356(75)E356.

(6.3.42)
We must further choose the timelike Cartan generator, [ € h, appropriately. Examination
of Equation (6.3.41)) reveals that the four electric fields are supported only in the spatial

directions z',- - - , 2% so, again, in order to ensure isotropy in the directions transverse to the

S-branes, we choose the timelike Cartan generator as follows:
=K'+ K%+ K%+ K10y, (6.3.43)
which implies
=(|l) = (K7 + K% + K% + K'0| K77 + K% + K% + K'%1) = —12.  (6.3.44)

The Lagrangian for this system becomes

2
Li6z10) = L1+ Lo+ La+ La+ 500(t) 06(2), (6.3.45)
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where L1, Lo, L3 and L4 represent the SL(2,R) x SO(2)-invariant Lagrangians corresponding
to the four Aj-algebras. The solutions for ¢i(t),--- , ¢4(t) and qg(t) are separately identical
to the ones for ¢(t) and ¢(t), respectively, in Section From the embedding into Ejg,
provided in Equation (6.3.41)), we may read off the solution for the spacetime metric,

dsl, 4y = —(HiHyHsHy)Y2esVE-tae® 4 (HyHy) ™/ (HyHz)'/3 (dat)?
+(H1H3)72/3(H2H4)1/3(dx2)2 + <H1H2)72/3(H3H4)1/3(dx3)2
+(H3H4)72/3(H1H2>1/3(dx4)2 + (H2H4)72/3(H1H3)1/3(dx5)2

10
+(HaHs) ™3 (Hy Hy) Y3 (d2®)? + (Hy HoHs Hy)2esVE- S (da®)?.
a="7
(6.3.46)

As announced, this describes four intersecting SM2-branes with a 144-dimensional transverse
spacetime. For example the brane that couples to the field associated with the first Cartan
generator is extended in the directions z!, 22, 23. By restricting to the case ¢1 = ¢ = ¢35 =

¢4 = ¢ the metric simplifies to

2 2a \"/* 4/3 2\/Bt 0 20\ ? 2/3 - '\2
ds = — cosh™? vV EtesY Z'dt* + cosh™*° VEt g (dz®)
2,33 / El / E =

2a 4/3 1./ 10 =
+ (\/E) cosh?/? VEt eé\/Et Z(dma)z, (6.3.47)
a=7

which coincides with the cosmological solution found in [49] for the configuration (62,43).
We can therefore conclude that the algebraic interpretation of the geometric configurations
found in this chapter generalizes the solutions given in the aforementioned reference.

In a more general setting where we excite more roots of Epy, the solutions of course
become more complex. However, as long as we consider commuting subalgebras there will
naturally be no coupling in the Lagrangian between fields parametrizing different subalgebras.
This implies that if we excite a direct sum of m Aj-algebras the total Lagrangian will split
according to

L= Lp+L, (6.3.48)
k=1

where L is of the same form as Equation (j and £ is the Lagrangian for the timelike
Cartan element, needed in order to satisfy the Hamiltonian constraint. It follows that the
associated solutions are

1 a
or(t) = §ln [EkCOSh Ekt] (k=1,---,m),

oty = |2VE.

(6.3.49)

Furthermore, the resulting structure of the metric depends on the embedding of the Aj-
algebras into FEjg, i.e., which level 1-generators we choose to realize the step-operators and
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hence which Cartan elements that are associated to the ¢i’s. Each excited Aj-subalgebra
will turn on an electric 3-form that couples to an SM2-brane and hence the solution for the
metric will describe a set of m intersecting SM2-branes.

As an additional nice example, we mention here the configuration (73, 73), also known as
the Fano plane, which consists of 7 lines and 7 points (see Figure . This configuration is
well known for its relation to the octonionic multiplication table [137]. For our purposes, it
is interesting because none of the lines in the configuration are parallell. Thus, the algebra
dual to the Fano plane is a direct sum of seven Aj-algebras and the supergravity solution
derived from the sigma model describes a set of seven intersecting SM2-branes.

3

[<2]

1 5

Figure 6.3: The Fano Plane, (73, 73), dual to the Lie algebra A1 A1 &A1 A1 DA A1 D A;.

6.3.4 Intersection Rules for Spacelike Branes

For multiple brane solutions, there are rules for how these branes may intersect in order
to describe allowed BPS-solutions [138]. These intersection rules also apply to spacelike
branes [139] and hence they apply to the solutions considered here. In this section we will
show that the intersection rules for multiple S-brane solutions are encoded in the associated
geometric configurations [122].

For two spacelike g-branes, A and B, in M-theory the rules are

(ga +1)(g +1)

SMgaNSMqp = 9 -1 (6.3.50)
So, for example, if we have two SM2-branes the result is
SM2N SM2 =0, (6.3.51)

which means that they are allowed to intersect on a 0-brane. Note that since we are dealing
with spacelike branes, a zero-brane is extended in one spatial direction, so the two SM2-
branes may therefore intersect in one spatial direction only. We see from Equation
that these rules are indeed fulfilled for the configuration (62,43).
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In [67] it was found in the context of gt -algebras that the intersection rules for extremal
branes are encoded in orthogonality conditions between the various roots from which the
branes arise. This is equivalent to saying that the subalgebras that we excite are commuting,
and hence the same result applies to gt+-algebras in the cosmological context®. From this
point of view, the intersection rules can also be read off from the geometric configurations
in the sense that the configurations encode information about whether or not the algebras
commute.

The next case of interest is the Fano plane, (73,73). As mentioned above, this configu-
ration corresponds to the direct sum of 7 commuting A; algebras and so the gravitational
solution describes a set of 7 intersecting SM2-branes. The intersection rules are guaranteed
to be satisfied for the same reason as before.

6.4 Cosmological Solutions With Magnetic Flux

We will now briefly sketch how one can also obtain the SM5-brane solutions from geometric
configurations and regular subalgebras of E1g. In order to do this we consider “magnetic”
subalgebras of Fjg, constructed only from simple root generators at level two in the level
decomposition of Fyg. To the best of our knowldege, there is no theory of geometric con-
figurations developed for the case of having 6 points on each line, which would be needed
here. However, we may nevertheless continue to investigate the simplest example of such a
configuration, namely (61, 1), displayed in Figure

1 2 3 4 5 6

Figure 6.4: The simplest “magnetic configuration” (61, 1g), dual to the algebra A;. The
associated supergravity solution describes an SM5-brane, whose world volume is extended in
the directions z!,-- -, 25.

The algebra dual to this configuration is an Aj-subalgebra of Fjy with the following
generators:

123456 _

e F193456,

1 1
h = [E1234567F123456] =% E K“a+§(K11+...+K66)' (6.4.1)
a# 1, 6

Although the embedding of this algebra is different from the electric cases considered pre-
viously, the sigma model solution is still associated to an SL(2,R)/SO(2) coset space and
therefore the solutions for ¢(t) and ¢(t) are the same as before. Because of the embedding,
however, the sigma model translates to a different type of supergravity solution, namely a
spacelike five-brane whose world volume is extended in the directions z', - -- , 2%. The metric
is given by

6 10
ds? = —H™3(t) es VE-t g2 + H1/3(¢) > (da)? + HY6()es VE- > (da")?. (6.4.2)
a'=1 a="7

3This was also pointed out in [135].
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This solution coincides with the SM5-brane found by Strominger and Gutperle in [140]*. Note
that the correct power of H(t) for the five-brane arises here entirely due to the embedding of
h into E1g through Equation (6.4.1]).

Because of the existence of electric-magnetic duality on the supergravity side, it is sugges-
tive to expect the existence of a duality between the two types of configurations (n,,, g3) and
(nm, g6), of which we have here seen the simplest realisation for the configurations (31, 13)
and (61, 16)-

6.5 The Petersen Algebra and the Desargues Configuration

We want to end this section by considering an example which is more complicated, but very
interesting from the algebraic point of view. There exist ten geometric configurations of the
form (103,103), i.e., with exactly ten points and ten lines. In [49], these were associated
to supergravity solutions with ten components of the electric field turned on. This result
was re-analyzed by some of the present authors in [122] where it was found that many
of these configurations have a dual description in terms of Dynkin diagrams of rank 10
Lorentzian Kac-Moody subalgebras of E1g. One would therefore expect that solutions of the
sigma models for these algebras should correspond to new solutions of eleven-dimensional
supergravity. However, since these algebras are infinite-dimensional, the corresponding sigma
models are difficult to solve without further truncation. Nevertheless, one may argue that
explicit solutions should exist, since the algebras in question are all non-hyperbolic, so we
know that the supergravity dynamics is non-chaotic.

We shall here consider one of the (103, 103)-configurations in some detail, referring the
reader to [122] for a discussion of the other cases. The configuration we will treat is the
well known Desargues configuration, displayed in Figure The Desargues configuration is
associated with the 17th century French mathematician Gérard Desargues to illustrate the
following “Desargues theorem” (adapted from [134]):

Let the three lines defined by {4,1},{5,2} and {6,3} be concurrent, i.e., be in-
tersecting at one point, say {7}. Then the three intersection points 8 = {1,2} N
{4,5},9={2,3} n{5,6} and 10 = {1,3} N {4,6} are colinear.

Another way to say this is that the two triangles {1,2,3} and {4, 5,6} in Figure are
in perspective from the point {7} and in perspective from the line {8, 10,9}.

As we will see, a new fascinating feature emerges for this case, namely that the Dynkin
diagram dual to this configuration also corresponds in itself to a geometric configuration. In
fact, the Dynkin diagram dual to the Desargues configuration turns out to be the famous
Petersen graph, denoted (103, 152), which is displayed in Figure

To construct the Dynkin diagram we first observe that each line in the configuration is
disconnected from three other lines, e.g., {4,1,7} have no nodes in common with the lines
{2,3,9}, {5,6,9}, {8,10,9}. This implies that all nodes in the Dynkin diagram will be
connected to three other nodes. Proceeding as in Section leads to the Dynkin diagram

“In [140] they were dealing with a hyperbolic internal space so there was an additional sinh-function in the
transverse spacetime.
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Figure 6.5: (103,103)3: The Desargues configuration, dual to the Petersen graph.

in Figure which we identify as the Petersen graph. The corresponding Cartan matrix is

2 -1 0 0 0 0 0 0 -1 -1

-1 2 -1 0 0 -1 0 0 0 0

0 -1 2 -1 0 0 0 -1 0 0

0O 0 -1 2 -1 0 0 0 0 -1

o 0 0 -1 2 -1 0 0 -1 0
Algretersen) = | 00 1 g o 1 2 -1 o0 0o ol (6.5.1)

o 0 0 0 0 -1 2 -1 0 -1

O 0 -1 0 0 0 -1 2 -1 0

-1 0 0 0 -1 0 0 -1 2 0

-1 0 0 -1 0 0 -1 0 0 2

which is of Lorentzian signature with

det A(gpetersen) = —256. (6.5.2)

The Petersen graph was invented by the Danish mathematician Julius Petersen in the end of
the 19th century. It has several embeddings on the plane, but perhaps the most famous one is
as a star inside a pentagon as depicted in Figure One of its distinguishing features from
the point of view of graph theory is that it contains a Hamiltonian path but no Hamiltonian
cycled.

Because the algebra is Lorentzian (with a metric that coincides with the metric induced
from the embedding in FEjp), it does not need to be enlarged by any further generator to
be compatible with the Hamiltonian constraint. Recently, cosmological solutions associated
with the Petersen algebra were further analyzed in [141].

5We recall that a Hamiltonian path is defined as a path in an undirected graph which intersects each node
once and only once. A Hamiltonian cycle is then a Hamiltonian path which also returns to its initial node.
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Figure 6.6: This is the so-called Petersen graph. It is the Dynkin diagram dual to the
Desargues configuration, and is in fact a geometric configuration itself, denoted (103, 152).

[,

Figure 6.7: An alternative drawing of the Petersen graph in the plane. This embedding
reveals an S3 permutation symmetry about the central point.



1o and Massive Type IIA Supergravity

In the previous chapter, we discussed in detail the example of eleven-dimensional super-
gravity, and how its associated dynamics in a cosmological regime is reproduced from a
geodesic sigma model with target space K(E19)\E19- This correspondence relied heavily on
the level deomposition of the Lie algebra Fp¢ with respect to the finite-dimensional subal-
gebra s[(10,R), which at low levels reveals representations matching the tensor structure of
the p-form fields of eleven-dimensional supergravity. As discussed in some detail in Section
slicing up E19 with respect to different finite subalgebras gives rise to the field con-
tents also of the type ITA and IIB supergravities in ten dimensions. In this chapter we shall
investigate this correspondence in the context of massive type IIA supergravity, originally
discovered by Romans [142], whose field content arises from a decomposition of Ejy with
respect to a specific s[(9, R)-subalgebra. Here it is particularly interesting to note that from
the Ejp point of view, the mass deformation arises from a representation at s[(10,R)-level
4 in the terminology of Sections [2.5.4] and Although this level 4 representation has no
interpretation in the eleven-dimensional theory, we shall find that it matches precisely with
the mass-parameter in the type IIA context, thus revealing an algebraic and dynamic unifi-
cation of massive ITA supergravity and eleven-dimensional supergravity with the framework
of the K (&10)\&10-sigma model at low levels. In this chapter we will spell out this relation
in detail, including both the bosonic and fermionic sectors of massive IIA supergravity. To
include fermions in the correspondence, we must extend the K(&10)\E1p-sigma model of Sec-
tion to incorporate spinorial representations of K (&19). This is developed in Section
following earlier work [69-72]. To improve readability, many of the details of the calculations
are relegated to Appendix [A] This chapter is based on Paper VI, written in collaboration
with Marc Henneaux, Ella Jamsin and Axel Kleinschmidt.

7.1 Massive IIA supergravity
Massive type IIA supergravity was first constructed by Romans [142] by deforming the stan-

dard type ITA supergravity through a Stiickelberg mechanism, giving a mass to the two-form
potential through the replacement F,, — Fj,, + mA,,, where F,, = 20),A,;. The potential

159
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D = 11 supergravity No known D = 11 origin
|
St |
v

Massless ITA | ~_ —— A | Massive I[TA

Massive deformation
Floy = Flg) + mA)

Figure 7.1: Massive ITA supergravity from D = 11 supergravity: Massive type IIA super-
gravity is obtained as a deformation of the standard type IIA supergravity, but unlike the
latter, it does not possess any known eleven-dimensional origin. See Figure[7.2 for a pictorial
description of how D = 11 supergravity and massive IIA supergravity are unified inside £1g.

A, can then be gauged away by a gauge transformation of A,,. This process unfortunately
obscures the massless limit to recover the standard ITA theory [5-7] as some of the supersym-
metry variations involve a coefficient m™!. This is remedied by a field redefinition presented
in [143,144], that we will make use of in this chapter.

Moreover, a more democratic version of massive type ITA is given in [144,145], in which
every form field comes with its dual. In particular, it involves a nine-form as a (potential)
dual to the mass (seen as a field strength). This democratic formulation makes explicit the
striking feature of massive ITA supergravity that it allows the existence of a D8-brane, that is
known to exist in type IIA string theory. Indeed, this feature requires a nine-form potential
that couples to the D8-brane, and accordingly does not appear in massless ITA supergravity.
Although in our analysis we will not use directly the democratic formulation, we will employ
the field redefinitions used in [143] in order to clarify the massless limit.

In addition, as a motivation for the present work, one also finds a nine-form in a certain
decomposition of &g, as will be developed in the next section, and this nine-form appears in
the K(&10)\&10 Lagrangian in the same way as the mass term in the massive ITA Lagrangian.
Massive ITA supergravity has in common with many other deformed maximal supergravities
that it does not possess any known higher dimensional origin, as illustrated in Figure [7.1] A
consequence of the present work is to show that, although they are not related by dimensional
reduction, eleven dimensional supergravity and massive ITA supergravity have the same &£
origin as displayed in Figure see also [58,116,146].1

7.1.1 Romans’ Theory

In this section, and throughout the chapter, the curved ten-dimensional space-time indices
are denoted by p and decompose into time ¢ and nine spatial indices m. The flat indices are
similarly denoted by a = (0, a). Our space-time signature is (—+...+). More details on the

We note that the search for an eleven-dimensional origin of the Romans mass parameter, and hence the
D8-brane, has led to studies of an M-theory M9-brane which is meant to exist in the presence of one Killing
direction and then reduces to the IIA D8-brane, see e.g. [147,148].



7.1 Massive IlA supergravity 161

Eq
61 (617 62)
‘Dimensional Reduction’
ESUGRAll C ‘CEl()/K(El()) / > [:mHA C ‘CEl()/K(El())
2

Figure 7.2: This picture describes the common &£y origin of eleven-dimensional supergrav-
ity and massive type IIA supergravity. First, if one considers a level {1 decomposition of
E10 with respect to Ag (cf. Figure , one sees that the first levels ({1 = 0 to {1 = 3) of
an K(&10)\&10 sigma-model correspond to a truncated version of eleven-dimensional super-
gravity, with Lagrangian Lsucra,, [149]. Taking this as a starting point, we can perform
an additional level ¢y decomposition on the sigma model. On the lower {1 levels ({; = 0
to {1 = 3) this is equivalent to a dimensional reduction of eleven-dimensional supergravity,
which gives massless IIA supergravity (cf. Figure . However, if one includes one of the
generators appearing at {1 = 4, this leads to a theory that coincides with a truncated ver-
sion of massive IIA supergravity, with Lagrangian Ly11a. This procedure is equivalent to a
multi-level ({1, {3) decomposition of £1g with respect to Ag. More details on this are given in
Section By similar arguments, one could add IIB supergravity to this picture, in the
sense that it has the same &g origin in a level decomposition with respect to Ag x A1, I.e.
with respect to node 8 in the Dynkin diagram in Figure 7.3 [62)].

conventions can be found in Appendix

The complete supersymmetric Lagrangian (up to second order in fermions) in Einstein
frame is given by the sum of a bosonic and a fermionic part, £ = LB + £IF]. The bosonic
sector contains a metric G, a dilaton ¢, a one-form Ay with field strength F{y), a two-
form A(y) with field strength F{3), a three-form Az with field strength F4), and a real mass
parameter m. The bosonic part of the Lagrangian reads

cPl = =G —%e—

Lo 1 540 2 & 2 1 4 9 1 9 540
3—5\@\ — 7€ /2| Fg)| |F(3)] —@€/|F(4)| —gme /

1 m

+ et 1448#1A#2#3M48M5Au6#7#8‘4u9u10 + ﬁaﬂlAM2#3H4AAL5#6AH7/—L8AH9HIO

m2

1280 AﬂlH2A

+ pana Aps e Apzps Apopno | - (7.1.1a)

Here, we already point out that the massive deformation induces a positive definite potential
on the scalar sector. This is in marked contrast to what happens for gauged supergravity in
lower dimensions where the scalar potential is generically indefinite [150,151], causing also
problems in the connection to &1 [152].
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On the fermionic side, we have two gravitini, combined in a single 10 x 32 component
vector-spinor ¢, and two dilatini, combined in a single 32 component Dirac-spinor A, which
decompose into two fields of opposite chirality under SO(1,9). For this sector the Lagrangian
takes the form

LI = /=G | = 2¢,, T3 Dyt — ADED A + 8, GATH2TH14p,,

1 - 3- 5_
€ Fpg (D10, DT 1, — SATVTHT 0, + AT )

1 - -
+ Ee_¢/2F/J1-~H3 (w[ylFVIFNI---MBFV2F1(]¢V2] — )\Fljr’ulm’ugrlowy>
¢’/4F b TVITHL--HaT V2 15\I‘VF“1"'”4 35\1_”“.“#4)\
= 5 P (P Vil 5 Yot 3 )

21

_ 1 _ _
+ §m65¢/4)\/\ - §me5¢/4¢mr“w2% + Zmew/‘*xrﬂwﬂ : (7.1.1b)

The last line contains the explicit mass terms for the fermions. There are also implicit mass
deformations in the definitions of the field strength in terms of the gauge potentials

Fiow, = 28[M1Au2} +mAu s
Fuipops = 3a[u1Au2M3] )
Frpopspa = 46[#1‘4#2#3#4} + 4A[M1Fu2u3u4] + 3m‘4[u1u2‘4u3u4] : (7.12)

In the Lagrangian, they are contracted without additional factors, for example
|Fioy|* = Flyu F*1#2. (7.1.3)

In we see the characteristic feature of a deformed theory that the usual tensor hierarchy
of gauge fields is broken: there are forms coupling to potentials of higher degree but only
through terms proportional to the deformation parameter. The tangent space field strengths
are defined as usual by conversion with the (inverse) vielbein e,*, for example Fy 0, =
€ar a2 Fy 1, - Flat indices are raised and lowered with the Minkowski metric and we will
often write contracted flat spatial indices on the same level.

7.1.2 Supersymmetry Variations

The supersymmetry variations leaving (7.1.1) invariant, up to total derivatives and higher
order fermion terms, are listed in this section. For the fermions, they read

1 1
Sethy = Dye— §m€5¢/41—‘“8 — ae3¢’/4F,,p(r,/P — 146 T")Tyge

1
+ e ?2F, 0 (1,77 — 95Ty ge

96
Ly vooy _ 20 sjyppon]
AT Fypory(Tp 3T )e, (7.1.4)
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and
Lo ru. D s/ 3 3¢/ap puv
0N = 3 LT €+§€ me — Ee FE,, I'"Tge
1 1
—ﬁe_‘b/QFWpF“”pI‘loe + @e¢/4FM,,paF“”p"s, (7.1.5)
while for the bosons we have
Seep® = iel %, 8.0 =ile, (7.1.6)
and
0c Ay =0, 0e Ay = O, 0 Apwp = Opvp + 6 A0, (7.1.7)
where
0 . ;,—30/4 7 35
W= € —Q,Z)M - Z)\Fu Floé‘,
_ 1-
O = ie?/? (2 P Ty — 2/\FW> '€,
_ 1_
H/Jyp = Z.€_¢/4 (3 w[,uFVP} + 4)\1—‘qu> E. (718)

Note that the mass only enters in the supersymmetry variations of the fermions.

7.2 On &) and the Geodesic Sigma Model for K(&1)\&o

In this section we give some basic properties of the Kac—-Moody algebra F1y and explain how to
construct a non-linear sigma model for geodesic motion on the infinite-dimensional coset space
K (&10)\&10. To this end we shall slice up the adjoint representation of Ejp in a multi-level
decomposition, suitable to reveal the field content of massive IIA supergravity [146,153]. In
order to incorporate also the fermionic sector in the sigma model, we will analyse the relevant
(unfaithful) Dirac-spinor and vector-spinor representations of K (E1q) up to the desired level.?
For a more detailed discussion of the general E19 methods employed here we refer to the
review papers [51,94], for more information about K (Ejg) see [69-72], and for a mathematical
introduction to Kac-Moody algebras the canonical reference is [34].

7.2.1 Generalities of the Kac-Moody Algebra F

Here we discuss the salient features of the hyperbolic Kac-Moody algebra Fjg, the group of
which we shall denote by £19. We will furthermore only be concerned with the split real form

2The vector-spinor representation ¥ that we construct (following [69-72]) is unfaithful in the sense that it is
a finite-dimensional representation of the infinite-dimensional algebra K(FE10). However, we stress that in the
spirit of the original ‘gradient conjecture’ of [149] it would be more natural to regard ¥ as the first component in
a faithful (infinite-dimensional) representation U= (U,0,9,...) of K(E10), where the remaining components
encode spatial gradients of the gravitino ¥ [70,71]. As the employed 320 representation is a fully consistent
representation of K (&10), its transformations (that will be shown to be in good agreement with supergravity
below) will never leave this 320-dimensional (invariant) representation space. A reconciliation of this with the
gradient conjecture is beyond the scope of the present analysis.
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Figure 7.3: The Dynkin diagram of E1g with the nodes associated with the level decomposi-
tion indicated in white.

Ero := ¢19(10)(R) of the complex Lie algebra E19(C). The split real form is generated by ten
triples (e;, fi, hi), i = 1,...,10, of Chevalley generators, each triple making up a distinguished
subalgebra,

5[1'(2,R) = Rf; ® Rh; & Re; C Eqg. (7.2.1)

These subalgebras are intertwined inside F1g according to the stucture of the Dynkin diagram
in Figure[7.3] The full structure of the algebra follows from multiple commutators of the form
(€1, [€ig, - - [€i_y» €] - -+ ]] (and similarly for the f;’s) modulo the so-called Serre relations.
We have the standard triangular decomposition

E10 =n_©& h dng, (7.2.2)

where h = ) . Rh; is the Cartan subalgebra and the nilpotent parts ni are generated by
the e;’s and f;’s, respectively. In other words, the subspace ny contains the positive step
operators, while n_ contains the negative step operators.

The maximal compact subalgebra K(F19) C Ejo is defined as the subalgebra which is
pointwise fixed by the Chevalley involution w,

K(E) = {z € Ey | w(z) =z}, (7.2.3)
where w is defined through its action on each triple (e;, fi, h;):
wle) =—fi,  w(fi)=-e,  wlh)=—h (7.2.4)

By virtue of the existence of K(FEio) we have the standard Iwasawa and Cartan decomposi-
tions (direct sums of vector spaces),

By = K(Ei)®bhdng, (Iwasawa)
Eip = K(Ew)®p, (Cartan), (7.2.5)

which will both be of importance in subsequent sections. The generators belonging to p are
those which are anti-invariant under w. Note that the subspace p does not close under the
Lie bracket, but rather transforms in a representation of . On the other hand, the subspace
b := h @ ny is a subalgebra of Fyg, known as a Borel subalgebra. Using the Chevalley
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involution we project an arbitrary generator x € Fjig onto the different subspaces of the
Cartan decomposition according to

Q = %[:zz—l—w(x)] € K(Ey),
P = %[w—w(m)] € p. (7.2.6)

The Cartan matrix A of Fjp, deduced from the Dynkin diagram in Figure induces
an indefinite and non-degenerate bilinear form (-|-) on h as follows

By invariance, this bilinear form can be extended to all of Ejg, and in particular for the
Chevalley generators we have

(eilfj) =iz (hilej) =0, (hilf;) = 0. (7.2.8)

This bilinear form will be used in subsequent sections to construct a manifestly Fjg-invariant
Lagrangian.

7.2.2 The lIA Level Decomposition of £y and K (E))

To elucidate the relation between the infinite-dimensional algebra F1g and the field content of
massive type ITA supergravity, we shall perform a decomposition of the adjoint representation
of Ejp into representations of the finite-dimensional subalgebra Ag = s[(9,R), defined by
nodes 1,...,8 in the Dynkin diagram in Figure (see also [146]). Each generator of Ejg is
then represented as an sl(9, R)-tensor, say Xg,...q, € E10, where the indices are interpreted as
the flat spatial indices of the ten-dimensional supergravity theory and transform in a given
irreducible representation described by a set of Dynkin indices, or equivalently by a Young
tableau. Since Fig is of rank 10 and Ag is of rank 8, this decomposition is a multilevel
£ := (1, 2)-decomposition, with ¢ being associated with the exceptional node in the Dynkin
diagram, while £5 corresponds to the rightmost node.

A useful alternative point of view on this decomposition is to first perform only the ¢;
decomposition with respect to the horizontal Ag 2 s[(10,R) subalgebra consisting of nodes
1 through to 9 in Figure As is well-known, at low ¢; levels, this decomposition gives
rise to the field content of eleven-dimensional supergravity [89,149]. We can then view the
additional decomposition with respect to fo as a ‘dimensional reduction’ from D = 11 to
D =10. It is this point of view which enables us to relate the mass term in massive type ITA
supergravity to a generator of Fig at level £1 = 4 in the standard ‘M-theory decomposition’
of [58,89,149]. This is intriguing since in D = 11 the matching between supergravity and F1g
has only been successful up to ¢; = 3. Thus, the mass term in D = 10 provides a non-trivial
check of Fjg beyond its ‘s[(10, R)-covariantized eg’ subset, i.e. the generators of eg and their
images under (the Weyl group of) s[(10,R).

The relation between F1¢ and e1; and the mass deformation parameter of type IIA super-
gravity has been pointed out in various earlier references. In [153] the massive type IIA theory
was reformulated as a non-linear realization where the mass term was associated with a cer-
tain nine-form generator of e;;. Shortly after, in [116], it was observed that the mass term in
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’ (4q,42) ‘ s[(9,R) Dynkin labels ‘ Generator of Eqg ‘
(0,0) [11,0,0,0,0,0,0,1] & [0,0,0,0,0,0,0,0] e
(0,0) [0,0,0,0,0,0,0,0] T
(0,1) [0,0,0,0,0,0,0,1] Fa
(1,0) [0,0,0,0,0,0,1,0] paas
(1,1) 0,0,0,0,0,1,0,0] Faiazas
(2,1) [0,0,0,1,0,0,0,0] Fai.as
(2,2) [0,0,1,0,0,0,0,0] Far-as
(3,1) [0,1,0,0,0,0,0,0] oror
(3,2) [1,0,0,0,0,0,0,0] Far.-as
(3,2) 0,1,0,0,0,0,0,1] paolar..ar
(4,1) [0,0,0,0,0,0,0,0] pai...as

Table 7.1: IIA Level decomposition of Eyy under s[(9,R).

Romans’ theory corresponds to a positive real root of F1g. This was further elaborated upon
in [61] where a truncated version of massive type ITA supergravity in an SO(9,9)-covariant
formulation was shown to be equivalent to the sigma model for Fyg in a level decomposition
with respect to a Dy = s0(9,9)-subalgebra. This analysis mainly focused on the bosonic
sector, but a preliminary analysis of the fermionic sector was initiated by restricting to the
zeroth level of the Ejg-decomposition. It was also pointed out in [58,94,146] that the mass
term has a natural interpretation as a generator at level four in a decomposition of F1g with
respect to Ag = s[(9,R). From this point of view, the kinetic term in the sigma model associ-
ated with this generator naturally gives rise to the mass term of type IIA upon dimensional
reduction. This is the viewpoint which we extend in the present work.

Generators of Fyg

The level decomposition of Ejg under the Ag = s[(9,R) subalgebra up to level ({1, ¢2) = (4,1)
is shown in Table At level (¢1,42) = (0,0) there is a copy of gl(9,R) = sl(9,R) ® R, as
well as a scalar generator associated with the dilaton. The commutation relations at this
level are (a,b=1,...,9)

(K%, K] = 0K — 63K,
[T,K%] = 0, (7.2.9)
and the bilinear form reads
1
(KUWlKea) = 0305 — 6305, (TIT) =3, (TIK")=0. (7.2.10)

All objects transform as gl(9,R) tensors in the obvious way. The positive level generators
are obtained through multiple commutators between the (fundamental) generators E* and
E® on levels (0,1) and (1,0), respectively. For example, the generator on level (1,1) is
obtained simply as the commutator

(B, ] = Eobe, (7.2.11)



7.2 On &y and the Geodesic Sigma Model for K (&19)\&10 167

All the remaining relevant commutators up to level (4,1) are given in Appendix No
generators of E1g appear on mixed positive and negative levels, meaning that for any X, € Fqg
the levels ¢1 and f» are either both non-positive or both non-negative. In terms of the
multilevel ¢ = (¢1,¢2) we shall denote this by ¢ < 0 or £ > 0, respectively. This implies that
the level decomposition induces a grading of Ejg into an infinite set of finite-dimensional
subspaces gy with respect to the multilevel ¢. Let E, and Ep be arbitrary root vectors in
the subspaces gy and gy of F1g9. Then a generic commutator, generalizing , takes the
form

[E¢, Ev] = Evye € Qover- (7.2.12)

The negative level generators are simply obtained using the Chevalley involution, and for an
arbitrary positive level generator Fy € gy we define the associated negative generator as

Fp:=—w(Ey) € g_y, L e 7. (7.2.13)

Because of the graded structure, commutators between generators in gy and g_, belong to
the zeroth subspace go. For example, for the fundamental generator E% € 9(0,1) We have

1
[EG,IGQ’ Fble] _ _55211;22[( 4 45[0‘1[(‘7‘2} _ 25;11;227—'_ (7214)

(b1 bo]

The explicit form of the remaining commutators can be found in Appendix

The “Mass Generator”

Let us now discuss in more detail how the generator associated with the mass term appears
in the level decomposition of E1g. First consider the decomposition with respect to ¢1. At
level /1 = 4 one finds a generator corresponding to an s[(10,R)-tensor with 12 indices of
the form E4Plc1¢10 (with ¢ = (10,a), etc.), which has mixed Young symmetry, i.e. it is
antisymmetric in the block of indices ¢q,. .., ¢19 and symmetric in a, b. This generator has
no physical interpretation in D = 11 supergravity. However, consider now the further level
decomposition with respect to #2. This can be realized by doing a dimensional reduction on
Ealbléréo along the direction ‘10°. We are interested in the generator obtained in this way
by fixing the first three indices to @ = b = ¢; = 10, which yields [58,94]

Foias . éEIO\IO\IOar"ag‘ (7.2.15)

The resulting tensor corresponds to the (¢1,f3) = (4,1)-generator E% in Table [7.1} This
s[(9,R)-tensor is a nine-form, and is therefore associated with a supergravity potential A, ...qq
whose field-strength is a top-form in D = 10. This is the generator associated with the mass
term. From this analysis it is clear that the mass deformation of type IIA supergravity
probes E1g beyond the realm of what has been successfully verified previously in the context
of D = 11 supergravity. This is especially interesting due to the fact that the ¢; = 4-generator
Ealblércio i 5 ‘genuine’ Ejo element, with no components contained in eg nor in eg.
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Generators of K(FEg)

The level decomposition of F1g induces a decomposition of its maximal compact subalgebra
K (E1p) which was defined in (7.2.3). Using the Cartan decomposition, (7.2.5) and (7.2.6)),
we define compact and noncompact generators, J; € K(FE1o) and Sy € p, as follows

Jo=FE;—F,  Sp=E+F, (€Z3,\{(0,0)}. (7.2.16)
Furthermore, at level (0,0) we have the so(9) Lorentz generators
M® .= K% — K°,. (7.2.17)

This decomposition of K(Ep) is not a gradation, but rather corresponds to a filtration [72],
in the sense that an arbitrary commutator between two ‘positive level’ generators exhibits a
graded structure modulo lower-level generators only,

[Je, Jor] = J|g_g/| + Joyer, (7.2.18)

where it is understood that J,_p| # 0 if and only if ((—£') > 0 or (£—¢') < 0. In other words,
Jj—p| is non-zero only when the difference (£ — ") involves no mixing between negative and
positive levels.

Using (7.2.16)), together with the FEj¢ commutators in Appendix we may deduce
the abstract K (Fp)-relations at each ‘level’. Let us consider a few examples to illustrate the

procedure. We begin by defining the K (Fjg)-generators associated with level (0,0) and the
fundamental generators at level (0,1) and (1,0):

J:=E“—F,, J .= g% _F,. (7.2.19)

Since there are no generators of mixed level (1, —1) the commutator [E®, F}] vanishes, and
the commutator between J% and J¢ simply gives

[, J¢] = Jabe, (7.2.20)

with Jabe .= pabe _F . Proceeding in the same way for J%'%2 and J* %29 we obtain J% %
modulo lower level terms,

[Jo1ez | Jesaaas] — jar-as _ Golasas jas] (7.2.21)

aiaz

Note that one may project onto J* % as follows,
Joras = | glaos goao] ] (7.2.22)

Here, all indices are s0(9) vector indices and are raised and lowered with the Euclidean dgy,
so that the position does not matter. The other relevant K (FEjg)-commutators are listed in

Appendix
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7.2.3 Spinorial Representations

The fermionic degrees of freedom in the sigma model for K(&19)\&1p transform in spinorial
representations of K(FEpg). The two relevant K (FE1g) representations are finite-dimensional
(unfaithful) and of dimensions 32 and 320, respectively. In the decomposition of K(FEio)
associated with eleven-dimensional supergravity these representations transform as a 32-
dimensional Dirac spinor representation € of s0(10) C K(F1o) and a 320-dimensional vector-
spinor representation U4, @ = (10,a), of s0(10) C K(Ep), identified with the gravitino
[69-72]. Upon reduction to the ITA theory (through the additional level decomposition
with respect to f3) the gravitino decomposes into a 32-dimensional spinor ¥jy and a 288-
dimensional vector spinor ¥, of s0(9). However, because they both descend from W, these
two representations will mix under K (F1o) [154]. No such complication arises for the super-
symmetry parameter ¢, for which we keep the same notation in the ITA picture. The spinor
U will be associated with the ten-dimensional dilatino, while the vector-spinor ¥, is related
to the gravitino.
For the first three levels, the transformation properties of the spinor € are

1

]\4ab'6 — §l—\ab€’
1
J e = §I‘10F“e,
1
J® . e = §F10P“be, (7.2.23)

where T and ' are so0(9) I'-matrices (our I'-matrix conventions are given in Appendix
A.1.1). The higher level transformations are now defined through the abstract K(Ejg)-

relations; for example:

JUNR2 e = [JalaQ, J“S] € = }F‘“@a?’ﬁ,
Jure e = [glmes gomsl] %meal"'%e. (7.2.24)

Similarly, we have for the spinor component W, the following low-level transformations:

Ma1a2 . \Ijlo _ %I‘\CHCQ\I]]-O
1
JC Wy = §F10Fa‘1’10 + v,
1 4
JUe Wy = grlofam‘l’m + §F[a1‘1’a2], (7.2.25)

showing explicitly the mixing between Wyy and ¥, under K(FEjg). Finally, we also have for
W,:

1
MOy = STy 20,

1
J. v, = il“lol“a\lfb — 58\1110,
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1 4 2
JUe Wy = Tyl grloa}fl o2l 4 grmrb[‘“\wﬂ
4 1
+§5}f1ra2hpm - 5Ty, (7.2.26)

More details on these K (FE1o)-representations can be found in Appendix We note that
we could also have redefined the SO(9) spinor ¥, by a shift with I',I''%;( as one does in
Kaluza—Klein reduction (cf. (A.1.18)) but refrain from doing so here.

