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Abstract

Quantum field theories usually depend on a set of parameters that are related to physical
observables, such as particle masses or coupling constants measured at some given energy.
The parameters take value in a certain parameter space, and one can “deform” the theory
by varying the parameters continuously within this space. A more complicated kind of
“deformation” is the one induced by the renormalization group (RG) flow, which connects
a quantum field theory describing a physical system at very high energies (UV) with
the one describing it at very low energies (IR). In general, it can be very difficult to
determine whether two QFT’s are related via a deformation of parameters or an RG flow
- for example, the relevant degrees of freedom in the IR might be completely different
from the ones in the UV. A general strategy to attack this problem would be to provide a
complete set of invariants, i.e. quantities that can be computed in any QFT (possibly
satisfying some conditions), and that do not change under (suitably defined) “continuous
deformation”. There has been recent progress in implementing this program in certain
simple classes of QFT’s. In particular, it has been proposed that one- and two-dimensional
minimally supersymmetric quantum field theories can be classified, up to deformations,
by generalized cohomology theories known as K-theory and topological modular forms,
respectively. The goal of this thesis is to describe these proposals and apply them to some
simple examples of QFT’s.
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Introduction

One of the crucial problems in the study of quantum field theories of the last decades
consists in understanding how these theories transform under continuous deformations
at fixed energy or along the Renormalization Group (RG) flow. Indeed, quantum field
theories can assume different forms at different energy levels, and it can be very difficult
to figure out whether two of them can be deformed into one another. Let us consider,
for instance, the description of strong interaction. It can be described at high energy,
in the so-called UV regime, by QCD, a weakly-coupled theory which has as degrees of
freedom quarks and gluons. However, moving down the RG flow and reaching the IR
regime, QCD becomes strongly coupled and we need an apparently different theory with
degrees of freedom given by mesons and baryons. This example allows us to understand
how much the description of the same interaction can change at different energies. A
useful approach to this problem consists in finding and computing some quantities, usually
called topological invariants, that are invariant under continuous deformations.

One of the first and most important of these invariant was introduced by Edward
Witten in [Wit82], and is defined as the regularized trace of the fermion number operator
for a supersymmetric theory. As argued by Witten, as we will see later on, this quantity
is a topological invariant for a particular class of theories, and allows us to figure out if
the theory does not break supersymmetry. Other invariant quantities are, for instance,
the elliptic genus for supersymmetric field theories or gravitational anomaly for theories
in 2 dimensions. The problem that arises for all these invariants is that they are not
complete, that is, the fact they are equal for two theories is a necessary condition for them
to be deformable one on the other, but it is not also a sufficient condition in general. For
this reason great efforts were done in order to refine these topological invariants and to
obtain a complete one.

In the special case of 2 dimensional theories, Stephan Stolz and Peter Teichner in two
works [ST04] [ST11], conjectured the existence of a one-to-one correspondence between two
sets, which implies the existence of complete invariants. The sets considered by Stolz and
Teichner was the set of 2-dimensional minimally supersymmetric Euclidean field theories
SQFT up to deformation on one side, and the set of classes of a generalized cohomology
theory known as topological modular forms TMF ( [Hop95], [Hop02], [Goe09], [Dou -+ 14])
on the other side. This last set was first introduced in order to describe the “universal
elliptic cohomology theory”, and it owes its name to the fact that the direct sum of all
its homotopy groups is rationally isomorphic to the ring of weakly holomorphic integral
modular forms. This last property, gives us the possibility to define a more refined version
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of the Witten index. Indeed, we will see that the index introduced by Witten can be
regarded as a map from the set of SQFT to the ring of holomorphic modular forms,
and so can be promoted to a topological version, describing it as a map from SQFT to
TMF. In this way, if the Stolz and Teichner conjecture is assumed to be true, we obtain
a complete set of invariants for supersymmetric field theories in 2 dimensions. However,
the map that goes from TMF to the ring of weakly holomorphic modular forms, as we
will see, is not an isomorphism on the integer numbers. In particular, the kernel of this
map is the ideal generated by all the torsion classes in TMF. Hence, besides the Witten
genus, which is the first invariant we can obtain from the conjecture, we have also other
torsion invariants. Unfortunately, the physical interpretation of all these invariants is not
known yet.

From a mathematical point of view, Stolz and Teichner proposal, even if there are a
lot of evidence in favor of it, still lacks a precise and satisfactory formulation. The first
problem comes from the construction of the set SQFT. Indeed, while the spectrum TMF
is mathematically well-defined, we are not able to define properly, from a mathematical
point of view, what an element in SQFT is. Also, we cannot completely identify what type
of deformations we can consider, or, in other words, we are not able to properly topologize
the set SQFT. In order to overcome these problems, we rely on the physical intuition of
what a supersymmetric quantum field theory is, and we consider as deformations allowed
the composition of small deformations at fixed energy and the motion along the RG flow.

In this framework, following some works by Davide Gaiotto, Theo Johnson-Freyd and
Edward Witten ( [GJW19], [GJ19], [Joh20]), we study the case of a particular model, the
N = (0, 1) supersymmetric sigma model with target S® and Wess-Zumino (WZ) coupling
k, trying to understand in which cases it spontaneously breaks supersymmetry. This will
bring us to study its behavior at low energies, and to describe how the previous authors
have introduced an invariant, whose construction is motivated by the consequences of the
works by Stolz and Teichner. We will see that this particular model breaks supersymmetry
if and only if the WZ coupling has strength £ =0 mod 24, justifying this result in terms
of the properties of TMF.

This work is organized as follows. In chapter 1 we introduce some of the basic tools
needed to study the theories we are interested in. In particular, we deal with some of
the properties of conformal field theories, which will be crucial for us since they can be
obtained as IR fixed points for non-conformal theories.

