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Automorphic Forms in String Theory
Oscar Klevang

Department of Fundamental Physics
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Abstract

In this thesis we give an introduction to automorphic forms in string theory
by examining a well-known case in ten-dimensional Type IIB superstring the-
ory. An automorphic form, constructed as a non-holomorphic Eisenstein series
55/142(272)
corrections in the genus expansion for the R*-term included in the asymptotic
string expansion for the effective action. Explicit calculations are shown, and
group- and algebra theoretical aspects are thoroughly explained.

Furthermore, we study Type ITA superstring theory compactified on a rigid
Calabi-Yau threefold, which is the topic of the recent paper [9]. Here, our
focus is more on the explicit calculations and less on physical interpretations.
A discrete group SU(2, 1;Z[i]), called the Picard modular group, is believed to
be a preserved symmetry of the quantum theory, and an automorphic form,
constructed as a non-holomorphic Eisenstein series 538 g@’l;z[ﬂ), is conjectured
to encode the quantum corrections to the metric of the hypermultiplet moduli
space, which classically is a coset space SU(2,1)/(SU(2) x U(1)). To read off
the loop corrections arising from the string coupling g, = e?, as well as the non-
perturbative instanton corrections, we want to rewrite the Eisenstein series as
a Fourier series. The general Fourier series is decomposed into a constant,
abelian and non-abelian part, referring to the action of the maximal nilpotent
subgroup H3(Z) C SU(2,1;Z[i]). The main complication arises when trying to
identify the coefficients in the non-abelian part of the Fourier expansion. We
try to bring some clarity to this issue.

, is known to encode all perturbative and non-perturbative quantum
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Automorphic form, Eisenstein series, Fourier series, Type IIA and Type IIB
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Introduction

1.1 Background

The cosmos is a remarkable place in every sense. At the risk of being too
poetic, we shall immediately put on our “physical glasses” and switch to
“scientific mode”. We see a world consisting of space(time) and interacting
matter. The interaction is governed by four observed physical forces: elec-
tromagnetism, the strong force, the weak force and gravity. The world seems
rather deterministic and classical until one zooms in on the microcosm where
we see a world ruled by quantum mechanics.

Guided by principles of unification and reductionism, theoretical physicists
have advanced in the quest to find a fundamental theory that would summarize
the physical world in a simple Wa. This line of action has been proven to be
very fruitful in the past. For example, Newton unified the seemingly two differ-
ent phenomena of the falling apple and the moon orbiting the earth, Maxwell
unified electricity and magnetism, Einstein unified space and time and Feyn-
man amongst others unified quantum mechanics and electromagnetism. The
list can be made long. Naturally, one might think that the unification will go
on and reduce the number of loose ends down to one unified theory of physics
from which one would be able to obtain all other experimentally verified effec-
tive theories, that is, theories only valid as approximations in certain settings.
The language used is that of mathematics and the most important tool is the
identification and use of symmetries that somehow are a very fundamental
principle of nature. In mathematics, symmetries are explained by groups and
algebras.

Note that finding a unified fundamental theory, or a theory of everything,
will not make us know “everything”, although very much. We would know

!Then naturally, one asks what a simple explanation is, but this philosophical question
will not be answered here. Practically this question is often not a problem for theoretical
physicists, or is it?!
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only the “rules of the game”. To know the rules of chess does not imply that
you are a chess master.

Today, we have on one hand by studying the microcosmos arrived at the
standard model, based on the Lie group SU(3) x SU(2) x U(1), describing quite
satisfactory the interaction of all observed particles neglecting gravity. On the
other hand, by studying the macrocosm we have arrived at the general theory
of relativity giving an explanation of how mass geometrically affects spacetime
and causes gravity. The standard model is a quantum mechanical theory
whereas the general relativity is not. Sadly, the two otherwise so successful
theories cannot be combined in a consistent way. Another way of saying this
is that we have not found a good way of quantizing gravity. Physicists have
instead began trying to find a more fundamental theory, incorporating both
the standard model and the general relativity.

The most promising candidate for a fundamental theory of everything to-
day is string theory. Firstly, a reason for this is that string theory is a quan-
tum mechanical theory that naturally incorporates gravity. In some sense one
could actually say that string theory predicts general relativity when assuming
Lorentz invariance! Secondly, the string theory works quite well as a perturba-
tive field theory in line with the standard model. And it generically includes
supersymmetry, the symmetry between bosons and fermions, that is of some
physicists believed to exist in nature. As this is being written, scientists at
LHC@ are making measurements that will hopefully soon give an answer to
the physical relevance of supersymmetry. Thirdly, string theory has a great
potential of being a fundamental theory drawing from the fact that the only
free dimensionful parameter in string theory is the string length [s, whereas
for instance in the standard model there are 19 adjustable parameters such as
the lepton masses and the quark masses.

The fundamental constituents in string theory are one-dimensional strings
that vibrate in different modes, much as a cello string can vibrate in different
harmonics. The different vibrations are supposed to give rise to the different
particles such as the quarks and the electron. The strings can be open and
closed. If we hypothetically had a particle accelerator with infinite energy we
would be able to probe into the inner “stringy” structure of the particles. How-
ever, the energies required are way beyond practical reach in the foreseeable
future. One has instead to seek methods giving evidence for the strings more
indirectly. Besides the strings there are higher dimensional objects in string
theory, the most prominent examples being the NS5-brane and the D-branes.

Since we have encountered both bosonic and fermionic particles in the
world, for a theory of everything we need also a string theory that incorporates
both bosonic and fermionic strings. When constructing such a theory, a so-
called superstring theory, one comes to the conclusion that it naturally includes
supersymmetry and that it must exist in ten-dimensional spacetime to be
consistent. It turns out that there are five superstring theories, namely:

2The Large Hadron Collider.
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Type I

Type ITA

Type IIB

Eg x Eg heterotic
e SO(32) heterotic.

The physicists E. Witten, C. M. Hull and P. K. Townsend, amongst others,
discovered that all five theories are related to one another via certain duality
transformations and that there is a unifying theory of the superstring theories
in eleven dimensions called M-theory [28,/41].

An apparent problem is to get from the ten-dimensional superstring the-
ory to an effective four-dimensional theory, capable of explaining our observed
world. A reasonable scenario is that the six extra spatial dimensions are curled
up and very small, so that they are not directly seen unless in extreme circum-
stances. Depending on what these extra dimensions look like, one gets differ-
ent effective four-dimensional theories as candidates for the observed universe.
This process is called compactification and can be seen as a generalization of
Kaluza-Klein theory, which tries to unify gravity with electromagnetism by
making one spatial dimension compact in a five-dimensional spacetime.

Despite the successes of string theory there are many subtleties and some
problems with using the theory as a theory of everything. The most obvi-
ous problem is perhaps the difficulty of making experimental verifications.
Another problem is the anthrophic landscape, which refers to the immensely
large number of possible configurations (~ 10°%0(!)) of string theories that
could be a theory explaining the observed universe [5l[17]. This derives from
the fact that one has a large freedom in choosing the space to compactify the
theory on. String theoreticians have come up with possible solutions to this
problem using multiverse ideas combined with the anthropic principle [14].
This is a hot field of ongoing research and it depends strongly on the most
recent experimental data acquired from outer space, by measuring the back-
ground radiation, down to the LHC measuring probably never before seen
particles.

Many people believe that the significance of string theory is still very high
although one may have to let go of the expectation of it to give a unique theory
of everything. Instead, one can view string theory as a framework, much as
quantum mechanics, in which other important theories can be formulated.
Also notable is the ongoing progress with the AdS/CFT correspondence, first
proposed by J. Maldacena in [32], and its recent applications to for example
quantum chromodynamics.

For a first introduction to string theory the reader is referred to [42] and
[30].
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1.2 Prerequisites

Mathematics

The reader should have taken an introductory course in Lie groups and Lie
algebras. However, many of the algebraic parts of the thesis are more carefully
explained in the appendices. The reader should also have taken courses in
Fourier analysis and complex analysis.

Physics

The reader is recommended to have basic knowledge of special and general
relativity, quantum field theory, supersymmetry and string theory.

1.3 Constants and Definitions

Mathematics

The real and imaginary part of a complex number 7 are denoted as
R(T) and (7). (1.1)

Summations will for simplicity be denoted as:

2=

n neL

2= 2.

n#0  nezZ\{0}

Z = Z Z except m =n = 0. (1.2)

(mn)#(0,0) ™ n

The latter sum can also be denoted by a prime. This holds in general for a
sum over components of a vector m = (a,b,...):

Z:/_Zzb:... except a=b=...=0. (1.3)

The sign function is denoted as

1 forz >0
sgn(z) =<0 forx =0 (1.4)
-1 for z < 0.

There will appear a number of different kinds of special functions. They will
all be properly introduced in the text; an exception is the Gamma function,
which is defined for positive integers as

I'(n) = (n+ 1), Vn € N. (1.5)
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For complex numbers with a positive real part there is the standard integral
representation

I(z) = / t*~letdt, Vz € C and R(z) > 0. (1.6)
0

As convention we will write groups in roman type, e.g.: G, N, A, K and their
corresponding Lie algebras as g, n, a, £. Group representatives are written in
italics e.g.: 'V, N, A. @ stands for direct sum of vector spaces, and will be
used when decomposing Lie algebras into vector subsets. The group K will in
this thesis always be the mazimal compact subgroup of G. For simplicity we
will adopt the following notation

[&,p] S8, (1.7)
which simply means

{Veetyep|lzr,y =z €t} (1.8)

Physics

Throughout the thesis we will use the natural units ¢ = A = 1 for elegance
and simplicity. As mentioned before, the only dimensionful parameter in string
theory is the string length l. It is related to the slope parameter (or worldsheet
coupling) o/, and also to the string tension Ty through

o =12, Ty=-—s. (1.9)

Any of the three parameters is as good to use as any other, but it is common
to use o/ which we will do henceforth.

All string theories contain a scalar field ¢ called the dilaton, which governs
the strength of string interactions. Indeed, the string coupling constant g
is by definition determined by the vacuum expectation value of the dilaton
gs = e'?.

1.4 Automorphic Forms
This thesis have two purposes:

e to give an introduction to the automorphic forms in string theory that is
intended to be understood by students with a master’s degree in funda-
mental physics. The introduction will be made by studying an already
well-known case in Type IIB superstring theory. We will introduce gen-
eral mathematical techniques that can be used in other cases as well,
including the one below.
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e to investigate further into a problem in the recent paper [9], where one
studies Type ITA superstring theory compactified on a rigid Calabi-Yau
threefold. More specifically, we will try to identify the coefficients in a
non-abelian Fourier expansion of a specific automorphic form.

For some generality, we state the definition of an automorphic form: given
a Lie group G one can construct the coset space

G/K, (1.10)

where K is the mazimal compact subgroup of G. A function f living on the
coset G/K is an automorphic form if it:

i. transforms under a discrete group G(Z) C G as
f(r-2) = (@) f(@), FEGE) and weG/K  (111)
where j,(z) is called the factor of automorphy
ii. is an eigenfunction of all the Casimir operators of G
iii. is satisfying some conditions at infinity.
The domain of the automorphic forms is then the double coset
G(Z)\G/K, (1.12)

which is parameterized by a number of parameters (these will be related to the
scalar fields in the string theory in question). This space is called the moduli
space. The automorphic forms can be scalar-valued or vector-valued.

In this thesis we will deal with a special case of automorphic forms con-
structed as non—holomorphicﬁ Eisenstein series &, which form a subset of the
so-called Maass wave forms (the other subset being cusp forms, which are
deemed non-physical for supersymmetric reasons). They are scalar-valued
and the important properties (for our purposes) of these functions are:

i. invariance under a discrete group G(Z) C G, that is

Es(y - x) = E(x), 7€ G(Z) and ze€ G/K (1.13)

ii. the functions are eigenfunctions of the Laplace-Beltrami operator@ on
the coset G/K, that is

Ag/kEs = A,  A€C (1.14)

3 A holomorphic function is a complex-valued function that is complez-differentiable in a
neighborhood of every point in its domain; a non-holomorphic function is not.

“The Laplace-Beltrami operator on G/K is defined as Ag /x = l9|=20:i(\/|g9]9% 8;) where
gi; is the metric on G/K.



1.5 Cosets and Double Cosets 7

iii. the functions are well-behaved at infinity (cusp). In practice this means
that our Eisenstein series should not diverge in the low-coupling limit
gs = €? — 0. The dilatonic field will be the only non-compact argument
of our functions.

Le., the factor of automorphy is identically one, and one of the Casimir op-
erators is the Laplace-Beltrami operator on G/K, which is quadratic in the
derivatives and will have a physical importanceﬁ The subscript s is called
the order of the series and we will later see the significance of its value. The
double cosets (LI2]) that we will treat and construct Eisenstein series on are
for the Type IIB case SL(2,Z)\SL(2,R)/SO(2), and for the Type IIA case
SU(2,1;Z[i])\SU(2,1)/(SU(2) x U(1)).

For an introduction to automorphic forms and Eisenstein series in string
theory see for instance [37], [34] and [§]. N. A. Obers and B. Pioline were
the first to investigate the relevance of the automorphic forms in string theory
more rigorously in [33]. There are also the books by Terras [39] and [40] that
explains the automorphic forms from a more mathematical point of view in a
quite elementary way.

1.5 Cosets and Double Cosets

The superstring theories, as almost all physical theories, rely on symmetries of
various kinds. The language used to describe these are that of continuous and
discrete Lie groups, and their corresponding Lie algebras. In this thesis it is im-
portant to fully understand the coset spaces (ILI0) and the double coset spaces
(LI2), specifically for the cases mentioned above: SL(2,Z)\SL(2,R)/SO(2)
and SU(2,1;Z[i])\SU(2,1)/(SU(2) x U(1)). A large part of the thesis is de-
voted to this understanding. The group- and algebra theoretic details are
treated quite extensively in the appendices.

To get a feeling for the process in constructing a double coset, we now pro-
vide a cursory explanation of a way to see this in the case of SL(2, Z)\SL(2,R)/
SO(2). First of all, one can show, by constructing a Riemannian metric on
the Lie group SL(2,R), that the group is isomorphic to a three-dimensional
hyperbolic space with a compact direction. When dividing out the maximal
compact subgroup SO(2), one effectively takes away the compact dimension.
The resulting coset space is isomorphic to the upper complex half-plane H,
parameterized by the complex variable 7 = 71 + iTg with 79 > 0

5The functions are still eigenfunctions of all possible Casimir operators.
S Actually, to be exact, the isomorphism is

H ~ PSL(2,R)/SO(2), (1.15)

where the P stands for projective and PSL(2,R) = SL(2,R)/{1, —1}; this is also discussed
in Section [ZJ] The coset SL(2,R)/SO(2) is isomorphic to two disjoint two-dimensional
hyperbolic surfaces. We will henceforth always refer to the projective special linear group
when writing SL(2,R), which is a common convention in the literature.
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The result of dividing out the discrete subgroup SL(2,7Z) is then that one
enforces periodicity conditions on this half-plane. The whole group SL(2,Z) is
generated by two elementd: a translation and an involution, which act on the
complex number as 7 — 7 + 1 and 7 — —1/7, respectively. Points in the
upper half-plane that are related to each other via the two transformations
are identified. This yields a fundamental domain, which we can pick as

D={VreH||r|>1 and |R(7)| < 1/2}, (1.16)

that essentially represents the double coset. See figure [L1].

3(7)
D
1 '(T17T2)
L7 7~
1 1 R(r)

Figure 1.1: The fundamental domain in the upper complex plane representing
SL(2,Z)\SL(2,R)/SO(2).

As a side remark, the involution transformation above is precisely the S-
duality symmetry of Type IIB superstring theory. The dilaton field (coupling
constant) is related to the parameter 7 = ™%, so one sees the fantastic fact
that S-duality relates a theory with large coupling constant to one with small
coupling constant and vice versa.

1.6 String Interactions

Obviously a very important thing in string theory is to know how strings
interact, how they scatter. The question one likes to answer is: if two strings
collide what are the possible final states and what is the likelihood of these
states? The physical quantity of interest is the scattering cross section. The
cross section is proportional to the absolute square of the scattering amplitude
A, which includes all the dynamics of the interaction. A is the non-trivial

"For more information see Appendix [Dl
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factor that we want to calculate for different interactions in the string theory,
whereas the rest of the cross section is given by known field theory methods.
Having an explicit expression (in our case we will have a perturbative and non-
perturbative series expansion) for the action of the theory in question makes
it possible to calculate A.

To calculate the scattering amplitude in superstring theories turns out to
be a hard task. As in ordinary quantum field theory one uses perturbative
methods, but in string theory there are also important non-perturbative con-
tributions originating from so-called instantons, which are objects localized in
spacetime.

At first sight, it seems insurmountable to calculate scattering amplitudes
more than up to a small order, but it turns out that one can use the string
dualities (S, T and U) as a tool for doing this. The dualities are realized
as discrete groups G(Z). The fact that the superstring theories are invariant
under G(Z) restricts the possible form, and also value, of the terms in the
perturbative and non-perturbative expansion. Here the automorphic forms
become important. They are by construction functions of the physical fields
in the theory, as well as invariant under G(Z). They can in some circumstances
encode the terms in the string action expansion.

1.7 The Type IIB Case

As mentioned before we will treat a case of Type IIB superstring theory, which
will serve as a good introductory example of the significance of automorphic
forms. The method and calculations follow [23] and [34]. We will study the
effective theory, that is, the theory valid as an approximation in the low-
energy limit, for small o/. The effective theory can be used to describe how
the massless states interact, e.g., the bosonic graviton interactions. The effec-
tive quantum theory action consists of a classical part plus additional terms
originating from quantum corrections. Moreover, there are non-perturbative
corrections due to the presence of instantons. For Type IIB superstring theory
it occurs that the classical part of the effective action is Type IIB supergravity.
This is one of the very attractive features of superstring theory.

In the effective theory for small o/ one can write an asymptotic series
expansion of a closed string scattering amplitude as follow

A=Y ()12 A, ), (1.17)
n=0 g=0

where g denotes the genus of the string worldsheet and A, ;) denotes the
amplitude of order n — 4 in o’ for the string worldsheet with genus g. The
expansion ([LI7) represents an effective string action containing terms to all
orders in o and gs. The leading order (n,g) = (0,0) gives the ten-dimensional

8See [25] and the references there in.
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Type IIB supergravity. If we for simplicity only consider the terms made of the
Riemann tensor R, s, we have the following ten-dimensional Einstein-Hilbert
action in the string fram

S0,0 = (a')_4/d10x\/\gle_2¢R. (1.18)

gM” is the metric on the Minkowski space. Let us step a bit further in the
n power series. By supersymmetric reasons the terms S ) and S(p0) can
be shown to be zero [25]. The next non-zero contribution is the term S,
which can be explicitly calculated, coming from the tree-level four-graviton
scattering, to be

Soy = (@) [ 4y flgle (e RY, (119

where R? is a certain combination of the curvature scalar R, the Ricci tensor
R, and the Riemann tensor R, ;. As can be seen from dimensional analysis,
the term has eight derivatives on the metric g"” since o’ has the dimension of
length squared@. The particular form of R? is not relevant for the discussion.
One can step further in the n-expansion but it quickly gets very difficult to find
explicitly the correct terms in the action, although there are several methods
for simplifying these calculations.

When going to higher order in gg, that is adding loop-corrections, one sees
that there are no corrections to the first term n = 0. However, there are
corrections for n = 3 to the R*-term in (I.T9))

S = @) [ a0 lgle (@) 3 e DR, (120)
g=0

with unknown coefficients c,. It turns out that one can determine those coef-
ficients and as a bonus also determine non-perturbative contributions, which
are not seen in the asymptotic expansion. Namely, the quantum corrections
are encoded in an automorphic form. This relies on the fact that the Type
IIB superstring theory is invariant under the S-duality group SL(2,7Z) [41].
The invariance shall hold for the effective theory as well, and it must hold
individually for each order n in the asymptotic expansion since the discrete
group transformations does not change orders of o’.

One can show that the additional non-perturbative corrections are coming
from D-brane instantons. The instanton corrections are needed to make the

9We can make a Weyl rescaling of the metric tensor g,, — e®/? guv in the string action.
This does not change the physics, i.e., scattering cross sections, and it means that we can
write the action in different equivalent ways. The case when we have a dilaton factor e~ 2¢
in front of the Riemann curvature scalar is referred to as the string frame, the other case
without this factor is referred to as the Finstein frame.

OThere is always a factor o/ ~* making the measure dimensionless. This can be seen from
the fact that there should be a factor 1/ G1(\11 0 together with the R-term, and we have that

167GL” = (2m)7(a’)*g2.
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asymptotic expansion valid for large gs, and it is very crucial that they actually
pop up in the automorphic forms. The non-perturbative nature of the factors
is seen from the fact that they have a dependence of g of the form e~ /9
which lack a Taylor expansion around gs; = 0, and therefore the factors are
not seen in (LI7]).

Green and Gutperle in [23] made it reasonable to think that the exact
expression of the gs-terms for order n = 3 should be of the for

S(3,<00) = (a’)”/dmw\/lglf(ﬁ,Tz)R“, (1.21)
where f(71,72) is a function parameterized on the coset upper half plane
T =1 +irp € H~ SL(2,R)/SO(2), (1.22)

invariant under the discrete duality group SL(2,Z). There are two scalar
fields in the Type IIB superstring theory, the dilaton e? and an axion y, and
they are related to the real and complex part of 7 as 7 = y and ™ = e~ %.
The function f(71,72) should be an eigenfunction of the Laplace-Beltrami
operator on SL(2,R)/SO(2) due to supersymmetric reasons, and it should be
well-behaved in the low-coupling limit g, = 7, ' — 0. Le., f(71,72) is an
automorphic form on the double coset SL(2,7Z)\SL(2,R)/SO(2).

The first two coefficients, to the tree-level and one-loop term with ¢ = 0,1
have been calculated by explicit methods [241[26] to

o =2C(3) and ¢ =4((2), (1.23)

where ((z) denotes the Riemann zeta function. This implies that the function
f (11, 72) must include these leading terms in g, that is

3/2

flr,m) = 23)m"” + 4¢(2)m5 2

o (1.24)

Note that the orders of g, = e? = Ty 1 does not match the asymptotic expan-
sion. This is because we are in the Einstein frame. However, the factors differ
with an order g2 = 75 2 which must be unchanged after a Weyl-rescaling. We
will see that there is indeed a unique way of determining the function (.24
by constructing it as a non-holomorphic Eisenstein series ESS L2D)  The correct
leading terms are recovered by a specific choice of the parameter s.

1.8 The Type lIA Case

It is tempting to study the automorphic forms in other similar cases. With the
knowledge from the Type IIB case we will be able to treat the more intricate
case where we compactify ten-dimensional Type ITA superstring theory on a

"Here we have with a Weyl-rescaling transformed to the Einstein frame. For the classical
action in this frame, there is a global SL(2,R) invariance as we will show in Chapter
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so-called rigid Calabi-Yau threefold. The resulting four-dimensional theory
possesses an N = 2 supersymmetry, which includes, amongst others, a uni-
versal hypermultiplet with four scalar fields. We will confine our studies to
this universal hypermultiplet. In the classical theory, the moduli space of the
scalar fields is a coset space SU(2,1)/(SU(2) x U(1)). The question is then
how this classical symmetry group will be broken when taking into account
quantum corrections.

We follow [9] where one conjectures that the quantum corrections leave
an invariance under the discrete group SU(2,1;Z[i]) called the Picard mod-
ular group. There are reasons then to think that, like in the Type IIB case
above, there should exist an automorphic form, in this case on the double
coset SU(2,1;Z[i])\SU(2,1)/(SU(2) x U(1)), that somehow sits in an asymp-
totic expansion of the string action. However, unlike the Type IIB case where
we studied corrections to the R*-term, we here investigate how the moduli
space metric in the sigma model for the scalar fields is deformed by the quan-
tum corrections. It will not be possible to directly see how this automorphic
form should sit in the effective action as in the Type IIB case. For this, more
advanced theory is needed; in [9] certain twistor techniques are used. Unfortu-
nately, this is beyond the scope of this thesis. In Chapter [0l we will construct
the automorphic form sought after, as a non-holomorphic Eisenstein series

SURLZI),

1.9 Outline of the Thesis

We begin in Chapter 2 to show how the symmetric coset space SL(2,R)/SO(2)
for the scalar fields in Type IIB supergravity manifests itself. We will then
shortly discuss how symmetric coset spaces arise when one compactifies Type
ITA supergravity. In particular the space SU(2,1), when compactifying on a
certain rigid three-dimensional complex Calabi-Yau manifold.

