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Abstract

This thesis deals with Index theorems and Soft theorems for gravitini.

In the first part, we derive the Atiyah-Patodi-Singer (APS) index theorem using
supersymmetric quantum mechanics. We relate the APS n-invariant to the temper-
ature dependence of the noncompact Witten index. It turns out that the temper-
ature derivative of the Witten index depends solely on the asymptotic boundary
of the noncompact target space. We also compute the elliptic genus of some non-
compact superconformal field theories, namely N = (2,2) cigar and N = (4,4)
TaubNUT. This elliptic genera is the completion of a mock Jacobi form. The holo-
morphic anomaly of this mock Jacobi form again depends on the boundary theory
as in the case of the Witten index. We show that the APS index theorem can then
be related to the completion of a mock Jacobi form via noncompact Witten index.

In the second part, we derive the leading order soft theorem for multiple soft
gravitini. We compute it in an arbitrary theory of supergravity with an arbitrary
number of finite energy particles. Our results are valid at all orders in perturba-
tion theory in more than three dimensions. We also comment on the infrared (IR)
divergences in supergravity. It turns out that the leading order soft theorem is

unaffected by the IR divergences.
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1. A. Dabholkar, D. Jain and A. Rudra, APS n-invariant, path integrals, and
mock modularity, JHEP 11 (2019) 080 [arXiv:1905.05207].

2. D. Jain and A. Rudra, Leading soft theorem for multiple gravitini, JHEP 06
(2019) 004, [arXiv:1811.01804].
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Index theorems




Chapter 1
Introduction

In this part of the thesis, we establish a connection between three distinct fields:
topology, number theory, and physics. In particular, we relate the Atiyah-Patodi-
Singer n-invariant [1] with mock Jacobi forms [2] and supersymmetric path inte-
grals. The link between these three is provided by the temperature-dependent Witten

index of a noncompact theory.

APS INDEX THEOREM &
TOPOLOGY ETA- INVARIANT

Regulator
dependent
Witten Index

BLACK HOLE
MICROSTATE COUNTING

MOCK JACOBI FORMS

NUMBER
THEDRY

NON COMPACT

ANOMALY ELLIPTIC GENUS

For a supersymmetric quantum field theory in a D-dimensional spacetime, the
Witten index [3] is defined by

W(B) :=Tr [(=1)"e "] (1.1)

where g = 1/T is the inverse temperature, H is the Hamiltonian, F is the fermion

number (which is zero for bosons and one for fermions) and # is the Hilbert space
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of the theory. This trace can be related to a supersymmetric Euclidean path integral
with periodic boundary conditions for all fields in the Euclidean time direction as
in §2.3.

If the quantum field theory is compact in the sense that the spectrum of the
Hamiltonian is discrete, then the Witten index is independent of the inverse tem-
perature . We elaborate on this in §2.2. The states with nonzero energy come
in Bose-Fermi pairs and do not contribute to the Witten index [3]. Only the zero
energy states graded by (—1)% contribute, and consequently, the Witten index is in-
dependent of 3. More precisely, it is a topological invariant of the target space. This
is the case, for example, for a supersymmetric sigma model with a compact target
space. If the field space is noncompact and the spectrum is continuous, then the
above argument can fail because now instead of a discrete indexed sum, one has
an integral over a continuum of scattering states. In general, the bosonic density of
states in this continuum may not precisely cancel the fermionic density of states,
and the noncompact Witten index can be temperature-dependent. This tempera-
ture dependence helps us to relate it to the n-invariant and to mock Jacobi forms.

It was shown in [4, 5] that for an appropriate sigma model on a compact target
space, the Witten index in the zero temperature (3 — oo) limit can be related to
some of the well-known topological invariants such as the Euler character or the
Dirac index of the target manifold. We define these topological invariants in §2.1.
We review their argument and re-derive the Dirac index of a compact manifold
without boundary in §2.3. Since for a compact target space, the Witten index is
temperature independent; one can evaluate it in a much simpler high temperature
(8 — 0) limit. In this limit, one can use the heat kernel expansion to prove the
Atiyah-Singer index theorem (index theorem for differential operators on a com-
pact manifold without boundary) [6]. Evaluating the path integral correspond-
ing to the Witten index in this high-temperature semiclassical limit gives another
derivation of the index theorem [4, 5].

For a compact target space with boundary, the boundary conditions play an im-
portant role and there is a correction to the index theorem. This correction is known
as the APS n-invariant. We relate the index on a compact manifold with a bound-
ary to the Witten index on a noncompact manifold. We use the temperature de-
pendence of this noncompact Witten index to compute the APS n-invariant. The
temperature-dependent piece is no longer topological but is nevertheless ‘semi-
topological” in the sense that it is independent of any deformations that do not
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change the asymptotics of the target space. This yields a new proof of the APS in-
dex theorem. The n-invariant is nonzero precisely because the noncompact Witten
index is temperature-dependent.

The relation to mock modularity arises similarly as a consequence of the non-
compactness of the target manifold for a superconformal field theory on a base
space X, which is a 2-torus with a complex structure parameter 7. The elliptic genus
of an SCFT is a generalization of the Witten index that counts the right-moving
ground states with arbitrary left-moving excitations. It is a priori a function of 7 and
7. For a compact SCFT, by an argument similar to the above, it is independent of the
‘right-moving temperature” and hence of 7, and is a (weakly) holomorphic Jacobi
form. Once again, for a noncompact SCFT with M as the target space, this argu-
ment fails. There is a ‘holomorphic anomaly” because the right-moving bosonic
density of states does not precisely cancel the right-moving fermionic density of
states. In this case, the elliptic genus is no longer a Jacobi form but is rather a com-
pletion of a mock Jacobi form—a new mathematical object introduced in [2]. The
holomorphic anomaly is once again governed by the temperature dependence of
the ‘noncompact right-moving Witten index’, which depends solely on the asymp-
totics of the target space. Hence it can also be related to the torus one-point function
of the super-current in the asymptotic boundary theory [7]. We use this relation to
compute the holomorphic anomaly for certain examples.

An advantage of mapping the APS index to the Witten index on the noncom-
pact manifold M is that it becomes easier to obtain its path integral representation.
Defining a path integral measure on a target space with a boundary is, in general,
rather complicated. Even for a very simple system like a particle in a box, the path
integral formulation was achieved relatively recently [8-13]. For a path integral
on a manifold M without a boundary, even if it is noncompact, one can use the
canonical measure. The path integral facilitates computations using supersymmet-
ric localization. We derive the APS result for certain type of manifolds by relating
it to a Callias-Bott-Seeley [14, 15] index theorem as we explain in §3.4.2. A path in-
tegral representation also makes the modular invariance manifest making it easier
to see the connection with mock modularity.

Apart from their intrinsic importance in differential topology, the index the-
orems play an important role in physics. The Dirac index on a manifold M is
related to the Chiral anomaly for fermions living on that manifold [16]. Hence by
computing the Dirac index, one can tell if the chiral symmetry can be gauged or
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not. Index theorems are also used in finding the dimension of instanton moduli
space [17]. The n-invariant also has a number of interesting physics applications,
for example, in the analysis of global gravitational anomalies [18], in fermion frac-
tionization [19, 20] , in relation to spectral flow in quantum chromodynamics [21,
22], and more recently in the description of symmetry-protected phases of topo-
logical insulators (see [23] for a recent review). Similarly, apart from their intrinsic
interest in number theory [24, 25], mock modular forms and their cousins have
come to play an important role in the physics of quantum black holes, quantum
holography and wall-crossing [2, 26-34], in umbral moonshine [35, 36], in the con-
text of WRT invariants [37-40] , and more generally in the context of elliptic genera
of noncompact SCFTs [41-46]. We expect our results will have useful implications
in these diverse contexts.

This part of the thesis is organized as follows. In Chapter 2, we review the
mathematical definition of the Dirac index, and the supersymmetric quantum me-
chanics (SQM) on a compact target space. We then re-derive the Dirac index using
path integral in SQM. In Chapter 3, we describe the Atiyah-Patodi-Singer construc-
tion for a compact manifold with a boundary. We explain the APS boundary con-
ditions and relate the APS index to the noncompact Witten index. Then we use
this formalism to present a proof of the APS theorem in §3.3.3. As an example,
we compute the n-invariant for a finite cigar. We then move on to superconfor-
mal field theories with a two-dimensional base space in Chapter 4. We review the
definitions of mock Jacobi forms in §4.1 and discuss their connection with noncom-
pact non-linear sigma models (NLSM). We then review the renormalization group
flow of gauged linear sigma models (GLSM) to non-linear sigma models in §4.3.
We focus on the noncompact NLSM’s which arise in the RG flow of GLSM’s with
Stiickelberg fields. In the end, we compute the holomorphic anomaly for certain
examples, namely N = (2, 2) cigar SCFT and N = (4,4) TaubNUT SCFT, using dif-
ferent methods. First, we compute it by taking the 7 derivative of the elliptic genus
computed from GLSM, and then we perform a direct computation in the boundary
theory and use the Gaiotto Johnson-Freyd (GJF) anomaly equation.

The examples considered in this work are simple but sufficiently nontrivial and
illustrative. Our results indicate that these interesting connections are a rather gen-
eral consequence of noncompactness. Supersymmetric methods have been used
successfully to obtain a path integral derivation of the Atiyah-Singer index theo-
rem for a compact target manifold without boundary, but to our knowledge, no
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such derivation exists for a manifold with a boundary’. Using our formulation in
terms of a noncompact Witten index, it should be possible to obtain a more com-
plete path integral derivation of the APS index theorem, for example, even for the
manifolds that do not have product form near the boundary [48] and the manifolds
with torsion [49]. In such cases, the continuum touches zero modes, and hence the
separation of contributions from discrete states and continuum becomes difficult.
We would like to address this issue in future works.

We also make some comments on the relation between mock modularity and
the presence of Stiickelberg field in the GLSM. It would be nice to make this con-

nection more precise.

'Indeed, this was posed by Atiyah a decade ago as a problem for the future [47].



Chapter 2
Index theorems and Supersymmetry

In this chapter, we first define various index theorems and then set up the notation
for supersymmetric quantum mechanics (SUSY QM). We later give a derivation of
the Atiyah-Singer (AS) index theorem using supersymmetric quantum mechanics.
This will set up the stage for the next chapters, where we derive Atiyah-Patodi-
Singer (APS) index theorem using SUSY QM. Since we are interested in deriving
the results from a physics perspective, we will not dive deeply into mathematical

technicalities.

2.1 Index Theorems

A generic differential operator D on a manifold M, is defined as a map between
sections of vector bundles. The differential operators D and its dual D' are defined

as:

D : I'M,E) = T'(M,F) (2.1)
DY . (M, F) - T'(M, E) (2.2)

where E, F are vector bundles over M and I'( M, E), I'(M, F') are sections of vector
bundles E and F' respectively. For the index theorems, we will be interested in the

zero eigenvectors (kernels) of these operators:

KerD {s e (M, E);Ds =0} (2.3)
KerD' = {scT'(M,F);D's =0} (2.4)
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The index is defined as:
IndD = dim KerD — dim KerD' (2.5)

This analytical index is well-defined for the elliptic operators ! which satisfy Fred-
holm condition?. An elliptic operator whose kernel and co-kernel are finite-dimensional
is known as Fredholm operator. It is well-known that the elliptic operators on a
compact manifold M are Fredholm operators. Some of the examples of such oper-
ators are: Laplacian, Dirac operator, de-Rham operator, etc.

It has been proved that this analytical index on compact manifolds without
boundary;, is a topological quantity; more precisely, it can be expressed in terms of
integral of certain characteristic class over M. This interplay between analysis and
topology is the main ingredient of the index theorems.

The index theorems can be broadly classified into three categories depending
on the manifold M:

o Atiyah-Singer index theorem (AS): These are the index theorems defined for
differential operators that live on a compact manifold M without boundary
[6]. In this chapter, we will review this case.

e Atiyah- Patodi-Singer index theorem (APS): These are the index theorems
defined for differential operators that live on a compact manifold M with
boundary [50, 51]. In such cases, boundary conditions play a significant role.
We will discuss these in chapter 3.

e Callias index theorem: These are the index theorems defined for differential
operators that live on a non-compact manifold M. In these cases, imposing
Fredholm condition turns out to be a bit tricky. The index of the Dirac op-
erator has been defined and calculated for only a few types of non-compact
manifolds [14].

!Elliptic operators are defined by the condition that the coefficients of the highest-order deriva-
tives appearing in that operator, are positive. Hence the principal symbol is invertible.

2For non-Fredholm operators, the index becomes a difference between two-infinite quantities
and hence is not well-defined.
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2.1.1 Dirac Index

In this thesis, we will only consider the index of Dirac operator () = 7#*D,,). To de-
fine the Dirac index, we consider a spin bundle over a compact, even-dimensional
(2n), orientable manifold M. The spin-group is generated by 2n dimensional -
matrices satisfying:

(M) = o (2.6)

{v',7} = —2¢” (2.7)
-n n _ann 0

7 o= i"yly? AP :< 0 I > (2.8)

(’7)2 = IDnxon (29)

Since (7)? = I, the eigenvalues of 7 are +1. It is called chirality matrix. Consider
a Dirac spinor ¥(z) living on sections A(M) of the spin bundle. In the basis in
which 7 is diagonal, it can be written as:

U_
U — (\I/+> ’ (2.10)

where the + denote the chiralities i.e. yU* = +¥*. Using this, the sections A(M)
can also be separated into two eigenspaces:

A(M) = AT (M) & A~ (M) (2.11)

such that ¢* € A*(M). The Dirac operator in curved space is given by:

1
YD, = A (au + Zwuawa'yb> U (2.12)

where w,,., is the spin connection and 7v* = ~*¢},. Here we have introduced or-
thonormal basis ¢j;. In even dimensions, we can choose y-matrices such that the
Dirac operator can be written as:

0 L
o (19 .



10 Chapter 2. Index theorems and Supersymmetry

where

) (2.14)
) (2.15)

The index 7 of the Dirac operator on the manifold M is then defined as:
7 = dim KerL — dim KerL' =n, —n_ (2.16)

where n, is the number of zero modes of L with positive chirality and n_ is the
number of zero modes of LT with negative chirality. The AS index theroem [6]
states that the index of Dirac operator is given by:

7= //vt a(z)|vol. = /M 01:[1 m (2.17)

where z,, are the skew eigenvalues of the matrix R;; which is a two-form con-

structed out of Riemann tensor i.e. R;; = - Rijuda® A dz'. In particular, in 4D we

obtain: . o RAR
T=—_— [ X200 (2.18)
24 |, 1672
where tr is the trace over the indices i, j of the two-form R;;.
Regulating the Index
We note that the equation (2.16) can be re-written as follows:
Z = dimKerL — dim KerL' (2.19)
= dim KerZL'L — dim KerLL! (2.20)
= lim Tr (e*BLTL — e*'BLU) (2.21)
B—00
— lim Tr (ﬁe‘ﬂm2> (2.22)
B—r00

where we have introduced a regulator 3. In the second last equation, we use the
fact that in the 8 — oo limit, only the zero modes of LL" and L'L will contribute.
The last equation is obtained by using the fact that 4 commutes with * and it has
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eigenvalues +£1. Notice that (2.22) is the quantity one computes to calculate the
Chiral Anomaly in a quantum field theory.

We note that on a compact manifold M without boundary, the index is a topolog-
ical quantity and is independent of the regulator 3. Using this, one can evaluate it
in the much simpler 3 — 0 limit using the heat kernel expansion. But this regulator
independence fails on a non- compact manifold. This 8 dependence plays a key role
in deriving the APS index theorem, which is the subject matter of Chapter 3.

2.2 Supersymmetric Quantum Mechanics

In 1983, the Atiyah-Singer index theorem was proved using Supersymmetric Quan-
tum Mechanics (SQM) [3-5]. We will go through that proof in detail in the next
section. In this section, we introduce SQM and the Witten index, which will be
crucial in deriving the AS index theorem.

Consider a particle moving on a compact manifold M with the lagrangian

-1 / dt [gij(x)dxi dx]} (2.23)

given by:

2 dtdt
where g;; is the metric on M, which we refer to as target space. Here z"’s are the
maps from the worldline (¢) to the target space (M). We can now supersymmetrize

the system i.e. we add a fermionic super-partner ¢’ corresponding to every bosonic
coordinate z*. The Lorentzian action of this system is given by:

1 det de? dip dz®
I= 5/ dt {%;(@%E +i (&11)% ‘*’Wakbﬁw ; (2.24)

This can be obtained as a specialization of the worldsheet action (2.65) which we

derive using (1, 1) superspace in Appendix 2.3.2, with Q. = ()_ and by setting
F'=0, h=0, Y =0, — =0, i =Y. (2.25)
We have defined * = e%)* using the vielbein and w,y, is the spin connection on

M. The conjugate variables are

oL i B/
- 877[)@ - §¢a bi ‘= O =T+ 2’(/) Wzab”vb (226)

Ty
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where the dot refers to t-derivative. The nonvanishing canonical commutation re-

lations are
{4 P} = 5%, 2", p;] = 10} . (2.27)

The Hilbert space H furnishes a Dirac representation of 2n-dimensional v-matrices
with v/2y7 = —iy?. The chirality matrix 7 defined in (2.9) can be identified with
(—1) where F is the fermion number. It acts on the fields as follows:

(1)’ =o' (DY = ¢ (2.28)

For a review see [52] which uses slightly different conventions.
Above lagrangian is invariant under the following supersymmetry transforma-

tions:
dx' = i)’ St = —ed. (2.29)

where ¢ is the Grassmann variable parametrizing SUSY transformations. This sys-
tem has one real supercharge, in other words, itis N = 1/2 SUSY QM. The corre-
sponding Noether supercharge is given by:

€Q = —eV2;, (2.30)
Upon quantization, we get

, 1
Q=~'D;, =1 with D; =0; + Zwiaw“’yb. (2.31)

which is the Dirac operator on manifold M. The canonical commutations imply

the commutation relations

{Q.QY=2H, [HQ =0, {Q(-1)"}=0 (2.32)

where H is the worldline Hamiltonian. Since the worldline supercharge takes the
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same form as the Dirac operator on the target space M, there is a one to one corre-
spondence between the worldline quantities and the target space ones.

D < Q
D o H
7 & (=)F

Hence positive and negative chirality spinors on the target space correspond to
positive and negative eigenstates of the operator (—1)¥ in the Hilbert space H of
SQM. The Dirac index Z is then naturally identified with the Witten index of the
supersymmetric quantum mechanics i.e.

7= lim Tr (76—/””2) & lim T
B—o0

r
B—oo H

(—1)F exp™?H = Bh_}m W(5) (2.33)

For a compact manifold the eigenvalues of H are discrete. It then follows from
(2.32) that if |E, +) is a bosonic eigenstate with energy eigenvalue £ > 0, then

\/LEQ|E ,+) == |E, —) is a fermionic eigenstate with the same energy eigenvalue.

E, 9000 00060
Eg @00 —0
Bosons Fermions

Hence, eigenstates with non-zero eigenvalues of H come in Bose-Fermi pairs and
cancel out in the trace. The Witten index, in this case, receives contribution only
from the ground states and is a topological invariant [3, 6]. Hence W (/5) is inde-

pendent of 3 when the target space is compact.
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2.3 Derivation of Atiyah Singer index theorem

We have already introduced all the basic ingredients required to give a physicist’s
derivation of the Atiyah-Singer index theorem. We will now compute the Witten
index in SUSY QM introduced above, with an even-dimensional® (2n) target space
M. The Witten index of the worldline theory has a path integral representation

W) = [ doal(-1)"e )
_ /P [4X] exp (=S[X. ) (234)

where the path integral is over superfield configurations that are periodic in Eu-
clidean time with period 3, hence the Euclidean base space ¥ is a circle of radius
3. The measure [dX] is induced from the supermeasure* on the supermanifold sM
introduced after (2.64). The Euclidean time 7 is related to the Lorentzian time ¢ as

usual by Wick rotation ¢ = —i7 and the Euclidean action is:
1 [P da’ da dy® da*
SIX = - dr | gii(2)——— + U | Opp—o ab—° 2.35
[ ’ﬁ] 2/0 T{g](x)dT dr +9 ( de +wkbdrw)1 ( )

1 [P det dai (d . dat
= — d - - = . U YV IS B 2.
2/0 T |:913($) dr dr +QU($)¢ (de) + 15 dr 77/} ):| ( 36)

where I'/, are the Christoffel symbols given by:

Jj 1 im OGmk OGmi Ogi
I, =—g —
L) ox! oxk  Ox™

As we already argued, the Witten index on a compact target space is independent
of 3, we can compute the above path integral in 5 — 0 limit. The path integral can
be evaluated by following the steps given below:

1. In 8 — 0 limit, the path integral is dominated by the saddle points deter-
mined by the following equations:

do' _ o dv
dr dr
3In odd dimensions, the Dirac index vanishes. This can be seen from equation (2.54).
41t is well-known that the supermeasure is flat even if the manifold M is curved because the
factor of \/g in the bosonic measure dz := d*"z ,/g cancels against a similar factor in the fermionic
measure di) := d*"1) ﬁ.
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2. We then compute the quadratic action for small fluctuations around the sad-

dle point.

3. Lastly, we integrate over small fluctuations to evaluate the full path integral.

Since we restrict ourself to the constant modes of both fermions(vy) and bosons

(z9). The calculation is much easier in Riemann normal coordinates (RNC), defined
by,
9ij(0) = 0y , Ogij(zo) = 0. (2.37)
Considering small fluctuations around the constant path and expanding the fields
in RNC,
2 (1) = ab + &(7), V(1) = g +n' (7). (2.38)
We can now compute the Lagrangian up-to terms quadratic in fluctuations:
gij(@)i'd’ = gij(wo)€'¢’
gi (@)W = gij(o)n'y
gijw"l“jkzé’“w’ = &jé’ijkz&méWéwé
1

= §5ij(amrjkl — BT ) EmER Yl

= ¢ Runl i
Hence the Lagrangian (upto quadratic terms in fluctuations) is given by:
€= L8+ i + 3 R iie (2.39)
The Witten index then becomes,

2n
W(3) = Ay [ ] deiei PO} wi) (2.40)
=1

where N7 is the fermionic normalization, 2n is the dimension of the manifold M
and FD(z},v{) denotes the fluctuation determinant computed in §2.3.2
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2.3.1 Fermionic normalization

The chirality matrix 7 can be expressed in terms of the fermionic zero modes using
V21 = —iv'. Hence we obtain:

F ="y = (= 20)" g (2.41)
Also, Try? = Trl = 2". Hence,
Try? = Tr(—1)"(=2i)" ¢ ... 45"
r oy [Tlavi2iris.. vt
=1
— N = (—i)" = (=) (2.42)

where D = 2n is the dimension of the target space and we have used the conven-
tion given in (2.58) for Grassmann integrals. Notice that even though we derive
this normalization for only even D but it can be used to define normalization for

arbitrary D. For D = 1, we do not get any -ve sign from the Grassmann integral

and hence we get Ny = (i)'/2.

2.3.2 Fluctuation determinant

We have periodic boundary conditions for all the fields along the Euclidean time

direction i.e

(1 +p8) =¢(r) (T +8) =n'(r) (2.43)

Hence, we can mode expand the fluctuations as follows:

, , 2mi : : 2me
&(r) = Z &, exp {—mT] , n'(t) = Z 7y, €XP [—mT] (2.44)
m#0 /8 m#0 5
The fluctuation determinant is given by:

2n
FD(z,vh) = [T ] / del dnf, exp [=Sp(€l i xh, 0h)] (2.45)

i=1 m#0
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Using these expansion, the bosonic part of action (2.39) can be expressed as follows:

(2mm)? a
Z Z [ 2041 2a+2] B ya(27r7zl) &n! (2.46)
— 2mm o :
a=1m>0 —ya(27rm) % 572” -
where y, (o = 1, -+ ,n) are the skew-eigenvalues of R;; := 1 R;;n9§1}. The bosonic

fluctuation determinant then becomes:

Z, = / H [T dgi,cap S b7 0t (2.47)

i=1 m#0

= H 11 H (det(A,/2m)) " (2.48)

i=1 m>0 a=1

where A, is the matrix given in (2.46). Finally we obtain
- 27m? (%ya B)? -
Z, = H H H ( > (1 - (2.49)

B 1 LYol3
B H\/%' Hsmﬁ yaﬂ) (2.50)

where we have used zeta function regularization to compute the first product. The

fermionic part of fluctuations give:

Zy = /H H dn’ dn', e 2 2mimynmn—m — | (2.51)

i=1 m=1

Here again, we have used zeta function regularization to compute the determinant.