In chapter 2, we describe the supersymmetric sigma model with target S and WZ
coupling k, which is the main example of the entire thesis. In describing it, we also
introduce the Witten index, and in particular we show its crucial properties, some of
which are encoded in the so-called Atiyah-Singer index theorem, that we state in 2.3.3.

Then, in chapter 3 we study the conjecture due to Stolz and Teichner, describing
some aspects of the construction of TMF, and then focusing on the set SQFT, explaining
some of the attempts that were done in order to give a proper mathematical definition of
its elements, and also describing the properties that it has to inherit from TMF.

In the last two chapters, 4 and 5, we construct the invariant introduced by Gaiotto
and Johnson-Freyd (mostly following [GJ19]) and then we compute it for the sigma
model we started with. In doing this, we will introduce a way to enlarge the set of
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supersymmetric quantum field theories that admit elliptic genus, describing what we call
mildly non-compact theories, and in particular we will focus on studying the way in which
the properties of the elliptic genus change for this type of theories. This will allow us to
compute the invariant for the sigma model with target S and WZ coupling k, confirming
the hypothesis that it spontaneously breaks supersymmetry if and only if K =0 mod 24.



Chapter 1

Conformal field theories

Our main interest will be the study of field theories in (1+1)-dimensions, and in particular,
considering their limit in the IR regime. In this situation, a special type of field theories
acquires great importance. These are called conformal field theories (CFT’s). Not all the
theories we will encounter will be conformal, however some of the tools we will develop
in studying CFT’s will be crucial in the construction of the invariant we are looking for,
since they appear as IR fixed points under the RG flow.

In this chapter, we will start in section 1.1 giving some information about the general
d-dimensional case, but then we will focus on 2-dimensional conformal field theories, in
which conformal symmetry will be the crucial constraint in order to obtain the information
we need. In this first part we will use the formalism of fields. Then, in section 1.2 we will
state some of the properties that arise using the operator formalism. In both case we will
present some simple examples, which will reveal as the building blocks of more refined
theories.

1.1 Conformal field theories

CFT in d dimensions

Let us start focusing on the general case of a d-dimensional space-time. Conformal
field theories (CFT’s) are theories invariant under the so-called conformal transfor-
mations, that is, roughly speaking, transformations that preserve the angles between
any two lines. More precisely, let us consider two d-dimensional manifolds M and M’
with metric tensors g and ¢’ respectively, and a differentiable map

p:U—V
between two open subsets U C M and V' C M’. Then ¢ is said to be conformal if
@'y’ =Ag. (1.1)
Given a coordinate system a# € U, and denoting 2’ = ¢(z), we have that the condi-
tion (1.1) reads

0x'? 07
glpa(x/)w OV = A(a:)g/“,(l') ’ (1'2)
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with A(z) a scale factor. For us, the most interesting situation will be the one in which
M = M’, namely we have the same d-dimensional space-time, and with constant metric
tensor g,,,. This implies that (1.2) becomes

0x'? 0x'°
gpo—ww = A(I)g/“/ . (13)

If we focus on infinitesimal transformations which, up to first order in a small parameter
e(x) < 1, read
" =zt + () + o(e?)

we obtain that the condition for the parameter ¢ in order the transformation to be
conformal is (we avoid to write down the computation being an easy expansion of the
condition (1.3) in the parameter ¢)

2 0 €)gu - (1.4)

Opey + 0pey = d(

CFT in 2 dimensions

Conformal invariance in 2 dimensions require special attention, since, as we will see in a
moment, in this case there is an infinite dimensional group of coordinates transformations
that are locally conformal. The fact that these transformations are infinite, gives us the
possibility to have exact solutions of 2-dimensional CFT’s.

Studying the condition on the parameter of infinitesimal transformation in the Eu-
clidean case, that is when the metric is

Juv = 5,Lw )
we find, from the relation (1.4)
doeo = Over,  Ooer = 0o,

where we can recognize the Cauchy-Riemann conditions. This motivates the definition of
complex coordinates

0

2= izt z:i=a0 — izl (1.5)

Before going on studying infinitesimal conformal transformation, let us comment on this
change of coordinates. We started from a two dimensional space-time parametrized by
the coordinates x° and 2!, and then, introducing z and Z, we have identified the real
plane with the complex one, that is R? ~ C. This is done using the fact that z and Z are
related one another by complex conjugation. However it will be useful to consider them
as independent, hence identifying

R? — C2?.

Nevertheless, it should be kept in mind that the physical space is the 2-dimensional
submanifold of C? identified by z* = %, called real surface.
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Now let us go back to the conformal transformation and notice that, if we define the
complex function

€(z) == e + i€y,

we have that €(z), in order to describe a conformal transformation, has to be holomorphic.
So a two dimensional conformal transformation is of the form

2z f(2),

with f(z) := z + €(z) an holomorphic function. Being this function holomorphic and, of
course, the conjugate one anti-holomorphic, we can expand them in Laurent series around
z = 0, getting

di=f) =2+ ) e, Fi=fE@) =z2+) &z,

nez ne”L

with €, and €, constant infinitesimal parameters. From here it follows that the generators
of a conformal transformation, for a given n € Z, are

Iy = —2"T19, | 1, :=—2""09;, (1.6)

Ly ln] = (m = n)lgn
[Zmain] = (m - n)iern ) (17)
Ly 1n] =0

Let us notice that the generators that preserve the real surface, i.e. the physical ones, are
the linear combinations

Ly + 1 , i(ly — 1),

and, in paritcular, Iy + lp generates dilations, while i(lg — lp) generates rotations.
Now let us give an important definition in order to describe the behavior of fields
under conformal transformations.

Definition 1.1.1. A field ¢(z, %) is said to have conformal dimension (h, k) if, under
the scaling z — Az, it transforms as

o(2,2) — ¢'(2,2) = )\hxhcp()\z,xz) .