7.2.4 The Non-Linear Sigma Model for K (&0)\&o

A non-linear sigma model with rigid £jg-invariance and local K(&1p)-invariance may now
be constructed using the properties of E1g described in previous sections. By virtue of the
Iwasawa decomposition we can always choose a coset representative in the partial ‘Borel
gauge’ by taking

V(t) =) = V06¢T€A*E € K(glo)\glo, (7.2.27)

where Vy = exp h%,K?, represents the GL(9,R) inverse vielbein e,™, while eA*F contains

the positive step operators of Fqg. We call this a partial Borel gauge since V; is not con-
strained to contain only positive step operators of gl(9,R). In other words, Vy is an arbitrary
GL(9,R)-matrix and not a representative of the coset SO(9)\GL(9,R). With some abuse
of terminology, we shall sometimes refer to the part of £1g parametrized by V as the ‘Borel
subgroup’, and denote it by 81'5 3. The positive level part e*E of V is defined as

1 1
et = exXp [Am(t)Em]eXp [§Am1m2 (t)EmlmQ]eXp[gAm1m2m3 (t)Emlm2m3] T (7.2.28)

with similar exponentials occurring for the higher levels. Note that in this expression the
indices my,ma,... are sl(9,R)-indices, and hence correspond to curved spatial indices from
a supergravity point of view.

The coset representative V transforms under global g € E&jg-transformations from the
right and local k € K (&1p)-transformations from the left:

Y +— kVg. (7.2.29)
From V we construct the Lie algebra-valued Maurer—Cartan form
VYV =P+ 0Q, (7.2.30)

where we also employed the Cartan decomposition, according to ([7.2.6]). The transformation
property of V in ([7.2.29) implies that the coset part P € p of the Maurer-Cartan form is
globally &jg-invariant while transforms covariantly under K (&19):

K(&19) : P — kPE™ L (7.2.31)
On the other hand, Q € K(Fp) properly transforms as a connection,

K(&1) @ Q — kQk™' + opkk™". (7.2.32)

3This differs from the ‘true’ Borel subgroup B := exp b C &0 through the negative root generators in Vo
(see Section for the definition of b). & is only a parabolic subgroup of 1.
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Using the bilinear form on Ejp, we can now construct a manifestly E19 X K (E10)1ocal-
invariant Lagrangian as follows [89, 149]
[B) _ Lo
L Eronery = Zn(t) (P|P), (7.2.33)
where the lapse function n(t) ensures invariance under reparametrizations of the geodesic
parameter t. We have also included a superscript [B] to emphasize that this Lagrangian is
only the bosonic part of a sigma model which also includes the fermionic degrees of freedom
in the 320 of K (&1p) to be introduced shortly. The equations of motion for n(t) enforces a
lightlike (Hamiltonian) constraint on the dynamics,

(P|P) =0, (7.2.34)
while the equations of motion for P (in the gauge n = 1) read
DP :=0,P —[Q,P] =0, (7.2.35)

where we defined the K (&g)-covariant derivative D. Equation ([7.2.35]) encodes the dynamics
of the bosonic sector of the sigma model and is written out in detail in Appendix [A31]

The fermionic degrees of freedom are included in the Lagrangian through the spinor
representation ¥ as follows [70-72]

[F) _ ¢t
Lxtemnen = ~3 (V|DW), (7.2.36)
where the bracket now denotes an invariant inner product on the representation space. The
associated ‘Dirac equation’ reads

DY =¥ — Q- U =0, (7.2.37)

where it is understood that the connection Q acts on V¥ in the vector-spinor representation
constructed in the previous section. Equation is written in terms of the full 320-
dimensional spinor ¥, which encodes both the ‘gravitino’ ¥, and the ‘dilatino” ¥1y. The
separate equations of motion for these fields can be written out as follows

DY, = 8t\11a —Q'\I’a =0,
D\I’lo = 8t\1/10 - Q . \1110 = 0. (7238)

Recall that the K(FEjp)-action on ¥, contains ¥ig-terms, and vice versa. This is important
since the same mixing between the gravitino and the dilatino occurs in the corresponding
supergravity equations of motion (see Appendix @ . The fermionic equations of motion
in are written out in more detail in Appendix m

The bosonic equations of motion ([7.2.35)) were written for the gauge choice n = 1. The
lapse function n has a superpartner W, which is a Dirac spinor under K(Ejp), and the
associated supersymmetry transformations are

den = ieT\IJt,

5., = De. (7.2.39)
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The fermionic equations of motion are then valid in the ‘supersymmetric gauge’ ¥; = 0.
The associated constraint (analogous to the Hamiltonian constraint) that should be imposed
is the supersymmetry constraint which states that the spin ¥ is orthogonal to the velocity
P. The full form of this constraint is unknown due to the fact that it is not known how
to supersymmetrize the £19 model correctly. Nevertheless, low level expressions have been
obtained in [70,72], which the reader should also consult for further discussions on this point.

Let us now analyse these properties of the geodesic sigma model in more detail by utilizing
the level decomposition of F1g with respect to s[(9,R). Expanding the coset element P up
to level (3,2) we obtain

1
P = 00T + pan(K" + Kb)+) P+ S, (7.2.40)
£>0
and the associated expansion for Q is given by
1
0= 5qabMab + g Qo % Jy, (7.2.41)

where x schematically denotes the coupling between the dynamical fields P, and the associated
generators Sy. The explicit form of this expansion will be given below. In Borel gauge, the
fields at non-zero levels are the same in Q and P:

Qi = Py, 0 € 7Z2,\{(0,0)}. (7.2.42)

The explicit form of the higher level terms in the expansion of P reads

1 1
Z Pyx Sy = e3¢/4Pa1 S 4 §e*¢/2pa1a25a1a2 + §e¢/4pa1a2a3sa1a2a3
£>0 !
1 1 1
+ge*¢/4Pa1._.a5 §a1--as g€<25/2]:)almaSSal...ae + ﬁ€73¢/4pa1ma75a1...a7
+§Pa1massalma8 + gpao\a1...a7Saolalma7 + @6_5¢/4Pa1...a95a1'"a9 + ...

(7.2.43)

with a similar expression for Q with the S;’s replaced by the corresponding J;’s.

From a given parametrization of V as in (7.2.28)) one can work out explicit expressions for
P in terms of the ‘potentials’ Ay (which a fortiori carries flat indices as it transforms under
K (FE10)) which appear in the construction of V. For example, one finds

1 1
Pa = ieamatAm = ieamDAm (7244)

in terms of the ‘covariant derivatives’ of [149]. Here, we have written Vy = e, as an inverse
GL(9,R) vielbein. We do not require the exact expressions for the higher level components of
P for establishing the correspondence and their expression will be more complicated due to
the appearance of additional terms, arising when expanding the Maurer-Cartan form 9,V !
using the Baker—Campbell-Hausdorff formula deXe % = dX + %[X JAX] + L
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The geodesic equations 9;P = [Q,P] can be written conveniently by treating the )
contribution separately in a partially covariant derivative D see [89]. For example, for the
fundamental generators at level (0,1) and (1,0) the equations of motion become (for n = 1)

DO(HR) = e Py Prses + 56 PacrcsPeres + 3 Pacrn Py
+ﬁPa|cl.._C7Pcl...C7 (7.2.45)
DO Pa) = 269 PayanePe 30 Pasasescues Pocaes
F 2 Pasgser s Percs & € Pasaer cer P
4 PasasercoPern + gy Palen comanPerco (7.2.46)

In Section we will show that these equations are equivalent to the equations of motion
for the electric fields Fy, and Fjqp, respectively. The equations for all the remaining levels
are given in Appendix The fermionic equations of motion can be found in where
the connection term Q is evaluated in the vector-spinor representation. The supersymmetry
variation requires the evaluation of @ in the Dirac-spinor representation, the resulting

expression can be found in

7.3 The Correspondence

In this section we make the £;p/massive ITA correspondence explicit by giving a dictionary
between the dynamical variables of the K(€19)\E10-sigma model and the fields of massive
ITA supergravity. The comparison cannot be done at the level of the respective Lagrangians
since the £1p sigma model naturally incorporates kinetic terms for all fields as well as their
duals, which is not the case for the ITA Lagrangian. The matching is rather done at the level
of the equations of motion, where we will see that bosonic equations of motion and Bianchi
identities on the supergravity side all become associated with geodesic equations of motion
on the &g side. Similarly, the fermionic supergravity equations will be associated with the
Dirac equation of the spinning coset particle.

7.3.1 Bosonic Equations of Motion and Truncation

To be able to compare the equations of motion on the supergravity side and
to the ones on the sigma model side , spelt out in Appendix , we need to rewrite
the former. As is customary in the correspondence between €19 and supergravity we split the
indices a = (0, a) into temporal and spatial indices and also adopt a pseudo-Gaussian gauge
for the ten-dimensional vielbein:

ey = (J(\][ ’, > . (7:3.1)

Em

In addition we demand that the spatial trace of the spin connection vanishes (see Ap-

pendix for our conventions)
Waab =0 = Qpua=0 (7.3.2)
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and write the tracefree spin connection as @gp. as a reminder. We also choose temporal
gauges for all supergravity gauge potentials,

At = 07 Atm = 07 Atm1m2 =0. (733)

Moreover, we can only expect that a truncated version of the supergravity equation cor-
responds to the coset model equations. This truncation was originally devised in the context
of eleven-dimensional supergravity, where it was strongly motivated by the billiard analy-
sis of the theory close to a spacelike singularity (the ‘BKL-limit’) [89, 149]. Recall from
Chapter [3| that in this limit spatial points decouple and the dynamics becomes effectively
time-dependent, ensuring that the truncation is a valid one in this regime. In this chapter,
we analyse the same question in the context of massive ITA supergravity, and an identical
procedure requires the truncation of a set of spatial gradients. These can be obtained from a
BKL-type analysis of massive ITA and their full list is presented in Appendix Notice
that except for the expression involving the mass, all the spatial gradients to be truncated
away can be obtained by dimensional reduction of the eleven-dimensional truncation.

Let us illustrate the implications of this truncation on the supergravity equations in some
detail for an explicit example. The following truncation of massive IIA supergravity can be
deduced from the billiard analysis:

B, <Ne3¢/4Fb1b2) —0. (7.3.4)

The effect of this truncation appears in the equation of motion for the two-form field strength

F,p3 (see (A.1.5a) in Appendix [A.1.3). After splitting time and space indices, the space
component of this equation reads®

1 1
D(O) (63¢/2Ftb) = _§€¢/2Fm1a2tha1a2 + §6¢/2N2Fa1.‘.a3bFa1...a3

1
+263¢/2N28a¢Fab - §€3¢/2N29a1asz‘11“2
+N63¢/48a (N63¢/4Fab) . (735)

Using the truncation , the last term on the right hand side vanishes, and consequently
the equation to compare with the &£ equation of motion (7.2.45) is (7.3.5) without the
bottom line. Let us emphasize that the truncation also follows from dimensional
reduction of the associated truncation in the equation of motion for the electric field Fog,ayas
in eleven dimensions [89,149]. Moreover, this example makes clear the important comment
that the truncation we impose is not equivalent to discarding all spatial gradients on the
supergravity side, since it is clear that spatial derivatives of the one-form potential A, are
implicitly contained in Fg,q,.

From comparing in detail the supergravity equations (Appendix with the truncations
applied with the bosonic equations of the coset model (Appendix one can derive a
correspondence between the components of the coset velocity P and the fields of supergravity.
The dictionary is given in Tableﬂwhere, in the last line, e = det e,,% = v/det gmn = /9. It

4DO here contains the contributions from the time derivatives of the spatial vielbein e,,® and will be
identified with the corresponding £10 coset derivative operator below.
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’ (01,43) ‘ &1 fields | Bosonic fields of supergravity

(0,0) Pab —Nwa o
(0,0) Qayas —Nwo ayas
(0,1) P, N Fy,
(1,0) Poyay 3N Foayas
(1,1) | Payagas 5N Foayazas
(2,1) | Pajas | 5o Ne? %€qyas1020300 By bt
(2,2) | Pajoag g Ne ™ €q, 0610203 Fy 10,
(3,1) | Payar — 5 Ne3 2y, 0, 12 Fy
(3,2) | Pajoag —INéa, a5 b
(3,2) | Puglar-ar 2Ne€a; a2 Q1 by 4o
(4,1) | Py INeS 2eq, qgm

- n ] Ne™! |

Table 7.2: Bosonic dictionary: This table shows the correspondence between £ fields and
bosonic fields of massive IIA supergravity that one obtains by considering the equations of
motion and the Bianchi equations.

is perfectly consistent with identifying the form equations of motion with the sigma
model expressions (A.3.2a)) to (A.3.2c|), the Bianchi identities with the equations
(A.3.2d) to (A.3.2g) and the dilaton equation of motion with (A.3.14).

The remaining equation, the Einstein equation , does not fit perfectly in this
picture. More precisely, two terms do not match completely with . One is similar to
the mismatch in the Ag decomposition relevant to D = 11 supergravity and is a contribution
to the Ricci tensor Ry of the form Q.44 [89]. The other term is a mismatch of the
coefficient in the energy momentum tensor of the dilaton Ty, ~ 0,¢0,0; the coefficient is
off by a factor two. This can be traced back to D = 11 where both mismatches were part
of the D = 11 Ricci tensor. In this sense this is not a new discrepancy but a known one.
It is to be noted that all the terms involved in the mismatch are related to contributions
to the Lagrangian which would give rise to walls corresponding to imaginary roots in the
cosmological billiards picture [149]. There is no mismatch in the equation of motion of the
dilaton ¢ since in the reduction the missing term in D = 11 does not contribute to this
equation.

Let us study the effect of the mass term more closely. In the bosonic equations, the mass

appears in five places: the dilaton equation (A.1.6al), the Einstein equation (A.1.6b)), the
equation of motion for Fig, 4, (A.1.5b)), the Bianchi equation for F, 4, (A.1.4al) and of course

in its own equation of motion dym = 0. It is remarkable that the contribution of the real root
corresponding to the mass deformation enters all equivalent sigma-model equations correctly,
even though it is beyond the realm of Eg generators and above height 30. In particular,
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the &jg-invariant sigma model produces the right potential for the scalar ¢. This is possible
since the supergravity potential is positive definite in agreement with positive definiteness
of the &jg-invariant Lagrangian away from the Cartan subalgebra. By contrast, for
gauged deformations in lower dimensions where the supergravity potential is indefinite and
not reproduced fully by £;¢ [152]. From this point of view the massive Romans theory seems
to be special since the £ model reproduces correctly all the effects of the deformation.

7.3.2 The Truncation Revisited

The truncation we applied to supergravity, using billiard arguments, also proves useful for
ensuring the consistency of the dictionary. Indeed, notice that all the sigma model variables
depend on (sigma model) ‘time’ only, and hence we must demand that their spatial gradients
vanish:

8. P(t) = 0. (7.3.6)

Applied to the Maurer—Cartan expansion, this equation translates to constraints on the
supergravity variables upon using the dictionary in Table [7.2 Of course, does not
really make sense on the sigma model side, where spatial gradients have no meaning, but
must rather be understood as a convenient way of encoding the relevant truncations on the
supergravity side. Nevertheless, the truncations encoded in correspond precisely to
the truncations we have just imposed. Let us illustrate this for the example of the truncation
on the magnetic field in . The level (3,1) part of the expansion of the Maurer-Cartan

form contains the following term (see ([7.2.43))

1 —30/4
P03y = 7€ Porvoar () ST, (7.3.7)
The coefficient of the generator S %7 € Fjq is a dynamical quantity which is purely time-
dependent. This implies that on the supergravity side we must make sure that the corre-

sponding quantity is also purely time-dependent, i.e. we must demand
Da(e734P, ) =0, (7.3.8)

which, after using the dictionary in Table precisely yields the truncation in (7.3.4]). Simi-
larly, one sees that requiring ([7.3.6)) for each term of the Maurer-Cartan expansion corresponds
to the truncations of Appendix

7.3.3 Fermionic Equations of Motion

To make contact between the fermionic equations of Romans’ theory, (equations of motion
(A.1.7) and (A.1.11) and supersymmetry variation ([7.1.4))), and the Kac-Moody side of the

story, (equations of motion (A.3.3) and (A.3.4) and supersymmetry variation (A.3.5))), we

must make some further field redefinitions. We redefine the gravitino components, the dilatino
and the supersymmetry parameter as

o = 91/4(¢0—F0Fa¢a>,

Jo = 6" (- 55T,
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’ K (&10) representations ‘ Fermionic fields of supergravity ‘

v, QL@ = 91/4 <¢a - %FaA>
FlO\Ifl() 5\ = %g1/4)\
€ E=g Vi
W, e = ng!/* (o — Tl 4 )

Table 7.3: Fermionic dictionary: This table presents the relation between the spinor and
vector spinor unfaithful representations of K (F1o) and the fermionic fields of massive type IIA
supergravity. The first half is obtained by requiring the equations of motion for the fermions
to match with the K(FEj9) equation and the second half comes from the supersymmetry
variation of Y.

A = §g1/4)\,
g = g Ve (7.3.9)

With these redefinitions, using the bosonic dictionary obtained in the previous section
and in the gauge 3
Yo =0, (7.3.10)

we can show that the equations of motion of the fermions of massive ITA supergravity (A.1.7
and are equivalent to the Kac-Moody fermionic spinor equations and (A.3.4
if we assume a correspondence between the unfaithful representation of K(Fpp) and the
redefined fermionic fields displayed in the first half of Table [7.3

To illustrate how the correspondence is proved, let us consider the mass terms of the
equation of motion for the gravitino. On the supergravity side, one looks at the spatial
components of the equation of motion (A.1.11)). We only keep the terms involving the time
derivative of ¢, and the mass:

1 5 5
Dota + Ee5¢/4mr°rabw” + Ee5<f’/4mr01/)a + 6—4@5¢/4mr0raA 4+ =0. (7.3.11)

One the sigma model side, we must consider the terms at level (4,1) of the explicit version
of the equation of motion (A.3.4)), that give

12
W, — ——e 24P, 4 Tl 0w, + ge—5¢’/‘ﬂf>b1...bgrmra”l“"’S\Iﬂ’g +---=0. (7.3.12)

2-9!
Using the bosonic and fermionic dictionaries given in Tables [7.2) and [7.3] it is now a purely
algebraic exercise to see that (7.3.11)) and (7.3.12)) are equivalent.

7.3.4 Supersymmetry Variations of Fermions

Considering the supersymmetry variation of the gravitino provides us with a consistency
check of the previously obtained bosonic and fermionic dictionaries. To this end it is natural
to define

Py = nid, (7.3.13)
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where t is considered as a ‘vector index’ along the world line with respect to the einbein n.
Using the previous redefinitions yields the following supersymmetry transformation on
the redefined gravitino

~ 1 1 1
by = O+ -g loge+ = NuwgapD%e + ZN€5¢/47TLF0€

4 4
1 1
+He¢/4NI‘“deF0Fadeé’— 1 3'e¢/4NFabCF0abC€
1 ., 1 '
—§e3¢/4NF“bF0F10Fab€+ Ze3¢/4Nrar10F0ae*
1

1
—ﬂe—W?Nrabcroerabca— ée—<f>/2z\frabrloFOabg

1 1
- N DT — Nl [&lé’—i— Zg—laagé] . (7.3.14)

We can now identify the right hand side of with the K (&1p)-covariant derivative
acting on the 32-dimensional spinor representation e , given explicitly in ,
using the bosonic and fermionic dictionaries already computed (Tables and . We then
obtain the second half of Table [7.3] that is, the relations for the supersymmetry parameter
and the time component of the gravitino.

In conclusion, we see that all the fermionic equations of motion as well as the supersym-
metry variation of ¢, match with the K(&19)\&1p fermionic theory. In particular, we notice
that the mass enters these equations correctly everywhere.
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Aspects of String Duality and
Quantum Corrections

This chapter is intended to serve as a motivation for the topics treated in Part II of this
thesis.! The main philosophy that we shall advocate is that quantum corrections in string
theory are strongly constrained by invariance under discrete (U-)duality groups G(Z), and in
many instances may be completely summed up in terms of certain G(Z)-invariant automor-
phic forms. The purpose of Part II is to understand the construction of such automorphic
forms, and how to extract the physical information which they encode. In this first chapter,
we shall discuss general aspects of these techniques, as well as consider some specific examples
in more detail. The main example which will be used as a source of inspiration throughout
the remainder of this thesis is the analysis of [14], which revealed that an infinite series of
instanton corrections to type IIB string theory can be completely summed up in terms of
certain SL(2,Z)-invariant Eisenstein series. This example is discussed in Section while
a more careful treatment of Eisenstein series is given in Chapters [9] and

8.1 Perturbative and Non-Perturbative Effects in String Theory

We begin here with a general discussion of some important aspects of string perturbation
theory, emphasizing in particular the interplay between the worldsheet and spacetime view-
points. We explain how this analysis naturally leads us to also consider non-perturbative
effects, and we discuss the origin of such effects in terms of D-brane instantons.

8.1.1 General Structure of String Perturbation Theory

String theory is defined perturbatively in terms of an asymptotic expansion in two coupling
constants: the worldsheet coupling o’ = 2, with £, being the fundamental string length, and

'T am very grateful to Axel Kleinschmidt and Christoffer Petersson for extensive discussions on the topics
presented in this chapter, and for helpful remarks on an early version.
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the string coupling g, = e{?, where e!®’ denotes the expectation value of the dilaton. Any
(closed string) scattering amplitude may then be written schematically as follows

A= (@) g A, (8.1.1)

n=0 g=0

where g denotes the genus of the string worldsheet and A, ¢) is the genus g amplitude of order
n — 4 in /. We emphasize that o’ is dimensionful, a property of the worldsheet expansion
which will play an important role in what follows.

The theory is under good control only in either of the two limits o — 0 or g5 — 0. In the
limit of small string coupling, gs — 0, string theory is well described (on-shell) in terms of the
two-dimensional worldsheet conformal field theory. On the other hand, when the worldsheet
coupling is small, o/ — 0, the strings themselves are well approximated by point particles, and
the theory is effectively described by spacetime (super-)gravity. Even though morally true,
this picture is somewhat oversimplified. In reality there is an interesting interplay between
worldsheet effects, governed by o/, and effects associated with the genus expansion in gs.

To illustrate the discussion, let us consider in more detail the spacetime point of view of
string perturbation theory. To leading order in o/ and g5, we have an effective description in
terms of ten-dimensional Einstein-Hilbert gravity coupled to p-forms and fermionic matter
fields, with an action of the schematic form

S0 = (&) / d"2V G)e2? [R —xdp Adp— Y e % Fipiq) A Fipyn) + - ] , (8.1.2)
p

where F{, 1) denotes the field strengths of whichever p-form potentials A,y the theory con-
tains, and ), represents the associated dilaton couplings.? The ellipsis indicate possible
Chern-Simons couplings that are not important for the present discussion, and for the same
reason we have also suppressed fermionic terms. The action is written in string frame
as is indicative of the dilaton prefactor in front of the bracket. By comparison to the schematic
amplitude in Equation , we note that e~2? is the correct power of the string coupling
corresponding to the genus zero, g = 0, part of the sum. This is the leading order effect and
corresponds to a tree-level contribution in gs. Further note the overall factor of (/) =, which
has the correct dimension to compensate for the dimension of the measure.® This is then
what is referred to as tree-level in o/, and hence the action is a tree-level contribution
with respect to the worldsheet coupling as well as the string coupling. This is indicated by
the subscript on S ) in @ :

In general, the spacetime effective action receives perturbative quantum corrections both
in o/ and in gs. Since o/ has dimension length squared, amplitudes which are higher order in
o/ naturally come with higher powers of momentum insertions. From the point of view of the
effective action, these higher powers of momenta are associated with higher derivatives acting
on the fundamental fields. Hence, the worldsheet o/-expansion is tantamount to a derivative
expansion in spacetime.

Let us now consider an explicit example, namely type IIB string theory in D = 10. The
tree-level effective action then corresponds to the action of type IIB supergravity. The next

2In the Ramond-Ramond sector all of the dilaton couplings are zero, Ap = 0.
3This is related to Newton’s constant in D = 10 as 167rG5\}0) = (2m)7(a')*g2.
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to leading order correction in o/ arises from the n = 1 contribution in . This is of
order (o/)~2 and is therefore associated with a term in the effective action which is quartic in
derivatives. One possible such term contains four derivatives of the metric fo,}, and therefore
corresponds to a quadratic curvature correction in the effective action. However, it turns out
that because of the large amount of supersymmetry (N = 2) in the theory, the corresponding
amplitude vanishes, A(; 5y = 0. In fact, the amplitude A, /) also vanishes and the first non-
trivial o/-correction arises from the n = 3 term in (8.1.1)) and is of order (/)~*. This induces
a term in the action with eight derivatives on the metric G,(fy). This correction enters the
effective action in the following way

53,0 = (O/)—4/d10$@€_2¢ [R + (PR + - -], (8.1.3)

where R* denotes a specific combination of curvature scalars constructed out of the Ricci
scalar R, the Ricci tensor R,, and the Riemann tensor R,,,,. The precise kinematical
structure will not concern us here, and we refer the interested reader to [155-157] for more
details. There will also be additional terms in of the same order in o’ corresponding
to combinations of curvature terms and p-forms (e.g. R2F?), as well as pure p-form terms
(e.g. F®). These terms also play an important role in the analysis but will for simplicity of
argument be neglected in the present discussion.

The effective action now displays the first non-trivial o/-correction, but still only
contains tree-level contributions in the string coupling gs. In principle, there might be an
additional infinite series of perturbative corrections in g5 at each order in o/. However, it turns
out that the lowest order terms in o/ (two-derivative terms) do not receive any corrections in
gs- We will see in Section that this is also compatible with S-duality of type IIB string
theory. On the other hand, the R*-term does receive g,-corrections, and the action
must therefore be completed to include these additional contributions:

5(3,9) = (0/)74 / dOzv G [eiZ‘bR + (0/)3 Z cq e2lg=Dopd 4 .. } 7 (8.1.4)
g=0

where ¢, are some coefficients which in general depend on the moduli of the theory. To
calculate the precise values of these coefficients is a difficult problem, in particular since
there might in principle be an infinite series of terms with non-vanishing coefficients c4. In
reality, however, it turns out that there are powerful duality arguments which constrain
the coefficients such that the moduli-dependent coefficient in front of the R*-term may be
determined exactly [14]. This will be discussed in detail in Section

8.1.2 Including Non-Perturbative Effects

So far we have discussed only perturbative aspects of string theory. In addition, there exist
non-perturbative effects which are crucial for the consistency of the theory. As argued long
ago by Shenker [158], to understand this it is important to note that the genus-expansion in
does not converge, but rather should be interpreted as an asymptotic series.* This

4See, e.g., [159] for a discussion to asymptotic series in perturbation theory.
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follows from the fact that for any fixed order %k in o' the large genus, g — oo, behaviour of
Ay is [158]

gli_)rglo Ak = g&rgoz 62(9_1)<¢>A(k7g) ~ 262(9_1)<¢> a=%9(2g)! , (8.1.5)
9=0 g=0

where a is some constant. The factorial growth of A 4y ~ (2g)! for large genus is due to the
growth of the volume of the moduli space of Riemann surfaces M, for large g [158,160,161]. In
[158] it was suggested that in order to cure this divergence, one must include additional effects
in which are suppressed by a factor e~/9 in the limit g; — 0. These would therefore
correspond to non-perturbative effects from the point of view of string perturbation theory.
This prediction of instanton effects in string theory was later verified with the discovery of D-
branes [162], which are solitonic objects whose tension scales as T' ~ g; !, ensuring that they
indeed contribute by exponentially suppressed terms of order e~1/9s in accordance with the
arguments of [158]. More specifically, consider a spacetime splitting of the form R"~" x X,
where X is some r-dimensional compact internal manifold. Then any Euclidean Dp-brane
wrapping a p + l-dimensional submanifold C C X is completely localized in the external
spacetime R119~" and may therefore be interpreted as a D-brane instanton. In general, such
instanton effects are suppressed by factors of e~ Vol€)/9s  where Vol(C) denotes the volume of
the submanifold C. In addition, there exist non-perturbative effects from the worldsheet point
of view. These are exponentially suppressed by factors e~ VolB)/" in the limit o/ — 0, and
arises from Euclidean fundamental strings wrapping holomorphic two-cycles B in X [163,164].

These results indicate that the action is not yet the full story, but rather should
be further completed to include possible non-perturbative effects at each order in /. More
precisely, we should add to the action an infinite series of such contributions, schematically
indicated as follows

Sy = ()™ / d0evV/ GO g2 R+ () [ Y g g7V + Y bye WV ) RE 4
g:O N#O

(8.1.6)
where N denotes the “instanton charge” and by is some moduli-dependent coefficient.? Since
we are in D = 10 there is no volume dependence in the suppression factor e~ IN1/9s. These
kinds of effects indeed do appear in type IIB string theory, and may be attributed to D(—1)-
instantons, which are 0-dimensional objects and hence localized in ten-dimensional spacetime.
In the next section, we will see that the coefficients by are highly non-trivial and in fact
contain an infinite series of additional perturbative excitations for each instanton number V.

Let us finally note that recently [165] the arguments of [158], regarding the large-order
behaviour of string perturbation theory, were generalized to the large-order behaviour of
certain infinite series of D-instanton corrections in type II string theory on a Calabi-Yau
threefold X. From this analysis it was concluded that the D-instanton series should itself be
treated asymptotically and, in order for the series to converge, additional non-perturbative
effects of order e~1/9 must be included. Such effects are naturally attributed to Euclidean
NS5-branes wrapping the entire internal manifold X and it was conjectured that in order to

5In this expression we have been deliberately sloppy and replaced the dynamical dilaton field e? directly
with the string coupling gs to illustrate the point. It is of course understood that g, really corresponds to
expectation value of the dilaton, as in (8.1.1)).
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ensure a convergent instanton series, the contributions from NS5-brane instantons must be
included. We will explicitly see the effects of NS5-brane instantons arising in the analysis of
Chapter which is based on results from Paper VIII.

8.2 Summing Up Instantons With Automorphic Forms

The discussion in the previous section made it clear that there is an intricate interplay
between worldsheet effects governed by o and effects from the genus expansion governed
by the string coupling gs. While we have seen that perturbative o’-corrections are to a
certain extent constrained by spacetime supersymmetry, no such constraint was put on the
gs-corrections. In this section we will see that there exist extra constraints, loosely referred to
as “string dualities”, which severly constrain the form of perturbative and non-perturbative
corrections in the string coupling at each order in o’. These dualities are generally known
as S-, T, or U-duality depending on the context. Typically, they are described by discrete
groups G(Z) which should leave the full quantum effective action invariant. Enforcing this
invariance on the lowest order terms in gs may then potentially fix completely the infinite
series of perturbative and non-perturbative corrections in (8.1.6). In this section we will
describe in detail the simplest example where this can be done, namely in type IIB string
theory which exhibits invariance under the S-duality group G(Z) = SL(2,Z). Towards the
end of the section we will also discuss extensions of these techniques to lower dimensions
where larger duality groups appear.

8.2.1 The Exact R*-Correction in Type IIB String Theory

In Section we discussed the existence of an o’-correction corresponding to a quartic
curvature correction to Einstein gravity in D = 10. This occurs as the first non-trivial o/-
correction to type IIB supergravity. We will now take a closer look at the possible perturbative
and non-perturbative g,-corrections to the R*-term.

Let us begin by reminding the reader about the bosonic field content of the theory. In
addition to the metric, there is a dilaton modulus e?, an NS-NS 2-form B(3), and a set of
Ramond-Ramond p-form fields C,) with p = 0,2,4,6,8. The Ramond-Ramond forms couple
to the D-branes of the theory, namely D(—1), D1, D3, D5, and D7-branes, respectively. In
the NS-NS sector, B(y) couples to the fundamental string F1, while its dual B(ﬁ) couples to
the NS5-brane. These are the basic objects in the theory, and upon compactification they
might all give rise to various non-perturbative effects in the lower-dimensional theory.

For our present purposes, however, we shall focus on the D(—1)-branes. These exhibit the
special property of having no extension in any of the ten spacetime directions, and therefore
simply correspond to points. The D(—1)-branes thus have an interpretation as spacetime
instantons in D = 10. This is in marked contrast to the other objects in the theory which
have no such interpretation in ten dimensions. The D(—1)-instantons are sourced by the zero
form C(g), which we shall refer to as the azion and denote by C(g) = x. The axion and the
dilaton further combine into a complex scalar

T=11+im:=x+ie?, (8.2.1)
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which parametrizes the moduli space Mig = SL(2,R)/SO(2). The group SL(2,R) is a
global symmetry of the classical type IIB action. This invariance is however not manifest
when the action is written in string frame as in . This is apparent by noting that the
Einstein-Hilbert term is multiplied by an overall factor e~2% which transforms non-trivially
under SL(2,R). To exhibit the SL(2, R)-invariance, we perform a Weyl-rescaling of the string
frame metric, G,(fy) = e?/2G uv» Which then reduces the action to the standard Einstein-Hilbert
form

Si0,0) = (a’)4/d10x\@[R+---}. (8.2.2)

This is referred to as Einstein frame and the rescaled metric G, does not transform under
SL(2,R), ensuring that the Einstein-Hilbert term is now manifestly invariant under SL(2,R).
The other terms in the action also organize themselves in such a way that the full action in
Einstein frame is SL(2,R)-invariant. It is generally expected in string theory that such
classical continuous global symmetries G(R) should be broken by quantum effects. However,
one expects that there will in fact be some remnant of this classical symmetry preserved in
the full quantum theory in the form of a discrete subgroup G(Z) C G(R) [8].

Let us then investigate this question within the present framework of type IIB supergrav-
ity. To this end we turn on the quartic correction term R* in the effective action, as discussed
in Section We have seen in that in string frame this term enters with the same
power e 2 of the dilaton as the Einstein-Hilbert term, signifying a tree-level effect. To make
contact with the discussion of SL(2,R)-invariance above, we convert also the R*-term to
Einstein frame, with the result

S(3,0) = (a')_4/dloﬂf\/5[R+ (@)Peory R+ |, (8.2.3)

where we recall that 7 = e~?, and we have also reinstalled the genus zero coefficient from
. By explicit string theory calculations [166-168], it has been verified that ¢ is non-
vanishing and takes the precise value ¢y = 2((3), where ((3) denotes the value of the Riemann
zeta function ((z) for z = 3.

In addition, in [157] the next to leading order term, corresponding to genus g = 1 in
, was calculated and it was found that also this coefficient is non-vanishing, with
c1 = 4¢(2). Hence, the R*-term receives at least a 1-loop correction, and up to genus one we
then have

Sy = (o)~ / VG R+ (@) (@5 + @) PR+ ] (824

From this expression it is clear that the perturbative contributions to the R*-correction
explicitly break the SL(2,R)-invariance of the effective action. This follows since in Einstein
frame the R*-term is itself invariant, while the dilaton-dependent coefficients transform non-
trivially. From the generic form of we may in fact deduce that each term in the entire
infinite series of possible perturbative corrections will separately break the invariance under
SL(2,R). However, there is by now a large body of evidence [1,8] that type IIB string theory
is self-dual under the S-duality group SL(2,Z) C SL(2,R), i.e. the modular group of integer-
valued 2 X 2 matrices with unit determinant. It is then expected that after all perturbative
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and non-perturbative quantum corrections have been taken into account, the coefficient in
front of R* should in fact be invariant under SL(2,7).

This philosophy was first utilized in the seminal work of Green and Gutperle [14], where
they conjectured that the action should be completed to an exact expression of the
form:

S(.exact) = (@) / dl%\/é[R + (@3 f(H)R + - } (8.2.5)

where f(7) is some SL(2,Z)-invariant function of the modulus 7 € SL(2,R)/SO(2), i.e. an
automorphic form.% This function is further constrained so that in a weak-coupling expansion,
Ty = g5 1 — o0, it should reproduce the tree-level and one-loop terms in (8.2.4)),

Fr) ~ 2B)R? +4¢@)my P - (8.2.6)

where the ellipsis indicate possible additional perturbative and non-perturbative contributions
to the R*-term. It turns out that there is a unique’ candidate for f(r) given by the non-
holomorphic Eisenstein series [14]

7.8
D)= N (527)
(m,n)#(0,0)

where the parameter s is known as the order of the Eisenstein series. For the special value
s = 3/2 this Eisenstein series has a Fourier expansion of the form

E5LCD (1:3/2) = 2((3)7y"* + 4¢(2)my * + dmy/m Y paayo(N)N Ky (27| Nrp)e 27N,
N#£0
(8.2.8)
where K1 () is the modified Bessel function, and pi3/5(/V) is a combinatorial coefficient which
plays an important role, and will be discussed in more detail at the end of this section.
Remarkably, the expansion reproduces correctly the two perturbative terms in ,
including the exact genus zero and genus one coefficients ¢y = 2¢(3) and ¢; = 4¢(2).

The next important thing to note about the expansion is the absence of perturba-
tive contributions beyond one-loop, implying that SL(2,Z)-invariance enforces ¢, = 0 for all
coefficients in with g > 2. This is a strong prediction of S-duality in type IIB string
theory, and lies at the heart of powerful non-renormalisation theorems beyond one-loop for
the R*-term also in dimensions D < 10 [14,172-179].

It remains to discuss the last part of , apparently encoding an infinite series of
additional non-perturbative corrections. The non-perturbative effects are best revealed by

5We shall generally refer to functions invariant under some discrete group G(Z) as automorphic forms,
while in the special case of G(Z) = SL(2,Z) these are sometimes called modular forms. Let us also note that
in the literature on holomorphic modular forms for SL(2,Z), it is common to distinguish between modular
forms and functions, the latter being completely SL(2,Z)-invariant while the former transform with some
overall (modular) weight. In this thesis we shall not make this distinction.

TA priori, it is possible that so called cusp forms (roughly, automorphic forms for which the perturbative
part vanishes) could also contribute, as they would not spoil the perfect agreement with the tree-level and
one-loop terms. However, this possibility has been ruled out by constraints from supersymmetry [15,169-171].
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noting that for large argument the modified Bessel function K () in (8.2.8) has an expansion
of the form

Ki(z) = \/Ze—“ [1 +O/x) + - } (8.2.9)

This expansion is justified in the weak-coupling limit 70 — oo and yields

ESEED (r;3/2) = 2(3)73° + 4(2)73 2 4 21 Y iy p(N)VNe St D14 O(7z) + -+ |.
N0
(8.2.10)
This shows that for each N we have infinite series of perturbative excitations which are
exponentially suppressed by a factor e~ Sinst(7) where we have defined

Sinst(7) := 27| N |19 4 27iNT; = 27| N|e™® + 2miNx. (8.2.11)

This is precisely the Euclidean action for D(—1)-instantons [14,180]. The imaginary part of
Sinst (7) corresponds to the analogue of the “theta-angle” in Yang-Mills theory, and encodes
the coupling to the Ramond-Ramond axion . The infinite series of corrections in ,
induced by the expansion of the Bessel function, may then be attributed to perturbative
excitations around the instanton background [14]. The existence of these perturbative cor-
rections for each N is another prediction of type IIB SL(2,Z)-duality, albeit one which is
very difficult to verify since explicit methods for instanton calculus are not well developed in
string theory. We note that the expansion is indeed of the expected form indicated
in .