Plugging in all the factors, we obtain the following expression for the Witten index:

- f] H i %H P .52)

sinh(5ya0)

Since y,’s are bilinear in )y, and the integrand is even under y, — —v,, the Taylor
series of the integrand only contain terms with even powers of y,. Hence, the
number of vy’s is a multiple of 4, and the integral vanishes unless the dimension of
the manifold is a multiple of 4. Due to the fermionic zero-mode integral, only one
term from the expansion of sinh contributes.

Let us consider manifolds M with dimension 2n = 4k. The term in Taylor series
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that contributes to the integral contains ¢". This combined with ¢ from the fermionic

normalization gives, i?", and since n is even, this gives 1. We may as well replace,

i n iyaﬁ ya/4ﬂ-
(_ZWﬁ) smli( Yaf) - sinh(y, /47) (2.53)

Here we explicitly demonstrate that the answer is independent of the regulator
which matches with the general argument given above. The Witten index/ Dirac

index is given by:
_ YafAm
/ H sinh(y, /47) (254)

which matches (2.17). Notice that the definition of =, and vy, differ by 1/2x.

In this way the Dirac index can be derived by computing the Witten index in
a SQM. One can compute various other topological indices of the target manifold
by computing different quantities in SQM. Below we list such topological indices/

signatures and the corresponding quantities to be computed in the SQM :

Index computation from SQM
Index Number of Supercharges | Expression (to be com-
(complex) puted in SUSY)

Euler number N=1 Tr(—1)Fe-PH

Hirzebruch signature N=1 TrQse P15

Dirac operator N=1/2 Tr(—1)FepH

Dolbeault index N=2 Tr(—1)FePH

G-index (dy = d + iA(K)) | N =1 with central charge | Tr(—1)Fe P

>The operator Q5 implements 1}, — (y1%,) symmetry.
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Appendix

2.A (1,1) SUSY from superspace

We were interested in the supersymmetric path integrals for D-dimensional quan-
tum field theories with D = 2,1,0. In this appendix, we write down the most
general action for a system with (1,1) SUSY in 1 + 1 D. The worldline and world
point actions can be obtained by taking various limits of the action derived in this
appendix.

We use indices {a, 3, ...} with values in {0,1} to label the components of a
worldsheet vector and {4, B, ...} with values in {+, —} to label the components of
a worldsheet spinor. On the field space, we use 1 < 4, j,... < 2n as the coordinate
indices 1 < a,b, ... < 2n as the tangent space indices. We use the worldsheet metric
to be 7,3 = diag(—, +).

A convenient basis for the two dimensional Dirac matrices is

o [0 —i L [0
p—<i 0) ) p—(i 0) (2.55)

which satisfy {p®, p’} = —2n*". The worldsheet chirality 5 and charge conjugation

matrix C are

-1 0
p = —pop1 = < 0 1) Cas = Pap (2.56)

A two-dimensional Majorana spinor is a two-component real spinor. A Majorana

spinor is obeys 1) = 1/'C where C = p° in our case. Hence we obtain:
p y p

(o
— )* 2.57

We use the superspace sX with real superspace coordinates {c“, 04} to write down

the supersymmetric lagrangian. We use the following convention for superspace
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derivatives and integrals

0
064

08 = 6%, %9‘3 =08 and / dodo 06 = 1. (2.58)

The supercharge here is a two-dimensional Majorana spinor.

Q::<Q‘) 0=q 2.59)
Q4
In superspace, the components of the supercharge are given by
J ., 9
Qa = 577 +1(p"0)a0a (2.60)

which satisfy the V' = (1, 1) supersymmetry algebra

{QA) QB} = Zi(paaa)AB (261)

To write actions invariant under the supersymmetry, one needs a supercovariant
derivative. Supercovariant derivative is invariant under supersymmetry and it is

defined by:
o)

064
It satisfies the following anticommutations

Da =~ —i(p*0) 40 (2.62)

{D4, Dp} = —2i(p"0u) an (2.63)

2.A.1 SUSY lagrangian

We consider non-linear sigma models with Euclidean base space >, which can be
a 2-torus 7%, a circle S', and a point. We refer to these as the worldsheet, world-
line, and world point respectively. All our examples can be obtained by reductions
of Euclidean Wick-rotated version of a 1 + 1 dimensional worldsheet with (1,1)
supersymmetry, which we describe below.

Consider real superfields { X*(o, #)} with the following superspace expansion

X'(o) = 2'(0) + 0Y'(0) + %Q_QFi(a) (2.64)
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where {z'} are the coordinates of 2n dimensional real target manifold M, ¢, are
real Grassmann fields and F" are auxiliary fields. The components of the superfield
can be thought of as the coordinates of a supermanifold sM. The Lorentzian action
is given by:

[(X) = L[ 2o ngj (X)DX'DX’ + 2h(X) (2.65)

2ma! [ o5 2

where g;;(z) is the metric on M, h(X) is the superpotential, and D is the superspace
covariant derivative on the (base) superspace. We have introduced o' for easy com-
parison with other normalizations in the literature. The action is invariant under
diffeomorphisms in the target space M. It is also invariant under translations of ¢
generated by the Hamiltonian /7 and translations of o generated by P as well as
under the Z, action of (—1)*"

T — L zt— 2t (2.66)

Moreover, it is invariant under the (1, 1) supersymmetry generated by a real con-
stant spinor €4 under which the superfield transforms as 6.X = (éQ)X and its com-

ponents transform as

ot = &)
St = (—iy" 0" + F')e (2.67)
OF" = —iey" 0,0 .

With o/ = 1, the action (2.65) in superfield components is given by

_ Y [ Yo e i Tihai i

1= — Eda[2g”(8ax(9x i — FFY)
1 _ o 1 o 1 o .

+ Zakalgij (@Wkwl)wllﬂj) - ZakgijWWFk + Zlakgij(F%/}J + F]W)Q/fk

oh . 1 0*h -, .
7 - A ]
+axi 2 0xt0xI (W' )] (2.68)

where the covariant derivative

Vo' = Opth’ + Ty Oua? o (2.69)
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is defined using the Christoffel symbols I’ () in the target space. When the su-
perpotential is zero, eliminating the auxiliary fields yield the familiar quadratic
fermionic term involving the Riemann curvature tensor [53, 54]. It is convenient to
introduce an orthonormal basis of forms, ¢* = e%dz’, using the vielbein €4 and the
inverse vielbein ¢’,. The metric can then be expressed as g;; = e%e@ dap, and one can
define the spin connection w®y; associated with the Christoffel symbols.

2.A.2 Central Extension

In the presence of a central charge, the SUSY algebra modifies as follows:

{Qa, Qp} = 2i(p"0a) ap + 2i(P) an (2.70)

where p,p is symmetric. The super-charge and the covariant derivative then be-

come:
Qa=Qa+i(p0)aZ | Da=Da—i(ph)aZ (2.71)

The presence of the Killing vector in the target space allows a central term in
the supersymmetry algebra. The central charge is related to the Killing vector as
K;(xz(0)) = Zx;(0), where z; is the scalar field sitting in the chiral superfield . The
action (2.68) modifies to

1 — -

where D, is a covariant derivative on M [53]. For an off-shell formulation see [54].
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Chapter 3
Atiyah-Patodi-Singer Index Theorem

In this chapter, we derive one of the main results of this thesis. We derive the
Atiyah-Patodi-Singer index theorem using Supersymmetric Quantum Mechanics.
In the next section, we elaborate on the APS index theorem and 7-invariant, and
then in the subsequent sections, we will give a new proof of APS index theorem
using SQM.

3.1 APS Boundary Conditions

Consider a compact manifold M with a single boundary' OM = A where N is

a compact, connected, oriented manifold with no boundary as shown below:

v> 0

FIGURE 3.1.1: Manifold M with a collar N/ x I shown in red.

We wish to compute the index of Dirac operator on such a manifold. To have
a well- defined index, we need to impose boundary conditions that preserve both
self-adjointness of the Dirac operator and the chirality of the eigenvectors. Usual
local boundary conditions like Dirichlet or Neumann do define a self-adjoint Dirac

!Tt is easy to generalize the analysis to a manifold with multiple boundaries.
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operator. However, because of the reflection at the boundary, such local boundary
conditions mix the positive and negative chirality modes and do not allow one
to define the index. To preserve chirality, it is necessary to impose the nonlocal
Atiyah-Patodi-Singer boundary conditions [1] explained below.

We assume that M has a product metric in the ‘collar’ region N x I near the
boundary (Figure 3.1.1). We define local coordinates {y™;m = 1,2,...,2n — 1} on
N and u < 0 on the interval I and the boundary is located at v = 0. The metric,

near the boundary takes the form:
ds* = du® + Gun|n dy™dy™, (3.1)
The Dirac operator near the boundary becomes
D =7"0y+7"Dy, . (3.2)
where m = 1,...2n — 1. It can be expressed as
D =~"(0. +7B) (33)

where 7 is the chirality matrix on M and B = 7™ D,, is the boundary Dirac operator
with 7™ defined by

7= (3:4)
which satisfy the same Clifford algebra as the original v matrices:

{YmA"=—24™", ™A= -24™". (3.5)

The eigenvalue equation for the Dirac operator near the boundary takes the form
0 L\ [¥_ v_
=VE (3.6)
Lt o)\, v,
where L = 0, + B. The eigenfunctions can be written as

U (u,y) =Y W (u) ex(y) (37)
Uy (u,y) =Y WL (u) ex(y) (3.8)
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where {e)(y)} are the complete set of eigenmodes of B with eigenvalue {\}. For
each mode we obtain:

(% ' A) ¥ (u) = VE ()

d
<—E—+A>¢M@o::VEmi@). (3.9)

U
To motivate the APS boundary conditions consider a noncompact ‘trivial” ex-

tension M obtained by gluing a semi-infinite cylinder N' x R (where R is the
half line v > 0) to the original manifold (Figure 3.1.2). Near the boundary, the zero

Y 0

FIGURE 3.1.2: The noncompact M s a trivial extension of M obtained
by gluing A x R™.

energy solutions of (3.9) on M have the form:
W (u) = exp (FAu) U2 (0) (3.10)

One can ask which of these solutions can be extended to square-integrable or L,-
normalizable solutions on the noncompact manifold M. Since u is positive on
the semi-infinite cylinder, the solutions are normalizable if the argument of the
exponent is negative. This is consistent with the APS boundary condition [50]. One
sets the exponentially growing mode to zero which amounts to Dirichlet boundary
condition for half the modes:

vh(0) =0 vV A<0
T 0) =0 vV A>0. (3.11)
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For the remaining half, one uses Robin boundary conditions obtained by using
equations (3.9) and (3.11):

Ao
d—J(0)+AM(0) =0 vV A>0
Ao
—d—u—(o) + AU (0) =0 YV A<0. (3.12)

These boundary conditions are consistent with supersymmetry as one can see from
(3.9). By construction, imposing the APS boundary condition on M is equivalent to
requiring L,-normalizability for the solutions of Dirac equation on the noncompact

extension M.

3.2 APS Index Theorem and 7-invariant

The APS index theorem states that the index of Dirac operator with APS boundary
conditions on the compact Riemannian manifold M with boundary N is given by

1
7= //\/1 a(r) — 5(77 + h) (3.13)

where [, a(x) is the Atiyah-Singer term which is present also in the compact case,
n is the Atiyah-Patodi-Singer n-invariant and £ is the number of zero modes of the
boundary operator B.

The n-invariant is a measure of the spectral asymmetry which is equal to the
regularized difference in the number of modes with positive and negative eigen-
values of the boundary operator B on A. Let {\} be the set of eigenvalues of B3,
then

n=> sgn(\) . (3.14)

A£0

Here sgn is the sign function which is defined as

sgn(A) = 1 for A>0
sgn(\) = -1 for A<0 (3.15)
sgn(\) = regulator dependent for A=0



3.2. APS Index Theorem and n-invariant 27

The zero eigenvalue of B can be treated by slightly deforming the boundary oper-
ator but the answer depends on the direction in which one approaches zero. This
sign ambiguity (the sign in front of /) is also present in the original APS formula in
equation (3.13). The n-invariant for a large class of boundary manifolds have been
computed by Hitchin in [55].

This infinite sum can be regularized in many ways. A natural regularization
that arises from the path integral derivation is (3.35)

n(p) = ngn erfc<|)\|\/_> (3.16)

A£0

Another regularization used in the original APS paper [1] is the (-function regular-

_ \oseny)
Maps (S Z| |s+1_z Al (3.17)

A£0 A0

ization

The two regularization schemes are related by a Mellin transform

SN/ T o 5_ 1~
nAPs(S) = %/ d652 177(5)' (318)
I'(*%57) Jo
The APS n-invariant (n,,(s)) for an operator B can be expressed in terms of the
Riemann zeta function as follows [56]:

g = 218 — €200) (is__@l(S) (3.19)

where (;(s) and ((s) are the Riemann zeta functions corresponding to the opera-
tors 2|B| + 1B and 3|B| — 1B respectively. So naviely it looks that 7,,, has a pole at
s = 0 but it can be checked that for the boundary Dirac operator, the residue at this
pole vanishes [50]. Hence 7,,.(s) is analytic near s = 0 and the n-invariant can be
defined as:

0= lim 7, (s) (3.20)

It is expected that the answer is independent of the regularization up to local
counter-terms that are implicit in the definition of a path integral.

The factor of half in front of 7 in (3.13) has the following consequence. As one
varies the metric on N, the eigenvalues of B can pass through a zero, and  would
change by £2. The index then changes by F1 as expected for an integer. It also
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shows that neither the index nor the n-invariant are strictly topological and can
change under smooth deformations of the boundary. They are nevertheless semi-
topological, in the sense, they change only if the asymptotic data near the boundary
is changed to alter the spectrum of B.

3.3 APS index theorem & SQM

As shown in the last chapter, the index Z of the Dirac operator equals the Witten

index of SQM in the zero temperature limit i.e. in § — oo limit:
Z:=W(oc0). (3.21)

For a compact manifold M without boundary or with a boundary and APS bound-
ary conditions, the Dirac operator is self-adjoint. It has a discrete spectrum, and its
eigenvectors span the Hilbert space H. As a result, the Witten index is independent
of # and, in particular,

W(oo) = W(0). (3.22)

This equality is an essential step in the proofs of both the Atiyah-Singer and the
Atiyah-Patodi-Singer index theorems because one can then evaluate the Witten in-
dex in the much simpler 5 — 0 limit using the high-temperature expansion of heat
kernels.

For a compact target space without a boundary, the Witten index has a path
integral representation, which is the starting point to obtain a derivation of the AS
index theorem. Similarly, for a manifold with boundary, one would like to find a
path integral representation, so as to apply localization. But there is an obvious
difficulty in this case. In general, path integral formulation is much more subtle
for a target space with a boundary. For this reason, it is convenient to map the
problem to the computation of the Witten index Wofa noncompact manifold M
without boundary. This will also lead to a ‘spectral theoretic” reformulation of the
APS theorem.

3.3.1 Noncompact Witten index

The APS boundary conditions imply that for every solution of the Dirac operator
on M, there is a Ly-normalizable solution of the extended Dirac operator on M\ .
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One can, therefore, aim to express the Dirac index in terms of the noncompact Wit-
ten index W\(oo) at zero temperature, which admits a more straightforward path
integral representation. One immediate problem with this idea is that the spectrum
of Dirac Hamiltonian H on M is expected to contain delta-function normalizable
scattering states with a continuous spectrum in addition to the Ly-normalizable
states. It is not clear then that the operator (—1)” e~PH is ‘trace class’ in the conven-
tional sense because it may not have a convergent trace after including the scatter-
ing states. Thus, even before developing the path integral for /I/I?( f3), it is necessary
to give a proper definition for it in the canonical formulation that correctly gener-
alizes (1.1).

A natural formalism for this purpose is provided by ‘rigged Hilbert space” or
‘Gel’fand triplet’ which generalizes the Von Neumann formulation of quantum me-
chanics based on a Hilbert space [57, 58]. An advantage of this formalism is that
one can discuss the spectral theory of operators with a continuous spectrum with
‘generalized’ eigenvectors, which may not be square-integrable. We review some
of the relevant concepts as they apply in the present context.

The first Von Neumann axiom states that every physical system is represented
(up to a phase) by a vector in a Hilbert space H with the unit norm. This is essential
for the Born interpretation because the total probability of outcomes of measure-
ments for any physical system must be unity. The second axiom requires that every
physical observable corresponds to a self-adjoint operator on . This, however, is
not always possible. A simple counterexample is a free particle on a line R with the
Hamiltonian H = p?. The self-adjoint operator corresponding to H on H has no
normalizable eigenvectors, so the set of eigenvalues of this operator is empty. On
the other hand, on physical grounds, one expects the free particle to have continu-
ous energy with a sensible classical limit. To deal with such more general physical
situations, it is necessary to relax the second axiom and represent physical observ-
ables by operators defined on a domain in a rigged Hilbert space using a Gel’fand
triplet rather than on a domain in a Hilbert space.

For a quantum particle on a real line, the Gel’fand triplet consists of a Hilbert
space H, the Schwartz space S, and the conjugate Schwartz space S*. The Hilbert
space H is isomorphic to the space L,(dz,R) of square-integrable wave functions
on R:

H={l)} with (W) = / dz 4" (2)(z) < oo (3.23)
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The Schwartz space is the space of infinitely differentiable ‘test functions” with ex-
ponential fall off. The conjugate Schwartz space S* is the set {|¢)} such that

lp) € S™ if (Y|¢) < o0 vV o|Y)eS. (3.24)

The Gel’fand triplet provides a rigorous way to define the bra and ket formulation
of Dirac and offers a way to discuss the spectral theory of operators with continu-
ous eigenvalues [57, 58]. The notion of the Schwartz space is motivated by the fact
that it is left invariant by unbounded operators like the position operator x. The
conjugate Schwartz space $* is where objects like the Dirac delta distribution ¢(z)
and plane waves e?* reside. The elements of $* need not have finite inner prod-
uct with themselves and hence may not be square-integrable, but they have finite
overlap with ‘test functions’ belonging to S.

Consider now a self-adjoint Hamiltonian H defined on a domain S € H. One

can define the conjugate Hamiltonian H* acting on |¢) € S* by the equation
(WIH o) = (HYlg) vV [¢Y) €S (3.25)
With this definition, the eigenvalue equation for 7~
H*|E) = E|E), |E) € 8" (3.26)
should be interpreted in terms of the overlap with test functions:
(W|H*|E) = E@W|E) v |4)€S. (327)

A ‘generalized eigenvector’ | E) may lie outside the Hilbert space H and may not
be normalizable. This means that it cannot be prepared in any experimental setup.
Nevertheless, the set {|E') } provides a complete basis in the sense that any state in
H can be expanded in terms of {|E)}. This is the content of the Gel’fand-Maurin
spectral theorem [58, 59].

For the example of a free particle discussed earlier, the operator H* has the

same formal expression as H as a differential operator:

d2

Cde?

H* = (3.28)
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However, the domain D(H*) is much larger than the domain D(H). This extension
of the Hamiltonian is diagonalizable in the larger space S* with generalized eigen-
functions {7} and eigenvalues {p?}. In any laboratory with a finite extent, one
can never experimentally realize an exact plane wave but only a wave packet that
is sufficiently close to the energy eigenfunction. Nevertheless, the plane waves
form a complete basis in the sense that a square-integrable function in H can be
Fourier-expanded in terms of plane waves. We denote the total space of gener-
alized eigenvectors of H* by Sp, which may contain both the square-integrable
bound states with discrete energies as well as nonnormalizable scattering states
with continuous energies.

Usually, one can gloss over these niceties essentially because of the locality. A
particle on an infinite line is an extreme idealization in a universe which may be
finite. One expects that measurements of local quantities such as scattering cross-
sections in a particle physics experiment in a laboratory should not be affected by
boundary conditions imposed at the end of the universe. One should arrive at
the same physical conclusions whether one uses periodic or Dirichlet boundary
conditions in a large box, as one indeed finds in textbook computations.

In the present situation, we are interested in global properties that depend sen-
sitively on the boundary conditions. For example, one cannot impose Dirichlet
boundary conditions while preserving supersymmetry. The Gel’fand triplet pro-
vides an appropriate formulation to discuss the scattering states without the need
to put any boundary conditions to ‘compactify’ space. With these preliminaries,
one can define the noncompact Witten index by
W)= Tr [(-1)Fe | (3.29)
On the face of it, this definition is still not completely satisfactory. Even though the
spectrum Sp over which one traces now has a precise meaning, it is not clear that
the trace thus defined actually converges. For example, for a free particle, the heat
kernel is well-defined?

K(x,9:8) = (ele ]y = — = y)Q] ' (3.30)

VZrT R [_ 1B

2In what follows, we will use H instead of H* when there is no ambiguity to unclutter the
notation.
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However, if we try to define a trace then there is the usual ‘volume” divergence:

/dx<x|e—ﬂH|g;> = \/%_ﬁ/dx — 0. (3.31)

One might worry that the noncompact Witten index is also similarly divergent.
Fortunately, the Witten index is a supertrace or, equivalently, a trace over the differ-
ence between two heat kernels corresponding to the bosonic and fermionic Hamil-
tonians A and H_ respectively. If there is a gap between the ground states and the
scattering states, then the difference between two Hamiltonians vanish as » — oc.
As aresult, the volume divergent contribution cancels in the supertrace. In the path
integral representation, this corresponds to the fact that the supertrace involves in-
tegrals over the ‘fermionic zero modes’ in addition to the ‘bosonic zero-mode” x.
Under suitable conditions, the fermionic Berezin integration localizes the bosonic
integral to a compact region on the real line to yield a finite answer. In particular,
the path integral receives vanishing contribution from the asymptotic infinity in
tield space. We elaborate on this point in §3.4.1.

3.3.2 APS index & Non-compact Witten index

Using the above framework, one can now express the index of the Dirac operator
on the original manifold M with a boundary in terms of a noncompact Witten
index W(B) on M. Assuming that the continuum states in Sp are separated from
the ground states by a gap, at zero temperature only the L,-normalizable ground
states contribute to W\(oo) Since these states are in one-one correspondence with
the states in the original Hilbert space H on M with APS boundary conditions, we
conclude

7 =W(x). (3.32)

In the limit of 5 — 0, one can evaluate the Witten index by using the short proper
time expansion of the heat kernels to obtain a local expression. It must correspond
to the Atiyah-Singer term but now evaluated over M:

W(0) = /ﬂoz— /Moz (3.33)
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where the second equality follows from the fact that the topological index density
vanishes on the half-cylinder N x R*. We can therefore write

o~ o~

T =W(0)+ (W(co) — W(0)). (3.34)

The term in the parenthesis is no longer zero and is in fact related to the -invariant

as will show in §3.3.3. It is convenient to consider a regularized quantity

o~ o~

n(B) = 2(W(B) — W(c0)) (3.35)

which in the limit # — 0 reduces to the bracket in (3.34). This provides a natural
regularization described earlier in (3.16). With these identifications, equation (3.34)
can be viewed as the statement of the APS theorem; the discussion above together
with §3.3.3 can be viewed as a derivation of the APS result. The noncompact Witten
index is, in general, 5-dependent because at finite temperature, the scattering states
also contribute. The bosonic and fermionic density of states in this continuum may
not be exactly equal and need not cancel precisely. The n-invariant of the bound-
ary manifold N thus measures the failure of the Witten index of the noncompact

manifold W to be temperature independent®.