Definition 1.1.2. A field is said to be a primary field of conformal dimension
(h, h) if, under the conformal transformation z — f(z), it transforms as

02,7 — (29 = (2)" (L) e (7). 7).
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As we have said, the fact that the algebra of infinitesimal conformal transformations
in 2 dimensions is infinite dimensional puts strong constraints on the field theory, and
gives us the possibility to study the theory only knowing the behavior under conformal
transformation, which are encoded in the energy-momentum tensor. Indeed, given a CF'T,
from Noether’s theorem follows that there exist infinitely many conserved currents related
to the conformal symmetry. These currents can be written in terms of the coordinates
(29, 2!) as
Ju = T,uufy )

where T}, is the symmetric energy-momentum tensor and ¢” is an holomorphic
function. From the conservation of the current 0*j, = 0, it follows that the energy-
momentum tensor has to be traceless, i.e.

TH“:O.

If we apply the change of coordinates (z°, 2') — (2, %), we easily find that

1 ) 1 .
T, = §(T00 —iTy), Tz== §(T00 +iT9), Tz=Tz=0.
In particular, again from the conservation of the current in these new coordinates, we
have that the non-vanishing components of the energy-momentum tensor split in an
holomorphic and an anti-holomorphic part

T..(2,z) =T(z2), Te(2,2) =T(2) .

Going on in introducing useful tools for the study of CF'T’s, let us notice that, typically,
correlation functions have singularities when the position of some of the fields coincide. In
order to figure out how these singularities arise, we use the so-called operator product
expansion (OPE). This means that we represent a product of operators by a sum of
single operator terms, well-defined as the positions of the operators approach one to the
other, and a function of the difference of the positions, which eventually diverges when
they approach. In particular, a primary field ¢ of conformal dimensions (h,h) has a
peculiar OPE with the energy-momentum tensor, i.e.

T()e(1,) ~ oz, ) + - Dusp(w. )
T(E)p(w. ) ~ el 0) + ()

In these expressions, as we will always do in the OPE’s, we use the symbol ~ which
indicates that we have neglected the regular terms as w — z.

1.1.1 Free field theories

Now we want to study some theories that will be useful for the next sections. The
theories we are going to introduce are actually CFT’s, however we will also focus on some
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properties which are completely general. The aim of studying free field theories relies
on the fact that they will be the building blocks for more complicated theories, and also
some of the crucial properties that characterize QFT’s in 2-dimensions are present in the
free case yet.

Free bosonic field theory

Let us give the action of a theory of a scalar field ¢ in the space-time Z = R? with

10
=1\ -1

The action for this field theory is given by

Lorentzian metric, given by

1
Sy = 471_/: dz® da' L (¢, 0p) =

= L [ want (@t ) - Groto o)),

where, as usual
80 = i 1= i .
0x0 "’ ol
From the action, we can derive the Euler-Lagrange equations which describe the dynamics
of the field. They are

((80)* = (01)*) (w0, 21) =0,

which is solved by
@(xoaxl) :f(xo_x1)+g(x0+xl) ’ (18)

with f and g arbitrary functions. Let us now define the light-cone coordinates

wi=1" -zt vi=a"+ 2!, (1.9)
and let us call right-moving configurations the ones depending only on u and left-
moving configurations the ones depending only on v. From (1.8) it is clear how the
general solution is given by the sum of a left- and a right-moving configurations, both at
the speed of light and that do not interfere with each other. This is a general property of
massless fields in (1 + 1)-dimensions, and it means that, in this case, there is a decoupling
of left- and right-moving modes. Moreover, in these new coordinates, we can rewrite the
action as follows. Since

8028v+6ua 81:av*81L7
we have that
(B0)* — (010)” = 40s00up

hence

1
Sy = 471/: du dv 0,0y p .
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Up to now we have described this theory as a general QFT. However it is clear that
it is invariant under conformal transformations, and so we can study it using the tools
we have developed in the case of CF'T’s. First of all we have to reformulate the theory
defining it on an Euclidean space-time. This is achieved thanks to the Wick rotation.
This transformation is performed substituting the time coordinate as'

29— —iz% .

This implies that the action transforms as
S — iSg s

with Sg the Euclidean action. In this way the Euclidean action for the scalar field reads

Sy = 81/5 dz” dm1<(80g0)2 + (81g0)2> .

™

Furthermore, we have seen how the natural framework to study CFT’s is C2, obtained
from the change of coordinates (1.5). In this way we have that

2 2
(Bo)” + (O19p)” = 40,00z ,
hence the action becomes

1
Sy = 47r/ dzdz 0,00zp .

As we can see comparing these with the previous results, we have that, after the Wick
rotation, light-cone coordinates are mapped into the complex coordinates z and Z, in
particular

U — —1iZ Vo —iZ .

Without performing explicitly the computations, we have that the quantum energy-
momentum tensor for this theory is

1
T(Z> = —35" z905z803 >

2
where we have used the normal ordering since it is a composite field. Explicitly we mean

T(2) = —= lim (Bep(2)Buip(w) — (Bop(2)Bup(w)) )

2 w—z

The relevant OPE’s are

0zp(2)Owip(w) ~ = ———=5

(z —w) (z—w)*  (z-w)’
TETW ~ =i T owp T s (1.10)

and analogous results hold for the anti-holomorphic part.

'In general we will omit the subscripts L (Lorentzian) and E (Euclidean) since the signature to which
the coordinates are referred will always be clear from the context.
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Free fermionic field theory

The other free theory we are interested in is the one of free Majorana fermions, which
are anti-commuting real spinor fields. Another possibility consists in describing complex
spinors, called Dirac fermions. In the (1 + 1)-dimensional space-time with Lorentzian
metric, we need first to introduce the Clifford algebra and its generators. The algebra is
generated by two elements 4° and y' which satisfy

{9} = 29" .