The success of this analysis led to the conjecture that the exact R*-term be given by [14]
S exacty = (@)~ / d2VG|R+ (/)PSO (r3/2)RY + - . (8.2.12)

This result may be seen as a direct realization of the arguments of Shenker [158], discussed
in Section in the sense that the perturbative series in was “completed” by
non-perturbative effects into the form . In fact, the Eisenstein series £54(2%) (7 5) is
absolutely convergent for #(s) > 1, and hence the series encoded in the coefficient in
indeed converges.

We conclude this section with a discussion of the important coefficient p3/5(N), appearing
in the expansion . This is a number theoretic quantity, known in the physics literature
as the instanton measure, which is given explicitly by a sum over divisors of the instanton
number N [14,181-185]

pajp(N) :=> n~2 (8.2.13)

n|N

Roughly speaking, this counts the degeneracies of charge N D(—1)-instantons. More accu-
rately, the non-perturbative effects in are not to be interpreted as multi-instanton
contributions, but rather as contributions from a single instanton with arbitrary charge V.
This is due to the fact that processes involving multiple instantons only contribute to terms
which are higher order in o/, because of the saturation of zero modes required for a non-
vanishing contribution [14]. Hence, the proper statement is that us/5(/N) should correspond
to the measure on the moduli space of a single D(—1)-instanton of charge N [183].
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It is illuminating to consider the further reduction of type IIB string theory on a circle
SY(R) to D = 9. By T-duality, the D(—1)-instantons are then mapped to Euclidean DO-
particles wrapping the circle in type ITA string theory on S'(R~!). More precisely, each
D(—1)-instanton with (real) action R(Sinst) = 27| N|e~? is mapped to a DO-particle with
mass 27 R|N|e~? = 27R|mnle”?, which has n units of momentum along the circle and
winding number m. Under this duality, there is therefore a simple way to understand the
sum over divisors of N in : it counts the number of partitions of NV into two integers
m and n, or, in other words, the number of ways in which a single charge N D(—1)-instanton
may be constructed from a bound state of DO-particles with momentum n and winding m
along the Euclidean circle St [14].

8.2.2 U-Duality and the Exact R*-Correction in D < 10

The analysis so far has been restricted to type IIA and type IIB string theory in D = 10,
with the exception of a short detour to D = 9. We have seen that type IIB already in
maximal dimension exhibits non-perturbative effects due to D(—1)-instantons, while in type
ITA similar effects only appear in nine dimensions after reduction on S*. In fact, as briefly
mentioned in Section[8.1.2] this is a general feature of non-perturbative effects in string theory;
as we compactify the theory to lower dimensions new instanton effects appear. These arise
because when spacetime splits into an external part R119~" and an r-dimensional compact
internal part X, then Euclidean D-branes, or NS5-branes, may wrap submanifolds of X,
hence becoming completely localized with respect to the external spacetime R9=". This
also implies that in lower dimensions it becomes increasingly difficult to sum up all instanton
corrections to the effective action.

One generic problem that arises when studying the theory on RV19=" x X is that the
lower-dimensional theory exhibits a complicated moduli space M parametrized by the scalar
fields of the theory. The geometry of this moduli space is in turn related to the topology of
the compact manifold X. This often means that the same techniques used in the previous
sections for D(—1)-instantons may no longer work since it is not known in general what the
analogue of the S-duality group SL(2,7Z) is in lower dimensions. In other words, the power
of automorphy is lost.

The situation improves considerably if we restrict to compact manifolds which preserve
a large amount of supersymmetry. In particular, the simplest case is to take X = T" which
preserves all of the 32 supercharges of type II string theory. For such toroidal compactifica-
tions it turns out that the classical moduli space M is always a symmetric space of the form
G/K, where G is a global symmetry of the classical action and K is the “R-symmetry”. For
example, consider type IIB string theory reduced on T2. Under this reduction, the classical
moduli space is enhanced from My = SL(2,R)/SO(2) to

Mo - SLZR) x SL(3,R)
87 780(2) x SO(3)

(8.2.14)

in D = 8. It is generally expected that the global symmetry group will again be broken by
quantum effects to a discrete subgroup

G(Z) = SL(2,Z) x SL(3,7), (8.2.15)
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known as the U-duality group [8] (see [11] for a review). Hence, in this case we expect that
the power of automorphy is retained, since the exact effective action in D = 8 should exhibit
manifest invariance under G(Z). This was indeed shown to be true in [12] (see also preceeding
work [15]), where a proposal for the exact coefficient of the R*-term was given in terms of an
SL(3,Z)-invariant Eisenstein series of the form
£SL(3.Z) (K;s) = Z [mT K- m} 8, (8.2.16)
meZ3\{(0,0,0)}

where the relevant order is again s = 3/2. The matrix K parametrizes the coset space
SL(3,R)/SO(3). This Eisenstein series is a direct generalization of (10.2.1)), and some of its
properties will be discussed in detail in Sections and

In accordance with our general discussion above, new instanton effects appear in D = 8
from Euclidean fundamental strings and D1-branes wrapping the torus 72. It was shown
in [12] that these effects are indeed correctly reproduced in the Fourier expansion of ESLBL),
which also encodes the D(—1)-instanton sum in . Another interesting feature of this
example is that the Eisenstein series is only absolutely convergent for R(s) > 3/2
and in fact exhibits a pole for s = 3/2. However, after regularization, this pole is replaced
by a logarithmic divergence which precisely reproduces the physical infrared logarithmic
divergence of the one-loop correction to the R*-term in D = 8 [12].8

As also discussed in Chapter |1} when taking a larger and larger internal torus, the duality
groups G(R) also become larger, culminating in D = 4 with the group G(R) = &(R) [186],
and with classical moduli space given by

&7(R)

SRR LT

(8.2.17)
In addition to the metric and the scalar fields parametrizing the coset space My, the bosonic
sector in D = 4 also contains 28 abelian vector fields, whose electric and magnetic charges
together span a symplectic lattice invariant under Sp(56;Z). Based on these arguments, it
was conjectured in [8] that the U-duality group G(Z) in D = 4 should be

&E:(Z) = &E7(R) N Sp(56;7Z). (8.2.18)

In D = 4 yet more non-perturbative effects are expected to arise from Euclidean Dp-branes
(p = —1,1,3,5) as well as NS5-branes wrapping even cycles in 7. Similarly, from the type
ITA perspective these effects arise from Euclidean Dp-branes (p = 0,2, 4) wrapping odd cycles
in 79, as well as NS5-branes wrapping the entire six-torus. It was speculated in [13] that
such effects could possibly be summed up with a certain £;7(Z)-invariant Eisenstein series.
However, it is not clear at present whether or not it is possible to make this proposal explicit;
most notably to extract the Fourier coefficients of such an Eisenstein series appears to be a
very hard challenge which has not yet been achieved.

Another problem is related to the perturbative contributions in the Fourier expansion. As
mentioned above, there is no reason to believe that the one-loop non-renormalization theorems
that are valid for the R*-correction in D = 10 should be violated in lower dimensions. In other

8] am grateful to Pierre Vanhove for emphasizing this point to me.
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words, it is expected that the R4-term in D = 4 should also be perturbatively finite beyond
one-loop. However, in general the number of perturbative terms in the Fourier expansion
of a G(Z)-invariant automorphic form is equal to the order of the Weyl group W(g) of the
Lie algebra g = Lie G [187].% For example, in the case of SL(2,R) the Weyl group is of
order 2, W(sl(2,IR)) = Zga, and this is the reason for the existence of only two perturbative
terms in the expansion . In the case of £7(Z)-invariant Eisenstein series this presents
a problem, since the order of the Weyl group of &7 is very large. A possible way out is that
the number of constant terms decreases for “residues” of the general Eisenstein series, i.e.
corresponding to a specific choice of representation of the duality group G. It is therefore
plausible that the correct coefficient in front of the R*-term in D = 4 should be given by
some high-order residue of the general £;(Z)-invariant Eisenstein series proposed in [13].10
In Chapter we will discuss some examples of this phenomenon in the simpler context
of SL(3,Z), revealing that the Eisenstein series in fact arises from a more general
Eisenstein series £51(.2) (K; s1,82) in the limit so — 0.

To conclude the discussion, let us provide some words of motivation for subsequent chap-
ters. We have learned that (U-)duality G(Z) in any dimension D < 10 provides powerful
constraints on the structure of perturbative and non-perturbative effects in string theory. In
particular, G(Z)-invariant automorphic forms may potentially be used to sum up all quantum
corrections to the effective action of string theory on RM0=" x X at least in cases where X
preserves a sufficient amount of supersymmetry. In addition to the toroidal case discussed in
this section, another example is provided by type IIA string theory on X = K3 x T? which
is known to be dual to heterotic string theory on T [188,189]. In this case the U-duality
group is given by SL(2,Z) x SO(6,22;7Z) and automorphic techniques have been extensively
used to constrain the effective action [190-192]. All this motivates us to study the general
construction of automorphic forms on coset space G/ K, and in particular to understand how
to compute their Fourier expansions. This is the purpose of the remaining chapters of Part
IT of this thesis. We will also see in Chapter [12|that in certain cases automorphic techniques
may be used also for compact manifolds X preserving a smaller amount of supersymmetry,
e.g. for Calabi-Yau threefolds.

9These issues will be explained in more detail in Chapter
10T am grateful to Boris Pioline for emphasizing this to me.
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Constructing Automorphic Forms

In the previous chapter, we learned that discrete subgroups G(Z) of certain Lie groups
G play an important role as underlying symmetry groups in string theory. We have seen
how invariance under G(7Z) enforces strong constraints on perturbative and non-perturbative
quantum corrections. These contributions to the low-energy effective action are encoded in
G(Z)-invariant functions of the moduli fields, i.e automorphic forms. We briefly touched
upon one of the simplest examples, namely the well-known non-holomorphic Eisenstein series
ESLR2L)(1;5), which encodes D(—1)-instanton corrections in type ITB string theory. In this
section we shall formalize these techniques and give a more general treatment of automor-
phic forms on arithmetic quotients G(Z)\G/K. We will also consider in detail the Fourier
expansion of these automorphic forms, which is the framework in which physical effects are
revealed. In this context, it is important to distinguish between two different cases: abelian
and non-abelian Fourier expansions. This refers to whether the nilpotent subgroup N C G is
abelian or non-abelian. Representative examples are given by Eisenstein series on SL(2,R)
and SL(3,R), which are treated in detail in Sections and respectively.

Before we begin, let us give a brief guide to some of the relevant literature on automorphic
forms. A canonical mathematical reference for Eisenstein series are the lecture notes by
Langlands [187]. Perhaps more accessible are the books by Terras [80,81], or in the special
case of G = SL(2,R) a highly recommended reference is the book by Borel [193], while for
G = SL(3,R) we also recommend the thesis by Miller [194]. For nice physicist’s accounts,
upon which the present treatment is mainly based, we recommend the paper [13] by Obers
and Pioline, and the review [195] by Pioline and Waldron.

9.1 Constructing Automorphic Forms

We shall here describe several different methods for constructing automorphic forms on coset
spaces G/K. We first give a general treatment of these methods, comparing and contrasting
the mathematician’s viewpoint with more physics-inspired constructions. For the applications
considered in this thesis we will mainly be interested in a special class of automorphic forms
known as FEisenstein series. The general construction of Eisenstein series is therefore treated
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in detail in Sections[9.1.1]and[0.1.2] Then in Section[9.1.3|we discuss a more general framework
which in principle allows for constructing any automorphic form on a coset space G/K, of
which interesting examples include Eisenstein series and theta series.

9.1.1 Eisenstein Series - Mathematicians’ Approach

Let G(R) be a Lie group in its split real form!, and let g be the associated Lie algebra of
rank 7. We know from Section that GG exhibits an Iwasawa decomposition of the form

G = NAK, (9.1.1)

where N denotes the nilpotent subgroup, A is the Cartan torus and K is the maximal compact
subgroup. Let furthermore h; (i = 1,...,7) be the generators of the Cartan subalgebra
h = Lie A and choose a parametrization of the Cartan torus of the following form

a(¢p) = exp{ Z¢’ Z] = f[(I)Z“ €A, (9.1.2)
i=1

where we defined the variables
P; :=exp [ — ¢ (9.1.3)

Now note that by virtue of the Iwasawa decomposition the left action action of any
element z € N on g = na(¢)k € G leaves invariant the variables ®; parametrizing the Cartan
torus. A function E¥®)(g; \r) which is invariant under a discrete subgroup G(Z) C G(R)
may now be constructed as follows

EYD(gar) = Y H(’y @), (9.1.4)

YEN(Z)\G(Z)

where A = (s1, ..., ;) is a highest weight vector? associated with the representation R of G.
Since the product of all ®; is invariant under N, we must in order to ensure convergence sum
only over the orbit N(Z)\G(Z) := (G(Z) N N)\G(Z). The function E“®)(g; \g) is known as
an Fisenstein series, and a choice of the parameters s; is called the order of the Eisenstein
series. The general method of constructing G(Z)-invariant functions by summing over images
of a coset I'\G(Z), for I" some discrete subgroup of G, is known as Poincaré series, and may
also be used to construct other types of automorphic forms.

An important remark is that the Eisenstein series E¢(%)(g: Ag) is an eigenfunction of
all G-invariant differential operators on G/K. In particular, it is an eigenfunction of the
Laplacian on G/ K, with eigenvalue proportional to the value of the quadratic Casimir in the
representation R:

Ac/kEYP (g; ) = c(Ar, Ar + 20) ESP)(g; AR), (9.1.5)

! As we shall see in Chapter [12| the construction can be generalized to the case of non-split real forms, but
for simplicity we here restrict to the split case.

2In general, it is not necessary for Az to be a highest weight vector, but only some arbitrary vector in
weight space. However, for our purposes, it is sufficient to restrict to the case when Ag is a highest weight,
in which case the present construction relates nicely to the one in the following section. I thank Boris Pioline
for pointing this out to me.
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where p is the Weyl vector (see Eq. ), and the proportionality constant ¢ # 0 depends
on the conventions. We shall see explicit examples of Eq. in Sections and as
well as in Chapter The Eisenstein series EC(%) (g; A\r) has poles for those values of \g
where the quadratic Casimir vanishes [187].3

9.1.2 Eisenstein Series - Physicists’ Approach

In this section we shall describe a more “physics-oriented” method for constructing non-
holomorphic Eisenstein series on arithmetic quotients,

G(Z)\G(R)/K (@), (9.1.6)

where G(Z) denotes a discrete subgroup of the continuous Lie group G(R). In other words,
we are interested in G(Z)-invariant functions whose argument takes values in the coset G/ K.
The method we will discuss was developed in [13] by Obers and Pioline.

We will be able to use some of the technology discussed in Part I of this thesis. First
we choose a coset representative V € GG/K in the Borel gauge (see Section . Note that
this is a representative for the right coset G/ K, rather than the left coset K\G which was
used extensively in Part I. This choice is more convenient for our present purposes. The
difference lies in the choice of Iwasawa decomposition, which here reads G = NAK, as in
, in contrast to G = KAN used in Part I. The main building block of the Eisenstein
series will then be the “generalized metric” IC, constructed from V as follows:

K= w7, (9.1.7)

where ( )7 denotes the “generalized transpose” defined in Section which for the special
case of G = SL(n,R) reduces to the ordinary matrix transpose. The coset representative V
transforms by k=1 € K from the right and by g € G from the left,

V o gV (9.1.8)

which in turn implies that K is manifestly invariant under K, while transforms covariantly
under G:
K — gKkg7. (9.1.9)

Any function of K will then by construction live on the coset G/K. To proceed, we must
specify what is meant by the discrete subgroup G(Z) C G(R). For the purposes of this thesis
the group G(Z) simply corresponds to the subset of G(R) that leaves invariant some discrete
lattice Az. In physical applications, this lattice can for example correspond to the lattice of
electric and magnetic charges (see, eg., [8]).

The desired Eisenstein series may then be defined as follows

/
ECD(K; s) := Z §(m Am) [mT-IC-m] S, (9.1.10)
meAy
where the prime on the sum indicates that the term with m = (my,...,m,) = (0,...,0)

should be omitted. This is indeed a function on G/K because it is constructed from C, and

31 am grateful to Pierre Vanhove for stressing this point to me.
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it is also invariant under G(Z) since the action of v € G(Z) on K will hit the lattice vectors
m € Az and simply results in a change in summation variables, i.e.
ECD (y.K;5) = Z §(mAm) [mTW-IC‘VT‘m} o Z §(m'Am') [m'T.IC.m’] _s, (9.1.11)

mey m/€Az

where m’ := 47 -m € Az. We have also inserted a delta function 6(m A m) which enforces a
certain quadratic constraint
mAm=0 (9.1.12)

on the summation variables. This is required in general to make sure that E¢®)(K; s) is an
eigenfunction of the Laplacian on G/ K, as is required for non-holomorphic Eisenstein series.
For the case of G = SL(n,R) this constraint is not needed, but it will appear explicitly in
Chapter (12| when we consider the example of G = SU(2,1). For a more detailed discussion of
the constraint see [13]. We note that for an n-dimensional integral lattice Az, the Eisenstein
series converges absolutely for £(s) > n/2 [81].

Let us briefly conclude with a comparison to the construction of the previous section.
The Eisenstein series €G(Z)(IC; s) may be considered as a special case of the Poincaré series
ES@)(g; \g) in . More precisely, EG)(C; s) arises as a certain limiting choice of the
parameters s;. This will become more clear in Sections and where we consider explicit
examples.

9.1.3 Constructing Automorphic Forms Using Spherical Vectors

There exists a general method for constructing automorphic forms on G(Z)\G/K as advo-
cated in [195-197]. The fundamental object in this construction is the so called spherical
vector fx which belongs to a Hilbert space of square-integrable functions. The spherical
vector is defined by its invariance under K (G), acting on H through a linear representation p
of G(R). To understand this construction we begin by recalling a few facts about the theory
of induced representations.

A Note on Parabolic Induction

We want to describe representations p of a Lie group G acting on functions belonging to
a Hilbert space H, which in our case will be identified with the space L?(P\G) of square
integrable, real-valued functions on the coset space P\G, where P is the Borel subgroup of
G. We will see how P is defined in explicit examples later on. Elements of L?(P\G) are then
functions of the form

f:n+— f(n)eR, n € P\G. (9.1.13)

The group G acts on n € P\G from the right and a compensating transformation of p € P
from the left is required to obtain a new representative n’ for the coset space P\G,

n — png=n' € P\G. (9.1.14)

We will then consider representations p of G acting on functions f € L?(P\G) with the
property that

p(g) - f(n) = f(ng) = f(pn') = x(p) f(n'), (9.1.15)
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where
X :pr— x(p) eR (9.1.16)

is the so called infinitesimal character defining the representation p. Representations of G
obtained in this way by induction from the Heisenberg parabolic P belong to the principal
continuous series of G-representations.

Automorphic Forms and Spherical Vectors

We shall now apply these techniques to construct an automorphic form ¥ on G/ K, invariant
under G(Z). As mentioned above, to this end we need to find a spherical vector, i.e. a
K-invariant function fx € H = L?(P\G) belonging to the representation p discussed above.
In addition we need two more ingredients, namely a G(Z)-invariant distribution fz which
belongs to the dual space H*, as well as an inner product (, ), provided by the canonical
pairing between H and H*. Putting things together, we may now quite generally define W
as [195-197]

U(g) = (fz, p(0) - Fc). (9.1.17)

The calculation of ¥ can be simplified by invoking the Iwasawa decomposition of G,
G =NAK, (9.1.18)

with N representing the nilpotent part, A the abelian part, and K the maximal compact
subgroup. We thus have the corresponding decomposition of g € G,

g = nak, neN,ac A kekK. (9.1.19)
Now we may use the property that fx is invariant under K,

p(k) - fx = [k, (9.1.20)

implying that
p(9) - fx = p(nak) - fx = p(na) - fx. (9.1.21)

Defining the standard coset representative in the Borel gauge as follows
V=na € G/K, (9.1.22)
we may write the automorphic form as
U(V) = (fz,p(V) - fK) - (9.1.23)

This minor simplification will turn out to be very useful in the construction of . The coset
representative V € G/K transforms by k~! € K on the right and v € G(Z) on the left,

Vi— VL (9.1.24)

On ¥ the left action by k£ becomes a left action on fx, which is invariant, and the right action
of v becomes a left action on fz, which is also invariant. Hence, ¥(V) is by construction a
function on the double quotient G(Z)\G/K.
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p-Adic Automorphic Forms

Although very appealing, the method described above is complicated by the fact that the
distribution f7 is in general difficult to obtain. There is however a powerful mathematical
technique, developed in [195-197], to compute fz using p-adic number theory. In this ap-
proach, the distribution f7 is reinterpreted in terms of a p-adic spherical vector f, that can
be straightforwardly constructed from its real counterpart fx in a way that will be explained
shortly. The automorphic form ¥ can then be written in the following way

v) = > [ TI H@]ov) - i@, (9.1.25)

ZeQn p<oo

where & is a vector of rational numbers in Q™, and the product is over all prime numbers p.
This construction is based on the fact that for the field of p-adic numbers the analogue of the
maximal compact subgroup K is G(Z,), where Z, denotes the field of p-adic integers which is
a compact subset of the p-adic numbers Q,, (see Eq. . Hence, in the p-adic framework,
the G(Z)-invariant vector fz simply corresponds to the G(Z,)-invariant “spherical” vector
fp- Moreover, it was found in [195-197] that once the K-invariant spherical vector fr is
constructed, there is a simple prescription to obtain the p-adic spherical vector f,. This
prescription will be explained in explicit examples below. We will then also see how to
evaluate the somewhat intimidating infinite product over primes in (9.1.25)), as well as how
to recover the lattice summation appearing in the Eisenstein series in ((9.1.10]) from the sum
over rational numbers in W(}). This will reveal that for a certain choice of spherical vector
fK the construction in is equivalent to the construction of E5®)(K;s) in .
In the next section will introduce some of the basic terminology, and in Sections and
will discuss some detailed examples of how this works.

A Lightning Review of p-Adic Numbers

In order to use the formula later on, we need to introduce a few basic facts about
p-adic number theory. This is a vast subject in mathematics, and the following treatment is
merely intended to provide the minimum set of tools required for subsequent sections. For
a very nice introduction to p-adic numbers for physicists we recommend [198]. A relatively
accessible mathematical treatment is also given in [199].

Perhaps the most intuitive definition of a p-adic number x,, is to consider it as a Laurent
series in the prime number p:

k+1_|_...

Ty = crp® + coap , k ez, (9.1.26)

with the coefficients ¢, being strictly positive integral, and bounded by p. The field of p-adic
numbers is denoted by @Q,, and may be considered as a “completion” of the real numbers R
under the p-adic norm | - |,. This norm is defined as

2|, == p~F, z € Q, (9.1.27)

where k is the largest integer such that z/p* € Z.
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We also have the subset of p-adic integers Z, which similary may be considered as the
completion of the standard integers Z under the p-adic norm. They have the following
definition:

Zp={z€Qp||z|, <1} CQ,. (9.1.28)
We can also extend the p-adic norm to vectors of rational numbers. Recall that the
Euclidean norm |9| = ||9]| of a vector ¥ = (v1,...,v,) € Q" is defined as

|5 == \/v} + 02 (9.1.29)

The p-adic counterpart of this is then given by
|U]p == max(|vi|p, - -, [vn]p)- (9.1.30)

Note that, in contrast to the Euclidean norm, there is no square root in the definition of |¥/],.

9.2 Eisenstein series on SL(2,R)/SO(2)

In this section we shall illustrate the various constructions discussed above in the context of
the standard non-holomorphic SL(2,Z)-Eisenstein series on SL(2,R)/SO(2). In Section
we saw that this Eisenstein series takes the form

TS
ESLRD) (7, 5) = Z m’ (9.2.1)
(m,n)#(0,0)

where the complex parameter 7 parametrizes the upper half plane
H={reC|mn >0} (9.2.2)

We will now see how Eq. (9.2.1) may be reproduced using either of the three methods
described in Sections [9.1.1} [9.1.2] and 9.1.3]

9.2.1 Poincaré Series

Recall from Section that the Lie algebra sl(2,R) is generated by the Chevalley triple
(f, h,e), subject to the relations

[h, €] = 2e, [h, f] = —2f, e, f] = h. (9.2.3)
Following the logic of Section we then perform an Iwasawa decomposition of g €
SL(2,R):
: -5
g=eeein= (1Y) ( - ) Lokeso@, (24
e
where

a($) = < e F ) = ol (9.2.5)
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Implementing this in the general formula 4)) yields the Eisenstein series

ESLRD) (g 5) = Z (v-®)°. (9.2.6)
~EN(Z)\SL(2,Z)

To make contact with Eq. we note that the isomorphism between the upper half plane
H and the coset space SL(2,R) is given by

T =1 +im = x +ie ?, (9.2.7)

where ¢ = 2¢, and hence ® = 72. Moreover, the action of SL(2,Z) on the upper half plane
is given by the standard fractional transformation

o th a,b,e,d €7, ad—bc=1, (9.2.8)
ct+d

which in particular implies

2
2 T2
P = (- =——7 . 9.2.9
e ten) = (i) ©29
To understand the sum in Eq. (9.2.6)), we must also analyze the structure of the coset
N(Z)\SL(2,Z). This corresponds to the equivalence relation

a b 1/ a b\ _[(a+tbc b+
SL(2,Z)9<C d)N( 1>(C d>_< . d >, teZ, (9.2.10)

implying that, in the coset N(Z)\SL(2,Z), a and b are determined by ¢ and d. Hence, the
coset N(Z)\SL(2,Z) is completely characterized by the two integers ¢ and d. In addition,
the determinant condition ad — bc = 1 further constrains ¢ and d to be coprime: (¢, d) =1
Finally, redefining § = s/2 and using Eq. we find that the Eisenstein series (|9.2.6))

becomes
!

7_8
ESLED) (. g) = Z m’ (9.2.11)
(c,d)=1

where the prime on the sum indicates that the term with ¢ = d = 0 should be removed. The
additional coprime condition compared to Eq. can be understood as follows. Consider
the sum over m,n € Z in and make the change of variables m = kd and n = ke, with
k = ged(m,n) and (c,d) = 1. Implementing this in yields

/

9 TS B 5
Z Im +n7'|28 Z [Z 2}m 2¢(2s) Z m, (9.2.12)

(m,n)#(0,0) d)=1 k#0 (e, d)=1
where we recall that the Riemann zeta function is given by
o
((28) =) k. (9.2.13)
k=1

We may therefore conclude that the two different Eisenstein series are related in the following
simple way
LD (1. 5) = 2¢(25) ESHED) (11 5). (9.2.14)
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9.2.2 Lattice Construction

Let us now see how we can construct £342%)(r;s) using the method discussed in Section
Again, invoking the Iwasawa decomposition, we may choose a coset representative V
in the Borel gauge as follows

g

Y = eXee—5h = ( o2 ) ( 1 >1< ) € SL(2,R)/SO(2). (9.2.15)

The generalized metric I then takes the form

—¢ 4 oPy2 P
T [ e F+e"xT ePx
K=YV = ( O b > . (9.2.16)

According to the general prescription described in Section the Eisenstein series is ob-
tained by taking a lattice vector 1m = (n,m) € Z?2, corresponding to the fundamental repre-
sentation of SL(2,Z), and then summing over the integers mi, mo as follows

/

e () = S [l Ke]
mEeZ?
[ ? ) (9.2.17)
— 2 2¢ 2 . L.
(g " T m )
This result agrees with Eq. (9.2.1)) if we identify
Ti=x+ie?, (9.2.18)

which is the standard map between the upper half plane H and the coset space SL(2,R)/SO(2).

9.2.3 Spherical Vector
Finally, we will show how to construct the Eisenstein series SSS L@z (1,7) using the more
abstract framework of Section [9.1.3] This will be done using induction from the parabolic

subgroup

P= {( f > ‘n,tl,tg € R; t1t2:1}. (9.2.19)
n t2

Note that P coincides with the Borel subgroup B_ C SL(2,R) generated by {f, h}. A
representative for the parabolic coset P\SL(2,R) can now be chosen as

n= < ! :1” > € P\SL(2,R). (9.2.20)

Functions in L? (P\SL(Q,R)) corresponding to the principal continuous series then obey

p(g) - f(n) = f(ng) = f(pn') = xs(p) f(n'), (9.2.21)
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where the character xs(p) is defined as

o 428 ([t
xs(p) =t;*°,  p= ( b ) €P. (9.2.22)

We want to find a suitable spherical vector, i.e. an SO(2)-invariant function fx belonging
to L?(P\SL(2,R)). The maximal compact subgroup SO(2) acts on n € P\SL(2,R) from
the right, and a compensating transformation by p € P from the left is required to restore
the upper-triangular form of (9.2.20). Since k € SO(2) acts on n as a rotation, it will by
definition leave invariant the Euclidean norms [|7;|| of the two rows 7} and 7 in n. Note
furthermore that the compensating transformation of p € P acts simply by multiplication on

the top row:
tl tlx
= . 9.2.23
pn < n to+nx > ( )

We may therefore take the spherical vector fx to be defined as the Euclidean norm of the
top row of n:

fre(x) = |7 7% = (1 +2%)7°. (9.2.24)

Although the compensating action of p from the left modifies fx by an overall factor t3°, we
must also include the character xs(p) = tf2s since fx belongs to the principal continuous
series. Hence, we find that fx(x) is indeed invariant, and corresponds to the desired spherical
vector.

To construct the automorphic form ¥(V), we must also compute the action of p(V) on
fr(z), where V € SL(2,R)/SO(2) is the standard coset representative, Eq. (9.2.15), in the
Borel gauge. This is straightforward, following the prescription in : the action of p(V)
on any function f(n) is given by

p(V) - f(n) = f(nV) = f(pon') = xs(po) f(n') = €*? f(n'), (9.2.25)

e~ 9/2 1 e®(x+x
po = < o6/2 ), n = ( ( 1 ) > (9.2.26)

The spherical vector thus transforms as follows

where

p(V) - fr(z) = (1 +e*(z + x)?) " (9.2.27)

The last missing piece in the construction of W(V) is the p-adic spherical vector f,. It was
found in [195-197] that f, can be constructed according to the following simple prescription:
replace the Euclidean norm ||-|| in fx by the p-adic version |-|,.* Hence, we take the following
definition of the p-adic spherical vector

L= -2
fo(z) = |71, s — max (1, |z[,) ", (9.2.28)

4This procedure works because the action of the group is (projective) linear in this representation. I am
grateful to Boris Pioline for pointing this out to me.
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where the p-adic norm | - |, was defined in Section Inserting Eq. (9.2.27) and Eq.
(19.2.28) into Eq. (9.1.25)), we find that the automorphic form ¥ (V) takes the form

=2 [ [ max(t,Jz],)” } YL+ e +x)?) " (9.2.29)

zeQ p<oo

In order to make sense of this expression, we must evaluate the infinite sum over prime
numbers. To this end we first make a change of variables in the summation, and write the
rational number x € QQ as

T = T, m,n € Z, n # 0. (9.2.30)
n

This yields

Z Z [ H max( ‘ ) } ( +e2¢( +X) )_57 (9.2.31)

meZ n#0 p<oo

Now we can evaluate the product over primes. Suppose first that m/n € Z. Then we know
by definition of the p-adic norm that ‘m‘ < 1, and hence the max-function will simply pick

out the first component:

’ } 1, Vm/neL (9.2.32)

H max[

p<oo

On the other hand, when m and n are coprime, the maximum value of f, for each p will be
when p = n, for which we have

H max[

p<oo

‘ ] —n. (9.2.33)

All other cases, i.e. when p # n, will again give unity. Hence, the result is

vY) = > ne [1+62¢( +><)1

—S

(m,n):l,n;éo
s
=y (9.2.34)
(m,n)=1,n#0 |m T 7’L7"

where 7 = y+ie~? as usual. We conclude that indeed for fx in the principal continuous series,

this final form of (V) coincides with the non-holomorphic Eisenstein series gSLZE) (1,7) in

Eq. (9.2.1), modulo the missing term corresponding to n = 0.

9.3 Eisenstein Series on SL(3,R)/SO(3)

We will now consider in detail also the example of SL(3,Z)-invariant Eisenstein series in the
principal continuous series of SL(3, R)-representations.
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9.3.1 Poincaré Series

The rank 2 Lie algebra s[(3,R) is generated by the two Chevalley triples (e1, f1,h1) and
(e2, fa, ha) represented in the fundamental representation by the following matrices:

010 00 0 1 0 0 0 0 0
ee=[0001), ee={ 00 1), ma=[0 -1 0], hg=[0 1 0
000 00 0 0 0 0 0 0 -1
(9.3.1)

together with f; = (f;)7, i = 1,2. An arbitrary element g € SL(3,R) may then be repre-
sented in Iwasawa form as

1 1
g = exp [vel + 5./4262 + (A1 - 2UA1)63] exp [—qblhl — dohsl| k

1 v A ed;l o
= 1 A e~ P1to2 k, (9.3.2)
1 e—q~52

where eg = [e1, ea]. The Cartan torus is thus parametrized by
6(2)1
a($) = o~ Pitd2 = (@)™ (95)". (9.3.3)

ei¢2

From Eq. (9.1.4) we then find that an SL(3,Z)-invariant Eisenstein series in the principal
series of SL(3,R) is constructed as follows

Pgaa - X () ()’ ou
YEN(Z)\SL(3,Z)

For the purpose of simplifying the analysis in Section it will be useful to make a slight
change of variables which is in better accordance with the conventions of [200]:

Oy =y H/Ou712, Dy =y /3, (9.3.5)
and we also redefine the parameters 51 and §o as follows
§1 = —282, 52 = —281. (9.3.6)

Implementing these changes in (9.3.4) yields
251+52

ESMOR (gist,s0) = Y (7 ' y> 3 (7 ' u) B (8:8.7)
YEN(Z)\SL(3,Z)

To write this out explicitly, we consider an arbitrary SL(3,Z)-element of the form

alp ag as
Y= b1 by b3 ESL(?),Z), (938)



9.3 Eisenstein Series on SL(3,R)/SO(3) 205

and the Eisenstein series may then be written as

/

S9—S8 1 1 _Sl
BSIOD (grs, ) = 5 Y {[cgwu(cQ+cw)2+y(c1A1+c2A2+c3)2}
(c,b)ezS

x [ypg +u(Dy — AsD3)* + %(Dl —vDy — (A — UAQ)Dg)Q} _52},
(9.3.9)
where we defined
D1 := bycg — bzes, Dy :=bszer — byes, D3 := bico — bacy. (9.3.10)

The summation variables in (9.3.9) are further constrained by the structure of the coset
N(Z)\SL(3,Z), and it was shown in [200] that this implies the following relations:

(c1,¢2,¢3) = (D1, D2, D3) = 1,
c1D1 + oDy +c3Ds = 0,
C1, D1 > 0, (9311)

where we used the notation (z,y, z) = ged(x, y, 2).

We will see in Section that these variables are natural when computing the Fourier
expansion. In particular, it will be important that the complex parameter z = v + iu trans-
forms in the standard fractional way under a certain SL(2,Z) subgroup of SL(3,Z).

9.3.2 Lattice Construction

Let us now proceed to the method of Section [9.1.2] To this end we begin by choosing the
coset representative

1 A C 1/m
1 B m /1 e SL(3,R)/SO(3). (9.3.12)
1

2

Y =

We are here using slightly different variables compared to the previous subsection in order to
make the comparison with the analysis in Section |9.3.3| straightforward. Below we will also
explain the relation with the variables used in Eq. (9.3.9).
We proceed to construct the SO(3)-invariant generalized metric:
2 2
b A3t R A+ n3BC niC
_ T _ 2 2
K=YV = %AJF,?%BC %Jrnglgz B |- (9.3.13)
15C 5B 3
We furthermore choose a lattice vector m = (mg, ma, m1) € Z3 in the fundamental represen-
tation of SL(3,Z). Using Eq. (9.1.10) we then obtain the following Eisenstein series:

ESLBD (K. s) = Z/ [mT-M-mrS

meZ3
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m2 2 _
— > {—23 + 77%(mg +mgA)® + 3 (my +maBB + m36)2]
(m1,ma,m3)#(0,0,0) R
(9.3.14)
To compare this result with Eq. (9.3.9) we change variables to
A=v, B=Ay, C=A, m= y_l/Gu_l/Q, 1o = y_1/3, (9.3.15)

after which (9.3.14)) becomes

!
ESLBD) (I, 5) = y~5/3 Z [m%u + %(mg + mlv)2 + ;(m1«41 +maAs + ms)Q} B (9.3.16)
meZ3

Here we recognize the first summand of Eq. , while the range of summation is different
because of the extra coprime condition (cj,ca,c3) =1 in . This can be understood in
the same way as in the SL(2,R)-example in Section [9.2] namely redefine m; = ke¢;, i = 1,2, 3,
with (c1,¢2,¢3) = 1 and k = (my, ma, ms). After this change of summation variables, Eq.

becomes
/
EFED (K ) = 2 (2s)y ™" Z [C%u“‘i(C2+61U)2+;(C1A1+62A2+03)2] . (9.3.17)

(c1,c2,c3)=1

From this result we conclude that the minimal Eisenstein series arises as the limiting case
s9 — 0 of the general principal series in ((9.3.9)), i.e.