To get some more understanding from the group-theoretical point of view,
we will in Chapter [3] describe how one can construct an action on a coset. We
will then produce the nonlinear sigma model actions appearing in the Type
IIB and Type ITA cases by choosing explicitly the cosets SL(2,R)/SO(2) and
SU(2,1)/(SU(2) x U(1)). However, the method is general and can be used
with any coset space.

In Chapter Ml we will show how the quantum corrections and instanton
corrections to a classical part of a string theory are connected with the ap-
pearance of invariance of the theory under discrete symmetry groups. We will
give the background on how to construct the automorphic forms as Eisenstein
series that encode the quantum corrections with help of the double coset asso-
ciated with the theory in question. To read off the physics we need to find an
equivalent expression for the Eisenstein series in the form of a Fourier series.
The Fourier series is found using a nilpotent subgroup described in Section

ATl
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In Chapters Bl and [6l we will explicitly derive the general Fourier series and
the Eisenstein series for the two cases Type IIB and Type IIA and extract the
precious Fourier coefficients needed for the effective string action expansions.
However, in the Type ITA case we have not found a complete solution for this
yet, the complication being when identifying the Fourier coefficients in the
non-abelian term. Section [6.4] is devoted to this problem.

In Section we elaborate on the possibility of writing the series of prod-
ucts of Hermite polynomials and Whittaker functions, appearing in the non-
abelian term in the general Fourier series (6.79). The motive is to make it
easier to connect to the non-abelian part of the Eisenstein series (6.118]).

In Appendix [A] we review some important Lie algebra theory that is used
throughout the thesis. In Appendices [Bl and [ the important Lie groups
SL(2,R) and SU(2,1), as well as their corresponding Lie algebras are treated
carefully. In particular the Iwasawa decompositions are given and their maxi-
mal compact subgroups are derived. In Appendices[Dl and[El we give a detailed
review of the discrete groups SL(2,Z) and SU(2,1;Zli]). In Appendix [F] we
derive the important Laplace-Beltrami operators. In Appendix [Gl we derive
a Poisson resummation formula that will be used when rewriting the Eisen-
stein series to get to the Fourier series expansion. Finally, in Appendix [H we
examine the Whittaker functions that are solutions to a differential equation
showing up in the Type ITA case when demanding the general Fourier series
to be an eigenfunction of the Laplace-Beltrami operator on the coset space.



Coset Symmetries of Actions

2.1 Type lIB Supergravity

We begin by studying symmetry properties of the scalar fields in the bosonic
sector of Type IIB supergravity, which is a ten-dimensional theory that de-
scribes the low-energy limit of Type IIB superstring theory. The supermul-
tiplet in Type IIB supergravity includes a graviton (g, ), two scalar fields
(¢,x), two antisymmetric tensors (Bz2,C3), one “self-dual” four-form (Cy), one
complex Weyl gravitino (¢*) and one complex Weyl dilatino (\). Remember
that in Section [L7] we wrote down only the part consisting of the curvature
scalar. Now, we will instead restrict ourselves to the two scalar fields and we
have the following action in the Einstein frame:

_ 1
S(e < () 4/011093 9] [—5(8u¢8“¢+e2¢8ux8"x) . @21

There is a SL(2, R)-invariance of the action that can be seen by first combining
the scalar fields into a complex field
T=T1+im =x+ie?. (2.2)
Using this substitution in (Z.1]) yields
OuT = Oux — ie*‘z’ﬁuqb

722 = e_2¢ —

10,707
» S(qﬁ,x) X /dlox \V |g| <_§ : ) ) ) (23)
2

omitting the slope parameter factor. In this parameterization the SL(2,R
(

invariance is now realized as a Modbius transformation with parameters (a, b,
c,deR)onr
at +b

. 2.4
ct+d (2:4)

14
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It is a fractional linear transformation, but it transforms the scalar fields non-
linearly. In the next chapter this symmetry is made linear by introducing a
gauge field.

The Mobius transformations are in a one-to-two correspondence to the
group elements

SL(2,R) > g = <CCL Z) , ad —bc =1, a,b,c,d € R, (2.5)

which can be seen by performing two group actions and comparing with two
transformations. It is one-to-two since the group elements g and (—1) - g cor-
respond to the same Mobius transformation. So actually, we should rather
consider the group PSL(2,R) = SL(2,R)/{£1} that is in a one-to-one cor-
respondence with the Mobius transformations. As mentioned in a footnote
above, we will be a bit sloppy and just write SL(2,R) instead of PSL(2,R)
everywhere. We verify that the action term indeed is invariant under the
transformation

ar +b
cT+d
B dur(ar+b)  97( d:1 ) 0
ad,t  cd,T(ar 7(ad — be T
a, pT _ COu _ G _ p
U (e 4 d)? (e + d)? (e + d)?
1 _ 1 far+b aT+b (1)
2 = — — — — g
() 2i(T T 2i (CT—I—d c?—i—d) ler + d|?
0,700 OuTOT ey 0,mOMF 26)
Sk Spapen me T |

To understand the symmetry more thoroughly we can use the fact that
the action (23] is an example of a nonlinear sigma model. In general, the
dynamical part of the classical action for scalar fields is a nonlinear sigma
model.

In a nonlinear sigma model we consider mappings ¢ from a Riemannian
space X to another Riemannian space M, called the target space. Let
us call the metric tensor on these spaces g"* and v, respectively, and
call the coordinates on the spaces z# (u = 1,...,p = dim X) and &°
(a=1,...,qg = dim M). The general nonlinear sigma model action then
reads

S = —%/Xdpx\/@gﬁw(x)aufa(x)ﬁygb(x)yab(g(x)), (2.7)

When varied we get equations of motion that give £ as functions of x#.

Let us write our action (Z3]) on the nonlinear sigma model form. The space
X corresponds to the ten-dimensional Minkowski space. The target space
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coordinates are nothing but the real and complex parts of the complex field
(€1,€2) = (11,72) = (x,e~?). We have

1 0,TOHT 1 L [8,m10,71 + 0,720,
S(¢,X)__§/d10x\/|g|[u 3 }—_i/dlox lglg" [ul 1 : 1 T20yT2

T2 T

1
= —§/d1°w 919" 0,€* 00" Van, (2.8)

where the metric on the target space is identified as

1 /10

This we recognize as the Poincaré metric on the upper half complex plane [13]
H={vr=mn+in e C|J(r) > 0}. (2.10)

Indeed our 7 lies in the upper half plane since (1) = 75 = e~ > 0. This
shows that the target space M is isomorphic to H, which is a two-dimensional
hyperbolic space. Now, it is known that the metric preserving automorphisms,
i.e. isometries, of the upper half plane is precisely the Mébius transformations
(Z4). This is the reason for the invariance (2:6]). The isometry group to H is
SL(2,R) as can be seen from the correspondence between group elements and
Mobius transformations (Z.3]).

A crucial fact that is essential for this thesis, is that the target space
M ~ H equipped with the metric ([Z9)) is also isomorphic to the coset space
SL(2,R)/SO(2). To see this we begin with reminding ourselves of the fact that
a group element g € SL(2,R) acted on H through the Mobius transformation.
Furthermore, we have that

ar +b

“ b) €SL(2,R) | v = (2.11)

Vr,v e H EIgz(C d

et +d’

So, by the group action we can reach all points in the space from any other
point. One then says that the group SL(2,R) acts transitively on H. As was
said before, the group SL(2,R) is also the isometry group of H. However, there
is also an isotropy subgroup SO(2) C SL(2,R), i.e., a subgroup that leaves a
point in the space fixed. Namely, 7 = i is a fixed point with respect to the
action of

Tcos O + sin 6

2 : R 2.12
S0(2) > & T'—>—TSiH9+COSH’ o< ( )

Since SL(2,R) acts transitively we can reach 7 = i with a group action from
any other point in H, i.e., no point is unique. This means that to get a
one-to-one mapping between group elements and points in the space (needed
for an isomorphism), we should identify all elements in SL(2,R) differing
by the action of an element k& € SO(2), that is, construct the coset space



2.2 Compactified Type IlA Supergravity 17

SL(2,R)/SO(2). In general a right coset G/K is defined as the set of equiva-
lence classes [g] = {gk |Vk € K}. We could just as well work with left cosets
K\G, this is purely a matter of convention. The coset space G/K has the
dimension dim G — dim K; in this case we have dim G/K = 3 — 1 = 2, which
is indeed the dimension of H.

A simpler example of the case above is the isomorphism

S2 ~ S0(3)/SO(2).

S? means here the two-dimensional unit sphere embedded in R2. Choosing
Euclidean coordinates (x,y, z), the manifold is given by the constraint

2+ 422 =1

The rotation group SO(3) acts transitively since by a three-dimensional rota-
tion we can reach all points on the sphere from a given point. SO(3) is also
the isometry group of S?. The isotropy group is SO(2) as can be seen from the
fact that the point (1,0,0) is unchanged when performing rotations around
the z-axis. This shows the isomorphism.

Importantly, for the coset SL(2,R)/SO(2) we are interested in, SO(2) is
the maximal compact subgroup of SL(2,R). This holds in general for coset
spaces that arise from toriodal compactification of eleven-dimensional super-
gravity as we will mention in the next section. The fact that we want to
divide away the maximal compact subgroup will make it possible for us in the
next chapter to construct the action corresponding to the coset by using the
Twasawa decomposition. We will choose a parameterization, with help of the
so-called Borel gauge, of the scalar fields in the theory that will turn out to
be the same parameterization as the first one stated in this section (Z1J), i.e.,
using (¢, x). Writing the nonlinear sigma model with the fields (¢, x), we get
the following moduli space metric

1 0
we(s &) o

We will acquire this metric in the next chapter by starting with the coset
space SL(2,R)/SO(2). A nonlinear sigma model where the target space is a
manifold isomorphic to a coset G/K equipped with a G-invariant Riemannian
metric, is also called a quotient space nonlinear sigma model.

For more on coset spaces, and their connection to supergravities, the reader
is referred to [18].

2.2 Compactified Type IIA Supergravity

Type IIA supergravity is the low-energy limit theory of Type ITA superstring
theory. The coset symmetries of the supergravity theory is therefore of high
importance also for the superstring theory. When trying to connect to the
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real world, one needs to deal somehow with the six extra spatial dimensions
of the superstring theories. The standard way is to follow T. Kaluza and O.
Klein’s idea and compactify some of the spatial dimensions. To get to four
dimensions we need to compactify on a six-dimensional manifold of some kind.
The topology of the manifold will give rise to different physical properties of
the theory. Examples of possible manifolds to compactify on are the tori T"
and Calabi-Yau n-folds. The procedure of compactification, as well as the
topological properties of the different manifolds, are beyond the scope of this
thesis. We will merely state a few facts.

Type ITA supergravity and Type IIB supergravity are both sub-theories
of eleven-dimensional supergravity, which is the low-energy limit theory of
M-theory. E.g., Type IIA supergravity is derived by compactifying the eleven-
dimensional theory on a circle S'. When dimensionally reducing eleven-
dimensional supergravity to 11 — n dimensions, by compactifying on a T"
torus, one can show that the resulting scalar fields parameterize the symmet-
ric cosets spaces G/K, where G is a non-compact group and K is the maximal
compact subgroup of G, see Table[Z1]l This was first done by E. Cremmer and
B. Julia in their famous paper [I5]. So, starting with Type ITA supergravity

Dim G K

11 1 1

10, Type IIA | SO(1,1;R)/Zs 1

10, Type IIB | SL(2,R) SO(2)

9 SL(2,R)xO(1,1;R) | SO(2)

8 SL(3,R)xSL(2,R) | U(2)

7 SL(5,R) USp(4)
6 O(5,5;R) USp(4)xUSp(4)
5 E¢ USp(8)
4 E; SU(8)

3 Es Spin(16)

Table 2.1: Coset symmetries arising from toroidal compactification of eleven-
dimensional supergravity.

we could compactify on a T® torus to get to the four-dimensional spacetime.
To compactify on a torus is the firstmost natural thing to do since the torus
has a simple topology. However, the resulting theory has a large amount of
supersymmetry, which needs to be broken in a physical reasonable theory.
Promising candidates for which one can break supersymmetry in a controlled
fashion are the Calabi-Yau threefolds CY3 (they are complex and have six real
dimensions).

The compactification of Type ITA supergravity on CY3 leads to N' = 2
supergravity in four dimensions. There are some different kinds of multiplets
in this theory: a gravity multiplet, a universal hypermultiplet, a number of
vector multiplets and a number of hypermultiplets. The number of vector-
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and hyper-multiplets depend on the topological properties of the Calabi-Yau
manifold. The moduli space splits locally into a direct product

M(CYg) = ./\/lv X MH, (2.14)

where the fields in the vector multiplets parameterize a complex special Kéhler
manifold My, and the fields in the hypermultiplets parameterize a real quat-
ernionic-Kéhler manifold My [6]. We will throughout the whole thesis only
treat the bosonic degrees of freedom in the theories (actually we treat only
the scalar fields).

This thesis follows [9] where one studies the case where compactification
of Type IIA is made on a so-called rigid Calabi-Yau threefold. We study
this case to get more insight into the vast field of symmetries of superstring
theories and the connection to, and application of, automorphic forms. Our
main focus is not on connecting to the reality. In the special case of a rigid
CY3 it turns out that there is only one hypermultiplet, namely the universal
hypermultiplet, and there are four real scalar fields in this multiplet: ¢, x, X
and 1. The moduli space is again locally a direct product

My x Mymn, (2.15)

The rigid Calabi-Yau manifold is a special case in the sense that we get a
coset moduli space, which appears in general only for torus compactifications.
We will in the next chapter construct the nonlinear sigma model action on
this coset.

In Type ITA superstring theory compactified on the rigid CYs, the com-
pactified supergravity theory above serves as the tree-level in the effective
action.



Constructing an Action on a
Coset Space

3.1 Through Gauging

One way of calculating the action Sq/k with fields parameterized on a coset
space G/K is to construct an action for a group element V(z) € G, z € X
(remember that X is the spacetime that our fields map from), so that it has
a gauge symmetry that corresponds to the subgroup K. IL.e.

Sax — Sq/x for V(z) — V(z)k(z), Vk(z) € K. (3.1)

The physics will not depend on the transformation under the subgroup, i.e.,
it is a gauge transformation. Therefore the physical fields will parameterize
the coset space. The action Sg /K will be invariant under Ggiohar X Kiocal-
transformations, which are both linear transformations on V. We use the
denotations global and local if the transformation is independent of X or not.

For a more careful review of the group- and algebra theoretical tools we
will use later on, the reader is referred to Appendix [Al We will work with
the Lie algebra g of G and write it in the Chevalley basis with a number of
step operators e and f as well as Cartan subalgebra generators h. This is
done explicitly in Appendix [Bl for the case g = s[(2,R) and in Appendix [C]
for g = su(2,1). It is crucial that in our two coset space cases we have that
K is the maximal compact subgroup of G. The corresponding algebra to K
is denoted by £, and this maximal compact algebra is fixed by the Cartan
involution 7 on g, see Section [A.4l

In the case g = sl(n,R) we have that ¢ = so(n). Therefore the elements
k € K obey kTk = 1 and all elements 7" € £ are anti-symmetric, that is,
T = —T7T. In this case, the Cartan involution is also referred to as the

20
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Chevalley involutio, which we will denote as w, and indeed it acts on the
triple basis elements (e?, f%, h') as: w(-) = —(+)T, leaving the elements in s0(n)
invariant. For simplicity we will first do the calculations in this section using
the Chevalley involution, then we will explain how to modify our calculations
to fit with the general case.

Beginning with an element V € G, we can form the bi-invariant metric
from the Maurer-Cartan form and Killing form (see for instance [18]) as

ds? = ypd€?de® = Te[(V-1dV)(V V)] (3.2)

where d = dz#d, is the exterior derivative. The metric tensor v, is the
same as in the nonlinear sigma model ([Z8) where we had £ = 9,£%0"£b,,.
This makes it possible to associate to ds?, a lagrangian £ that has the same
symmetry properties in the target space as ds:

1 1
ds? = = Jyapd€"dE" e L = =S 7a 0 0"¢" (3.3)

Note that V~1dV is invariant under global G-transformations acting from the
left V. +—— gV, g € G. The metric (3.2)) is invariant under both left and
right global transformations (remember that the trace is cyclic); this is the
reason it is called bi-invariant. We make the theory invariant under gauge
transformations

V(z) — V(2)k(x), k(x) € K (3.4)

by introducing a covariant derivative (henceforth the z-dependence is sup-
pressed)

DV =dV — VA, (3.5)
with a gauge potential A transforming as
Avr— kT Ak + kKT dE (3.6)
making the covariant derivative transform as it should
DV +—— (DV)k.
Our gauged one-form V"DV then transform as
VDV — k'VTIDVE  for V — Vi,

and the gauged metric is then invariant under the local transformations. The
relationship A = — A7 is unchanged by the transformation (3.8]), as well as
the trace of A (note that Tr(kTdk) = 0 since kTdk € €). This implies that
A is in fact an element of the maximal compact subalgebra, A € £. Using

'A Chevalley involution is the Cartan involution of a split real form, in this case sl(n, R)
is the split real form of sl(n, C).
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the covariant derivative (8.5]) in (3.2)) (with a factor of —1 that will give the
correct factor in the end) yields

ds®* = —Te(V VvV 1AV — AV1dV — V1AV A + A?)
= —Tr(V'avV—1dV — 24V 1AV + A4?). (3.7)

The metric (lagrangian) must be stationary with respect to the gauge potential
A due to Hamilton’s principle. This will make it possible to solve for A

§(ds?) = —Tr((—2V1dV + 24)6A + (...)6G) =0
— Tr((—2V'dV +24)5A4) = 0.

The anti-symmetry of A implies that the symmetric part of the first term
—2V~1dV will vanish when multiplied with §A. Moreover, since the variation
0A is arbitrary (except for its anti-symmetric nature), the anti-symmetric part
of the matrix inside the trace must be identically zero. We get the condition
on A:

A— %(V‘ldv —(v=tan)T) =o, (3.8)

or expressed with the Chevalley involution w (Cartan involution in the general
case)

A= V1dV)=1. (3.9)

Recall that the maximal compact subalgebra is defined by invariance under the
Chevalley involution w = 1, i.e., A = —A". So, we got the correct condition
on A by using Hamilton’s principle. Plugging (3.8]) into the expression (3.7)
gives

ds? = —%Tr (v=tav)2 4+ vtav(vtav)T] . (3.10)
This can be written more concisely if we introduce the generalized metm'cg
M :=VVT (3.11)
and we find
Lo ~ ds? = iT&"(dM_ldM). (3.12)

By construction this metric/action is invariant under Ggiobal X Kiocal- trans-
formations.

Now, as was mentioned in the beginning of this chapter, the expression
for the generalized metric (B.I1) and ([B3I2]) is only valid for the special case
g = sl(n,R) and £ = so(n). In general, the involution used to construct the

2The name derives from the fact that for the cases when V' € GL(n,R)/SO(n) there is a
direct correspondence with the metric in n dimensions written with veilbeins g;; = e?e?&lb,
and M = VVT. Both are elements in GL(n,R) and both are invariant under local SO(n)-
transformations of the veilbein and V' respectively.
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action is not the Chevalley involution w, which here corresponded to ordinary
matrix transpose, but a Cartan involution 7 with another realization on the
matrix representation. However, we can make all our expressions valid in the
general case by changing the matrix transpose to a generalized transpose T
defined as

()7 = —1(). (3.13)
The proper definition of the generalized metric is thus
M=vVT, (3.14)

The action of global and local transformations (V' (z) — gV (z)k(z)) on M
are

G: Mr—gMg”, geG
K: M—VEk@)(VE@) = VE@)k@)TVT =M, k() eK. (3.15)

3.2 Through Projection with the Involution

To explain the gauging procedure more generally and from a mathematical
point of view, we follow [34] and make use of the Cartan involution. As a first
thought, one can wonder why we cannot just pick a coset representative V'
and put in the non-gauged expression (3.2]) and recover an acceptable metric.
The reason is that although we choose V' € G/K the one-forms V~1dV, which
lie in the algebra g, generally do not lie in the algebra of interest, namely t
(whose elements are fixed by the Cartan involution). So, what we essentially
do when we gauge the theory and solve algebraically for the gauge potential
and put it back into the expression, is that we write V~'dV as an even and
odd part under the Cartan involution 7 (in the special case when g = so(n) it
is also an anti-symmetric and symmetric part as in (3.8]))

1
VAV = (v iav +r(VlAV) + (€ )

2
+ %(V—ldv —r(Vvldv) =  (ep)

= %(V*ldv — (a7 +

+ %(V*ldv+ (v-tav)7), (3.16)

and throw away the even part € ¢, which is exactly our gauge potential A.
IL.e., we project on the odd part under the involution 7. The decomposition of
the algebra (310 is called the Cartan decomposition, see Appendix [Al

One can directly verify that we get the same expression as in (3I0) by
noting that

(Vv +vldvv—tav)tT = (v lav)((vidv) + (v iyt =
= (Vv + (v lav)Hv-lav + (v-tav)h,
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since the anti-symmetric part € € of V~'dV cancels when multiplied with the
symmetric part € p.
Writing the odd part as

P= %(V*ldv —7(Vav)), (3.17)

we get a remarkably easy expression for the lagrangian (ds?)

Lok ~Te(P - P). (3.18)

3.3 An Action on SL(2,R)/SO(2)

We now use the method above to construct an action on the coset space
SL(2,R)/SO(2), that indeed will turn out to be the same as (ZI]). Since we
are interested in the gauge invariant degrees of freedom we must somehow fix
the gauge. A way of doing this is to use the Iwasawa decomposition G = NAK
where N is a nilpotent subgroup, A is an abelian subgroup and K is the
maximal compact subgroup. To fix the gauge we can put K = Id and hence
consider V= NA. Due to the Iwasawa decomposition, for matrix groups,
the coset representative V' can be chosen to be an upper triangular matrix.
This choice of parameterization is called the Borel gauge. A group action on
V will in general destroy the upper triangular form (the gauge choice), so we
need a compensating K-transformation to restore the form. Remember that
in the coset G/K all elements differing by K-transformations are identified. A
general transformation of V' € G/K thus reads

V(z) — gV (2)k(g,V (2)), g€ G, k(g,V(x)) € K. (3.19)

This is a nonlinear realization of the group action since the compensating
transformation k(g, V(x)) depends nonlinearly on V (z).
For the particular case G = SL(2,R) and K = SO(2) we have (see (B.12)):

_¢ ¢

e 2 ez
V—NA_< X£>
0 ez

—¢ 2.0 1)
ard e "+ x"e” xe
— ./\/l == — < Xe¢ e¢ )

— ds? = iTr(dM_ldM) =

B E’H e®do —e?dy — xe?do
4 —e?dy — xe?do  (x%e? — e ?)d¢ + 2xe®dx

(x%e? — e ?)dep + 2xe®dy e®dy + xe?de
e®dy + xe®de e?do

= —%(d¢2 +e?*dx?). (320)
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Thus we recover the same lagrangian as we had for the scalar fields in Type
IIB supergravity (Z38]) when interpreting the lagrangian, with (3.3)), as

1
Ls1,2,R)/S0(2) = —5(8,@8”@%) + €229, x0"x). (3.21)

3.4 An Action on SU(2,1)/(SU(2) x U(1))

When compactifying Type ITA supergravity on a rigid Calabi-Yau manifold it
turns out, as was mentioned in Section 2.2] that the resulting symmetry group
of the scalar fields is the coset space SU(2,1)/(SU(2) x U(1)). Therefore we
want to make a similar explicit calculation of this action as in Section [3.3]
above, to use later on when constructing the automorphic forms. For a review
of SU(2,1) and its maximal compact subgroup, see Appendix SU(2,1) is
eight-dimensional and SU(2) x U(1) is four-dimensional. Hence the coset space
SU(2,1)/(SU(2) x U(1)) is four-dimensional and we get four scalar fields in
the theory: ¢, x, x and 1. ¢ is the dilaton and the other fields are referred to
as axions. A convenient representation of the Lie algebra su(2,1) is given in
(C32) and (C.33). It consists of two Cartan generators Hy (compact) and Hy
(non-compact), three positive step-operators X(j), f((l) and X(9), and three
negative step-operators Y(_y), }7(,1) and Y(_g).

First we need a coset representative V. It is calculated as before using the
Iwasawa decomposition. This is explicitly done in Section [C.5, and the result
is

V = NA = XX+ ) +20X(2) g =0 H1 _
e f X FXFIER) 0+ )+ 20)

=10 1 e(x +x+i(—x+x)|. (3.22)
0 0 e?