A possible representation for these generators is given by the 2 x 2 matrices

0 1 0 —1
0 _ 1 _
=) =000)-

Let us remember how a Clifford algebra is defined in a general framework. Let V' be a
vector space on a field £ and ¢ a symmetric bilinear form on V' with values in k

g:VxV-—k.

The Clifford algebra Cliff(V,q) is the k-algebra generated by V' and defined by the

relation
{Ul,v2}:2Q(U17U2)’1 V’U]_,'UQEV7

where 1 is the unit in Cliff(V,¢). In particular, we will mostly use to deal with the
algebra associated to the usual Euclidean form on R or C. In this case we will indicate
with Cliff (+n,R) the real Clifford algebra generated by n elements 71, ..., v,, such that
72 = 41. In the same way we can define the complex Clifford algebra Cliff(£n, C).
Going on studying the free fermion theory, we have that its action in Minkowski
(1 4+ 1)-dimensional space-time is
Sy = 1/ dz® dzt L4(V,07) =
2 =
1

= 4/ dz¥ dat iU TH 0919, W . (1.11)
mJE

A spinor field like the fermion can be written as a two-components column vector

=)

where 1, is said to be chiral (or with positive chirality), while ¥_ is said to be anti-
chiral (or to have negative chirality). Indeed from the Clifford algebra’s generators in
generic dimension d, we can built a chirality matriz?

d_
75 = (—1)4 lfyl ryd .

2The notation s is the one common in physics, where it was built first in the 4-dimensional case. We
keep the same notation, since there will be no confusion.
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In the (1 4 1)-dimensional case we can choose

1 0
_ 0.1 _
from which it is clear that

e (s 0y _ (o0
In terms of these chirality components, we have that

Sy = — /ﬁ da’ da" (it (8 — - + it (B + )b )

- 4
From the action, the Euler-Lagrange equations follow, and we get
ou¥ =0,
which in terms of the chirality components reads
(Oo+ 01y =0, (Og—Oh)Y—=0.
These equations are solved by
V(@ at) = flog —x1) = flu), -2 a) = g(a® +ah) = g(v) .

Hence the chiral component ¥4 is a right-moving mode, while the anti-chiral one ¥ _ is a
left-moving mode.
Rewriting the action in terms of the light-cone coordinates u and v, we get

1
Sy = o /: du dv (i) 0h4 + ith_Oyrp_) .

When we pass in the Euclidean space-time, we apply Wick rotation, but also we need to
change the representation of the v matrices, using, for instance

0 1 0 —1
0 _ 1 _ -
fy_<1 0>7 7_Z<1 0)7

hence the form of the action (1.11) does not change. In terms of the complex coordinates
(2,%), let us write the spinor as

in such a way that we obtain

1 T
Sv=75- / dz dz (i + i0.v) ,
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The equations of motion follow and read
0.0(2,2) =0, oz(2,z) =0,

which means that 1 is an holomorphic field while 1) is anti-holomorphic.
Also, in Euclidean space-time we need to slightly modify the definition of ~5 which is
now given by

d
5= (—1)ayt oyt
However we have that, with respect to the representation given above, nothing change in

the matrix form. Hence we have found the following relations

chiral — holomorphic — right-moving
anti-chiral — anti-holomorphic — left-moving .

In this theory, the holomorphic energy-momentum tensor is

T(:) = —3 W(2)0.0(2):
The relevant OPE’s are
PE) ~ S 0] ~
T(Ew) ~ 5 + 2

where, from the last OPE, we see that v is a primary field of conformal dimension A = %
Finally, the OPE of the energy-momentum tensor with itself reads

1 1 2T (w) n oT (w)

T(&T(w) ~ dz—w)t " z-w)? z—w

(1.12)
As usual analogous results hold for the anti-holomorphic part.

Central charge and conformal transformation of the energy-momentum tensor

If we look at the OPE’s in (1.10) and (1.12), we can see that they have the same form,
except for a constant in front of the first summand. We can generalize this behavior
saying that the OPE of the energy-momentum tensor with itself is
c 1 2T (w) OwT (W)

TETW) ~ 5= Gmwp T e

where the constant ¢ depends on the specific model and is called central charge. In

particular, from (1.10) and (1.12) we have that the free bosonic theory has central charge

c = 1, while the central charge of the free fermionic theory is ¢ = %

Now, comparing the OPE of the energy-momentum tensor with itself with the one
we gave for a generic primary field, we can see that, for vanishing central charge, the
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energy-momentum tensor is a primary field of conformal dimension h = 2. But this is not
true in general. However it can be shown that, under a conformal transformation f(z),
the energy momentum tensor transforms as

/ . 0f\2 c
T'(2) = (52) T(F() + 58(F(2).2) (1.13)
where S(w, z) is the so-called Schwarzian derivative, defined as
_ 1 3,0\ S a2, 2
S(w, z) = (azw)2<(8zw)(8zw) S (020)?) .

1.2 Operator formalism

Up to now we have studied CFT’s with the language of fields, hence all the information
where expressed in terms of fields, and we have never mentioned the operator formalism
or the Hilbert space. However it will be useful in what follows to deal with them.

Let us start recalling that, from an operator point of view, we need to distinguish
between space and time coordinates. This distinction is natural in a Minkowski space-
time, thanks to the non-trivial signature. However the same thing cannot be said about
Euclidean space-time, in which the selection of space and time is somewhat arbitrary. In
order to treat this situation, let us start from a theory defined on an infinite space-time
cylinder S}, x R, where time parametrize the R direction, while the space is compactified
identifying the point that differs for 2w R. If we consider this situation in a Minkowski
space-time, and then we continue to the Euclidean one, we obtain that it is parametrized
by the complex coordinate

w:=z"+iz! such that w~ w4+ 27wiR,

where we have indicated the periodic identification of the spatial direction. Then we can
apply a further change of variables, mapping the cylinder in the complex plane. This is
achieved introducing the complex coordinate on the plane

w ch 'Lzl
Z2:=€eR —eReR ,
from which, in particular, we see that the infinite past of the cylinder 2° = —oco is mapped

to z = Z = 0, whereas the infinite future 20 = 400 lies on the point at the infinity.