3.3.3 Scattering theory and the APS theorem

There is a simpler way to compute W(O) that makes this connection with the bulk
Atiyah-Singer term (3.33) more manifest and easier to relate it to a path integral.
One can simply double the manifold to M by gluing its copy as in Figure 3.3.1
as was suggested in [1]. Since M is a compact manifold without a boundary, its
index does not have any contribution from the n-invariant. Moreover, by the rea-
soning before (3.33) the 5 — 0 expansion is local and gives the Atiyah-Singer index
density. In summary,

W(O)z%W(O) - /M o (3.36)

To prove the APS theorem, we would like to show that the term in the paren-
theses in (3.34) equals the n-invariant. We note that the spectrum Sp(H) of the
Hamiltonian on M is a direct sum of the discrete spectrum of bound states Sp,(H)

3This was noticed earlier in [60] in a particular example.
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N

FIGURE 3.3.1: The doubled compact manifold M without boundary.

and the continuum spectrum of scattering states Sps(H ). Therefore the Witten in-
dex admits a spectral decomposition

—~

W) =T [(~1)Fe |+ Tr |(~1)Fe ] (3.37)
5P, SPs
Since the continuum of states is separated from the zero energy states, it is clear
that the first term can be identified with W(oo) To prove (3.35), we thus need to
show that the contribution from the continuum equals the 7-invariant:

2Ty [<_1)Fe—ﬁﬁ] = 7(8). (3.38)
We show this by relating the supertrace to the difference in the density of bosonic
and fermionic scattering states* on M which in turn can be related to the difference
in phase shifts.

Asymptotically, the metric on M has the form (3.1) with 0 < u < co. We can use
separation of variables to first diagonalize the operator B on N with eigenvalues
{\}. The Dirac operator on manifold M can be expressed in terms of eigenvalues A
of the boundary operator B as in (3.9). Here, we assume that the boundary operator

does not have any zero eigenvalue. The asymptotic form of the scattering wave

*Index theory on non-compact manifold and its relation to scattering theory has been considered
earlier to compute threshold bound states [61-64] without making the connection to APS index
theorem and n-invariant. The relation between n-invariant and scattering theory was observed
earlier in special cases in [65-67].
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functions is then

ik(u) - Ci |:eiku+6iéi(k)—iku}

)~ [eiku+6i63(k)—ikqt:| (3.39)

where 67 (k) are the phase shifts. The trace (3.38) over scattering states can be ex-

pressed as

2%" / dk [,oi(k) P (k:)] ¢~PE®) (3.40)

where p% (k) and p? (k) are the densities of bosonic and fermionic states of the the-
ory in A subsector. Using a standard result (3.128) from scattering theory, which we
review in §3.B, we can relate the difference in the density of states to the difference

in phase shifts

ph(k) — p2 (k) = %% (63 (k) — 6* (k)] - (3.41)
In general, the individual phase shifts and density of states are nontrivial functions
of k that depend on the details of the manifold M. After all, they contain all the
information about the S-matrix. The exact form of the scattering states similarly
has a complicated functional dependence on u. Generically, it would be impossi-
ble to compute any of them exactly. Remarkably, the difference between the phase
shifts is determined entirely by the asymptotic data as a consequence of super-
symmetry relation (3.9) in the asymptotic region. By substituting the asymptotic

wave-functions (3.39) into (3.9) we obtain
AVE| e 4 26} e—“ﬂ — & [(—z’k e 4 e (g 4 N)emtu]|  (3.42)

with E = k? + \2. This implies

(3.43)

and therefore,

262 (k) — 26* (k) = —iln <“€ i A) + (3.44)
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in each eigensubspace with eigenvalue A. Now we use the equation (3.44) in (3.128)
to obtain:

A

py (k) — p* (k) = D] (3.45)

After summing over all A we obtain

2Tr [(—1)%—@} = > /0 Tk o (k) — pA ()] eI

= ngn()\) erfc <|)\\\/§) (3.46)

A

This is precisely the regulated expression (3.35) for the n-invariant of the boundary
operator. We have thus proven

T = T(0) + (W(o0) — W(0)) = /M o 5 (3.47)

which is the Atiyah-Patodi-Singer index theorem.

3.4 The n-invariant and path integrals

Given the definition of the noncompact Witten index in §3.3.1, one can use its path-
integral representation and use localization methods to compute it. In §3.4.3, we
show how this works for a two-dimensional finite cigar with a boundary by relat-
ing its index to the Witten index of the infinite cigar. In this simple example, one
can explicitly evaluate the Witten index using localization and compare it with the
n-invariant obtained from operator methods.

In this section, we will formulate a path integral that directly computes the 7-
invariant without the bulk Atiyah-Singer piece. This can be achieved as follows. As
we have observed in §3.3.3, given a manifold with boundary M such that its metric
is of the product form near the boundary, we can trivially extend the manifold to
a noncompact manifold M. In M, the r-invariant gets contribution only from the
scattering states of M. Since the scattering states just depend on asymptotics, the
scattering states of M are the same as those of R* x A/ with APS boundary condi-

tion at the origin. We use this physical picture to find a path integral representation
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to compute n-invariant. First, we will explain the space-time picture, and then we
will map it to a worldline computation.

The Dirac operator on the half line is given by ﬁ = 70y + 7B). We can
diagonalize the boundary operator as in (3.7), (3.8). Effectively, for each eigenvalue
A of the boundary operator B, we have a supersymmetric quantum mechanics on a
half line. The APS boundary condition is essentially Dirichlet boundary condition
for one chirality and Robin boundary condition for the other chirality. To obtain a
path integral representation with these boundary conditions, it is more convenient
to ‘double’ the manifold R x N to obtain a noncompact cylinder M =R x N (see
Figure 3.4.1) without any boundary. We extend it in a manner that is consistent
with the APS boundary conditions. The manifold M =R x N possess parity
symmetry

P u— —u : Yy — =y (3.48)

that is consistent with supersymmetry and leaves the supercharge invariant. The
path integral on the original manifold R* x A with APS boundary conditions can
thus be obtained by considering the path integral on the manifold M:=RxN
projected onto P invariant states. This is obtained by the insertion of the following

operator
1

S+ 7] (3.49)
in the path integral. Here P is the parity operator. Invariance under the reflection
of u keeps only parity-even wave functions in the trace for one chirality, effectively
imposing Dirichlet boundary condition on the half-line. Supersymmetry ensures
that the other chirality satisfies the Robin boundary condition as required by the
APSboundary conditions. See, for example, [10, 68] for a more detailed discussion.

Since we are interested in the operator lfb = v"(0, +7B) on the half-line, the ex-
tension of this operator should transform as an eigen-operator under parity. Given

u transform as in (3.48) we are left with the choice
B — —B. (3.50)

This ensures that Dirac operator as a whole is invariant. The extended Dirac oper-

ator on the doubled cylinder thus takes the form

D =~"(0, +¢e(u)yB) (3.51)
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FIGURE 3.4.1: The doubled noncompact cylinder M = A x R.

instead of (3.2) where ¢(u) is a step function with a discontinuity at u = 0. One can
also take ¢(u) to be a smooth smearing function which interpolates between —1 to 1
as u varies from —oo to +oo to obtain a smooth Dirac operator. One example of such
function is tanh(au). This does not change our conclusions because the n-invariant
does not change under deformations that do not change the asymptotics.

Now we return to the worldline picture. For each eigenvalue of B, we can map
this problem to a worldline path integral problem. The effect of the eigenvalue of
the boundary operator can be incorporated by adding a superpotential i (u) in the

Hamiltonian, whose derivative w.r.t. u is given by:

Notice that we need at least two real supercharges in the theory to add a super-
potential term. Hence, in this case, we will be working with N = 1 SUSY (one
complex supercharge). It reduces the problem to computing Witten index W(3)
for an SQM with a superpotential 2/(u) = £(u)\ on a target space R. The Witten in-

dex can now be computed using path integral. With this construction, we conclude

n(B) = n(B) = 2(W () — W(o0)) (3.52)

It is straightforward to write a path integral representation for 7(3) on the non-
compact cylinder M which is much simpler than the path integral on M. In§3.4.2,

we compute it using localization and relate it to Callias index [14, 15].

3.4.1 Supersymmetric worldpoint integral

Some of the essential points about a noncompact path integral can be illustrated by
a ‘world point’ path-integral where the base space X is a point and the target space

M is the real line —co < u < oo. We discuss this example first before proceeding to
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localization. The supersymmetric worldpoint action is given by

S, P thy) = 52+ 0F B ) 4 b () (3.53)
where i 2h
h/(U) = %, ”(U) = W . (354)

The action can be obtained from the Euclidean continuation® of (2.68) by setting

0 0

The SUSY transformations can also be obtained from (2.67) by setting above terms
to zero. Notice that in this case we have two real supercharges () and ()_.

The path integral is now just an ordinary superintegral with flat measure

W(B) = —i /_ Z du /_ : dF / di_ dip,. exp [-BS(U))] . (3.56)

where —i comes from fermionic normalization as expalined in (2.42). A particularly
interesting special case is
h'(u) = A tanh(au) , (3.57)

for real \. Integrating out the fermions and the auxiliary field F' gives

W(B) = —\/g / Z da (1) exp {—g(mu))?} (3.58)

One can change variables

Y= \/gh’(u) . dy = \/gh”(u)dx (3.59)

As u goes from —oo to 0o, y(u) is monotonically increasing or decreasing depending
on if \ is positive or negative; the inverse function u(y) is single-valued, and the

5Note that in the Euclidean continuation F' — iF. So, the limit a% = 0 of the Euclidean and the
Lorentzian actions gives different actions for the supersymmetric integral.
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integral reduces to

1 2 2
W@ = ——= dye™”
(8) J7 ) e
= —sgn()\)erf< §IA|> (3.60)

where erf(z) is the Error-function given by (3.130), not to be confused with the
complimentary Error function erfc(z).

This world point integral illustrates several important points.

1. The integral has a volume divergence without the fermionic integrations be-
cause h'(u) is bounded above for large |u|. The inclusion of fermions effec-
tively limits the integrand to the region close to the origin where 1'(u) varies
and makes the integral finite.

2. In the limit A — 0, the action reduces to that of a free superparticle. In this
case, the integral is of the form co x 0 and is ill-defined. Regularizing with
A yields different answers depending on whether we approach 0 from the
positive or negative side. This is related to the jump in n-invariant when an
eigenvalue of the boundary operator B crosses a zero in a spectral flow, as
explained before figure 3.4.2.

3. The answer depends only on the asymptotic behavior of /'(u) at £oo and
is independent of any deformations that do not change the asymptotics. In
particular, one would obtain the same result in the limit a — oo in (3.57),

when /' (u) can be expressed in terms of the Heaviside step function:
M@):A@@)—m—w]. (3.61)

4. The error function (3.60), which appears naturally in this integral, makes its
appearance in the proof of the APS theorem [1, 50] and also in the defini-
tion of the completion (4.12) of a mock modular form and, in particular, in
(4.59). This is not a coincidence. The two turn out to be related through a
path integral which localizes precisely to the ordinary super integral consid-
ered above. For this reason, this example is particularly important for our

discussions of the n-invariant and its connection to mock modularity.
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The world point integral does not have an operator interpretation in terms of a
trace over a Hilbert space. To see the connection with the canonical formalism,
we consider in §3.4.2 the worldline version corresponding to the path integral for
a supersymmetric quantum mechanics, and relate it to Callias-Seeley-Bott index
theorem [14, 15] . After localization, the worldline path integral will reduce to the
world point integral considered above.

3.4.2 Callias index theorem and the n-invariant

In this section, we compute the n-invariant by computing path integral for SQM
with target space M. As discussed in §3.3.3 we can use separation of variables
to first diagonalize the operator B on N with eigenvalues {\} but now for the
entire manifold M. For each eigenvalue ), the problem reduces to a supersymmet-
ric quantum mechanics with a one-dimensional target space and a superpotential
h(u). The path integral for this problem can be readily written down and has been
considered earlier in [69]. The action for SQM can be obtained as a specialization
of (2.68) with target space R and by setting

9 _y. 62
5o =0 (3.62)

The Euclidean action for the components of the superfield U is

sz/ﬁdf ey lo o 4 g i i s i e v, | (3.63)
0 2 27T T2t g o '

with A/(u) = Atanhu (where A # 0). The SUSY transformations for this case
can again be obtained from (2.67) by taking appropriate limits. To compute the
n-invariant we need to evaluate the projected Witten index (3.49)

W) = g [(-)7(+ PP = st [(-)7] + e [P

= ST(B) + 5 Wa(8) (3.64)

The path integral for the first term is the same as before with periodic boundary
conditions for bosons and fermions. In the path integral for the second term both
the bosons and the fermions are anti-periodic because of the insertion of P(—1)*.
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Given a path integral representation for the Witten index (2.34), one can use a
technique called supersymmetric localization to compute it. We elaborate on this
technique in the appendix 3.A. To use localization, we deform the lagrangian by

adding ).V (where () is a real supercharge) to it and V' is given by:

Vo= ¢ (Quyy) = iy
QV = W+ iy
QV =0

After using localization, the path intergal localizes to the solutions of @V = O i.e.
the constant modes of u and v, . Fluctuations around the constant modes are given

by

1 1
u=uy+ —=u Vi =1yo + (3.65)

il
VE VE
with @ and 7 satisfying periodic boundary conditions. So we have,

Wi(B) = —i / duo[dF[dit][dy_)dipo[dn] exp (—S[Xo, 8] — £(Q+V)P)

where (Q, V)@ are the quadratic fluctuations around the localization locus. Ex-

panding the ¢_ in modes and after evaluating the non-zero mode integrals we

obtain
W) = i [ S dv-advsoexp (=50 = 507 w)-atea) (36

The factor of ﬁ comes from the determinants. The integral (3.66) is identical to
the world point superintegral (3.58). Hence we obtain

Wi (8) = —sgn(\) erf <|/\|\/g) (3.67)

We use localization to compute the second piece as well. In this case, the path-
integral localizes to v = 0 = ¢,. Small fluctuations around the saddle point are
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given by

1 1
u=0+ —zi ¢+:0+ﬁﬁ (3.68)

Here @ and 7 satisfy anti-periodic boundary condition.

Walf) = —i / (dF)[da)ld_ [ exp (~S[X0 ) — €QV)E) =1 (3.69)

So the full answer is given by (3.64)

W(8) = —%sgn()\) erf (m@) + % (3.70)

We have performed the computation for a single eigenvalue A\. We get (3.70) for

each eigenvalue. From (3.52) we obtain the n-invariant to be

n(p) = ngn()\) [1 — erf <W\/§>] = ngn()\)erfc (\)\\\/g) (3.71)

A

which reproduces the expression (3.46) for 7)(3) obtained from scattering theory.

Hence

n(B) =n) (3.72)

In conclusion, the Witten index for the worldline quantum mechanics is temperature-
dependent as a consequence of the noncompactness of the target manifold and this

temperature dependence helps to compute the n-invariant.

3.4.3 The n-invariant of a finite cigar

It is instructive to apply the general formulation developed in earlier sections to
an explicit computation for a simple and illustrative example where M is a two

dimensional finite cigar with metric
ds* = k (dr* + tanh® r d6?) (3.73)

where 0 is a periodic with period 27 and 0 < r < r.. The manifold has a boundary
at r = r. with a product form N x I where /N is the circle parametrized by 6 with
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radius vk. The non-zero Christoffel symbols are
1 2 1 2
Frgg = —516 8r(tanh T‘) Fggr = Fgrg = 5’6 ar(tanh T‘) (374:)
The orthonormal forms and the nonzero vielbeins are

el = Vkdr e? = Vktanh(r)dd
el =Vk e = Vktanh(r) (3.75)

The cigar has a Killing isometry under translations of § with the Killing vector
K'=(0,1) K; = gi; K = (0,ktanh®r) . (3.76)
The N = (0, 1) supersymmetric action can be obtained from (2.68) by setting
Fi=0 9. =0 ¢ =19". (3.77)
The Lorentzian action is given by:
I= % / d*o gij (&XZOTXj — 0,X'0,X7 + ii/}iDT_,,W) (3.78)

We dimensionally reduce along the worldsheet o direction to convert the action
on the 2-torus to a collection of actions on a circle. Scherk-Schwarz reduction [70]
along the sigma direction using the Killing vector gives

X(o+21) = X' o)+ 2rwK" (3.79)

where w is the winding number. We have
0, X' =wK" and 9,¢" = —wd; K"y’ (3.80)
where the derivative of ¢ is deduced from the transformation of the superfield

X' = 2"+ 6y' + 00 F' under the Killing symmetry. Using (3.80) in action (4.92) and

integrating over the o direction we obtain the following Euclidean action after a



3.4. The n-invariant and path integrals 45

Wick rotation:
S = % / dr (GijaTXiaTXf + Giyw?K'K7 + Gijp' D! — iwy’ ijw) (3.81)
After plugging (3.73) in the action (3.81) we get:

B . . .
S[B; k,w] = / dT% (W + ktanh? 76% + w?k tanh® r + k" — kap"0,(tanh® r) 0y’
0
+k tanh? %40 — iwp?d, (k tanh? rw) (3.82)

Our goal is to evaluate the path integral on the infinite cigar and then connect it
to the n-invariant for a finite cigar. We use localization to compute the Witten index
of infinite cigar. To perform localization, we deform the action by adding QV to it,

where V' is given by:
V =G oYt = ky'r (3.83)

This localizes the integral to constant modes of  and ¢". We have:

—

B8 B8
W(8) = —i / drodygdd)[dv’] exp{— /O dr L{ro, 5, 0,0%) — € /0 Qv[ﬂ (3.84)

where QV? are the quadratic fluctuations around the localization locus. We ex-

pand
+ ! Y =1+ Lo (3.85)
r=r —X = =N :
TTVE tVE
so that the quadratic fluctuations are given by
8 8 .
3 / dr Qv = / dr(kx?+ ko) . (3.86)
0 0

The transformation (3.85) has a unit Jacobian. We can now mode expand 6 and 1’

and we have
2mpT

o) = =5+ 2 0ne™ YN =g+ Y une T (387)
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After integrating out the fluctuations and non-zero modes of 6 and ¢/?, we obtain:

B 211
2n

7 OO 1
— 5 Zp:/o dr0§kar(tanh2 T)

—~ B
W(B; k,w) = drodfodiydi) >~ exp {— / dr S(r0,¢5,¢3)]
p 0

(< 25 e tomemieoiren)
T0

(3.88)

The factor of 5 comes from the determinants as before. Substitutingy = 35k tanh? ro,

we obtain
W(B kaw) = L Z/éﬂk[dy] (—iw + QLp) exp | —y (@)2 + w?
" 52 ), E B
_ i 1 —1Bk((22 )40 _ }
= -3 % 0t ) {e 3 1 (3.89)

Notice that the second term is log-divergent. This happens because at the tip
of the cigar an infinite number of winding modes become massless leading to a
divergence for this term. This is a consequence of the fact that winding number
is strictly not a conserved quantum number at r = 0 as we have assumed. We
can deal with it by regularizing the Witten index W (277,) near r = 0 by putting
an ¢ cutoff in the r integral in (3.88) and then taking ¢ — 0 in the end. With this
regularization, the contribution from the last term in (3.89) vanishes. After Poisson

resumming the first term, with respect to p (see equation (3.136)) we obtain,
/W(ﬁ) = Z e~ —lsgn (E - w) erfc k8 ’2 - w‘ + sgn(fn) © [w (E — w)]
- 2757 \k V2 % k
(3.90)

where O is the Heaviside step function °. It is easy to check that W (c0) vanishes.
Using (3.35), we formally obtain

7(0) = 2(7(0) - W (o) = 3 sgn (w - g) (3.91)

n

®The e~#"" is due to the presence of the non-zero central charge of cigar supersymmetric quan-
tum mechanics.
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which can be regularized as in (3.16).

It is instructive to compare this result with a target space computation of the
spectral asymmetry of the boundary operator B living on the boundary located
at r = r.. Using the inverse vielbeins from (3.75), the Dirac operator near the
boundary takes the form

i) = (10, —w K,) +~%(i0s — w Ky)

= [& ! <_1 O) (i0p — w k tanh®r) (3.92)

~ tanhr 0 1

For large r, the boundary manifold is a circle S*. Identifying r with v and compar-

ing with (3.2) we find the boundary operator
B = —(i0p—wk). (3.93)

Here we assume that wk is not an integer in order to avoid zero eigenvalue of the
boundary operator. The n-invariant of this operator can be computed readily. Since

¢ direction is periodic, the eigenfunctions are given by the set
{e7™|n € 7} (3.94)

with eigenvalues
{wk —nln € Z} (3.95)

The radius of the cigar is vk. As long as k is not an integer, the boundary operator
B has no zero modes. The 7-invariant is then given by:

n

n = Z sgn(wk —n) = Z sgn (w — E) (3.96)
neEL (<yA
where in the last step we have used the fact that £ is positive. This matches with
the n invariant computed from the path integral (3.91).

In the infinite sum (3.96), one can absorb the integer part |wk | of wk into n, and
hence the n-invariant is expected to depend only on the fractional part (wk) of wk
defined by

(wk) = wk — |wk|
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where |wk]| is the greatest integer less than wk. The regularized version of the

n-invariant is

> 1 > 1
) == 2 o why T e Ry (3:97)

The n-invariant can now be expressed in terms of the modified ¢ function

= 1 1
((s,0) = ; o 0 Seo=-ats (3.98)
to obtain
n(0) = —¢(0,1 — (wk)) 4+ (0, (wk)) = 1 — 2(wk) (3.99)

\AAAN
NN N

FIGURE 3.4.2: Spectral asymmetry

Note that for £ and w both integers, the n-invariant vanishes. As one varies &,
the n-invariant changes, and every time k crosses an integer, it jumps by —2. This
is as expected from level-crossing because when k is an integer, the boundary op-
erator has a zero eigenvalue. There is an ambiguity in the APS theorem about the
sign of the contributions from zero (see discussion below (3.15) ). This behavior is
plotted in Figure 3.4.2 with 1 on the y-axis and wk on the z-axis.

Hence we conclude that the APS index theorem consists of two pieces, the AS
piece and the n-invariant piece. Both these pieces can be computed using different
SUSY QM.

e The AS piece can be computed using a N = 1/2 SQM with target space given
by M as shown in figure 3.3.1.

e The n-invariant piece can be computed using a N = 1 SQM with target space
R and a superpotential h(u).
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Appendix

3.A Localization

Here we review the technique of localization to compute supersymmetric path in-
tegrals. Our discussion is restricted to supersymmetric quantum mechanics though
it can be extended to supersymmetric quantum field theories.

Consider a SUSY partition function given by:

218 = /PBC[m]e—SE (3.100)
Spl®] = / " / 0] (3.101)
0

where @ is a superfield and PBC implies we impose the periodic boundary condi-
tion for all fields along the 7 direction. Sg the Euclidean action and the measure
[D®] are both invariant under SUSY. Now we deform the above path integral by a

Q- exact term i.e.
Z[B,t] = / [DP] e~ S2I-tQVI%] (3.102)

We assume :
e )V > 0, so that adding QV to the action does not blow up the path integral.
e Q*V =0

If the Q exact term satisfies above conditions, one can show that if the field space
is compact without boundary, (3.102) is independent of t. When the field space is

non-compact or have a boundary, there is a subtlety (we will comment about this
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later). More precisely, the derivative w.r.t ¢ is given by:

221 = [maqupe)eseave

dt
= /[D(p] Q [V[(ID] e—S[é}—tQV[‘bl}

where in the second step we have used the fact that QS[®] = 0 and Q*V = 0.

Now we have

‘ —S[®]—tQV[®
a? = /[D‘I)]Q[A(q’)] L A®) = V[0] eSIT-tevie)
Now
QA(P)] = L%A(cb)} QY = d% [A((D)Q@} — A(®) [d%(QcI))}

Now under infinitesimal transformation
D= P =3 +cQP

Hence the jacobian of this transformation

dd’ d

(3.103)

(3.104)

(3.105)

(3.106)

If the symmetry generated by () is non-anomalous then the jacobian should be 1

and hence

d

@(Q‘D) =0
and hence

d
QA@)] = == | A(@)Q0]
i.e.
%Z t] = / (DY) % [V[qp] efS[M—tQV[@]Q@]

(3.107)

(3.108)

(3.109)



3.A. Localization 51

If the field space is compact without boundary, then the above integral vanishes.

d
2l =0 (3.110)

Z[t] is independent of ¢ i.e.

In the limit ¢ — oo, only the configurations for which QV = 0 contribute. So an
infinite dimensional path integral gets localized to finite dimensional integral. We

obtain

(3.111)

7= | D —S[po]
/ voc SDet

where SDet comes from the quadratic fluctuations around QV = 0 configurations.
Basically, the saddle point approximation becomes exact.