Now, we use the Cartan involution to project on the coset space. It is acting
on the generators as
(X)) =—-XT, (3.23)

see (C22). So, the odd part under the involution (belonging to the coset
algebra) is

P= %(v—ldv —r(Vvldv)) = %(v—ldv +(v=tav)h. (3.24)

Our generalized metric reads

M=VVT=
220X +X7) 4+ (O +X%) 2 +497) (141 (ix+X) (147 (x*+1° - 2i9)) 1e?? (x* +X* —2i))
(—1=0) (R (1422 (P +52 +2i9)) 142e%% (x*+x%) (1+)e®? (—ix+x)
1e2? (324 ¥2+2i0) (1+i)e?? (x—ix) e??

(3.25)
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We can present it somewhat cleaner by defining two new complex variables

E=X+XHIR-X), =2+l (3.26)
this yields
e 24 |6 + ¢ i+ e8¢ ¢
M = —i€ 4+ e2%¢¢ 1+e2?€)2 ¢ (3.27)
eQdf eQd’é_’ e2¢

The bi-invariant metric is preferably not calculated by hand. The result is (we
choose a factor of —% giving the correct factor in the end):

1
ds? = —g(dM‘ldM) =...=

= d¢® +e*(dx® + dy®) + e (xdy — xdx +dy)?,  (3.28)
from which we infer the lagrangian

Lsu(2,1)/(SUQ)xU1)) =
= 0,00"$ + €20, xO"x + 0, X" X) + " (xOuX — XOux + )% (3.29)



Quantum Corrections,
Instantons and Eisenstein Series

When adding quantum corrections to the classical supergravity theories to
reach an effective superstring theory, the global symmetry G(R) of the scalar
fields in classical action is broken due to the appearance of D-branes (instan-
tons) [28]. A discrete subgroup symmetry G(Z) C G(R) is conjectured to
remain unbroken, and there is a possibility that the quantum corrections and
the instanton effects are all encoded into automorphic forms. These forms
can be constructed so that they fulfill all demands, namely by constructing
them as Eisenstein series. The Eisenstein series are parameterized by a coset
representative V' € G/K, which we can choose in the Borel gauge like in the
preceding chapter, where G is a Lie group and K is its maximal compact
subgroup. The series are manifestly invariant under the discrete subgroup
G(Z). Le., they effectively live on the double coset space G(Z)\G/K. More-
over, they are eigenfunctions to the Laplace-Beltrami operator on the coset
space with a certain eigenvalue. This is required because of supersymmetric
reasons. E.g., performing supersymmetry transformations on the R*-term in
Type IIB superstring theory takes one to another term in the lagrangian, but
performing a transformation again gives partly back the first R* but with a
Laplace-Beltrami operator acting on the coefficient (i.e. the automorphic func-
tion constructed as an Eisenstein series). This enforces the laplacian condition
with a specific eigenvalue. Furthermore, the Eisenstein series are well-behaved
in the weak coupling limit gs — 0, which is physically demanded, as we will
see proof of.

For the Type ITA case treated in Chapter [6] the story is a bit different.
Unlike the Type IIB superstring theory, which has a double coset moduli
space G(Z)\G/K, the Type ITA compactified on a rigid CYs has a universal
hypermultiplet moduli space, which classically is a coset space but will deform
to some other kind of exact moduli space due to quantum corrections. This

27
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deformation should somehow be encoded in an automorphic form living on the
double coset SU(2,1;Z][i])\SU(2,1)/(SU(2) x U(1)). The laplacian condition
on this automorphic form is harder to justify, more on this in Chapter [

It is possible to write down the Eisenstein series explicitly with a so-called
lattice method explained in Section However, the series are then not on
a form where we can read off the physics. This is because the fields mix in
the series in one or several infinite sums in a non-trivial way. Depending on
what kind of limit in the string theory we would like to study, we have to
expand the Eisenstein series correspondingly. For instance, in the Type IIB
case we would like to have an expression from which one can directly read
off the perturbative contributions (tree-level and loop-terms) as well as the
non-perturbative corrections. Specifically, we want to see the first two terms

in (L24])), namely
20(3)73/% + 4¢(2)7y 2. (4.1)
This is accomplished by writing the Eisenstein series as a Fourier series with
help of the maximal nilpotent subgroup N(Z) C G(Z), introduced later in
Section LTl The terms (4.1)) are the zero mode of the Fourier series; they are
called constant terms and they depend only on the dilaton 7 = e~?, which
is unaffected by the actions of N(Z). In addition, we will in general have
abelian and non-abelian terms referring to the action of N(Z). These two
types of terms are then contributing non-perturbatively to the lagrangian, its
contributions can be interpreted as coming from instantons of various kinds.
The general form of the Fourier series is derived from the requirements that
the function must be an eigenfunction to the Laplace-Beltrami operator on the
coset space G/K, and in the same time invariant under the nilpotent subgroup
N(Z) € G(Z). This gives a number of differential equations of various types.
In a dream scenario we would then be able to, by raw calculations, find the
unknown coefficients making our general Fourier series invariant under the rest
of the elements in the discrete subgroup G(Z). If that would succeed we would
have the correct function sought after. This way proves to be very difficult
much due to an involution transformation S in the two cases treated in this
thesis. Our only working method by now is to use the exact function derived
from the Eisenstein series to find the coefficients in the general Fourier series.

4.1 The Nilpotent Subgroup and the General Fourier
Series

This section is based on Chapter 10 in [34]. It is a non-trivial task to choose
the correct discrete subgroup G(Z) C G(R) that is supposed to encode the
quantum corrections and instanton corrections. The discrete group has to
satisfy a number of properties drawn from the physics. A constraint on the
discrete group that helps us to determine the structure of the general Fourier
series of the automorphic forms, is the fact that there should be a nilpotent
subgroup N(Z) C G(Z), which is also a discrete subgroup of the nilpotent
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group N(R) in the Iwasawa decomposition G=NAK of the real Lie group
G(R). This fact can be seen by studying the axion fields in the theory.

We are dealing with matrix algebras and in general we can write a nilpotent
group element as an upper triangular matrix. E.g.

1
NR)>N=|0 a,B,v € R. (4.2)
0

O = 9
— =2

This particular three-by-three matrix happens to be a general element also
in the three-dimensional Heisenberg group Hs; it will turn out that both in
the Type IIB and Type IIA case our nilpotent groups will be of Heisenberg
type. The Heisenberg groups H,, are special cases of nilpotent groups. For
dimH = 2m + 1, m € N, we can explicitly write a matrix representation as

1 @
Homi1t 2h=10 1,, bT (4.3)
0 0 1

where @ and b are some m-dimensional vectors, c¢ is a real scalar and 1,, is
the m X m unit matrix. One acquires a discrete subgroup of a nilpotent group
simply by restricting the field to the integer numbers Z. Our definition of
N(Z) is then doing this procedure on the nilpotent group N(R) in the Iwasawa
decomposition of G(R). Restricting the field to Z in ([@2]) yields the discrete
Heisenberg group H3(Z).

Now, to see why the knowledge of the discrete nilpotent group helps us
when constructing the general Fourier series for the automorphic forms, we
first recall that our physical fields are parameterized on cosets G/K for which
we constructed coset representatives V' = NA in the Borel gauge. As an
example we will study the Heisenberg group Hs with a matrix representation
as in ([£2). The axion fields are then «, § and . The abelian subgroup A
is parameterized by one field; in our case this is the dilaton ¢. Acting from
the left on the coset representative V' with a general element in the discrete
nilpotent group yields

1 m p 1 a v 1 a+m ~+pm+p
0 1 n|{]O0O 1 glA=]{0 1 B+n A,
0 0 1/\0 0 1 0 0 1
m,n,p €Z, «,B,v7€R. (4.4)

We see that the fields, the dilaton ¢ in our case, included in A are unaffected
by the action of the discrete nilpotent group. When writing down a N(Z)-
invariant function, the dependence on ¢ is arbitrary. There will be a constant
term in the Fourier series only dependent on ¢, and this is the zero-mode of
the Fourier series. Furthermore, the action from the discrete nilpotent group
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on the axions is

a—a+m
B+— B+n
v 7 +p+ pm. (4.5)

We see that the action is non-abelian since the transformation on v includes 8
as well. For example, performing first the transformation (m,n,p) = (1,1,1)
and then (m,n,p) = (1,1,0) is not the same as doing it the other way around.
To simplify our calculations later on, it is convenient to decompose the group
N(Z) into an abelian and a non-abelian part. Correspondingly we decompose
the Fourier expansion into an abelian and a non-abelian part. In the example
above, this amounts to:

F(@,a.8,7) = F D) + FD (o, , B) + FNN (9,0, 8,7). (4.6)

This method will be used in the Type ITA case in Chapter [6] to help us divide
our problem into smaller pieces and make it easier to identify the coefficients
from the exact Eisenstein series later on. This type of decomposition of Fourier
series is treated for the case SU(2,1) in [29]. D. Persson and P. Pioline made the
first detailed treatment of a non-abelian Fourier series decomposition appear-
ing in physics, in [36], where they treated automorphic forms on the double
coset SL(3,Z)\SL(3,R)/SO(3).

Neglecting =, we see that we have an abelian action on the fields a and
and we can directly write down a Fourier expansion of the part f), which is
manifestly invariant under the discrete nilpotent subgroup, namely:

f(A) (Oé, B) = Z 011,12827ri(lla+l26)- (47)

l1,l2

So, for abelian nilpotent groups N(Z) it is easy to find the structure of the
general Fourier series. See more below.

To find f (NA)(qb, a, B,7) we need to take the last non-abelian transforma-
tion in (H) into account. We need a corresponding non-abelian Fourier series
invariant under this transformation which is considerably harder to find; we
have to treat case by case. For the Type ITA case see Section

More generally, for a nilpotent group N(R) we can write an element as

Z Xaea} , (4.8)

a€<1>+

n = exp

where the positive step-operators e® are enumerated by the positive roots
a € &4, and x, denotes the different axion fields (using the physics terminol-
ogy).

If it is the case that the group N(R) is abelian, the discrete group N(Z)
will act on the axions as

Xa > Xa + Na, Ny € 7. (4.9)
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The Fourier series for an invariant function under these translations is

f(xa) = Z Cl, exp |2mi Z laXa| s (4.10)

lo€ZP acd

where D = dim N(R).

If the nilpotent group on the other hand is non-abelian we decompose the
Fourier series into an abelian part and a non-abelian part. The abelian part
will depend on all the fields that transform translationary as (£9). Call those
fields x4, i = 1,..., D (for some D € N), and we have

Xi = Xi + M, m; € Z. (4.11)

The non-abelian part will depend on all the fields. Call the rest of the fields
transforming in a mixed fashion (as v in (&5)) for ¢, j =1,...,D. We have
then dim N(R) = D 4 D. The fields 1; will transform in general as

Q;Z)] — ¢] +m] +gj(X17 7XD7¢17"' 7wj717¢j+17"'7wb)7 m] € Z7
(4.12)

where g; is some linear combination of all the fields, except ¢;, with integer
coefficients (many coefficients are identically zero). The form of g; depends
on the type of nilpotent group. In our cases, g; will not depend on the mixing
fields 1; and we can then schematically write the non-abelian part of the
Fourier expanded function as

D
f(NA) (X’H sz)]) = Z Cﬁ(Xh X2+ 7XD) €xp [27T1 Z nai/)a] . (413)

fA=(n1,....,n )LD a=1

However, a lot of constraints on the coefficients C; to make the expression
invariant under all discrete nilpotent transformations. Obviously, it must first
be invariant under the translations of the fields x;, but then it must also cope
with the transformations on 1;, which will yield exponential terms dependent
on some of the fields x;. In the Type ITA case there is only one field v, and
we make the function invariant under some of the types of transformations on
this field by a shift in the summation.

4.2 Eisenstein Series

We want to be able to write down an automorphic for on the moduli space
G(Z)\G(R)/K, which is a function invariant under the discrete subgroup G(Z)
and whose arguments lie in the symmetric coset space G(R)/K. There are a
number of different ways of constructing these automorphic forms; one can
use a lattice construction, Poincaré series or spherical vectors.

1see Section [
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In this thesis we will use the lattice construction method that will yield the
automorphic form as an Eisenstein series &? (Z), whose properties were stated
in Section [L4l This method was first used by N. A. Obers and B. Pioline
in [33] and is especially convenient for our purposes. For the definition of
the series we invoke the Iwasawa decomposition G=NAK and construct the
coset representative V= NA € G/K in the Borel gauge, that we used when
constructing the action on the coset space; see the end of Section Bl and
Section B3l We form again the generalized metric (8.14)

M:=vvT, (4.14)

where 7 was the generalized transpose defined in (8:I3]). The definition of the
Eisenstein series of order s is then

EEE M) = " o0 ni) [T M (4.15)

mehy

The summation is over a discrete lattice Az that is invariant under an action
of the discrete group G(Z), i.e., elements in G(Z) acts as automorphisms of the
lattice. The delta function provides the summation with a certain quadratic
constraint

A =0, (4.16)

which we will discuss further below. The parameter s that sits in the expo-
nent is free for us to adjust and by this freedom we can get the series to be
eigenfunctions to the Laplace-Beltrami operator on the coset with different
eigenvalues. The series converges absolutely for f(s) > n/2 if we sum over an
n-dimensional lattice Az of integers [40].

By the definition ([@I5]) the function £&@ (M) fulfills the demands of liv-
ing on the double coset space. First of all, it is a function on G/K since it is
a function of the coset representative V. It is manifestly invariant under K
since the generalized metric is invariant under these maximal compact sub-
group transformations; see (3.I5]) where we also showed that M transforms
covariantly under G

M —s gMgT.

The Eisenstein series is then also invariant under the discrete group because
given an element v € G(Z) we get

vi EEBM) — 3 o A [T aMyT ] =
meAy
= o0 Ay [T M| = 8B (M), (4.17)

s
m/'€Ny,
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where we have just changed summation variable 7/ = ~7m, which runs
through all of Az since 7 € G(Z). Note that we must also demand the
quadratic constraint to be invariant under the discrete transformation

mAm=~TmAyTm. (4.18)

As was explained in Section [[L4] we seek automorphic forms that are eigen-
functions to the Laplace-Beltrami operator on the coset space G/K. This is
precisely the reason why we need the quadratic constraint, which is a certain
integer-valued product of the lattice vectors. Without digging any further we
just state that for the Type IIB case, when we are dealing with the mod-
uli space SL(2,Z)\SL(2,R)/SO(2), we do not need the quadratic constraint
since the Eisenstein series are automatically eigenfunctions to the Laplace-
Beltrami operator. Whereas in the Type ITA case we have the moduli space
SU(2,1;Z[i])\SU(2,1)/(SU(2) x U(1)) and on this space, when summing over
gaussian integers m € Z[i]?, the Eisenstein series are not eigenfunctions unless
we impose the constraint

mAm = mb g m. (4.19)
Here
00 —i
n=101 0
i 0 0

is the defining metric for the group SU(2, 1), i.e., with the property
g'ng=mn,  VgeSu2,1), (4.20)

showing also that the quadratic constraint is invariant under the discrete group
(ZI8) since in this case we have that the generalized transpose equals conju-
gate transpose, see Appendix[Cl For a more general treatment of the quadratic
constraint see [33].



The Type IIB Case:
SL(2,Z)\SL(2,R)/SO(2)

With the Section [[L7] in mind, we will explicitly find the automorphic form
Flr,m) = 203)5 +4¢2)m P + .., (5.1)

which is supposed to sit in the (n,g) = (3, <oo) term in the expansion of the
Type IIB action (L2ZT):

Sa<oo = (@)1 [ a0y /lgle 2 f(m m) R (52)

Remember that we are limiting ourselves to the scalar fields (¢, x) in the
Type IIB superstring theory. As was shown in Chapter [ the Type IIB
supergravity posesses a SL(2,R)/SO(2) coset symmetry of the scalar fields.
The parameterization of the coset space (upper half complex plane H) was

Ho7=m7+in=x+ie?  (r>0). (5.3)

The classical coset symmetry is then broken when adding quantum cor-
rections, as the R'-term, yielding the effective string theory. The scalar
fields are though still parameterizing the coset space SL(2,R)/SO(2), and
we have f = f(m1,72). There will be a surviving discrete symmetry com-
ing from the fact that the Type IIB superstring theory is invariant under
the S-duality group G(Z) = SL(2,Z), as was mentioned in the introduc-
tion. The function f(7,72) ought then to be a function on the double coset
SL(2,Z)\SL(2,R)/SO(2).

As we will see, it is possible to construct f(71,72) as an Eisenstein series to
agree with all demands; this includes the demand of the correct constant part
in (5.1I) that had been calculated by other methods. For more mathematical

details about the Lie groups the reader is referred to the Appendices [Bl and

34
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5.1 General Fourier Series

In Appendix [D] it is made apparent that the whole modular group SL(2,7Z) is
generated by combinations of two fundamental elements (transformations), a
translation 7" and an involution S. Since we are working with a parameteriza-
tion on the upper half plane H, we are interested in the realization of the two
transformations on the complex parameter 7. They act as following

1

T:17—71+1, ST ——. (5.4)
T

And when expressed in the real and complex component of T

R(r)=71=x
%(7_) =T2 = ei(bv
they act as
T — — =t
T:179+— 141, S : T . (5.5)
Ty — —32

2,2
T+,

If the function f(71,72) is invariant under these transformations it is invariant
under the whole group SL(2,Z).

The general Fourier series of f(71,72) shall be diagonalized with respect
to the discrete maximal nilpotent group N(Z) C SL(2,Z). As is explained in
the appendix, the nilpotent group is generated solely by the T-transformation.
The action on the axion yx (71) is

X — x+n, n € Z. (5.6)

In this particularly easy case, with only one parameter, a manifest periodic
Fourier expansion of a general function f(¢,y) with respect to the nilpotent
discrete subgroup can directly be written down

F(@,x) = Y Calg)e®™™. (5.7)

neZ

It is convenient for the subsequent calculations to use instead the components
71 and 79, and also to extract the constant term in the Fourier series:

f(Tla 7—2) - CO(TQ) + Z Cn(72)627rm7-1- (58)
n#0

Laplacian Eigenfunction Equation

The automorphic function is an eigenfunction to the Laplace-Beltrami oper-
ator on the coset space SL(2,R)/SO(2). The Laplace-Beltrami operator is

derived in [F-1] to:
N
A= (L2 L2). .
2 <87'12 + 87’3) (5.9)
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The eigenfunction equation

Af(r,m2) = Af(T1,72) (5.10)

will give us more information on the structure of the function. We will see
later that the eigenvalue A will depend on the parameter s in the Eisenstein
series as A = s(s — 1). Beginning with the constant term we get

2

2
22
287'22

This is a special case of Euler’s differential equation and it is solved by making
the ansatz

C(](TQ) = )\00(7'2), (7’2 > 0) (511)

Co(m) = 15", m € C. (5.12)
Plugging the ansatz into (.I1]) we get

(mTén_l) =M1y’

2—
72 87'2
m(m — 11" = ry" = m(m—1) =\ =

1 1
= ==+ 4/ A+ - 1
m 5 \[ A+ 1 (5.13)

The solution for the constant term is therefore

1 1_ 1
Co(rs) = ArZ VAT L pra= VAT (5.14)

where A and B are coefficients dependent on the discrete symmetries and are
to be determined later with help of the Eisenstein series.
Applying (5I0) on the other terms yields

l (;2 882 ) ] ZC 27rin7'1 =0, (5.15)
i

n#0
which gives the following differential equation for the coefficients
82
(7'22—2 — 4mn?7E — A) Cp(m2) = 0. (5.16)
0t

This is a modified Bessel differential equation in disguise@ and it is solved by
first making a suitable change

Cn(2) = y72Cn(12) =

8_20( )_i L(j( )+\/—i(j( )| =
oz " T o \aym M TV g, ) T

(.1 _%_,_Li_k\/*a_Q Ch (1) (5.17)
= 47’2 \/587'2 7’287_22 n\72). .

!The modified Bessel differential equation has the general form:
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Substituting this into (5.16]) gives

2 82 0 2,2 2 1 S
T ? +7’2—T - (477 n°ry + A+ Z) Cn(TQ) =0. (518)

Now, we need to get rid of the factors sitting with the 73-term. This is done
by a change of the argument

To = 27|n|Ty =

0 0
— 8—7'2 = 27T|n|a—7~_2 and
0?2 9?2
— =4’ —. 1
oz~ " 073 (5.19)

Finally, we get the differential equation

0? 0 1 ~
[ﬁw + oge - <%§ + A+ 1)] Cn(T2) =0,  neZ\{0}).  (520)
2

This is the standard form of the modified Bessel differential equation with
the two linearly independent functions I,(7) and K, (%) as solutions, o? =
A+ 1/4. However, from the physics we require that the solution must not
diverge in the weak-coupling limit, i.e., when g, = e — 0 or equivalently
o = e ® — oo and 7 —» oo. This rules out the function I, and we are left
with the solution

Cr(72) = D(n)Ko (7o) =
Cn(m) = D(n)\/ﬁKm(Qﬂnhg) (5.21)

with some unknown coefficients D(n). Note that the possibility

a=—\/A+1/4

is not taken into account due to the property: K, = K_, of the modified
Bessel function of the second kind.
Substituting (5.14]) and (5.21)) in the general Fourier series (0.8]) yields

1 1 1 1
flri,m) = ATE*mjLBT; *mﬂ/g > D(N)K s (2m| Nm)e?mINIT,
N#0 *

(5.22)
The capitalization of the summation variable will turn out to suit the sub-
sequent calculations. The unknown coefficients A, B and D(NN) are to be
determined from the Eisenstein series. They will have a structure making the
function invariant under the involution S as well; that is, making the function
invariant under the whole group SL(2,Z).
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5.2 Eisenstein Series

The Eisenstein series is constructed with help of the defining formula (ZI5):

eEAM) = 3 [mT - M-m| . (5.23)

meAy

For the case G(Z) = SL(2,Z) we do not need the quadratic constraint mAm =
0 since the function is automatically an eigenfunction to the Laplace-Beltrami
operator, which we will verify below. The lattice Az, left invariant by the
action of the discrete group SL(2, Z), is nothing but the two-dimensional lattice
of integers m = (m,n) € Z2. The generalized transpose (-)7 is for the case
G = SL(n,R) ordinary matrix transpose, and we will henceforth denote it
as usual (-)T. The generalized metric M = VVT was already calculated in
Appendix [Bl for the construction of the metric in Section 3.3 We pick again
the coset representative V' in the Borel gauge

0 e
—¢ 209 o
M=vvT = <e ;ejf X ) . (5.24)
We get
D 9) = 3 [m"- Mo =
mez?
= [e?(m? + ®?(mx +n)?)] . (5.25)
(m,n)#(0,0)

Expressing the Eisenstein series in the real and complex part of 7 instead, we
get

€§L(2,Z) (71’7_2) _ Z [TQ—I(mQTQQ + (m7’1 + n)2)]7s =
(m,n)#(0,0)
™
_ Z — S (5.26)
(m,n)#(0,0) [m?7y + (mm +n)%)]
or
€SSL(2,Z) (r1,72) = Z T (5.27)

2s "
mazo0 M+

One can explicitly verify the invariance under the transformations of the dis-
crete group 7' and S (.4]). Remember that an accompanying transformation of
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the lattice is needed to explicitly see the invariance. E.g., the T-transformation
71 — 71 + 1 is cancelled by shifting the lattice parameter n — n — m.
Applying the Laplace-Beltrami operator (5.9]) on the Eisenstein series yields

AgSSL(QvZ) (r1,72) =...=s(s—1) 7 . (5.28)

So, it is indeed an eigenfunction with the eigenvalue
A=s(s—1). (5.29)

Using the eigenvalue in the general Fourier series expression (0.22)) gives

F(r,m) = A5 + Bry* + /72 > D(N)K,_15(27|N|ry)e*™ NI
N#£0
(5.30)

This expression is valid for s > 1/2 and it will later turn out to be consistent
with our purposes.

Now, how do we connect the two seemingly different expressions (5.30])
and (5:26)7 The Eisenstein series is exact, i.e., there are no undetermined
coefficients as in the general Fourier series. Indeed, the Eisenstein series is the
correct function sitting in the asymptotic expansion of the string action, but
as was pointed out earlier there is no obvious way to read off the physics. We
can not interpret the different terms in the series as terms in a perturbative
expansion for the fields x and ¢, and in particular we do not see the first
two terms (B.I). We need to rewrite the Eisenstein series (5.26) on the form
(B30). The unknown coefficients A, B and D(N) in (530) will get specific
values, precisely the values making the Fourier expansion invariant under the
whole discrete group SL(2,Z). A trick to use for rewriting the Eisenstein series
is needed, and luckily it exists; it is Poisson resummation.

5.3 Identification of the Fourier Coefficients

The following calculations are based on [34] and [33]. Without too much effort
we can identify A already by extracting the term m = 0 from the sum (5.26]):

S

ESLRD) (1 1) = . s , (5.31)
( ) T;) 25 '2 Tn%;ozn: m272 + ( m7'1+n) )]*

and

A=) n23 =2} 5 =2(29), (5.32)

n#0 n=1
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using the definition of the Riemann zeta function

= i n”°. (5.33)
n=1

Comparing the coefficient ([5.32]) to (B.I) we see immediately that if we have
s = 3/2 we will get the first correct term! However, we will still proceed and
extract B and D(N) keeping the parameter s unspecified.