In these coordinates for the complex plane, we can expand the fields in Laurent series.
In particular, given a field of conformal dimension (h, h), its Laurent expansion around
z =% =0 reads B

o(z,2) = Z g hET
n,m €L

In this formalism we are interested in the operator that generates conformal transfor-

mations. What can be seen is that the conformal charge is

Q. = 1 dze(2)T'(z) .

21
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So let us expand in Laurent series the energy-momentum tensor and the infinitesimal
conformal parameter €(z) as

T(z)=> 2" Ly, TE)=)» 7" "Ly,
nez nez

€(z) = Zz”“en .

ne”Z

Hence the conformal charge reads

Qe = Z €nLln

nez

In this way we have found that the modes of the energy-momentum tensor L,, and L,
are the generators of the local conformal transformations on the Hilbert space, and are
the analogous of the generators of the conformal mapping I, and [, on the space of
functions. In particular, let us notice that the combination Lo + Lo generates dilations
on the complex plane, which corresponds to time translations. In the same way we have
that i(Lo — Lo) generates rotations, which are spatial translations. This means that
these combinations are proportional to the Hamiltonian and the momentum operators
respectively, namely

H=Ly+ Loy, P =i(Lo— L) . (1.14)

The generators L, and L,, satisfy an algebra analogous to the Witt one (1.7), but with
an additional term due to the presence of the central charge. In mathematical terms they
satisfy the central extension of the Witt algebra

C
[Ln7 Lm] = (’I’l - m)Ln+m + ETL(W? - 1)5n+m70 y
— = — C

[Ln7 Lm] = (TZ — m)Ln+m + En(nQ — 1)5n+m’0 s
[anzm] - 0 9

called the Virasoro algebra.

Let us conclude this part discussing very briefly some of the characteristics of the
Hilbert spaces of a CFT, which actually can have very intricate structures. First of
all we look at the vacuum state |0), which should be invariant under global conformal
transformation. In order for this to be true, and also since the quantities 7'(z) |0) and
T(Z) |0) have to be well-defined as z,Z — 0, we have that

L,0)=0, L,|0)=0, n>-1.

Primary fields acting on the vacuum states create eigenstates of the Hamiltonian, and
satisfy the following commutation relations (whose expression can be easily derived from
the OPE of the product of primary field and energy-momentum tensor)

(L, @(2,2)] = h(n + 1)2"p(2,2) + 2" 0.0(2,%) , n>-—1
(Lo, 0(2,2)] = h(n + 1)2"0(2,7) + 2" 10:0(2, %) | n>-1
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where ((z,%) is a primary field of conformal dimension (h,h). If we now define the
asymptotic state _
h.F) = lim p(.2)[0) |

22—

applying the previous commutation relations, we conclude that
Lo|h,h) = h|h,h) , Lo |h,h) = h|h,h) ,
and hence |h, h) is an eigenstate of the Hamiltonian. Analogously we have
Lylh,h)y =0, Ly|hh) =0, n>0.

Excited states above the asymptotic states can be obtained by adding ladder operators,
which explicitly read, expanding the primary field ¢(z,%) in its Laurent modes

[Ln’ @m] = (n(h - 1) - m)‘Pn—i—m .

In particular
[L())SDm] = —mMmom ,

and
[Lo, o] =0. (1.15)

This last commutation relation tells us that, when it is defined, the zero mode of the
primary field creates a degeneracy of the energy eigenstates.

1.2.1 Free fermion theory

The idea now is to study the characteristics of the free fermion theory from an operator
perspective, defining it on the cylinder and then using the tools we have introduced in
order to figure out how to built its Hilbert space.

We have introduced yet the action and the energy-momentum tensor for this theory,
and we have seen the crucial OPE’s, thanks to which we have been able to show that the
system has central charge ¢ = % and the fermion field ¢ has conformal dimension h =

5
Now, let us work on the cylinder of radius R. The mode expansion is

(w) = @ ;%e—"“’ ,

where the operators 1, obey the anti-commutation relations

{wnﬂbn} = 5n+m,0 . (1.16)

Since the space-time is a cylinder, we have to impose boundary conditions on the fields,
and due to the spinorial nature of fermions, we have two possibilities

=)

Y(w+2miR) = —(w) Neveu-Schwarz sector (NS)
Y(w +2miR) = +(w) Ramond sector (R).
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It is clear that, in order for these boundary conditions to be fulfilled, we have some
constraints on the index of the sum, indeed

neZ Neveu-Schwarz sector (NS)

1
neZ+ 3 Ramond sector (R) .

We have yet explained how the cylinder can be mapped on the complex plane, so let
us perform this transformation and let us see how the fermionic fields behave. We have
to map

w
w —> z=¢€R

and, since the fermionic field has conformal dimension h = %, it transforms as

Vew) — ven(2) = ()2 (2)

This means that the expansion on the modes on the complex plane is (we do not write
anymore the subscript pl since from now on it will be always clear from the context)

Y(z) = "3, (1.17)

as we expected. Now we need to translate also the boundary conditions we have imposed
1

on the cylinder. However, due to the presence of the factor z2, we have to exchange the

conditions, obtaining

V(™) = +4(2) Neveu-Schwarz sector (NS)
Y(e¥z) = —(2) Ramond sector (R),

which, in terms of the index in the mode expansion read

1
ne€Z+ 5 Neveu-Schwarz sector (NS)

n ez Ramond sector (R) .