One canonical choice for V is

V=> Qv (3.112)

Then the fixed points are essentially

Q=0 , (Qv)'=0 (3.113)

These are essentially BPS configurations.
When the field space has a boundary:
In the case when field space is compact with boundary, we can use localization if we

choose boundary condition in such a way that the ¢-derivative vanishes i.e.

r=b

('QM) e‘S[q’]‘tQV[‘I’]Q@] = 0 (3.114)

r=a

When the field space is noncompact:
In the case when field space is non-compact, we can use localization when ¢-derivative

vanishes, this can be obtained by choosing V such that:

V|osoo =0 (3.115)
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3.B Scattering theory

Here we review the relation between density of states and the phase shifts in a
scattering theory. Consider the scattering problem for the following Hamiltonian

(See for example [71])
H = Hy+ Vel (3.116)

where we have added an adiabatic switching factor for the interaction V' so that in
the far past and and in the far future one obtains the free Hamiltonian H,. The time

evolution operator in the Dirac picture is given by
Up(t,t') = ot U(t, 1) e~ Hot (3.117)
where U(t,t') is the time evolution operator of the Heisenberg picture. The Dirac

evolution operator satisties the Schrodinger equation

d . ,
iEUD(t,t’):VD(t)UD(t,t'), with  Vp(t) = etlot yedtl o=ttt (3 118)

with the initial condition Up(¢,t) = 1. The solution is given by

t
Up(t,t) =1 —i / "V (Y Up(t", 1) (3.119)

t

We can now define the "‘Moller operators’
Uy = Up(0,%00) (3.120)

Consider an energy eigenstate |¢z) of the free Hamiltonian H,. Using the Moller
operators one can obtain the eigenstate of the full Hamiltonian:

Vi) = Us|op) (3.121)

where |¢;) are the in-states that resemble the free eigenstates in the far past and

|¢) are the out-states that resemble the free eigenstates in the far future. Solving
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(3.119) recursively gives the Dyson series expansion

U. = V V : 3.122
i|¢E>—|¢E>+m\¢E>+ E_HoFic [0E) + ... (3.122)

This geometric series can be easily summed to obtain

E—H():Fie

Uslor) = 54

|oE) (3.123)

It follows that [¢%) satisfy the Lippman-Schwinger equations

V

£\
vE) =105 + 5=

|6 (3.124)

The S-matrix in the interaction picture is just the time evolution operator Up (0o, —o0)

which can be expressed in terms of the Méller operators as
S=UlU_. (3.125)

The derivative of the S-matrix is given by

dlnS ., dS  dS
o =S d—E—Sd—E (3.126)
and using the above formula it is possible show that
dilr];s — 21ip(E) = 2mi [5(/? —H) - §(E - HO)] (3.127)

The density of states is then given by the so called ‘Krein-Friedel-Lloyd” formula:

as

p(E) = %Z,Tr (STd—E) : (3.128)

If the S-matrix is diagonal, then in each one-dimensional subspace we obtain

S(E)=e®)  p(E)= "2 (3.129)
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3.C Error function and incomplete Gamma function

The error function and the complementary error functions are defined by

erf(z) : /dyey, erfc(z) : / dyey
G VT

They satisty the following relation
erfc(z) = 1 — erf(z)
Note that erf(z) is an odd function in z i.e.
erf(—z) = —erf(z).
For the purpose of this paper it is convenient to use the expression

erf(z) = sgn(z)erf(|z|),
erfc(z) = 1—sgn(z)erf(|z])

for z € R to make contact with the n-invariant.
The upper incomplete Gamma function is defined by

F(s,x):/ e tdt, x>0.

A special case that we encounter is

r <%x) _ Jrerfe(v7).

(3.130)

(3.131)

(3.132)

(3.133)

(3.134)

(3.135)

One of the integrals (involving error function) which is useful in our computation

is the following

_ _i 1 1619((27“’) ) 2min-p
fom) = -3 dp—(z.wzﬂ) {exp }
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Chapter 4

Mock Modularity & Elliptic Genera

In this chapter, we discuss the relationship between elliptic genus of SCFT’s in 2D
with noncompact target space and well-known mathematical objects called mock
Jacobi forms. We also notice that the modular completion of these objects have the
same structure as the APS index theorem derived in the last chapter. Hence we
observe a relation between number theory (mock modular forms) and topology
(index theorems). We also review the derivation of holomorphic anomaly equation
for non-linear sigma models [7] on noncompact target space. We then use these
results to compute the holomorphic anomaly for various examples.

In the section below, we introduce the basic mathematical objects required for
the discussions in subsequent sections. We follow the notations of [2].

4.1 Mock Jacobi forms

Before introducing mock Jacobi forms, it is useful to recall the definitions of mod-
ular forms and Jacobi forms. In the following subsections, we give definitions and
transformation properties of these objects.

41.1 Modular forms

A modular form f(7) of weight k is a holomorphic function on H (the upper half

plane) that transforms as:

¥ (‘” i b) = (7 + d)F f(7) v ( ¢ Z ) € SL(2,7) (4.1)

Cc
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where 7 € H and SL(2,Z) is a group of matrices with integer entries satisfying
ad—bc = 1. From the above definition one can see that f(7) is periodicin 7 — 7+1,

hence it can be expanded as:
) =) ang"  with  g:=e"" (4.2)

It is bounded as Im(7) — oc. If ay = 0, then the modular form vanishes at infinity
and is known as cusp form. 1If the Fourier coefficients of f(7) have the behavior
a, = 0 forn < —N with N > 0 such that at infinity, f(7) grows as O(¢™"), such a
function is known as a weakly holomorphic modular form.

We will denote the vector space over C of holomorphic modular forms of weight
k by M.

Some important examples of modular forms of half-integral weights, that will

be useful later are:

W(r) = Z e(n)g™ e is some even periodic function (4.3)
neZ

IV(1) = Z ne(n)g™ eis some odd periodic function (4.4)
neL

where A € Q.. The first series is called theta series and it is a modular form of
weight 1/2 under some congruence subgroup I' of SL(2,7Z). The second one is
called unary theta series and it is a modular form of weight 3/2 under I'.

4.1.2 Jacobi forms

A Jacobi form of weight k and index m is a holomorphic function ¢(7, z) from H x C
to C which is modular in 7 and elliptic in z. It transforms under the modular group

as:

a

k 2mimcz

) = (e + d)e T (r, 2) v(

(aT—l—b z

b
SL(2,7Z 45
cr+d et +d d>€ (2,Z)  (45)

C

and under the translations in z by Z7 + Z as;

O(T, 2+ AT 4 p) = e 2T 0y Y A pEeZ (4.6)
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From above equations we notice that (7, z) is periodic in both 7 — 7 + 1 and
z — z + 1. Hence it can be Fourier expanded as follows:

o(1,2) = Z c(n,r)q"y", q =Xy = ¥, 4.7)

Equation (4.6) is then gives:
c(n,r) = C(dnm —r*r) where C(A, ) depends only on r (mod 2m).  (4.8)

where A = 4nm — r?. A Jacobi form is called weakly holomorphic Jacobi form if it

satisfies the condition that ¢(n,r) = 0 unless n > n, for some negative integer n.
Jacobi forms admit an important expansion in terms of theta functions which

will be useful later. Due to transformation property (4.6), a Jacobi form ¢(7, ) has

the following Fourier expansion

p(r2) = Y hu(T)0m(7, 2) (4.9)
0€Z/2mZ
where
ﬁm,Z(Ty Z) — Z q(€+2mn)2/4my€+2mn (410)
nez

is weight 1/2, index m Jacobi theta-function and h, is a modular form of weight
k—1/2.

4.1.3 Mock Modular forms

A mock modular form of weight v € 1Z is the first member of a pair of functions
(h,g) where

e h is a holomorphic functions in 7 with exponential growth at all cusps but it

is not modular.

e The function g(7) is a holomorphic modular form of weight 2 — v. It is called
the shadow of h.

e The sum h(r,7) = h(r)+g*(, 7) transforms like a modular function of weight
v. It is called the completion of h.
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Here the function g* is the solution of following differential equation:

*

(47?72)”%97__ = —2mig(T) (4.11)

Given that g(7) has the Fourier expansion g(7) = > ., b, ¢", we fix the choice of
g* by setting
— (47rrp) vt

g (1, 7) = bg ———— + Z n’ b, T(1 —v,47nm) ¢, (4.12)

v—1
n>0

where 7, = Im(7) and I'(1 — v, z) denotes the incomplete gamma function defined
in (3.134), and where the first term must be replaced by —by log(477;) if v = 1.

Note that the series in (4.12) converges despite the exponentially large factor
¢ " because I'(1 — v,z) = O(xz~Ye™ ). If we assume either that v > 1 or that by = 0,
then we can define g* alternatively by the integral

g (1, 7) = ( ! )“ /ioo(z+7)_” 9(—2) d= . (4.13)

2

It is called the non- holomorphic Eichler integral. Notice that this integrand is holo-
morphic in z, hence the integral is independent of the path chosen.
Since h is holomorphic in 7, equation (4.11) implies that the completion satisfies:

o~

(471'72)”% = —2mig(T) (4.14)

This is also known as the holomorphic anomaly equation.

Notice that the equation for the completion of a mock modular form h(r, 7) =
h(7)+g¢*(7, 7) looks very similar to the APS index theorem Z = [ a+7. Inboth cases,
the first piece is present for the compact target space as well and is independent of
B (T) and the second piece contains the 3 (7) dependence. As we will show later,

the second piece in both cases, depends only on the asymptotic boundary.

4.1.4 Mock Jacobi forms

A pure mock Jacobi from of weight v and index m is a holomorphic function ¢ on
H x C that satisfies the elliptic transformation property (4.6) and hence has a Fourier

expansion in terms of Y-functions as in (4.9). But the modular property is now
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weakened. The coefficients h, appearing in the - expansion (4.9) now are mock
modular forms rather than modular forms of weight v — . We can again complete
this mock Jacobi form such that it transforms nicely under modular transforma-

tions. The completed function is given by:

Z he Ui (T, 2) (4.15)

teZ,/2m

If g, denotes the shadow of h,, then we have:

= > (a1, 2)+ D Gi(T) (T, 2) (4.16)

LEL/2mZ LEL/2mZ

where the first term is the mock Jacobi form . The holomorphic anomaly equation

in this case is given by:

(72)”_1/2£g5(7',7',z): Z Go(T) Uy o(T, 2) (4.17)

LETL/2mZ

The objects that will appear in the computations in this chapter are a general-
ization of the mock Jacobi forms known as mixed mock Jacobi forms '. A completion

of a mixed mock Jacobi form admits the following theta expansion:

o1, 7|2) = f(r.2) Y he(r,7) Omel7]2) (4.18)

LEL/2mZ

where f(7, z) is a Jacobi form of weight v and index «. The theta coefficients are
the completion of a vector valued mock modular form of weight (v — u — 3). Using the

completion of hy, (4.18) can be written as

o(1.7l2) = 81, 2) + f(r,2) Y g (7. 7) Dmelr]2) (4.19)
LETL)2mT
where
o(7,2) = ) > he(7) V(7)) (4.20)
LEL/2mT

10ur definitions are a slight variant of the definitions in [2].
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4.2 Elliptic genera for Gauge theories

Elliptic genus (EG) is a generalization of the Witten index to theories with 2D base
space. When the two-dimensional theory has a geometric description, the elliptic
genus also gives topological information of the target space. For a theory with
N = (2,2) supersymmetry on a worldsheet, it is defined as:

X(7, z,u) = Trpp(—1)F ¢ e gry’t fo“ (4.21)

a

where the trace is taken over Ramond-Ramond sector i.e. we have periodic bound-
ary conditions for the fermions, F is the fermion number and ¢ = €?™" where 7 is
the modular parameter of the worldsheet torus. Here Hy and H; are the right
and left moving hamiltonians respectively, they are given by: 2H;, = H + iP and
2HRr = H—iP where H and P generate time and space translations respectively. .J,
is the generator of left-moving R symmetry and K, are the generators of flavour
symmetry. Since H; and Hp are related to the hamiltonian and the momentum
generators, the EG has a path integral representation. The presence of additional
insertions has the effect of twisting the boundary conditions along the time direc-
tion for the fields charged under J;, and K,. We also have:

y = 6271'1'2 ’ Ty = e27riua ) (422)

where z and u, are related to the background gauge fields associated with R-
symmetry (A%) and the flavor symmetry (A”) respectively.

z:%AR—ijAR, ua:%Aa—Tan. (4.23)
t o t o

where ¢, o are the temporal and spatial cycles of the worldsheet torus.
In a superconformal field theory, H;, = Ly —c¢/24 and Hy = Lo —¢/24 and hence
the elliptic genus is given by:

X(7,2) = Tr (=1)"ghomsgho sy [T al (4.24)

a

where Ly and L are the left and right-moving Virasoro generators respectively, ¢

and c are the central charges. The fermion number can be written as F + F;, where
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Fr, and Fp are the right and left moving fermion numbers respectively. Since J;,
and K, commute with the right-moving fermion number F%, the elliptic genus can
be thought of as a right-moving Witten index multiplied with contributions from
the left moving excited states.

Since the elliptic genus has a path integral formulation, for N = (2, 2) theory; it
can be computed using localization. In this thesis, we only consider 2D gauge linear
sigma models (GLSM) with U(1) vector, chiral and stuckelberg multiplets. Our
notations and conventions for 2D supersymmetric gauge theories are explained in
Appendix 4.A. For N = (2,2) theories with vector and chiral multiplets, the EG
was computed in [72, 73]. We will not dwell on the details of the computation; we
will summarize their results below.

For these theories, the action of vector and chiral multiplets is ()-exact, and
hence using the argument used in §3.A for localization, one can show that the path
integral is independent of the gauge coupling. Hence we can compute it in the
e — 0 limit, and in this limit, we can minimize the actions of the vector and the
chiral multiplet and compute the fluctuations around it. For the theories with U(1)
gauge fields, after localization, we obtain:

Z % du 7. loop Z f du Zy. loop ) (425)

u; EM4 u, EM_

where v is the holonomy of the gauge field (A) given by:

u = %Atdt -7 j{ Asdo (4.26)
t o

We get a loop integral over u instead of the integral over the whole plane [ d*u
because the integral over the gaugino zero modes give a total derivative in 4. The
integral over the auxiliary field D determines the contour of the loop integral. More
details about this computation can be found in [72, 73]. Z;_;,, is the contribution
from one-loop determinants of fluctuations of various multiplets around the local-
izing saddle. It receives contributions from both vector and chiral multiplets. As
we will see below, the determinants coming from the chiral multiplets have poles
in the u variable. To compute the EG, we sum over a certain set of poles ;. For the
U(1) case, this set is determined by the sign of the charge of the chiral superfield
under the gauge group. The set of poles M, split into two groups: M. for Q; > 0
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and M_ for Q; < Oi.e.
msin - m+ uMm_ (427)

For higher rank groups, one computes the Jeffrey-Kirwan residues. For more details,
look at [73]. The one-loop determinants for various multiplets are summarized

below.

4.2.1 Elliptic Genus of N = (2,2) theories

We consider N = (2, 2) theories with a U(1) vector multiplet and chiral multiplet ®;
with R-charge R and flavor charge ). After localization, we need to integrate over
zero modes and compute the contributions from one-loop determinants. Various

contributions are listed below:

Vector multiplets
The (2,2) vector multiplet consists of a gauge field (v), a complex scalar (), a
Dirac fermion (A4, A\_) and an auxillary field (D) i.e. V = (v,,0,5, A+, A, D). The
zero modes of the gauge field will give integration over holonomies u. The gauge
field in 2D have no dynamical degree of freedom (gauge field in d dim has d — 2
dynamical d.o.f). So we do not have any contributions from v, in the partition
function. Other way to see this is that the contribution due to ghosts cancels the one
from v,. Hence the one-loop contributions from the scalar o which is not charged
under the R-symmetry and the fermion (the left moving fermion A has an R-charge

(&)

where 7)(7) and ¥, is defined in Appendix 4.B.

—1) is given by:

Chiral Multiplet:
The (2, 2) chiral multiplet consists of a complex scalar (¢), a Dirac fermion (¢, 1)
and auxillary field (F) i.e. ® = (¢, ¢,%,v_, F, F). The contribution from a chiral
multiplet ® with R-charge R and flavor charge Q) is:

H (m+nt+ (1 —R/2)z+ Qu)(m + nt + (R/2)Z + Qu)
|m +nt + (R/2)z + Qu|? +iQD

m,n
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For D = 0 it becomes:
91 (7-7 yR/Q_le)

01(7,y"22Q)

where Qu = ) Q%u,. We have R/2 instead of R because of the normalization of

the R-current. We follow the notations of [72]. Also if the scalar has an left-moving
R- charge R/2, the left moving fermion will have R-charge R/2 — 1 and the right
moving fermion will have R-charge R/2 .

4.3 NLSM from Gauge theories

In this section, we will review the RG flow of 2D GLSM'’s to nonlinear sigma mod-
els on a certain class of manifolds. This was first studied in [74]. The NLSM in
the IR can be found by solving for the supersymmetric vacua and then by look-
ing at fluctuations around it. In the infrared, all the massive modes decouple, and
classical theory reduces to that of the massless modes only. It can be shown that
this theory is a nonlinear sigma model with the target space given by the vacuum
manifold. The target space in these cases can either be compact or noncompact. In
this chapter, we will be mostly interested in the latter case, but for the sake of com-

pleteness, we will discuss the compact case below.

4.3.1 NLSM'’s with compact target space

We will only consider GLSM’s without any superpotential for matter fields turned
on. These models give us NLSM’s on toric manifolds. We will not dwell on the
general details but will show this using a simple example. More details can be
found in [75]. Consider N = (2,2) GLSM consisting of N chiral superfields &, k
abelian gauge superfields V,. As shown in (4.103) of Appendix 4.A, the lagrangian
is given by:

N
_ 4 & a1 Q3Va o 2
_/d9<;¢ie o, 262222) (/dez —taZa +cc>
(4.28)
where ¥, is the twisted chiral superfield associated to the field strength of V,, and

t, = ro — 1, where r, is the FI parameter and ¥, is the theta angle for gauge field
V... Here Q¢ is the charge of i"" chiral superfield under the gauge field V.
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The supersymmetric vacua can be found by minimizing the potential energy,
which is given by:
k N 2 (X 2
U= | 2 loPleif* + 5 (Z@?!@P—m) (429)
a=1 1 i=1

i=

For r, > 0, U is minimized by :

N
0, =0, > Qe = ra (4.30)
=1

where ¢; is the scalar fields sitting in chiral multiplet. This is equivalent to solving
the constraints imposed by setting D-terms to zero. The set of all supersymmetric
vacua modulo the gauge group action forms the vacuum manifold. In this case,

the vacuum manifold is a toric manifold given by:

N
Xpne = {(gbl, ey O0) | ZQ‘;WP = ra(Va)} /U(1)’f (4.31)

For k = 1, Q¢ > 0 : The vacuum manifold is CP" .

When the charges ()¢ are either all positive or negative, from (4.31), one can con-
clude that the vacuum manifold will be compact but when the some of the charges
Q)¢ are positive, and some are negative, the vacuum manifold will be noncompact.

The modes ¢; along the vacuum manifold are massless. The gauge field and
the modes transverse to the vacuum manifold acquire mass equal to ey/2r,. In the
limit e — oo, all the massive modes decouple, and the classical theory reduces to
that of massless modes only. It can be identified as a nonlinear sigma model with

the vacuum manifold as the target space.

4.3.2 NLSM'’s with noncompact target space

As we saw in the previous subsection, we can obtain an NLSM with a noncompact
target space when some of the chiral superfields are positively charged, and some
are negatively charged under the gauge field. The elliptic genus in such cases is
well defined only when some fugacities are turned on. It turns out to be a vector-
valued Jacobi form, for example, for C/Z, as the target space [33]. After turning on
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the fugacities, the spectrum of right moving Hamiltonian becomes discrete and
hence we obtain a holomorphic result.

There is another way to obtain noncompact vacuum manifolds, i.e., by adding
Stiickelberg fields to the GLSM [33]. The (2,2) actions with Stiickelberg fields is
derived in the Appendix 4.A. As we will see in the examples below, the elliptic
genus of these theories falls in the category of mock Jacobi forms.

Consider N = (2,2) GLSM consisting of N chiral superfields ®;, k abelian gauge
superfields V,, and M Stiickelberg superfields (where M < k) F,. The lagrangian is
given by:

=1

k
%( / Y taEa—i—c.c) (4.32)

a=M+1

k M
_ " 1 _ k _
L = /d49 < E (I)iezlzzl Qi Vaq)i — 2_62 E Zaza + E Zl(-Pl + B + Vi)z)
a=1 =1
+

Notice that the FI parameter for the gauge fields that couple to Stiickelberg field
can be absorbed in the definition of P, and ¥, can be removed by a U(1) R-rotation.
Therefore, a takes values from M +1 to k in the last term of the action. The vacuum
manifold of the above GLSM can be found by solving D-term equations. The D-

term equations give:

N
ZQ?’¢1‘2 = _kaRe(pa) a = 1’ 2..M (433)
i=1
N
ZQ?’W‘Q: ry a=M-+1,...k (4.34)
i=1

where ¢, and p, are the scalar fields sitting in chiral and Stiickelberg superfield
respectively.

As an example, let us focus on the case with N = (2,2) SUSY and the following
field content : one U(1) vector superfield, one chiral superfield with charge +1
under the gauge field and one Stiickelberg superfield which transforms additively
under the gauge field. Hence we have N = k£ = M = 1in (4.32). In this case,
equations (4.33) give:

6 = —kRe(p) (4.35)

We will only derive the scalar kinetic term so that we can read-off the target space
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metric. The fermionic counterpart can be derived using supersymmetry. Since
scalar of the vector multiplet is set to zero in the vacuum manifold, we are left with
the following scalar terms in the GLSM action:

_ _ _ 1
—D"$D,¢ + D|¢|* — gD“PDMP + gD(P + P) + @DZ (4.36)

where D,¢ = 0,¢ + iv,¢ but D,P = 9, P + iv,. Notice that here P is the lowest
component (scalar) of the Stiickelberg superfield. Using ¢ = pe® and P = p + in
the kinetic term becomes:

D“&Dl@ = (0" — iv“)pe’w(au + ivﬂ)pew

= 0"pOup + p*(0,0 + v,)°

gD“PDMP = g((@’“‘(p—in) — ") (9u(p + i) + iv,))

k
= 5(8"]98#]9 + vtv,)

where in the last step we used gauge transformation to set = 0. Notice that under
gauge transformations, various fields transform as follows:

v, — v, — Oy 0— 0+« P — P+ia (4.37)

The D = 0 equation and the E.O.M of v, gives:

2p%0,,0

P T TR

Substituting these in the kinetic terms we get:

k k (4p?
0 pdup + 50"pdup = (Oup)” §<i(0up)2)
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2 2
_ ( Ot )Q(k_2+ﬁ>
1+ k/2p? 4p% 2
— p_Q(a 0)?
1+ 220

k
Finally the bosonic action of massless modes is given by:

2

b 2 2_P2 2 P 2
S— QW/dx (1+ ? )(aup) + L0 (4.38)

which is a NLSM with the target space metric given by:

9 (1 n %)

If one sets p = \/g sinh 7, we obtain:
ds® = k (cosh® rdr? 4 tanh®r d6?) (4.40)

As r — oo, the above metric approaches a cylinder. It topologically looks like
semi-infinite cigar. It is still not conformal and it undergoes further RG flow. As
explained in [76], at the end of RG flow we obtain a SL(2,R);/U(1) coset SCFT

with central charge ¢ = 3 + £. The target space metric is given by:
ds® = k (dr® + tanh®r d6?) (4.41)

This is same as the metric of cigar given in (3.73) for which we computed n-invariant
in the last chapter. We also have a non-trivial background ‘spacetime’ dilaton

O4(r) = Pgo — logcoshr (4.42)

which ensures that the theory is conformal even though the target space is not Ricci
flat.

Similarly, one can obtain a whole class of noncompact NLSM’s by adding mul-
tiple Stiickelberg fields. In such cases, the elliptic genus is expected to be a higher
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depth mock modular form [33], which is outside the scope of this thesis.

4.4 Holomorphic Anomaly

In this chapter, we will only concentrate on the gauge theories which flow to su-
perconformal field theories (SCFT) in the infrared as elaborated in the previous
section.