The following steps are not trivial and comes from a sort of intelligent
guessing. But the amount of trial and error needed for this calculation is fairly
small compared to what is needed for the much more complicated Type ITA
case treated in the next chapter. We know that the end result must include
the modified Bessel function K_;/,. There are integral representations for
this function that can be used. Furthermore, one of the sums over m or n
must be separated and included in the coefficients so that the remaining one
corresponds to the modes of the Fourier expansion.

We begin by utilizing an integral representation (see 3.381 no.4 in [22]) for

the quotient
1 1 o0 1 _( 2 2+( + )2)
— S m 7'2 mT1—Tn LUd . 5.34
(m272 + (mm + n)2)s F(s)/o voe v (5:34)

This is valid for (m?7% + (mm 4+ n)?) > 0 and s > 0, which is also the case.
The aim is to use the following Poisson resummation formula

Ze - m71+n \/’ Zefﬂxn 727r1nm7'1 (535)

This resummation helps us to move out 7 from the integral with the correct
exponential form as we will see later. For a derivation of (5.35]) see Appendix
To use (5:35]) we need to make a change of the integration variable in (5.34])

T T
r— — —= dzr — ——dz =
z 2

1 78 > dx T (022 2
_ =2 (m?15+(m71+n)?)
(m273 + (mm +n)2)s  T(s) /o ek 1 - (5:36)

Applying (535]) and inserting the resulting expression for the quotient into

(B3T) gives

gSL(2 Z) (T 7_2) — 2C(25 2 Z Z —27rmm7'1/ S(ixl/2 e—TF:ETZQ——mQTQQ
p x
m;ﬁO 7

(5.37)

Extracting the term 7 = 0 in the sum yields

w5TS ©  dx ™
0 o) = 202 + s 3 [ et
m70

o o dx =2 2.2
—2minmr —TTn —m .
g g e 1/ 12 ¢ 2. (5.38)

m#£0 70 0

s

STQS'
T
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The middle term can be further simplified using the integral representation
(534) (this time backwards) and the definition of the Riemann zeta function

(533). We obtain
ESSL(Q’Z) (11,72) = 2¢(28)75 + 2/ 7( (81)/2)C(28 — 1)7’2173-1-

W'@ 2: E: —2mmnﬁ(/aaggg%ae_ﬂm#—%”ﬂg. (539)
m#On#O

We can now identify the second coefficient B in (530)) sitting with the factor
A=
T
—-1/2
Y G e )/ )4(23— 1). (5.40)

For the choice s = 3/2 we get the correct second term in (G.1I)!
The remaining integral is conveniently of Bessel type (see 8.432 no. 6, [22]):

o0 ~ 1s—1/2
/ dx 77I'ITL27—TYL27'22 n /
0

[ 1/2— -
12 \E 7P K 2nlmilr).  (5.41)

The last term in (.39) becomes

-1/2 -
\/7—2 > Z K1 2(2m|ma|rp)e”2mmm (5.42)
#On#O
Looking at (5.30) we see that we want to sum over a variable N = —mn €

Z\{0}. It is actually possible to make this variable and summation change.
Note first that the product —mn indeed will take all values in the set Z\{0}.
However, it will take values multiple times equal to the number of divisors to
the product. For instance

D flpd) ={P=pa} =3 > f(P]). (5.43)

p#0 g#0 P#0 q|P

Having a quotient p/q = pq/q* as well we get

5% B o = (P=pah = S 5|

p#0 g#0 P#0 gq|P

f(P).- (5.44)
Application of this on the last term (5.42]) yields (using N = —mn):

K 12(27|N|rp)e® ™™ =

(s )\/EZ p1—2s(N) NP2 Ky o (27| N|rp)e® N, (5.45)
N#£0
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where we have used the so-called instanton measure defined as

= > |m|". (5.46)

m|N

We can now identify the last coefficient(s) D(N) in (530):

NP2 o4 (N). (5.47)

PO =135

Finally, collecting all terms we get:

T(s—1/2
ESVCD) (7, 7y) = 2 (2575 + 2ﬁ%g(2s )it
( )\/EZ p1—2s(N) N7 V2K (27| N|7)e? N7 (5.48)

N#£0

And as we have seen when comparing the terms with the coefficients A and B
we need to put s = 3/2 yielding

Eyn D (m,m) = 2(3) % + 4c(2)my P+

3/2
27r3/2

(3/2)\/51%;0/@ )|N| K1 (27| N|rp)e®™ N . (5.49)

There are many indications that the Eisenstein series (5.49) is the correct
function f(71, 7o) sitting with the R*-factor in the Type IIB action. The first
two terms agreed with calculations by other methods, and the function has
the correct symmetry properties as well as is an eigenfunction to the Laplace-
Beltrami operator. It is fascinating that the discrete symmetry SL(2,Z) helped
us to fully determine the function. That is, we have an expression for all
loop-corrections to the order n = 3 (1/a/ see (ILIT)) as well as all instanton
corrections. Cf. quantum field theory where we in general need to explicitly
calculate loop diagrams to a specific order.

The last term in (5.49) encodes the instanton corrections. The non-per-
turbative nature of the term comes from the modified Bessel function. To see it
we can use an asymptotic expression (see 11.127, [4]) valid in the low-coupling
limit, i.e., for small g5 (large 72):

K1 (27| N|rg) ~ 1/4|N|7'2 e (14 O(r )) =

"5 (1+ O(gs))- (5.50)

4\N\



The Type IIA Case:
SU(2, 1; Z[i])\SU(2,1)/(SU(2) x
U(1))

The focus of this thesis is on the construction of the automorphic forms and
the identification of the coefficients in the general Fourier series. Therefore,
we will now give a purely schematic background to the physics. As was
discussed in Section the result of compactifying ten-dimensional Type
ITA supergravity on a rigid Calabi-Yau threefold is that, amongst others,
we get a universal hypermultiplet consisting of four scalar fields: ¢, x, X
and 1. The fields parameterize the symmetric four-dimensional coset space
Muyn = SU(2,1)/(SU(2) x U(1)). We have already derived the lagrangian
B29) for the scalar fields via the nonlinear sigma model with target space
Muyu. The action reads

Stonen [ dty/lolg” ()0, @)0,€ @) a(€(a)) =
= [ dta\flgl (9,00"6 + @0 x + 30" )+
+"(XOuX — XOux + Ou10)?) . (6.1)

This serves as the classical part, for the scalar field hypermultiplet, of the
effective Type IIA superstring theory compactified on the rigid CYs. Unlike
in the Type IIB case in the last chapter, where we studied the quantum cor-
rections sitting with the R*-term in the effective action, we will now study
how the quantum corrections deform the metric ¥*® of the moduli space for
the scalar fields in the effective Type IIA superstring action. Le., there will be
corrections for the terms in (6.I]), and we can no longer write down the action
with help of the method described in Chapter [3] since the moduli space will

43



44 Chapter 6: The Type IIA Case: SU(2,1;Z][i])\SU(2,1)/(SU(2) x U(1))

no longer be a coset space. The moduli space after the quantum corrections
is referred to as the ezact moduli space MTF.

In some way there ought to be an automorphic form f encoding the quan-
tum corrections. This since due to dualities of the string theory the exact
moduli space should have a discrete symmetry G(Z) C SU(2,1). By studying
the physical properties of the scalar fields in the universal hypermultiplet, as
well as topological properties of the rigid Calabi-Yau threefold, it is made rea-
sonable in [9] that the discrete subgroup should be the Picard modular group
defined as

SU(2,1; Z[i]) := SU(2,1) N SL(3, Z[i]). (6.2)

This together with the fact that f should be a function of the fields in the uni-
versal hypermultiplet, which parameterize the coset space SU(2,1)/(SU(2) x
U(1)), points towards that f is an automorphic form on SU(2, 1; Z[i])\SU(2,1)/
(SU(2) x U(1)). We will construct a tentative proposal, given by a non-
holomorphic Eisenstein series ESS U(Q’I;ZM), with help of the lattice sum method
in Section Before that, we want to know the general Fourier series struc-
ture, from which we later on can read off the different orders of loop-corrections
in g5 (there will only be a tree-level and a one-loop term as in the Type IIB
case) and instanton corrections coming in this case from D2- and NS5-branes;
for more about the different kinds of instantons see [34] and [§]. The Fourier
series structure is due to the fact that there is a maximal nilpotent subgroup
N(Z) = Hs (the Heisenberg group) of the Picard modular group, as well as
the constraint on f(¢, x, X, %) that it must be an eigenfunction to the Laplace-
Beltrami operator on SU(2,1)/(SU(2) x U(1)). This laplacian constraint holds
since the Eisenstein series we construct fulfill the Laplace eigenfunction equa-
tion. The eigenvalue will depend on the order of the Eisenstein series, and
we will crave the specific order s = 3/2 that can be argued for by studying
the fields in the series, see [34]. However, it is not yet made clear from super-
symmetric reasons, as in the Type IIB superstring theory, that the Laplace-
Beltrami operator is the correct operator to use. Instead, a corresponding
constraint from supersymmetry is in this case that the moduli space MF3et
must be quaternionic-Kéhler, see [34] and [7]. It may be that one should seek
another type of automorphic form than the non-holomorphic Eisenstein se-
ries. In [9] one discusses the possibility of constructing an automorphic form
attached to the quaternionic discrete series of SU(2,1).

The identification of the Fourier coefficients from the exact Eisenstein series
55’ U LZHD) prove to be difficult. As described in Section 1] the Fourier series
is decomposed into three parts: a constant, an abelian and a non-abelian part.
Most subtleties arise when trying to understand the non-abelian part; Section
is devoted to this problem.

We will in this thesis gloss over the apparent issue how to relate the au-
tomorphic form f with the metric on MEE. In Type IIB superstring theory
we had that the automorphic form (Eisenstein series) were the coefficient to
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the R*-term in the effective action. In the compactified Type IIA case it is
not as straightforward. In [9] one presents a way of doing this using so-called
twistor technique.

We will for convenience set y = e~2% in most of the subsequent calculations.

6.1 General Fourier Series

The details of the Picard modular group SU(2, 1; Z[i]) are treated in Appendix
[El The group is generated (non-minimally) by three translations, one reflec-
tion and one involution:

I —1+i i 1 1+i i 1 01
Tn=10 1 1—i|, Tv=|0 1 1+i|, Tb=[0 1 0],
0 0 1 0 0 1 001
i 0 0 0 0 i
R=|0 -1 of, s=[0 -1 of. (6.3)
0 0 —i 0 0

As mentioned in Chapter @] the general Fourier series is diagonalized with re-
spect to the maximal nilpotent group N(Z) C SU(2, 1;Z][i]) which, in this case,
is isomorphic to the discrete Heisenberg group Hs generated by the Heisenberg
translations 77, 71 and Th. A general action of the nilpotent group transforms
the scalar fields as

T(a,b,c): ¢'—>¢ (y'—>y)
X—>XxX+ta
X— X+b
1
@Z)r—>¢+§c—a>~<+bx, a,b,c €Z. (6.4)

A function is then invariant under all translations if it is invariant under
T1,0,0)s T(0,1,0)> and T{g 0,1y separately. The nilpotent group is non-abelian as
is seen from the transformation on . Therefore, our Fourier expansion will
be non-abelian and much more complicated than in the Type IIB case in the
preceding chapter.

6.1.1 Using Invariance under the Nilpotent Subgroup

As described in [4.1] it is possible to divide the general Fourier series into a
constant, abelian and mon-abelian part with respect to the nilpotent group
N(Z). This will be used to simplify our calculations considerably by chopping
up the problem into smaller more manageable pieces. Using (6.4) we can
directly read off the dependence on the four fields of the respective parts

Fxo%0) = FO%0 + Fy,x 1) + F 0, x, X 9). (6.5)

'For more about twistors see for instance [I] and [2]
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For the constant term, we cannot deduce anything from the discrete symme-
tries since it solely depends on the non-compact field y = e=2%. For the abelian
term we can directly write down the general structure of the Fourier expansion
using the requirement of invariance under the Heisenberg translations of y and

X:

- A pist Tila X
yxx)= Y OB (y)erihxe?miax, (6.6)
(11,12)#(0,0)

where Cl(fl)Q (y) is some coefficientd whose structure will be explained in more
detail later after we have applied the laplacian constraint. Note the important
fact that the zero mode I; = Iy = 0 is not included because it is in fact £(©)(y).

Naturally, the general structure of the non-abelian term is not as simple
to write down. The following calculation is based on [34]. We use first the
T(0,0,1)-transformation to see that we must have

FN @y x,0,0) = S 00 (y, x, x)e TR (6.7)
k0

note that for & = 0 we would recover the abelian term (6.6) again. The minus
sign in the exponent is chosen just to fit with the calculations in [34] and [9].
Now, using T{;,,0) on (6.7) yields

57Oy, x + 1, g)e kT (6.8)
k#0
which implies the following constraint on the coefficient

O (y,x, %) = CF M (g, x + 1, x)e T (6.9)

We can, with help of (6.9]), easily construct a function invariant under T(1,0,0)
namely

C (g, x, V)e! TR, (6.10)
Indeed we have
A N\ _Amikyy A ~\ Amikxx+4riky
T(l,O,O) :CIEN )(y’X7X)e4 kxx N C(N )(y Y+ 1, X) Amikxx+Amikx _
= {use @)} = Cf My, x, e (6.11)

This implies that there must be a Fourier expansion in y. lLe.

C,IENA) (y’ Y, ¥ 47r1kxx Z C QWIPX (612)
pEZ

2We will use C' throughout as a kind of coefficient in the Fourier series. Since there will
be many coefficients we will use superscripts to denote if they correspond to the constant,
abelian or non-abelian part; as well as subscripts denoting the dependence on the summation
variables. The reader should also note that the arguments are important, e.g., C(A)(y, X5 X)
is another type of function as C'™) (y, x),
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Using this in ([6.7)) yields

PN, 1) = 3037 O (y, g)emivxAmik (), (6.13)
k#0 peZ

The attentive reader notices that we could just as well have done these cal-

culations starting with the shift b = 1 in y instead. This would in the end
give

FON %) = 3057 ONA (y, e PR AU ) (6.14)
k#0 peZ

where we instead choose a minus sign in the Fourier expansion of the con-
structed function (in this case this function is C'IENA) (y, X, X)e~4mkXX) to fit
with later calculations. The two possibilities (6.1I3]) and (G.I4]) are referred to as
two types of polarizations. They are related through a Fourier transformation
(see [34]), and as we will see later also through the rotation R € SU(2, 1;Z][i]).
We will henceforth mainly use the first choice of polarization (G.13]).

Continuing from (G.I3])) we want to make it manifestly invariant under
T0,1,0) as well. An application of such a transformation gives

Tono: F @ xw) — Y3 O0N (y, ¢+ 1)emiximkvig+20 -
k#0peZ
= 3757 OO (y, ¢+ 1) AR,
k#0 peZ
(6.15)

We see that if it was the case that the coefficients were related as
NA NA
O = o vk e Z\(0) (6.16)

we could make a shift p — p 4+ 4k in the p summation to get rid of the
extra term appearing in the exponent. Note that there is no way that the
coefficient could soak up the exponent, since the former is independent of y.
A shift in the summation is therefore needed. Moreover, the coefficient must
somehow be invariant when changing the argument with the accompanied shift
C,S;A) (y,X) — C,gllﬁllk(y, X + 1). We will see later how this is solved.

The relation (6.I6) tells us that there should for a fix k only be 4|k| inde-

(N A)

pendent constants Cp . So guided by this we sum over p in the following

/
8mi|k| (m«kﬁ)

wa,

( . Akl 1 SRR
Z e2mIPX — Z Z eQm(n + 4]k|m) x
pEZ n’=0 meZ

4lk|-1

= S ek 7 (6.17)

n'=0 nez+ﬁg‘

3We are dealing with absolute convergent series so we can sum in any order we like.
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where our new parameter n = m + n’/(4|k|) runs through all integers shifted
with the fraction n’/(4|k|). The function (6.I3) modifies to

4|k|—1

NG =3 3 X O nETIHm TR (618)
k#0 n’'=0 nez+ ‘ ‘

Acting with T{g ; o) on (6IS]) gives
A1 87i|k|(n—sgn(k))x

/_/_ B
S5 Y Oy x + 1)esTikim = Smikx k(600 (6.19)
k#0 n'=0 neZJrﬁg‘

Here we see that the expression can be made invariant under 7o ) if we
shift the summation n — n + sgn(k), and have it so that the coefficients do
not depend on n, i.e., C,SjLATz, = C,gl\iﬁ). However, this is not the end of the
story since we must also demand that the coefficient transforms to itself under

T(0,1,0)- Either it must be the case that
NA NA
Cio (%) = Ciow (9, X + 1), (6.20)
(NA) . . N
or that C; ;7 is not a function of x but rather

ngjﬁ) = C;il,if‘)(y, X —n-sgn(k)). (6.21)

The latter is a possibility since the translation y — X + 1 will be cancelled
by the shift n — n +sgn(k) = n-sgn(k) — n-sgn(k) + 1. It turns out,
as we will see later when solving the laplacian eigenfunction equation, that
(621)) is the case. Therefore, we will use this fact (unfortunately before we
have come to the understanding) and rewrite the non-abelian term as (6.18])
becomes

4lk|—1

NA i 4 -
FPwxx =33 > Cén/’ — - s (k)P ATk D)
k#0 n'=0 ez o

4

(6.22)

Doing the same calculation as above for the other choice of polarization (6.14])
gives

4)k|—1

NA _87i ¢ _dmi s
POy =30 30 D0 GO x — e sgn(k))er STHMMR AT,
kA0 n/=0 pez

H (6.23)

And for this expression the T(; ( o)-transformation must be accompanied with
the shift n — n + sgn(k).
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6.1.2 Using the Rotation R

The rotation R can be used to constrain the general Fourier series further. It
acts as an electric-magnetic duality transformation on the fields xy and x:

R: (X, X) — (=X x)- (6.24)
Applying R to the abelian term (6.6]) yields

R: Z Cl(fl)Q(y)e2mhxe27rilg>2,_> Z CI(SI)Q(y)e_%”l*e%bx.

(11,12)#(0,0) (11,12)#(0,0)
(6.25)

Shifting the lattice in the transformed expression (l1,l3) —— (—l2,11) gives
back the same exponents; this puts constraints on the coefficient C’lf‘l)g. Ap-

plying R two more times tells us, all in all

o®

l1,l2

_ @™ ) (A

=l = Ol i, = Oy (6.26)

which is seen as an invariance under 7 /2 rotations of the discrete lattice.
Acting with R on the non-abelian term ([6.22]) gives

4)k|—1

S Y OV x — e sgu(k))e ST (6.97)

k#0 n'=0 nGZ—i—ﬁ;‘
Le., we recover the other polarization (6.23]) but with the coefficient corre-
sponding to the first choice of polarization@. This implies an equality between
the two coefficients, term by term since the terms in the expansion are linearly
independent

(NA) _ ~(NA)
Crm =Chp - (6.28)

Acting with R a second time takes us back to the first polarization, but with
different signs

Alk|—1
S S Ny, —x —n-sgu(k))e STHmATRERD, (6.29)
R0 W'=0 pezy ne
We will see what this implies on the coefficient later in the end of Section
when we know more precisely what kind of function of ¥ we are dealing with.
The involution S € SU(2, 1;Z[i]) has a more involved effect on the fields,
see (E.I1) and (E.I2)), and as in the Type IIB case it is hard to apply it to the
Fourier expansion and get any information on the coefficients.

“This was why we choose the minus sign in the exponent in (6.I4)), to make it easy to
compare the coefficients.
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To sum up, we have with help of the nilpotent subgroup N(Z), which
is isomorphic to the Heisenberg group generated by the translations T, ),
and the rotation R, which was also an element in the Picard modular group
SU(2,1;Z]i]), arrived to the following structure of the general Fourier series
expansion:

Fyox % v) = FO% + Dy, x ) + FNy, x, 00) =

A i Tilo X
=9+ X Gl ety
(l1,l2)75(0,0)
4|k|-1

+3 3 S NPy, ¥ — n-sgu(k))eSTHm ATk

kA0 W/=0 pezi

(6.30)

In the next section we will see how the laplacian eigenfunction constraint
further determines the unknown coefficients.

6.1.3 Laplacian Eigenfunction Equation

For reasons explained in the beginning of this chapter the automorphic form
f(y,x,X,®) must be an eigenfunction to the Laplace-Beltrami operator on
the coset space SU(2,1)/(SU(2) x U(1)). The Laplace-Beltrami operator is
calculated in Appendix [ to (scaled with 1):

1 1 1 .
A = y*0) = y0y + (03 + OF) + Su(X0x — x0x)9y + Ju(y +X* + X))
(6.31)

Applying the eigenfunction equation to the function (6.30]) we get

Af % 8) = AF ) + D 0) + FYY @0 x0)| =
=M + F V@) + Ny, (632)

for some eigenvalue A. As for the Type IIB case, A will depend on the parame-
ter s in the Eisenstein series. As we will see later in Section [6.21the dependence
is

A =s(s—2). (6.33)

To make our calculations more effective we will use this fact in this section as
well. In particular, we require the order of the series to be s = 3/2, this since
the tree-level and the one-loop term should differ with a factor of g2 = e2?
coming from the orders in the asymptotic expansion (LI7). However, we will
keep the variable s indefinite throughout the calculations to be as general as
possible.



6.1 General Fourier Series 51

Equation (6.32]) implies that the constant, abelian and non-abelian terms
must satisfy the eigenfunction equations independently (with the same eigen-
value):

AfO@y) = 2O (y)
Af® (Y x%) = AP (Y, 1, %)
AFY g v, 0) = AN (y, x, 1), (6.34)

We will now solve these differential equations one by one.

The Constant Term

The constant term depends solely on y so from (6.31]) we get

W0 —yo)f W) = A Ow).  y>o0. (6.:35)
This is Euler’s differential equation, which is solved by making an ansatz
FOw) =y™ (6.36)
We plug this into ([6.35])

y*m(m — 1)y™ 2 —ymy™ ' = Ay™ =0

(m(m—1)—m—-X\)y™ =0
m? —2m = \. (6.37)

Using the knowledge of the eigenvalue A = s(s — 2) we get

m? —2m = s(s — 2)
(m—12=s(s—2)+1=(s—1)*

mzl:l:(s—l):{s (6.38)
2—s.
The general solution is

FO(y) = Cry® + Cay®~* = Cre720 4 Cpe™ 27909, (6.39)

for some complex constants C7 and C5 that we need the Eisenstein series to
determine. We see that for s = 3/2 the terms differ with a factor of g2 = €??,
which is required from the asymptotic expansion as mentioned before.



52 Chapter 6: The Type IIA Case: SU(2,1;Z][i])\SU(2,1)/(SU(2) x U(1))

The Abelian Term

The abelian term depends on y, x and x so from (G31]) we get

1 . )
[y25§ = ydy + Y03 + 53&] FO% %) = MOy, x), ¥ >0. (6.40)

Using the general Fourier expansion of the abelian term from (6.30) in (6.40)
we get

l1,l2

(I1,12)#(0,0)
= Y TR 200 o, —yr? (4 )| O, () =
(ll 7l2)7é(070)

1 ) _—
0o+ @ 0| T ol et =

=AY O (et emiaX - (6.41)
(11,12)#(0,0)

This implies a differential equation in the single non-compact field y, for the
coefficient C'*) (y), that reads

l1,l2

(1202 — y0, — (73 + By + V)] O, () = 0. (6.42)
To avoid a lot of cluttering we will simply define
Y(y) = CM ), =m0 +18) (6.43)
and ([6.42]) becomes
[y28§ —y0y — (c1y + )\)} Y(y) =0, ¢ > 0. (6.44)

Although it may not be apparent, (6.44]) can be transformed to a diffusion
equation solved with modified Bessel functions. We first have to rewrite the
equation in a new function

: Y(y)
Y — _\J)
(y) v N
= 0,Y =0,(yY) =Y +y0,Y and
Y =0,(Y +y0,Y) = 20,Y +y0,Y . (6.45)

Putting this into the differential equation (6.44]) one finds
2 (20,Y +y8,Y) — y(Y +y9,Y) — (cry + A)yY =0
— YPY +y0,Y — (cty + A+ 1)Y = 0. (6.46)

This is almost on the correct form, but the factor ¢;y should be quadratic in
the variable. This is fixed by the variable change

¢ =2 /a7 (6.47)
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We get

% o 060 200
Ve T aydE T €%
O 0 (2000 430 (19N 43 ( 10 10
(% %) (e) = ¢ (i cog) - 09

a2 oy

£ o

T o

§
and inserting this into (6.46]) gives
6202 + €0 — (€ + 4+ 1)| Y (¢) = 0. (6.49)

This equation is solved with the modified Bessel functions I,(§) and K, (§)
with v = \/4(A 4+ 1). However, only K, (§) fulfill the requirement that

K,(§) —0 for E— 0 (y— o).