ESLED(IC 51) = lim [20(s1) B (gis1,5)] (9.3.18)
So—

It is in fact possible to write the full principal series in terms of the method of Section [0.1.2]
In this case, one introduces two lattice vectors m € Z3 and n € Z* and consider the following
series [201]

/
—S9

EILBD (. 51, 89) = Z [mT K- m]_sz [(mT K -m) (nT K n) — (mT K- n)z} ,
(m,n)€Z5

(9.3.19)

where the summation excludes (mj, ma, ms) = (0,0,0) and (ni,n2,n3) = (0,0,0), modulo

the equivalence relation n ~ n+m. The relation with the principal series in Eq. (9.3.7)) again

becomes apparent after eliminating the coprime condition, which then yields a generalized

version of Eq. (9.2.14) [201]:
ESLBD)(IC: 51, 59) = AC(251 + 282)((252) ESLBD) (g1 51 59). (9.3.20)

9.3.3 Spherical Vector

In this section we will finally reproduce the minimal Eisenstein series in Eq. (9.3.14]) using
the general approach of Section based on the spherical vector fx. As in the case of
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SL(2,R) above, we shall consider representations p induced from the parabolic subgroup
consisting of lower-triangular matrices

t1
P= { x 1o | titats = 1} C SL(3,R). (9.3.21)
* * t3

A natural representative for P\SL(3,R) is given by

1

T
n = 1

€ P\SL(3,R). (9.3.22)

[l SR

We consider the representation p of g € SL(3,R) induced from P which acts on functions
f(n) on P\SL(3,R) by

plg) - f(n) = f(ng) = f(pn') = xs(p)f(n'), (9.3.23)

where xs(p) is the character
xs(p) =t % (9.3.24)

We have here chosen the simplest possible character for the purpose of reproducing the
minimal Eisenstein series £5L(3:2) (K;s). The general principal series £ SL(3.Z) (IC; 81, 82) may
also be constructed by induction from the parabolic subgroup P in . However, carrying
out the full program for this case is much more complicated and we will therefore refrain from
doing so here. See however [195,201] for a discussion.

The element ng € SL(3,R) is generically not in the form of (9.3.22), but by a compen-
sating transformation of p € P from the right we obtained ng = pn/, with n’ € P\SL(3,R).
The specific choice of character in corresponds to a certain limit of the principal con-
tinuous series of SL(3,R) representation (see [201]). In fact, it restricts from the reducible
representation acting on functions f(x,y, z) of three variables to an irreducible representation
acting on functions of two variables, f(z,z) := f(x,1, 2), i.e. to the minimal representation.
The spherical vector fx(x,z) is defined by the condition

p(k) - fr(z,2) = fr(x,2), ke SO(3). (9.3.25)

A simple way of determining fx(z,z) is to consider the action of SO(3) on n € P\SL(3,R).
SO(3) acts from the right on n and a compensating P-transformation from the left is needed
to restore the upper-triangular form. The action of p € P on n is

t 1 =z 2 t tix t1z
pn= | pa1 t2 1 y | =| pa t2+paux toy + po12 . (9.3.26)
D31 P32 t3 1 P31 P32 +p31T t3 + p32y + P31z

Since the action of K = SO(3) on n is just a rotation, it preserves the Euclidean norm of
each row 7; of n. If we act by k£ € K on n from the right we will however destroy the upper
triangular form of n, and a compensating transformation by p € P from the left is required.
Moreover, we see that the action of P on the top row 7 = (1,x, 2) is very simple: p-7 = t37.
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The spherical vector fx(x,z), in the minimal representation, can therefore be taken as the
Euclidean norm of the vector 7 raised to the power —2s:

fr(z,2) = |77 = 1 + 2+ 22) . (9.3.27)

The action of k € SO(3) will transform fx by an overall factor t3° because of the compen-
sating P-transformation in but since fx belongs to the principal continuous series we
must also include the character x4(p) = t72* from , implying that fx(z,z) is indeed
invariant.

To find the action of V € SL(3,R)/SO(3) on the spherical vector in this representation,

we simply apply the formula (9.3.23)) on fx, which yields
p(V) - fr(n) = fr(nV) = fi(pon’) = xs(po) fxc (n') = ni®||7]| 7>, (9.3.28)
where

1 Z—i(m—i—A) 7717)2(22+xB+C)
1
1/m

P = M /M2 . (9.3.29)
2

The transformed spherical vector thus corresponds to the norm squared ||7/||~2* of the top
row 7 of the transformed matrix n’ € P\SL(3,R). In addition, we must include the overall
character 73* and the final result is

4 —s
pWMfK@J)zﬁﬂ1+%ﬂx+Af+n%ﬁz+x8+qﬂ . (9.3.30)
2
The p-adic spherical vector is again obtained by replacing the Euclidean norm ||-|| in fx(z, 2)

by its p-adic version, which yields

fp(z,2) =1, 2, z|;25 = max(1, |z[p, \z|p)_25. (9.3.31)

At this stage, the automorphic form ¥(V) in Eq. (9.1.25)) for the minimal representation of
SL(3,R) thus reads

21l 2 o 2178
(V) = Z [ H max (1, |z, |2[p) } [—2 + 5@+ A) +n3(z+3B+C) } .
(I7Z)€Q2 p<oo U 5
(9.3.32)

To proceed, we must again evaluate the infinite product over primes. This can be done by the
same method as for the SL(2,R)-example in the previous subsection. We begin by extracting
the greatest common divisor between the rational summation variables z and z:

r="2 =T (9.3.33)
ms ms3
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where m; € Z (mg # 0), and (my,mg) = 1. By the same reasoning as before the infinite

product over the p-adic spherical vector becomes
my| |mg| |28 2
H max(1,|—| ,|— =mg~.
p<oo m3lp 1m3lip

Inserting this result into Eq. (9.3.32)) then yields

mg 77% 2 2 971 —$
\IJ(V) = Z Z [Q‘FU%(TI’LQ—Fmg.A) —|—772(m1—{—m28+m3C) } .

U

(ml,mg):1 m37é0

(9.3.34)

(9.3.35)

This result indeed agrees with the Eisenstein series in Eq. ((9.3.14]), up to the missing term
in the sum with ms = 0, and the extra coprime condition (m,my) =1 on the summation.
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10

Fourier Expansions of Automorphic
Forms

We have now learned how to construct G(Z)-invariant automorphic forms on a symmetric
space G/K in a variety of different ways. The remaining task is then to extract the physical
information that they contain. For the simplest case of G(Z) = SL(2,Z) we have seen in
Chapter [8| that this is done through Fourier expansion, which recasts the automorphic form
into an infinite sum, revealing perturbative and non-perturbative quantum effects. In this
chapter we shall discuss in more detail how to compute such Fourier expansions, again with
particular emphasis on the special examples of SL(2,7Z) and SL(3,Z). We begin in Section
by explaining the main philosophy, stressing certain key points, while in Section [10.2]
and we consider explicit examples. Section |10.3| is based on Paper VII, written in
collaboration with Boris Pioline.

10.1 General Considerations

In this section' we shall discuss some general features of the Fourier expansion of Eisenstein
series E¢(?)(g; Ar), constructed as in Section We will be deliberately schematic in
order to emphasize the key issues. Details are relegated to the examples in the following
sections. We begin by noting the important fact that by virtue of the Iwasawa decomposition
g = nak € G, the function EG%) (9; Ar) is by construction invariant under the nilpotent
subgroup N(Z) C G(Z),

E“P(xg;A\r) = Y (g \r),  x € N(Z). (10.1.1)

T thank Axel Kleinschmidt for helpful remarks which considerably improved the logic of the presentation
in this section.

211



212 Chapter 10 Fourier Expansions of Automorphic Forms

To understand the implications of this fact, we parametrize the element n € N in the standard
way (see Chapter [5| where this was called the “Borel gauge”)

n = exp{ > XaEa] € N, (10.1.2)

acd

where @ denotes the positive root system of the Lie algebra g = Lie G (see Section ,
and F, are the positive root generators. We shall refer to the parameters y, as “axions”, by
analogy with the axion y in the type IIB example of Chapter |8} In this parametrization, it
is clear that the left action of © € N(Z) on g = nak will leave the “dilatonic” parameters ¢
of a € A invariant, while acting as integer-valued shifts on the axions:

N(Z) > x : Xa— Xa T o, (10.1.3)

where (., € Z are the corresponding parameters of € N(Z). This expression is somewhat
schematic but nevertheless illustrates the main point. By comparing ) with m,
we then deduce that EC¢Z )(g7 ARr) exhibits a periodicity in the set of axionic moduli {xq},
schematically indicated as follows

z) <¢’ {xa};AR) _ pG@) <¢’ {Xa +ga};>\R>, (10.1.4)

where we collectively denoted the Cartan parameters by ¢. This periodicity ensures that
EG®)(zg; \g) has a Fourier expansion of the general form

EYD(gar) = 3 € (¢)exp [27”' ZEaXa}a (10.1.5)
Lo EZP aedy

where D = dim Lie N. From this expression it is clear that the Fourier expansion essentially
corresponds to a diagonalization of the action of the nilpotent subgroup N(Z) C G(Z).

Although morally true, in the discussion above we have actually suppressed the main sub-
tlety: the nilpotent group N is generically not abelian and therefore can not be diagonalized
according to the general form indicated in . This implies that in the general case
when N is non-abelian, Eq. is actually wrong. To remedy this, one must decompose
the Fourier expansion into an abelian part and a non-abelian part:

ES®) (g;\r) = Ealg) + Enalg), (10.1.6)

where the abelian term corresponds to the Fourier expansion with respect to the “abelianized”
nilpotent group N = N/Z. Here Z denotes the center of N. The non-abelian part En4(g)
then represents the remaining decomposition with respect to the center Z. We will see in
Sectionthat for G = SL(3,R), N is isomorphic to a three-dimensional Heisenberg group,
and in this case the center Z is one-dimensional, corresponding to the commutator subgroup
[N, V).

Let us proceed to write the correct form of m when N is non-abelian. To this end,
let x4, 1 =1,. ,D = dim Lie N denote the parameters of the abelianized group N, and let
Zgy a=1,... ,d = dim Lie Z denote the parameters of the center Z. The abelianized discrete
group N (Z) then acts on the scalars y; in the same way as in ,

N(Z) 3 & : X — Xi+0, (10.1.7)
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while the center Z leaves all y; invariant. On the other hand, the full group N(Z) = N(Z) x
Z(Z) acts non-trivially on the scalars zg:

D
N(Z) X Z(Z) S Y Zg — Zgt+ ke + Zcijgijéja ke € 7, (10.1.8)
i=1
for some numerical coefficients ¢;; which depend on the group V. As a consequence of (10.1.8)),
the Fourier expansion will no longer display a complete separation of variables between the
Cartan parameters ¢ and the axions y,, in contrast to the abelian case (10.1.5)). The correct
form of the non-abelian Fourier expansion then reads

D
ESD(gar) = D ¢ (o)exp |20y lixi
fezb i=1
d
+ ) €%, Xp) exp [27ri2k:aza] : (10.1.9)
kezd a=1

We emphasize that in the second (non-abelian) term the coefficients &, (qb, 921') are periodic
functions of the axionic scalars ¥; with respect to the action of the abelianized group N (Z).

Let us conclude this section with a brief discussion of the “perturbative” part of the Fourier
expansion corresponding to the zeroth Fourier coefficients €y in . In mathematical
terminology, these are known as the constant terms and effectively correspond to integrating
out all of the axionic scalars:

¢ (¢) = / ECD) (g; \g)dn
N(Z)\N
1 1 1 1
— /dfa---/ 5@/ dzl---/ dza O (6, i, 205 Ar)-
0 0 0 0

Being completely independent of the axionic scalars, these are precisely the terms which
encode the perturbative contributions to the Fourier expansion, analogously to the tree-level
and one-loop term in Eq. .

We turn now to explicit examples of Fourier expansions, starting with simplest case of
G(Z) = SL(2,Z), in which case N is abelian and the complications discussed above are
absent. However, in the example of SL(3,Z) considered in Section we will explicitly see

the structure of (10.1.9)) emerging.

(10.1.10)

10.2 Fourier Expansion of £5/27)(r; s)

As our first example, we shall compute in detail the Fourier expansion of the non-holomorphic
Eisenstein series £5L(22) (7;s) discussed in Section We begin by analyzing the general
structure of the expansion by utilizing the fact that E5L(%) (1;s) is an eigenfunction of the
Laplacian on SL(2,R). In Section we then use Poisson resummation to explicitly
evaluate the Fourier coefficients.
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10.2.1 General Structure

Recall that the Eisenstein series £5(2%)(7; 5) takes the form

TS
ESLRD) (7. 5) = Z m7 (10.2.1)
(m,n)#(0,0)

where 7 = 7 + ity parametrizes the coset space space SL(2,R)/SO(2) via the standard
map discussed in Section We have also seen in Section that ESLRL)(1:5) is by
construction invariant under the discrete subgroup SL(2,7Z) which acts in the following way
on the coordinate 7:

ar +b
et +d’

This group is generated by two transformations S and T (see, e.g. [202], and Section [2.4.3)),
acting on 7 as

T — a,be,de€Z, ad—bc=1. (10.2.2)

1
ST —— T:7+— 7+1 (10.2.3)

T
Let us for a moment focus on the shift transformation T'. Notice that this leaves invariant the
imaginary part of 7, while shifts the real part according to 7 —— 71 + 1. Since the Eisenstein

series is invariant under the entire group SL(2,Z) it will in particular satisfy
SSL(Q’Z)(Tl,TQ; s) = 5SL(2’Z)(71 +1,79;9), (10.2.4)

implying that it is periodic in the variable 7, with period 1, in accordance with the general
discussion of the previous section. This ensures that £51(2)(7; 5) has a Fourier expansion of
the form
ESLRD) (1. 5) = Z Cn (o)™ N (10.2.5)
NEZ
where the Fourier coefficients €x(72) do not depend on the real part of 7. It is useful to
separate out the zeroth Fourier coefficient €y and write

ESFER) (75) = Co(ma) + Y En(ma)e®™ N (10.2.6)
NZ£0

The zeroth coefficient corresponds to the constant term
1
ex(m) = [ e (s = [ 1D riin, (102.7)
N(Z)\N 0

as discussed in general in Section Now recall further that the Eisenstein series is an
eigenfunction of the Laplacian on SL(2,R)/SO(2):

AESLRD) (1. 6) = (s — 1)ESLED) (7, 5), (10.2.8)
A=p2(9 4 9 (10.2.9)
2 (87‘12 87‘22)
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This Laplacian condition on £5L(22) (7; s) induces differential equations for the coefficients
¢n(m2) which fixes their dependence on 79. Let us consider the constant term first. Since
this term is independent of 71, it must obey the equation

AREy(72) = s(s — 1)&(72), (10.2.10)
where we define the “radial part” part of the Laplacian
5 0
Ar =75 —. 10.2.11
R=T o3 ( )

The terminology refers to the fact that this is the Laplacian only along the directions of the
Cartan subalgebra of SL(2,R), corresponding roughly to the “radius” of the hyperbolic space
SL(2,R)/SO(2). From Equation (10.2.10) we deduce that the constant term is of the form

Co(me) = A(s)75 + B(s)1y %, (10.2.12)

where A(s) and B(s) are unknown functions that remains to be determined. These are fixed
by SL(2,Z)-invariance of the Fourier expansion, as we shall see explicitly below. Let us now
proceed to analyze the remaining Fourier coefficients €x (1) for N # 0. Inserting the bulk

part of the general Fourier expansion (10.2.6)) into the Laplacian equation (10.2.8)) yields the
following equation for the coefficients:

T3 — AT’ N?7§ — s(s — 1)| €y (r2) = 0. (10.2.13)
ot

To solve this equation, it is convenient to redefine €y (1) = /72 QN:N(TQ), after which the

equation for €y is identified with a Bessel equation, with solution given by the modified

Bessel function: )
Cn(T2) = a(N)Ks_1/2(27|N|m), (10.2.14)

where a(N) is some mp-independent prefactor. Recalling that €y (m) = \/EéN(Tg), we then
find that the Fourier expansion ((10.2.6)) becomes

ESCD (r:5) = A(s)7s + B(s)ry "+ /72 3 a(N)K,_1)5(27|N|rp) ™ N7 (10.2.15)
N#£0

The remaining coefficients A(s), B(s) and a(N) contain the missing information required to
make this expression SL(2,Z)-invariant. To determine these unknowns, we shall now con-
sider the manifestly SL(2,Z)-invariant expression and explicitly compute its Fourier
expansion through Poisson resummation techniques. This will cast into the form
(110.2.15)), allowing us to deduce the missing pieces.

10.2.2 Explicit Fourier Coefficients from Poisson Resummation

We follow the general method described in [13]. Starting from (10.2.1)), the first step is to
extract the term with n = 0 from the sum, which yields

£8L(2,Z) (158) = 2C(28)75 + Z Z 7-75 (10.2.16)

2 )
meZ n#0 ’m + nT| ’
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where the Riemann zeta function is defined as follows

> 1
- 10.2.17

By comparing this with (10.2.15)) we may already deduce that A(s) = 2((2s). Note further
that since n # 0 in ((10.2.16)) the sum over m is unrestricted. To proceed, it is convenient to
employ the following integral representation of the summand

S

1 T o0 dt ™ 2
— — % [mn| 10.2.18
Im + nr[2s I‘(s)/o gt ¢ ’ ( )

and we expand the argument of the exponential as follows
im 4+ n7|?> = (m + n7)(m +n7) = (m +nm)? + n’r3. (10.2.19)

Inserting this into ((10.2.16f) then yields

ESHCD) (7 ) = 2¢(25)78 emtlomenmi i) (10.2.20)

ts—i—l
m n#0

Since the sum over m is unrestricted we may perform the following Poisson resummation:

Z o= m+n71)2 \[Z —tm? —2mmm—1 (10‘2'21)

m

Inserting this into ((10.2.20|) ensures that the term involving 71 is independent of the integra-
tion variable ¢, and we obtain

ESLRD) (7. 5) = 2¢(28)75 Z Z o / tsffn eTMIIENTE L (10.2.22)
0

We now extract the 7 = 0 part of the sum, which allows us to determine the coefficient B(s)

in (10.2.15),
L(s —3)
I'(s)

+ * TQ Z Z e—27rzmn'rl < dt e—ﬂ'tﬁlZ—%’nQTQZ (10 9 23)
755—‘,—1/2 ’ e
~7eo n£0 0

gSL(Q,Z) (7-’ S) = 2{(25)7-5 + 2\/7? C(ZS - 1)7—2173

where we again made use of (10.2.17) and (10.2.18)). The remaining integral is of Bessel type,
and may be evaluated as follows

/oo tsff/Q effrtm 7771272 =92
0

which yields

s—1/2
75 T Ky o (2r|in| ), (10.2.24)

m

n

T'(s —
ESHRE (rys) = 2((28)75 + 2T 2



10.2 Fourier Expansion of £5L(22) (1, 5) 217

27"/ |1/ N omn
+ ['(s) Z Z N K571/2(27T‘mn‘7-2)e mimnTy
m#0 nF#0
(10.2.25)
To make contact with (10.2.15) we further change variables in the sum to N = —mn. Re-

placing the sum over m by a sum over N € Z\{0} puts a restriction on the sum over n
which enforces the constraint m = N/n € Z\{0}. Effectively this implies that the sum over
n becomes a sum over divisors of IV, written as En| ~- We thus have

2.

m#0 n#0

s—1/2

=D D NI = N N2 5 (), (10.2.26)

N#0 n|N N#£0

m
n

where we defined the quantity

pioas(N) = nl™%, (10.2.27)
n|N

which is known as the instanton measure [14,181-183] (see Section [8.2). The final form of
the Fourier expansion is therefore

(s — 3)

ESLCL) (115) = 2((28)75 + 2ﬁWC(2S — 1)y ®
2m* '
] D H1-2s (NN o (2m N )TV,

I'(s) =
(10.2.28)

By comparing this expression with (10.2.15)) we finally deduce that the remaining Fourier
coefficient a(NN) is given by

a(N) = =N*"1211 5 (N). (10.2.29)

Let us finally note that we may rewrite this in a slightly more compact way in terms of the
so called completed zeta function:

£(s) := 75/ (s/2)¢(s), (10.2.30)
which obeys the nice functional relation
E(s) =¢€(1—s). (10.2.31)

Extracting an overall factor of 2¢(2s), we may then write the Fourier expansion of the Poincaré
series discussed in Section ({9.2)) in the following way:

O = Y (yem)”

~EN(Z)\SL(2,Z)
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< &(2s—1) 4

- TiNT
= Ty W 2 Ns 1/2Ks_1/2(27T‘N’7—2)62 ¢ L

N;éO
(10.2.32)

Let us finally mention that the functional relation of the completed zeta function
&(s) can be extended to the following nice functional relation between Eisenstein series of
different order [187]:

E(s)ESPED) (1 5) = £(—s) ESL2) (7; ). (10.2.33)

10.2.3 Spherical Vector Construction of the Fourier Expansion

From the general formula it is clear that the two important building blocks of any
automorphic form are the spherical vector fx and the p-adic counterpart f,. For the case of
SL(2,Z), we have seen in Section[0.2] that the infinite product over prime numbers in
can be evaluated and gives rise to the correct form of the Eisenstein series ESL(22) (1;5). Tt
turns out that also the bulk part of the Fourier expansion of ESL(22) (7;s) may be recast into
this form, by identifying a new spherical vector corresponding to the Fourier transform of
fx(z) = (14 2%)~%. Unfortunately the constant terms do not follow from this construction,
but may in principle be obtained by enforcing invariance under the Weyl group of SL(2,R)
[195,196].

We begin by noting that, as a consequence of the p—adic norm, the sum over primes in
has only support on the integers. Thus, Eq. (| can be rewritten as follows

ESL2Z)( Z fz(x fr(x), (10.2.34)

T€EZ

where f7 is the SL(2,7Z)-invariant distribution discussed in Section which arises after
evaluating the product over primes. To identify the individual building blocks in
from the Fourier expansion of ESL(3%) (7 s) in , we begin by restricting to the origin
of the moduli space: 71 =0, 7o = 1, in which case may be written as

ESL2D)(1;6) Zfz (10.2.35)
TE€EZ

Similarly, at the origin of the moduli space, the bulk piece of the Fourier expansion ((10.2.32))

becomes

ESLE, Z) Z fis(2)2~ 1/2Ks_1/2(27r|gj|)' (10.2.36)

Comparing ((10.2.36)) to (10.2.35) we may extract the new spherical vector:

fre(@) = 2Ry o (2n]al), (10.2.37)
together with the arithmetic coefficient
1
= ———pus(x), 10.2.38
fale) = gyl (10238)

where p1_os(z) is the sum over divisors defined in [10.2.27, We finally note that (10.2.37)) is
indeed the Fourier transform of the old spherical vector fx(x) = (1 + 2%)7%.
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10.3 Fourier Expansion of E537%)(g; 51, s5)

In this section we shall give the complete Fourier expansion of the general Eisenstein series
ESLBI) (g5 s1,52) in the principal series. This was computed in detail by Vinogradov and
Takhtadzhyan in [200], and we will here reproduce their results in a slightly adapted form.
The following section is based on Paper VII, which is written in collaboration with Boris
Pioline. The Eisenstein series E(g;si, s2) is conjectured to capture D(—1), D5 and NS5-
brane instanton corrections to the hypermultiplet moduli space in type IIB string theory
compactified on a Calabi-Yau threefold X. The physical interpretation of our results is briefly
commented on in the text below, while a more detailed account can be found in Paper VII.

10.3.1 General Structure

For the readers convenience we begin by recalling the explicit form ((9.3.9) of the principal
Fisenstein series:

/

89—8 1 1 —S
ESLGD) (g:51,59) = y 3 Z { {c%u + = (c2 + clv)2 + —(c1A; + c2 Az + 03)2} '
u Yy
(c,b)eZS
5 2 1 2] —s2
X [yDS + u(DQ — A2D3) + a(Dl —vDgy — (./41 — ’U.AQ)Dg) } ,
(10.3.1)
where
D1 = b263 — bgcg, D2 = b301 - blcg, D3 = blcg - bzcl. (10.3.2)
The general structure of the Fourier expansion is given by [200]

ESL(&Z)( 27rz'(m1A1+m2A2+m3v1,2)’ (1033)

9;51752) = § le,mz,ms(ya U1,2§51752)6
(m1,ma,ms3)€Z3
where v1 2 = Uy m, and U1 2 = U, m, denote the real and imaginary parts of the image of

the complex scalar z = v+ iu under an SL(2,Z) subgroup of SL(3,7Z) acting on z as follows:

az+ 3
/ /
myz + mgy

= vm’l,m’z + Zum’l mb» (1034)

where m} = my/d and ml, = mo/d with d = ged(m1,m2), and a, 3 are two integers such
that aml — fm) = 1. When m/] # 0 one may rewrite this in the following useful form

« miv + ml u
m! m., — - » Um! m!
s g e g 0

(10.3.5)

’ izt
where we used = (mha — 1)/m/) to derive the first relation. In terms of the group element
g € SL(3,R) (see Eq. (9.3.2)) this SL(2,Z) corresponds to the left action on g by the
SL(3,7Z) element
a (g 0
y=1| m} mh 0 | €SL(3,Z), (10.3.6)
0 0 1
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under which y is invariant while (A;, Ag) transform linearly. The appearance of the somewhat
complicated expressions for vq 2 and uy 2 in the Fourier expansion is a consequence of the non-
abelian structure of the Heisenberg group IN. In order to make contact with the conventions
of Paper VII we make the following minor change of moduli variables:

y=v', u=", A =—v¢, Ay = —co V=71, (10.3.7)
and for the summation variables we define
k=—my, p = mg, g = ms. (10.3.8)

The nilpotent group N C SL(3,R) is isomorphic to the three-dimensional Heisenberg group,
and is therefore non-abelian. From and the change of variables we deduce
that ¢ parametrizes the central generator of this Heisenberg group. As explained in Section
the Fourier expansion then splits into an abelian part and a non-abelian part,

ESL(B.Z) (g551,52) = Ealg; s1,52) + Enal(g; s1,52), (10.3.9)
where
Ea(gis1,s2) = Wpg(v,mp)emieomam),
(p,q)€Z?

ENA(g; S1, 32) = Z Z ‘I/q,(k,p) (Vv [7-2]—]6717) 6_27ri(q[ﬁ]_k’p_p00_kw)v (10310)
k#0 (p,q)€Z?

where (k,p) = ged(k,p). Recall from Section that the abelian term represents the
Fourier expansion with respect to the abelianized group N = N/Z, where Z is the center of
N, corresponding to the commutator subgroup:

Z =[N,N] = 1 : (10.3.11)
1

The non-abelian term is then the Fourier expansion with respect to the center Z. Let us
begin to consider the zeroth Fourier coefficient W . This is given by the constant term

1 1 1
Wo,0(v, T2; 81, 52) :/ dT1/ dCo/ dy E(v,T2,T2,co, 5 51, 52), (10.3.12)
0 0 0
which was evaluated in [200] with the result
2s1+s s$1—s 2s1+s
Woo(v,mis1,52) = v 3 o te(sy), v BT de(sa)yT 3oy

_ 251+
+c(s1) e(s3) ymat s 7'21_53 + c(s2) c(s3) v 5 _17'281

+c(s1) e(s2) c(s3) V2313+52 _1721751 ,
(10.3.13)
where s3 = s1 + s2 — 1/2 and we defined
f2s— 1)
c(s) i= ——=. 10.3.14

Recall also that £(s) is the completed Riemann zeta function ((10.2.30]).
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10.3.2 Abelian Fourier Coefficients

Let us now proceed to analyze the Abelian Fourier coefficients ¥, , in (10.3.10]). Here it is
convenient to begin by studying the simplest cases ¥, and ¥, o. As we shall see, the general
abelian coefficient is considerably more involved. We find:

2(2m) 2 "te(sp)e(sn) vty 1,

Woq(v,72) = £2s1) Vo3 5 p-as () Kijo—s, (27lg|m)
2(2;()2;/22)_82 7281'&721_82 p1-2, (|q]) K1 ja—s, (27|q|72) (10.3.15)
Q(QW);(/;SJ;C(SI)VWT%SS 11255 (lal) Ko jo—s, (27lalT)

and

U0y, m2) = %VWT§2M1—251(|P’) K1 jo—s, (2m|pl/\/v72)

O e elss) 110 () K (21 7

2(2m)1/2753c(sy) _satre g
( )€<283) ( 2)U 2 3 17'21 2#1_233(‘19’) K1/2_53(27T|p‘/\/ﬁ) ,

(10.3.16)

where we have defined the rescaled modified Bessel function
Ks(z) =27 °Kq(x), (10.3.17)

and we defined the sum over divisors,

ps(r) :=>_n’. (10.3.18)

nlr

Following the general logic of Chapter [§] we expect that these Fourier coefficients contain
non-perturbative information. As mentioned above, in the context of Paper VII this non-
perturbative information is due to D(—1), D5 and NS5-brane instantons. Recall further
from Chapter [§ that this information is extracted by studying the Fourier coefficients in the
semiclassical limit where the argument of the Bessel functions are large. To this end we use
the expansion of the (rescaled) Bessel function given by

Ky(z) ~ \/§$_(8+1/2)6_$ [1 + O(l/x)] . (10.3.19)

Using this expansion in (10.3.15)) we deduce that in the weak-coupling limit 79 — oo, the coef-
ficients Wq 4 contribute to the expansion ((10.3.10)) by exponentially suppressed contributions
of the form

Z U q(v,T2) e ZM(O, q)e*QWSO’Q(T) [1 +01/72) + - ~], (10.3.20)
q#0 q#0
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where we defined
Soq(T) =gl 72 +igm. (10.3.21)

This is precisely the instanton action for D(—1) instantons [14,180]. The remaining coefficient
1(0, q) corresponds to the instanton measure and is given by

c(s2)c(s3)

p0,q) = fl g™ s g p1—2s, (la])
+§(2132) |4l* 125, (|a]) + ;((;;;) 1913 111255 (4] |- (10.3.22)

Repeating this analysis for the coefficients ¥, o we find again exponentially suppressed con-
tributions of order e=2™%.0 where

—-1/2

Sp70(lj’ 7-2760) = |p|(1/7_2) - ipCO = |p| TQV - iPCO 5 (10323)

which is then the instanton action for p D5-branes wrapping the internal manifold X. In the
second step we have rewritten the instanton action in terms of the volume of X (see Paper
VII for details). From the semiclassical expansion we may also extract the D5-instanton
measure:

H0.0) = ol | g ol 2 o)

c(s1)e(s3) | s, c(s2) | 1
— _ - . 10.3.24
+ 5(282) |p| M1 252(’p|) + 5(253) |p‘ 251 253(|p|) ( )
We now proceed to analyze the coefficients ¥, , for pg # 0. These coefficients may be
written as

sg—sy; 1 22T g1+7

v~ 6 T2
\IJ — 2 § § dl 283d1 289
p’Q(VvTQ) 6(281) 282 283
dilp da £ (10.3.25)

a1
X 01_231,1—253(d &’ ’CJ\)(PQ)S‘; 2T (Rpg:Xpyq)

where 1/ 1/
2 2
_ [(Pq _ _—1( P
R,,=|— = — . 10.3.26
D,q ( y > ) Xp,qg = Ta (yq2> ( )
Here, we have also defined the “double divisor sum”
Oap(n,m) == > dyds (10.3.27)
m=dydods,

dy,dg,d3>0,(d3,n)=1

and the integral

I(R,x) := / K, _ 1/2(27TRX \/1—1—:1:) s5— 1/2(27TRX1/2 /1+1/:c> 221 dz‘

X
(10.3.28)
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We see that these coefficients cannot be written simply in terms of a single Bessel function,
but rather involves a rather complicated integral over two Bessel functions. This reflects the
non-abelian nature of the Heisenberg group N. To deduce the instanton action for these
combined D(—1)-D5 contributions, we must find the semi-classical expansion 72 — oo of the
integral Z(R, x).

To this end we shall now evaluate the saddle point approximation of , corre-
sponding to the limit R — oo, while keeping x fixed. We begin by expanding the Bessel
functions for large argument as above

Ky(z) ~ \/Ze—x {1 + 452_ L o) (10.3.29)

Xz

To leading order, the integral then simplifies to

I(R,x) ~ dx | (10.3.30)

x1/4 /ooxs2;sl—i e—2mS(x)
iR J,

where S(x) is given by

S(z) =R (x1\/1 Tr+xY )1+ i) : (10.3.31)

This is extremized at x = x, with

R(1 + x)3/2 ) 3R
Sx)=—""", 0:8(x) = ——F———. 10.3.32
(1) = =L )= s (10.32)
The saddle point approximation is then
sg—s1—1 —1/2
X 2 1, /
I(R,x) ~ TN [zﬁxS(x)} exp (—2mS(x)) [1 4+ O(1/R)], (10.3.33)
which may be evaluated to
52—51+1
2 2 R(1 + x)3/2
I(R,x) ~ N eI exp |[-————| [1+ O(1/R)] . (10.3.34)

Plugging in the values of R,, and x,, given in (10.3.26), we find that such terms give
contributions of order e =274 where

}3/2

Sy, 7, c0) = |P3(mV)¥3 + 237237 +i(gm — peo) (10.3.35)

We note that the real part of this action is proportional to the mass formula for bound states
of DO-D6-branes found in [203-205]. Moreover, in the limit ¢ = 0 or p = 0, reduces
to (10.3.21)) and (10.3.23]). We conclude that general Abelian terms with pg # 0 correspond
to bound states of D(-1) and D5-brane instantons. The general abelian summation measure
may also be extracted with the result

4 sy - — p
= d2 s1 82d1 233d1 252 s 1-2s .

dilp da| -

(10.3.36)
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10.3.3 Non-Abelian Fourier Coefficients
We now proceed to the non-abelian terms in (10.3.10) corresponding to k # 0. These may

be written as

e 1-2s3 j1—2s d
R £(2s1)€(2s2)E(2s ZZ Z dy”"Fdy 01051 253<d & g \)
QEZd'dd' i (10.3.37)
%Jr% 373 —2miq[m1]
X [TQ}—k,p (dq) 3 2 I(Rp,q,kaxp,q,k) e 1 719,177
where » y
d2‘q| 1 d2
Rp ¢k = < ) s Xp,qk = [7_2]7]{,;) TqQ , (10.3.38)

and d = ged(p, k) > 0 and the integral Z(R, x) is the same as in ((10.3.28]).

As before, using the saddle point approximation of the integral Z(R,x), we find that
V. (p.k) contributes to ((10.3.10)) with terms which are exponentially suppressed by e 2mSQpk
where

3/2
(V)23 — k2 + 732 Q213 .
p— k]2 o hrP

and we denoted QQ = d%q in comparison to . Note that the last term proportional
to @) originates from the non-abelian coefficient ¥, , 1) (]m[), and is in addition to the
overall phase factors already appearing in the Fourier expansion ((10.3.10)). From the saddle
point approximation, we may also extract the summation measure

—i(pco+ k) +1i Q (10.3.39)

SQ,p,k

2midga

4de & d
k) = d2 S1— 82d1 253d1 259 s 19
M(pa q, ) f(281>f(282)£(283) Z Z 01-2s1,1-2 3<d d ‘Q|>

d1|dd | dl

(10.3.40)
For more details on this Fourier expansion, and in particular its physical interpretation, we
refer the reader to Paper VII.

10.3.4 The Exact Spherical Vector in the Principal Series

As was done in Section for the Fourier expansion of ESL(2Z) (1;8), we can now cast
the non-abelian Fourier expansion of ESL(3:Z) (g; s1,s2) into the general framework of Section
This will allow us to extract the exact spherical vector fg for the full princial series
of SL(3,R), whose semi-classical limit was obtained previously in [201]. As above, we follow
Paper VII closely.

To make the link with the analysis in [201], we begin by making the following change of
variables

y=—k, To=p, = (dzq)l/?’ , (10.3.41)

and, as in Section we work at the origin of moduli space where 71 = ¢g =% = 0 and
T = v = 1, such that

d? 2 2
s =55, R=u, x:y+f0, (10.3.42)
y? + ad x]
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where we have used ((10.3.5) and (10.3.7)). Moreover, at the origin of moduli space, the phase
factor in the non-abelian term of (|10.3.10)) becomes

o [ 2id] ]( )} o [27m'qda] . [ 271 pq ] . [2#@'1{’@} . [ 2miToT} ]
xp | —27miq[m = exp Xp | — 55— | = ex Xp | —————=
b2 k k(K2 + p?) dk y(y? + x3)
(10.3.43)
Following the reasoning of Section [10.2.3] we may further write the non-abelian part of the
expansion at the origin of moduli space as

!/

Exa(lisi,s2) = > fa(y, o, 21) fx (y, 70, 71). (10.3.44)
(y,x0,21)EZ

Comparing this expression with ([10.3.37)), we deduce that the exact spherical vector is given
by

27rzacox:i;

) L(s1—s2—1) 3(51+52 1)6 (2 a2

O)

fr(y, w0, 1) = (V* + 2

/K 1 2”1 \/m>K 1(27\/(31 —i—:r)(l—i—l/x)) g 40

Y2+ T
(10.3.45)
while the “summation measure” is
46%221& d a3
= d2—81—82d1—283d1—282 _ _ < 71)
fZ(y7$07x1) 6(281 282 283 dz|dd2|: 1 2 01 28171 253 d1d27 d2 9
dy

(10.3.46)

where we recall that d = ged(y, o).
The spherical vector simplifies considerably in the limit where y,zg, 1 are scaled to
infinity with fixed ratio: in this case the saddle point approximation ((10.3.33)) becomes

2 9 sg—s1+1 S1—82—2 9 3/2
Iy, 0, 01) ~ & ?f‘ﬁ 21 f)ll/4 exp[ m(y” H;”:) ] , (10.3.47)
Y Lo T X7 y? 330
and the spherical vector simplifies to
451+289—5 3/2 . 3
2 2

fr(y, 0, 21) ~ 2% 55777 OXD | — m(y” 4 ah+ o) W;xoxé (10.3.48)

(y2 +af +2f)Y/ y* + a7 y(y? + xp)

As a consistency check, we note that in the special case (s1,s2) = (0,0)?, this result agrees
with the semi-classical spherical vector of the principal series representation of SL(3,R)
obtained in [201]. We finally note that upon restoring the moduli dependence in the semi-
classical spherical vector by acting with p(g), we obtain exponentially suppressed
terms with instanton action as expected. For more information, see Paper VII.

2In the conventions of [201] this corresponds to(Aa3, A21) = (1, 1).
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11

Compactification and the
Automorphic Lift

The purpose of this chapter is to analyze the fate the continuous “U-duality” groups G3(R),
appearing in toroidal compactifications of supergravity theories when higher derivative in-
teractions are turned on. Recently, several authors [206-210] have considered this problem
from various perspectives, with the consensus that toroidal compactifications of quadratic
and higher order corrections give rise to terms in D = 3 which are not Gz-invariant.! We
propose that the result of the compactification should then be viewed as the leading term
in a large-volume expansion of some G3(Z)-invariant expression, where G3(Z) C G3(R) is
the underlying discrete duality group which is expected to be preserved in the full quantum
theory [8]. This completion under G3(Z) is performed through the introduction of G3(Z)-
invariant automorphic forms, and is generally referred to as the automorphic lift. The analysis
suggests that generalized versions of Eisenstein series which transform in some representation
of the maximal compact subgroup K (Gs3) are required.