For a compact SCFT with central charge c, the elliptic genus is ‘modular in 7’
and “elliptic in z’. The modular invariance of the elliptic genus follows from its path
integral representation. The path integral is diffeomorphism invariant when regu-
lated covariantly using a covariant regulator, such as a short proper time cutoff. It
is also Weyl invariant for a conformal field theory on the flat worldsheet. Conse-
quently, it is invariant under the mapping class group SL(2,Z), which is the group
of global diffeomorphisms of the torus worldsheet modulo Weyl transformations.
Similarly, the elliptic transformation properties of the elliptic genus follow from the
spectral flow [77] of the left-moving superconformal field theory. Hence the elliptic
genus is a weak Jacobi form of weight w = 0 and index m = ¢/6. The theta expansion
(4.9) can be understood [78] physically by bosonizing the U(1) R-symmetry current
Jr.

For an SCFT with compact target space, the spectrum of L, is discrete and is
paired by supersymmetry. Hence elliptic genus can be thought of as the right mov-
ing Witten index multiplied by left moving oscillators. Because of supersymmetry,
only the right-moving ground states contribute to the elliptic genus, and hence it
is independent of 7. This is essentially the same argument we used to show that
the Witten index is independent of 3. The holomorphic elliptic genus thus counts
right-moving ground states with arbitrary left-moving oscillators.

For a noncompact target space, this argument fails. Therefore, the noncompact
elliptic genus need not be holomorphic. However, it is clear from its path integral
representation that it must nevertheless have modular and elliptic transformation
properties of a Jacobi form. As we will see in subsequent sections, the elliptic genus
is given instead by the completion of mock Jacobi form.

The holomorphic anomaly equation or the 7 derivative of the elliptic genus for
noncompact NLSM was derived in [7]. We will review the derivation below. Con-

sider an NLSM with a noncompact target space M whose asymptotic boundary is
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a compact manifold V. The 7 derivative of the elliptic genus is given by:

0

g7 m = —(2miT(2)) s (4.43)

where T is the energy momentum tensor of the base space (worldsheet). Since the
worldsheet theory is a supersymmetric theory, the energy momentum tensor can
be related to the supercurrent G i.e. 2iT = {Q, G}. Hence we obtain:

a B eiﬂ'/4 3
XM = —(m{Q,G(2)})m = _\/FTW(T)<G(Z)>N (4.44)

where in the last equality we have used the fact that the supercharge acts as an
exterior derivative and later we used Stokes theorem. We will call this equation as
the 'GJF Anomaly” equation. The normalization factors were explained in [79], they
can be understood as follows:

The nonlinear sigma model on the full manifold M has an extra boson ¢, which
describes the direction normal to the boundary N and the corresponding fermion
1. When we use the Stokes theorem, we need to take these fields into account
separately. The left moving part of ¢, gives a factor of 1/7(7), and its right moving
part cancels the contribution due to ¢, . The integration of zero-mode of ¢, gives
a factor of vi = ¢'™/* as explained in (2.42). The zero-mode of ¢, (momentum

integral) gives \/ﬁ. For a compact target space without boundary, the holomor-

phic anomaly (4.44) vanishes due to the Stokes theorem. Hence the elliptic genus
is holomorphic in 7.

In the next two sections, we will compute the holomorphic anomaly for some
noncompact target spaces. We will use different methods discussed above to do

these computations and will compare their results.

4.5 Holomorphic anomaly of N = (2,2) Cigar

In this section we will look at our first example: N = (2,2) SCFT with cigar target
space whose metric is given in (4.41). As we saw in §4.3.2, this theory appears in
the IR limit of a N = (2,2) GLSM with U(1) gauge multiplet, a chiral multiplet and
a Stiickelberg field. This SCFT also has a representation as a coset conformal field
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theory? of SL(2,R)/U(1) WZW model at level k. The elliptic genus of this theory
was first computed in [42] and for the Zy-orbifold of this theory was computed in
[41, 80] using the path integral for the coset theory. It was re-derived in [46, 68]
using canonical methods and in [44, 45] using localization in the GLSM.

We will compute the holomorphic anomaly of this theory using three different
methods. Firstly, we will use the Witten index of SOM with cigar target space
computed in §3.4.3 to compute the elliptic genus and the holomorphic anomaly
of the SCFT. Secondly, we will review the computation of the elliptic genus and
the anomaly from the GLSM [44, 45]. Finally, we will compute the holomorphic

anomaly directly by computing (G) in the boundary theory [7] and using (4.44).

4.51 SQOM computation

The computation of n-invariant for a finite cigar can be used to compute the full
elliptic genus for a N = (2,2) SCFT on an infinite cigar . Notice that for the cigar
case, the R-symmetry generator J;, appearing in the definition of elliptic genus
(4.21) commutes with the right moving supercharge. We do not turn on any addi-
tional flavor symmetries, so z, = 1. Hence for the right movers, the computation
reduces to computing the noncompact Witten index computed in §3.4.3. We show

that our results match with the ones obtained in [42]. The full elliptic genusis given

by

55(7_’ 7:‘2) — ’;Er (_1)F€—27T7'2(L0+[_/0)62ﬂ’i7'1 (Lo—[_/o)€27rinL

= W(2rT) - Zogen 7MY 2TEL (4.45)

where W\<27TT2> is the Witten index with § = 277, Z,sqn is the contribution coming
from left-moving oscillators and n, w are KK momenta and winding respectively

along the cigar 6 direction. The contribution coming from the oscillators is given
by

=gy —qgy™
Zoscill - H |: (1 — qn)2 (446)

n=1

2For the noncompact SL(2, R) WZW model, the parameter k need not in general be an integer.
3Since the dilaton couples to the worldsheet curvature; it plays no role if the worldsheet is a
torus as in our case.
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We get a contribution of (2isin7z) from the zero modes of left moving fermions
since they are charged under U(1)x. Finally we obtain:

(4.47)

Using equation (3.90) and the contribution from left movers, we conclude that the
elliptic genus for the cigar is given by

X(1,72) =

{ sgn (— —w> erfc (\/FTQ w — %D

—sgn(fn) © [w <% — w)] }q("Wk)2/4kq("+wm2/4ky‘h (4.48)

To obtain the above expression we have dropped the last term in (3.90) using the
following reasoning. At the tip of the cigar an infinite number of winding modes
become massless leading to a divergence for this term. This is a consequence of the
fact that winding number is strictly not a conserved quantum number at » = 0 as
we have assumed. We can deal with it by regularizing the Witten index /W(ZTFTQ)
near r = 0 by putting an e cutoff in the r integral in (3.88) and then taking e — 0
in the end. With this regularization, the contribution from the last term in (3.90)
vanishes and we get (somewhat surprisingly) the correct answer by this slightly
heuristic procedure. In any case, this affects only the holomorphic piece and not the
holomorphic anomaly which is our main interest. Since the holomorphic anomaly
is determined by the scattering states, winding-number in the asymptotic region is
a good quantum number for our purposes. As a result the holomorphic anomaly
is not affected by this regularization.

Note that on the cigar, the R-current is given by

Jp = i\/%ae — iy (4.49)

and as a consequence not only the fermions but bosons are also charged under
R-symmetry. With this normalization* [42], the left-moving fermions have charge
—1 and the bosons have charge 1/k. In terms of the left moving momenta, the R-
current is given by J;, = 1/1/kp. The left and right moving momentas are given

“We use o/ = 1 so that asymptotic radius R of the cigar is vk while [42] uses o/ = 2.
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by:
n n
pL = (E FwR) . pa= <Tz ~wR) (4.50)
The expression for the elliptic genus is non-holomorphic, but it is modular if % is
an integer. More precisely, it transforms as a completion of a mock Jacobi form.

The second piece of (4.48) is the holomorphic piece. It can be re-written as:

(7. 712) {Z Y oY T } (4.51)

w>0n—wk>0 w<0n—wk<0

Notice that
¢ = (n+ wk) = (n —wk) mod 2k . (4.52)

Or equivalently
n—wk =+ 2ks , n+wk =€+ 2ks' . (4.53)

Hence the holomorphic piece can be written as

Xn(T, 2) [Z Z Z Z] 2k+wz R —Zﬁ;]gz_’)z)fll,k <T, %)

w>0 £>0 w<0 £<0
(4.54)

where A, j, is the Appell-Lerch sum given by:

qkt2y2kt
./417k(7', Z) = Z 1 — P (455)
teZ va

Above result matches with the one obtained in [42].
To find the shadow, let us focus only on the non-holomorphic piece X,.,(7, 7|2)
which can be re-written by replacing the sum over by n and w by the sum over s

and s’ using (4.5.1)

1
5580 (¢ + 2ks) erfc (|€ + 2ks| W;Q)
LELJ2KZ 5,8

q—(€+2ks) 4k q(£+2ks) /4k “2’“

—sgn r) erfc <M,/ ) _T2/4'“19H T, —)(456)

(ET)2k7, r=U+2KT.
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Combining the holomorphic (4.54) and non-holomorphic (4.56) contribution, the
EG of the cigar is given by

,191(7', Z)

5(\<7-777-|Z) =1 773(7_)

A (T, %) (4.57)

where .Zuf (7, z) is the completion of the Appell-Lerch sum and is given by

ﬁl,k (1,73 2) = A1k (7, 2) Z g (1, 7) Oy (7, 2) (4.58)

Z)2m7Z

— _% Z sgn (r) erfc (|7“\ \/ %) " (4.59)
r=(+2K7,

Comparing (4.56) and (4.19) we conclude that our elliptic genus is a mixed mock

with
9;(7,7)

Jacobi form with

.191 (Tu Z)
T,2) = —l—F7" 4.60
and with w = 0 u = —1 and hence v = 1/2. The total index is m = 3 + ; which

matches’® with the expected index m = ¢/6 where c is the central charge of the coset.
We can now compute the holomorphic anomaly by taking the 7 derivative of
(4.57). We obtain:

ox(r, 7
(471'7’2)1/2 X(g’;—‘z> — _

<1 Sz
LET/2KT

where 19;12 is the unary theta function which is defined as

) 1 d

KT) = 5D, 2)

= > rg™ (4.62)

=0 r=¢(mod 2k)
Hence we find that shadow vector is given by:

gu(r) = — ¢817T—k19§2<r> (4.63)

The shadow vector {g,(7)} is an unary theta series as in (4.62). In this case with

5Note that ﬁl’k(r, z) is a Jacobi form with index k but Xl,k (7,%) has index 1 because of the
rescaling of z. The theta function ¥, (7, z) transforms with index 3.
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v = 1, the incomplete gamma function in (4.12) can be expressed in terms of the
complementary error function erfc(x) using (3.135).

4.5.2 GLSM computation

In this subsection, we will compute the holomorphic anomaly for cigar SCFT by
computing the elliptic genus of the UV GLSM. This computation was first done in
[45]. We will re-derive those results below. Since the elliptic genus is a topological
quantity, both the IR and the UV theories are expected to give the same results.

As we saw in §4.3.2, N = (2,2) GLSM with a U(1) gauge multiplet (1), a chiral
multiplet (®) with charge +1 under the gauge symmetry and a Stiickelberg multi-
plet (P) flow to cigar SCFT in the IR. We can now compute the elliptic genus of the
GLSM using localization as explained in §4.2.1.

Stiickelberg Multiplet:

The presence of the Stiickelberg multiplet changes some of the details of the
localization computation. This happens because the action of this multiplet is not
()-exact and hence we cannot naively minimize it. But we can still take the e — 0
limit because the action of the vector multiplet is ()-exact. After integrating over
the vector multiplet, we are essentially left with a P- multiplet coupled to the zero
modes (u, \?) of the vector multiplet. Its action is given by®:

1 k
S= = d2a§ ((=0"p — i) (Oup + iuy) +iX— (9o + O1) X~ + iX+ (9o — )X+
+D(p+p) + |Fpl* + ixGA2 +ix5A2) (4.64)

Notice that there are no left moving zero modes because they are charged under
the R-symmetry and hence the boundary conditions for the left moving fermions
are twisted and they do not allow any zero modes.

We can now perform the integral over fermion zero-modes, but the answer now
differs from the one discussed in §4.2.1. Due to the coupling of zero-modes x9 of
the P-multiplet with the gaugino zero modes, we get a factor of £?/4 from the
fermion zero mode integral and hence we are still left with the u-plane integral

[ d*u. Let us now look at contributions from various multiplets.

®We are using o’ = 1 units as compared to o’ = 2 units usually used in the literature [45]. Also,
[ d*c = [ do'do?, where o' and o? parametrize the worldsheet time and space directions.
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Consider the zero modes of the boson p. From (4.64), we notice that the zero
mode of Re(p) couples to D and integral over it gives §(D)/k7,. The zero-mode of
¢p = VkIm(p) lives on a circle of radius vk and is additively charged under the

gauge field. It satisfies periodic boundary conditions i.e.

2
op(c! +2m,0%) = @plot, o) + 2rwVk + %Z (4.65)
2
op(o' + 217, 0% + 211y) = @p(ot,0?) + 2emVE + % (4.66)

27z
k&
to the R symmetry. Notice that Im(p) carries ¢ charge under the R-symmetry to

where w, m € Z and the <= comes from the twist in the boundary conditions due

cancel the anomaly in the R-symmetry[76].

Hence we can mode expand it as follows:

k
op(ot,0?) = ctwVk + o? (m + % — wﬁ) \:—2_ (4.67)

The bosonic and fermionic oscillators of the P- multiplet give:

After taking into account the normalizations due to fermionic and bosonic zero

modes, the full contribution from the P-multiplet is given by:

k _nk zp2
BT Z>5(D) d e ey I wT Ut ] (4.68)

2 n<7>3 m,weZ

Vector multiplet: From (4.2.1), we see that the U(1) vector multiplet gives:

in'(r) _ in(r)
Ory ) 6i(r.2)

Chiral multiplet: In this theory we have one chiral multiplet with charge +1
under the gauge symmetry and the boson is uncharged under the R-symmetry.
This implies that the left moving fermion has R-charge —1. Using this in (4.2.1) we
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obtain:

H(m+w7+z+u)(m+w7—|—ﬂ)
|m 4+ wr 4+ ul? + 1D

m,aw

Using (4.5.2), (4.5.2) and (4.5.2) and integrating over the auxillary field D, we
obtain:

X(7,2) = —ik / @u 0:(1, —2+u+m+wr) (Z efglm+wr+u+z|2> (4.69)

T O1(7,u +m + wr) g

The factor of —: comes from the normalization of fermionic zero modes. The above
integrand is invariant under u — u + m + w7 where m,w € Z. We can use this to

reduce the integration over the whole plane to coset E = C/(Z1 + Z).

4 d*u 0;(7, —z + u) izt — L [mwrut 2|2
X(1,2) = —zk/ - = 7 2R o T 2y %
( ) E T2 91 (7—7 U) Z

dudu
= [ S ot sw(r), (4.70)
E 1To
where
0 - i — o lmtwT+u+ £
(. zu) = W Hilr,u,2) =k ) e i)

where the e?™** factor comes by using transformation properties of the ¥-function
given in (4.114).
Holomorphic Anomaly

Now we have the full elliptic genus, we can take the 7 derivative to obtain the
holomorphic anomaly equation. Notice that in equation (4.70), the 7 dependence
just sits in the factor Hy(7,u). Naively, it looks that the measure also contains 7
dependence, but that’s not the case. We can write u = u; + 7us where uy, us € [0, 1],
then the measure becomes

dudu _ (dus + 1idus + imydug) A (dur + idus — impduz) _

1T9 1To

Hence there is no 7 dependence in the measure. Using the fact that H obeys the

heat equation 9-Hy,(7, at + b) = 502 Hy (7, u)|u—ar+». Hence we get,
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1 1
O=x = oy dudua (ZT2 (T, z,u)0a Hy (T, u z)> (4.72)

1 1
= 57 8EduT—2(p(T,Z,u)ang(T,u,Z) 4.73)

The above integrand has a pole at u = 0. After computing the residue at the pole,

we obtain:

ik 191(7—7 Z) Z 2mizw m+Tw+%
™

m,w

After poisson resumming w.r.t. m, we obtain:

_ 1 9y(r,2) (twk)? _(n=wh)® n
9-x(7,7]2) = - 22kn n(1)? g("—’wk)q g yE
OX(7.7]2) ™ (T 2) ;

e OX(T 7)) 7w 0
(4773) o7 2k n(r)? Z i (T )19“( k) (4.75)
0€7,/2k7.

As expected, this answer matches equation (4.61), the anomaly obtained from the
SQM related to the IR theory.

4.5.3 GJF Anomaly

In this subsection, we will compute the holomorphic anomaly of the cigar SCFT di-
rectly without computing the full elliptic genus. We will use equation (4.44) which
relates the holomorphic anomaly to the expectation value of supercurrent in the
boundary theory [7]. From (3.73), we observe that the target space of the cigar
SCFT at asymptotic infinity (r — oo) looks like R x S!, where the radius of S*
is k. We can now compute the expectation value of the supercurrent (G) in the
boundary theory i.e. the NLSM with S target space. The supercurrent is given by:

G(2) = V2i’00 (4.76)
There are following contributions in (G):

e Zero mode integral di§ is soaked by /Y appearing in G and hence we just get
a factor of v/i due to fermionic normalization.
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e Non-zero modes of ¢? and the S* boson give:

e Zero mode of the S* boson, contributes to 96 and gives:

(06 = (~i22 z  — wk)g R e

where we get y* T because the U (1) p symmetry acts as translation symmetry along

the ¢ direction. Finally we obtain

_ -1 U4(T,2) (ntwk)? _(n—wk)?
G = —/i ’ n — wk Ik rTs ETW 4.77
(G) NTRCE ;( )q q y (4.77)
Using (4.44) we obtain:
1 n-+w 2 n—w 2 n
&X _ 191 (7', Z) Z(n _ wk:)q( +4kk) q( 4kk) yz_,_w

VaRV2E (1)}
(drm) 2 ox(r,7lz)  _ _\/7191 7, 2) Z 79 1 00 ( z> (4.78)
e o7 TR '

0ET)2KT.

n,w

which matches (4.61) and (4.5.2).

4.6 Holomorphic anomaly of N = (4,4) Taub-NUT

In this section we will look at another example where mock modularity plays an
important role. We consider N = (4,4) GLSM which in the IR flows to SCFT with
TaubNUT target space. The Dirac index for TaubNUT was computed in [81]. We
will compute the holomorphic anomaly of this model first by computing the elliptic
genus of the GLSM [29] and then by using GJF anomaly equation.

4.6.1 GLSM computation

In this section, we describe the N = (4,4), U(1) gauged linear sigma model that

flows to a non-linear sigma model with TaubNUT target space in the IR. This model
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is discussed in [29, 82]. The field content of this theory, written in N = 2 language,

is as follows:

e Vector Multiplet: We have a N = (4,4) U(1) vector multiplet which decom-
poses into a N = (2,2) vector multiplet V' = (v,, 0, A1) and a neutral chiral
multiplet ® = (¢, \+).

e Hypermultiplet: This multiplet is charged under the gauge group U(1) and
it decomposes into two N = (2, 2) chiral multiplets ) = (¢, ) and Q= (G,7)
with electric charges +1 and —1.

e Twisted hypermultiplet: It is not charged under the gauge group and it de-
composes into a N = 2 chiral multiplet ¥ = (71,72, x+) and a Stiickelberg
chiral multiplet I = (3, v, X+).

This theory has 8 real supercharges (4 left moving and 4 right moving). It has
the R-symmetry group SU(2); x SU(2); x SU(2)s. The supercharges (Q“*, Q4*)
transform in (2,1,2)_ @ (2,2, 1); representation. Let us write {Q1, Q2, Qr} for the
Cartan generators of the R-symmetry group and ) for the Cartan of U(1) flavour
symmetry. It turns out that there are two right moving supercharges which are
neutral under ); — @2, Qr and @);. Hence we can define an EG, which preserves

right-moving super-symmetry as follows:
X(7, 2,61, &) = Trpr(—1)F ghoghoe 2m#Qnr o —2mi&1 Qs o —2mit2(Q1-Q2) 4.79)

The elliptic genus of this GLSM was computed in [29] using localization 7. It is
given by:

o V(T u+ &+ &) (T u+ & — &)

n,w

X(7,61,€2,2) = 92/ dudi 0,(1,u+ & + 2)0(Tu+ & — 2) Ze_g%r\umwwlz’
E(T)

dudu
= / - u@(Tazau—l—gl)gQ)Hg(Tv u)7 (480)
E(r) T2
where
U (u + 2)191 (u - Z) 2 —gQ—Trlu—i-n—&-'rwl2
T, 2, U, = H,(m,u) = e 4.81
90( 52) 191(“‘1’52)791(”_62) 9( ) g nz; ( )

where ¢? is the coupling in front of twisted hypermultiplet. The ratio of ¥- func-
tions comes from the N = (2,2) chiral multiplets sitting in the vector, hyper and

’Our notations are a bit different from the one in [29], they use o/ = 2.
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twisted hypermultiplets. The exponential part comes from the zero-mode contri-
bution of the boson in the Stiickelberg multiplet. The oscillator contribution from
(2,2) vector and the Stiickelberg multiplet cancel each other as in the cigar case.
We will now compute the holomorphic anomaly. It was also computed in [29] but
there is a small error in their computation which we correct below.
Holomorphic Anomaly

To compute the holomorphic anomaly, we compute the 7 derivative of (4.80). No-
tice that in equation (4.80), the 7 dependence just sits in the factor H,(7,u). The
measure is independent of 7 as shown in (4.5.2). Similarly to the cigar case, H,
obeys the heat equation 0 H,(7, at +b) = ﬁ@gHg(r, U)|u=ar+b- Hence we get,

1 1
Orx = 27T92/ dudu Oy <T o(1, 2z, u + &1, &) 0aHy (T, u)) (4.82)
E<(T) 2
1 1
o-x = Qngj{ du T—@(T,z,u+fl,£2)8aHg(T, u) (4.83)
OFE<(T) 2

The above integrand has two poles at u = —&§ — & and u = —& + &. The contribu-
tion from both the residues is computed below:
Residue atu = =& — & :

1 h(=b+2)h(=&%—>
2 (1)U (=28)

% 1(277(5?2)1)912;;"; = (_QT: d (= —&tn+Twe -t >

n,w

) 0 H, (7 1)) eer

Residue atu = =&, + & :

_ 4
_%191(2;7(7—?;3;?%&22—)'— 62) (_927—: Z( £1+§2+n+7w>e 272| &1+&e+n+tTw| )

Finally we obtain

g2 Uiz = &)0h(2 + &) B -
Orx = 47_2 ()30 (255) (Z( &—&+n+Tw)e

n,w

(& + & +n+Tw)e” 4l 51“?*”*””) (4.84)
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Poisson resumming w.r.t variable n gives:

i V(2 — &)Uz + &)
29210 n(7)301(2&2)

(mtwg?)?  (m—wg?)?

Z(_m+w92)q a2 g e ( 2mi(—&1— 52)m+€27”(£1 ) (4.85)

m,w

O-x =

Notice that the above equation has a pole in & — 0 limit. For g*> = 1 i.e. at the

self-dual radius, we can replace the sum over by m and w by the sum over s and s’

by noting that
{=(w+m)=(w—m)mod 2. (4.86)
Or equivalently
w—m=1/{+2s : w+m=/{+2s". (4.87)
Hence we have
1 % (Z — 52 191 Z + 52 (e+25")2 (£+2s)
0-x = (l+2s)g =
2\/27y n(7)391(2&2) EEZX/;Z;
(6—2Wi(51+§2)(5'—5) 4 e2mi€1=&2)(s' —5)> (4.88)

The first term in the bracket can be expressed as follows:
. ’ §1+¢ ’ ’
6_27”(514_52)(5 —5) — e 271'1( 1+ 2)((l+23 )—(142s)) _ yl1+25 gi+25 (489)

where y; = e™(=817¢) and the fugacities ¢, and &, are real. Hence the holomorphic

anomaly equation can be expressed as follows:

_ b (2= 6)h(2+ &) =& — &\ o) —& — &
= ey L e () (n )

€721
0, (T’ S ;fz) 19512 (ﬂ & — . 52)

(4.90)

where 9 (7,€) = 9,9(, 2)|.—¢. For a generic ¢g* € Z, the answer does not seem to
decompose into the products of ¥(r, z) and 6 (7, 2).
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4.6.2 GJF anomaly

The N = (4,4) GLSM described above flows to an NLSM with the Taub-NUT target
space. This can be seen by minimizing the scalar potential to find the vacuum
manifold as in §4.3.2. By minimizing the scalar potential, we get the following

constraints [82]:
Fpo=0=¢=0, lq|> — |g]* = r3, T+ iy = 244 . (4.91)

The low energy physics is described by a NLSM on the vacuum moduli space.
Notice that we have four complex scalars (q, G, + irg, 73 + i) in the matter mul-
tiplets of the GLSM. We get three real equations (4.91) by minimizing the scalar
potential and one degree of freedom is eliminated using U(1) gauge symmetry.
Hence in the IR, we obtain a N = (4, 4) supersymmetric theory with four dimen-
sional target space (TaubNUT) parametrized by these four bosons. The target space
metric in radial coordinates, is given by:

r—m : r—m
ds* = (r - m) dr® + (r* — m?)(d6® + sin*0dp*) + 4m® <r " m) (d® + cosfdep)?
(4.92)
where |¢]> + |G]> = 7 = /1P + 13 +7%, 9 € [0,4n), 0 € [0,7) and ¢ € [0,27) and
m is related to the coupling of Stiickelberg field in the GLSM i.e. ¢*> = 16m?. As

we can see from (4.92), the radius of S* (of periodicity 2r) at infinity is 4m, hence

g* is the radius-squared at infinity. The charges {Q1 — Q2, Qr, Q;} of various fields
that describe the IR physics, are given in 4.6.1. Notice that unlike the cigar case, the
Stiickelberg field in this case is not charged under the R symmetry. This is because
sum of charges of chirals vanish and hence there is no anomaly in the R symmetry.
The flavor symmetries act on ¢ direction of Taub-NUT as shift symmetries.