Since it also converges to zero exponentially fast in y, it takes care of the linear
factor that we factored out in Y (y) = Y (y)/y. For A = s(s — 2) we have

v=\JAA+1)=2/(s—1)2=2/s—1], seR (6.50)

and the solution is

V(&) = Kygs1 (5 = 2\/c1y = 2/ 12 + l§>
— ) =0 x ke (20VI/EHB). (65D

Putting all together we get the total solution to the abelian part

X A \/ i Tilay
f(A) (y7X7 X) - Z Cl(l,l)Q yK2|871‘ (27‘('\/@ l% _I_ l%) 62 llX 82 ng’
11,127\ {0}
(6.52)

What is left is to determine the coefficients C’l(f‘l)g, which we will be able to
do from the Eisenstein series. As was shown in the end of Section [6.1] the
invariance under rotations R: (x,x%) — (—X,X) implied invariance under

7/2 rotations of the (I1,l2) lattice. As we see, this automatically holds for the
)

modified Bessel function; for the coefficient C’l(lAl2 we get that it is invariant
under (I1,l2) — (—l2,11).
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The non-Abelian Term
Since the non-abelian term is dependent on all four fields, the whole Laplace-

Beltrami operator has to be considered. The eigenfunction equation thus reads

1 1
Y0y — y0y + Jy(0F + 07) + y(X0y — x05) O+

FEY @y x,0) = AN (g, x, X, 9).
(6.53)

1 -
+u X+ )9

We state again the general form (6.22]) of the non-abelian term derived in the
preceding section

4|k|—1

NA i —4mi X
FER(y, Z Z Z Ck My, x —n-sgn(k))e® [klnx—4mik(p+x%)

k0 n'=0 pez o

i (6.54)

Using this in ([653) yields

4k|—1

. . . 1
Z Z Z eBSmilklnx—4mik(y+x%) [y25‘§ —yOy + 1Y (—167%(2|k|n — kx)*+

kA0 n'=0 w
70 W=0 ne+ i

1
+07 — 8mikxdy + (4wikx)?) + SY(X2lkln — kx)ami — x (95 — 4mikx))(—4rik)+

1 - . -
ol ¢+ ) (42| GO %~ - sen) =

4)k|—1

_ Z Z Z eSwi\k\nxfélﬂ'ik(erX)Z) |:y28,§ _ yay _ 47T2k2y3 +

! — n’
B£O 1'=0 nez 4l

1
+uy (—167‘(‘2162()2 —n-sgn(k))? + Z@%)} C’,gl\;é)(y, X —n-sgn(k)) =
k-1

B IPINDY C;ili‘?) (% = - sgn(k)) ST (6.55)
k#0 n'=0 nezy ”

where we have for instance used

(but () = OOy, X = - sgn())eSmilkime stk )

D5 (....) = SmilkImx—Amk (xR (90 — drmikx) O (y, ¥ — n-sgn(k))  and

92(....) = eSmilklmx—Amik (xR (92 — 8rikxdy + (4mikx)?) i (y, X — 1 - sgn(k)),
when moving the exponential functions through the Laplace-Beltrami opera-
tor. Immediately we notice two important facts about (6.55]). First of all, we
have eliminated the dependence on the fields x and ¢ in the Laplace-Beltrami

operator, which means that we have only one differential equation in two vari-
ables left to solve! This separation of variables came from the structure of
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the non-abelian Fourier expansion, note especially the role of the mixed factor
e~ 4mk(¥+xX)  Secondly, we automatically gained the factor (¥ — n - sgn(k))
that will significantly fit together with the requirement on the y-dependence
on the coefficient from the accompanying shift of the lattice to the Heisenberg
translation.

Equation (655) must hold term by term in the triple summation due to
the linear independence of the variables in the exponent. We can also divide
away the exponents and a factor of y. This yields

A
[yag — 0y — A2 k2y — 5—}—

+ (—167r2k2(>~< —n-sgn(k))? + i@%)] C’,Sjﬁ) (y,x —n-sgn(k)) =0. (6.56)

The differential equation is solvable by the method of separating variables.
Assume

OV (. —n-sgn(k)) = Y () X (¥ —n - sgu(k)), (6.57)

we suppress the indices & and n/, remembering that the functions Y and X
will depend on these summation variables. Inserting this in (6.56]) as well as
dividing by Y X (assuming not equal to zero) gives

1% —167%k*(x —n -sgn(k))* + Y1 [ya2y -0, Y} — 4r?kPy — Ay
4 X v Y y
:—c?( =c2

(6.58)

where ¢y and ¢, must be constants, since they depend on independent vari-
ables, satisfying
(6.59)

2 2
CX—Cy.

We have now to solve two differential equations depending on one variable
each. We begin with the one for X that reads

|02+ 4(=167*K2(% — n - sgn(k)* + )| X(X —n-sgn(k) =0.  (6.60)

This is a parabolic cylinder differential equation, but in a more standard form
there is a pure “—y2”-term in front of X(§). We can fix this by making a
variable change

X = +/87|k|(x — n -sgn(k)). (6.61)
The derivative in the new variable is

52 52
ikt e
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and our equation reads

2 N
X (%) + (—22 - 2ﬂ’|‘k|> X(x)=0. (6.62)

The equation is satisfied by parabolic cylinder functions [31]. However, we will
make a standard substitution

X(x), (6.63)

2
RX(X) — 209 X (X) + <—1 X ) X(x) =o. (6.64)

In general, for an arbitrary parameter r € R, this equation is satisfied by
Hermite functions, which can be expressed in terms of the confluent hyper-
geometric functions (for more see Section and [11.31]). However, to get
bounded solutions we must restrict ourselves to a positive integer-valued pa-
rameter. The solutions are then the Hermite polynomials (appearing, for in-
stance, in quantum mechanics when solving the Schrédinger equation for a
linear harmonic oscillator):

H, (%) = Hy (/8K (%~ - sgn(h) ) (6.65)

for r € NU {0} with
_1,.a (6.66)
T T k) ‘
and this is then a constraint on the constant cy.
Our solution for X (x) reads

(1) = 3 CretrlHli-msen()? g, (,/87T|k|(>z . sgn(k))) . (6.67)
r=0

Where C,. are some r-dependent constants that will later be grouped together
with constants from the second differential equation. As was desired, the
function X is really a function of ¥ — n - sgn(k); this may seem like a lucky
coincidence but it is certainly not pure luck, rather, a sign that the Fourier ex-
pansion of the SU(2, 1; Z[i])-invariant function satisfying the Laplace condition
is quite unique.

Finally, we solve the second differential equation for Y (y) from (58] that
reads

V207 — ydy — (4K + Gy + V)| Y(y) = 0. (6.68)



6.1 General Fourier Series 57

This will turn out to be a confluent hypergeometric equation. Using the rela-
tionship between the constants (6.59), and ¢ = 27[k|(2r 4 1) from (E66), we
get

[v202 — ydy — (4nk>y? + 2m[k|(2r + Dy + V)| Y () = 0. (6.69)

One can put ([6.69) on the form

2

1 p 1—p
MM@*(‘Z* I )Mpm):o, (6.10)

which is a self-adjoint equation satisfied by Whittaker functions (see for in-
stance [4] p. 858). First we must factor out /y:

N 1 - N
Y(y) = Y = 0,Y = —Y + . /y0,Y =
1 - 1 N N
Y = ——5Y + —09,Y + Jyo2Y. 6.71
Y 42./% \/@y \/gy ( )

Inserting this into (6.69) yields
of 1o 1o be 1 .
— VY (472K2y? + 2n k| (2r + 1)y + A) =0, (6.72)

and after division by yQ\/ﬂ and some simplification we get

N 1 1 1 3 ~
QY + | —= - 167%k* — —2|k|(2r + 1 ——()\ —))Y—O. 6.73
y+(4 ™ ywy\(r+)y2 +7 (6.73)
To get rid of the factor 1672k? (remember k # 0) in the first term in the
parenthesis, we make the variable change

§=drlkly = 0; =167°k*0; —

N 1 1 1 1 3 ~
2 ~ 4 L L i A
270 + (4 + 1o (ke 4 1) - 5 (r+3)) 7@ =0

(6.74)

This equation is indeed of the form (6.70]) and it is satisfied by the two types
of Whittaker functions

N 1
Mp#(gj) = e*y/quJr%M <,u —p+ 3 2u+1; gj) and (6.75)

; 1
W,.u() = e 2gnt 3y <u —pt G20+ L y> , (6.76)
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where M and U are the confluent hypergeometric functions of the first and
second kind respectively. These functions are further discussed in Appendix
[H The constants p and p are identified as (see (6.70)):

1
p=-r—3 and
1 3
Z_MQZ_()\+Z) — =2 +1,
A=5s(s—2) = p==x(s—1). (6.77)

The solutions My, () are not acceptable since they diverge in the low-coupling
limit for § — oo (y — 00). On the other hand W), () converges in this
limit. Actually, for W, , we get the same solution independently of the sign
on yi, so we can choose to use the plus sign. An important fact is that when
using the normal definition of the Whittaker function W, ,, the function is
not well-defined for ¢ = 2u+1=2(s—1)+1 = 2s — 1 € Z. Ironically, as
mentioned earlier, we are interested precisely in the case s = 3/2. How to
tackle this is treated in Appendix [Hl
The factor Y (y) then has the form

Y(y) o< Vy Wy uldrlkly) = VyW_, 1 . (4r[k[y). (6.78)

Collecting everything, that is, using equations: (6.54), (6.67) and (6.73]),
we get the following structure for the non-abelian term:

4|k|—1

TARURECENG) DB SIS DI el B

k#0 n’=0 neZJr;‘z/‘ r=0

x H, (\/SW’k‘()Z —n- sgn(k))) W—r—%,s—1(4ﬂk\y) eBmilkInx—dmik(x%)
(6.79)

for some constants C(l\iﬁl(s) depending on s since different s yields different
Whittaker functions. Note that we cannot factor out the whole r-dependence
in C’,gljﬁz,(s) Even though the coefficient C, from (6.67) can be factored out,
we have that the coefficients corresponding to the solutions to the differential
equation in y also depends on 7.

The expression (6.79) is invariant under the whole Heisenberg group of
translations in the Picard modular group. To see the invariance under the
T0,1,0)-transformation we must accompany it by a shift in the summation
n+— n + sgn(k).

Knowing the exact structure of the Fourier expansion in all the fields we
can now act with the rotation R € SU(2,1;Z[i]) on our expression again and
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see what the requirement of invariance implies on the coefficients C,gjﬁl(s)
We state again the action of the rotation on the fields

Since the element is of order 4 (R* = Id) in the Picard modular group, we will
also get information from application of

R*: (x,X)— (—x,—x) and R’: (x,X)+— (x,—x). (6.81)

As we saw in Section [B.T.2]invariance under a single R implied equality between
the two choices of polarization (diagonalizations under the discrete Heisenberg

group). As we have seen this does not constrain our coefficient C’,Sjﬁ)r(s)

further, but relates it to the coefficient C’(ljﬁ)r(s) corresponding to the other
polarization. However, acting with R? on (6.79) yields

4|k|—1

R?: fMA (g x %, 0) %M&Z Z Z Z ;iNnA)r o—4mlk|(—x—n-sgn(k))?

k£0 /=0 pezyal r=0

x H, ( /87T|k3|( - sgn(k:))) W 1 571(47T|k3|672¢) o~ 8milklnx—4mik(y+xx) _

4)k|—1

—e*¢z Z Z ZCIS\;A) o4kl (X+nesgn(k))?

k#0 n'=0 pcz4 " r=0

x (1) Hy (VBRIRI(R + - san(k))) W,y .y (dmfkfe™20) e STilkim k),
(6.82)

In the equality we have used the fact that the Hermite polynomials H, are
even for even r and odd for odd r. We get the same type of expression as in
(679)), except for the sign change in the shifted summation variable n —— —n
as well as the factor (—1)". One then wonders if it is possible making an
equivalent summation with the change of sign of n. For n’ = 0 we can let
n — —n in the summation since in this case n € Z = —Z. The invariance

then implies
NA r ~(NA
C;ﬁor) = (1) C,E,O,T), (6.83)

which further implies that only even values of r are allowed for n’ = 0. But
letting n — —n for n’ > 0 takes us to other values of n’, this since n €
7 + % £ 7 — 4‘k_| In fact, we have that

n' n' 4)k| —n'
n=-7—-— =7Z4+1—-—— =74+ 11 - 6.84
e N T (o5
giving the following constraint on the coefficient
NA NA
Chomr = (=1 Oyl s W = 1,2, 4[k] = 1. (6.85)
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6.2 Eisenstein Series

The Eisenstein series are constructed with help of the lattice method explained
in Section 4.2k

S

g (M) = 3 [at Mmea] (6.86)
Fezli]?
&t n-g=0
In this case the generalized transpose equals conjugate transpose, and the gen-
eralized metric M = VVT was calculated explicitly in Section B4}, see (3.25).
The discrete group is the Picard modular group whose defining representation
consists of matrices in SL(3,Z[i]) with the additional constraint of preserving
the metric n, see (E.l). The defining representation acts on the three dimen-
sional lattice of gaussian integers & = (wi,ws,w3) € Z[i3\{0}. Unlike the
Type IIB case we need this time a quadratic constraint

Gn-3=0 (6.87)

to make the Eisenstein series an eigenfunction to the Laplace-Beltrami opera-
tor on the symmetric coset space SU(2,1)/(SU(2) x U(1)). The reason is not
so obvious but can be seen by rewriting the generalized metric, see [9]. As a
side remark when constructing the Eisenstein series with help of the Poincaré
series method, we get the same end result without having to take care of the
quadratic constraint, which in this context may seem a bit ad hoc.

Using the two auxiliary complex variables { and (, defined in (3:26]), we
get

€§U(2,1;Z[1]) (M) —

/ _
= > e 20 [|W1 + waf + w3l ]® + e |wy + iwsé]* + e74¢)|W3|2} ;
K
atn-8=0

(6.88)

and one can show that the series with the quadratic constraint is an eigen-
function to the Laplace-Beltrami operator on SU(2,1)/(SU(2) x U(1)) with
eigenvalue A = s(s — 2):

A€§U(2,1;Z[1])(M) = s(s — Q)gEU(le;Z[i])(M). (6.89)

6.3 Identification of the Fourier Coefficients

To connect to the constant, abelian and non-abelian part of the Fourier ex-
pansion calculated in the Section 6.1, we need to take care of the quadratic
constraint to rewrite the summation. We will follow [9], but not do all the



6.3 Identification of the Fourier Coefficients 61

calculations, especially since these calculations are already done carefully in
this paper.

The procedure is as follows. The Eisenstein series is first split into two
pieces

E79CH (, x, %, 0) = € + A, (6.90)

the part 55(0) corresponds to the part of the constant term with coefficient C1,
see ([6:39). The summation of the remainder A is then rewritten using the
Fuclidean algorithm and Poisson resummation, thereby making it possible
splitting it further

A=D+ NN, (6.91)

The non-abelian part of the Eisenstein series 5§NA) will be treated lastly in
Section [6.4] this part is the most tricky to connect with the Fourier expansion.
Finally, the part D is split into

D=£W 4B (6.92)

where 55(1) is identified with the second term in the constant part with coeffi-

cient Cy, and ES(A) is used to identify the coefficients Cl(lAl)Q in the abelian part

652).

The quadratic constraint has the following expression:
Gn @ = |wal? — 28 (wiws) = 0. (6.93)
If we put
w1 =mq +img, wy=mn1+ing and w3z=p;+ips,
miy, mg,ni,n2,p1,p2 € Z (6.94)

we get
& n- @ =nt+nd+ 2mips — 2mapy = 0. (6.95)

To get 55(0) in ([690) is easy. We consider the terms in the summation with
wg = 0. (6.95)) then implies that we = 0, which further implies that we are left
with a summation over wy = m1 4+ imo # 0. We get

1
(m? 4+ m3)*’

5§0) _ Z/ e—25¢|w1|723 — e*2s¢ Z/

w1 EZ[]] (m1,m2)€Z?

(6.96)

and we can directly identify the first coefficient in the constant part

G= Y ! o = o). (6.97)

2 2
(ml,m2)622 (ml + may
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where
! 1

(CTERTHR o5

Cog)(s) ==

|

72

>
(m,n)€e

is the Dedekind zeta function over the gaussian integers.

Then, for the remainder D, we have that ws # 0. Here we are faced with
a choice of which summation variable to leave unconstrained. We follow [9]
and keep the summation over ws # 0, thereby letting the quadratic constraint
modify the summations over w; and wy. Given an arbitrary ws = p; + ips we
have from the constraint

ni + nj3 = 2(map1 — mips) (6.99)
that since we are dealing with integers it must be the case that
2d|n? +n2  with  d = ged(pi,p2). (6.100)

With this requirement fulfilled there exists integer solutions (mj,ms) to the
Diophantine equation ([6.99) acquired by first solving the Bezout’s identity

Q@p1 — @1p2 = d, (6.101)

A solution (g1, ¢q2) to this equation always exists and is found using the Eu-
clidean algorithm. A particular solution (11, ms9) to (6.99) is therefore

2 2
- nl + n2
m1 = q1
2d
~ n? +nj3
mo = 2% qs. (6.102)

A general solution is found by noting that given two pairs of solutions (11, m2)
and (m},m}) we have that (using (6.99)):

Mep1 — M1py = Mop1 — Mipz  or
p1(1he — 1y) = pa (1 — 1Y), (6.103)
and dividing both sides by d = ged(pi,p2), we see that it must be the case

that mg — mfb = mpe/d and 1y — m) = mp;/d for m € Z. A general solution
is therefore

2 2
ny+n
my = 12d 2q1+m%
2 2
m2:”1;;”2q2+m%, m ez, (6.104)

where (g1, g2) was any particular solution to (6.I0I]). We have thereby made
the summation over m, and mo into one over m € Z only. We get that the
summation in the term A is rewritten as

A= > > (., (6.105)

LU3750 wo EZM meZ
2d||wa|?
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where we make the replacement (6.I04]) everywhere in the ellipsis. Further-
more, using an integral representation and performing a Poisson resummation
on m, see [9], yields
7.(.8
A= ——e 29
I(s)

2
\

3 Z/ 3 ief%im(;@@

5 w
mEZ(p17p2)€Z2 (nl,ng)EZQ ‘ 3’

(q1p1+q2pz)+ilx+i2>z+2dw)

2d|nj+n3
/Ooo ﬁf—fﬂeﬂtwd322m2% \o;i\%*w {d2+¥((l~1+2d)2)2+(l~272dx)2)]2’ (6.106)
where we have defined the new variables
I = ﬁ [(p1 — p2)n1 + (p1 + p2)na]
Iy == # [(p1 + p2)n1 — (p1 — p2)na] . (6.107)

Here we can do the second split ([6.91]). The non-abelian part consists of the
terms for which 7 # 0. We will treat this part in Section 64l Putting /m =0
we get D, which is then

78 ! d
'D:_6725¢> e
YERRRD D S
(pl,p2)€Z2 (nl,ng)EZQ
2d|n2+n2
- 2
/°° dt -5l [ 2 (o200 + (2000 |
0

Making the split (6.92]) is an involved calculation made in great detail in [9].
We will just state the results

o) _ 47r3/2F(s —1/2)I'(2s — 2)L(N,2s — 1)

(s 1)e-22-5)8
; T(s)0(2s — 1)C(25 — 2) Ga@) (s — e ;

(6.109)

where (g is the Dedekind zeta function (6.98) and L(N,2s—1) is a Dirichlet
series

L(N,s):=Y_ N(d)d*, (6.110)
d=1
including the combinatorial function N(d) := §F(d), which is the cardinality

of the set

F(d):={nY+ind : n? +n2=0 mod2d,0 <n? <d,0<nd < 2d}.
(6.111)
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We can directly read off the second coefficient of the constant part in the
Fourier expansion

7320 (s — 1/2)['(2s — 2)L(N,2s — 1
i (F(s);@)s(— 1)g(2)s (_ 2) )C@(n(s - 1). (6.112)

Unfortunately, as is pointed out in [9], this value has the wrong sign, comparing
with other calculations made in [3]. This points towards that we should seek
another automorphic form to encode the quantum corrections to the metric.
However, from a mathematical point of view it is interesting to continue with
the calculations.

The abelian part reads

e_% / _
W) = 2(@(1)(5)% S sl )+ 13)5
(ll,lg)EZQ

X Kog_9 <27re_‘z’\/l% + l%) ?millix+ex) (6.113)

where we have defined an instanton measure

ws(ly,la) = Z |wh |22 Z | 2], (6.114)
lg—ily
2

wé|12—ill Z|

and a completed Picard zeta function

3(s) == Coi«(5)Bx(25 — 1), (6.115)

introduced in [9]. It consists of the completed Dedekind zeta function (6.98))
and the completed Dedekind beta function defined as

C@(i)* = W_SF(S)CQ(i) (5) and

Bi(s) = %_‘ ‘T (8 ; 1) B(s)  with

Bs) == i(—l)”@n +1)7%,  for R(s) > 0. (6.116)
n=0

The abelian coefficients in ([6.52]) are then identified as

2< s o
Cl(ﬁ)gz%g)ﬂs(lhb)(lfﬂg) L (6.117)
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6.4 The non-Abelian Term

As was mentioned before we get the non-abelian term ES(NA) in the Eisenstein
series, by considering the terms for which m # 0 in the expression (6.106]) for
A, ie.

71"5
géNA) — F(s) ys
/ d *QTFiTh(Q‘r:JQ?J‘QQ(q1p1+q2p2)+l~lx+ig)~(+2dw)
DD DD DR

- w
m#0(p1,p2)€Z? (n1,n2)€Z? ’ 3‘
2d|n?+n?

42 -2 nxlwsl? 1 (7 o i 2
/°° dt/_e_”t\w;),\?mQ—?—fli—yQ [+ 35 (4+240)°+(E2=240)) ]~
0 ts-i—l 2

(6.118)

Remember here that (q1,¢2) is any particular solution to the Bezout’s identity

G2p1 — q1p2 = d,
and

y=e"?,
d = ged(p1,p2),
w2 = Ny + ing,

w3 = p1 +ipa.

This term should equal the non-abelian part of the general Fourier series (6.79),
which we here state again

4lk|-1 0

Y600 =vEY. S D SO (s)e e (h)”

k#0 n'=0 ez ' =0

41k|

x H, («/87r|k:|(>2 —-n- sgn(k))> Wﬂ_%’sil(47T|k|y)esﬂi|k\nx—4ﬂik(w+x>2).
(6.119)

To identify C,S\if‘zn(s) we then need to do quite a change on the Eisenstein
series, and supposedly on the Fourier series as well. The question is if we
should begin massaging the Eisenstein series expression or the general Fourier
series term.