The next step consists in studying the vacuum energies. In particular we are going to
focus on the Ramond sector, in which we will find a peculiar result, due to the presence
of the fermionic zero modes. We want to compute the vacuum expectation value of
the energy-momentum tensor in the Ramond sector. Hence, remembering the Laurent
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expansion (1.17) and the relation (1.16), let us start computing the two-point function

(W) = > 2T I TTE () =

+o0

- éfw(ii(f)") wlﬁifw -

i )

So the vacuum expectation value of the energy-momentum tensor follows

(T(2)) = 5 lim (— (b(z + )O0(=)) + ) =
i |- (VS o]
:ﬁ,

From the definition of the energy-momentum tensor, its expansion in terms of the fermionic
modes is

() =5 3 (mtg)e ™58 =

nmEZ

=32 (m )

nmeEZ

thanks to which we deduce the generators

L, = % 3 (m + %) D -

meZ

From this general expression we can find the generator Lg, but paying attention to the
fact that, since in the Ramond sector the energy-momentum tensor has non-vanishing
expectation value, we have to add the contribution of the vacuum, that is

Lo = Z m¢,mwm+%. (1.18)

mEZ>0

Let us end this section with a behavior that is proper of any system with non-vanishing
central charge. In what follows will be useful to express the generators of conformal
transformations defined on the cylinder. In order to do this, let us apply the usual
transformation from the complex plane to the cylinder. Under this change of coordinates,
the energy-momentum tensor transforms as (1.13), hence, neglecting the dependence on
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the radius of the cylinder without loosing generality (since we are in the conformal case),
we get

C Cc _
Te(w) = 22T(2) = 57 = 3 (Ln - ﬂ5n,0)e "
nez

from which, in particular
c

L =Ly——.
( Cyl)O 0 24
Now remembering the definition we gave for the Hamiltonian and the momentum operators
in (1.14), we obtain

c+c¢
B n e (1.19)
Peyi = i((Ley1)o — (Leyt)o) = (Lo — Lo) — @ TR

Hey1 = (Ley1)o + (Leyi)o = Lo + Lo —




Chapter 2

N = (0,1) supersymmetric models

In this chapter we are going to introduce the example we want to focus on, from a
purely physical perspective. We will start in section 2.1, introducing the main features
of supersymmetric field theories in (1 + 1)-dimensions, with a particular attention in
N = (0,1) supersymmetric models. Then, in 2.2, we will introduce the sigma model
with target S? and Wess-Zumino coupling k. In order to do this, we will present the
condition under which the model is well-defined, and, following [G.JW19], we will describe
its behavior in the IR regime. Finally, in 2.3, we will introduce the first topological
invariant we encounter, that is the Witten indez. In doing this, we will explain how to
construct the partition function of the supersymmetric field theory, and how to vary this
construction in order to properly define the Witten index. We will conclude the chapter
with a crucial result on the Witten index, known as Atiyah-Patodi index theorem.

2.1 Supersymmetric field theories in (1 + 1) dimensions

In general, supersymmetric theories can be seen as, roughly speaking, theories with an
additional fermionic symmetry which maps bosons in fermions and vice versa. In order
to study these theories, we need to introduce a new formalism, in which supersymmetric
transformations are seen as translations in a specific direction on a properly defined space,
called superspace.

2.1.1 N = (0,1) supersymmetric field theories

Let us start considering a field theory on = := R? with space and time coordinates 20, z!

1 0
=1\ —1) -

Let us then parametrize the Minkowski space-time through the light-cone bosonic coordi-
nates u and v introduced in (1.9), which, under Lorentz boosts of parameter a, transform

and metric given by

as

u — e'u, v — e . (2.1)
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Then let us introduce a fermionic (Grassmanian) coordinate 6 such that

6> =0,

/d@@zl, /d@f(u,v):O.

This coordinate under the transformation (2.1), behaves like

and with the properties

1
0 — 299,

thus it is a chiral coordinate, i.e. right-moving. These three coordinates (u,v,#)

parametrize the so-called superspace = with N' = (0,1) supersymmetry, and the
N = (0,1) supersymmetry is generated by the operator
0 0
©=20" "%

called supercharge, which satisfies

0
2_.
~ou-

Finally, the superspace derivative is defined as

0 0
D:=— —if—,
00 ou
and it commutes with the supercharge () and the ordinary derivatives 9, and 3,,.
In this framework we are interested in the study of superfields, which are defined as
functions on the superspace. A generic superfield F(u, v, #) can be Taylor expanded as!

]:(uav,e) = fO(ua U) +0f1(uvv) :

Given a set of superfields, we want to introduce a supersymmetric action in order to
describe their dynamics. With this new formalism, there is a natural way to do this. Indeed,
we have that the integral in superspace of any arbitrary superfield is a supersymmetric
invariant quantity. In order to see this property, let us consider a generic superfield
Y (u,v,0) (which of course can be a generic combination of various superfields), and
consider the integral

/ dudvdlY (u,v,0) . (2.2)

The supersymmetry variation take the form

LOf course this expansion is exact since §2 = 0.



2.1 Supersymmetric field theories in (1 + 1) dimensions 23

hence, varying the integral we get

56/ dudvdlY (u,v,0) = | dudvdfé Y (u,v,0)=

Il
— e — —

dudvdf eQY (u,v,0) =

dudv df €(dy + i00,) (yo(u, v) + Oy (u,v)) =

dudvdf e(yi (u, v) +i00,y0(u,v)) =

= [ dudviedy(yo(u,v))
We have found that the variation of the integrand like (2.2) is a total derivative, which
vanishes after the integration over dudv, and hence it is supersymmetric invariant.

Now we want to restrict our attention to some particular classes of fields, and study
their actions.

The first type of field is the so-called scalar superfield ®(u,v,6). It can be expanded
as

®(u,v,0) = o(u,v) +i0¢(u,v) ,

where ¢ is a scalar field while v is a (anti-chiral) right-moving fermion. At the classical

level, the supersymmetric free action for this superfield is given by

Sp = ;/ du dv df 8,8 D .