This chapter is based on Paper IV, written in collaboration with Ling Bao, Johan
Bielecki, Martin Cederwall and Bengt E. W. Nilsson.

11.1 Automorphic Lift - General Philosophy

Keeping in mind the discussion from Chapter [8| regarding the R*-correction in type IIB su-
pergravity, a natural interpretation of the compactified higher-derivative Lagrangian presents
itself: the result of the compactification should correspond to the leading contribution in a
large volume expansion of some manifestly G3(Z)-invariant higher-derivative effective action.
Inspired by the philosophy of Chapter 8] we would therefore like to “complete” the Lagrangian
in D = 3 using a certain G3(Z)-invariant automorphic form, whose Fourier expansion repro-

'One exception being ref. [209] in which the authors considered quadratic curvature corrections to pure
gravity in four dimensions. In that special case, the most general correction can be related, through suitable
field redefinitions, to the Gauss-Bonnet term which is topological in four dimensions and does not contribute
to the dynamics. Hence, the SL(2,R)-symmetry of the compactified Lagrangian is trivially preserved.

227
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duces the result of the compactification to leading order. Let us now consider this appealing
idea in some more detail.

In the in the analysis of Chapter [8] the completion to an S-duality invariant R*-term was
achieved through the use of an FEisenstein series which was completely SL(2,7Z)-invariant.
More generally, one might find terms in the effective action whose non-perturbative comple-
tion requires automorphic forms transforming under the maximal compact subgroup K (Gj3).
For example, this was found to be the case in [211], where interaction terms of sixteen fermions
were analyzed. These terms transform under the maximal compact subgroup U(1) C SL(2,R)
and so the U-duality invariant completion requires in this case an automorphic form which
transforms with a U(1) weight that compensates for the transformation of the fermionic term,
and thus renders the effective action invariant.

The need for automorphic forms which transform under the maximal compact subgroup
K (G3) was also emphasized in [207], based on the observation that the dilaton exponents
in compactified higher curvature corrections correspond to weights of the global symmetry
group (3, implying that these terms transform non-trivially in some representation of K (Gs3).
An explicit realisation of these arguments was found in [210] for the case of compactification
on S! of the four-dimensional coupled Einstein-Liouville system, supplemented by a four-
derivative curvature correction. The resulting effective action was shown to explicitly break
the Ehlers SL(2, R)-symmetry; however, an SL(2, Z)global X U (1)10ca-invariant effective action
was obtained by “lifting” the scalar coefficients to automorphic forms transforming with
compensating U(1) weights. The non-perturbative completion implied by this lifting is in
this case attributed to gravitational Taub-NUT instantons [210].

Similar conclusions were drawn in [208], in which compactifications of derivative correc-
tions of second, third and fourth powers of the Riemann tensor were analyzed. Again, it
was concluded that the Gs-symmetry is explicitly broken by the correction terms. It was
argued, in accordance with the type IIB analysis discussed above, that the result of the com-
pactification — being inherently perturbative in nature — should be considered as the large
volume expansion of a G3(Z)-invariant effective action. It was shown on general grounds that
any term resulting from such a compactification can always be lifted to a U-duality invari-
ant expression through the use of automorphic forms transforming in some representation of
K(Gs).

In chapter we extend some aspects of the analysis of [208]. In [208] only parts of the
compactification of the Riemann tensor squared, RapcpRABCD | were presented. The terms
which were analyzed were sufficient to show that the continuous symmetry was broken, and
to argue for the necessity of introducing transforming automorphic forms to restore the U-
duality symmetry G3(Z). Moreover, the overall volume factor of the internal torus was
neglected in the analysis.

Here we shall restrict our attention to corrections quadratic in the Riemann tensor in
order for a complete compactification to be a feasible task. More precisely, we shall focus on
a four-derivative correction to the Einstein-Hilbert action in the form of the Gauss-Bonnet
term R ABC DRABCD —4R A B]%AB + R2. Modulo field equations, this is the only independent
invariant quadratic in the Riemann tensor. We extend the investigations of [208] by giving
the complete compactification on T™ of the Gauss-Bonnet term from D dimensions to D —n
dimensions. In the special case of compactifications to D — n = 3 dimensions the resulting
expression simplifies, making it amenable for a more careful analysis. In particular, one of



11.2 Compactification of the Gauss-Bonnet Term 229

the main points of this chapter is to study the full structure of the dilaton exponents, with
the purpose of determining the sl(n+1, R)-representation structure associated with quadratic
curvature corrections.

11.2 Compactification of the Gauss-Bonnet Term

In this section we outline the derivation of the toroidal compactification of the Gauss-Bonnet
term from D dimensions to D — n dimensions. The full result for the compactification to
arbitrary dimensions is given in Paper IV. Here we focus on the special case of D —n = 3,
which is the most relevant case for the questions we pursue.

11.2.1 The General Procedure

The Gauss-Bonnet Lagrangian density is quadratic in the Riemann tensor and takes the
explicit form

Lo = é[RABCDRABCD — 4RABRAB + RQ} (11.2.1)

The compactification of the D-dimensional Riemann tensor RECD on an n-torus, T™, is
done in three steps: first we perform a Weyl-rescaling of the internal vielbein, followed by a
splitting of the external and internal indices, and finally we perform yet another rescaling of
the vielbein. In the following we shall always assume that the torsion vanishes.

Our index conventions are as follows. M, N,... denote D dimensional curved indices,
and A, B, ... denote D dimensional flat indices. Upon compactification we split the indices
according to M = (u,m), where pu,v,... and m,n,... are curved external and internal
indices, respectively. Similarly, the flat indices split into external and internal parts according
to A = (o, a).

Our reduction Ansatz for the vielbein is

(e ms a
eyt =98, = e < Cu Ag ‘m > , (11.2.2)

where the internal vielbein €,,% is an element of the isometry group GL(n,R) of the n-torus.
Later on we shall parametrise €,,* in various ways. With this Ansatz, the line element
becomes

ds? = eQ“O{ds%,n + [(da™ + A?}))émaf}. (11.2.3)

In order to obtain a Lagrangian in Einstein frame after dimensional reduction, we perform
a Weyl-rescaling of the D-dimensional vielbein,

eyt — eyt =M (11.2.4)

Note that all D-dimensional objects before rescaling are denoted X, the Weyl-rescaled
objects are denoted X, while the d = (D — n)-dimensional objects are written without any
diacritics. After the Weyl-rescaling the Gauss-Bonnet Lagrangian, including the volume
measure é = eP¥¢, can be conveniently organized in terms of equations of motion and total



230 Chapter 11  Compactification and the Automorphic Lift

derivatives. This is achieved using integration by parts, where @( AéB)go does not appear
explicitly. The resulting Lagrangian is (see the appendix of Paper IV for the derivation):

Lep = ée(D_4)“"{R?;B — (D =3)(D — 4)[2(D —2)(99)’Bp + (D — 2)(D — 3)(dp)"*

F4(Ran — snank) (319)(0%9)])
+2(D — 3)eV 4 {eP=V2[(D — 2)%(9p)?0%p + 2(D — 2)(Dp)d

—(D —2)04(9p)? + 4(RAP — %nABR)éggo]] } (11.2.5)

where Ré p represents the rescaled Gauss-Bonnet combination. In D = 4 the Lagrangian is
only altered by a total derivative, while in D = 3 the Lagrangian it is merely rescaled by
a factor of e™¥. The total derivative terms here will remain total derivatives even after the
compactification. Along with the volume factor the Weyl-rescaling will determine the overall
exponential dilaton factor, which shall play an important role in the analysis that follows.

11.2.2 Tree-Level Scalar Coset Symmetries

The internal vielbein ¢é,,? can be used to construct the internal metric g, = €,,%€,, *45, which
is manifestly invariant under local SO(n) rotations in the reduced directions. Thus we are
free to fix a gauge for the internal vielbein using the SO(n)-invariance. After compactification
the volume measure becomes € = ey, where e is the determinant of the spacetime vielbein
and €y is the determinant of the internal vielbein. Defining the Weyl-rescaling coefficient as
e~ (D=2)¢ = €int ensures that the reduced Lagrangian is in Einstein frame.

The GL(n,R) group element €, can now be parameterized in several ways, and we will
discuss the two most natural choices here. The first choice is included for completeness,
while it is the second choice which we shall subsequently employ in the compactification of
the Gauss-Bonnet term.

First Parametrisation - Making the Symmetry Manifest

First, there is the possibility of separating out the determinant of the internal vielbein ac-
. ~ ~ _(D=2) . .
cording to €,,* = (&) /"e,,* = e~ n %g,% where ¢,,% is an element of SL(n,R) in any

preferred gauge. The line element takes the form

_ 2
ds?) = % {dszD_n + e 25 [(dam o+ AT e, } : (11.2.6)

This Ansatz is nice for investigating the symmetry properties of the reduced Lagrangian
because the GL(n,R)-symmetry of the internal torus is manifestly built into the formalism.
More precisely, the reduction of the tree-level Einstein-Hilbert Lagrangian, éR,tod=D—-n
dimensions becomes,

1 - 1
cd = [R - 16—2“’" 2>gchaﬁFmﬁ — 5(ap)2 — tr(P,P*) — 255,;] : (11.2.7)
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where F, 5 =¢,,"F", 5 and

(D —2)

P, = en0g,e, 9 = Py P22

«

EDapde. (11.2.8)

Notice that P, % is sl(n,R) valued and hence fulfills tr(P,) = 0. To obtain Eq. (11.2.7) we

ND=2)(D=n=3)’

field p appears canonically normalized in the Lagrangian.

The SL(n,R)-symmetry is manifest in this Lagrangian because the term tr(P,P?) is
constructed using the invariant Killing form on sl(n,R). By dualising the two-form field
strength F{y), the symmetry is enhanced to SL(n+1,R). With a slight abuse of terminology
we call this the (classical) “U-duality” group. Since we are only investigating the pure gravity
sector, this is of course only a subgroup of the full continuous U-duality group.

It was already shown in [208], that the tree-level symmetry SL(n + 1,R) is not realized
in the compactified Gauss-Bonnet Lagrangian. It was argued, however, that the quantum
symmetry SL(n + 1,7Z) could be reinstated by “lifting” the result of the compactification
through the use of automorphic forms. In the present analysis we take the same point of view,
but since we now have access to the complete expression of the compactified Gauss-Bonnet
Lagrangian we can here extend the analysis of [208] in some aspects. In order to do this we
shall make use of a different parametrisation than the one displayed above, which illuminates
the structure of the dilaton exponents in the Lagrangian. The dilaton exponents reveals the
weight structure of the global symmetry group and so can give information regarding which
representation of the U-duality group we are dealing with. Because we here have access to a
complete expression this analysis is more exhaustive than the one presented in [206,207].

also performed a scaling ¢ = £p with £ = so as to ensure that the scalar

Second Parametrisation - Revealing the Root Structure

The second natural choice of the internal vielbein is to parameterize it in triangular form
by using dimension by dimension compactification [127,128]. Instead of extracting only the
determinant of the vielbein, one dilaton scalar is pulled out for each compactified dimension

according to €,,% = e_%f‘"‘gum“, where ¢ = (¢1,...,¢,) and
fo=2(a1,...,00-1,(D —n—2+a)ag,0,...,0), (11.2.9)
——
n—a
with
1
a (11.2.10)

B V2(D-n—-2+a)(D-n-3+a)
The internal vielbein is now the Borel representative of the coset GL(n,R)/SO(n), with the

diagonal degrees of freedom e~ 3fad corresponding to the Cartan generators and the upper
triangular degrees of freedom

U =1 = A) " =1+ Ag) + (A0)* + ... 1,,° (11.2.11)

corresponding to the positive root generators. The form of Eq. (11.2.11)) follows naturally

from a step by step compactification, where the scalar potentials (.A(O));-, arising from the
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compactification of the graviphotons, are nonzero only when ¢ > j. The sum of the vectors
fa can be shown to be

> fa= Egﬁ (11.2.12)
a=1 3

g=6(a,as...,qp). In addition, § and f(; obey

I 18n
99 (D—-2)(D-n—-2)
Lo 6
9 Ja = D—_n—_29
Lo 2
a = 20, , 11.2.1
Ja Jo b+D_ —3 ( 3)
and
oL . . D-2_ . _
> for D) fa i) =2(F 5+ =57 DG D) (11.2.14)

These scalar products can naturally be used to define the Cartan matrix, once a set of simple
root vectors are found. The line element becomes

n
o7 2
ds? = e%g-¢{ds‘f),n+ze Jad [(da: + AT } } (11.2.15)
yielding the corresponding Einstein-Hilbert Lagrangian in d dimensions

Lok = [ (0¢ Ze Jo6 Fyp 97— ; 3 e(ﬁﬁ)“gGachabC—lng&], (11.2.16)

b,c=1 3
b<c
with F¢ 5= U, F 3 and
G0 = g, © = e~ 3(Fh=Tod [(p be 4 fb DadO") + Qabc] , (11.2.17)

Here, no Einstein’s summation rule is assumed for the flat inEernal indices.

We shall refer to the various exponents of the form e¥¢ (# being some vector in R™)
collectively as “dilaton exponents”. If relevant, this also includes the contribution from the
overall volume factor.

All the results obtained in this parametrisation can be converted to the first parametri-
sation simply by using the following identifications

-,

%(ﬁ- ) = 2p,
(D-2)

—

fo-d = 2 &p,  Va,

b6 = pi (11.2.18)
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Notice also that our compactification procedure breaks down at D —n = 2, in which case the
scalar products in Eq. become ill-defined.

Even though proving the symmetry contained in the Lagrangian is somewhat more cum-
bersome compared to the first choice of parametrisation, since all the group actions have to be
carried out adjointly in a formal manner, the second choice comes to its power when dealing
with the exceptional symmetry groups of the supergravities for which no matrix representa-
tions exist. This parametrisation is particularly suitable for reading off the root vectors of
the underlying symmetry algebra; they appear as exponential factors in front of each term in
the Lagrangian. Identifying a complete set of root vectors in this way gives a necessary but
not sufficient constraint on the underlying symmetry.

11.2.3 The Gauss-Bonnet Lagrangian Reduced to Three Dimensions

When reducing to D —n = 3 dimensions, we can dualise the two-form field strength F g =

ém“Fmaﬁ of the graviphoton A(j) into the one-form H,.,. More explicitly, we employ the
standard dualisation so that

vl = €apy€™ 00" Xm = €apyH, . (11.2.19)

When we go to Einstein frame, the appearance of the inverse vielbein €™, in the definition
of the one-form H,, implies there is a sign flip in the Lagrangian after dualisation. The
dualisation presented here follows from the tree-level Lagrangian, but in general receives
higher order o/-corrections. However, these lead to terms of higher derivative order than
quartic and so can be neglected in the present analysis [206,208].

The final result for the compactification is written in such way that the only explicit
derivative terms appearing are divergences, total derivatives and first derivatives on the dila-
tons . The end result reads explicitly

By = lale ] = LB HGEY L AT (0p) + 20 Poca P Hey
21 B PO Ty + A PO 050 — 61,0 PP, 050
+2tr(Py P3P PP) 4 2tr( P, Pg)tr(P*PP) — (P%)% + 8tr(PnPsP?)9%p
~4(D = 2)tr(PaPs)0 007 + 2(D + 2 P(Dp)? + (D — 2)(D — 4)(99)*(90)?
(11.2.20)

where H? = I:Iaﬁfl a8 and P? = P.,.P*°. Note that contributions from the boundary terms
and terms proportional to the equations of motion have been ignored. The one-form P, is
the Maurer-Cartan form associated with the internal vielbein €,¢, and so takes values in the
Lie algebra gl(n,R) = sl(n,R) & R. Here, the abelian summand R corresponds to the “trace-
part” of P,. Explicitly, we have tr(P,) = —(D — 2)d,p. We shall discuss various properties
of Pa in more detail below.

Finally, we note that the three-dimensional Gauss-Bonnet term is absent from the reduced
Lagrangian because it vanishes identically in three dimensions:

Rugs R — 4R R + R2=0, (o, f,7,6 =1,2,3). (11.2.21)

The remainder of this chapter is devoted to a detailed analysis of the symmetry properties

of Eq. (11.2.20)).
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11.3 Algebraic Structure of the Compactified Gauss-Bonnet Term

We have seen that the Ansatz presented in Eq. is particularly suitable for identifying
the roots of the relevant symmetry algebra from the dilaton exponents associated with the
diagonal components of the internal vielbein. Through this analysis one may deduce that for
the lowest order effective action, the terms in the action are organized according to the adjoint
representation of sl(n + 1, R), for which the weights are the roots. The aim of this section is
to extend the analysis to the Gauss-Bonnet Lagrangian. By general arguments [206,207], it
has been shown that the exponents no longer correspond to roots of the symmetry algebra
but rather they now lie on the weight lattice. Here, however, we have access to the complete
compactified Lagrangian and we may therefore present an explicit counting of the weights in
the dilaton exponents and identify the relevant sl(n + 1,R)-representation.

An exhaustive analysis of the s[(4, R)-representation structure of the Gauss-Bonnet term
compactified from 6 to 3 dimensions on T is performed. We do this in two alternative ways.

First, we neglect the contribution from the overall dilaton factor e~2¥ in the representation
structure. This is consistent before dualisation because this factor is SL(3,R)-invariant.
However, after dualisation this is no longer true and one must understand what role this
factor plays in the algebraic structure. If one continues to neglect this factor then all the
weights fit into the 84-representation of s((4,R) with Dynkin labels [2,0, 2].

On the other hand, including the overall exponential dilaton factor in the weight structure
induces a shift on the weights which “destroys” the 84 of sl(4,R). Instead one finds that the
highest weight is now associated with the 36-representation of s[(4,R), with Dynkin labels
[2,0,1]. However, this representation is not “big enough” to incorporate all the weights in
the Lagrangian. It turns out that there are additional weights outside of the 36 that fit into
a 27 of sl(3,R). Unfortunately, we are unable to determine which s((4, R)-representation
this belongs to, since the associated highest weight does not seem to be represented in the
Lagrangian.

These results indicate that the general analysis performed in [206] is only partly correct,
or, rather, that the interpretation given there might be incorrect. The highest weight of the
representation [2,0,1] does indeed appear in the reduced Lagrangian but it does not incor-
porate the full representation structure of the compactified quadratic curvature correction.

11.3.1 Kaluza-Klein Reduction and sl(n, R)-Representations

We shall begin by rewriting the reduction Ansatz in a way which has a more firm Lie algebraic
interpretation. Recall from Eq. (11.2.15) that the standard Kaluza-Klein Ansatz for the

metric is

n
L L - o 2
ds?) = 6%9%33 + e3d? Z e~ fid [(dwm + .A?})) um“] . (11.3.1)
i=1
The exponents in this Ansatz are linear forms on the space of dilatons. Let €;, i = 1,...,n,

constitute an n-dimensional orthogonal basis of R™,
€; - € = 0jj. (11.3.2)

Since there is a non-degenerate metric on the space of dilatons (the Cartan subalgebra h C
sl(n+ 1,R)) we can use this to identify this space with its dual space of linear forms. Thus,
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we may express all exponents in the orthogonal basis €; and the vectors ﬁ ,g and gg may then
be written as

fi = \/5674—&5,
n

g = 8> &,
=1

¢ = &8, (11.3.3)
where the constants o and 3 are defined as
1
a = ?m(D—Q—\/(D—n—Q)(D—2)>,

18
g = \/(D_n_2)<D_2). (11.3.4)

Note here that the constant « is not the same as the a4 of Eq. (11.2.9).
The combinations

fi— i = V28 — V2¢; (11.3.5)

span an (n — 1)-dimensional lattice which can be identified with the root lattice of A, =
sl(n,R). For compactification of the pure Einstein-Hilbert action to three dimensions, the
dilaton exponents precisely organize into the complete set of positive roots of sl(n,R), reveal-
ing that it is the adjoint representation which is the relevant one for the U-duality symmetries
of the lowest order (two-derivative) action. After dualisation of the Kaluza-Klein one forms
A(1) the symmetry is lifted to the full adjoint representation of sl(n + 1, R).

When we compactify higher derivative corrections to the Einstein-Hilbert action it is
natural to expect that other representations of sl(n,R) and sl(n + 1,R) become relevant. In
order to pursue this question for the Gauss-Bonnet Lagrangian, we shall need some features
of the representation theory of A, = sl(n + 1,R).

Representation Theory of A, = sl(n + 1,R)

For the infinite class of simple Lie algebras A,,, it is possible to choose an embedding of
the weight space h* in R"*! such that h* is isomorphic to the subspace of R"*! which is
orthogonal to the vector Z?jll €;. We can use this fact to construct an embedding of the
(n — 1)-dimensional weight space of A,,_; = sl(n,R) into the n-dimensional weight space of
A, =sl(n+ 1,R), in terms of the n basis vectors €; of R".

To this end we define the new vectors

5 = ﬁ-—(wﬁ)&

2 n
N \nf S e, (11.3.6)
j=1
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which have the property that
Gi-§=V28—-V28=0. (11.3.7)

This implies that the vectors &; form a (non-orthogonal) basis of the (n — 1)-dimensional
subspace U C R"”, orthogonal to §. The space U is then isomorphic to the weight space h* of
Ap—1 = sl(n,R). Since there are n vectors &, this basis is overcomplete. However, it is easy
to see that not all &; are independent, but are subject to the relation

n
> @i =0. (11.3.8)
=1

A basis of simple roots of h* can now be written in three alternative ways
A= fi — fir1 = @i — Gip1 = V2(& — Ey1), (i=1,...,n—1). (11.3.9)

What is the algebraic interpretation of the vectors ;7 It turns out that they may be
identified with the weights of the n-dimensional fundamental representation of sl(n,R). The
condition )" ; &; = 0 then reflects the fact that the generators of the fundamental represen-
tation are traceless.

In addition, we can use the weights of the fundamental representation to construct the
fundamental weights A;, defined by

;- Kj = 26;;. (11.3.10)
One finds '
K3
Ai=>"@;, (i=1,...,n-1), (11.3.11)
j=1
which can be seen to satisfy Eq. (11.3.10)).

The relation, Eq. (11.3.11]), between the fundamental weights A; and the weights of the
fundamental representation ; can be inverted to

&= A — K, (i=1,...,n—1). (11.3.12)

In addition, the n:th weight is

—

O = —Apy1, (11.3.13)

corresponding to the lowest weight of the fundamental representation.
We may now rewrite the Kaluza-Klein Ansatz in a way such that the weights &; appear
explicitly in the metric?

. . - 2
ds% = 6%9'¢d83 + 199 Z e Wir? [(d:vm + AH))Uma] ) (11.3.14)

with
(11.3.15)

2 A similar construction was given in [212].



11.3 Algebraic Structure of the Compactified Gauss-Bonnet Term 237

11.3.2 The Algebraic Structure of Gauss-Bonnet in Three Dimensions

We are interested in the dilaton exponents in the scalar part of the three-dimensional La-
grangian. For the Einstein-Hilbert action we know that these are of the forms

fo—F (b>a), and f,. (11.3.16)

The first set of exponents ﬁl — ﬁ, correspond to the positive roots of s[(n, R) and the second set
f;, which contributes to the scalar sector after dualisation, extends the algebraic structure to
include all positive roots of s[(n+1,R). The highest weight X;‘gn of the adjoint representation
of A, =sl(n+1,R) can be expressed in terms of the fundamental weights as

X — Ky + A, (11.3.17)

ad,n —

corresponding to the Dynkin labels

We see that before dualisation the highest welght of the adJomt representatlon of sl(n,R)
arises in the dilaton exponents in the form f1 fn =W — Oy = A1 + An 1= )\ad nel-

We proceed now to analyze the various dilaton exponents arising from the Gauss-Bonnet
term after compactification to three dimensions. These can be extracted from each term in the
Lagrangian Eq. m by factoring out the diagonal components of the internal vielbein
according to €,% = e —3Ja ¢u . For example, before dualisation we have the manifestly
SL(n, R)-invariant term tr(P, PﬁPo‘lf’f6 ). Expanding this gives (among others) the following
types of terms

tr(PaPﬁpapﬁ) ~ Z 6_2(ﬁ+ﬁi—ﬁz—fl;)'Q;GacaGachﬁdaGﬁdb +
BSeh
+ ) 6’2”2%)"‘;GacaG%cGﬁd“ngd 4. (11.3.18)
a>c>b
a>d>b

After dualisation, we need to take into account also terms containing H @ . We have then, for
example, the term o

HY ~ Y e 2Ueth)ogt, (11.3.19)

a,b

Many different terms in the Lagrangian might in this way give rise to the same dilaton
exponents. As can be seen from Eq. , the internal index contractions yield constraints
on the various exponents. We list below all the “independent” exponents, i.e., those which are
the least constrained. All other exponents follow as special cases of these. Before dualisation
we then find the following exponents:

f_.(;_fl; <b>a)7
fCJrﬁ—ﬁ—ﬁ (c<a,c<b, d<a,d<b),
fot fo—fe—fa (b<ec a<d), (11.3.20)
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and after dualisation we also get a contribution from

fa + fb7
fot+ fo— for (b< o). (11.3.21)

Let us investigate the general weight structure of the dilaton _exponents before dualisation.
The highest weight arises from the terms of the form fC + fd — fa ﬁ; when c =d =1
and a = b = n, i.e., for the dilaton vector 2 f1 -2 fn This can be written in terms of the
fundamental Welghts as follows

2fs — 2fn = 201 — 28, = 2A1 + 2K, _1, (11.3.22)

which is the highest weight of the [2,0,...,0,2]-representation of sl(n,R).

11.3.3 Special Case: Compactification from D =6 on 7°

In order to determine if this is indeed the correct representation for the Gauss-Bonnet term,
we shall now restrict to the case of n = 3, i.e., compactification from D = 6 on 72. We do
this so that a complete counting of the weights in the Lagrangian is a tractable task. Before
dualisation we then expect to find the representation 27 of sl(3,R), with Dynkin labels [2, 2].
We wish to investigate if, after dualisation, this representation lifts to the representation 84
of s((4,R), with Dynkin labels [2,0, 2].

It is important to realize that of course the Lagrangian will not display the complete set
of weights in these representations, but only the positive weights, i.e., the ones that can be
obtained by summing positive roots only. Let us begin by analyzing the weight structure
before dualisation. From Eq. we find the weights

fi:ﬁa ﬁ_%a _)ﬁ_ﬁ;aq -
2(;}‘1 f2), 2(f24— f32, q2(f1 — f3),
2fi — f2 — f, Ji+ fa—2fs. (11.3.23)

The first three may be identified with the positive roots of s[(3,R), @1 = fi—fa, @2 = fo—f3
and @y = f1 — f3. The second line then corresponds to 2ds, 2ds and 2dy. The remaining
weights are

fi—l—ﬁ—Qfg = a1+ 2ds,
2fi—fa—f3 = 2da1+ds. (11.3.24)

These weights are precisely the eight positive weights of the 27 representation of s((3, R).

We now wish to see if this representation lifts to the corresponding representation of
s[(4,R), upon inclusion of the weights in Eq. (11.3.21). As mentioned above, the represen-
tation of s[(4,R) with Dynkin labels [2,0,2] is 84-dimensional. It is illuminating to first
decompose this in terms of representations of s((3,R),

84=27T01501506D608D303D1, (11.3.25)
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or, in terms of Dynkin labels,
[2,0,2] =[2,2] +[2,1] + [1,2] + [2,0] + [0,2] + [1,1] + [1,0] + [0, 1] + [0, O]. (11.3.26)

We may view this decomposition as a level decomposition of the representation 84, with
the level ¢ being represented by the number of times the third simple root d’s appears in
each representation. From this point of view, and as we shall see in more detail shortly,
the representations 27,8 and 1 reside at £ = 0, the representations 15 and 3 at £ = 1, and
the representation 6 at ¢ = 2. The “barred” representations then reside at the associated
negative levels. We know that we can only expect to find the strictly positive weights in these
representations. Let us therefore begin to count these.

Firstly, we may neglect all representations at negative levels since these do not contain
any positive weights. However, not all weights for £ > 0 are positive. If we had decomposed
the adjoint representation of s[(4, R) this problem would not have been present since all roots
are either positive or negative, and hence all weights at positive level are positive and vice
versa. In our case this is not true because for representations larger than the adjoint many
weights are neither positive nor negative. It is furthermore important to realize that after
dualisation it is the positive weights of sl(4,R) that we will obtain and not of sl(3,R). As
can be seen in Figure the decomposition indeed includes weights which are negative
weights of s[(3,R) but nevertheless positive weights of s[(4,R). An explicit counting reveals
the following number of positive weights at each level (not counting weight multiplicities):

(=2 : 6. (11.3.27)

The eight weights at level zero are of course the positive weights of the 27 representation of
s[(3,R) that we had before dualisation. In order to verify that we find all positive weights of
84 we must now check explicitly that after dualisation we get 846 additional positive weights.
The total number of distinct weights of s[(4,R) that should appear in the Lagrangian after
compactification and dualisation is thus 22.
The lifting from s[(3,R) to s[(4,R) is done by adding the third simple root d3 = f3, from
Eq. (11.3.21)). The complete set of new weights arising from Eq. (11.3.21]) is then
=1 : fi=a+d+ads, fa = da + di,
2f1 — fo = 2d1 + da + ds, 2f2 — f3 = 2ds + ds,
2fi—f3=2a1+2d2+ds  fi+ fa— f3=a1+ 24+ a3,

fi+fs—fo=a1+ds, fz = s,
(=2 : 2ff = 2@, + 2dy + 245, 2fy = 289 + 245,
2f3 = 2ds, fi+ fo = a1 + 2ds + 243,
ﬁ+f3 :&1+&2+2&3, ﬁ—l—fg = 0_22—}—20_23. (11328)

In Table we indicate which representations these weights belong to and in Figure
we give a graphical presentation of the level decomposition. These results show that the
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Reps l Positive Weights of s[(4,R)
3 1 A3, Qg + dg, A1 + Ay + A3
15 1 209 + A3, a1 + 2ds + ds, 241 + 2ds + a,

201 + da + a3, a1 + a3

6 2 209 + A3, a1 + 20y + A3, 2d1 + 2ds + 2d3,

a1 + dy + 2dl3, 2d3, ds + 203

Table 11.1: Positive weights at levels one and two.

Gauss-Bonnet term in D = 6 compactified on T3 to three dimensions indeed gives rise to all
strictly positive weights of the 84-representation of sl(4,R).

Weight Multiplicities

We have shown that the six-dimensional Gauss-Bonnet term compactified to three dimensions
gives rise to all positive weights of the 84-representation of s[(4,R). However, we have not
yet addressed the issue of weight multiplicities. It is not clear how approach this problem.
Naively, one might argue that if k distinct terms in the Lagrangian are multiplied by the
same dilaton exponential, corresponding to some weight X, then this weight has multiplicity
k. Unfortunately, this type of counting does not seem to work.

Consider, for instance, the representations at £ = 1. Both representations 15 and 3
contain the weights ﬁ, fé and f_;;, In 15 these have all multiplicity 2, while in 3 they have
multiplicity 1. Thus, in total these weights have multiplicity 3 as weights of s[(3,R). Now,
investigation of the dilaton exponents in Eq. reveals that these weights arise from
the two types of exponents f_}; and fa + fl; — fe, (b < ¢). The first type gives rise to all
three weights fl, fg and j%, while the second type only contributes fg = f:; + f; — ﬁ, and
fi = f;;, + fl — j:;; Thus, by the arguments above the weights fl and jz has multiplicity 2
in the Lagrangian, and f_;; has multiplicity 1. We therefore deduce that for all these weights
there appears to be a mismatch in the multiplicity.

We suggest that the correct way to interpret this discrepancy in the weight multiplicities
is as an indicative of the need to introduce transforming automorphic forms in order to restore
the SL(4,Z)-invariance. This will be discussed more closely in Section [11.4]
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2f, 21, f+f, f, 2f, -21,

2f2 —f3 f1+f -

Z(fl _fz)

Figure 11.1: Graphical presentation of the representation structure of the compactified Gauss-
Bonnet term. The black nodes arise from distinct dilaton exponents in the three-dimensional
Lagrangian. The figure displays the level decomposition of the 84-representation of sl(4,R)
into representations of s[(3,R). Only positive levels are displayed. The black nodes corre-
spond to positive weights of 84 of s[(4,R). Nodes with no rings represent the positive weights
of the level zero representation 27, nodes with one ring represent the positive weights of the
level one representations 15 and 3, while nodes with two rings represent the positive weights
of the level two representation 6. The shaded lines complete the representations with non-
positive weights which are not displayed explicitly.
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Including the Dilaton Prefactor

We will now revisit the analysis from Section but here we include the contribution
from the overall exponential factor e=2% in the Lagrangian Eq. . This factor arises
as follows. The determinant of the D-dimensional vielbein is given by é = eP¥¢, because of
the Weyl-rescaling. Moreover, upon compactification the determinant of the rescaled vielbein
splits according to € = eéj,;, where e represents the external vielbein and é;,; the internal
vielbein. By the definition of the Weyl-rescaling we have €,y = e~ (P=2)¢  This represents
the volume of the n-torus, upon which we perform the reduction. Thus, the overall scaling
contribution from the measure is eP?e~(P=2)¢ = ¢2¢_ In addition, we have a factor of e=*#
from the Gauss-Bonnet term. This gives a total overall dilaton prefactor of e~2%, which, after
inserting ¢ = %5 g, becomes e=597.

The importance of the volume factor for compactified higher derivative terms was em-
phasized in [206], using the argument that after dualisation this factor is no longer invariant
under the extended symmetry group SL(n + 1,R) and so must be included in the weight
structure. We shall see that the inclusion of this factor drastically modifies the previous
structure and destroys the representation 84 of s((4,R).

In order to perform this analysis, it is useful to first rewrite the simple roots and funda-
mental weights in a way which makes a comparison with [206] possible. We define arbitrary
3-vectors in R? as follows

T = v Ay + volhy + Vg = (27, Ug) = (vl,vg,vg), (11.3.29)

where A; and Ay are the fundamental weights of s[(3,R) and § is the basis vector taking us
from the weight space R? of s[(3,R) to the weight space R3 of s[(4,R). Note that

Ki-g=Ky-g=0, (11.3.30)
by virtue of Eq. (11.3.7)) and Eq. (11.3.11]), which implies
U-tl=7T 0+ vg0,0 - . (11.3.31)

The scalar products may all be deduced from the orthonormal basis €; of R3. Restricting
to D =6 and n = 3 gives

- 2
fo=V2E,+ 9 (11.3.32)
and thus 4
B = fo— o7 (11.3.33)
The relevant scalar products become
L . o4
g-9 = 4 i
g' fa = 67
fa : fb = 26ab + 27
2
Wo Wy = 204p — = (11.3.34)

3
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The simple roots of s[(3,R) may now be written as

di = (a1,0) = (2,-1,0),
dy = (&2,0)=(-1,2,0), (11.3.35)
and the third simple root becomes
. S 4 - 4 4
ds = f3 =@3+§§= —A2+§§= (0,—1,§)- (11.3.36)

In addition, the associated fundamental weights Ki, i=1,2,3, of sl(4,R), defined by

Q[

- Ny = 2835, (11.3.37)

become

K= (1,0, é), K= (0,1, g), As = (0,0, %). (11.3.38)

Let us check that these indeed correspond to the fundamental weights of sl(4,R), by com-
puting the highest weight 2A1 + 245 explicitly,

2 2 - 2 2
2A1 +2A3 = 2A; + §§+ gg
4
= 2((4}1 + §g)
= 2fy
= 2d7 + 2ds + 2dis. (11.3.39)

This result is consistent with being the highest weight of the 84 representation of s[(4,R) as
can be seen in Figure [11.1
Let us now include the dilaton prefactor in the analysis. In terms of sl(4, R)-vectors the

volume factor can be identified with a negative shift in Kg, ie.,

e~399 = ¢~hsd. (11.3.40)

As already mentioned above, this factor is irrelevant before dualisation because gj’d_; is invariant
under SL(3,R). Thus, before dualisation the manifest SL(3, R)-symmetry of the compactified
Gauss-Bonnet term is associated with the 27-representation of sl(3, R).

After dualisation, all the dilaton exponents in Eq. (11.3.20) and Eq. (11.3.21)) become
shifted by a factor of —A3. In particular, the new highest weight is

(24 + 2X3) — Ky =28, + As, (11.3.41)

corresponding to the 36 representation of s[(4,R), with Dynkin labels [2,0,1]. This is con-
sistent with the general result of [206] that a generic curvature correction to pure Einstein
gravity of order [/2 should be associated with an sl(n + 1,R)-representation with highest

weight %Kl + Kn
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However, this is not the full story. A more careful examination in fact reveals that the 36
representation cannot incorporate all the dilaton exponents appearing in the Lagrangian, in
contrast to the 84-representation of Figure [11.1} To see this, let us decompose 36 in terms
of representations of s[(3,R). The result is:

36 = 1508P603P3d1,
[2,0,1] = [2,1]+[1,1] 4+ [2,0] + [1,0] + [0,1] + [0, O]. (11.3.42)

Comparing this with Eq. (11.3.25)), we see that the representations 27, I5 and 6 are no longer
present. For the latter two this is not a problem since they were never present in the previous
analysis. What happens is that the 6 of 84 gets shifted “downwards” and becomes the 6
of 36. Similarly, the 15 and 3 of 84 become the 15 and 3 of 36. This takes into account
all the shifted dilaton exponents arising from the dualisation process. However, since there
is not enough “room” for the 27 of 5[( R) in Eq , some of the dllaton exponents
(the ones corresponding to 2f2 — 2f3, f1 + f3 — fg, 2f1 — 2f3, 2f1 f2 — f3 and 2f1 — 2f2)
arising fro;n pure P-terms, i.e., before dualisation, remain outside of 36. In fact, due to the

shift of —Aj5 these have now become negative weights of s[(4,R), because they are below the
hyperplane defined by ¢ - qg = 0. Although we know that these weights still correspond to
positive weights of the 27 of s((3,R), we cannot determine which representation of s[(4,R)
they belong to.