As a first thing that could have some significance, we notice in (6I18]) that
the sum includes an integral representation of the modified Bessel function of
the second kind; this fact was also used when modifying the abelian term

above. The integral representation reads

2(%)5&(2%)_/Ome—le‘g—de, for R(B),R(y) > 0. (6.120)
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Applying it to (G.II])) yields

s d s+1/2 |7”7’L|2 s—1/2
P DI S I (0 Ry al o
F m7£0(p1 p2 GZQ (nln GZQ |w3| A(y’X7X)
2d|n2+n3

x Koo (2m Ay, x, §)) e~ 2ot 2im) o 5ha (BB apitara) - (6.121)

where we have introduced

i = rd,
1i=ml = PE [(p1 = p2)n1 + (p1 + p2)n2]

9 1= 1ly = —7 [(p1 + p2)n1 — (p1 — p2)nal,
|ws|

ZA 2 Z 2
~ 1 2
Y+ (x—i-ﬁ) + (x—ﬁ> ] . (6.122)

Note that unlike the summation variables I; and I3 we had in the abelian part,
the variables {1 and I, are in general not integer-valued. The fact that we have
a Bessel function in the summation could mean that we should aim for finding
a similar function in (6I19]) by rewriting the sum in r of the product of the
Hermite polynomial and the Whittaker function. After all, in the abelian case
we found a Bessel function in both the Fourier series term and the Eisenstein
term, which made it possible to identify them both. A problem here is that the
Eisenstein series (6.121]) is not polarized as the general Fourier series expression
(6I19), i.e., the fields x and x appear symmetrically in the Eisenstein series.
We will discuss the possibility of doing the sum of the product in Section

The substitutions (6.122]) can be used in the first expression of the Eisen-
stein series (G.II8) to clean it up. We also make a variable change

A(yv X5 X) = ‘m‘

|ws|*A

t—>t 2

(> 0). (6.123)

in the integral to get rid of the fourth power in the exponential. This yields

ENY = yZ XX

m#0 (p1,p2)€Z? (nq, n2)622
2d|n2+n3

d|m|25—1

‘w3’25

L mlw \2 [ [ov 7
y e_%l(z‘“;‘Q (q1p1+q2p2)+llx+l2x+2mw> /Oo dt AL/2=sg—m(t+)A (6.124)
0 $s+1/2

To connect to ([6.I19) we can try to transform (6124]) to the correct Fourier
basis. L.e., we want to see a factor of the type

oBilklmx—4mik(¥+xX) (6.125)
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and we want all x- and -dependence to lie in this factor (due to the choice
of polarization (G.I3])). Looking at the i-dependence in (6.124]) there are
reasons to think that somehow the summation variable m = md is connected
to the summation variable k. It is then possible to extract an exponential
factor similar to (6125 by first using an integral representation for the factor
A'/2=5 in the integrand (to lift up the dependence of x to the exponent) and
then performing a Fourier transform. We have that (3.381 no. 4 in [22]):

Lrw) = /O T lemtdn R(u), Rw) > 0, (6.126)

so in our case we get

1 1 0
AV = T /0 w2 e A Qu R(A), R(s — 1/2) > 0.
(6.127)
Making the rescaling u — 7u yields
s—1/2 0o
A1/2_8 = ﬁ /0 US_3/2 e—TrAu d’U,, (6128)

and putting this into (6124]) gives

7T25—1/2 d|m|25—1 77\'i7h\w2\2

(NA) — w2 (q1p1+4q2p2)
& T —1/2) Y IDED DY

e w3
Mm#0 (p1,p2)€Z? (n1,n2)EZ?
2d|n?+n2

727T1(l1X+12X —4mimap dt du e—ﬂ'(u-{-t_i_%)A i
ts+1/2u3/2 s
— ()

|w3|25

y+(>~<+2[—}h>1f(

_47l'lmw 27T1l2X dt du —ﬂ"ﬁ’b‘(u-i-t-i—%) ‘
/ /o $5+1/243/2—s Y, X;tu),
(6.129)
where we have collected all the x-dependence in the function
2
] (utt+4 L2 ) _orif
fly,x;t,u) =e || (u t)(X 2m> mihx (6.130)

Now, we extract the mixed factor e #™™XX that is supposed to be associated

with e™4™FXX in (G125):

Fly,xstu) = e i

9(y, X, Xs t,u) (6.131)
with

2
— || (utt+ 1 L2 ) _oily x+4mirx K
s gtuy=e T (k) —oribraming, (6.132)
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Looking again at (6.125]), we see that we want to transform to a basis where
the y-dependence is of the form e3™™"x We will make a Fourier transform
over x to accomplish this; note that n will be a continuous integral variable
that we somehow later need to connect to the discrete sum variable n in the
general Fourier expansion.

1 00 .
9y, x, X;t,u) = —/ 9(y,m, X; t,u)e™dn =
27 J -0

={n — 8x|m|n, dn — 8w|m|dn} =

OO A .
=il [ gty salinln, G towe I, (6.13)
— 00
and
OO A .
9(y, 87lmln, X5 t,u) = / 9(y, &, X; t, u)e STIMIniEqe —
— 00

) ds,  (6.134)

e
—00

/oo 72ﬂ1(4\m|n72mx+il)5fwx< —22

where we have put
1
X = || (u +it 2) . (6.135)

We solve this integral by first completing the square

- I 12
—27mi(4|m|n — 2y + )€ — X <§2 -2+ ?2> =
m dm

~ N ~ 2 ~
2iY Iy (2 iy s Y2 Y,
— X 2 e te 2 - 71X - s
T <§+<X m>’5+4m2> T <§+X ) X TR
iy
X

. 2
2 vip [ —wx(g+i _’_fn)
= ﬁ(y,8ﬂ|m|n,>2;t,U):e*”YT’m%/ e ") de. (6.136)
— 00

We have an ordinary gaussian integral
o _px(eri¥_l2 1
/ e (e8-3%) dé=—, (X>0), (6.137)
—o0 VX

and we get

dmlve [ 1 -7 Y—2+1Y—l2}
Xt U :47?16747”‘”1‘)0(/ —e [X m] =
fy x;tu) W TX
Afrn|

oo - Y NN
_ / eSﬂm|lnx—47r1mxx—7r1E(4\m\n—2mx+l1)
\/yfm\(u+t+%) e

7 (4]rh|n—2mg+i7)?

xe M) dqn. (6.138)
Finally, putting this back into (6.129]) yields



6.4 The non-Abelian Term 69

42— 1/2 |2s mim|wg|?

| [** gl (g1 pytaaps)
g(NA) _ lwog2  \d1P112P2
s T(s)0(s —1/2) v Z > = &

Mm#0 (p1,p2)€Z? (ny, nz)EZz
2d|n?+n2

X/‘X’/‘X’ dtdu 1 efwlml(u+t+%)[y+(>2+zfil)2]
0 0

+1/2,,3/2— =
Lot 1/2y3/2=s ] (u+t+ 1)

. 2
oo .
A || |:X—71;L—2nsgn(m,)

00 77”5 (@lrnln+in)— uttt 1 8ri|h|nx—4rim(Y+xX)
X dne e e .

(6.139)

At this point it could be fruitful to verify the invariance under the discrete
group SU(2, 1;Z]i]). More specifically, we will look into the invariance under
the translation

T(O,LO) : )Z — )Z +1
Y — P+ X, (6.140)

which was one of the fundamental elements in the discrete nilpotent subgroup
N(Z) = Hs. We have

T(071_0) : 5((NA) —

Ar2s— 1/2

d|m|28 7—7ri'rh\w2\2 (lhpl +q2p2)
hod il PAE
T(s)[(s —1/2) y Z Z Z s |2 e s

m#0(p1,p2)€Z? (nl,nz)eZz
2d|n1+n2

N 2
/00 /00 dt du 1 —7 || (utt+1) [y+ (>z+1+2%) }
X e
0 0

s+1/2,,3/2—s N
tot1 203/ i (u+t+ 1)

N 2
ar|rin| |:X+1—l——2ﬂ§gn(7n)

0 .o - &
—miZ (4|m|n+l1)— - T . s N Qs
X / dne utt++ e871'1|m\n)( Amith(Y+xX) 87r1mX.

(6.141)

The way of getting back to the first expression and prove the invariance, is to
do the shift

ny——> N1 —p1+p2

[y —s Iy — 27
{} 1T by letting { . (6.142)
ly — 1o, ng — ng — p1 — p2.2
We need to shift the integration variable n as well:
n — n + sgn(m). (6.143)

5Note that this shift is compatible with the constraint 2d|n% + n2, we are “within” the
same d:s since 2d|(n1 — p1 + p2)? + (n2 — p1 — p2)°.
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The factor e—27il2 (remember that [, is generally not an integer), coming from
Ny N »
e~ (4t iy the n-integral, cancels against a factor from the first expo-

nential function since

2, 2
wim\wQ\Q( 7Trimn1+n2( n )
————5—(q1p1+92p2) 35— (q1p1+q2p2

e lesl? =e iR ; (6.144)

and making the shift (6142)) on this term yields

2, 2 2.2
s "1+"2+2(P1+P2)+2(n1 (p2—p1)—na(P1+P2)) i |w ‘2

—mm R (q1p1+4g2p2) _ 2
e P22 e wsl? (q1p1+q2p2)

=1

2mim

s - n1(p2—p1)(q1p1+4q2p2)—n2(p1+p2)(q1p1+q2p2

S ————— i L )=na(p1-+p2)( 0 _

n1(p1+p2)+no(pa—p1)
P%er% .

7ri'rﬁ\w2\2

={use p1—qup2 =d} =...=e |3

(q1p1 +Q2p2)627"imd

7ri'rﬁ\w2\2

—e |ws |2

(@1p1+q2p2) p2mimlz (6.145)

The other extra factors, appearing in (G.I41)), coming from the T{g 1 o)-trans-
formation cancels trivially by the shifts. It is interesting, bearing in mind
the proposed comparisons m <> k as well as the integral n with the shifted
summation n, that for the T{q ; g)-translation the needed shift (6.143]) look the
same as the one n — n + sgn(k) needed in the general Fourier series.

6.5 Series of Products of Confluent Hypergeometric
Functions

In this section we discuss the possibility of rewriting the infinite series (the sum
in 7) of products of the Hermite polynomials and Whittaker functions in the
non-abelian part of the general Fourier series (6.79) or (6.I19]). Specifically,
we seek an identity that gives the series of products as a Bessel function of the
second kind K or a similar function. By rewriting the series of products we
could make use of integral representations, of the special functions involved,
that may make it possible to connect to the expression (6.139]), where the
Eisenstein series has the correct polarization.

We then dissect the function (6I19]) and focus on the part involving de-
pendence of r:

o0

> OO @ H, (\Srlkl(x — n-sen(k) ) W,y (amlkly).  (6.146)
r=0

We simplify the expression by going back to the variables (G.61]) and (6.74]):

x:= X =/87|k|(x —n-sgn(k)) € R and
§ == dr|kly > 0, (6.147)
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yielding

Z COH(s) Ho(2) W_,_1 1 (®)- (6.148)
r=0

At this point we need to dive into the vast field in mathematics of hypergeo-
metric functions. A standard mathematical reference is the Bateman project
books [TOJI1]. A highly recommended book is also [38], which is self-contained.
The Hermite polynomial and the Whittaker function are both special kinds
of hypergeometric functions@, which are a very general type of functions that
can be written as a hypergeometric series. The hypergeometric series has
the property that the quotient of two consecutive terms is a rational function
of the index [I1]. To find an identity involving, on one side, an expression
of the type (6I48]) we should start searching in the mathematics literature.
There are several ways of writing the functions, and there are some different
notations. We will now try to clarify this.
The generalized hypergeometric series ,F; is defined as

00 )n 5
pF Qs Pt; =2 Z

n

(pp) o (6.149)

where we use the Pochhammer symbols defined in (H.9). Specifically, we have
that the confluent hypergeometric function of the first kind M (EL8)) is written

M(a,c;x) = 1Fi(a,cx). (6.150)

In some literature, as [11], the two confluent hypergeometric functions M and
U are denoted ® and W, respectively.

There is a relation between the confluent hypergeometric function of the
second kind U and the generalized hypergeometric function o Fp (see 6.6. (3)

[11]):
U, a0 — B+ 1;2) = oFp(a, B; —1/ ). (6.151)

The Hermite Polynomial H,(z)

The Hermite polynomials are a special kind of parabolic cylinder functions D,
with integer index r, these are further related to the confluent hypergeometric
function of the second kind U (see 6.9.2 (32) in [I1]):

x 22 1 r 3 x?
H |— )= 27’/2 D, =2 1/2 Ul=-——=-,—-;— .152

or

% 1 3
H,(z)=2"2eT D,(V2z) =2"2U <§ - g 5;902) . (6.153)

5Remember that the Whittaker function W consists of a confluent hypergeometric func-
tion, as explained in Section [6.T.3]
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Using (6.I51]) we have the identity
l1—r r 1
H,.(z) = (22)"2F) ( 5 T _ﬁ> . (6.154)
The Hermite polynomials are also related to the confluent hypergeometric
function of the first kind M = 1F; (or @), but here we need to distinguish
between even and odd r (see 10.13 (17) and (18) [10]):

Hyp(z) = (—1)" (2:!)!M( ,1/2;%2),

,(2r+1)!

2weM(-r,3/2;2%),  r=0,1,2,.... (6.155)
T.

Hopi () = (~1)"

The Whittaker Function W%f%,sfl(gj)

We have first the relationship between W and U, given in (6.70))

p 1
Wp,u(@) = e_y/2gu+%U <u —p+ 3 2u+1; g)) . (6.156)
With our parameters we get
W, 1 (§) =297 20 (r 4,25 — 159). (6.157)

Using (6.I51]) we can also relate the function to the generalized hypergeometric
function o Fj:

w

—7‘—5 s—1

; 1
(9) = e 925712, R, (7“ + 5,7 — 85+ 2; —§> . (6.158)

The Modified Bessel Function K, (z)

The modified Bessel function of the second kind K, (z) is what potentially
could be the right hand side of our identity sought after. The function is
related to the confluent hypergeometric function of the second kind

K, (2) = V7 (22)"e?U (v + 1/2,2v + 1;22). (6.159)

Ways of Writing the Series of Products

Using the different identities above, we can write the series of products (6.148])
as

(NA) ~
chn r )W,T,%,s,l(y) =
ze V245~ 1/220 )2TU<1—T . 2) U(r+s,2s—1;9) =
= 2 272 ’ ’
—4/2 (NA) -r r 1
y/ chnrs 2F0( 2 7_§a_ﬁ)

1
% g—r—l/Q 2 Fy (’I” +5,r—s+2; _5) . (6160)
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By dividing the sum into an even and an odd part we can use (6.I53]). Per-
forming this, and writing the Whittaker function as a confluent hypergeometric
function of the second kind, yields

2r)!
—y/2 as5—1/2 chl\;%r )T%M(_r’l/Q;ﬂ)U(% +s,2s —1;9)+

o + 1 .
chlfj,*%ﬂ )(=1)" %mM( 7,3/2;22)U (2r + 145,25 — 1;9)

(6.161)

Transformation of Series of Products

There are numerous published papers on transformations of different kinds
of series involving confluent hypergeometric functions. What is usually the
subject of these papers is that of generating functions. Unfortunately, most
of them treat the first type of function M = | F}, whereas we would prefer an
identity with at least one function of the second kind U = ¥. E.g., in [19] one
shows (Eq. 17)

— (c—a)r(d - D),
rz:% (e)r(d)r!

M(a,c+r;z)M(b,d +1;2)2" = e 2F5(a, b ¢, d; 2).

(6.162)
And in [16] one obtains (Eq. 7)

o0

(-1 (o~ a)(o — B)T(~0 — 7 +a+ )

r=0

X M(—r,o—B;2)M(r+o0—a«,B;—x) = M(a,0;z —x). (6.163)

The idea is that if we find a way of doing the r-sum expansion of the products of
the Hermite polynomial and the Whittaker function, it would then determine
the dependence on r in the coefficients C,gl\jﬁz,(s) This provided of course that
we somehow reach the Eisenstein expression (6.121]) or (6.139]).

We have tried to make a similar calculation as in [16] including instead a
function U on the left hand side, but without success. Note that we cannot
use the expression (6.163]) for two reasons

e Our Whittaker function, which is related to to U, cannot be written as a
linear combination of M, as in (L.8]). This since we are interested in the
value s = 3/2 yielding the logarithmic case, see Section [H.4] for which
one has to use the integral representation of U (HL.20]).
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e Assume that we did not have the logarithmic case and we then were
able to use the expression for U (W) in terms of M. Still, we cannot
divide the summation (6I63]) into two parts (one for each M in U),
since the two terms in the relation (HL8]) have a different dependence on
the summation variable r and the parameter s. Thereby, we will from
(6163)) predict different r- and s-dependence of the coefficient C’,Sjﬁ)r(s)
when forcing the identity, which is not acceptable.



Conclusions

In this thesis we have provided a short route for understanding the significance
of automorphic forms in string theory. There are two faces of the exposition:
the mathematical aspect, i.e., how the calculations are made technically; and
the physical aspect, i.e., in what physical settings do we need the mathematics.
The focus of this thesis was slightly more on the explicit calculations and the
needed mathematical machinery, including most notably: Lie algebra, discrete
Lie groups, Fourier analysis and special functions solving differential equations.

We have examined two different cases in string theory where automorphic
forms are essential. The first one was in ten-dimensional Type IIB superstring
theory where an automorphic form is known to sum up all the quantum correc-
tions to the R*-term in the effective string action, including non-perturbative
contributions from instantons. This case was well-suited as a first acquain-
tance with automorphic forms since, apart from being a well-known fact in the
string theory community, it is not so hard! to treat from a mathematical point
of view. In the second case, we followed the recent paper [9] where one studies
how an automorphic form could encode the quantum corrections to the hy-
permultiplet moduli space metric in Type ITA superstring theory compactified
on a rigid Calabi-Yau threefold. The goal was here to acquire more insight
into an unsolved subtlety, namely how to determine the unknown non-abelian
Fourier coefficients from the Eisenstein series &;Q’ U(Q’l;z[i]).

In the introduction, Section [[.4] we began to state the definition of an
automorphic form. We confined ourselves to a certain kind of automorphic
forms, constructed as non-holomorphic Eisenstein series ESG @) The Eisenstein
series were parameterized on double cosets G(Z)\G/K, so it was crucial to
first study how coset symmetries G/K appear in the physics (more specifically
in supergravity theories) in Chapter A more mathematical treatment of
actions of scalar fields with a coset moduli space G/K were given in Chapter 3]

!By this we mean “not so hard compared with other cases in string theory”.

75
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where we derived the actions on SL(2,R)/SO(2) and SU(2,1)/(SU(2) x U(1)),
which were the two coset spaces appearing in the Type IIB case and the
compactified Type ITA case respectively.

In Chapter Ml we explained how the coset symmetries of the classical super-
gravity theories are broken by quantum corrections. As mentioned in Section
[C7 we study the effective string theories valid in the massless limit, i.e., for
a small value of the slope parameter /. In this case one can make an asymp-
totic expansion of the scattering amplitude (LIT); there is an expansion for
the effective action with corresponding orders in the two parameters o/ and
the string coupling constant gs. The tree-level in both Type IIB superstring
theory, and Type IIA superstring theory compactified on a rigid Calabi-Yau
threefold, corresponded to a supergravity theory for which the scalar fields had
a coset moduli space G/K. Even though this moduli space is unaffected by
quantum corrections in the Type IIB superstring theory, adding higher orders
in g to Type IIB supergravity still spoils the global SL(2, R)-invariance of the
scalar fields in the theory. We get, for instance, the higher order R*-term,
which does not exhibit the continuous invariance under SL(2,R). However,
due to dualities of the string theory, the effective theory is still invariant un-
der a discrete subgroup SL(2,Z) C SL(2,R). This was then the reason for the
Eisenstein series £~ on SL(2,Z)\SL(2,R)/SO(2) being the coefficient to
R* in the effective action of Type IIB superstring theory.

For Type ITA superstring theory compactified on a rigid Calabi-Yau three-
fold, there was another story. Here the classical coset moduli space SU(2,1)/
(SU(2) x U(1)), for the scalar fields: ¢, x, x and ¢ in the hypermultiplet, was
bound to be deformed when adding quantum corrections by stepping further
in the gs-expansion. In [9] they conjectured the quantum corrected theory to
be invariant under the Picard modular group SU(2, 1;Z[i]), and they argued
that an automorphic form constructed as a non-holomorphic Eisenstein se-
ries on SU(2, 1; Z[i])\SU(2,1)/(SU(2) x U(1)) could hypothetically encode the
quantum corrections to the metric on the moduli space.

To read off the perturbative and non-perturbative terms from the auto-
morphic form in question we needed to rewrite it as a Fourier series. The
general structure of the Fourier series was found using the maximal nilpotent
subgroup N(Z) C G(Z), as was explained in Section Il To construct the
Eisenstein series we used the lattice method, attributed to Obers and Pio-
line [33], explained in Section A2l

In Chapter Bl we found, following [23,[34,37], the general Fourier series
for the Type IIB case. We explicitly constructed the exact Eisenstein series
s L2 and identified the coefficients in the Fourier series by rewriting the
Eisenstein series, using e.g., the Poisson resummation formula.

In Chapter [6l we followed [9,34] and found the general Fourier series to the
automorphic form on SU(2,1;Z[i])\SU(2,1)/(SU(2) x U(1)). We decomposed
the Fourier series in a constant, abelian and non-abelian part and applied the
laplacian condition to further determine the functional structure of the three
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parts. Specifically, the non-abelian part consisted of a series of products of
Hermite polynomials and Whittaker functions. In Section we presented
a way of constructing the Eisenstein series 55’ U(Q’l;zm), and decomposing the
series accordingly to the Fourier series. Following [9] we extracted the coeffi-
cients in the constant and the abelian part of the Fourier series. However, the
first loop term in the constant part appeared to have the wrong sign compared
to other existing calculations. We moved quickly over this issue and continued
the pursuit of the Fourier expansion for the Eisenstein series, even though the
physics seemed to tell us that we need another automorphic form to correct
the metric. For the non-abelian part of the Eisenstein series, we could not
connect to the corresponding non-abelian part in the general Fourier series to
find the unknown coefficients C,S\;ﬂ(s) We performed a Fourier transform to
get to the correct basis, although we had to assume that different summation
variables were to be identified. In particular, we needed the integral over n
in some way to equal a summation over shifted integers as in the non-abelian
part of the Fourier series.

Finally, in Section we tried to perform the summation of the product
of Hermite polynomials and Whittaker functions by finding a similar identity
in the mathematics literature. Such an identity could provide us with more
clues of how to perform the non-trivial summations in the non-abelian part
of the Eisenstein series. We had no success in finding this identity, however,
we pointed out a few facts about the relations between the different special
functions.
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A Touch of Lie Algebra

For a more thorough explanation of the following, the reader is referred to [21]
and [27].

A.1 The Chevalley-Serre Presentation

For any finite-dimensional, semi-simple Lie algebra g over the complex field
there is a so-called Chevalley-Serre presentation. For a rank r algebra this
presentation consists of 3r basic elements

{et, fi,nli=1,2,...,r}. (A1)

The superscript ¢ refers to the simple root a® € &, where ®, is the set of
simple roots of g. Each triple building block {e’, f*, A’} makes up an own
5[(2,R)-algebra with the commutation relations

!, f] = h', [hY, €] = 2¢°, (R, f] = —2f". (A.2)

The Chevalley relations show how the s[(2, R)-algebras are intertwined with
one another

W 1) =0

[hi,el] = Alted

W, 7] = — AT

[, f1] = 6ish's 0, =1,2,...,r (A.3)

The intertwining is encoded in the r x r-matrix with integer entries A%, called
the Cartan matriz. The Cartan matrix contains all important information of
the algebra. The rows of the Cartan matrix coincide with the components of
the simple roots in the Dynkin basis

A = (o), (A.4)
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It is the off-diagonal elements of A% that tells us how the different s[(2,C)
“talk” to one other. E.g., in the case

Al — (g g) (A.5)

we have two separate s[(2,C) with no connection. This algebra is simply
sl(2,C) @ sl(2,C).

Whereas for example the algebra sl(3,C), which will be treated in Appendix
[Cl has a Cartan matrix
” 2 -1
1J o
A (_1 5 ) . (A.6)

The complete Chevalley-Serre presentation finally consists of the Serre
relations

1—AJ% times

e, ..., [e",e] =0,

1—AJ% times

[fi’“.’[fi’fj]:o’ (A7)

which also depends on the Cartan matrix. We can generate all elements in g
from multiple Lie brackets and linear combinations of the basic elements (A.T]).
The Serre relations (A7) then puts constraints on the multiple Lie brackets,
and for certain Cartan matrices this makes the algebra finite-dimensional.
Note that, e.g., the infinite-dimensional Kac-Moody algebras are also com-
patible with the Chevalley-Serre presentation, but with other restrictions on
the Cartan matrix. The Kac-Moody algebras can be defined and constructed
with finitely many base-triples (sl(2,C)-algebras); all its additional elements
are obtained by multiple commutations of these fundamental elements. It
would not be possible to write down the infinite-dimensional algebras in the
more standard way
(T3, T = fi* T,

because we would need infinitely many structure constants fijk . We will see
an explicit example of the multiple commutators when treating s((3,C) in
Appendix [Cl

As an example, the Cartan matrix for the matrix Lie algebra sl(r 4+ 1,C),
with » > 1, is

2 -1 0 ... 0 0
-1 2 -1 0 0
B o -1 2 ... 0 0
Ay =slr+1,0):  Ad=| T 7 . (A8
0 0 0 2 -1
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From the Chevalley-Serre presentation one sees the important fact that
the Lie algebra g, as a vector space, can be decomposed as

g=9g+Sbhdg- (A.9)

called the triangular decompositio of g. Here the subspaces g4 and g_ are
generated solely by e’- and fi-elements respectively, and they are nilpotent
subalgebras. b is an abelian subalgebra called the Cartan subalgebra consisting
of linear combinations of the h’-elements. We can also write

g=EPceaPcraPcr. (A.10)
i=1 1=1 1=1

For the matrix algebras that we will treat in this thesis, this decomposition
simply states that a general element in the algebra can be written as a sum of
an upper triangular, a diagonal and a lower triangular matrix.