T
Expanding we get

Sp = i / dudv df 9, (p + i) (g — 160, (¢ + 16¢) =

- / dudvdf (Do + 00,1) (it — i00,0) =

= % / dudv dé (i(@vgo)¢ — 100y p0yp + 91#&,1/}) =

= 1/ dudv (%&;(p(?ucp + %1&&@) . (2.3)

™

The second superfield we want to consider is the Fermi superfield A(u,v,0), i.e. an
anti-commuting superfield. In particular it can be expanded as

A(u,v,0) = &(u,v) + 0F (u,v) ,

where ¢ is a fermionic (chiral) left-moving field on Z, while F' is an auxiliary field. The
free action for this field is given by

Sh = ;/ dudvdf ADA .
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Expanding it we get

1
Sh = 277/ dudvdf (£ 4 0F)(9p — i600,) (€ + OF) =

1
- / dudvd (€ + OF)(F — i00,¢) —
_ 1 / dudv df (EF + i0£0,6 + OF) =
27

_ i/ du dv (%gaug + %FQ) , (2.4)

where it becomes clear why F' is an auxiliary field.

Up to now we have introduced only kinetic terms for the fields. However we can also
introduce interaction terms. For later purpose, let us consider the interaction between
n scalar superfields ®/ and a Fermi superfield A. Let W be some real-valued function
depending on scalar superfields, called superpotential. The coupling term we can add
to the action reads

1
Sw = / dudv dd AW (®1) .
T

Expanding it we get

Sw = i/ dudvdf (£ +0F)W (o +ioy’) =

I
= 71r/ dudvdd (€ + 0F) (W(SDIHWZTPK%) -

i/dudvd@(éW ) + 9§Z¢ OW( )+9FW( ))

_ jr/ dudv (FIW (') +i5;wf<8g;[()) . (2.5)

In the end we have obtained

SA+SW:71T/dudv< £, + F2+FW +Z§Z¢K8W; ))

1
=: / dudv Larw ,
T

from which we can find the equation of motion of the field F, i.e.

9 OLx+w  OLaw
"0(0,F) OF

=0 = F=-W().

Hence, integrating out the auxiliary field F', namely substituting its equation of motion
in the action, we obtain

S’zi/dudv( 585——W2 gZ@bK@Wé )), (2.6)
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from which the scalar potential is
1
V(e') = sW2(e") - (2.7)

In particular, from (2.6), we see that, if the superpotential W is linear in the fields, or the
scalar fields have non vanishing vacuum expectation values (in which case the derivative
of W has to be evaluated on the vacuum expectation values), at every point of the field
space in which dW # 0 (namely its derivatives with respect to ¢! do not vanish), a linear
combination of the ¢! and ¢ combine themselves to get a mass.

2.2 Sigma model

Now we want to focus on a particular N/ = (0,1) supersymmetric model in (1 + 1)-
dimensions, known as sigma model. This is defined as the system corresponding to
maps from a (1+ 1)-dimensional space = to a target space which is a Riemannian manifold
M of dimension n. In this theory we have n scalar superfields ®!(u,v,0) (I =1,...,n)
which now describe a map

O:E— M.

In particular, given a set of local coordinates z/ (I =1,...,n) on M, we have that
ozl =2l od =al .
These superfields can be expanded as
! (u,v,0) = ! (u,v) + 0! (u,v) , (2.8)
where the ¢!’s are bosonic fields describing the map
p:2— M

in the same way as before. Instead, the ¢!’s are (chiral) right-moving fermion on = valued
on the pull-back ¢*(T'M), i.e. are sections

W e D(E, ¢*(TM)).
At the classical level, the supersymmetric action is analogous as before, and reads

i

Sa =
¢ 2

/ dudvdd g;;V,d' DD’

where g7y is the metric tensor on M and we have introduced the covariant derivative on
the target manifold, which acts as

vv‘P] = 81)4,0] >
vvd}] = 8v¢1 + ZT]JK(aUSOJ)@Z)K > (2'9)



26 2. N = (0,1) supersymmetric models

where Fg 5 are the Christoffel symbols of the Levi-Civita connection on the target manifold,
given by

_1IL(

Mg = 59" " (Oxgrs + Os9rK — OLgK) -

Expanding we get

Sg = i / dudvdf g1,V (@ + 097 (9p — i00,) (¢ + i0y”) =

= % / dudvdf grs(0up” +i0V,0") (i —i00,p7) =

= 2277_/ dudvd@gu(@(avspf)wJ _Zaavsolau(pJ—i-Qq/)vawI) _

1 1 7 1
= / du dv (—guavgolautp‘] + —gr07 Oy’ — *FIJK@/)IwJaUSOK) . (2.10)
T 2 2 2
2.2.1 B-field

The action given above actually is not the most general we can have for a sigma model. Let
us consider the case in which the space-time is R? with Euclidean signature and the target
manifold for the model is a Lie group G, with metric given by the Cartan-Killing form.
Then let us compactify the space-time adding a point at the infinity, hence considering
the Riemann sphere

5% ~R? U {0} .
The fields of this sigma model are maps

g:5%—@a,

whose action, which is equivalent to (2.10), reads

1

2 -1
9= 1= S2mer[8”g ]

with a? a positive, dimensionless coupling constant. In the case in which the second
homotopy group of G is trivial, m2(G) = {0}, the image of the 2-sphere through g, g(S?),
can be seen as the boundary of a non-unique open ball By C G, that is

dB; = ¢(S?) .