We can use the GJF anomaly equation (4.44) to compute the anomaly directly
without computing the full elliptic genus. For this, we need to compute the torus
one-point function of the supercurrent (G) in the boundary theory. The supercur-
rent is given by:

G(2) = iV2g;;X'0X’ (4.93)

The target space (4.92) in r — oo limit, looks like R x S? x S* where the radius of
S? grows with r and it goes to infinity as r — oo, giving us R?* x S*. In such cases,
the elliptic genus is usually not well-defined if we do not turn on any fugacities.
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fields | Q1 — Qa2 | Qr | Qy
q -1 0 | +1
q -1 0| -1
N -1 0 | +1
(e 0 -1 | +1
U, -1 0 | -1
U 0 1| -1
r1 -2 0 0
r9 -2 0 0
r3 0 0 0
v 0 0] 0
X+ -2 0 0
o 0 010
X_ -1 1] 0
a -1 110

TABLE 4.6.1: Charges of various fields of TaubNUT GLSM.

We turn on global charges, and the elliptic genus is now defined as (4.79). Since the
chiral superfields are charged under (); — ); and @), the boundary of the target
space is now two copies of R? x S'. These global symmetries lift the bosonic zero
modes along R?. Hence we are effectively left with S' boundary and oscillator
contributions from other modes.

The fugacities & and &, twist the boundary conditions for two of the boundary
fermions and hence they do not have any zero mode. We have only one fermionic
zero mode in the boundary theory (the super-partner of the boundary S*). After

integrating the fermionic zero mode, we get

<G>’boundary = 2.\/§Zoscill.<gw¢5¢> (494)

where Z,.;. is the contribution coming from bosonic and fermionic non-zero modes.

Various contributions are given below:

e Oscillator contribution from fermions x

H(1 . qne—Zﬂifze—Qwiz)(l _ qn€27ri§2 627riz)

n
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Oscillator contribution from fermions y _

H(l . qn€727ri£2 62m'z) (1 - qTLeQWi£26727TiZ)

n

Oscillator contribution from fermions y

H(l _ q’ne—Q(Qﬂiﬁg))(l _ qn€2(27ri§2))

n

Oscillator contribution from fermions

Oscillator contribution from boson along R?

1 1 1 1
H 1 — qn€72(27ri§2) 1 — qn€2(27ri§2) 1 — q—n€72(2ﬂ'i£2) 1 — qn€2(27ri£2)

n

Oscillator contribution from boson along S*

1 1

n

After adding the zero mode contributions of these fermions and bosons, total con-

tribution from s? modes is given by :

3/22'191 (T7 z+ 52)191 (Tv <= 52)

i 4.95
S 2y 422
where i*/2 comes from the normalization of three boundary fermions. We can now
compute the contribution due to boundary S'’s. We have two copies of S* because
both chirals have different charges under the flavor symmetries. These give the

following contribution to the supercurrent.
e Zero modes of one S*:
(mtwg®)?  (m—wg®)?

) ,LpR 1 2 o 2 wi(—&1— n
<a¢> = <__> = — Z(m — ng)q 4g q 4 62 (—61—¢&2)

m,w
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e Zero modes of second S*:

mtwg?)? mfw\Q 2 )
<5¢> = QL Z(m — ng)q( +4g29 : q_( 1o : e2mi€1=&2)n
9

m,w

The e?mi(&1=€2)" factor appears because we are computing flavored elliptic genus
and the fugacities ¢; and &, act as shift symmetries of the boundary S* and

hence they couple to the momentum p;, + pg.

Putting all the contributions together and using (4.44), we obtain:

o _ et s L @i+ &)z - &)
or Varn(T) V29 01(7, 26)n(7)?

(mtwg?)?  (m-wg?)? . .
Z(m—ng)q i g i (627”(7&752)”+€2m(£17§2)n) (4.96)

ox o V1(z — &)1 (2 + &)
oT 29219 n(7)3091(2&2)

(mtwg®)?  (m—wg?)?

Z(m—ng)q a2 g ae? (ezm({l*gz)m—i—ezm(&*&)m) (4.97)

m,w

As expected, this matches the GLSM result (4.6.1).
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Appendix

4.A (2,2) Supersymmetry

Here we review our conventions for superfields in N = (2,2) superspace ® We
follow the same conventions as [75]. We denote the bosonic coordinates by z°,
2! and the fermionic coordinates by 6+, #=, 6* and 6. The spinors §* are right-
moving and ¢~ are left moving. The bosonic coordinates span flat Minkowski space
with metric diag(—1,1). The fermionic coordinates are related to each other by

complex conjugation i.e. (6%)" = §%. The supersymmetry generators are given by:

0 0

Qi = 505+ i0*0, | Qi = ~ 35z~ 050, (4.98)
where 0y = (Jy = 01)/2. The SUSY generators obey:
{Qs,Qs} = =20~ (4.99)
We also define the following superspace derivatives
0 y = 0 ot
D, = 205 0~ 0, , D, = ~ 5 + 110704 (4.100)

which anticommute with Q., Q.. We can now define various superfield and their
supersymmetric lagrangians:
Chiral Superfield: It is defined as:

Di® =0

Hence, it can be expanded as:

O = o(y*) + 0°¢aly™) + 00T F(y*)

8These conventions differ from the one’s used in Appendix 2.3.2.
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where y* = 2% — i0*0* . Here ¢ is a complex boson and v, is a right (left)-moving

weyl fermion and F is an auxiliary field. The action is given by:

kin

. 1 _
Sehi o / d*xd*0 o (4.101)
m

where ® is the complex conjugate of chiral superfield and it obeys D ® = 0. It
is known as anti-chiral superfield. We can also add a superpotential term to the
action which is obtained by integrating a holomorphic function (W (®)) of the chiral
superfield on half superspace i.e.

S = / d*xd*0 W (®) + c.c. (4.102)
A twisted chiral superfield U is a superfield that satisfies:

D+U:D_U:0

Vector Superfield: It is a real scalar superfield V' which transforms as
V=V +i(A-A)

under gauge transformation. Here A is a chiral superfield. We can use the gauge
transformation to eliminate some degrees of freedom and expand V' in Wess-Zumino

gauge as follows:

V= 9_9__(7)0 - U1> + Q+‘§+<Uo + Ul) — 9_9_+O' - 9+9__5'
00T (0N + 0N +i0T0 (07N + 0N )+ 0701010 D

where v, is a 2d gauge field, A\, are right (left) moving fermions, o is a complex
scalar and D is an auxiliary field. In the Wess-Zumino gauge, we still have a resid-
ual gauge symmetry:

vu(2) = v(a) - dala)

where «,(z) is the lowest component of the chiral superfield A. Under the gauge
transformations, the chiral superfield of charge ¢ transforms as:

O — 1P
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The field strength ¥ is a twisted chiral superfield given by:

Y = D,D_V
= o(§) + 0N (G) —i0 A (§) + 0107 (D(§) — ivoi (§))

where §* = 2% F 00 and vy, is the gauge field strength given by:
vo1 = dov1 — g

The supersymmetric lagrangian of a chiral superfield with charge ¢ under the vec-

tor superfields is given by:

L= /d49 (@eqvcb — %iz) + % (—t/dzéE + c.c> (4.103)
(&

where the last term is the twisted superpotential term with ¢ = r — . Here r is the
Fayet-Iliopoulous (FI) parameter and ¥ is the theta angle for gauge field V.

After integrating out the fermionic superspace coordinates and the auxiliary
fields we finally obtain:

L= —=D'¢D,¢ +ith_(Dy+ Di)v + ithy (Do — D)ty

2 _
— S8 = 1) = |o?[9]? = ooy — Py

PNty AN i A — N b+ Gugy
1 - _
@(—8’“‘6@#0 + A (80 + 81))\7 + 2)\+(80 — 81))\+ + U(Q)l) (4104)

where D,, = 0, + iqu,.
Stiickelberg superfield: It is a chiral superfield P which transforms additively
under the gauge transformation i.e.
P— P+iA, P—P—iA (4.105)
and has the following action:

_ 1 2 2 k D 2
Sgt = 47T/dxd94(P+P+V) (4.106)

The FI term and the ¢ term can now be absorbed in P. We take the gauge group to
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be U(1), and from (4.105), we observe that ImP is periodically identified. The full
supersymmetric Lagrangian with a chiral superfield ® of charge ¢, a Stiickelberg
superfield P, and a U(1) gauge superfield V is given by:

L= /d49 (q>qu<1> ~ Ly + E(P + P+ V)2) (4.107)

2¢e2 4

The chiral superfield P can be gauged away entirely, and we are left with ® and a
massive vector superfield V. Alternatively, we can choose the Wess-Zumino gauge

for V' and retain P. In this case, after integrating out the fermionic coordinates, we

obtain:
L= —D"¢Dué+it)_(Do+ Di)¢— + it (Do — D1)¢y D|g|* + | F[?
—[0?||p]* — p_othy — oY — Py + iGN Y- + i A — i A
1 - _
@[—8”5@0 +4A_ (0o + O1)A_ +iXy (0o — O Ay + v3, + D?
k . . L o _
5 [(=0"p + ") (Oup + 10,) + X~ (00 + 1) x— + iX+(9o — u)x+ + D(p + D)
+|Fp|> — |o]? 4+ ixa Am +iXa A — ix_ Ay — Y- Ay ] (4.108)

4.B Eta and theta functions

The Dedekind eta function is a modular form of weight 1/2 which is defined as:

n(r) =g (1 - q")

n=1

where ¢ = ™" and 7 € H. Due to its modular properties, it satisfies:

A+ 1) = () W=2) = V=irn(r). (4.109)
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In the computation of elliptic genus, the Jacobi theta function plays an important

role. It has the following product representation:

o0

di(rlz) = —igsyr [ =)@ —yg) (1 -y~ ") (4.110)

n=1

_ '%Enl—q (1—yg") (1 —y g (1 -y

=

= —igs(yz —y77) H L—¢")(1-yg)(1 -y '¢") (4111

where y = 2™, There are various variations in the definition of ¥-functions. In
some cases, there is no —i factor in front. We use the above definition. It has another

representation:

=—iy (-1)" ytaga(nts)’ (4.112)

nez
We list some of the useful properties of ¥; below:

Vi(T|z +nT+m) = (—1)"+mq_n7y_"191(7'|z) (4.113)

where n, m € Z. Using this we obtain:

791<T|Z+m+w7—) _ 6727riwz191(7—|z) (4114)
V1 (7T|m + wr) V1(7)
The modular properties of ¥, (7|z) give:
91(7 + 1]2) = ™/, (7]2) | D(—21%) = i/ Tirem gy (r]2). (4.115)
T T

Also,
01(—2;7) = —01(2;7)

The first derivative at z = 0 is useful:

(o)

1 0

-~ . A = — é _ ,n\3 — _4 3
5mi 951 (T1)]em0 = —ig [T =a? = —in(r) (4.116)

n=1
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Conclusions and Outlook

In this part of the thesis, we re-derived the Dirac index theorem for manifolds
with boundary and explored its relation with mock modularity. The main results

are summarized as follows:

e The Atiyah-Patodi-Singer (APS) index theorem for manifolds with a product
metric near the boundary can be derived by computing the Witten index for
a non-compact target space. This non-compact manifold is obtained by triv-
ially extending the original manifold with boundary as explained in Chap-
ter3.

e The APS index theorem consists of two terms: the Atiyah- Singer (AS) piece
and the n-invariant piece. Both of these pieces can be computed using differ-

ent supersymmetric quantum mechanics (SQM).

— The AS piece is derived using an N = 1/2 SQM with target space M as
shown in figure 3.3.1.

— The n-invariant is determined by using an NV = 1 SQM with target space
R and a superpotential 4 (u) which depends on the eigenvalues of the
boundary operator. Hence the n-invariant piece depends only on the
boundary.

e The n-invariant is also related to the temperature dependence of the non-
compact Witten index, and hence it is related to the difference in density of
states of bosons and fermions. This difference in the density of states, in turn,
is connected to the scattering theory.

e The elliptic genus of a superconformal field theory (SCFT) with a non-compact
target space is non-holomorphic in 7. The 7 dependence is related to the tem-
perature dependence of the Witten index of the right-movers. Similarly to the
Witten index, it also depends only on the asymptotic boundary of the target
space.

e We computed the holomorphic anomaly for the N = (2,2) Cigar SCFT and
the N = (4,4) TaubNUT SCFT using different methods: First from the GLSM
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and then from the boundary theory of the NLSM using the GJF anomaly equa-
tion. For the cigar case, we also compared the results with the SQM compu-
tation.

There are certain unanswered questions yet to be explored. Some of them are
listed below:

e We re-derived the APS index theorems for manifolds with a product metric
near the boundary. For the manifolds with a non-product metric near the
boundary, there is a correction in the APS index theorem [48]. We do not have
a derivation of this correction term from SQM. In this case, the main issue is
that the continuum touches the zero modes, and hence the contributions from
the discrete states and the scattering states cannot be separated as in (3.37). It
will be interesting to understand this issue.

e We noticed that the elliptic genus for SCFT’s whose target space has a non-
product metric at asymptotic infinity vanishes unless some fugacities are
turned on. After turning on the fugacities, not all non-compact manifolds
give mock objects. In the examples we explored, only the GLSM’s with Stiick-
elberg fields seem to give non-zero holomorphic anomaly. It would be inter-
esting to explore this co-relation and make a more precise statement.

e It would also be interesting to recover different examples of mock modular
forms such as higher depth mock modular forms [31, 34, 83-85] just by look-
ing at GLSM’s with multiple Stiickelberg fields.
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Chapter 5
Introduction

The study of soft theorems in quantum field theory has a long history dating back
to work done by Bloch, Nordsieck, and Low [86-88]. In 1965, Weinberg extended
this work to show that infrared divergences in a quantum theory of gravity can be
removed in the same way as in quantum electrodynamics [89]. A particle whose
momenta in the center of mass frame is much lower than other particles is called a
soft particle in a scattering event. Soft theorems demonstrate the relation between
the S-matrix of hard particles with and without soft particles. Soft theorems cap-
ture certain universal features of the theory.

In the last few years, the interest in soft theorems has been renewed because
of its connection to asymptotic symmetries. Asymptotic symmetries are the sym-
metries whose action on fields does not vanish at infinity. This is why they are
also known as "large gauge symmetries". In the early 2010s, Strominger and his
collaborators [90-94] found that soft theorems are essentially the Ward identities
associated with asymptotic symmetries. Further studies revealed an interesting re-
lation between the Bondi-Metzner-Sachs (BMS) group (the asymptotic symmetry
group corresponding to large diffeomorphisms) and the gravitational memory ef-
fect [95]. These studies established the relation between three seemingly different
phenomena - Asymptotic symmetry, soft theorems, and memory effect. In subse-
quent papers, the study of asymptotic symmetry was extended to higher than four
dimensions [94, 96, 97] but the understanding of the same in arbitrary dimensions
is far from being complete.

There is an approach to derive soft theorems independently of the spacetime
dimension. It relies on Feynman diagrammatic techniques. In this approach, one
starts from a specific Lagrangian and then computes only a subclass of Feynman
diagrams, contributing to the (sub-)leading soft theorem(s). The new impetus to
this direction is Sen’s work [98, 99]. His method relies on covariantization of one
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particle irreducible (1PI) effective action with respect to the soft field and computes
the diagrams which contribute to the soft theorem. This powerful method was
used to compute the sub-sub-leading soft graviton theorem [100] and also to com-
pute multiple (sub-)leading soft graviton theorem [101]. It has been noted that the
soft-photon theorem is universal at leading order [89, 102], and the soft-graviton
theorem is universal, not only in the leading order but also in the sub-leading order
[103]. Much work has been done on soft theorems with multiple soft particles, soft
theorems in string theory, and memory effect in the last decade [98, 104-111].

In this part of the thesis, we derive soft theorems for gravitini. One of the pri-
mary motivations for this work is that in four and higher dimensions, the theo-
ries of massless particles are severely constrained by Coleman-Mandula theorem
[112]. Massless particles with spin > 2 cannot couple minimally; they only couple
through the field strength. So the only particles which possess gauge invariance
and can have minimal coupling have spin 1,3/2 and 2. We already have a com-
plete understanding of soft photon and soft graviton theorem. However, we still
do not have many results about soft gluon and soft gravitino theorem. Hence we
tried to attack the latter problem.

These computations involve a subtlety because the leading soft factors do not
commute, and their commutator is also leading order in soft momenta. At the level
of complexity, the soft gravitino theorem is more subtle than soft photon or gravi-
ton but significantly less subtle than that of the gluon. This is because even though
the commutator of two soft factors is non-vanishing, the commutator of three soft
factors vanishes in the case of a gravitino but not in the case of a gluon. However,
for specific types of theories, the soft gluon theorem can be conveniently computed
using Cachazo, He, and Yuan (CHY) formalism [113-116]. This advantage is not
currently available for soft gravitino/photino. In this work, we derived the leading
order soft theorem for gravitino in a general quantum field theory with local super-
symmetry and in an arbitrary number of dimensions. The soft gravitino operator
is a fermionic soft operator. Though a lot is known about bosonic soft theorems,
the available literature for the fermionic soft theorem is significantly little. Single
Soft photino theorem was computed in [117].

The soft theorems for the case of a single and double soft gravitino for four-
dimensional supergravity theories were computed for a particular model in [118-
120]. The result for single soft gravitino in D = 4 can also be obtained from asymp-
totic symmetry [121, 122]. We generalize the result to the case with an arbitrary
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number of soft gravitini. In our work, we follow Sen’s covariantization approach
[98-100]. This method’s advantage is that it is valid for arbitrary theories, to all
orders in perturbation theory and in arbitrary dimensions, as long as there is no
infrared divergence.

This part of the thesis is organized as follows: In Chapter 6, we set up the no-
tation and derive the Feynman rules required to compute the leading soft gravitini
theorem. In Chapter 7, we explicitly derive the soft theorem with one, two, and
three external soft gravitini. We then use these results to get a soft theorem for an
arbitrary number of soft gravitini. In Chapter8, we look at the possible infrared
divergences that can affect our results. It turns out that our results are valid for
D > 4.
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Chapter 6
Feynman Rules

In this chapter, we derive the relevant Feynman rules for computing the leading

order soft gravitini theorem.

6.1 Set-up

Our starting point is a globally supersymmetric Lagrangian invariant under some
number of Majorana supersymmetry . So the usual (dimension-dependent) re-
striction for the existence of a globally supersymmetric Lagrangian applies. The
matter content of the theory is some reducible super-multiplet. We do not assume
anything about the multiplet in which matter fields are sitting.

Let ®,, be any quantum field that transforms under some reducible represen-
tation of the Poincare group, supersymmetry, and the internal symmetry group(s).
The transform of the fields under the global supersymmetry is given by

D, — (Qo)m P (6.1)

() are supersymmetry generators. They satisfy the following algebra

{Qa,Qp} = —%vﬁéﬁPN (6.2)

Here P, is the momentum generator. The indices a, 5 are the collection of all pos-
sible spinor indices, not the indices for the minimal spinor (of that dimension). So,
in a theory of more than one supersymmetry, (), are the collection of all the super-
charges. Gamma matrices are in Majorana representation and are symmetric in the

spinor indices.

1From Coleman-Mandula theorem, the maximum number of super-charges is 32.
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We start with the 1PI effective action. The kinetic term is given by:

dy gl
- 1/ Th S Oy (p1)K™ (p2) @ (p2) (27) 767 (1 + p2) (6.3)

2/ (2n)P (2m)P

where K" (p,) is a combination of derivative operators. The kinetic term is invari-

ant under global supersymmetry transformation. This implies

K (Qu ™ + K™ Qo)™ = 0 (6.4)

6.1.1 Propagator

Let us assume the propagator has the following form:
=(g)(q* + M)~ (6.5)
where =(q) is defined as
=(q) = i(q* + M*)K " (q) (6.6)
and M is some arbitrary mass parameter . From (6.4) we get,
EM Qo)+ EH(Qa)mg " = 0 6.7)

We write down two more relations which would be useful later

K™ (—p) Zppms (—p) = i(p° + M?) 6™,

oL <_p) — azmzms <_p)

Zmgms(—Dp) = =KK™ (—p + 24pH 0" 6.8
" () () 68

6.1.2 Covariant derivative

In super-gravity theories, the super-covariant derivative [123] is given by

1
D, = E," (au — i kY, "Qn — i ﬁéw,fdjcd> (6.9)

2We have already used M for number of soft-particles. Since the mass-parameter does not ap-
pear extensively, we also M for mass-parameter.
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Here & is the gravitational coupling constant, w¢? is the spin connection and 7 are
the angular momentum generators. The local-supersymmetry transformation of
the vielbein ej (the inverse of £/ appearing above) and the gravitino ¥, are given
by

“w

1
det = 597‘1\IIM (6.10a)

1
6\11;104 = D,u Qa - aﬂ ea + Zwuab'yabea (610b)

Here 0, is the local supersymmetry parameter. Now consider a small fluctuation

E = g = (e (6.11a)
v, = e,ﬂeik'f‘C (6.11b)

So at the linear order of fluctuations, we get the following expression for the super-

covariant derivative

Do = 0 — k(a0 — i €Qu — igwaCdjcd (6.12)

6.2 Soft gravitino - Matter Vertex

The coupling of one soft gravitino to the matter fields at linear order can be found
by covariantizing the derivative in (6.3). Due the interaction with gravitino, the
momenta of hard particle changes by 6 = —k €,Qq.

The coupling of gravitino with the matter field can then be found just from the
quadratic part of the 1PI effective action by making the following changes in (6.3)
[100]:

e 6D (p; + py) gets replaced by §P) (p; + py + k) where k is the momenta of soft

gravitino.

e The change in kinetic operator £™" due to shift in momenta has to be substi-
tuted.
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So we get

1 [ dip, d oK "
5 =3 | G tnlo) [— (pQ)Heﬁ@a] D (p2) (26 (1 + pa + )

2/ @2mP(2n)P Opap
(6.13)
So the ®,,, — ¢, — ®,, vertex is given by:
— o 14
|:ZK’ aplu EMQ(X:| (6 )

Since we compute only the S-matrix elements, all the particles satisfy on-shell
and transversality condition . The external particle of polarization ¢;,, and mo-

menta p; satisfies the following conditions:

eimK™(q) = 0 (6.15a)
pi+M; = 0 (6.15b)

6.3 Gravitino - Graviton - Gravitino Vertex

When we have more than one soft gravitino, we need to consider the minimal
coupling of gravitino with graviton. At the leading order, the graviton coupling to
any matter field can be again be found by covariantizing the derivatives appearing
in the kinetic operator. From equation (6.12), we see that there are two changes in
the kinetic operator: one due to the shift in momenta due to x(#0, term and the
other due to the spin connection term. Hence we have:

1 dPk, dPk
(L) — S Bl A D 5(D)
S . / P e 20+ R )
D, (k1) | —¢C k0 /cm"(k)+1( Cap — PaCops) 0 K™ (ko) (T™)y" | ®n(k2)
m\/vl % zakQM 2 9 PoCap PaSbu akzu 2 p n\2
(6.16)

where (,,, is the graviton polarization.