By definition, a positive root that can be written as a linear combination of
the simple roots ¥ with positive integer coefficients. All elements in g, are
then associated with a positive root, since, firstly we have that the Chevalley
basis step-operators e’ are associated to a simple root each, and secondly
all elements generated by multiple Lie brackets of the positive step-operators
have a root that is a sum of the simple roots with positive integer coefficients.
E.g., pick two Chevalley basis elements e! and e? in an algebra for which the
commutator [e, e’] is non-zero. We then have for a Cartan subalgebra element
h*:

[hkv [eiv ej]] = _[eiv [ejv hk“ - [ejv [hkv GZH =
= (@D)Flet ] — (@D)F[ed €] = (o' 4 a)Flet ef], (A1)
using the Jacobi identity
[.’/U, [yv ZH + [yv [Z,.CI?H + [Z7 [x,y]] =0, Va,y,z € g, (A'12)

which is by definition satisfied by all Lie algebras g. The set of all positive
roots is denoted as .. Correspondingly, the above definition for positive roots
holds for the negative roots, interchanging positive to negative everywhere.
The elements in the subalgebra g_ are then associated to the negative roots
d_.

A.2 Real Forms

The above presentation is made to classify all compler semi-simple Lie alge-
bras, that is, Lie algebras with a base field C. The reason for this relies on the
fact that the complex field is algebraically closed, i.e., any algebraic equation
has a solution in the base field in contrast with the real numbers R. When

'Also Gauss decomposition or Cartan decomposition.
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choosing linearly independent elements of an algebra g that make up a diago-
nal basis for the whole algebra, like the elements h* above, we must require the
eigenvalues to the adjoint action of A’ to be elements in the base field. Since
we get the eigenvalues from a characteristic equation, which is an algebraic
equation, we need an algebraically closed base field.

In physics one more often deals with the real Lie algebras; real Lie group
symmetries show up since the physical fields are often real. Luckily, we can
use the knowledge from the complex semi-simple Lie algebras to relate to
the real Lie algebras in a special way. Taking a look at the relations (A.3))
we see that all eigenvalues that are encoded in the Cartan matrix are real;
actually, as was mentioned before, they are even integers in this basis. This
implies that we can restrict ourselves to a real algebra from a complex one in
the Chevalley-Serre presentation by just choosing the base field to be R and
keeping the step-operators and Cartan subalgebra generators. The triangular
decomposition (AI0) becomes

r r r
Unormal = @ Rei @ @ Rhl ¥ @ sz (Al?))
1=1 1=1 =1

E.g., from sl(n,C) we would get sl(n,R). This real Lie algebra is called the
norma real form of the corresponding complex algebra.

By definition, a real form § of a complex simple Lie algebra g is a real
algebra whose complexification hc is isomorphic to g. The complexification is
defined as

bec :=bh @ 1ibh, (A.14)

where we now consider the algebra as a real vector field. The real dimension
of the real form is then half the real dimension of the complex algebra. The
isomorphism hc ~ g is equivalent to the statement that all elements z € g can
uniquely be written as z = x + iy with z,y € h.

A complex semi-simple Lie algebra has in general several different real
forms. The normal real form above is always one of them, and this algebra
corresponds to a Lie group that is as far as possible from being compact.
Moreover, there is always a so-called compact real form, which has a negative
definite Killing form, in an appropriate basis

B = 5%, (A.15)

As an example, s[(2,C) has two real forms: the compact real form su(2) and
the non-compact normal real form sl[(2,R). In Appendix [C]l we will treat the
real forms of sl(3,C): sl(3,R), su(3) and su(2,1).

Just as one classifies the complex semi-simple algebras with Dynkin dia-
grams there is a corresponding classification of the real forms with help of the
so-called Satake diagrams. However, these diagrams will not be treated here.

2Sometimes also called the split real form.
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One can show that the real forms are obtained with help of so-called involutive
automorphisms, or involutions, on the algebra. These automorphisms will be
explained more in the next section. The Satake diagrams gives information
about these involutions.

A.3 Involutive Automorphisms

An automorphism w of a Lie algebra g is an isomorphic map from g to itself.
That is, it is one-to-one and onto (bijection). It further respects the Lie algebra
structure, i.e.

w(lz,y]) = w@),w)],  vryce (A.16)

The set of all automorphisms of g is denoted Aut(g), and one can show that
this is indeed a group with the composition of maps as composition rule. We
denote multiple compositions of an automorphism by

n times

—N—
w'i=Wowo...oWw. (A.17)
It can be the case that for an automorphism w it holds that
w™ =1d, forsome N € N. (A.18)

The automorphism is then called finite and of order N (pick smallest possible
natural number). If N does not exist, the automorphism is naturally called
infinite.

We will interest ourselves with a special type of automorphisms called
involutions. These are of order two, i.e.,

w? =1d. (A.19)

Now, any element z in g can be decomposed into a part invariant z ) and
anti-invariant (1) under the involution w, as

1 1
T =) +T) = 5(:1: +w(z)) + 5(:5 —w(z)). (A.20)
This shows that we can decompose the whole algebra as a vector space into

two subsets with eigenvalues +1 under the involution

9 =900 D 9x)- (A.21)

In this decomposition only g() with eigenvalue 1 is a subalgebra, called the
fized point algebra of w, as we will now show. Any element in g can be
written as x + w(x) where z is some element in g, let us take the Lie bracket
of two arbitrary elements in g:

[z +w(@),y+w)] = [z,y]+ [z,w@)] + W),y + L), wy)].  (A22)
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The resulting element is also invariant under w as can be seen by using the
property (A.I6]). So, g is closed under commutations and is therefore a sub-
algebra of g. However, doing the same calculation for two arbitrary elements
in g yields

[z —w(@),y —w@)] = [z,y] + [y, 0(@)] + [w(y), 2] + [w(z),w(y)],  (A.23)

and we see that this resulting element is also invariant under w. This tells us
that the subset g(;) is not a subalgebra since it does not close. Furthermore,
the commutation of one element in gy and one in g(;) yields an element in
9(1), so we have the following bracket relations

[900)80)] € 80y [80):8)] € 81y [8(1)> 8(1)] € 9(0)- (A.24)

As a side remark, it generally holds for automorphisms of order N that they
decompose the Lie algebra into N eigenspaces of the automorphism (this is
a Zy-gradation of the algebra), and of these, only the invariant subset with
eigenvalue 1 is a subalgebra.

If we have that g is an algebra over R, we can with the subsets g() and
g(1) form another real algebra by the vector space direct sum

t = g(o) Dig(1)- (A.25)
This is an algebra since we have that it closes under the Lie bracket
[8(0) @ i801), 8(0) Pig)] =
= [9(0)> 9(0)] + [80)»18(1)] + [i801), 8(0)] + [i801), 18(1)] = B(0) D i8(1), (A.26)

where in the last equality we have used the commutation relations (A24]). It
is also a subalgebra of the complexification of g

gc =g Dig. (A.27)

One can then show that all real forms of gc are obtained by considering
all possible involutions of gc. There is a theorem that says that the finite-
dimensional semi-simple Lie algebras are in a one-to-one correspondence with
pairs (h,w), where b is a finite-dimensional semi-simple complex Lie algebra,
and w an involution of b [21].

A.4 Cartan Decomposition
For all semi-simple Lie algebras gg over R there is a unique decomposition
g0 = € @ po, (A.28)

called the Cartan decomposition, where £y is a maximal compact subalgebra
of go and pg is a vector subspace. For a proof see [27]. The decomposition
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is accomplished by using an involution 7 called the Cartan involution. Thus,
7 decomposes the algebra as in the general case (A2I]). Here £y is invariant
under 7 and pg has eigenvalue —1, i.e.,

T(k)=k,  7lp)=-p, k€, pEpo (A.29)
The Killing form

has the property of being strictly positive definite showing that the subalgebra
£y has a negative definite Killing form and is thus compact. In fact an involu-
tive automorphism of a Lie algebra is by definition a Cartan involution if the
bilinear form ([A.30)) is strictly positive definite.

The Cartan decomposition will be essential for us when constructing the
symmetric coset spaces. We want to divide a specific Lie group by its maximal
compact group and this group is obtained by exponentiation of the maximal
compact algebra to the corresponding Lie algebra. The realization of the
Cartan involution of the algebra elements is derived from the root system. In
our cases we are interested in the two types of algebras s[(2,R) and sl(3,C),
in the latter case we will use the the Cartan involution again on the real form
su(2,1). For sl(2,R), and in fact for all algebras sl(n,R), the Cartan involution
act as

m(z) = —z T, x € sl(2,R). (A.31)
For sl(3,C), and for all sl(n,C), it acts on algebra elements as
7(z) = —zf, z € sl(3,C). (A.32)

In the specific case when considering the Cartan involution acting on a split
real form, it is also called the Chevalley involution. Loosely speaking, one can
say that the Cartan involution picks out the compact part of an algebra.

A.5 Iwasawa Decomposition

It is possible to combine the Cartan decomposition of a real semi-simple Lie al-
gebra with the triangular decomposition ([A.9) of its complexification, thereby
yielding the Iwasawa decomposition. Starting with the Lie algebra gg of a
connected semi-simple real Lie group G, the decomposition reads

go = 1o @ g © to, (A.33)

where ng is a nilpotent subalgebra, ag is an abelian subalgebra (the maxi-
mal abelian subalgebra of py in the Cartan decomposition (A.28])) and £ is
the maximal compact subalgebra to gg given by the Cartan involution. The
proof is lengthy, see for instance [27]. In practice, for the matrix groups we
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are dealing with, we choose ag to consist of diagonal matrices and ny as up-
per triangular matrices (positive step-operators with respect to the abelian
subalgebra generators).

On the Lie group level the decomposition reads

G = NAK, (A.34)

where then the subgroups N, A and K are derived from exponentiating the
subalgebras ng, ap and €y respectively. Note that the decomposition could
equally well be made as G = KAN; we choose the decomposition (A.34)
because it fits with our choice of right cosets G/K in this thesis.

For general linear matrix groups G = GL,(R) the nilpotent subgroup
can be represented by an upper triangular matrix, the abelian subgroup by a
diagonal matrix and the maximal compact group by an orthogonal matrix.



SL(2, R)

We review some of the properties of the group SL(2,R), its algebra sl(2,R)
and the coset space SL(2,R)/SO(2). The group SL(2,R) is the group of two-
by-two matrices with real elements and unit determinant

AZ(Z Z), ad —bc=1, a,b,c,d € R (B.1)

It is a three-dimensional, non-compact Lie group. To find the generators J*
of the Lie algebra sl(2,R) we use

A = exp(ayJY), (B.2)
together with the unit determinant condition
1 = det A = det(exp a;J"). (B.3)

Specifically, we can choose an element A that equals the exponentiation of just
one generator: A = exp(a.J®). Then, we have for that particular element
that

1 1
det(1 4 oJ + 50&12 +..) =detU ' det(1 + aD + 502172 +..)det U =
=exp(a(A1 + A2)) =1, (B.4)

where we have diagonalized J = U~'DU and gained the eigenvalues \; and
Ao. This implies Ay + Ao = 0 = TrJ = 0. Thus, the generators are
two-by-two, linearly independent, traceless matrices with real elements.
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There is a particularly nice choice of basis
(0 1
““lo o
0 0
1 0
(). .

which is the Chevalley basis, see (A.3)). It is the same basis as for sl(2, C); recall
from Appendix [A] that s[(2,R) is nothing but the split real form of s((2,C).
The generators e and f play the role of ladder operators and the generator h
forms the abelian Cartan subalgebra, which in this case is one-dimensional.
The commutation relations are

[67 f] =h
[h,e] = 2e
h, f] = —2f. (B.6)

B.1 The Maximal Compact Subgroup of SL(2,R)

In Section [A.4] we saw that we can use the Cartan involution 7 to decompose
a semi-simple real Lie algebra into a maximal compact subalgebra and an
anti-invariant subset

go = £ @ Ppo with

to = {z € go|7(2) =z} and

po = {z € go|7(z) = —x}.

The Cartan involution of s[(2, R) acts on the algebra elements as 7(x) = —zT.
Acting on the basis generators (B.5) we get
7_(6) =—f T(f) =€ T(h) = —h. (B7)

Now, we want to find the maximal compact part £y, which is invariant under
the involution. By inspection we see that the element e — f is fixed by 7 and
we have

e—f= <_01 é) € 50(2). (B.8)

In fact, e— f is a generator of s0(2) and so this algebra is the maximal compact
subalgebra of s[(2,R). The Cartan decomposition of s[(2,R) thus reads

sI2,R) =R(e — f) @ (Rh @ R(e + f)). (B.9)

We can explicitly verify that the anti-invariant part p = Rh @ R(e + f) is not
a subalgebra since it does not close [h,e + f] = 2(e — f) € s0(2).

Exponentiating the maximal compact subalgebra we get that the maximal
compact subgroup of SL(2,R) is SO(2) ~ U(1).
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B.2 Iwasawa Decomposition of SL(2,R)
The Iwasawa decomposition of the algebra reads
sl(2,R) = Re @ Rh @ s0(2). (B.10)
For the Lie group we have then
SL(2,R) = NAK = eReeRheRle=/), (B.11)

Now, to form a coset representative V' for the two-dimensional coset SL(2,R)/
SO(2) we can simply put K = Id. We get

V = eXee 3 = L x s 0 = e Xe% (B.12)
0 1 0 ef 0 s ) '

This particular choice of an upper triangular matrix is called the Borel gauge.
We could in fact just as well have chosen V in a lower triangular form instead.
The two parameters y and ¢ are the azxion field and the dilaton field respec-
tively when identifying this coset representative in the Type IIB superstring
theory.



SU(2,1)

In this appendix we will review the basics of the Lie group SU(2,1), its Lie
algebra su(2,1) and the coset formed by dividing out the maximal compact
subgroup. It will be similar to the previous section, the difference being that
SU(2,1) is a more complicated group and things will be less trivial. SU(2,1)
is the group of 3 x 3-matrices with complex entries preserving the metric

1 0 O
G={o1 o], (C.1)
0 0 -1
ie., for A€ SU(2,1) we have
ATGA = G. (C.2)

This relation already implies |det A| = 1. One picks det A = +1 for the
“special” group. The dimension for the group is 32 — 1 = 8. We can make a
change of basis with a similarity transformation acting on both sides of (C.2)

SATGAS™ = SATS71SGS™1SAS ™ =SGS™Y,  detS#0. (C.3)

When we let A — SAS~!, the new metric that is preserved is exactly SGS™!.
Knowing that the determinant and the trace is preserved in the similarity
transformation, we can schematically state what other different types of met-
rics we can transform to from the one above (C.IJ)

0 0 -1 00 1 00 —i
0o 1 0], 010 and 01 0. (C4
~10 0 100 i 00

Elements in the Lie algebra su(2,1) will be traceless due to the unit de-
terminant condition as was shown in the previous section. We get additional
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information from the constraint (C.2]). Consider an element in the group near
the identity element to the first order

A=e~1+aX, aceR, X esu(2,1). (C.5)
Plugging this into (C.2)) gives

ATGA = (1 +aXNHG(1 +aX) =G+ aX'G+GaX +0(?) =G
— X'G+GX =0. (C.6)

At this point one could use (C.6) and the traceless condition to find eight
linearly independent generators for the group. But we will instead use our
knowledge of the Chevalley-Serre presentation in Appendix [A] and the con-
nection to real forms from complex algebras. This is more enlightening from
an algebraic point of view. It turns out that su(2,1) is actually one of the
three real forms of s((3,C), the other two being su(3) and sl(3,R). Since the
Chevalley basis for sl(3,C) is straightforward to derive knowing the basis for
5[(2,C), as we will see below, it is natural to begin with s[(3,C) and then
find the generators to su(2,1) through a certain involution. With help of the
Cartan involution we will also be able to derive the maximal compact algebra
to both s[(3,C) and su(2,1), as we saw in Appendix [Bl It turns out that
the maximal compact subgroup of SU(2,1) is SU(2)xU(1). Furthermore, us-
ing the Iwasawa decomposition as in (B.I0), we will be able to construct the
coset space SU(2,1)/(SU(2)xU(1)). I am grateful to D. Persson for giving me
important insights and lending me his precious notes on SU(2,1).

C.1 Chevalley Basis for s[(3,C)

As stated in Appendix [Al we have in general that a complex semi-simple Lie
algebra g in the Chevalley basis has generators satisfying the following com-
mutation relation:

lei, fi1 = dijhy,
[hire;] = Aijej,
[hi, ] = —Ayf,
hih;] = 0. (©.7)

The indices 7 and j run from 1 to r = Rank(g). The algebra sl(3, C) is a natural
extension of s[(2,C); it is simply two sl(2, C)-algebras intertwined together.
Le., it consists of two base triples {e;, fi,h;} (i = 1,2) and has rank 2, but
moreover we get two additional step-operators e and f3 from commuting the
step-operators included in the base triples, e.g., es = [e1, e2]. In total we have

'Unlike in Appendix [A] we will now use subscript indices.
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eight generators@. The Cartan matrix for sl(3,C) is

Ay = <_21 _21> . (C.8)

Note that the additional generators es and f3 are not included in the com-
mutation relations (C.7). These relations only tell us how the base-triples
commute, but they are included in the Serre relations (A.T).

The natural matrix realization of s[(3,C) in the Chevalley basis is

1 0 0 0 0
hi=|0 -1 0|, ha=[0 1 o0 |,
0 0 0

0 0
) 62(

fi= , fo= (C.9)

ORH O O OO
OO o O O+
O OO O OO
O OO O OO
o o OO o
OO o O = O
_ o o O oo
O OO O OO
O OO O O+

One can easily verify that these matrices indeed satisfy the algebra commuta-
tion conditions (C.7]). We have thus decomposed the algebra as

3 2 3
sI(3,C) =) Cfi®) Ch;® ) _ Ce;. (C.10)
=1 i=1 i=1

C.2 The Real Forms of s((3,C)

For completeness, we explain how we get all the three real forms of sl(3,C).
But remember that this appendix is first and foremost devoted to the group
SU(2,1) and its Lie algebra su(2,1).

C.2.1 sl(3,R)

The easiest real form to derive is the normal form sl(3,R), since, as we have
seen before, it is practically given when we know the basis of s[(3,C):

3 2 3
sIB,R) =D Rfi®> Rh &Y Re;, (C.11)
1=1 i=1 i=1

with the same generators as above (C.9)).

2We do not get any more generators because further commutation with the additional
step-operators give zero.
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C.2.2 su(3)

The algebra su(3) is a compact real form of sl(3,C). It is derived using the
Cartan involution 7 ([A:32]) on sl(3,C) acting on the elements z € sl(3,C) as

m(x) = . (C.12)
The realization on the elements in the basis (C.9) is as follows:

T(hl) = —hl, T(hg) = —hg,
7(e1) = —f1, T(e2) = — fa, T(e3) = — f3,
T(f1) = —ex, 7(f2) = —eq, 7(f3) = —es, (C.13)

and importantly it acts on complex numbers as a complex conjugation, i.e.,
(i) = —i S0 e.g. T(ie3) = ifs. (C.14)

As required of an automorphism of the algebra, the involution preserves the
commutation relations (C.1), e.g., T7(e3) = —f3 is consistent because 7(e3) =
o([e1,e2]) = (=1)2[f1, fo] = —f3. There are eight linearly independent opera-
tors that are fixed under 7, namely

ih1, ih, e1 — f1, e2 — f2, e3 — f3, i(e1r + f1), i(e2 + f2) and i(e3 + f3).

The fact that they are fixed under 7, i.e. X = —XT, is exactly the condition on
the generators of su(3) that we can derive using the standard matrix definition

of SU(3)E cf. (CH) and (C6)). Thus

2 3 3
=1 =1

=1

C.2.3 su(2,1)

We merely state the third possible involutionf] o on s[(3,C), and show that
the elements fixed by this particular o really is a basis for the algebra su(2,1)
(using real parameters). Our o acts on the Chevalley basis generators as
follows:

o(hy) = ha, o(hg) = hy,
o(er) = e, o(es) = e, o(es) = —es,
o(f1) = fa, o(f2) = f1, o(f3) = —f3, (C.16)

3Note that we normally work with Hermitian generators (operators), i.e., x = z', which
is an important property in quantum mechanics. This comes from the fact that we write
elements in the group as !X instead of e**.

Tt can be shown that there are only three possible involutions of s((3,C) giving its real
forms.
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and just like 7 in the previous section, o acts as a complex conjugation on
numbers o(i) = —i. We can form eight linearly independent generators Hy,
Hs, X1, X9, X3, Y7, Y5 and Y3 that are fixed under o

H1:h1+h2, HQZi(hl_hQ)

X1 = e1 + eo, X2 == i(el - 62), X3 = i€3
Yi=fi+ fa Y2 =i(f1 — f2)s Y3 =ifs. (C.17)

Using the realization (C.9) we write the generators explicitly

10 0 i 0 0
m=|oo of|, H=|0 -2 0],
00 -1 0 0 i
010 0 i 0 00 i
X,=|0o0 1|, Xo=|00 —i|, X3=]0 0 0],
00 0 00 0 000
00 0 0 0 0 000
Vi=|1 00|, Ya=|i 0 0], Y3=]{0 0 0 (C.18)
010 0 —i 0 i 00

We have eight linearly independent 3 x 3-matrices in agreement with what is
demanded of a basis for su(2,1). However, to see that the algebra actually is
su(2, 1), we must also verify that the constraint (C.6) is satisfied when writing
an element ¢ in the basis (C.I8]) with parameters: hy, ho, x1, %2, %3, Y1, Y2, Y3 €
R, i.e.,

§ = hiHi+hoHy + 21 X1 + 29 Xo + 23X3 +y1Y1 +y2Yo + hY3 =
hi +ihy x1 +ixo ixrs
= Y1+ iyg —2ih2 T — ixg . (019)
1ys y1 —iy2  —hy +iheo

Here an important question immediately pops up. What kind of metric G
should we use in the equation (C.6), i.e., what metric G fits together with
our newly found basis (CI8)? As was mentioned before, we could perform a
similarity transformation and get different kinds of representations of the same
group, preserving different kinds of metrics. This freedom manifests itself in
this context as different ways of defining the involution o, and different ways
of realizing the algebra. There is nothing that says that G must be the natural
metric (C.I)). In fact, with our choice of realization (C.9) and involution (C.I6]),
the basis (C.I]) turns out to satisfy

§G+Ge=0 for G=|0 1 0. (C.20)
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This shows that the real form of sl(3,C) formed by considering the fixed
elements under the involution o, as stated in (CI6]), is indeed the algebra
su(2,1). A set of generators is given explicitly in (C.18). If we are interested

in another basis, we just make a similarity transformation & — S£S~! and
G — SGS™1.

C.3 The Maximal Compact Subgroup of SU(2,1)

We derive the subgroup from the algebra. The maximal compact subalgebra
£y is defined as the subset of su(2, 1), fixed under the Cartan involution 7 that
we used to derive su(3) above (remember that the Cartan involution selects
the compact part of an algebra):

to={z esu(2,1) | 7(z) = x}. (C.21)

Using the knowledge of how 7 acts on the original basis generators, see (C.13))
and (C.I4), we can derive how it acts on the basis generators (C.17) for su(2,1):

T(Hy) = —Hy, T(Hz) = H,
T(X1) = -1, T(X2) = Y5, T(X3) = Y3,
T(Yl) = —Xl, T(Yg) = XQ, T(Y3) = Xg. (022)
It is straightforward to form all possible linearly independent invariant and

anti-invariant combinations of the generators (the two Cartan generators are
trivially already invariant and anti-invariant respectively). These are

HQ)

K, =X -1,

Ky = X5 + Y5,

and

Hlu

P =X, +Y7,

Py =Xy - Y5,

Py = X5 — Vs, (C.24)

The Cartan decomposition reads

3 3
su(2,1) = £ @ po = <]RH2 ® ZRKZ) @ <RH1 ® ZRB) : (C.25)
i=1 i=1
We are interested in the maximal compact subalgebra
3
to=RH,® Y RK;. (C.26)

=1



96 Appendix C: SU(2,1)

To reveal what this is, we calculate the commutation relations between the
basis elements. This can be done by using either the commutation relations
for the original basis elements for sl(3,C), see (C.7), or by using the matrix
realization (C.I8]) and calculate explicitly. It turns out that the commutation
relations are

[Hy, K] = 3K> K3, K] = —K3
[Hy, Ko = —3K, (K3, K2 = K3
(Ha, K3 = 0 K1, K] = 2(Hy — Ks).

No generator is diagonal in this basis and we cannot directly tell anything
about the algebra from these relations. We have to make a suitable change of
basis, and a particularly good one is as follows:

1 1

u=-K -H

U=ghst i
~ 1
kl—E(HQ_KS)
~ 1
ko = —K

2=
~ 1
ks = —K5>. C.27
1= ke ( )

[JZ;Z-,E;]} = 2eijpkp, G, k=1,2,3.