By a straightforward generalisation of this analysis to compactifications of quadratic cur-
vature corrections from arbitrary dimensions D, we may conclude that the highest weight

2K1 + Kn, can never incorporate the dilaton exponents associated with the [2,0, ..., 0,2]-
representation of sl(n, R) before dualisation.

11.4 An SL(n+ 1,Z)-Invariant Quartic Effective Action?

It is clear from the analysis in the previous section that the overall dilaton factor e—hsd (or,

more generally, e‘K"";) complicates the interpretation of the dilaton exponents in terms of
sl(n+1,R)-representations. To analyze this question, let us discuss what kind of information
is encoded in the weight structure. Apart from the overall dilaton factor, the reduction of
any higher derivative term ~ RP will give rise to terms with P?” (and terms with more
derivatives and fewer P’s), where P represents any of the “building blocks” P, H and 0¢
(we suppress all 3-dimensional indices). The appearance of weights of sl(n + 1,R) (without
the uniform shift from the overall dilaton factor) reflects the fact that we use fields which are
components of the symmetric part of the left-invariant Maurer—Cartan form P of sl(n+1,R).
Moreover, the dilaton factor contains information about the number of such fields. A term
R'Y/2 will generically give weights in the weight space of the representation [1/2,0,...,0,1/2]
of s5l(n + 1,R), and fill out the positive part of this weight space.®> This much is clear from
the observation that the overall dilaton factor really is “overall”.

The presence of the overall dilaton factor shifts this weight space uniformly in a negative
direction. This shift happens to be by a vector in the weight lattice of sl(n + 1,R) for any

3We note that the representation structure encountered here is of the same type as for the lattice of BPS
charges in string theory on 7™ [13].
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value of p. However, we emphasize that the dilaton exponents still lie in the weight space
of the representation [{/2,0,...,0,1/2], albeit shifted “downwards”. From this point of view,
the weight space of the representation with the shifted highest weight of [1/2,0,...,0,1/2] as
highest weight — for example, the representation [2,0,1] in the case discussed above — does
not contain all the weights that appear in the reduced Lagrangian, and is thus not relevant.

11.4.1 Completion Under SL(n + 1,7)

Consider now the fact that it is really the discrete “U-duality” group SL(n+1,Z) C SL(n+
1,R) which is expected to be a symmetry of the complete effective action. Therefore, the
compactified action should be seen as a remnant of the full U-duality invariant action, arising
from a “large volume expansion” of certain automorphic forms.

Schematically, a generic, quartic, scalar term in the action after compactification of the
Gauss-Bonnet term is of the form

/d% lgle A9 p(P), (11.4.1)

where F'(P) is a quartic polynomial in the components of the Maurer—Cartan form mentioned
above. F' will be invariant under SO(n) by construction, but generically not under SO(n+1).

To obtain an action which is a scalar under SO(n + 1) we must first “lift” the result of
the compactification to a globally SL(n + 1,Z)-invariant expression. This can be done by

replacing e Andp (P) by a suitable automorphic form contracted with four P’s:
Uy, (X)phlplshiplloplils, (11.4.2)

where the I’s are vector indices of SO(n+1). Here, ¥(X) is an automorphic form transforming
in some representation of SO(n + 1), and is constructed as an Eisenstein series, following,

e.g., refs. [207,208]. We must demand that when the large volume limit, A, - 5 — —00, is
imposed, the leading behaviour is

Uy, (X)Plileplhliphloplls — __,  ~Audp(p), (11.4.3)

This limit was taken explicitly in [207,208]. This gives conditions on which irreducible
SO(n+1) representations the automorphic forms transform under (from the tensor structure),
as well as a single condition on the “weights” of the automorphic forms (from the matching
of the overall dilaton factor). Automorphic forms exist for continuous values of the weight
(unlike holomorphic Eisenstein series) above some minimal value derived from convergence
of the Eisenstein series. It was proven in [208] that any SO(n)-covariant tensor structure
can be reproduced as the large volume limit of some automorphic form, and that the weight
dictated by the overall dilaton factor is consistent with the convergence criterion.

Under the assumption that these arguments are valid, we may conclude that the represen-
tation theoretic structure of the dilaton exponents in the polynomial F' should be analyzed

without inclusion of the volume factor e~n¢ , and hence, for the Gauss-Bonnet term (I = 4),
it is the [2,0,...,0, 2]-representation which is the relevant one (in the sense above, that we are
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dealing with products of four Maurer—Cartan forms), and not the representation [2,0,...,0,1]
which was advocated in [206]. Another indication for why the representation with highest

weight 2N, + Kn cannot be the relevant one is that it is not contained in the tensor product
of the adjoint representation [1,0,...,0,1] of sl(n + 1,R) with itself.

The present point of view also suggest a possible explanation for the discrepancy of
the weight multiplicities observed in the previous section. In the complete SL(n + 1,7Z)-
invariant four-derivative effective action the multiplicities of the weights in the [2,0,...,0, 2]-
representation necessarily match because the action is constructed directly from the sl(n +
1,R)-valued building block P. When taking the large volume limit, Eq. , a lot of
information is lost (see, e.g., [208]) and it is therefore natural that the result of the com-
pactification does not display the correct weight multiplicities. Thus, it is only after taking
the non-perturbative completion, Eq. , that we can expect to reproduce correctly the
weight multiplicities of the representation [2,0,...,0,2].



12

Instanton Corrections to the Universal
Hypermultiplet

The analysis in Part II of this thesis has so far been restricted to string compactifications
on tori, in which case maximal supersymmetry is preserved, giving rise to moduli spaces
described by symmetric spaces M = G/K, where G is a global continuous symmetry of the
classical effective action. These moduli spaces are known as rigid, since they allow no global
deformations that preserve the holonomy K (i.e. is compatible with supersymmetry) except
for an overall additional quotient by a discrete group G(Z) C G(R) [25]. Hence, for these
cases the exact quantum moduli space must be

Mexact = G(Z)\G(R) /K, (12.0.1)

where G(Z) is the U-duality group [8]. This implies that all quantum corrections to the
effective action are encoded in the duality group G(Z), leading to powerful techniques for
summing up perturbative and non-perturbative corrections in terms of G(Z)-invariant auto-
morphic forms, as discussed in Chapter |8 The purpose of the present chapter is to analyze
cases where the internal manifold is more complicated that a torus, for which the moduli
space is no longer given by a symmetric space. In particular, we shall focus on the special
case of type ITA compactifications on rigid Calabi-Yau threefolds in which case we propose
that a natural candidate for the underlying duality group G(Z) is the Picard modular group
SU(2,1;Z[i]). We further construct an SU(2,1;Z[i])-invariant Eisenstein series, and show
that its Fourier expansion potentially reproduces the expected contributions from D2- and
NS5-brane instantons. This chapter is based on Paper VIII, which is work in progress with
Ling Bao, Claudia Colonnello, Axel Kleinschmidt and Bengt E. W. Nilsson.

Let us also mention that related results were recently obtained in Paper VII, which was
written in collaboration with Boris Pioline. There it was proposed that for generic (non-
rigid) Calabi-Yau compactifications, a candidate for the underlying duality group in D = 4 is
G(Z) = SL(3,Z). This suggestion is complementary to the discussion in the present chapter
since for generic Calabi-Yau manifolds, the Picard group is not expected to play any role,
while on the other hand for rigid compactifications SL(3,7Z) is not relevant. A small part of

247
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the analysis of Paper VII was presented in Section [10.3
In the following section we will give a general overview of the relevant techniques, after
which we begin a more detailed analysis in Section [12.2]

12.1 Instanton Corrections to Quaternionic Moduli Spaces

As was briefly mentioned above, and discussed in Chapter [I], for compactifications on more
complicated internal manifolds than tori, the moduli space M is typically not described in
terms of a simple symmetric space, rendering it difficult to find the duality group G(Z), if it
exists. Particularly interesting examples are type II Calabi-Yau threefold compactifications,
which give rise to moduli spaces corresponding to a product of a special Kéhler manifold
My, and a quaternionic-Kahler manifold M. Due to the small amount of supersymmetry
preserved, these moduli space are subject to quantum corrections which deform the geome-
try. Recall from the discussion in Chapter [1| that the special Kahler manifold Mg, receives
perturbative quantum corrections associated with the worldsheet coupling o/, as well as non-
perturbative corrections from worldsheet instantons, which are exponentially suppressed of
order e~ /%" in the weak-coupling limit o/ — oo [163,164]. Recall further that the four-
dimensional dilaton e® belongs to the hypermultiplet moduli space M, implying that this
moduli space is sensitive to perturbative corrections from the genus expansion in g; = €.
In addition, M, receives non-perturbative corrections from D-brane instantons [26]. In
the type IIA picture, these instantons aries from Euclidean D2-branes wrapping special La-
grangian 3-cycles in the Calabi-Yau manifold X, while in type IIB the contributions are due
to Euclidean Dp-branes, p = —1,1, 3,5, wrapping even cycles in X. In both type IIA and
type IIB there are also instanton effects due to Euclidean NS5-branes wrapping all of X.

Special Kahler manifolds are described by a holomorphic prepotential F', and it is therefore
possible to additively encode quantum corrections to the metric on Mg, in terms of F' [20,21].
For the quaternionic-Kéhler metric on M., however, no such natural description exists and
one must resort to more sophisticated techniques to encode deformations of M. It has
long been an outstanding problem to compute the instanton-corrected metric on M, in
particular the contributions from NS5-brane instantons. Recently, however, considerable
progress has been made in this endeavour by utilizing techniques from twistor theory. These
developments will play an important role in this chapter and we shall here give a brief
introductory overview. More details are given in Section [12.5]

The basic idea, developed in a series of papers [27-31,213], is that deformations of the
quaternionic moduli space M., can be uplifted to deformations of the associated twistor
space Z, a CP'-bundle over M k- Quantum corrections are then encoded in local complex
(Darboux) coordinates on Z together with their associated transition functions gluing to-
gether local patches in Z. These complex coordinates are called twistor lines, and play a
similar role for M, as the holomorphic prepotential for special Kahler manifolds. A crucial
object in this story is the contact potential e® which determines the Kihler potential on
the twistor space Z. As shown in [27,28, 31], perturbative and non-perturbative quantum
corrections can then be elegantly encoded in an SL(2,Z)-invariant completion of the contact
potential e®, in a very similar way as the corrections to the R*-term discussed in Chapter

Despite these new techniques, an unsolved problem has been to incorporate the corrections
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from NSb5-brane instantons which start to contribute in D = 4, in which case SL(2,Z)-
invariance has proven insufficient. It would therefore be desirable to have access to a larger
duality group G(Z), such that the G(Z)-invariant completion of e® also sums up all NS5-
brane instanton corrections. For generic Calabi-Yau threefolds it is not known what the group
G(Z) might be, but in this chapter we shall see that for the simpler case of compactifications
of rigid Calabi-Yau threefolds there is a very appealing candidate for the underlying duality
group. As mentioned above, we argue that for rigid Calabi-Yau compactifications in type ITA
string theory, the underlying duality group is given by the Picard modular group SU(2,1;7Z),
which is discrete subgroup of SU(2,1) defined over the Gaussian integers Z[i] rather than the
standard integers Z (see, e.g., [214]).

To verify this claim, we construct an SU(2, 1; Z)-invariant Eisenstein series & in the prin-
cipal continuous representation of SU(2,1), and we propose that Eisenstein series provides
the desired completion of the contact potential e®(*"2) restricted to the north pole z = 0
of the twistor space Z. The restriction to the north pole is needed since we do not yet have
access to the associated completion of the transition functions required to reconstruct the
global deformations of Z. Nonetheless, as a first step to finding the exact moduli space, we
show that for the special value s = 3/2 the Fourier expansion of £ correctly reproduces the
perturbative tree-level and one-loop corrections to the moduli space, as well as an infinite
series of exponentially suppressed contributions, attributed to D2-brane and NS5-brane in-
stantons. Despite these successes, we should also mention that our analysis presents some
puzzles which have not yet been resolved. These are discussed in detail in their appropriate
context in subsequent sections.

12.2 The Universal Sector of Type IIA on Calabi-Yau Threefolds

Let us now present the physical setting in which our analysis applies. We consider the low-
energy effective theory arising from the compactification of type IIA string theory on a rigid
Calabi-Yau threefold X. The bosonic sector of this compactification correponds to D = 4
Maxwell-Einstein gravity coupled to the so called universal hypermultiplet, with moduli space
M ;- In the analysis we will disregard the vector multiplets, which decouple and do not play
any role in what follows.

We describe the further compactification of this theory on S%, in which case the gravity
multiplet gives rise to an additional moduli space M,,, which turns out to be identical
to M- In this context we discuss the c-map which relates the degrees of freedom of the
hypermultiplet sector to the degrees of freedom in the gravity sector.

12.2.1 Type lIA on Calabi-Yau Threefolds

Type ITA compactifications on a generic Calabi-Yau threefold X give rise to N' = 2 supergrav-
ity in four dimensions. This theory splits into three separate pieces: (1) the gravity multiplet,
consisting of the D = 4 metric g,, and an abelian vector A, known as the graviphoton;
(2) the vector multiplets, consisting of ny = hy 1(X) abelian vectors Aﬁ and ny = hy 1(X)
complex scalars Z!; (3) and, finally, the hypermultiplets, consisting of 4ny = 4(hg1(X) + 1)
real scalars ¢’. The fermionic degrees of freedom of these multiplets will not be needed in
the present work.
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The vector multiplet moduli Z! parametrize a complex 2ny-dimensional special Kdhler
manifold M,,, while the hypermultiplet moduli ' parametrize a real 4n-dimensional quater-
nionic- Kéahler manifold M,,. The total moduli space M(X) splits locally into a direct prod-
uct

M(X) = M, x M,,. (12.2.1)

The four-dimensional dilaton e? belongs to the hypermultiplet moduli space, implying that
M, is sensitive to quantum corrections originating from the string genus expansion. At the
same time, the vector multiplet moduli space M, receives corrections which are higher order
in o/, as well as non-perturbative worldsheet instanton corrections which scale as e=1/?". The
quantum corrections to M,, can be conveniently encoded in corrections to the prepotential
F(Z), whose exact form is known [20].

The corrections to the hypermultiplet moduli space has, however, proven to be much
more complicated to understand. This is partly due to the fact that there is no analogue
of the prepotential for describing the geometry of quaternionic-Kéhler manifolds. Moreover,
since the geometry of M, is sensitive to corrections associated with the string coupling
gs = e~ ?, the moduli space of the hypermultiplets is expected to also receive contributions
which are non-perturbative as g — 0. More precisely, M, receives instanton corrections from
Euclidean D2-branes wrapping special Lagrangian submanifolds in X, as well as Euclidean
NS5-branes wrapping all of X [26]. The former scales as e~'/9 as is characteristic for D-
brane instantons, while the latter contributions scale as e~/ 93, in accordance with the tension
of NS5-branes. These quantum effects will be further discussed in Section [12.5]

12.2.2 Restricting to the Rigid Case

We shall now restrict to the case of interest for our analysis, namely when X is a rigid
Calabi-Yau threefold, i.e. hg1(X) = 0. In the following, we denote by X a rigid Calabi-Yau
threefold, while reserving the notation X for generic Calabi-Yau threefolds. In this case the
cohomology group H?(X) simplifies considerably:

H3(X) = H3°(x) + H*3(X). (12.2.2)

Since H3Y(X) and H%3(X) are both one-dimensional, we have only two “universal” 3-cycles,
A and B, corresponding to the Hodge numbers h3o(X) = hoz(X) = 1. No restriction is
imposed on the Kéhler structure h; ;(&X). Such Calabi-Yau manifolds have been discussed
both in the mathematical (see, e.g., [215]) and the physics literature (see, e.g., [16, 17,216,
217]).

A peculiarity of compactification on a rigid Calabi-Yau manifold X" is that there exists
no mirror manifold ), such that type ITA on X would be dual to type IIB on )). This is due
to the fact that ) would necessarily have h171(y) = h271(X ) = 0, which is not possible for
a Kéahler manifold. Nevertheless, there exist dual non-geometric type IIB compactifications,
which are purely described in terms of the conformal field theory (certain “Landau-Ginzburg”
models) of the internal manifold [216]. Moreover, for generic Calabi-Yau manifolds X which
admit K3-fibrations, the type IIA theory on X is dual to heterotic compactifications on
K3 x T? [218] (see also [189]). A curious feature of rigid Calabi-Yau compactifications is
that no such dual heterotic description exists, since rigid Calabi-Yau threefolds do not admit



12.2 The Universal Sector of Type IIA on Calabi-Yau Threefolds 251

K3-fibrations.! For these reasons we shall in the present analysis solely restrict to the type
ITA picture, where our analysis has a clear geometric interpretation in terms of the underlying
rigid Calabi-Yau manifold X.

The moduli space of type IIA on X is now given by
M(X) =M, x M, (12.2.3)

where the vector multiplet moduli space M, is unchanged, while the total hypermultiplet
moduli space M, is a real 4-dimensional quaternionic-Kéahler manifold corresponding to the
universal hypermultiplet [22]. M, is universal in the sense that it does not depend on the
details of the compactification manifold X. A first important note is that M, contains the
four-dimensional dilaton e?, and so is still sensitive to stringy quantum effects. In addition,
the ten-dimensional Ramond-Ramond 3-form C(3) gives rise to a universal complex scalar
C = x+ix in D = 4, associated with the reduction of C3) along the universal holomorphic
and anti-holomorphic 3-cycles A and B, respectively. Finally, the reduction of the NS-NS
2-form By gives rise to a 2-form B, in D = 4 which can further be dualized to a third
axionic scalar 1.
It was shown in [22] that the four real scalars {e?, x, X, %} parametrize the coset space

SU(2,1)

Mon = 500) < U1y

(12.2.4)

which is a quaternionic manifold with holonomy given by SU(2) x U(1). Moreover, this coset
space has the unusual feature of being quaternionic-Kéhler as well as Kéhler, a property not
shared by the hypermultiplet moduli space M,, appearing for type IIA compactifications
on generic Calabi-Yau threefolds X. While the quaternionic-Kéhler condition is preserved
by supersymmetry, the Kahler property of M, will generically be broken by quantum
effects [219]. Hence, for this reason quantum corrections to M, cannot be encoded directly
in terms of corrections to the classical Kahler potential.

In the following we shall ignore the vector multiplets completely since they decouple from
the hypermultiplet sector. However, the universal sector does not only contain the hypermul-
tiplet degrees of freedom, but also the four-dimensional metric g,,, and the graviphoton .4,
of the gravity multiplet. Therefore, the bosonic part of the full universal sector is described
by the standard Maxwell-Einstein action coupled to a non-linear sigma model with target
space M

1 ) )
Sy = / d4x\/§[R — 1 Eu " %jauwaugpﬂ}, (12.2.5)
where F),, = 20;,A,], and the metric on M., is given by
i i ~ ~ ~ 2
ds%/lUH = yijdp'de’ = d¢? + €** (dx® + dX?) + e* (dy + xdX — xdx)". (12.2.6)

In Section [[2.3.7] we show in detail how this metric is associated with the invariant metric on
the Lie algebra su(2,1).

'T am grateful to Nick Halmagyi and Boris Pioline for discussions on this point.
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12.2.3 Reduction to D = 3 and the c-Map

Let us now consider the further reduction of this theory on a spacelike circle S* to D = 3,
i.e. we want to analyze type IIA on X x S', where S is the spacelike circle associated with
the compact coordinate 2. The resulting theory is also dual to M-theory on X x T2, but in
this chapter we will restrict to the type IIA picture.

Under the reduction on X x S!, the moduli space M, of the universal hypermultiplet
goes through the reduction unchanged, with the scalars parametrizing M, being taken to
be independent of the S'-direction, ¢!(zM) = i (a, 23) = ' (2#), where z* = (t, 2!, 22) are
the spacetime coordinates in D = 3.

On the other hand, the reduction of the Maxwell-Einstein sector gives rise to additional
scalar fields in three dimensions. First of all, we have the new “dilatonic” scalar e™V = R(S1),
parametrizing the radius of the S'. From the Maxwell field A, we obtain an axionic scalar
¢ = As, as well as a three-dimensional abelian vector A,. This vector can in turn be
dualized, and yields another axionic scalar 5 . Finally, the four-dimensional metric gives rise
to the Kaluza-Klein vector field A, = g3, in D = 3. This vector can also be dualized into a
scalar o of axionic type. The four new scalars {eY, ¢, f ,0}, arising from the reduction of the

gravity multiplet, parametrize a moduli space M, which turns out to be identical to M,;:

My =SU(2,1)/(SU((2) x U(1)). (12.2.7)

Hence, the theory in D = 3 is described by the action
83 = /dgilf\/g[Rg — %jﬁﬂgbia“gbj — %-jaucpiﬁ“goj}, (12.2.8)

where g, is the D = 3 metric, and the scalars @' parametrize the moduli space M

dS?\/;GM = F;;d@'d@ = dU? + 2V (d¢* + d¢?) + eV (do + ¢dl - Cd¢)®. (12.2.9)

What we have seen here is a special case of the c-map [22], which is a classical relation
between special Kahler manifolds and quaternionic-Kéahler manifolds. More specifically, upon
compactification of type ITA on X x S', the complex h1,1-dimensional special Kéhler manifold
M,,, corresponding to the vector multiplet moduli space, gets enhanced to a real 4(hy 1 +4)-
dimensional quaternionic-Kihler manifold M*. The total moduli space in D = 3 is therefore

M3(X) = M x M,,. (12.2.10)

The new quaternionic moduli space M3* is known as the c-map of the special Kihler manifold
M,,. Microscopically, this can be understood as T-duality on the S?, where the moduli space
MG"® is interpreted as the hypermultiplet moduli space MIB of type IIB on X x S where
S' is the T-dual circle. The radius R(S') = e~V of S gets mapped to the (inverse) dilaton
e~®1B on the IIB side. Hence, the large radius limit e=V — oo in type IIA on X x S!
corresponds to the weak-coupling limit e®"® — 0 in type IIB on X x St Similarly, the
hypermultiplet moduli space M, on the IIA side lies in the image of the c-map of the vector
multiplet moduli space MI® of type IIB compactified on the same Calabi-Yau X, in which
case the type ITA dilaton e? gets mapped to the (inverse) radius R*1(5’ 1) of the T-dual circle
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S1. Also here we see that after the c-map the low-energy limit g = e? — 0 in type ITA
corresponds to the large radius limit R(gl) — 00 in type IIB on X x St

For the special case of interest in our present analysis, namely the universal sector arising
from compactification on X x S', the low-energy effective action is self-dual under the c-
map [22,220]. This is evident by inspection of the three-dimensional action S3 in Eq. :
the action is manifestly invariant under the simultaneous exchange of the degrees of freedom
in M,, and M, according to:

¢ —1map : {€U7<7§7J} — {eqs?Xv)Z:w}v (12211)

Note that under this map, the dilaton e? is mapped to the inverse radius eV such that
the weak-coupling limit e® — 0 indeed corresponds to the large radius limit e~V
discussed above.

Effectively, the c-map can be used as a kind of solution-generating technique [220,221]. For
example, a BPS black hole solution to the gravity multiplet sector in D = 4 is mapped under
the c-map to a certain D-brane instanton solution to the hypermultiplet sector. For example,
the extremal Reissner-Nordstréom solution is dual under the c-map to a D2-brane instanton
arising from a Euclidean D2-brane wrapping the holomorphic 3-cycle A in X (or, equivalently,
the B-cycle). Similarly, a Taub-NUT solution on the gravity side is dual to an NS5-brane
instanton in the hypermultiplet sector. In the three-dimensional picture, Euclidean BPS
solutions in the gravity sector will wrap the S and appear as gravitational instanton effects
in D = 3. Under the c-map these instantons are then identified with the instanton effects in
the universal hypermultiplet.

— OO as

12.3 On the Coset Space SU(2,1)/(SU(2) x U(1)

This section introduces our conventions for the group SU(2,1) and a convenient parametriza-
tion of the coset space SU(2,1)/(SU(2) x U(1)). We will also discuss the isomorphism be-
tween SU(2,1)/(SU(2) x U(1)) and complex hyperbolic space CH2. Finally, we introduce
the Picard modular group SU(2,1;Z[i]) which acts as a modular group on CH?.

12.3.1 The Group SU(2,1) and its Lie Algebra su(2,1)

The Lie group SU(2,1) is defined as a subgroup of the group GL(3,C) of invertible (3 x 3)
complex matrices via

SU(2,1) = {g € GL(3,C) : g'ng =7 and det(g) = 1} . (12.3.1)
Here, the defining metric 7 is given by

—1

n= (12.3.2)

<. OO

0
1 0
0 0
and has signature (4 + —). We note that the condition g'ng = 1 already implies | det(g)| = 1
and so we can also think of SU(2,1) as the set of unitary matrices U(2,1) modulo a pure
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phase, SU(2,1) = PU(2,1), with the projectivization P referring to the equivalence relation
g ~ ge' for a € [0,27). The diagonal matrices e’“diag(1,1,1) form the center of the group
U(2,1).

The Lie group SU(2,1) as defined in has as Lie algebra

su(2,1) = {X € gl(3,C) : X'+ nX =0 and tr(X) = o} . (12.3.3)

It is a Lie algebra of real dimension 8 and a particular real form of s((3, C). It consists of four
compact and four non-compact generators, the maximal real torus is one-dimensional. Since
we will have ample opportunity to refer to specific generators we define the non-compact and
compact Cartan generators

1 0 O i 0 0
H=| 0 0 0 , J=10 =2¢ 0 |, (12.3.4)
0 0 -1 0 0 1
the positive step operators
0 -14¢ 0 3 0 142 O 0 01
Xi=1(0 0 1—2 ], Xh3=| 0 0 1+7 ], Xo=| 0 0 0 |,
0 0 0 0 O 0 0 00
(12.3.5)
and the negative step operators
0 0 0 3 0 0 0 0 00
Y= 144 0 0], Y= —1+2 0 0], Y= 0 00
0 —1—4¢ 0 0 —14:¢ 0 -1 0 0
(12.3.6)

The subscript refers to the eigenvalue under the adjoint action of the non-compact Cartan
generator H, e.g. [H, X;] = X; — the adjoint action of the compact Cartan generator .J is
not diagonalisable over the real numbers. Furthermore, the generators satisfy

Xy = —i [Xl,f(l] , (12.3.7)

such that the positive step operators form a Heisenberg algebra. Furthermore, the negative
step operators Y are minus the Hermitian conjugate of the positive step operator X.
The Lie algebra su(2, 1) has a natural five grading by the generator H as a direct sum of
vector spaces
su(2,1) =g oB g 190D o1 D92, (12.3.8)

with
g 2=RY 5,9 1=RY_|&RY_|,go=RH®RJ, g, = RX; RX], go = RX, (12.3.9)

One sees that the H-eigenspaces with eigenvalue +1 are degenerate. This is a characteristic
feature of the reduced root system BC) underlying the real form su(2,1) of s[(3,C). There
is a single root « since the real rank of su(2,1) is one, and there are non-trivial root spaces
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g1 and g corresponding to a and 2a, respectively.? The sl(2,R) subalgebra associated with
the 2a root space is canonically normalised and can be given a standard basis for example
with H, E = — Xy and F = Y_o, so that [E, F] = H.

The Iwasawa decomposition of the Lie algebra su(2,1) reads

su(2,1) =n;  ®adt, (12.3.10)

where the non-compact (abelian) Cartan subalgebra a = RH while the nilpotent subspace
ny =RX; &® RX; @ X, is spanned by the positive step operators. The compact subalgebra
of 5u(2,1) is £ = su(2) @ u(1) as a direct sum of Lie algebras.®> The generators of su(2) and
u(1) are given explicitly by the anti-Hermitian matrices

~ 1 R 1 _ B R 1
K= s(G+Ya), K= (fi47), K= (G+Ya+l),

A 3 1

Jo= gt Y=g (12.3.11)

These satisfy [j,Kz} =0 and [IAQ,IA(]} = _eijkkk-

12.3.2 Complex Hyperbolic Space

The group SU(2,1) has a natural action on complex hyperbolic two-space which we model
here using the unbounded hyperquadric model [214] of complex dimension two

CH? = {Z = (21,20) € C* : F(Z) >0}, (12.3.12)

where the function F : C?> — R is defined by
L9
F(2) = S(21) — 5l > 0, (12.3.13)

and is sometimes referred to as height function. The condition F(Z) > 0 is the generalization
of the usual condition ¥(7) > 0 for a complex number 7 to lie on the upper half plane of
complex dimension one, and we see that for zp = 0 the space CH? contains the usual upper
half plane. We will refer to the space CH? defined in (12.3.12) as the complex hyperbolic
space, or the complex upper half plane. The link to the upper half plane will be made more
explicitly below in Section

The action of SU(2,1) on Z € CH? can now be written in the compact fractional linear
form

AZ+ B A B
g'Z_ic’Z—i—D for g—<C D)a (12.3.14)

where the blocks A, B, C and D have the sizes (2x2), (2x1), (1x2) and (1 x 1), respectively,
so that the denominator is a complex number. In order to verify that (12.3.14)) defines an

2A discussion of the restricted root system can for example be found in [94].
3By contrast, the Iwasawa decomposition (12.3.10) is only a direct sum of vector spaces and not of Lie
algebras.
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action of SU(2,1) on complex hyperbolic space one needs to check that it preserves the
defining condition in (12.3.12f). This can be seen from computing

F(2)

-2 =16z pp°

(12.3.15)
which again is a generalization of the usual SL(2,Z)-transformation of J(7) on the (real)
upper half plane. Furthermore, one needs to check the group property of the action which is
straight-forward. In fact, when verifying one only requires the condition gfng = 7
so that defines an action of all of U(2,1) on complex hyperbolic two-space. Since
elements from the center act trivially, one can restrict to PU(2,1) = SU(2,1) to obtain a
simply transitive action.
The Kéhler metric on CH? can be written in terms of the following Kahler potential

K(2)=—logF(2). (12.3.16)

Written out in terms of the two complex coordinates Z = (z1, z2) this gives the Euclidean
metric

1
ds® = Zf_Q [dzldfl + 1z9dz1dZy — 1Z2dz0dZy + 2%(,21)(122(122] . (12.3.17)

The group SU(2,1) acts isometrically on CH?.

12.3.3 Relation to the Scalar Coset Manifold SU(2,1)/(SU(2) x U(1))

The complex hyperbolic upper half plane is also isomorphic to (a connected component) of
the Hermitian symmetric space

CH? = SU(2,1)/(SU(2) x U(1)), (12.3.18)

where the right hand side should properly be restricted to the connected component of the
identity. The Hermitian symmetric space is of real dimension four and can be parametrized by
four real variables {¢, x, X, ¥} in triangular gauge, using the Iwasawa decomposition (12.3.10)),
as

» e X—x+ilx+x) ¢ (20 +i(x*+x?))
Y = XXX =0l | 1 e (x+x+i(x—x) |(12.3.19)
0 0 e?

The symmetric space is a right coset in our conventions and the element V transforms as
V — gVk~! with g € SU(2,1) and k € SU(2) x U(1). The four scalar fields can take
arbitrary real values.

It is convenient to define the Hermitian matrix

K=yt (12.3.20)
that transforms as K — gKg' under the action of g € SU(2,1). Explicitly, this matrix reads
e"20 + A2+ e y]? id+e¥Phy 2%y

K= —iX + €2 )\y L+ e \? e2N |, (12.3.21)
e2%y e2N e
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where, for later convenience, we defined the complex variables
A=x+x+i(x—x%), 7= 2¢+%|)\\2. (12.3.22)

From K one can define the metric on the symmetric space via
ds* = —étr (K d(K™)) = étr (v—ldv + (v—ldV)T)2 . (12.3.23)

Working this out for the coset element ((12.3.19)) one finds the following SU(2,1) invariant
metric

ds® = d¢? + e2?(dx? + dx?) + *®(dy + xdx — xdx)?. (12.3.24)
Comparing (12.3.24)) to (12.3.17) leads to the identification
1
z1 = 2+ (6_2¢ + 2\22|2> =20+t (e_%’ +x%+ )~(2> ;
o= x+X+HiX—x). (12.3.25)

Note that z; = v + 3¢ 2? and 23 = . In Section it will prove to be convenient to use
the complex variable v rather than z;.

We see that the condition F(Z) > 0 is satisfied in the parametrization of
Z since F(Z) = e 2?. The advantage of using the complex hyperbolic upper half plane
rather than the scalar coset in the form is that the action of SU(2,1) is simpler
to evaluate. The action of g € SU(2,1) on V requires a compensating transformation k €
SU(2) x U(1) to restore the triangular gauge chosen in whenever g is itself not
of triangular form. Finding this compensating transformation in general can be involved.
Since it has been implicitly carried out in the non-linear action one does not require
the precise form of the compensator. We note that setting zo = 0 gives back the real
upper half plane but the parametrization appears to have additional factors of two
compared to the usual expressions at first sight. However, these factors have a physical
significance as will be discussed further below. Besides being a quaternionic Kéhler manifold,
SU(2,1)/(SU(2) x U(1)) also has the stronger property of being Kéhler, as is clear from
[Z5.10).

In the variables Z = (21, 22) given by (12.3.25), the matrix K of takes the simple

form }
K=K+n, (12.3.26)
where 7 is the defining matrix of SU(2,1) given in ((12.3.2]) and
5 212 21z 2
K =e% 2122 |22‘2 29 , (12.3.27)
21 ) 1

bearing in mind that ¢ = F(2)~1.

12.3.4 Coset Transformations and Subgroups of SU(2,1)

We now study the effect of some particular elements of SU(2,1) on complex hyperbolic two-
space. The specific transformations we investigate are the ones with an immediate physical
interpretation.
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Heisenberg Translations

Let N denote the exponential of the nilpotent algebra of positive step operators n,. We
define the following elements of N

1 -1+ 1 B 1 142 1 1 01
T1y=10 1 1—1 , Tr=120 1 1+2 , Ib=1 01 0
0 0 1 0 0 1 0 0 1
(12.3.28)
These are such that 77 = exp(X7) etc. Any element n € N then can be written as
n = (Tl)a(Tl)b(TQ)chQab — eaX1+bX1+cX2
1 a(=1+4+4)+b(1+i)  c+i(a®+0b?)
= | o 1 a(l — i) +b(1 + 1) (12.3.29)
0 0 1
for a,b,c € R. The effect of this transformation on Z = (z1, z2) is
21— z1+ [a(—=1414) +b(1+14)] 22 + c+i(a® + b?),
29— zota(l—i)+b(1+1), (12.3.30)
or in terms of the four scalars fields of (12.3.19)
¢ — 9,
X — Xxta,
X — X+b,
1
Yo b ge—ag b (12.3.31)

The appearance of the shift parameters a and b in the transformation of 1 is due to the non-
Abelian structure of ny given by the Heisenberg algebra . This effect is also evident in
the first line of the expression for the general element of N. From the point of view
of the coset, the Heisenberg translations do not require any compensating transformation as
they preserve the Borel gauge.

Rotations

Rotations are generated by the compact Cartan element J of su(2,1) given in (12.3.4)). Let

t 0 0
R=exp(nJ/2)=| 0 -1 0 |, (12.3.32)
0 0 =1

then the most general transformation of this type is given by R™, for m € [0,4), and acts on
Z = (21, 29) via
21— 21, 23— eim/25, . (12.3.33)



12.3 On the Coset Space SU(2,1)/(SU(2) x U(1) 259

In terms of the four scalar fields this transformation reads
¢ — 9,
X +— cos(mo/2)x —sin(mo/2)x,
X +—— sin(wo/2)x + cos(mo/2)x,
Y o (12.3.34)

and so rotates the two scalars y and x among each other while leaving the other two invariant.
The compensating transformation to restore the Borel gauge for the coset element ((12.3.19))
is k=R™.
Involution

The last transformation of interest is the following involution

0 0 =
s= o0 -10], (12.3.35)
-1 0 0
which acts on Z = (z1, 22) according to
1 )
21 ——, Zgr —i—, (12.3.36)
Z1 z1

making it apparent that this is an inversion of z;. For the real scalars themselves we find the
following transformation

1 e 2%
¢ — —5hn W2+ % 12 + 2P
20X = (€7 + x* + X°)x
X = 12 1 2 1 x2 + 322
§ 29x + (€72 + x* + X°)X
X = 12 1 [ 20 4 2+ x22
" v (12.3.37)

AP e X

It is straightforward to check that the required compensating transformation in this case
indeed belongs to the maximal compact subgroup SU(2) x U(1).
We note that the involution (|12.3.35)) can also be written as

S =eY2eX2eY2R (12.3.38)

using the rotation matrix (12.3.32)). The expression is almost the expression of
Kac [34] for Weyl reflections (see Lemma 3.8 in [34]). There is a difference in our expression
for S compared to [34] since we are dealing with a non-split real form. Firstly, one should take
the generators corresponding to the canonically normalised, split s[(2,R) C su(2,1), that is,
use the generators Y_s and — X5 of the graded decomposition . Secondly, one has to



260 Chapter 12 Instanton Corrections to the Universal Hypermultiplet

verify the action of the resulting transformation on the degree one subspaces in that
are degenerate. Demanding that no additional transformation on their basis is introduced
requires the inclusion of R in since then SX;S~ 1 =Y, (and not }7_1). We also
note that without the inclusion of R the transformation would be of order four and
not two as required for a reflection. The reduced root system BC} of su(2,1) is of (real) rank
one and therefore its Weyl group is generated by a single reflection, namely the one displayed

in (12.3.35)). Therefore one should call the Weyl group
W(su(2,1)) = W(BCh) = Zs . (12.3.39)

In the context of U-duality symmetries for torus compactifications it is often the Weyl group
that is retained as a minimal discrete symmetry group acting on BPS states [11,222]. In the
present case this would correspond to studying the action of the involution on BPS
states.

Let us also briefly discuss various subgroups of SU(2,1). The canonically normalised
SL(2,R) subgroup mentioned in mentioned in Section consists of matrices of the type

SL(2,R) =

o O

0 b
10 ca,bye,de Rand ad —bec=1 ) C SU(2,1). (12.3.40)
0 d

Restricting complex hyperbolic space to the slice zo = 0, one sees that this condition is
left invariant by this SL(2,R) subgroup which furthermore acts in the standard non-linear
fashion on the variable 2.

Another SL(2,R) subgroup of SU(2,1) consists of the following matrices

a? (=1 +i)ab ib?
SL(2,R) = (=1 —4d)ac ad+bc (1—id)bd | : a,b,c,d € Rand ad—bc=1
—ic? (1+4d)ed d?