The kinetic term for the gravitino, in the harmonic gauge, is given by

KB (p) = (ppy”) P (6.17)
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The angular momentum generator is
a v,B aby ¥ aby B¢ v
(T e = (T 8" + (T)a 6, (6.18)

where 7% and J are angular momentum generator in vector and spinor repre-

sentations respectively.

(T, = 8™ = 8"un™ (6.19a)
a 1 a B a 1 a a
(js b)aﬂ = —5(7 b)a ¥ b= 5(7 7b — 71’7 ) (6.19b)

Our gamma matrix convention is given in (7.67). Our convention is that all the
particles are incoming; the gravitino has momentum k; and k, and the graviton

has momenta p. The momentum conservation implies
p+ki+ky=0 (6.20)

Substituting equations (6.17) and (6.18) in the equation (6.16), we find that the

gravitino-graviton-gravitino vertex (V##142)28 ig given by

- (7 14 1 2 14,C « 174 145 4 2 1\«
—ine R ()P (pa 082 — e G ) (P (= ) (1) (6.21)

6.4 Gravitino - Graviphoton - Gravitino Vertex

In case of extended supersymmetries, one can have central charges in the super-

symmetry algebra. The supersymmetry algebra in (6.2) modifies to

1 1

{Qa, Qg} = =3l — 520U (6.22)

U is (are) the generator(s) of U(1) symmetry(-ies) generated by the central charge(s).
As explained below equation (6.2), a, 3 are some (ir-)reducible spinor indices. In
this language the existence of central charge is equivalent to the condition that
there exists an element(s) Z,” in the Clifford algebra such that, Z,3 satisfies

Zop = Zpo (6.23)
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In general, there can be higher form central charges. For example, in D = 11, the
supersymmetry algebra is of the form

1
{Qa’ Qﬁ} - _575613# + ’VZHLWSAMMM (6.24)

But for our purpose, we ignore any higher form central charges. This is because
the higher form central charges can only minimally couple to extended objects (of
appropriate dimensions), whereas here we are considering the scattering of point-
like states only.

In this case the commutator of two soft operators in (7.19) is modified as follows

v

— K? S (u) (v);B v i
S, S, ST (p e Zag)elt L B 6.25
S 235 [e“ Prias + 5 Zan)e Di - ku i Ky (6.2

When we gauge the global supersymmetry with a central charge to get super-
gravity, we geta U(1)" gauge symmetry generated by spin 1 bosons (graviphoton)
present in the graviton multiplet. These graviphotons couple to the gravitino and
to any matter which carries the central charge. The coupling of the graviphoton to
gravitino is entirely fixed by supersymmetry and is related to that of the graviton.

The gravitino-gravitino-graviphoton three point function (V##1),, is given by

—in [k (200 = (b ke (2] iR — R e (2))

(6.26)

We have now derived all the relevant vertices required to compute the leading

order soft theorem for gravitini. In the next chapter, we will explicitly compute the
soft factors.
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Chapter 7
Soft Gravitino Theorem

We have now reached a point where we can use the Feynman rules derived in the
previous chapter to compute the leading soft theorems for gravitini. In this chapter,
we explicitly compute the leading soft theorem for one, two, and three external
gravitini. We then use these results to write down the expression for soft theorem
with multiple external soft gravitini. Before dwelling into the computation, there

is a brief note on Feynman diagram conventions.

7.1 Note on Feynman diagrams

We use a red double-arrowed line for soft-gravitino, a blue wavy line to denote soft
gravitons, a violet wavy line for graviphoton, Cyan double arrowed' line for hard
fermionic particles (including hard gravitini) and black line to denote hard bosonic
particles.

Hard bosonic particle
—»—— Hard fermionic particle
— Soft gravitino

AVAVAVAVAVA Soft graviton
AN Soft gravi-photon

FIGURE 7.1.1: Conventions for Feynman diagrams

!We use a double arrowed line for Majorana particles because they are their own anti-particle;
they only have Z, charge.
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7.2 Single soft gravitino

In this section, we compute the leading order contribution to the soft gravitino
theorem due to one soft gravitino. This result for D = 4 was first derived in [119]
and was reproduced from the analysis of asymptotic symmetries in [121, 122]. The
only diagram that contributes to this process is depicted in figure 7.2.1.

(€uar )

Di

FIGURE 7.2.1: Feynman diagram for single soft gravitino

The expression for the propagator is given in equation (6.5). In this diagram,
the propagator carries momenta p; + k£ and M, is the mass of the i-th particle. Let
us denote the corresponding propagator by =,,,,, (p; + k). The contribution to figure
7.2.11is given by:

F%l--miflﬁimiJrlumN ({pz})

DR (i) k) = _mZ(a’C( “@a)mm"( Zni

8pz,u Di + k)Z + MiQ

J— a " E’ﬂi’ﬁi m1.‘m¢,1ﬁim¢+1..mN )
- mz( 8}%# Q“) (2pi-k:)]FN ) @D

where in the second step, we have used the on-shell condition (6.15b) for external
hard particle and the fact that gravitino is soft. Now we will use (6.7) and (6.8) to
simplify the expression

OK(=p) 0wy Y2 _ OK(—p:) o OK(=pi) ey \
( apzu Qa) —nin; GM( aplu Qa'— iy — 6# aplu Qoz 4

—

0= "
= —e | —K(=pi)5—Qa+2ip; Qa) = (7.2)
a apm

From first step to second step we have used (6.7) and from second step to third step
we have used (6.8). Now the first term drops out because of the on-shell condition
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(6.15a). Hence we obtain [119]

7

N_phter \™ .
R () k) = [”Z(? GZ@Q> ]Fﬁmmﬂ{p}) 73)

Z\ p;
Soft operator We define the soft operator S, [119] as
N w (u) o
i eu
Sy=~K ———Qq (7.4

where u labels the soft gravitino. So the above result can be re-written as:

D™ (i ) = [ S75, TR o () 75)

7.2.1 Gauge invariance

As a consistency check, we check the gauge invariance of equation (7.3). We put

pure gauge polarization for the gravitino
€ap = K 0a (7.6)

Here 6, is a Majorana spinor. For pure gauge gravitino the amplitude should van-

ish. From (7.3), we obtain

N

ea Z (Qa>m7 ﬁil—\rﬁ1...mi,1ﬁ¢mi+1..‘m]\] (pl> — O (77)

i=1

This is the Ward-identity for the global super-symmetry.

7.3 Two soft gravitini

Now we will consider the amplitude with N hard particles and two soft gravitini.
In this case, the order of soft limits can affect the result. In this work, we took the
simultaneous soft limit. More about this is explained in subsection 7.3.3.

There are essentially four different types of Feynman diagrams which can con-

tribute in this case:
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1. The class of diagrams where the two soft gravitini are attached to different ex-
ternal legs (figure 7.3.1). These diagrams are easy to evaluate. The computa-

tion for these type of diagrams is essentially the same as single soft gravitino.

(et k1) (6(35), k2)

FIGURE 7.3.1: Feynman diagram for double soft gravitini - I

The contribution from figure 7.3.1 is given by

) N 6,(});0{}?# N 6(2);Bp.y
2y —— Qs T ({p: 7.8

2. The class of diagrams where both of the soft gravitini are attached to the same
external leg. There are three types of such diagrams - (figure 7.3.2, figure
7.3.3, figure 7.3.4). Figure 7.3.2, Figure 7.3.3 denote the diagrams where the
soft gravitino directly attaches the same hard-particles. These two diagrams
differ only in the order of attaching to the hard particle. Figure 7.3.4 captures
the process when the soft gravitini combine to give a soft graviton, and then
the soft graviton attaches to the hard particles.

(E;Sloz, kl)(ez(?ﬁ)a k2)

FIGURE 7.3.2: Feynman diagram for double soft gravitini - II



7.3. Two soft gravitini 107

The contribution from the Feynman diagram in figure 7.3.2 is given by

N

yn _ 2 IK™P(—p;) [El(});aQaE<_pi — k1)]pq OKT (—=p;i — k)
N+2 — K Z on; ™ - k Op:
X pz,u ( Di 1) Piv

[ Qa E(=pi — k1 — ko)l

I'n({pi}) (7.9)

Using (6.7) and (6.8) we can simplify this expression and we get

Eu P & )ﬁp?
w Z o (o g ) e Qe T ({pi) (7.10)

The second diagram is given by:

FIGURE 7.3.3: Feynman diagram for double soft gravitini - III

The contribution due to figure 7.3.3 can obtained from equation (7.9) by inter-
changing 1 +— 2

N 28, (D

v Di b;
[a{pid ik = w23 s 05Qa T ({pi)
i=1

(1) a (2)

N /B v
= K Z D B ) {Qa@ﬁ + %(?i)aﬁl In({pi})

T Di- ko pi- (k1 + ko

(7.11)

The final contribution comes from figure 7.3.4. This diagram denotes the pro-
cess when two soft gravitini interact first to produce a soft graviton which then at-
taches to any of the external legs. The contributions from these kinds of processes
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FIGURE 7.3.4: Feynman diagram for double soft gravitini - IV

are given by

1 2
3 a v; (4 Npyvr Mpsv +77”V77NV_E77M,LL77V1/
I¥ha(pi buke) = = [0 (V) 7] [<§> o o

P oK =
bi ODivy 2pi - (k1 + k2)

} Cn({pi}) (7.12)

where the first square bracket denotes gravitino-gravitino-graviton vertex, the sec-
ond one is the graviton propagator and the third one is the matter- soft graviton
-matter vertex. Using the expression for (V*i#1#2) 5 from (6.21) and simplifying

the above expression, we get

B (f, _ M NT e !
attnhinia) = 530 |G ]

1
[—n“”pi Ty — o (R + ka)apiey™ + (5w} — kpf )} e Tn({pi})

(7.13)

After simplifying the second term and using gamma-traceless condition for grav-

itino, we get

N
1
F(g) = /<L2 C Di
" [; el >(pz"(/f2+/f1))

I'v({pi}) (7.14)

where we have introduced C;5 and C,,(p;) is defined as follows

Lopi- (ku = ko) | (Kp} — kipy )] 7.15)

1 u v
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From the property of the gamma matrices it follows that C,, (p;) is symmetric in its

particle indices
GLu)p(ie,gU) = —ggv)p/ieiu) _— Cuv(pl) = Cvu<pz) (716)

Total contribution Now we add the contributions from (7.8), (7.10), (7.11) and
(7.14) to get the full answer for two soft gravitini. The total contribution can be

written as

Cnio({pi}s ks ko) = [31 Sy + M12} In({pi}) (7.17)

we have already defined S, in (7.4). M,, is defined as follows

N
1 176 pipt 1np - (k, —k,)  (K'p? — kipl)
2 - 1 175 - v 17 ul’s 718
”Zzp ){pi-kﬁz e ke kak (7.18)

=1

7.3.1 Some properties of S, and M,,
e Two soft operators do not commute

2

K2 o ap i v
(S, S 3; {( P VW) p—kuﬁ] (7.19)

e While writing the result for two soft gravitini, we could have chosen the other

ordering of soft factors but both results should match i.e.
Sy Sy + Myy = 8, Sy + My, (7.20)

Above equation can be explicitly verified by noting that:

N e ;€ 1

ik pi- kv
We already computed S, S, — S, S,, in (7.19). Hence (7.20) is satisfied.

e Three soft operators satisfy Jacobi identity.

[Sus [Sv: Sull + [Sv: [Sw: Sull + [Sw, [Su, S]] = 0 (7.22)
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In this particular case, each term in the above equation is individually zero.
[Su, [Sv, Sw]] =0 (7.23)

This is not true for soft gluon operator(s). Though (7.22) is true for soft gluon
operator, (7.23) does not hold for soft gluon operator. This fact makes the
computation of the soft factors for multiple soft gluon even more cumber-

some.

e Some more properties of M,, are listed below

Muv 7& inu (724&)
MU1U1 MUQ'UQ = MUQ’UQ Mulvl (724b)
Sy Muy = MuySu (7.24¢)

7.3.2 Gauge invariance

As a consistency check, we check the gauge invariance of the result obtained in
(7.17). The right-hand side should vanish when one puts any of the gravitini as a
pure gauge. Here we will put ¢? as a pure gauge and check if RHS vanishes or
not.

D = ky, 05 (7.25)

So for pure gauge, the first term in (7.17) vanishes because ()3 directly hits I'y ({p; })
and gives zero due to supersymmetry ward-identity (7.7). The second piece gives:

1 € ]/9 pip;i -k
@ _ 2 K i Pi 2
Mz ka03) = Z 2pi - (k1 + ko) [ pi - ko
_k”SPi - (k1 — k) n (kY (k2 - pi) — ks - kapyy)
2 ki - ko ki - ko
1 kY
- K 22 W0 {le } 0 (7.26)

where in the last step we have used momentum conservation 3.~ p; = 0.
One should be able to show the gauge invariance when ¢!) is pure gauge. But in
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this case, first term in (7.17) does not give ward-identity directly and also M, term
does not vanish. But one can check that the sum is gauge invariant. Alternative we

can use (7.20) to express the amplitude in the other ordering of soft factors
Unvo({pi}s ks k) = [Sg S+ le}FN({pi}) (7.27)

In this representation, it is obvious that the RHS vanishes for pure-gauge V). In

general,
M (eh® khoy) = 0 (7.28a)
Moo (REO2, 1) # 0 (7.28b)

At this point, we would like to emphasize that the combined contribution from
figure 7.3.2 and 7.3.3 is not gauge-invariant. Only after adding the contribution
from figure 7.3.4 the answer becomes gauge invariant. A different way to state the
same result is that massless spin 3/2 particles that interact with other fields at low
momenta requires an interacting massless spin 2 particle at low energy. This point
was first elucidated in [119].

Symmetrized form the amplitude The expression for the soft factor in (7.17) is
not manifestly symmetric on the gravitini. That form was useful to prove gauge
invariance. Now we use (7.22) and (7.23) to write the answer in a form which is

manifestly symmetric on the gravitini

Cnyo({pi}, ki, ko)
1
= 3 [31 Sy + 881+ Mis + Mm} Tn({p:}) (7.29)

1
= {5(81 S+ 8 81)

N

9 1 1 1 2 Di - (kl - k2)
+K ZZI p—z‘ T ) |:C12(pi> + Z(pz 3 ))7%‘(5( ) “Di) (pi - k) (pi - kl)u Ty

Apart from the last term, other terms are clearly symmetric under the exchange
1+— 2.
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7.3.3 Order of the soft limit

When there are more than one soft particles, there are various ways in which one
can take the soft limit. Consider the amplitude with N hard particles with mo-
menta {p;} and two soft particles with momenta &, and k2 (Uni2({p:}, k1. k2)).

The consecutive soft limit is then defined as the limit in which the momenta are
taken to be soft one after another. So for two soft particles, this can be done in two

different ways

lim lim FN+2({pi}, k’l, k?g) s lim lim FN+2({pi}a k?l, l{fg) (730)

k1—0 ka—0 ko—0k1—0

Alternatively, one can take simultaneous limit where one takes both %; and &, to
zero keeping k1 /k, fixed

lim Tnyo({pi}, k1, k2) (7.31)

k1, ka—0

In this work, we have focused on the simultaneous limit in all cases. If the sin-
gle soft factors mutually commute (i. e. if the generators of the gauge symmetry
commute), then the simultaneous limit is the same as the consecutive limit. For
example, in the case of a photon, these two limits give the same answer. However,
if the symmetry generators do not commute, then these two limits differ. In our
case, the supersymmetry generators do not commute. For example, if we take the
consecutive limit by taking %; to be soft first, then the Feynman diagram in figure
7.3.3 does not contribute because the soft particle (with momentum k;) in figure
7.3.3 is emitted from an internal line. Hence the total contribution, in this case, is

different from the case when we take simultaneous soft limits.

7.4 Three soft gravitini

In this section, we present the explicit computation for three external soft gravitini.
This computation is instructive to understand the soft factor for multiple gravitini,
described in the next section. In this section, we denote the amplitude with the
soft gravitini by I'y 3, and similarly, we write Iy instead of I'y ({p; }) to denote the
amplitudes involving only the hard-particles. For three soft gravitini, the different

contributions are as follows:
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e We first consider the Feynman diagrams where all three gravitini attach to
separate external legs (figure 7.4.1). In this case, the contribution will be just

the multiplication of individual soft factors.

FIGURE 7.4.1: Feynman diagram for three soft gravitini - I

Hence we obtain

w (1),a1 N 7 (2)%042 u (3)as
1 Z D; €u Z D Z PRe
Fg\f}l-?) 3 ]J? . k’ ; a Qag FN({pz})
-1 Pi j=1ji P92 k: Lktig 1 F
(7.32)

e Next case is when two gravitini attach to the same leg and the third one on

different leg as shown in figure 7.4.2.

FIGURE 7.4.2: Feynman diagram for three soft gravitini - II

The contribution from such configurations is given by

u (u)ow u (v)ay N ,ue(w)aw

N

: , ; ' e
Fuv‘w’l - KVS pZ 6“ e pz 6# a i AL « F )

o = Diku ¢ upi'(ku+kv)Q vjﬂzj# ik Qa, I'n({pi})

(7.33)
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where u, v, w can take values 1, 2, 3. We can have different contributions de-
pending on the order in which gravitini attach.

The third possibility consists of the diagrams when all gravitini are being
attached to the same external leg (figure 7.4.3).

(et k1) (e, k)
(6525), ka)

FIGURE 7.4.3: Feynman diagram for three soft gravitini - III

This contribution is given by:

Fqﬁ)fia B 32 u Qg /1« (VU)avpiy (w)awpzp Qoé Qa Qa I_‘N({pz})
Di - k pz(ku+kv)pz<ku+kv+kw) “ ! ¢

=1

(7.34)
We get six such diagrams which can be obtained by interchanging the exter-

nal soft gravitini.

Now we consider the diagrams in which any two soft gravitini combine to
give a soft graviton, and then this soft graviton attaches to the external leg,
the leftover (lonely !) third gravitini directly attaches to the external leg. This
can also give rise to two scenarios, i.e., the internal soft graviton and the left-
over lonely gravitino can attach to the same hard particles or different hard

particles.

In the case when they attach on separate legs as shown in figure 7.4.4, we just

have the multiplication of two factors:

wawu

LB Q. In(n))  (7.39)

] U)

N
ri - 32[ e } >4
=1,5
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FIGURE 7.4.4: Feynman diagram for three soft gravitini - [V

Since any two gravitini can combine to give the internal soft graviton (and

the third one will attach to the separate leg), there are three possibilities.

Now we can have the case when both the internal soft graviton and the left-

over soft gravitino attach to same external leg as shown in figure 7.4.5.

FIGURE 7.4.5: Feynman diagram for three soft gravitini - V

This diagram gives the following contribution:

N (w) o i 4
Fuv\w;S 3 [qt p] Cuv (pz) FN({pz}) (736)

= K w
N3 pr Fw 0 Tor Uy + Ko )

i=1

We will have another diagram in which the graviton attaches to the external

leg first and then the gravitino attaches to the external leg i.e.

which gives us:

N (w)aw _p
uvhwid 3 E ( Cuv (i) €’ D
r — e R
N+3 K 2 [pi'(ku+kv)Pi'(k1+k;2+k3>Q w] v{pi}) ( )
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FIGURE 7.4.6: Feynman diagram for three soft gravitini - VI

Adding the contributions from (7.35), (7.36) and (7.37), we get

uv|w; uv|w;2 uv|w;3 uv|w;4

FN—|-34 = FN-LS +FN-|-3 +FN-‘1-3
= i Cult) s, | Tl (7.38)
- i=1 (P - (ku + ko)) vV .

To write down the contributions from six diagrams shown in figure 7.4.3 we
choose a particular ordering i.e. we choose (), (the supercharge appearing
with the third gravitini) to be the right-most. The I'}??, remains the same

o u (2)5 (3)7 p

ris _ .3 Py D; ) r i 739
ree Z Pi- k’l pi - (k1 + ka) p; (k1+k2+k )Q QsQ,In({pi}) (7.39)

We can bring any other expression into this particular ordering by using (6.2).
For example,

N Wau G (8, p

F132 3 €u D; I € D ) . i
N+3 K ; pi- k1 pi - (K +ks)pi - (ky + ko + k3)Q Q,QsI'n({pi})
N (1)0‘ I (2)8_v ), p
— .3 P; € D; e Dt [ 1
= K « + = (9. o I i
iz_; bi - /{31 Di - (/{31 =+ /{3) Di* (kl + k2 + ]{?3) Q QBQA{ 2(?@)5762 N({p })

(7.40)
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Adding all such contributions, we get:

(Do, (2) (3)

N 5 G
=2 QaQsQ Ty (p:
o i=1 pi- k1 pi- ko pi- k3 5Q-T'n (i)

I€3 Ef})ap/‘l 6,(/2)529-” el(})apH 6,(/2)517-”
+— £t A o J _ ) i Ve
2 ; [pi‘/ﬁ (17)/6’7@ pi-(kg—i—kg) pi,<k1+k3)pi,k2(17) ﬂ/@ﬁ
Ve, p (2)8, v 3)y_p
€n P; S €p " D;
- i) r % 7.41
pi - (k3 + ka) pi - ko %) BQW] pi - k3 v({pid) (7:41)

Finally, the full result can be written as:
Pasa({pid, b)) = [51 Sy 83+ Mo Sy + Mas St + Mg 32] In({p))  (742)

where S, and M, is defined in (7.4) and (7.18) respectively. The above answer
matches with the proposed answer (7.45) with M = 3.

Rearrangement

We have written the answer for a particular ordering (1-2-3). In this case, we ex-
plicitly demonstrate the rearrangement. Let us say that we want to write in the
order 1-3-2. We apply the identity (7.20) for v = 2,v = 3

Pnys({pi} {ku}) = [51(5332 — Moz + Msza) + M2 S5 + Mog S + My So | Tn({pi})
= [51 538 + My S3 + M32 81 + M3 S| Dn({pi}) (7.43)

7.4.1 Gauge invariance

The gauge invariance of (7.42) is the easiest to show if we put pure gauge polariza-
tion for the last one, for example, the third gravitino in (7.42) and the second one in
(7.43). Because the answer can always be rearranged to any particular ordering, we
can always bring any particular gravitino to be the last entry. Hence it is sufficient
to show the gauge invariance for the pure gauge polarization of the last one.

Let us consider (7.42) and pure gauge polarization for the third gravitino. The
first and the second term vanish as in equation (7.7) and the third & the fourth term

vanish because of (7.28a).
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Symmetric form: We can write the answer (7.43) in the form which is manifestly

symmetric in all the gravitini

Cvaalpd (b)) = [5808i8y 44 3 Z —
rEUFES 1= 1
(e 'Pi)}?i(ﬁ(u) -pi)pi - (ke — k) '

(7.44)

7.5 Arbitrary number of soft gravitini

In this section, we generalize the above results to write down the expression for
soft theorem with an arbitrary number of external soft gravitini. In this case, the

following type of diagrams can contribute:

e Some of the soft gravitini attach on one external leg and some on another
external leg(s), but none of them form pairs to give soft graviton, as shown in
tigure 7.5.1(a).

(©) (d)

FIGURE 7.5.1: Feynman diagram for multiple soft gravitini
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e Next is the case when some of the soft gravitini attach on one external leg and
some on another external leg(s) and some form pairs to give soft graviton as
shown in figure 7.5.1(b).

o All gravitini attach on the same external leg, but none of them form pairs to

give soft graviton as shown in figure 7.5.1(c).

e Some gravitini form pairs and give a soft graviton while some attach directly

to external leg as shown in figure 7.5.1(d).

By looking at the pattern followed in two and three soft gravitini case, we pro-

pose the following expression for M-soft gravitini.

[M/2] A M—2A

Cnpar({pi}s {Fus}) H'Suz + Z H-/Vlum H Sr; | Inv({pi}) (7.45)

A=1 i=1

where | M /2| denotes the greatest integer which is less than or equal to A//2. Vari-
ous terms appearing in the above expression are explained below:

1. The first term is very similar to the leading soft factor for multiple soft pho-
tons or multiple soft gravitons. The other terms are there because of the fact
that soft gravitino factors do not commute. We always write the first factor in

a particular order, for example, S,,,, ...., S

uy U1 < Us... < upr and the particular

form of the second term depends on the choice of ordering for the first term.
This way of writing in a particular order is also convenient to check gauge
invariance.