Firstly, we see that since 4 commutes with all other basis elements, i.e., it
is an independent algebra. The algebra is u(1) since % = —a', which is the
constraint on generators to a unitary group. Secondly, {121, ko, 153} is a basis
to su(2) since the commutation relations are fulfilled and also the constraints
Tl"(iﬁz) =0 and ]%Z = —]%j I.e.,

£ = u(l) @ su(2). (C.28)

Finally, to get the maximal compact subgroup K to SU(2,1) we just exponen-
tiate the maximal compact subalgebra £

K = eRTelim RRi — U(1) x SU(2). (C.29)

C.4 Another Basis for su(2,1)

In the second case treated in this thesis, when we study Type IIA superstring
theory compactified on a rigid Calabi-Yau threefold, it turns out that we



C.5 Iwasawa Decomposition of SU(2,1) 97

should use another basis for su(2,1) than the derived (CI8). Namely, one
preserving instead the metric

—i

G= (C.30)

= O O
o = O

0
0
The similarity transformation matrix S, taking us to this basis from the one
derived above, is

0
0

1
S=1o0 (C.31)
0

S = O

1
, S~t=10
0

O = O
- O O

—i

Acting on the generators (C.I8)) (as SXS~!), we get the new generators (the
Cartan generators are obviously unchanged)

0 10 R 0 i 0 0 0 -1
X(l) =0 0 i y X(l) =(0 0 1 s X(_Q) =(0 0 0 s
0 00 0 00 00 O
0 0 O R 0 0 0 0 00
Yop=|(1 0 o], Y_y=[|i 0 0|, Yg=(00 0|, (C32
0 -1 0 0 -1 0 100

where we have now for convenience chosen to let the subscript be the eigenvalue
of the generator in question when taking the Lie bracket with the non-compact
Cartan generator Hy, e.g., [H1, X(_9)] = —2X(_y). Finally, to get to the right
basis we need only to make a linear combination of the step-operators Xy

and X (1) as well as a sign change of Xy (the same goes for the operators Y):

0 —1+i 0 0 1+i 0 0 0 1
X(l):<0 0 1-1), X(l):<o 0 1+i>, X@):<0 0 0),
0 0 0 0 0 0 000
0 0 0 0 0o 0 0 0 0
Y<1)_<1+i 0 0), 17(1)—<1+i 0 0), Y(g)_<0 0 0).
0 -1-i 0 0 —1+i 0 -1 0 0
(C.33)

We do not bother renaming the generators; these are the ones which we will
use henceforth.

C.5 Iwasawa Decomposition of SU(2,1)

We now invoke the Iwasawa decomposition (B.I0) of SU(2,1) to construct a
coset representative for SU(2,1)/(SU(2) x U(1)). The algebra is decomposed
as

su(2,1) =ng @ ap D &, (C.34)
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where ng is the nilpotent subalgebra, which we choose to consist of the pos-
itive step-operators {X(l),X(l),X(2)}, ag is the non-compact abelian Cartan
subalgebra spanned by H; and €y = su(2) @ u(1) is the maximal compact sub-
algebra derived in Section We can directly verify that this decomposition
is legitimate by just counting the number of linearly independent generators,
which is eight as it should be.

Now, a coset representative V' for SU(2,1)/(SU(2) x U(1)) is formed, as
in Section [B.2] by throwing away the compact part and exponentiating only
ng D ag:

V = NA = XX +xX(1)+29X(2) o =0 H1 b, X, X, € R. (C.35)

The parameters (fields), in particular the factor 2 with 1, are chosen to fit
with the physics. The axion fields are: x,x and v, while ¢ is the dilaton as
usual. We calculate V' explicitly by using the representation (C.33]) (with Hy

from (C32)):

- 0 0
V = exp(E) exp 0 0 O0f], (C.36)
0 0 ¢
where we have put
0 -14+41i O 0 1+i 0 0 01
Z==x10 0 1—-i]l+x]0 0 14+i[+2¢|0 0 0] =
0 0 0 0 0 0 000
0 x(=141)+ x(1+1) 24
=10 0 x(1—1)+ x(1+1)
0 0 0
We have
0 0 2i(x*+ %2
=22=(0 0 0 , (C.37)
0 0 0

and 23 = 0. Since €= = 14+ Z+ 352 4+ O(23) we get

1 x(—1+i)+x1+1) 20+i03+ %) e 0 0
V=10 1 X(1—1)+X(1+1) 0 1 0f|=
0 0 0 0 ¢
e —x+X+iIx+X) (03 + ) +20)
=1 0 1 e¢(><+x+ —x+X)) (C.38)
0 0

which is our coset representative in the Borel gauge.
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C.6 The Coset Space SU(2,1)/(SU(2) x U(1))

Although we will not delve into this topic in this thesis, see instead [9], one
can show that the coset SU(2,1)/(SU(2) x U(1)) is isomorphic to the complex
hyperbolic upper half plan

CH? = SU(2,1)/(SU(2) x U(1)), (C.39)

parameterized by (z1,29) € C2, and obeying the following constraint
1
.7:(2’1,22) = %(2’1) — 5’22‘2 > 0, (C.40)

where F is called the height function. The relation between the complex
variables and the real variables used above is

z1 =29 +1 (e*%’ +x2+ )22)

zo =X+ X +i(x — x)- (C.41)
An important property of the coset is that it is a quaternionic-Kéhler manifold,
as was mentioned in Section [Z.2] and it is K&hler with the Kéhler potential

K(z1,22) = —log(F(z1, 22)). (C.42)

C.7 Heisenberg Translations

The nilpotent subgroup N(R) in [C.35] which is formed by exponentiating the
positive step operators: Xy, X(l) and X9, is of great importance. This
will become apparent when studying the discrete subgroup N(Z) C N(R),
which is also a subgroup of the Picard modular group SU(2,1;Z]i]) treated in
Appendix[El As explained in Section [A1], the discrete group N(Z) is essential
when determining the general Fourier series for the automorphic forms.

The general nilpotent transformation is

00X (1) TbX 1) +eX () _

n =
1 a(-141)+b(1+i) c+i(a®+b?)
=10 1 a(l—1) +b(1+i)|, abceR. (C.43)
0 0 1

These transformations are also called Heisenberg translations since they form a
Heisenberg subgroup. They apparently leave the coset representative V = N A
in the Borel gauge, and acting on V' we see that they transform the fields in
the following way

pr—9

X—>Xx+ta

X—>X+b

1
v+ ic—a)Z—i—bx. (C.44)

SCf. the isomorphism CH = SL(2,R)/SO(2).
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The dilaton field ¢ is unaffected since it sits safe in the Abelian part A in
V', unreachable from an upper triangular operator acting from the left. The

Heisenberg translations are non-Abelian as can be seen for the transformation
of the field 1 that also includes the fields y and ¥.



The Modular Group SL(2,7Z)

The modular group SL(2,7Z) is naturally represented by two-by-two matrices
with integer entries and unit determinant

SL(2,Z) > g = (Z Z) , detg =1, a,b,c,d € Z. (D.1)

It is a group with matrix multiplication as composition rule since the unit
determinant property is unchanged under multiplication, and the inverse to
the general element g is given by

d -=b
—1 .
g = (_C a) € SL(2,Z). (D.2)
Similarly as for the Lie group SL(2,R), mentioned in Section [Z] the discrete
group acts on the complex upper half-plane as

at +b

9T=a (D.3)

And as in the case of SL(2,R), 7 is invariant under the action of the element
—1 € SL(2,R), so to get a one-to-one correspondence between the group
elements and the M&bius transformation, which we are interested in to connect
to the physics, we need to consider PSL(2,Z) = SL(2,Z)/{£1} instead. By
sloppiness we neglect the letter P.

The discrete group can be generated by various combinations of the two
fundamental elements

11 0 —1
T_<O 1) and S_<1 0). (D.4)

This can be proven by showing that all matrices in SL(2,Z) can be transformed
to the identity matrix with help of combinations of S and T in a certain way

101
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— it is a good exercise! For a more careful mathematical treatment of the
generators of SL(2,Z) the reader is referred to [12].
The identity element 1 = {£1} is given by

S?=1 and (ST’ =1. (D.5)

Therefore, for example the inverse to 1" is given by

T = (ST)*S = (‘1 L ) . (D.6)
0 -1
The transformations act on 7 as
1
T-1=717+1 and S-T=——. (D.7)
T

Le., T is a translation and .S is an involution.
By only considering the translation T together with its inverse T~ =
(ST)%S one can form a nilpotent subgroup N(Z) C SL(2,7Z)

N(Z) > g = (é Tf) . nez, (D.8)

which then also is a subgroup of the continuous nilpotent group N(R) C
SL(2,R), gained from the Iwasawa decomposition G=NAK of SL(2,R). The
action of N(Z) on the axion y is simply

X — X +n, n € Z. (D.9)



The Picard Modular Group
SU(2,1; Z|i])

In this appendix we explain more of the formalities of the discrete Picard
modular group. We follow [9].

The defining representation of the Picard modular group is consisting of
the matrices g with the following properties

a b ¢
g=\|d e f|, detg =1, ging=n and
g h i
a’7b7c7d7€7f7g7h72. EZ[i]' (E'l)
Here 7 is the metric, explicitly our choice is
0 0 —i
n=|{0 1 0|, (E.2)
i 0 0

i.e., the same metric as was argued for in the case of the Lie group SU(2,1),
see Section [C.4l The set Z[i] is the gaussian integers

Zli| = {z € C|R(2),(z) € Z}. (E.3)

To verify the group properties we first note that the unit determinant property
is preserved by matrix multiplication. This also holds for the metric condition,
since given two elements g and h in SU(2,1;Z[i]) we have

(gh)Tn(gh) = hlg'ngh = hinh = . (E4)
An inverse to ¢ in (E.)) is given by

et —hf ch—bi bf—ecc
g lt=|gf—di ai—gc de—af|. (E.5)
dh —ge gb—ah ae—db
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E.1 7T, R and S Transformations

We are interested in finding the nilpotent subgroup N(Z) for the Fourier expan-
sion on the moduli space SU(2, 1;Z][i])\SU(2,1)/(SU(2) x U(1)). Fortunately,
we did most of the work already in Section where we found the nilpotent
subgroup of SU(2,1). One can see directly by looking at the general transfor-
mation [C.43] that the discrete nilpotent group is gained by only considering
integer parameters a, b and c. l.e.,

N(Z) 5 n =e*¥ Xy teX) =

1 oa(=1+i)+b(1+1i) c+i(a®+b?)
=10 1 a(l—i)+b(1+1) |,
0 1
a,b,c €. (E.6)

And the resulting action on the fields is

¢ —¢
XX +ta
X—XxX+b
1
P »—>¢—|—§c—a)~(+bx, a,b,c €Z. (E.7)

In contrast with the relatively simple group SL(2,7Z), the discrete nilpotent
group is non-abelian. This complicates the derivation of the Fourier series.
The nilpotent group N(Z) is isomorphic to the discrete Heisenberg group
H3(Z) in three dimensions. The elements are also called translations since
they translate the fields, although the transformation on ¢ is not really an
ordinary translation for a and b not equal to zero. We will denote a general
Heisenberg translation by T{4 ). The translations corresponding to putting
(a,b,c) = (1,0,0), (a,b,c) = (0,1,0) and (a,b,c) = (0,0,1) are called T, Ty
and T5 respectively. These elements generate the whole of H3(Z).

There are two other types of transformations in SU(2, 1;Z[i]) of great in-
terest. First there is a rotation, which for SU(2, 1) is formed by exponentiating
the compact Cartan generator Ho, and for SU(2, 1;Z[i]) is restricted toll

i 0 0
R=m|0 -1 0], m=0,1,23. (E.8)
0 0 i

On the scalar fields it acts as

(X?)NC) — (_Xv)()v (EQ)

and it is apparent that the transformation is of order 4.

Tn the case of SU(2, 1) the parameter m can take all values in the interval [0, 4).
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Secondly, there is an involution S (which is also an element in SU(2,1))

0 0 i
S=10 -1 0], (E.10)
-1 0 0

that acts on the fields in a rather non-trivial way
1 e 20
4¢2 ( _2¢+X2+)~<2)2
29% — (2 +x* + XQ)X

¢ — —

42 + (6720 + x2 + 32
20x 4+ (672 + x2 + ¥2)X
'—>4'¢2 (—2¢+X2+X)2’
Y v (E.11)

42+ (720 2 + 1)

However, when considering the complex parameters [C.41] instead, the effect of
the transformation is more simple
1 )
2] — ——, 29— —1-2. (E.12)
Z1 Z1
And one can verify that the transformation indeed is of order 2, worthy of the
name involution.

E.2 Generating Group Elements

There is an important theorem by Francsics and Lax [20] that says that the
Picard modular group is generated by the elements: T7, T5, R and S. One can
understand why the translation 77 is not needed by noting that T} = RT}R™.
However, from a physical point of view it is natural to construct the invariant
functions with help of all three types of translations, and we will therefore use
a non-minimal representation of SU(2, 1;Z[i]):

I —1+i i 1 141 i 1 01
Tn=10 1 1—-i|, Tv=|0 1 1+4i|, Tb=[0 1 0],
0 0 1 0 0 1 001
i 0 0 0 0 i
R=|0 -1 of, s=[0 -1 of. (E.13)
0 0 i —i 0 0

A function is invariant under SU(2,1; Z[i])-transformations, if and only if it
is invariant under these five transformations. When constructing the Fourier
series expansion of a general invariant function, we will first use the invariance
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under the discrete nilpotent subgroup (discrete Heisenberg group) generated
by the first three elemensts. We will then see how R restricts the coefficients of
the Fourier series even more. However, we will not be able to take into account
the invariance under the involution S (that would determine the unknown
function exactly); this particular transformation proves to be very difficult to
use on the Fourier seriesd.

2Further investigation could perhaps be fruitful.



Laplace-Beltrami Operators

F.1 On SL(2,R)/SO(2)

The metric on SL(2,R)/SO(2) is

1 0
The Laplace-Beltrami operator acting on scalar functions is by definition
1 g
A =—=0i(y/|9l9" ;). (F.2)
Vgl !

In our case we have

g=e* = \/lg|=¢?, g7 = (o e2¢>

and

A = e 9;(e?g70;) = e ?[04(e?0y) + Oy (e?e 290, )] =
= e ?[e?0y +e%0; + e ?02] = 0y + 0 + e 2?05 (F.3)

Expressing instead the Laplace-Beltrami operator using the complex coordi-
nate 7 = 71 + ity = y +ie”?, we get

Ot 0 —p 0
= —— = — - = — 8

06 0ry om 2
03 = 190r, (120r,) = 12(0r, + 1202,) =

0%

A =13(02 +02). (F.4)
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F.2 On SU(2,1)/(SU2) x U(1))
The metric on the coset space is
ds® = d¢” + e*?(dx® + dX*) + €*?(dy + xdx — xdx)*. (F.5)

We make a variable change to simplify the calculation:

1
—dy2

1
—e 2 — dop=——dy = do¢? =
y=e ¢ 5y ¢ e

1 . o o
— ds® = 15dy’ 4y (A dP) +y 7 (Y +xd - X (F6)

We have the metric tensor

1y~2 0 0 0
0 yl+y 2 —uvixx v . i
. = _ ~ _ — — ) /I/y - ) b ) *
Gij 0 —y 2XX y 1+y 2X2 y 2X J=(ux;X, %)
0 —y2x y X y?
(F.7)
Determinant:
- L 0 (F.5)
g= 10 . .
Inverse metric:
492 0 0 0
. 0 y 0 T o N
Y= ) 1,] = s Xy X . F9
g 0 0 —xy J=WxX:%) (F.9)
0 xy —xy yO*+xX*+vy)

Straightforward calculation using the definition of the Laplace-Beltrami oper-

ator (E.2)) gives:
Asu(2,1)/(sU@2)xU(1)) =
1 1 1 -
=4 (y28§ = ydy + Y03 +03) + 5y(X0x — x0x)0y + y(y +x* + XQ)(?i) :
(F.10)



Poisson Resummation Formula

In this appendix we will derive the Poisson resummation identity

Z e——(mn—l—n \/_Z e—wxn2—27rmm7'1 (Gl)

used in the Type IIB case for rewriting the expression ([5:_32])@ We start with
the general Poisson summation formula [35]

th+nT Zf( ) 2zt (G.2)

where
_ / F(a)e 27y, (G.3)

is the ordinary Fourier transform of f. Using the formula (G.2]) for the
function f(t) = exp(—at?) (for a > 0), whose Fourier transform is f(§) =

\/g exp(——(ﬂé)2 ), yields

Z e—a t+nT Z efozT2 +n _ Z \/7 % +27ri%t. (G4)
To connect to (G.IJ) we identify first
T

giving

n

S e E(F ) = g Y ekt kg (G.6)
k

1t is also used in the Type ITA case but we gloss over this part.
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Finally, we see that we get (G.I)) if we also put

t
T =mri. (G?)



The Whittaker Equation and
Functions

In Chapter [d we arrived to a Whittaker differential equation when separating
the solution to the Laplace eigenfunction equation for the non-abelian term
fFNA) (y, X, X,%¢). This appendix is devoted to deepen our understanding of
the Whittaker equation and its solving functions.

H.1 Solutions to the Differential Equation
The starting differential equation, see (6.69), was
y2OIY — yd,Y — (4nk*y? + 2w |k|(2r + 1)y + A)Y = 0. (H.1)

After the extraction of a factor |/y, i.e., setting Y (y) = \/gff(y), and a change
of variables, § = 47 |k|y, we arrived to the Whittaker equation, see (6.74)):

7o)+ (1 +5(r-3) - = (A +3))T@ -0 @)

Using the known expression for the eigenvalue in terms of the order of the
Eisenstein series A\ = s(s — 2) yields

2V (9) + (—i + é (—r - %) - % G (s 1)2)> V(@) =0 (H3)

Comparing to the general form of the Whittaker differential equation, see

(670):

1 2
D T M
M]g’u(x) + (—— + . + 4 = ) My, (x) =0, (H.4)
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we identify the coefficients

B 1
p=-r-3
p==x(s—1). (H.5)

The two linearly independent solutions to the Whittaker equation (H.4]) are

1
M, . (x) = e~/ 2ph 3 £ f <u -p+ 2 2pu+ 1, x) and (H.6)

2

where the confluent hypergeometric functions M and U have the following
form [4]:

1
Wy u(x) = e/t (u —p+=,2u+1; x) , (H.7)

M(a,c;z) = Z:O Eg: % and
) = M(a,c;x) _xlfcM(a—l—l—c,Q—c;x)
Ula,ciw) = sin(me) lF(a —c+1)I'(e) I'(a)[(2—c) ] :

(H.8)
Here we use the Pochhammer symbols to simplify the expressions
(@+n—-1)! T(a+n)
(a—1)! I'(a)
(a)o =1. (H.9)

(@) =a(a+1)(a+2)..(a+n—1)=

The confluent hypergeometric functions are solutions to the confluent hyper-
geometric equatz’o:

29/(2) + (c — )y (&) — ay(a) = 0. (H.10)

As we see from the solutions (H.G), the confluent hypergeometric equation
and the Whittaker equation are intimately related. Indeed, one obtains the
Whittaker equation from the confluent hypergeometric equation when making
the latter self—adjointﬁ.

One immediately notices that not all values of the parameter ¢ are allowed
in the expressions for the solutions. This, since the confluent hypergeometric
functions are undefined when ¢ = 0, —1, —2, ..., for these values of ¢ there is
a zero in the denominator in the expansion of M/(a,c;x). Moreover, there
is a possibility of a positive or negative infinity in the denominators in the
expression for U(a, ¢; z), depending on the Gamma functions, as well as a zero
in the denominator due to the sinus function for all integer values of c. For
these values of ¢ that brings the solution to an indeterminate form, one has
to consider a limit value, if it exists. As we will see below, we will get an
indeterminate expression when we choose s = 3/2, which is the interesting
case we want to study.

! Also known as Kummer’s equation.
2The condition for a self-adjoint operator L is that (u|Lu) = (Lu|u).
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H.2 Asymptotic Behaviour of the Solutions

We are interested in solutions to the Whittaker equation that are well-behaved
in the limit y — oo, i.e., © — 0o0. Beginning with the functions M,,(x) one
can derive an asymptotic expansion valid for large  and R(c) > R(a) > 0,
see [4]:

I'(c) ei (1 N (1—-a)(c—a) N (I1-a)2—-a)(c—a)(c—a+1) N > ’
[(a) zc— 1z 2122

(H.11)
where I' is the usual Gamma function. The asymptotic behaviour for M, (x)
is then

ex/2

My, () o m(

1+0(z™h). (H.12)

Clearly, the function diverges for + — oo and is therefore not physically
acceptable and can directly be ruled out. On the other hand the functions
U(a,c;x) have the asymptotic expansion, for R(a) > 0:

1 a(l+a—c) ala+1)(14+a—c)(2+a—c) >
— (1 o H.13
e < LT 21 (—a)? + (H.13)
So, for the second solution we have for large z:
Wy u(z) = e*“/Qx“Jr%*“(l +0(x™) —0 for z— oo, (H.14)

which is acceptable. Let us now therefore concentrate on the second solution.

H.3 The Kummer Transformation

We will now show that
Wy u=Wp_p, (H.15)

as was mentioned in the end of Section 6.1.3] We will use the relationship
between M and U in (HL.8). For the so-called logarithmic case, described in
the next section, the relation (H.I13) still holds, but it must be shown using
instead an integral representation of U (H.20).

Let ay = p—p+1/2 and ¢y = 2u + 1 be the parameters for U(ay, cy;x)
included in W), ,; and correspondingly a— = —p—p+1/2 and ¢ = —2pu+1
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the parameters for U(a—, c_;x) included in W), _,. Indeed we have:

sin(me_) = sin(m — 2mp) = sinw cos(2mp) — sin(27p) cosm = sin(2wp) = — sin(wey)
M(a—,c_;x) =M(—p—k+1/2, 2u+1;2) = M(ag +1 —c4,2 —cq5x)
(a- —cN=(—p—k+1/2-Cu+1)=p—-k+1/2—-1)! = (ay — 1)!
(- —D=(2p+1-1)=(1—cy)!
Pl — = (=2p41) _ 2

o2 ey
Ma-+1—c_,2—c_;2) = M(at,cq;2)
(a- =W =(—p—k+1/2—-1)!=(agr —cq)!
I—c)N=0—-(2u+1))=(ct —1)!

—

Ula_,c_;2) =2 "~ Ulay,cy; ).
(H.16)

This is also known as a Kummer transformation. The relationship (H.I6)
implies:
—pht1/2
—_—~
Wy = e 2 2a P20 c_sa) = e 22 o H 220 Uay ey s 2) = Wy e

(H.17)
Hereby we set p=s — 1.

H.4 The Logarithmic Case s = 3/2

Now, let us discuss what happens with the confluent hypergeometric function
U for s = 3/2, which we are particularly interested in coming from the required
properties of the Eisenstein series. We have then

$s=3/2 = p=s—-1=1/2
— c=2u+1=2

and

a=pu—p+1/2=1/2—-(-r—1/2)+1/2 =r+3/2, r=20,1,2,3,..
(H.18)

The case ¢ € N is referred to as the logarithmic case in [11]. Putting this into
the definition of the second solution in (H.8) we get

M(r+%,2;x) M (r+%,0;x)

r(r+3)r@) r(r+3)r0)

™

3
290 =
U<T+2’ x> sin(r - 2)

(H.19)
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Clearly this is undefined, and we have to consider the limit ¢ — 2. To show
that the function actually converges in the limit, for all > 0, one must use
an integral representation of U(a, ¢; x) instead (see [4] or 6.5. (2) [11]):

1 o0
Ula, ¢ z) = / o7 101 (1 4 e Ly, (H.20)

T(a) Jo

It is valid for R(x) > 0 and R(a) > 0. We have

oo o0

0 < lim e el (1 )7t < lim e T4 1+t dt =
c—2 Jy c—2 Jy
=(1+4t)c=2
o0 ’ o0 ’
={t'=t+1} =¢" lim e e 2dt < e” lim e THYeT2dY =
c—2 Jq c=2 Jq
I'(c—-1
= {for ¢ > 1 and x > 0} = €” lim (c )<oo
c—»2 gl
(H.21)

Since the limit is larger than zero and bounded from above, as well as strictly
increasing with ¢ (¢ can go from 14 to 2), the limit exists. Le., U(a,c,x) is
well-defined for @ = r 4+ 3/2 and ¢ = 2 if the limit is implicit in the definition.

Since R(a) > 0 the asymptotic expansion ([ELI3) is also validl. The ex-
pression for large z is thus

() = e 2x7 73 (14 0 (27)). (H.22)

3The asymptotic expansion is actually derived with help of the integral representation

H20).
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