(12.3.41)
Unlike , this group is not regularly embedded in the sense that the restriction of
the canonical bilinear form of su(2,1) to this subgroup does not coincide with the canonical
bilinear form on s[(2;R) but rather differs by a factor four. A consequence of the non-
regularity of the embedding is that all entries in are quadratic functions of the
SL(2,R) matrix in the fundamental representation.

The relevance of the subgroup is the following. The slice Y = ¥ = 0 can be
parametrized by a complex variable 7 := x + ie~? that lives on the standard upper half
plane. On this parameter 7 the group can be seen to act in the usual fractional
linear fashion. Note also that the standard S transformation of SL(2,Z) expressed in terms of
the parametrization above corresponds to the involution . Turning on the transverse
coordinates again, the action on these is more complicated. The parameter 7 relevant for this
subgroup is composed out of the dilaton and a RR scalar as one would expect in analogy with
the IIB case. It is this parameter that appears for example in the D2-instanton corrections
to type IIA studied in [28], obtained via a mirror map of the D(—1)-instanton corrrections in
type IIB. The two subgroups (12.3.40)) and (12.3.41]) together generate the whole of SU(2,1).
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12.3.5 The Picard Modular Group

We finally discuss the Picard modular group SU(2, 1;Z[i]). This group can be defined as the
intersection [214]
SU(2,1;Z[i]) :== SU(2,1) N SL(3,Z][i)), (12.3.42)

where Z[i] denotes the Gaussian integers
Zi) ={z € C : R(2),3(z) € Z}. (12.3.43)

This definition implies that any element g € SU(2,1) which has only Gaussian integer matrix
entries belongs to SU(2,1;Z[i]). In view of the discussion of PU(2,1) = SU(2,1) the Picard
modular group can also be called PU(2,1; Z[i]).*

Let us now examine the particular SU(2,1)-transformations of the previous subsection
to check whether they belong to the Picard group. The Heisenberg group N C SU(2,1)
contains a subgroup N(Z) := N N SU(2,1;Z]i]). By inspection of Eq. we see that
N(Z) must be of the form

N(Z) = {eXitbXuteXe g p ez} (12.3.44)

In view of (12.3.29)), a natural set of generators for N(Z) is given by the three matrices in
(12.3.28) 11, T1 and T5. The action of these discrete shifts are then as given in with
parameters a, b, c € Z. The translations are of infinite order in the Picard modular
group.

The rotation R™ defined in only is an element for the discrete values of the
exponent m = 0,1,2,3, and R is an element of order 4 in the Picard modular group. The
action of R on the scalar fields is

R: (x,x)— (=X, X)- (12.3.45)

Physically speaking, this corresponds to electric-magnetic duality, which is expected to be
preserved in the quantum theory [223].

Finally, we will examine the involution S in Eq. . Clearly, the involution is an
element of the Picard modular group. The involution S is of order 2 in the Picard modular
group. As already noted above, the involution corresponds to the Weyl reflection
of the restricted root system BC of the non-split real form su(2,1). The Weyl reflection is
associated with the (long) root 2a. We can also give an interpretation to the rotation R.
This is a transformation that rotates within the degenerate, two-dimensional « root space,
spanned by the generators X; and X;.

The Picard modular group acts discontinuously on the complex hyperbolic space CH?. A
fundamental domain for its action has been given by Francsics and Lax in [214]. Recently,
they have also proven the following [224]°:

4The nomenclature “Picard group” is not unique, in fact our Picard group is a member of a family of
similar groups PSU(1,n + 1;Z[i]) of which the case n = 0, corresponding to PSL(2,Z][i]) is also often called
the Picard group. In this chapter we will always mean SU(2,1;Z[i]) when speaking of the Picard group.

5T am very grateful to Gabor Francsics and Peter Lax for communicating this result prior to publication.
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Theorem (Francsics & Lax): The Picard modular group SU(2,1;7Z[i]) is generated by the
translations T and Ts, together with the rotation R and the involution S.

Since the two translations 7; and T} are related through “electric-magnetic duality” by
Tl = RTY'R™', one may equivalently choose either of the translations 77 or Tl associated
with the a root space in the theorem. Since all three translations 77, Tl and 15 will turn
out to have a clear physical interpretation we present the Picard modular group as generated
(non-minimally) by the following five elements:

1 —1+4 i 1 1+i i 101
Th=10 1 1—i |, i=l 0 1 144i ]|, =01 0 |,
0 0 1 0 0 1 001
i 0 O 0 0 1
R=|l0-10], S=| o0 -10 (12.3.46)
0 0 i - 0 0

In accordance with the SL(2,R) subgroup identified in ((12.3.40|) we note that there is an
SL(2,Z) C SU(2,1;Z[i]) that acts on the slice zo = 0 of complex hyperbolic space as the
usual modular group on the remaining variable 2.

12.4 Eisenstein Series for the Picard Modular Group

In this section we shall construct an Eisenstein series for the Picard modular group in the
principal continuous series representation of SU(2,1). We show that this can be done in
three different ways, which all mutually enlighten each other.

12.4.1 Lattice Construction and Quadratic Constraint

Our first method will be the one developed in [13]. A non-holomorphic Eisenstein series, of
order s, on the quotient

SU(2,1; Z[i))\SU(2,1)/(SU(2) x U(1)), (12.4.1)

can then be constructed in the following way

&)= 3 o(@ na)fatKca] (12.4.2)

DEL[]?

where K = YV is the “generalized metric” which was constructed explicitly in Eq. ,
and §(&T A Q) is a quadratic constraint on the Gaussian integers & € Z[i]* which ensures that
the Eisenstein series is an eigenfunction of the Laplacian on the coset space SU(2,1)/(SU(2) x
U(1)) [13]. We will discuss this constraint in detail below. Moreover, it is always understood
that the summation is restricted such that the vector & = (0,0,0) is excluded. Writing out
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Eq. (12.4.2)) explicitly yields

D, A, 7Y) Z 5 Al /\w —2s¢ [|(D1 +@25\+@3’7|2 +€_2¢|@2 —’L'W3)\’2+6_4¢|w3‘2]
DEL]3

(12.4.3)

The variables A and ~ were defined as functions of Z = (z1,22) in (12.3.22). To better

understand the quadratic constraint 6(GT A &), it is illuminating to utilize the isomorphism

between the coset space SU(2,1)/(SU(2) x U(1)) and the complex hyperbolic space CH?,

as discussed in Section We recall from that in terms of the variable Z =
(21, 29) € CH?, the matrix K reads

K=K+n, (12.4.4)

where 7 is the SU(2, 1)-invariant metric, Eq. (12.3.2]), and the matrix K is given by

R ‘21’2 2122 21
K= ¢ 2129 ’22|2 22 . (12.4.5)
21 ) 1

In this new parametrization, the Eisenstein series becomes

~ —S
E(2) = Z s@tna) |t K araton.a
BEL[i]
—s
= Z (S((DT A u_)') [e2¢]w1 + wozo + w321|2 +af- n-d| . (12.4.6)
DEL[H]?

This decomposition of the Eisenstein series can be understood as follows [13]. By virtue
of Eq. the coset representative V € SU(2,1)/(SU(2) x U(1)) is constructed in
the fundamental representation R of SU(2,1). This implies that the generalized metric
K = VV! transforms in the symmetric tensor product R ®s R. The contraction of K with
the lattice vectors & is only an eigenfunction of the Laplacian on SU(2,1)/(SU(2) x U(1)) if
this contraction is irreducible. The split of the summand in Eq. precisely shows that
this is not the case; &' - K- & is reducible and its irreducible components are the two terms in
Eq. . The second term is the trivial (moduli-independent) component of the tensor
product, and must be projected out in order to obtain an eigenfunction of the Laplacian.
The Laplacian will be discussed in detail in Section [12.4.2 below. By the reasoning above we
find that the quadratic constraint §(&' A &) must be

SIANG =80 T = |wl? - 23 (w1@3) = 0. (12.4.7)
The Eisenstein series then finally becomes

Z 5(LUT -n- @’)6728¢|w1 + wozo + w321\723. (12.4.8)
DEL[i]3
It will also be convenient to have the equivalent form of the Eisenstein series in the original
variables ¢, A and ~. This is of course just Eq. with the explicit constraint inserted.
Imposing the (real) quadratic constraint |wa|?—23(wiws) = 0 eliminates one of the summation
variables, so that we are effectively summing over only five integers.
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12.4.2 Poincaré Series on the Complex Upper Half Plane

As we have seen in Chapter [9 a standard way of constructing non-holomorphic Eisenstein
series on a symmetric space G/K is in terms of Poincaré series. For example, for the case
of SL(2,R)/SO(2), parametrized by a complex coordinate 7, we have seen in Section
that such a Poincaré series is obtained by summing the function (v - 7) over the orbit
v € Too\SL(2,Z), where 'y, is generated by T : 7 +— 7 + 1. This indeed produces a non-
holomorphic Eisenstein series on the double quotient SL(2,Z)\SL(2,R)/SO(2).

Here we would like to generalize this construction to a Poincaré series on the complex
upper half plane CH?, parametrized by the variable Z = (21,22). The generalization of
3(7) is then given by the N(Z)-invariant function F(Z), constructed in (12.3.13)) [225].5
The invariance of F(Z) under N(Z) can be checked by direct substitution of the Heisenberg
translations in Eq. . As we have seen in Section the Picard modular group
SU(2,1;Z[i]) acts by fractional transformations on Z € CH? such that the function F(Z)
transforms as

_ F(2) (A B e
A Poincaré series for the Picard group may now be constructed as follows
B F(Z 5
Py(2) = S F2)y = 3 (|cz(+)D|2> (12.4.10)
YEN (Z)\SU(2,1;Z]i]) YEN (Z)\SU(2,1;Z]i])

Taking C = (w3, ws) € Z[i]? and D = w; € Z[i], and recalling F(Z) = e~2?, then reproduces
the same form of the Eisenstein series as in Eq. ((12.4.§)), i.e.

Py(Z) = > e 29| w1 + wazg + waz |7, (12.4.11)
YEN(Z)\SU(2,1;Z1])

which agrees with modulo a possible discrepancy in the range of summation.

Let us now also discuss the Laplacian condition on P,. The Laplacian on the coset space
CH? = SU(2,1)/(SU(2) x U(1)) is most conveniently written in terms of the real variables
{y =e2?,x, X, ¥} and reads explicitly [226]

1 1 . 1
Acuz = (03 + 07) + (" +y(x* + X)) + Sy(X0x — x0x)0y + 40 — yy. (124.12)

We furthermore recall that in terms of these variables the height function F(Z) takes a

particularly simple form
F(Z2)=v. (12.4.13)

Hence, the only part of the Laplacian which is non-vanishing when acting on F(Z) is the
“radial part” y28§ — y0y.T We then find A2 F(Z2)* = s(s — 2)F(Z), and consequently

AcPs(2) = s(s —2)Ps(Z2). (12.4.14)

5We are grateful to Genkai Zhang for helpful discussions on this construction.
"Note the extra linear term compared to the “radial part” of the Laplacian on SL(2,R)/SO(2). This is
what gives rise to the difference in the eigenvalues.
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Moreover, since the Eisenstein series & in Eq. (12.4.3) has the same summand as Ps when
the constraint &' -7 - & = 0 is imposed, we may deduce that & is indeed an eigenfunction,

Ac2€s(P, N, 7) = s(s —2)Es(, A\, 7). (12.4.15)

12.4.3 Spherical Vector and p-Adic Eisenstein Series

As we have discussed in detail in Chapter[9] there exists a more general method for construct-
ing automorphic forms on a coset space G/K, as developed in [195-197]. In this subsection,
we show that this method may be used to construct the Eisenstein series (¢, A, ) for the
Picard modular group.® This alternative approach also sheds light on the relation between
the quadratic constraint @' A & = 0 and the representation theoretic structure of the Eisen-
stein series. Recall from Section that an automorphic form ¥ can be rewritten in the
following way
vW) = 3 | I £@]e0) - @), (12.4.16)
reQnr  p<oo
where & is a vector of rational numbers in Q", and the product is over all prime numbers p.
To apply this method to obtain an Eisenstein series for the Picard modular group we shall
begin by explicitly constructing a spherical vector fr, invariant under SU(2) x U(1), which
belongs to the principal continuous series of SU(2, 1)-representations. Recall from Section
that this means that fr belongs to the Hilbert space H = L?*(P\SU(2,1)) of real-
valued, square-integrable functions on the coset space P\SU(2,1), where P is the parabolic
subgroup of SU(2,1) corresponding to the Lie algebra

p=g-2®g_1®go Csu(21), (12.4.17)

associated with the 5-grading of su(2,1) defined in (12.3.8]). The parabolic group P thus
corresponds to the subgroup of lower-triangular matrices,

ty
P = * 1o S SU(Q, 1) Dotitets =1 ). (12418)
* 13

The coset space P\SU(2,1) can be identified with the Heisenberg group NN, which is param-
eterized as follows

- 1 ZC2 Cl 171
n = eSX1T8XaityXs 1 & |=[m™ |en, (12.4.19)
1 73
where )
Oy = 2y+%|02]2, Coi=x+i+i(d—a) (12.4.20)

and the last equality in (12.4.19)) defines the row vectors of the Heisenberg group element.
It is important to note that the two complex variables are not independent, but obey the

relation
|Cy)? — 23(Cy) = 0. (12.4.21)

8T am very grateful to Boris Pioline for helpful explanations of this method.
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This relation is of course obvious in the present context, but we will see that this is exactly
what gives rise to the quadratic constraint in the lattice construction of Section [12.4.1

Any function f € L?(P\SU(2,1)) obeys

p(9) - f(n) = f(ng) = f(pn') = x(p)f(n'),  pe P, n' e P\SU(2,1), (12.4.22)

where x(p) is an infinitesimal character. For p in the principal continuous series we may
choose the character:

t1
xs(p) =17, p=| x t ePp, (12.4.23)
* k13

where we added a subscript on the character to indicate that the principal series depends on a
single real parameter s. We are therefore interested in functions f(x,%,y) € L2(P\SU(2,1))
of three real variables which transform by the overall character tfzs.

As was apparent from Eq. , a general group element g € SU(2,1) acts on
n € P\SU(2,1) from the right, and since this will destroy the upper triangular structure, a
compensating transformation of p € P from the left is needed to restore the upper triangular
form of n. This left-action of P on the second and third rows, 75 and 73, of n is quite
complicated, while the action on the first row 7 is very simple: p € P simply modifies 7} by
an overall factor of t;. Moreover, the action of k € SU(2)xU (1) leaves invariant the (complex)
norms of the rows 7;. We may therefore construct a spherical vector fx € L*(P\SU(2,1))
as the norm of the first row 7 of n, raised to the appropriate power of s [227]°:

_ —5
fi(@ i y) = 77 = (1L (G 4+ 1CP) ™ = (14 262+ 3%) + 4 + (22 + 7)) .

This object is indeed invariant under SU(2) x U(1), since the right action of k£ on n is a
“rotation” that preserves the norm, while the compensating left action of p merely modifies
fx by an overall factor 2%, which in turn is canceled against the character xs(p) = tl_zs which
is present since fg is in the principal series. We have thus found our desired spherical vector.

The next step is to compute the action of p(V) on fx. Following the prescription above,
this can be done by first computing n - V = pg - n/, with

e ® 1 ie?(A+Cq) €2?(y+iCo) + Cy)
po = 1 epP, = 1 e?(\ + Ca) € P\SU(2,1).
e? 1
(12.4.24)
Applying this to the spherical vector fx(z,Z,y) = fx(n) yields
pV) - fr(n) = fr(nV) = fr(pon') = xs(po) [ (n') = 7|77, (12.4.25)
which may be written explicitly in the form
p(V) - fx(C1,Cs) = efm(\él QOO+ A2+ e 2|0y + A2 + e*4¢)_8. (12.4.26)

?See also [201] for a similar construction in the context of SL(3,R).



12.4 Eisenstein Series for the Picard Modular Group 267

The p-adic spherical vector f,(C,C2) can now be found by the following method [195-197]:
replace the complex norm |- | in the real spherical vector fx by the p-adic counterpart
|- |97 Actually, this differs slighthly from the analysis in [195-197] (which dealt with the
real Euclidean norm ||-||) in the sense that we must here consider the p-adic norm associated
with the quadratic extension Q[i] of the rational numbers Q. In this case the complex p-adic
norm is defined as follows [198]:

|23 = /]2,

z € Qlil, (12.4.27)

where the right hand side is evaluated using the standard p-adic norm |- |, since zz € Q. For
more information on p-adic numbers we refer the reader to [198]. The p-adic spherical vector
is then given by

J(C1,Co) = [[on |2 ] —max(1,\/|clél\p, \/\Cgég}p)_%. (12.4.28)

The automorphic form ¥(V) in this representation thus reads

=y [Hmax<1,\/\clcl|p, \/\0202]p)zs]p(v).fK(x,gz,y). (12.4.29)

(z,2,y)eQ3 -p<oo

We can also write the summation over the complex rational variables (C7, Co) € Q[i]? instead
of the rational variables (z,,y) € Q3, if we incorporate the constraint from Eq. (12.4.21)) as
follows

V) = > 5(|02!2 -3¢ )[ IT 7« 01,02)} p(V) - fx(C1, Cy). (12.4.30)
(C1,C2)€Q[i)? p<oo

Next we must evaluate the infinite product over prime numbers. To this end we extract the
greatest common divisor between the variables C; and Cs in the following way:'°

O =l oy 2 (12.4.31)
w3 w3

with w; € Z[i], for j = 1,2,3. We can now evaluate the infinite product over primes with the

simple result
I1 max(l, \/‘ LI \/‘ “’2“’2 = |ws| 7% (12.4.32)
p<oo wgwg w;gw;g

We also multiply the constraint |Ca|? — 3(C1) by a factor of |ws|? which yields

\w?,y?(\cg\? - %(01)) = |wol? — 2S(wiws) =& -y T = 0. (12.4.33)

Combining Eqs. ((12.4.30)), (12.4.32)) and (12.4.33) then yields the final form of ¥(V):

— —S
> (5((,D’T-n-u?’)e_28¢le—i—@gx\—&—wg’yP+e_2¢\c32—i@g)\]2+6_4¢|w3]2} , (12.4.34)
wezli)®

10We note that the greatest common divisor in Q[¢] is defined up to Gaussian units which are a subgroup
of order 4 in the Gaussian integers Z[i].
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which we recognize as the Eisenstein series £s(¢, A,y) constructed in Section More
correctly, this result is equal to Es(¢, A\, ) modulo the term in the sum with ws = 0, since
this term is not allowed in Eq. by virtue of Eq. (12.4.31). The same phenomenon
also happens when constructing non-holomorphic SL(2,Z)-invariant Eisenstein series using
the p-adic approach [195,196].

12.5 Instanton Corrections to the Universal Hypermultiplet

In this section we discuss in detail the physical interpretation of the Eisenstein series Es (¢, A, )
and its Fourier expansion. To this end we begin by recalling what is known about quantum
corrections to hypermultiplet moduli spaces in type II Calabi-Yau compactifications, with
particular emphasis on recent developments involving twistor theory. We then discuss the re-
striction to rigid Calabi-Yau compactifications, and show that the Eisenstein series E5(¢, A, )
encodes information about the non-perturbative corrections to the moduli space M, of the
universal hypermultiplet.

12.5.1 Quantum Corrected Hypermultiplet Moduli Spaces

Perturbative corrections to hypermultiplet moduli spaces are well understood, and it has been
established that the metric on M receives only tree-level and one-loop corrections, but no
perturbative corrections beyond one loop [140,219,228-231]. For the universal hypermultiplet
this was rigorously proven in [230]. The general form of the perturbative corrections can be
inferred from compactifications of higher derivative couplings in ten dimensions [219, 228].
Note, however, that due to field redefinition ambiguities for higher derivative terms, the
precise coefficients must be inferred from explicit string theory calculations in D = 4 [219].11
In the string frame, the tree-level correction is of the form ¢(3)x g5 2, where y is the Euler
number of the Calabi-Yau threefold X. while the one-loop correction to the metric on M, is
of the form ((2)x,. The complete perturbatively corrected metric can be found in [30,231].

Since the work of Becker, Becker and Strominger [26] it is also known that M,; should
receive non-perturbative corrections due to D2-brane and NS5-brane instantons. The contri-
butions to M, from these effects have, however, remained very difficult to determine, mainly
due to the fact that quaternionic-Kéhler geometry is much more complicated than special
Kahler geometry, and because techniques for instanton calculus in string theory are not at
all well developed.

Nevertheless, in a series of recent papers [27-31,213], part of the non-perturbative cor-
rections to M,; have been gradually understood. The key idea, following advances in the
mathematics [232-234] and physics literature [235-237] on quaternionic-Ké&hler spaces, is that
linear deformations of the hypermultiplet moduli space M, can be lifted to its twistor space
Z,,, which is a CP! bundle over M,,. In contrast to M,,, the 4hs + 6-dimensional twistor
space Z,, is Kahler, and quantum corrections to M, can thereby, in principle, be encoded in
the Kéhler potential of its twistor space Z,,. Practically, however, the authors of [31] empha-
size that a more convenient way of describing corrections to M, is by analyzing deformations
of the transition functions which glue together local patches on Z,. This can be done since

171 thank Pierre Vanhove for emphasizing this.
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the twistor space is identified with a complex 2hs 1 + 3-dimensional contact manifold (see,
e.g., [238] for an introduction to contact geometry), which, by Darboux’s theorem, can be

completely described by generic local complex coordinates ({fz],éj[z], a[i]), A=1,...,ha1+1,
in each patch U; C Z,;, and contact transformations S;j, relating the coordinates (f[/;],gk], a[i])

to the coordinates ({f}],gk], am) on the overlap U; NU;. The geometry of the hypermultiplet
moduli space can then be extracted by determining the contact twistor lines, i.e. expressing
the generic coordinates (£A,§~A, a), in some patch U, in terms of the coordinates z# € M
on the base manifold, and the complex coordinate z € CP' on the fiber. Deformations of
the contact transformations S;; then determine the corrections to the contact twistor lines,
from which the corrected geometry of M may be extracted in terms of the contact potential

21 (x“’z), which determines the Kahler potential on Z,; through
; 1+ |22
KEH — log ‘Z" ‘ + %[@[i] (x, 2)]. (12.5.1)

For details on this construction we refer the reader to [30,31]. In Section|12.5.3|we will discuss
some aspects of the twistor space of the universal hypermultiplet moduli space.

SL(2,Z)-Invariance and D-Brane Instantons

This elaborate scheme has been successfully carried out for all instanton corrections arising
from Euclidean D2-branes wrapping both A- and B-cycles in the Calabi-Yau threefold X
[27,28,31]. One of the crucial features of this analysis was to utilize the twistor techniques
discussed above, while at the same time imposing SL(2,Z)-invariance of the effective action
[27]. This SL(2,Z)-invariance descends from the familiar SL(2,Z)-invariance of type IIB
string theory, and carries over to the ITA side via mirror symmetry in four dimensions [28].
In type 1IB, the vector multiplet moduli space MU is classically exact to all orders in o, as
well as in gs. On the other hand, the hypermultiplet moduli space MUB receives perturbative
o/- and g,-corrections, as well as non-perturbative worldsheet instanton and brane instanton
corrections. The hypermultiplet moduli in type IIB encode the Kéhler structure of the Calabi-
Yau threefold, and therefore receives corrections from Euclidean Dp-branes (p = —1,1,3,5)
wrapping even cycles in X, as well as Euclidean NS5-branes wrapping the entire Calabi-Yau.

We have learned in Chapter [8| that the effects of D(—1)-instantons in ten dimensions
are automatically captured by demanding invariance under SL(2,7Z) [14]. By assuming that
SL(2,7) remains unbroken upon compactification on X, the authors of [27] showed that the
D(-1)-instanton corrections to the metric on the hypermultiplet moduli space MIP are also

captured by the same Eisenstein series 55/2(2’2)

a contribution to the contact potential e®(®*2) on the twistor space Z MIIB [31].12 Moreover,

(1,7), which in this context is interpreted as

2To be more specific, references [27,28] were analyzing this problem within the framework of the so-called
hyper-Kdahler cone (or Swann bundle) S, which is a CQ/ZQ bundle over the quaternionic-Kahler space M;. The
space S is then a hyperkahler manifold of real dimension 4hs,1 + 8. Deformations of M, can in this approach
be described in terms of the twistor space Zs = CP! x S, a trivial CP' bundle over S. This construction is
geared towards the so-called projective superspace description of the hypermultiplet moduli space, which relies
on the existence of ha 1 + 2 commuting isometries (in the ITA picture). This is indeed the case in the presence
of only D2-brane instantons on the ITA side, or D(-1), D1 and Fl-instantons in type IIB. The Eisenstein
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it is known that the (D1, F1)-system transforms as a doublet under SL(2,R), and hence by
imposing SL(2, Z)-invariance in four dimensions also these instanton corrections to MI® were
determined [27]. However, SL(2,Z)-invariance is not sufficient to determine the contributions
to MUB from Euclidean D3, D5- and NS5-brane instantons.

In [28], these results were translated into the type IIA picture using mirror symmetry.
After the mirror map, the contact potential e®(**#) carries information about the corrected
geometry of My = M4 due to Euclidean D2-branes wrapping A-cycles in X. However,
SL(2,7Z)-invariance is insufficient also in the ITA picture for summing up all possible non-
perturbative corrections, and indeed misses the contributions from B-type D2-brane instan-
tons, and NS5-brane instantons. The insight of the recent paper [31], was that the contribu-
tions from D2-branes wrapping B-cycles may nevertheless be obtained by imposing electric-
magnetic duality (or, more generally, symplectic invariance) between A- and B-cycles. This
led to a proposal for the contact potential e®(®?) encoding all D2-brane instanton corrections
to the hypermultiplet moduli space M, in type IIA on a Calabi-Yau threefold X.

NS5-Brane Instantons Corrections

The NS5-brane contributions were unfortunately still out of reach in the analysis of [28,31],
due to the fact that deformations of the transition functions S;; on the twistor space Z
become considerably more complicated if the NS5-brane contribution is taken into account.
Nevertheless, a “roadmap” for how to incorporate NS5-brane effects was proposed in [28].
The main idea is to use mirror symmetry to transform the moduli space M, back to the
IIB side, after electric-magnetic duality between A- and B-cycles has been imposed. In type
IIB this will then automatically include the previously unknown effects of Euclidean D3-
and D5-branes. The NSb-branes should then in principle emerge after once more imposing
SL(2,7Z)-invariance, since the (D5, NS5)-system transforms as a doublet under SL(2,R).
The final step would be to use mirror symmetry to map the result back to the IIA side,
where now the NS5-brane effects are included. Although quite appealing, this program is
technically very challenging due to the complicated action of SL(2,7Z) on the moduli after
mapping the results back to the IIB-side [31]. In the next subsection, we give a proposal for
how to circumvent this problem in the special case of type IIA compacifications on a rigid
Calabi-Yau threefold X.

12.5.2 Instanton Corrections to the Universal Hypermultiplet

As discussed in detail in Section[12.2] rigid Calabi-Yau compactifications give rise to pure N' =
2 supergravity in four dimensions (ignoring the vector multiplets), coupled to the universal
hypermultiplet, whose moduli space M, coincides with the coset space SU(2,1)/(SU(2) x
U(1)), parametrized by the four-dimensional dilaton e?, the Ramond-Ramond axions x and
X, and the axionic scalar v, dual to the NS 2-form. This may be viewed as a “toy example”
of the more general discussion of Section but one which still contains the essential

SL(2,2)
3/2

on § [27]. This formalism fails, however, when B-type D2-brane instantons as well as NS5-brane instantons
in ITA (or D3, D5, and NS5-brane instantons in IIB) are included. For such generic instanton configurations
no isometries remain and therefore the projective superspace approach breaks down. However, the general
method of [31], based on the twistor space Z,; of M, itself, still applies.

series & (7,7), encoding the D(-1)-instantons, then gives a contribution to the hyperkahler potential x
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features: namely D2-brane instantons as well as NS5-brane instantons [223]. This follows
from the fact that, even though there is no complex structure, Euclidean D2-branes may still
wrap the universal holomorphic and anti-holomorphic 3-cycles A and B, and Euclidean NS5-
branes may wrap the entire rigid Calabi-Yau manifold X'. Perturbative and non-perturbative
corrections to M, have been discussed extensively in the literature [140,213,219,223,230],
but no proposal has been put forward for the exact quantum corrected geometry including
the effects of NS5-branes.

On the Physical Relevance of the Picard Modular Group

As discussed extensively in Chapters [I] and [8 it is generally expected that the full quantum
effective action in string compactifications should be invariant under a global discrete sym-
metry group G(Z) (see, e.g., [8,11-14]). However, for Calabi-Yau threefold compactifications
little is known about the structure of G(Z). For the case of rigid Calabi-Yau compactifications
the situation is different. In this case we know that the classical effective action exhibits a
global SU (2, 1)-symmetry, which is broken to a discrete subgroup G(Z) C SU(2,1) by quan-
tum corrections [223]. The problem is then reduced to finding which discrete subgroup G(Z)
is preserved. The following transformations are expected to be preserved in the quantum
theory:

e A discrete subgroup N(Z) C N of the Heisenberg group, acting by discrete (Peccei-
Quinn) shift symmetries on the axions x, x and v [223]:

X — x+ta,

X — Xx+b,

1
P o P+ 56~ ay + bx, (12.5.2)
where a,b, ¢ € Z, while leaving the dilaton invariant. The breaking of the continuous
shifts of x and x are due to D2-brane instantons, while the breaking of the shift of v

is due to NS5-brane instantons. The factor 1/2 appearing in front of ¢ is in agreement
with the quantisation condition on the NS5-brane instantons derived in [223].

e A transformation R which interchanges the R-R scalars x and x [223]:

R : (x,X) — (=X, X)- (12.5.3)

Microscopically, this corresponds to a phase shift on the holomorphic 3-form 5 ~
dz' Adz? Adz? of X, and can be interpreted as “electric-magnetic duality” between A-
and B-cycles in the Calabi-Yau manifold.

e Finally, a transformation S which inverts the string coupling gs, and is interpreted as
a kind of S-duality. This should act in the standard non-linear way on the complex
parameter 7 = y + ie"?.

Let us emphasize, however, that it is debatable whether type ITA in D = 4 really exhibits
S-duality in the same sense as on the type IIB side.!® Since the strong-coupling limit of

131 am grateful to Boris Pioline, Stefan Vandoren and Pierre Vanhove for helpful discussions on this crucial
point of the analysis.
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type IIA is expected to be M-theory, it does not appear sensible to talk about type ITA
as self-dual under S-duality. Nevertheless, the hypermultiplet moduli space is the same
for M-theory on X x S! and type IIA on X, and one might therefore argue that the
existence of S-duality is a consequence of the M-theory picture of the moduli space. In
particular, the universal hypermultiplet appears also for compactifications of M-theory
on X, where it receives non-perturbative corrections from M2-brane as well as M5-brane
instantons [26]. It is also argued in [239] that the mirror image of the type IIB SL(2,Z)
in D = 4 is broken by worldsheet instanton effects, although that it might be restored
after including spacetime instanton effects in type ITA.

In the following analysis, we will assume that the universal hypermultiplet does exhibit
S-duality, an assumption which is crucial for the main conclusions of our analysis.

In view of the theorem cited in Section we recognize that these transformations
together generate precisely the Picard modular group SU(2,1;Z[i]) C SU(2,1). Our proposal
is thus that for type IIA compactifications on rigid Calabi-Yau manifolds, the discrete sym-
metry group G(Z) = SU(2,1;Z[i]) should be preserved in the quantum theory, and the exact
form of the hypermultiplet moduli space is

ME2 = SU(2,1; Z[i])\SU(2,1)/(SU(2) x U(1)) . (12.5.4)

We would now like to test this proposal by analyzing whether the expected instanton
corrections to the universal hypermultiplet can be determined by imposing invariance under
SU(2,1;Z[i]). More specifically, we want to understand if the Eisenstein series E(¢, A, ),
constructed in Section [12.4] may be related to a generalized version of the contact potential
e®(@:2) given in [31], but here restricted to the special case of rigid Calabi-Yau compactifica-
tions. To this end we shall in the following section investigate in detail the Fourier expansion
of (¢, A,v) to determine if it encodes the expected instanton contributions, in the spirit
of [14,27,28,31].

12.5.3 The Non-Abelian Fourier Expansion of &£,(¢, A, )

In Chapters |8 and it was emphasized that the method of revealing which physical con-
tributions are contained in a certain Kisenstein series is given by Fourier expansion. We
would therefore like to compute the Fourier expansion of the SU (2, 1; Z[i])-invariant Eisen-
stein series (¢, A,7y) to determine whether or not it reproduces the expected perturbative
and non-perturbative corrections. The calculation of the Fourier expansion of & (¢, A, ) is
currently in progress, and will appear in Paper VIIIL.' In this section we shall provide some
preliminary remarks on the general structure, which appears to exhibit the desired features.
This general structure of the Fourier expansion of automorphic forms for the Picard modular
group is discussed from a mathematical point of view in [240,241], to which we refer the
interested reader. A similar discussion may also be found in the mathematics [242,243] and
physics [244] (Paper VII) literature for the case of automorphic forms on SL(3,R)/SO(3).

We learned in Section that when the nilpotent subgroup N C G is non-abelian,
the Fourier expansion must split up into an abelian and a non-abelian part. The abelian

141 am very grateful to Boris Pioline for collaboration in understanding this Fourier expansion.
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part represents the Fourier expansion with respect to the abelianized group N=N /Z, and
the non-abelian part corresponds to the Fourier expansion with respect to the center Z.
For the case of G = SU(2,1) we have seen in Eq. that the nilpotent subgroup N
is isomorphic to a three-dimensional Heisenberg group, and is therefore non-abelian. The
center of N coincides with the commutator subgroup [NV, N7:

1 *
Z =[N,N] = 1 ) (12.5.5)
1
while the abelianized group N is given by
1 %
N=N/Z = 1 % . (12.5.6)
1

The action of N (Z) on the axionic scalars x and x then reflects the general structure discussed

in Section 0.1}

N(Z) : x — x+a,
¥ — ¥ 4b, (12.5.7)

with a,b € Z. Similarly, the full action of N(Z) = N(Z) x Z(Z) on the third axionic scalar
1 is given by

N(Z)x 2(Z) ¥ — v+ %c —ag + by, (12.5.8)

where ¢ € Z. This is also in accordance with the general structure of Eq. (10.1.8]). Note that
the additional factor of 1/2 arises because of our choice of parametrization in (12.3.19)).

With these preparations out of the way, we can immediately write the general form of the

Fourier expansion, following (10.1.9)),
Ea(@, X %) = E0(0) + €M (0,x. ) + EFV (6, %, %, 9), (12.5.9)

where £(0)(¢) is the constant term and

gS(A) (¢7 X? >~<) = Z Qp’q((b)eQWi(qx—pi)’
(,q)#(0,0)
EMN (o, %) = D Gl x X)et ™ (12.5.10)
k#£0

We shall now discuss the three pieces of the Fourier expansion in turn, starting with the
constant term 53(0). By matching this term with the known perturbative contributions to the

universal hypermultiplet will allow us to determine which order s is physically relevant.
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Constant Terms and Perturbative Contributions

As we have seen in Section the constant term is defined generally as

1 1 1/2
£0)(9) = /0 dx /0 % /0 @y £4(6, %, 1), (125.11)

where the integral over the NS-scalar ¢ runs from 0 to 1/2 because of the extra factor of 2
in front of ¢ in our parametrization of N in Eq. . Since the Cartan subgroup A
appearing in the Iwasawa decomposition of SU(2,1) is one-dimensional, the constant term
only depends on the dilatonic scalar ¢. Moreover, recall from the discussion in Section
that the Weyl group of su(2,1) is the Weyl group of the restricted root system BC, which
is isomorphic with Zs. Hence, the constant term 53(0)(¢) consists of two contributions, which
are permuted by Zs.'?

Similarly to the analysis in Section the powers of e? in 55(0)(¢) may be determined
by the Laplacian condition on &. In Section we have seen that the Eisenstein series
is an eigenfunction of the Laplacian Agpz with eigenvalue s(s — 2). This implies that all
the constant terms must individually be eigenfunctions of Ayy2 with the same eigenvalue. It

turns out that there is a unique solution to this, and we find that 55(0) must be of the form

EO(¢) = A(s)e™ 2% + B(s)e* =79, (12.5.12)

We see that for the special value s = 3/2 the dilaton exponents become
Eh(0) = ¢ (A(B3/2e + B(3/2)). (125.13)

where the terms within the bracket have precisely the correct dilaton dependence to corre-
spond to tree-level and one-loop effects in the string coupling g; = e®. It is known from
explicit string theory calculations [140,219] that the tree-level and one-loop coefficients read
A(3/2) = 2¢(3) and B(3/2) = 4((2), respectively. We expect that these values will be repro-
duced by the constant term calculation in Eq. . This is work in progress which will
be reported in Paper VIII.

General Structure of the Fourier Coefficients

The precise Fourier coefficients in ((12.5.10)) will be given in Paper VIII, while we shall here
discuss some preliminary features. The semiclassical limit g, = e® — 0 of the abelian Fourier
coefficients is given by

Cpo(@) ~ e o VPIHE, (12.5.14)
which exhibits the correct scaling to be attributed to D2-brane instantons. Combining this

with the overall phase factor in (12.5.10)) we find the abelian term contributes with exponen-
tially suppressed corrections of the form

EN@ )~ Y pelp@)e XD 14 0(g,) + -] (12.5.15)
(p,a)#(0,0)

15T am grateful to Pierre Vanhove for helpful discussions on the constant terms.
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where we defined )
T
Sp.a(, X, X) = g—\/q2 + p? — 2miqx + 2mipX. (12.5.16)
S

This may be identified with the instanton action for Euclidean D2-branes wrapping the
homology class qA + pBB € H3(X'). The instanton measure us(p,q) in (12.5.15) will be given
in Paper VIII.

Let us now proceed to the non-abelian term SS(NA)(¢, X, X,%). In the semi-classical limit
the non-abelian coefficients exhibit the following exponential suppression

_ 27 2 i
(@ X)) ~ Y ps(p g, ke # V7 e (12.5.17)

(p,q)€Z?