2. In the second term, A counts the number of pairs of gravitini giving soft
gravitons. For each pair, we have a factor of C,, coming from the gravitino-
graviton-gravitino vertex, which combines with a factor coming from the
anti-commutation relation (which is used to bring the first term in particular
order), to give M,,. The subscripts {r;,u;,v;} can take values from 1, ..., M
and v; > u; and ;s are also ordered with the largest r; appearing on the
right.

The disadvantage of the expression (7.45) is that it depends on the ordering of the
external soft gravitini. This expression does not look invariant under change of

the ordering, but we show below that it is invariant under rearrangement. We can
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go to any particular ordering starting from any other ordering. Our strategy is as
follows:

1. We first show that any two consecutive entries can be interchanged.

2. By repeating this operation (of interchanging any two consecutive entries)

many times, we can obtain any ordering starting from any other ordering?.

7.5.1 Re-arrangement

In this subesection, we show that any two consecutive terms of equation (7.45) can
be interchanged. Consider the i™ and (i + 1)™ particle. We write the expression
(7.45)

F]\r.,_]\/[({pi}7 {k‘u}) = Su1-'-8ui8ui+1 -~-8uM + Mulug Su(;SulSqu ~-~SuM

Mouguz Suy - Su;Suiir - Sups 1 Supp + oo + M, Sup - Sugr - Suns 1 Sung
Muzui Su1"'8ui+1"'Squ1SuM +o Tt Muiui+18U1"' uMASUM +

o MU1U2'“MU¢M+1"'MUM—WM] FN({pZ})

(7.46)

Here the i and (i + 1)™ particle can appear only in three different ways

e Possibility I: Both the i and (i + 1) gravitini appear in the S factor

[A S, B] Tx({p:}) (7.47)

where A and B involves all the other M — 2 gravitini. The other gravitioni

appear as ordered multiplications of S, and M,,,’s in all possible ways.

e Possibility II: Both the i and (i + 1) gravitino appear in M,,, together
AMau B|Tw({pi}) (7.48)

Here A and B involves all the other M —2 gravitini. Again the other gravitions

appear as ordered multiplications of S, and M,,,’s in all possible ways. This

2Theorem 2.1 in this note gives a proof of the above statement.


http://www.math.uconn.edu/~kconrad/blurbs/grouptheory/genset.pdf
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would imply

A=A , B=B8B (7.49)

So same A and B appear in (7.47) and in (7.48). Adding (7.47) and (7.48) we
get

|:A<8U7, Sui+1 + Muiui+1)B FN({pl}) (750)

e Possibility III: At least one of them appears as M and if both of them appear
in M,,, they do not appear together. The possibility of both of them to appear

together in M, has already been taken into account in possibility II.

N

Z |:Mujul Ci+1(eui+1) + Mujui+1ci(€uz') FN({pz}) (751)

=Lt

Here Ci11(€y,,,) is the all possible arrangements of all the gravitini except u;
and u; and similarly C;(e,,) is the all possible arrangements of all the gravitini

except u; and ;1.

Now if we started with an ordering in which u;.; appeared before u; then we can
repeat the same analysis. Equation (7.51) is same in both cases, but in (7.46) and in
(7.47) i and ¢ + 1 will get interchanged (i.e. ¢ <— i + 1). Hence instead of (7.50) we
would get

But now we can use (7.20) to see that (7.50) and (7.52) a essentially the same. Hence

the final answer is same irrespective of ordering of the soft factors.

7.5.2 Gauge invariance

We have already proved that the expression for multiple soft gravitini can be re-
arranged to any particular ordering. Using this, we can bring any gravitino to be
the rightmost. We will show the gauge invariance of the expression only when the
rightmost gravitino is pure gauge.

The rightmost gravitino can appear only in two ways:
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1. It can appear in S,,. Since it is the rightmost gravitino, it will directly hit the
hard-particle’s amplitude, and hence it gives zero by (7.7).

2. It can appear in M,,,. Again it will always appear as the 2nd index. However,
this vanishes because of (7.28a).

7.6 Soft theorems in the presence of Central Charge

As noticed in chapter 6, in the presence of central charge, we get a U(1)" gauge
symmetry generated by graviphotons. These graviphotons also couple to the soft
gravitini and whenever we have more than one soft gravitini, the vertex in (6.26)
contributes. In particular, consider the case of two soft gravitini. We already eval-
uated it in section 7.3. In presence of the central charge(s) we have a new contribu-

tion from the diagram 7.6.1.

FIGURE 7.6.1: Feynman diagram for double soft gravitini - V

The evaluation of this diagram very similar to the evaluation of the figure 7.3.4
. Itis given by:

o (Y I “7 1 —1
Pha(pih bike) = Do), 7] {%f_.“/d e [2pz--(k1+k:2)

} Py({p})
(7.53)

Here the first square bracket denotes gravitino-gravitino-graviphoton vertex, the
second one is the graviphoton propagator and the third one is the matter- soft
graviphoton -matter vertex and the last one is the internal propagator. Now we
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can substitute the explicit expression for (]7“’)5”)(15 from equation (6.26) to obtain

1
F%Z_Q (1) {77“'/]91' ko + 577“”(1{:1 + k’Q)d PieW (k'sz lﬁpl )} 1(125)
1
I i 7.54
[m- T ) 759
After some simplification we get:
K2 & 1
F%Lz({ﬁ%}, ki, ko) = 5 Z €€ [—ﬂwpi ko + én“”p,- - (k1 + ko) + (kypy — Kpy )] 1(12)
i=1
r i 7.55
[ (ko + /ﬁ )) (k1 - kz)} vitpid) ( )

When we add this contribution to the original result, the definition of C,,(p;) in
(7.15) will be modified as follows:

~ 2 Lnp; - (ky — ko) (Kip? — k
K {_n pi- ( ) (Kppy — W) (7.56)

Cuv i :Cuv i - G (U)Z (v)
(p:) (pi) + eie," 267 |5 s Tk

In equation (7.16) we show that C,, is symmetric in its particle indices. The same
property holds for C,,

We add the contribution from (7.56) to (7.17) to get the final answer. It is given by
Cnio({pi}, ki, ko) = [31 Ss + Mu} Cn({pi}) (7.58)

Here we have introduced //\/lvuv. It is defined as

2 N (u) 7 _(v) N7 v
v li_ ‘ €L Ze, D; D; 177'“ Dbi- (ku - kv) (k:gpz kupz)
Muv = Muv + 5 ;62 ;- (ku + kv) |:pz . kv 2 ku . kv kju . ku
(7.59)
Note that the relations in equations (7.24a), (7.24b), (7.24c) remain the same if we

replace M, with Mvuv. In this particular case we have:

Su Sv - SU Su = _-//\/lvuv + //\/lvvu (760)
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7.6.1 Gauge invariance

As explained in the section 7.3.2, it is easier to prove gauge invariance if we put
pure gauge polarization for the gravitino adjacent to I'y. So we consider pure

gauge polarization for the second gravitino
b = kb oy (7.61)

For pure gauge

N
v Kk 1 u v u v
P = 53 b ) e 200

2
[pﬁpi-kv 1ktp; - (ky — ky) +(k5kv-pi—kv-kup5>]

pi'kv 2 kukv kukv
R 1 (W) 5 o) W zgw] |1_Ko

SESAI N E— PO ze} ST (7.62
2;]?1(/{3“4—/{?1;) |:6M pl _’_GEM |:2kukv:| O ( )

where in the last step we have used momentum conservation and (central-)charge

conservation
N
Spi=0 N e=0 (7.63)
=1 3

7.7 Presence of soft graviton

Following [98-100] it is easy to include soft graviton into this computation. The
vertex for the leading soft graviton ((,, P*P") commutes with the vertex for soft
gravitino and also commutes with the vertex for any other soft graviton. So, in the
presence of M; soft gravitini and M, soft gravitons equation (7.45) is modified as

follows

Hé’w+ > [ M H S, | Ta({pi17.64)

A=1 =1

|M1/2] A
Cnian oo ({pi}s {ke}) = [H ]

j=1
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S, is the leading soft factor for graviton, given by:

N (W) m v
5 Z v Pi Pi
i=1

We also notice that the leading order soft gravitini theorem is universal i.e., it
is independent of the details of the lagrangian. It has been observed previously
that the leading and sub-leading soft factors for multiple gravitons are universal
[100]. Notice that these three soft theorems must be inter-related by supersymme-
try. One way to argue this is to observe that all these three soft theorems follow
from covariantizing the action with respect to the soft field. In supergravity, the
structure of the covariant derivative is uniquely fixed by supersymmetry. Hence
these theorems must be related to each other by supersymmetry.
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Appendix

7.A Notation and convention

Our notation is as follows

Curved space indices [y Uy P, O

Tangent space indices a,b

SO(d, 1) spinor indices a,

Soft-particle indices u,v
Hard-particle indices i, ]
Number of Soft-particles M
Number of Hard-particles N
Polarization of the graviton Cuv
Polarization of the gravitino €na

7.A.1 Gamma matrix and spinor convention

We use the following the gamma matrix convention
{y*, 7"} = =29 (7.67)
and we get
[v*, 7" = =20 + 2°y° (7.68)
The spinors have the following index structure

Ve (7.69)
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and the gamma matrix index structure is
() (7.70)
We raise and lower the indices as follows (NW-SE convention)
VE=C"%s e =1"Csa (7.71)
Here C” satisfies
C¥C =07  CplC” =6] (7.72)
(7v")ap is given by
Yas = (1")a’ Cis (7.73)
7.A.2 Majorana spinor
For two Majorana spinors ¢; and v,
(1) (W2)a = (¥2)* (¢1)a (7.74)
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Chapter 8
Infrared Divergences

In this chapter, we briefly discuss infrared divergences in supergravity theories. In
the computation of soft theorems, we used 1PI effective action, but this approach
tails when 1PI vertices have IR divergences. The massless particles in loops can po-
tentially give rise to these divergences, hence in the supergravity theories, graviton,
gravi-photon, and gravitino' can contribute to these divergences. We show below
that there are no IR divergences in the 1PI effective action for D > 5. We will also
show that the virtual gravitino does not give rise to IR divergence in any dimen-
sion. Hence in D = 4, 1PI vertices suffer from IR divergences only due to graviton
and graviphoton. However, a more careful analysis shows that the IR divergences
do not alter the leading soft gravitino factor.

First, we discuss the case of D > 5. Then we discuss the case of D = 4, which
needs more careful analysis. We show that the IR divergences do not alter the

leading soft gravitino theorem.

8.1 Infrared divergencesin D > 5

In this section, we wish to check if the approach based on 1PI effective action re-
mains valid in D > 5 even after taking the soft limit for the external gravitino.
Consider the Feynman diagram in figure 8.1.1(a). If the external momenta are
tinite, then by naive power-counting, we can see that the amplitude does not have
IR divergence for D > 4. Basically, we have three powers of ¢ in the denominator,
one from each of the propagators with momenta p; + ¢, p; — ¢ and (. The last prop-
agator gives one power of ¢ because it is a fermionic particle. In D dimensions,
we have D powers of / in the numerator due to the loop integral, and hence the

UIf there is a massless matter multiplet then in principle it can also contribute to infrared diver-
gence



8.2. Infrared divergences in D = 4 129

amplitude goes like /P~ for small loop momentum /. So the diagram is free of IR
divergence in D > 4. Hence any virtual gravitino does not give rise to IR diver-
gences. But when the momenta k& — 0, then the propagator carrying momentum
pi + k +  gives another power of ¢ and makes the result logarithmically divergent
in D = 4 but there is no additional divergence in D > 5. So our results are still
valid for D > 5.

(b)

FIGURE 8.1.1: Infrared divergence in supergravity I

Next we consider the Feynman diagram in figure 8.1.1(b). In this case, the inter-
nal massless particle is graviton (it can also be photon/graviphoton). We see four
powers of ¢ in the denominator from power-counting, one from each of the propa-
gators with momenta p; + ¢, p; — ¢ and two powers of ¢ coming from the graviton
propagator. Now in £ — 0 limit, the propagator carrying momentum p;+k+¢ gives
another power of ¢ and the diagram is logarithmic divergent in D = 5. However,
the leading order answer is O(k™!), and hence it still holds for D > 5.

8.2 Infrared divergencesin D =4

In D = 4, the 1PI effective action suffers from IR divergences due to the presence of
graviton and photon in the loop (We already argued that there is no IR divergence
in the 1PI vertex due to the presence of gravitino in the loop). So we cannot use it
to compute the S-matrix. Nevertheless, one can use the tree level action to derive
soft theorems order by order in the perturbation theory. So in four dimensions, we

use the tree level action instead of 1PI action in equation (6.3).
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(©)

FIGURE 8.1.2: Infrared divergence in supergravity II

Now the question is whether loop corrections can alter the results of leading
soft theorems. In the case of the soft graviton (and photon ?), it has been shown
that even though the amplitudes with and without soft particles suffer from IR di-
vergences but at leading order, when one sum over diagrams, the divergence fac-
torizes out and cancels from both sides [89]. In this section, we show that the same
result holds for soft gravitino. We will show that the IR divergence due to graviton

and graviphoton is the same for amplitudes with and without soft gravitino.

8.2.1 Single real soft gravitino in the presence of virtual graviton

In this subsection, we consider the loop corrections to the soft gravitino factor in
D = 4 in the presence of a graviton running in the loop. We denote the contribu-
tions from these diagrams as F%if)(k, {pi}); here the superscripts j and k denote
the legs to which the virtual graviton attaches and ¢ denote the one to which the

soft gravitino attaches. The total contribution is given by

N N N
Tnuk Aph) =2 > > TR (k A} (8.1)

i=1 j=1 k=1;k#j

2with massive matter
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(4,9)

First we evaluate '\ (k, {p;}). Itis given by
P (ko Apid) = | A1(pis s k) + Aa(pis pis k) | Tn({pi}) (8.2)

A (ps, p;; k) and As(p, p;; k) are contributions from diagram (a) and (b) respectively
in fig 8.1.2. In small k£ and small / limit, these contributions are given by

Di

FIGURE 8.2.1: Infrared divergence in Supergravity III

~ ¢ 11 1 1
A(pi mst — k3B (p: - — .
l(pl7p]7k> R 51] (pz € Qa)/ (271')4 €2pi ] gpj ] gpl ] (k +£) (8 3)
~ ‘¢ 1 1 1 1
Aolp: m: — 3B (ps - €Y — A4
2(pz>p]7k) R 5%] (pz € Qa)/ (27?)4 62 ;- kpj ] gpl ] (k’ +€) (8 )
where ;; is given by
B = 3 [2( N2 _ p2p2 85
1) 2 Pz pj> pzp] ( . )
Adding the contributions from (8.3) and (8.4), we get
d* 1 kp;-eQ, 1 1
Fzzg) k? ; _ 2 @/ . i e I ) kJO
N+1( {p }) ’{B] (271')4£2 pzk pjgng N({p}+0( )
KDi - €Qa
= Ao (1) + O(R) 8.6

pi-k

where A(p;, p;) is the IR divergence that appears in diagram without soft gravitino
which is depicted in fig. 8.2.1. It is given by:

v 1 1 1
Alpips) = K%)ij/ 2m)iep,; - Up;- L ®7)
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The contribution from diagram (c) in fig 8.1.2 is given by [89]

PNV pd) = Ay ) [pp—f] (i) (88)

Putting (8.6) and (8.8) in (8.1), we obtain

Pnvii(k Api}) = [’izlﬂ] [Z Z A(pj>pk)] In({pi}) (8.9)

=1 k=1#j

Hence we find that the soft gravitino factor factors out from the IR divergent
integral.
Next, we will compute the two loop contributions to IR divergence. The corre-

sponding Feynman diagrams are given in figure 8.2.2.

FIGURE 8.2.2: Infrared divergence in Supergravity IV

The contribution from these diagrams are given by

TG (k, {pi}) = [Z / di,d'ty z@] ki - €Qal Tn({pi}) (8.10)
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where I(®) with @ = 1,2,3 are the integrands obtained from the three diagrams
shown above. The other three integrands are obtained from the non-planar dia-
gram. The explicit expressions for these integrands are given by

o el By 1 By 1 1 1
pik 03 pi-(k+0ls) 02 pi-(k+ 0+ 0)p;-lapj- (b + ls)
@ _ 2P 1 1 Bij 1 1 1
05 pi - lapi - (k+Ly) pi - (k+ o4 La) pj - bo €7 pj - (01 + £o)
& _ 2B Py ! L 11 ! (8.11)

Di-lapi- (b4 6)pi- (k+ 0+ L) py - Lo 2 Bpj - (6 + by)

Adding the three contributions above and the contributions from the non-planar

diagrams we obtain,

I(pi, pj; k)

bk /d4€1d4£2 [(piapj;£17£2) (8.12)

where I(p;, pj; (1, {2) is given by

, 1 11 Byfy 1
pi- (G + L) pi-Lapj -l 3 03 p; -y

I(pi,pj; b, b)) = K (8.13)
which is the same two loop integrand we get when there is no soft gravitino. There
are other two loop diagrams that we have not depicted here, for example, the dia-
grams in which two virtual gravitons attach to different legs etc. Adding contribu-

tion from those loop diagrams we obtain

Cyia(kApi}) = [Z Z Ap]7pk] [ sz ‘ Qa] Cn({pi}) (8.14)

J=1 k=1L;#j

Note that the soft factor appears just as a multiplicative factor with the infrared di-
vergent piece. One can show that the contribution due to N- virtual soft-gravitons

and an external soft gravitino comes out to be

Unia(k, {pi}) [ Zpl - Qa] Z% [Z > A(pjypk)] Iv({pi})
N=0""" Lj=1 k=1;k#j

(8.15)
This implies the soft theorem is not affected by the IR divergence.
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8.2.2 Single real soft gravitino in presence of virtual graviphoton

In the presence of graviphoton, there are new IR divergent diagrams due to gravipho-
ton running in the loops. These diagrams can be obtained by replacing graviton
with graviphoton in the fig 8.1.2 and in the fig 8.2.2. The computation is very simi-
lar to the one presented in subsection 8.1. The infrared divergence due to gravipho-

ton is given by
— 1
[Z  [B(pi.py)] ] (8.16)
N=0
where B(p;,p;) is given by

¢ 1 1 1 1

N2 = 17
B(plupj) K 616]/(27T)4€2pi.€pj.€pi-(k:—|—€) (8 )

In presence of graviphoton, equation (8.18) will be replaced by the following equa-

tion
N o o [N N N
Dol {pi}) = [pr_]?] ) ,[Z S (Alps, ) + Bloso)| | Twlipid)
i=1 ! N=0 J=1 k=1;k#j
(8.18)

Again we can see that the soft factor is not affected by the IR divergence.

8.2.3 Massless matter

Now we concentrate on the particular case when some (or all) of the matter fields
are massless °. Weinberg in [89] showed that in the presence of massless matter,
the IR divergence due to virtual graviton cancels. However, there are irremovable
IR divergences in QED with the massless charged matter.

In this case, the IR divergence comes from the presence of virtual graviton and
virtual graviphoton. The ones due to virtual graviton cancel due to Weinberg’s
argument. However, in the presence of graviphoton, there might be some non-
removable IR divergences. Graviphoton gauges the symmetries generated by the

central charge. The central charge puts a lower bound on the mass of the particle

3We are thankful to the unknown referee for pointing out this issue
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(the BPS bound). The graviphoton only couples to matter with non-zero central
charge and hence with non-zero mass. So there is no irremovable IR divergence in
this case.

In the presence of both the vector multiplet(s) and the massless matter multi-
plet(s) charged under the vector multiplet(s), there are irremovable IR divergences
in D = 4 due to the photon/gluon (of the vector multiplet) running in the loop.
Since there is no vector multiplet in ' = 8 supergravity, our analysis implies that
there are no irremovable IR divergences in N' = 8 supergravity (and in type II
string theory).
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Conclusions and Outlook

In this part of the thesis, we have computed the leading order soft gravitini
theorem for an arbitrary theory of supergravity. We also observe that the leading
order soft factor for multiple gravitini is universal, i.e., it is independent of the
specific supergravity lagrangian.

Our main result is equation (7.45) which is elaborated below:

[M/2] A M—2A
Taren({pi}, {ku}) = Hsm > [T Mo, H S, | In({pi}) + O(1 /KM
A=1 =1

(8.19)
where 'y v ({pi}, {ku}) is the amplitude for M soft gravitini and NV any other hard
particles, p; are the momenta of hard particles and k, are momenta of soft particles.
Various terms appearing in the RHS of are explained below:

1. S, is the soft factor for single soft gravitino. It is given by

N E(u) ap;'t
&LGim%fi%> (8.20)

Here &« is the gravitational coupling constant. eff‘) “ is the polarization of the

gravitino. The gravitino polarization (in the harmonic gauge) satisfies the

transversality condition and gamma traceless condition:
(ko' =0 A =0 (8.21)

(). are the supersymmetry charges/generators. Since S, is a product of two
grassmann odd quantities, it is grassmann even. Two single soft factors do

not commute with each other:

S0 Sy £ S,y S (8.22)

2. Whenever there is more than one gravitino, they can combine pairwise to
give a soft graviton which in-turn couples to the hard particles and M, en-
codes these type of contributions. The gravitino-graviton-gravitino vertex is
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crucial to make the two soft gravitini amplitude gauge-invariant. A different
way to state the same result is that, a massless spin 3/2 particle that inter-
acts with other fields at low momenta requires an interacting massless spin 2

particle at low energy. The explicit expression for M, is given by

N (u),, (V)
1 e 'piew Ypt o I (ky — Ky khpt — kbipl!
Muv _ /€2 - H 17 |:pzpz =+ _77 p ( ) + ( vPi upz)
lezpi-(kﬁkv) pike 2 ky-ky Fu - by

(8.23)

3. Since the single soft factors for gravitino do not commute, the final expres-
sion for arbitrary soft gravitino depends on the choice of ordering. In §7.5.1,
we demonstrate that any ordering can be obtained from any other order-
ing. However, our expression is not manifestly symmetric on the various

soft gravitini.

4. The first term is the product of single-soft gravitino factors. The single-soft
factors appear in a particular order, and the explicit form of the second piece
changes depending on the ordering of soft factors because two soft factors do
not commute.

5. In the second term, |M/2] denotes the greatest integer, which is less than
or equal to M/2 and A counts the number of pairs of gravitini giving a soft
graviton. The subscripts {r;, u;, v;} take values 1,..., M and v; > u; and r;’s
are also ordered with the largest r; appearing on the right.

6. The supersymmetry algebra may have a non-vanishing central charge. In this
case, the gravitino super-multiplet contains a graviphoton. In presence of the
central charge, there are additional contributions to M,, due to graviphoton
couplings. In this case, the expression of M, is modified as follows

L 10 (ke = ko) | (Kp} = kip?)

2 N (u) 7 (v) 1 v
~ K" & Zey D; P}
Muv_Muv+ 9 ;elpz<ku+kv> |:p7,kv 2 kukv kukv
(8.24)
e; is the charge of the i external state under the symmetry generated by the
graviphoton. Z is an element of the Clifford algebra such that Z,” commutes

with all other element of the Clifford algebra.

In presence of a soft graviton, we have to multiply the above expression by soft

factors of the graviton. For M soft gravitini and M, soft gravitons equation (8.2.3)



takes the following form:

Ms M [M1/2] A M;—2A
Jj=1 =1 A=1 i=1 7=1

(8.25)
where S, is the leading soft factor for graviton. It is given by

N (u), g, v
S 2 : G P} P
i=1

here (,,, is the polarization of soft graviton.

We also observe that the infrared divergences do not affect the leading order
results. Hence our results are valid in D > 4.

There are certain directions in which this work can be extended. Some of them
are listed below:

e One is to understand the structure of the sub-leading soft gravitino theorem
and its relation to that of sub-leading and sub-subleading soft graviton theo-

rem.

e The approach used in above chapters can also be applied to compute the soft
photino theorem in the presence of gravitino, photon, and graviton.

¢ Another interesting question is to derive the result for multiple soft gravitini
from the analysis of asymptotic symmetries and from the CFT living on Z*
following [124-127].
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