Combining this result with the phase factor in ((12.5.10) we find a total contribution of the
form

NG X18) ~ D> Y pa(p, g, ke ek (@x050) [1 +O(gs) + - ] (12.5.18)
k#0 (p,q)€2?

where we have identified the instanton action for combined D2-brane and NS5-brane instanton
effects:

2w . -
Spake (B X, X, ) = 972\/14;2 + g2(q% + p?) + 2mi(—qx + pX — 2kv). (12.5.19)

In particular, setting p = ¢ = 0 in ([12.5.18]) we recover the instanton action for £ NS5-branes
wrapping X'

2mlk
Sk(p, ) = ‘ |

— driky. (12.5.20)

8

The non-abelian instanton measure ps(p, ¢, k) will appear in Paper VIII.

It is satisfactory to see from this preliminary analysis that the Fourier expansion of
Es(o, \,7y) appears to exhibit the expected quantum corrections to the metric on the uni-
versal hypermultiplet moduli space. Of course, in order to verify this claim we must also
extract the perturbative coefficients A(s) and B(s) in the constant term, as well as compute
the abelian and non-abelian instanton measures. These results will appear in Paper VIII.

12.5.4 Twistorial Interpretation of the Eisenstein Series

The analysis carried out in the previous subsection appears to capture parts of the expected
non-perturbative effects that correct the geometry of the moduli space M. But this also
begs the question: How exactly is the Eisenstein series &5 /2(¢, A,7y) related to the metric on
M7 We do not have a clear answer to this question, but in this subsection we shall offer
some natural speculations.

As was briefly discussed in Section the quantum corrected geometry of M, is
preferably not described directly by its quaternionic-Kéhler metric, but rather through certain
properties of its twistor space Z,,, namely the contact twistor lines (&a, §~A, a), in some local
patch U C Z,, and the contact potential e®@:2) which in turn determines the Kihler
potential on Z,. We have been deliberately vague in our discussion of this construction
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because the direct relation to our analysis is not perfectly clear. Let us, however, try to be
a little more specific in the context of the universal hypermultiplet.

The twistor space 2, of the moduli space M, can be nicely described group-theoretically
as follows. The twistor fiber CP! can be taken to be the two-sphere S? = SU(2)/U(1), and
the fibration over M, is then described as a direct product of coset spaces [227,245]:
~ SU(2) SU(2,1) SU(2,1)

Zon =Ty X SU@) < 00) - O x U)° (12:5:21)

The twistor space Z,, is a complex 3-dimensional contact manifold, described by the local
coordinates (¢, §~ ,a). These coordinates also have a nice group-theoretic interpretation: they
parametrize the complexified Heisenberg group N¢, or, equivalently, they are coordinates on
the complex coset space Pc\SU(2,1;C), where P¢ is the complexification of the parabolic
subgroup P C SU(2,1) discussed in Section In terms of the coordinates (&,&,a) on
Pc\SU(2,1;C) the Kahler potential of Z,, takes the following form [227]

Kz, = 5108 [((5 ~9 (-9 (- a+§§—5§)2] . (12.5.22)

The contact twistor lines for the unperturbed twistor space correspond to the change of
variables that relate the coordinates (&,&,a) on Z,;, to the coordinates z# = {e?, x, X, ¥}
on the base M, and the coordinate z on the fiber CP! = SU(2)/U(1). These twistor lines

were obtained in [227], and in the present conventions they read

& = —V2x+ \26%2 —z1),

£ = —\@X—\}ée_‘ﬁ(z—i-z_l),

a = 2p—e? [z(f( +ix) — 2 Ny - zx)} (12.5.23)

Plugging these into (12.5.22)) we find that the Kahler potential for the twistor space of the
classical universal hypermultiplet, in the coordinates z# € M, and z € CP!, reads

1+ |22
KZUH = log |z‘| | —2¢. (12.5.24)

which indeed agrees with the general form of the Kéhler potential in Eq. (12.5.1) upon

identifying the classical contact potential as follows
e(bclassical(xuzz) — 672¢. (12525)

The approach of [31] was to compute the most general deformations of the twistor lines
compatible with D2-brane instanton effects in the linear approximation. These were then used
to compute the instanton-corrected contact potential e®(#:2). By restricting the expression
for e®4/8 given in Eq. (4.17) of [31] to a rigid Calabi-Yau compactification'® one obtains

For example, after translation into our conventions, the expression for m®, in that equation becomes, in
the rigid case, _
mO. = m(ka¢™ —1°Ca) — lix + fox.
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(A)
€33

It would therefore be natural to conjecture that the Eisenstein series £3/9(¢,A,y) should

an expression very similar to the abelian part of the Fourier expansion of £/5(¢, A, 7).

be seen as a generalized version, e®4/B/Ns5  of the contact potential e®4/5 for the universal
hypermultiplet in the presence of NS5-brane instantons.

However, this naive suggestion is most likely not quite correct. For instance, as empha-
sized repeatedly in [31], in the absence of NS5-brane corrections, the perturbed twistor lines
simplify considerably in such a way that the contact potential e®4/5 is globally defined on the
twistor space Z,,;, and, moreover, its dependence on the twistor variable z € CP! drops out,
Dy gzt z) = &y /B(x#). When NS5-brance corrections are incorporated this is no longer
true, and one must consider ®l (x#, z) separately in each local patch U; C Z,, and the
dependence on the twistor fiber is no longer absent. By construction, the Eisenstein series
E3/2(¢, A, v) has of course no dependence on the fiber coordinate z and therefore cannot be
directly associated with the contact potential @ (at2),

One possibility is that the Eisenstein series £3/5(¢, A, ) should coincide with the contact
potential e®(@2) only at the north pole z = 0 of the fiber CP!. Similar arguments are given
in Paper VII in a related context. In order to have a complete understanding of the global
structure of the deformed twistor space Z,,,, one must also analyze the quantum corrections
to the twistor lines (£ ,fN ,a) in Eq. . It is not clear at this stage how to properly
incorporate SU (2, 1; Z[i])-invariance in this context, and we leave a more careful investigation
of this issue for future work.

12.5.5 Relation with the Przanowski Framework

In a series of works [246,247], Przanowski developed a method to describe any four-dimensional
quaternionic metric determined by a single real-valued function h(w;,ws), depending on local
complex coordinates wi and wy. This function h satisfies the so-called master equation

0? 0? 0? 0? 0? 0 0 h
[&ylawi h} [&uzawi h] - [Bwlﬁwi h] [&uiaw? h} * <28w18wih a [&dl h] [&ui hDS =0
(12.5.26)
The map between the local complex coordinates wi,ws and the physical variables of the
universal hypermultiplet was found in [213], where it was shown that for the classical metric
the function h is simply given by hg = 2¢. Hence, by comparing with , we deduce
that the (inverse) function e coincides with the classical contact potential, i.e.

e_h() — eq)classical(z'uvz)_ (12527)

h (zH,z)

More generally, one expects that the function e ™" corresponds to the contact potential e®
restricted to the north pole z = 0 of the twistor space.!” It is then tempting to conjecture
that the non-perturbative completion of e~ should be given in terms of the Eisenstein
series &3 /2(¢, A,7). However, due to the overall dilaton factor e~? appearing in the constant
terms of E3/5 (see Eq. (12.5.13))), in order to obtain the correct powers of the dilaton in

the constant terms we have to make a rescaling: &35 — e?Es /2. Then we may propose a

17T am grateful to Boris Pioline for pointing this out to me.



278 Chapter 12 Instanton Corrections to the Universal Hypermultiplet

non-perturbative completion of e~ or, equivalently, of the contact potential e®classical | given
by

e—hexact — e‘bexact(xﬂyo) — e_h() -+ €¢53/2(¢, )\’ ,7) = 6_2¢(1 + 2((3)) —+ 6(3/2) =+ - y (12528)

where we recall from (12.5.13) that ¢(3/2) is the one-loop coefficient. The rescaling of £/
cannot be attributed to a Weyl rescaling, and at this stage we do not have a clear under-

standing of its meaning. The same problem occurs if one tries to interpret the two constant
terms in ([12.5.13)) within the Calderbank-Pedersen framework (see, e.g., [219]).



Details on the Ey)/Massive II1A
Correspondence

A.1 Details For Massive IIA Supergravity

In this appendix we give all the relevant details of massive ITA supergravity which are required
to establish the correspondence with the FEjg-sigma model. The complete Lagrangian and
supersymmetry variations were already given in Section 2, and will not be repeated here.
Here we complement this with information regarding our conventions, as well as explicit
expressions for the bosonic and fermionic equations of motion, and the Bianchi identities.
Moreover, we discuss in detail the truncations that we need to impose on the supergravity
side to ensure the matching with the geodesic sigma model. Finally, we also discuss how
our conventions for massless type IIA supergravity matches with a reduction from eleven-
dimensional supergravity.

A.1.1 Conventions

We use the signature (—+. .. +) for space-time. The indices p = (¢, m) are (1+9)-dimensional
curved indices, whereas a = (0, a) are the corresponding flat indices. Partial derivatives with
flat indices are defined via conversion with the inverse vielbein: 0, = e,"0,. The Lorentz
covariant derivative D, acts on (co-)vectors via DoVz = 0,V3 + wa3?V; in terms of the
Lorentz connection, which is defined in turn as

1
Wa By = §(Qaﬂv+gwﬁ_gﬂva) (A.L1)

in terms of the anholonomy of the orthonormal frame e,* defined by €, = 20,e,)*.

Our fermions are Majorana—Weyl spinors of SO(1,9) of real dimension 16. As the theory
is type II non-chiral we can combine two spinors into a 32-dimensional Majorana represen-
tation on which the I'-matrices of SO(1,10) act. These are the eleven real 32 x 32 matrices
(I% 1, T19) which are symmetric except for I'” which is antisymmetric. We choose the rep-
resentation such that I''? is block diagonal and projects on the two 16 component spinors of

279
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opposite chirality. I'V is the charge conjugation matrix such that our conventions are identical
to those of [61].

A useful identity for our I'-matrices is

(—1)(+D)(k+2)/2

Fal...ak — (9 — k)' €a1makblmbg*kal,..bg,kFOFm . (A12)
The various € tensors we use are such that
Ot =1, O =g1, ¥ =41 (A.1.3)

A.1.2 Bianchi ldentities

For the comparison with Fiq it is useful to write all supergravity equations in a non-coordinate
orthonormal frame described by the vielbein e, and use only Lorentz covariant objects. In
these flat indices the Bianchi identities following from (7.1.2]) are

3D[011FO(20¢3] mFa1a2a3 ) (A14a)
4l)[oq Fa2a3a4] = 0 5 (A14b)
5D(s Fasasoncs] = 10Fiaran Fasosas] - (A.1.4c)

A.1.3 Bosonic Equations of Motion

The form equations of motion can be rewritten in 10-dimensional flat indices as

1
Do(e??2FoBy = _geW?FW?aSﬁme, (A.1.5a)
1
Da(e—¢Faﬁ1ﬁ2) _ m63¢/2F51ﬁ2+§6¢/2Fﬁ162a1a2}7a1a2
1
—@ alma4Fa5ma8€al--~C¥851527 (A15b)
1
Do (e?/?Fofi-fs) = mFal___Mf?’%,_owem-~~a7ﬁl~-ﬂs, (A.1.5¢)
while the dilaton and gravity equations are
DY _ 33¢/2F 2 1—¢F 2 1¢/2F 2 . O 9 54/2 A6
@ = 3¢ |(2)|—ﬁ€ |(3)|+%€ |(4)|+1m6 ) (A.1.6a)
1 m? o sarz Lo v L e e
R, = §8a¢8gq§+ﬁnage —i—ie FoyFp ~ g557lase Fy W F
1 _ 1 _
+7e @ Py F172 — 15 O gy FI1273 (A.1.6b)
1 1
+ﬁe¢/2Fa'ylvz'¥3 Fgmms ngnaﬁeqb/QF%vﬂSMF"/ﬂﬂam.
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A.1.4 Fermionic Equations of Motion

Besides the bosonic equations one also deduces the fermionic equations of motion from the
Lagrangian (7.1.1) which we write out in flat indices. For the dilatino this gives

5 3
[“Do A — §e3¢/4Fa1a2rW2rwA+Eei”‘ﬁ/‘lFamrﬁrW?rwwﬁ
1
+ ﬂe—d’/?Fm._.agrﬂral'“%rlwﬂ
1 ¢/4 10y 1 ¢/4 Bar oy
+ 17286 Fal...a4r A — @6 Fal...a4F r ¢B
1
— 0a0T T g
21 544y O se/apa
— 1g™me A — gme ')y =0, (A.1.7)

The gravitino equation obtained directly from the variation of is of the form
EY =T Dgih, + R* = 0. (A.1.8)
After multiplication with two gamma matrices it can be rewritten as
Eo = T%(Dutps — Dgtba) + Lo = 0, (A.1.9)

where

1
Lo = g(roﬁRﬂ —7TR,), (A.1.10)

Although £¢ = 0 is equivalent to E* = 0, the spatial components F* and £% are only
equivalent when the supersymmetry constraint £ is also taken into account. It turns out that
the dynamical equation that corresponds directly to the K (FEjg) Dirac equation is E* = 0,

not too surprisingly since in this form one obtains directly a Dirac equation for ,. The
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SO(1,9) covariant equation F, = 0 reads explicitly as follows:
21 3
1% (Dotbs — Datha)  + 6—463¢/4Fa51“ﬁ1“10)\ - ﬁei’xf’/‘lFﬁ1 5,002\

1 1

+ 67463(1)/4F&52FozﬁlﬁﬂFl(ﬂﬁV - §Q3¢/4Fﬁlﬁ2raﬂlrlo¢62
7 7

_ 7€3¢/4Faﬁrﬁ’71110¢’y _ 763¢/4F6162F51,6’2F10wa
32 64
7

+ §€3¢/4Faﬁf1owﬂ

1 3
o5 g la PP I0A = e 92 F DT 00

96°
n 916 82 Fy 5,5 TP BT 07 + ize 82y 5.5 DB
_ 312 2 Fp 0, TP T a0 — 2 2 g TP T,
+ %e—‘f’/ Fop, g, TP T 100072
_ 512 Ay 5 TPy g 2 384 AF, 5 5 TP Py
_ 256 ¢/4F51 A Bi-- 5471/}7+ o5 ¢/4Fﬁ1 54Pﬁl ﬁ4w
n 64 ROLT N W +%e¢/4 Fugy. D057,
_ 64 ¢/4F B s Fﬁlﬁ2¢ﬂ3 + laaqg)\
+ 3 5¢/4mrag¢ﬁ %e5¢/4m1/)a 64e5¢/4mraA:0. (A.1.11)

A.1.5 Truncation on the Supergravity Side

As explained in Section of the main text, the correspondence between the dynamics of
the Ejp-invariant sigma model and the dynamics of type ITA supergravity only works if a
certain truncation is applied.

As dictated from the BKL analysis, the following truncations must be imposed on the
equations of motion and Bianchi identities:

(Naogf)) (ngab) 8Q(Nwa bg) (N8b¢) (wacd) =0 (A.1.12a)
and
Ba (Ne3¢/4F0b> — 8, (Ne*¢/2F0b1b2) — B, (Ne¢/4F0b1b2b3) — 0,
o, (N€3¢/4Fb1b2) =0, <N€_¢/2Fb1b2b3> = 0, (Ne¢/4Fbleb3b4) = 0,
Da (Ne5¢/4m) — 0. (A.1.12b)

Furthermore, as already indicated in (7.3.2)), the spatial trace of the spin connection has to
be set to zero
Whba = 0. (A.1.12C)
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Equations exhaust all truncations of the bosonic variables. As explained in the text,
with these truncations the bosonic geodesic equations agree with the supergravity up to one
term in the Einstein equation coming from the contribution to the Ricci tensor Ry, which is
proportional to Q4.424.. We emphasize that there are no mismatches associated with the
mass parameter m.

For the fermionic variables one also needs to apply appropriate truncations of spatial
gradients. These turn out to be

N719,(NX) = N7V29,(NY2yy) = 0. (A.1.13)

With this choice of truncation the Dirac equation of the coset match exactly the fermionic
equations of motion of supergravity if in addition the supersymmetric gauge

o — Lol =0 (A.1.14)
of (|7.3.10) is adopted.

A.1.6 Reduction from D =11

Our conventions for massless type ITA supergravity are consistent with the reduction of
eleven-dimensional supergravity through the reduction ansatz and field redefinitions given in
this section. This construction of massless type IIA was first carried out in [5-7]. In this
section only, we will denote the D = 11 gravitino by ¥,,.

The supersymmetry variation of the gravitino in eleven-dimensional supergravity is

11 11 1 N 11
5.an 0P = D0 4 55 (FMNI Na _ 85[MIFN2N3N41)a“”F}VI,?M. (A.1.15)
We reduce this expression along x'" with the following ansatz for the eleven-dimensional
vielbein: X ,
—15% @ 30
EyA = < e rle, e Ay ) : (A.1.16)
0 e3?
The four-form field strength is reduced as follows in curved indices
(10) _— 1)
Fl“’p - F,uupfO’
10) — 11 (10)
Five = Flpe +4ALF, (A.1.17)

where 10 denotes a curved index. The eleven-dimensional gravitino \I/S\}II) splits into the

ten-dimensional gravitino v, and the dilatino A, according to the following field redefinitions

1 2
g = e*i‘ﬁ(l/zu—ﬁfu)\)+§€§¢F1”0Au)"
Ffo\p%l) _ %ei@_ (A.1.18)

We also rescale the supersymmetry parameter according to

e = e2r%e(lD), (A.1.19)
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[ (
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o
N

) ‘ s[(9,R) Dynkin labels \ e10 root «a of lowest weight ‘

(0,0) | [1,0,0,0,0,0,0,1] @ [0,0,0,0,0,0,0,0] | (—1,—1,-1,—1,—1,—1,-1,-1,0,0)
(0,0) [0,0,0,0,0,0,0,0] (0,0,0,0,0,0,0,0,0,0)
(0,1) [0,0,0,0,0,0,0,1] (0,0,0,0,0,0,0,0,1,0)
(1,0) [0,0,0,0,0,0,1,0] (0,0,0,0,0,0,0,0,0,1)
(1,1) 0,0,0,0,0,1,0,0] (0,0,0,0,0,0,1,1,1,1)
(2,1) [0,0,0,1,0,0,0,0] (0,0,0,0,1,2,3,2,1,2)
(2,2) 0,0,1,0,0,0,0,0] (0,0,0,1,2,3,4,3,2,2)
(3,1) [0,1,0,0,0,0,0,0] (0,0,1,2,3,4,5,3,1,3)
(3,2) [1,0,0,0,0,0,0,0] (0,1,2,3,4,5,6,4,2,3)
(3,2) [0,1,0,0,0,0,0,1] (0,0,1,2,3,4,5,3,2,3)
(4,1) [0,0,0,0,0,0,0,0] (1,2,3,4,5,6,7,4,1,4)
(3,3) [1,0,0,0,0,0,0,1] (0,1,2,3,4,5,6,4,3,3)

Table A.1: sl(9,R) level decomposition of e19 with root vectors. All shown levels are complete.
The very last entry is that of a mixed symmetry generator not studied for the dictionary of
Table[7.2, Its possible relation to trombone gauging is discussed in Paper VI.

A.2 Details on the IIA Level Decomposition of ¢;, and £(e¢)

In this appendix we give all the details of the level deomposition of ejy with respect to
s[(9,R), up to level (¢1,02) = (4,1). In particular we give all the relevant e;p commutators
which are needed to compute the explicit expressions of the bosonic and fermionic equations
of motion in Appendix Moreover, we give details on the spinor and and vector-spinor
representations of £(eqq).

A.2.1 Commutation Relations for Fields Appearing in the Dictionary

At level (¢1,¢2) = (0,0) there is a copy of gl(9,R) = s[(9,R) & R, as well as a scalar generator

associated with the dilaton. Their relations are (a,b=1,...,9)
[K%, K] = 05 K% — 65K%,  (K%|K) = 636, — ;63
1
[T, K%] =0, (T\T) = 2 (T|K%)=0. (A.2.1)

Here, (-|-) is the invariant bilinear form. We define also the trace K = Y0_ K%, For
completeness

K = 8hy+ 16ho + 24h3 + 32hy + 40hs + 48hg + 56hy + 37hg + 18hg + 27hqg ,

7 25 2 23

— — — — . A22
2h7+12h8+ h9+12h10 ( )

1 3 5
T = -—h h —h 2h —h 3h
21+ 2+23+ 4+25+ 6 + 3

All objects transform as gl(9,R) tensors in the obvious way. The T commutator relations
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are
[T, Ea1] — ZEal , [T, EalaQ] — ;Eamz

[117 Ea1a2a3] — iEauzzag , [117 Eal..,a5] — iEal a5

[T, Eal...aa] _ %Eal...aﬁ 7 [T, Ea1...a7] - iEm o7 (A'2‘3)
5

[T, Eal...ag] — _7Ea1...a9 ,
4

|7, Bl <0, [T, B = 0.

The positive level generators are generated by the simple (fundamental) generators on levels
(0,1) and (1,0) by

[E,E"?] =0, [ B3] =0,
[EalazyEag] — Ea1a2a3 , [Ea1a2’Ea3...a5] — Eal...as ,
[Ea1a2,Ea3...a7] — Ea1...a7 , [Ealaz’Ea:g...ag] — Eal...ag , (A24)
[Eal Eag...aﬁ] — Eal...aﬁ [an Eal...(l7] — Ea0|a1...a7 _|_ §ECLQCL1...(L7
’ 9 9 2 .
These defining relations imply for example
[Ea1a2a37 Ea4a5a6] — _Eal...(l6 ,
[Ea1a2’Ea3A..ag] _ _2E[a1|a2]a3...a8 + Fai--as 7
[Ealagag Ea4“.a8] _ _SE[a1|a2a3]a4...a8 - lEal...aS
b 2 )
[Ea1...a5 Ea6a7ag] — 5E[a1|a2...a5]a6a7a8 _ lEal..‘ag (A 2 5)
) 2 ) =
ai...ag aras - [a1]a2...aslaras _ rai...as
[E , B4798] 6F E ,
[E1-07 F95] = _7Elatlaz..arlas | gEal---GB )
The Young symmetry on the dual graviton implies E@lo1-a7 — 7pgloilez.azlao — The two
irreducible representations on (3,2) are projected onto via
For-as 2 [E[al Eag...as]} an|a1...a7 _ z ([an Eal...a7] + [E[al Eag...a7]ao})
3 ) b 8 ) ) )
Eoolarar - — —g ([EGO[al,E@‘“aﬂ] + [E[a1a2,E“3“'a7]“°D . (A.2.6)
The definitions (A.2.4) are such that the normalisations are
(BB = PO 5 (EYTRL =1 (0£9),

1
(B[ Fyypg) = 5 -850 = <E1"'8!F1...8>=§a

oo\\Il\J\H

<Ea0|alma7|Fb0\bl...b7> .7 (6a05a1 a7+6[a16a2 aﬂzg) . (A27)
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The additional factor of 2 in the normalisation of the 8-form is chosen such that all structure
constants remain rational.

Defining the transposed generators via F' = E7 as usual gives the following commutations
relation between the form generators and their transposes:

[BUR] = — 0K + K%+ o,
(B, Fy] = — 00K 4 A0l K~ 03T,
B2 F) =BG K +8- 310K 30T
[Ee-90, Fy 4] = —Z C6LOPN K 4661051 K 4 6lop o, (A2.8)
(B, Fyy ] =~ UK 4 T T oK - S o
(B9 By ] = —%-9!5;11;;;;99K+9.9!5[[51_';;;‘:1(“1]9] g 91 671,
[Bu-as By 4] = —%-8!5511;;;;K+4-8!5[[;}1;';771(“8(}8]

The commutator of the dual graviton generator E%!1--97 can be most conveniently written

using a dummy tensor X, |4, 4, a8

[Fbo|b1...b77Xa()|a1.._a7Ea0‘a1ma7:| = 7' (Xb()|b1...b7K - Xc\bl...b7cho - 7Xbo‘c[b1...b6ch7}) .

(A.2.9)
The generators of different rank commute in the following non-trivial way:
[E, Foybybs] = 30(y, Fiog] (12, By baba] = —6075,3 Fog)
[Ea1a2; Fp, .. 5] = _205[b1b2Fb3b4b5] ’ [Eala2a3’ Fo,... b5] - Oéﬁllzz(g:Fb‘lbd ’
[EY, Fyy . b)) = 65[171 F, . e [E919298 Fy,  bs] = 5&11(11722;Fb4b5b6] )
[Eal.‘.a5’ Fbl...bg] 6[ 5&)11 %5Fb6] , [EalaQ7 Fbl.. b7] 66%1%3Fb3...b7} , (A210)
1
[Ealmasanl...w] _ 5 70 5&11.'.'.'%in6%] ’ [Ea1a2’Fb1_”b9] =-9. 85%%2Fb3,_.b9} )
1
[T, Fbl...bg] = 9 9! 6{;)11.:_‘_(11;Fb8b9] :

Anticipating the geodesic equation we know that describes all the couplings between
the different forms occurring in the matter equations, so that for example the 9-form (=mass
term) occurs only in the Bianchi identity for F(y) and in the eom of F(3), consistent with
(A.1.4) and (A.1.5). The dilaton and Einstein equation are described by the couplings of
equations (A.2.8) and (A.2.9).
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The commutators with the dual dilaton are

[E®, Fiy..b] = =607, Fb, ) » (B2, Fyy.bg] = =4 T0,5 Fog by
(B2, By, ) = 2T 60304205 Fy gy (B, Fyy ] = 2751835 Py
[Ealm%v Fbl.-.bs] =27 6&11.....‘?)ng7178] ) [Ealma?’ Fb1~~-b8] =—6-7 5[6;711......?;;Fbs] ) (A.2.11)

whereas for the dual graviton one finds

[E“, Fb0|b1...b7] = —g (61‘,‘0Fb1“,b7 + 5[%1 Fbg...b7]b0> ,
9% Far] = 5 (S0 o)+ I8 P
[E29 Fybbr]) = % (5501[(1173231?1?3---’77] + 5&11%2(;5?&4-“”7]1’0) ’
(B, Fyppoy.otr] = —51}? (B Fos o) 0315 Fopri)
(B Fypybe] = STW (5501[‘5'5%51?1)6177] T 6&‘.'.'.%21?67]1’0) ’
(B9, Fyloy..br) = 787' (533['5'%)6}71)7] T 51(7111.'.'-'1?77Fb0> : (A-2.12)

A.2.2 Spinor Representations of £(e¢()

For the F1p model to incorporate all low energy limits of M-theory in a single model, the
fermionic representations used in should not depend on the particular supergravity
one wishes to study. Rather the unfaithful 320 and 32 representations of €(e19) should be
decomposed under a suitable subalgebra. Here, this subalgebra is s0(9) C gl(9,R) and this
appendix provides the details of the action of the £(e19) generators in this basis. When doing
the following calculations we found the computer package GAMMA [248] useful.!

Dirac Spinor

The result of writing the K (FE1g) action on the Dirac spinor is (we recall the notation M *1%2
for the level (0,0) generator of K(FEjg) from (7.2.17))

1 1
AR T e yPule
1 1
J(“llgi €= §F10Fa1a2€’ J(al17cll§a3 e = §Fa1a2a3€’
1 as 1.
J(aQI,l)as c€= §F10Fa1 e, JEZQI,Q)% e — _ir\m a6,
1 7
le317~1~)a7 e = 51‘(11---a76’ J(“307|2“)1 ar §F105c[f§1 Fa2"'“7]e7
1
J&Iéiag N 0’ JE141'1'50L9 e = irloral--.aga (A213)

1We are grateful to Ulf Gran for generous help in modifying GAMMA to suit our needs.
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where the generators above levels (0,1) and (1,0) are defined through the lower levels as
follows

s e = [T e
T e = [0
Taar e = [ Tin) e
T e = [T T e
gelseree = =g ([ ]+ [ T ] ) e
T = [ s e
T = [T ] e (A214

We stress that this kind of construction is guaranteed to yield a consistent unfaithful repre-
sentation of all of £(e1p) given that a few simple consistency conditions between the lowest
level fundamental generators are satisfied [72]. That these conditions are satisfied here can
be checked easily directly, but it also follows from the branching of the transformation rules
given in [69,70].

Vector-Spinor

By reduction of the transformation rules of [70,71] one obtains that the fundamental £(e1q)-
generators act on the vector spinor representation as follows on the W19 component

1
J(%,l) Wy = irlora\lﬁo + v
1 4
al1ag _ - a1a _ [a1 a2}
Jig) Yo = 6T10F Uy + 3F e

On the ¥, (a=1,...,9) component they act as

1
Joay W = STl ¥, — 6T

Juor gy = lppeeg, Ap slege)  2p)p e ge
(1,0) b 9 10 b 3 100, 3 104y

4 1
+§5,[)a11““2}\1!10 — grbalaQ\Iﬁo.
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The other levels action is then computed to be on ¥y as

Vo gy = pen,
P H
J&&j@s Wy = —éFmF“l“'%\plo _ gr[al...qu%]
S W = hreg - apgrieesged
Jél,Ija7 Vi = _%Falmm\l’m + 7Ty [01 a6 o]
Ji3ay " V10 = —%eralmas\pm _ ?;ﬁr[al..mq,as}
R T R
Jan” Yo = gFlofal"'“g\Pm — 151 lerasgaol (A.2.15)

On ¥, we obtain similarly

M2y, = %Fal%‘l’b + 26, w2l
JEE -0, = %ral'"“s\l/b + 461 192 Q] a0 gasl
1 2 1
JE7421'1’;15 . \I/b — 51—‘101'\(11-.~a5 ‘Ilb + §0F106£G1Fa2...a4\1/a5] _ gorlorb[al...azlqlas}
+§5l[)a1ra2..‘a5}‘1110 - 2Fba1...a5\plo
3 3
Sy © Wy = —%F“l“'“ﬁ\lfb + 1061 T2 a5 gas] _ 41 lo1 a5 gal
1
R T N N Ui 21
4 28
S T T e A
—érbal“'awm + ﬁé},‘llraf"ashllm
3 3
JEI?’OI;)IWW b = grlodﬂ[%lr‘azmaﬂ‘yb - %Flodz[)alrag%%q’a?] - %Fwﬁoﬂal‘““ﬁ\paﬂ
+42T o0l Ty oz a0 gar] — 7glaipez-arly,
+£ <F10Fba0 (a-as garl _pggitpazarlgao
4 Dyl a7 Qoo 4 glorpoearlaog, 4 5;}0Pa1'“a7q/10)
Jan” W = %Ploral"'ag‘l’b — 12T [@es sl

— 24T 8l T2 o8 ool — gglorpaz-asly, (A.2.16)
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We note that the mixed symmetry generator at level (3,2) indeed satisfies

Jhar e, =0 (A.2.17)

as desired.

A.3 Equations of Motion of the F,/K(FE;;) Coset Model

Using all the explicit commutators and representations of the Appendix we can now
write out the bosonic and fermionic equations of motion in their full glory.

A.3.1 Bosonic Equations of Motion

The level zero equations of motion read

6 = PP~ % PayasPaas + 3¢ Parasas Posasa
2 Pay . Par.cas + 50 Par.cas Par.ca
P P — 51 Par oy Par (A.3.1a)
DOp,, = —i€3¢/25achPc +2¢32p, B,

1
_Zeid)&abpcdpcd + 2€7¢Pcapcb

1
_§€¢/25achlcgcg P016203 + €¢/2Paclcg Pbclcg

—ﬁe—wzaabpcl...CSPQ,,,% n %e—w Prer- ot P

3 ~36! €?0ap Peyvcg Peycs + %e‘f’Pacl...%Pbcl,,.05

—%6!6_3(1)/ 28y Py Poyoor -+ %e—&m Paeres Pros e
*é%bpcl---cspcl---cs + %Pacl...qpbcl...w

+ﬁ( = 0abPeglererPeolercr + Pajerer Polerer

+TPy 1o Profercod)

_ﬁe_wﬂ%bpcwcg + %e_5¢/2pacl--'08Pbcl---08 : (A.3.1b)

For the higher level fields the equations of motion become

12

2
D(O) (€3¢/2Pa) = _€¢/2Paclcgpclcg + *€¢Pacl...C5Pcl...C5 + gpacl...qpcl...q

51
7
74_78|(P01‘GC2~“C7P01--~C7 + Pa|cl..‘C7Pc1...C7) y (A32a)
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D(O)(6_¢Pala2)

D(O)(€¢/2Pa1a2a3)

DO (€_¢/2Pa1...a5)

D(O)(6¢Pa1...ae)

D(O)(e*3¢/2pa1ma7)

D(O)(€_5¢/2Pa1...ag)
DOYP,, . a
D(O)Pa

olai...ar

1 _
26¢/2Pa1achc + ge ¢/2Pa1a2010203P010203

2 2
+*673¢/2Pa1a201.,.05Pcl,..C5 + *ei5¢/2Pa1a201..,C7Pc1.,.07

5! 7!
1
+@Pa1a201...cspcl...ca
3
+8 . 6! (Pcl\alaQCQ...CGPCL..Ce + Pa1|a261...66P01-~-C6> P (A32b)

1

—¢p/2
—€ ¢/ Pa1a2a30162P6102 - §€¢Pa1a2a3010203P010203

1

9. 5|Pa1a2a3c1...C5Pcl...C5

1
+%(Pcl|a1a2a3cz...C5Pc1...cs + Pa1|a2a3cl..‘05pcl...05) y (A32C)

2€¢Pall..a5cpc - €_3¢/2Pa1...a4clcgpclcg

1
_EPa1...a5c16263Pc16263
1
+278(P01|a1...a50263P01-~03 + Pa1|a2...a5cl...03P61~~03) ’ (A32d)
1
_§Pa1...aﬁclcgpclcg
3
*176(P01|a1...a662P0102 + Pa1|a2“.a60102P6162) 3 (A32e)
_ 3
—€ 5¢/2Pa1...a7clczpc102 + §Pa1...a7cpc
7
_372(Pc|a1...a7pc + Pal\ag...awpc) 3 (A32f
0, (A.3.2g

(A.3.2h
(A.3.2i

)

— — — ~—

A.3.2 Fermionic Equations of Motion

The fermionic sector of the Eig-invariant Lagrangian involves a Dirac-type kinetic term for
the 320-dimensional vector-spinor representation W of €(e1p) which was given in (7.2.36)).
The resulting Dirac equation can be evaluated for both the ¥, and the ¥y components as in

(7.2.38) using the expressions for the K (E1g) action which were derived in Appendix
The result for the 1y component up to level (4,1) is

1
0 = 815\:[]10 - anlazralaijlo

a %eg¢/4parlofa‘1’10 AL

1 2
- 7€_¢/2Pa1a2F10Fa1a2\Ijlo - §€—¢/2Pa1a2fal w2

12
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- %e¢/4Pa1a2a3Fal'"“3\Iflo T S L

+ 6! e Py a5l 31 SRy AT R

+ 2‘ 5772 Payag T %\Ifm—i-@eWQPal N BT Rl

- %e—“/‘*al...a7ral“'a7\1110 %e_s‘ﬁ/A‘Pal P T Al A

b P Tl S Py T

+ Q'Lgpc\ca1~~a6r1of‘alma6‘1’10

— %& =5/4Pp, 4Tl “ww+?e—5¢/4pal...agral'"a8xw+..., (A.3.3)

and is related to the dilatino equation of motion in the body of the article.
For the gravitino component ¥, one finds similarly

1
0 = 0¥, — Zlebele Vo — qap Vs

— %eg¢/4PbF10Fb\Ila +e3/4 P,y
1 _ 2 1 _
G /2Py 3, T2 0, + 3¢ /2Py Wb — 3¢ /2Py 4, Tl b1 W02
2 1
—§€_¢/2Pabf‘b\l’10 + 66_¢/2Pb1b I ble‘l’m

1
B Ee¢/4pb1b2bsrbl P, - §e¢/ Pablb2rbl\1/b2 5 6 ¢/ Py1byps T L, wbs
1 _ 1
- 5 5‘ e~ ?/4 P,,.. brlorbl L ¢/4Pab1---b4F10Fb1 b3 \pyba
1

1
—¢/4 bibaygybs
+7366 Pbl...b5F10Fa ! Pos 73 . 4!6

2 _
+ﬁ€ ¢/4Pb1‘..b51“ab1 ba\ij

1
T /2 by---b
t g€ Tl — oo 4|
1 1
_ 277'673¢/4Pb1..-b7rb1---b7\I,a + @673¢/4Pb1...b7rab1'"b6\I}b7

2 _
+ﬁ6 3¢/4Pb1...b71“101“ab1 b7\I/10
1 1
+ G- 7‘ Pb1 bgrloF b b7\I/b8 + 76 6'Pab1 ..b7F10Fb1 bG\I/b7

1
+ﬁpb1~-bgrabl b5 — ﬁpablmwrbl A2
21

7
o 7PC|Cbl“'b6F10Fb1 b6\11a+2 8!
42

2.8l
49 1-be b7 b1-+-b5 \yb6 7 b1---bs
+4_7Pa|b1 I Y Rl A i <1 Fefebr-bT'10la U 8,Pc\cb1...b6Fa Yo

“O/4 Py, TV

€% Pypy ., TP P10 T ik S SR W

Pb0|ab1 b6F10Fb0b1 b5\I/b6
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7 bob1 +-bg 1y b 7 bbb
*4.78!P50|b1"'C7F10Fa 0b1-be b7 4 mpbo\abl-ubgrloF 1+++b6 \pybo
7 7
_4.78!Pb0|b1.”b71110rab1 brypbo _ mpbo|ab1---b6rb0bl b6\1110
7 e
= gi el T 00
1 - 12
_ 2'79!6 5¢/4Pb1--.b9F10Fb1 b9\IJa + ae 5¢/4Pb1---b9F10Fabl bg \gybo
24 1
+§e_5¢/4pab1~-~b8F10Fb1"‘b7\Ifb8 + §€_5¢/4Pab1mbgrblmb8\1110 Lo (A3.4)

A.3.3 Supersymmetry Variation

In the same fashion, the supersymmetry variation given in ((7.2.39) can be written explicitly
as

O = Oe— iq““’?rala% - %e3¢/4PaF10I‘“e - %€_¢/2Pa1a2flofa1“2e
_ %3!6¢/4Pa1a2agfalaga3€ _ %5!6_¢/4Pa1...a51“101““1"'“5e . %&e‘z)mpal_.aﬁl““l”'aﬁe
_ ﬁe—?)ab/zlpalma?ral,..a?e _ %&chaln.%ﬂolﬁ“l”'“ﬁe

~ g P e (A.3.5)
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