Then we can add to the action the so called Wess-Zumino (WZ) term (which is a total
derivative up to boundary contributions)

1

Ip, = 3z €56 Tr [g71(0'9)g~ (07 9)g~ (9% g)]

"2/,
which, in order to be well defined, should depend only on the field g, and not on the
chosen ball B3. So given another ball Bj such that its boundary coincides with the image
through g of the 2-sphere, B} = ¢(S?), the difference

i

o 3 T —1 7 —1 Yi —1 k
20 | d’z e, Tr [g71(0'9)g™ (7 9)g~ ' (8%9)]

T —Tp, =
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should be zero. In the previous integral, the manifold on which we have to integrate
is By — Bs, where, with the difference, we mean that we take the union between Bj
and Bs, that is Bs considered with the opposite orientation. It is easy to see that
this is equivalent to integrate over the whole compact 3-dimensional space GG, which is
topologically equivalent to the 3-sphere S2. The problem is that this integral does not
vanish. Actually the term that should be independent from the choice of the Bjg is the
factor in the action due to this contribution, that is

¢ TB;
for a (in principle) generic constant k. It can be shown? that the difference is actually
an integer multiple of 27, hence, in order for the term to be well-defined, its coupling,
known as Wess-Zumino coupling, has to be an integer, k£ € Z. In this way we have
obtained a more general action given by

Sorwz = d?z Tr [6“9_18#g] + kg, .

1 J,,
If we now flow in the IR limit along the RG trajectories, we have that the coupling k,
being an integer, does not get renormalized, but the constant a? does. In particular,
flowing the RG trajectories, we obtain a fixed point when

o Am

o
The model obtained in this way is called Wess-Zumino-Witten mode (WZW model),
and is a conformal interacting model (see [Wit&4]).

Going on, the WZ term can be rewritten as an integral of a 3-form H on the target
manifold H € Q3(G), that is

a

I'p, = H .
B3

At the classical level this form results to be the field-strength of a 2-form B € Q%(G)
known as B-field
H=dB,

from which follows the identity
dH =0.

In this situation, thanks to Stokes’ theorem, we can write the WZ term as

FBgz/ H:/ B = g*B.
B3 9(5?) 52

Given a system of coordinates z', I =1,...,n on the target manifold, denoting now the
field of the theory as the superfield ® defined as (2.8) (in order to be consistent with the

2For details look at [DMS97].
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previous results), we get?

k

Sorwz = T6n dudv ((gjj(go) + B[J(@))avtplauso‘]—f'

. 1
+igr'on’ — Tk + §H1JK)¢I¢K590J) ;
where of course

1

B= §B[Jd$]/\ daz’ ,
1
E]
When we try to quantize the theory, we have to pay attention to some aspects. First of
all we have yet explained that the form H has to satisfy a Dirac quantization condition.
We have imposed yet asking the difference I' B, — I'p, =/, S5 H to be an integer multiple
of 27. This can be restated saying that, in order to define the model, it is necessary to
choose a class z € H?(M, Z) which can be represented by the 3-form H/27. For instance,
in the case in which M = S3, we have that

H Hijx da! A dz? A d2® with Hyjx = 0By + 05Bkr + Ok Bry .

H3(S3,7Z) ~ Z,

so, choosing the class is the same as choosing an integer k, with

H
k:/SeZ. (2.11)

3 2T

Passing to the quantum level, some anomalies can arise. First of all it is necessary to
require the target manifold M to be a spin manifold, i.e. an orientable manifold whose
second Stiefel-Whitney class vanishes.

In order to introduce the second Stiefel-Whitney class?, let us consider the tangent
bundle TM to M, where the transition functions are elements of SO(n), t;; € SO(n).
Then let us consider the lift of these functions t;; € Spin(n), such that

ptiy) =ty , by =ti,
where
p : Spin(n) — SO(n)

is the 2-to-1 homomorphism between the double covering of the group SO(n), that is
Spin(n), and SO(n) itself. Being transition functions, the ¢;;’s have to satisfy the following
properties

ti; = t;il inU;N Uj

tij o tjr = tig in UZﬂUjﬂUk

3Look at [DMS97] and [DPW20] for details.
4For details look at [Nak90].
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where of course the U;’s are open subsets of M and
tij: U; N Uj — SO(TL) .

From here follows
tijtjktki =id ,

hence
p(tijtintri) = tijtjpte: = id
which implies
tijtjkt]m' S kerp = {:E id} .

If we now define fy such that
%vij;jk;ki = fo(i, 4, k)id ,

we have that fy defines a cohomology class [fa] € H*(M,Zs). Then the second Stiefel-
Whitney class is
wy(M) := [fo] € HA(M, Z5) .

Nevertheless, what we have required is not enough, since we can have also a sigma-
model anomaly. This anomaly is due to the fact that, since there are chiral fermions, the
fermionic measure on the path-integral transforms in a non-trivial way under the SO(n)
symmetry group. Since we have added the WZ-term, the B-field has to transform in
such a way that it compensates the transformation of the measure. However, introducing
these transformations makes the B-field not well-defined as a global 2-form. The way
to solve this inconsistency was proposed by Witten in [Wit00]. The idea is that the
B-field is defined as a way to associate a phase in the path-integral to each 2-dimensional
submanifold C C M. Now given two cobordant 2-dimensional submanifolds C,C" C M,
namely such that there exists a 3-dimensional manifold U with

U =C' —C,

then
ei(fc’ BifCB) = eifUH

)

where now H is a well-defined 3-form also at the quantum level. Once this is done, we
have to impose a condition on H in order to cancel anomalies, that is

1
dH =——Tr(RAR
87T r( ) Y
which is different from zero. In order to formulate this condition in a different way, let us

consider a general manifold M, to which we can associate an integral characteristic class
called first Pontryagin class

1
= ———=T 4
D1 o2 r(RAR) e H*(M,Z),
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with R the curvature 2-form on M. If M is a spin manifold (as required for our situation),
then there exists a characteristic class A such that

2)\=p1.

In terms of differential forms, of course, it reads

1
A=——=Tr(RAR). 2.12
In the case where a sigma-model anomaly arises, we can say that H, instead of being
a closed 3-form, is a trivialization of the class A, which in terms of differential forms
means that

dH =27\ = —8iTr(RAR) £0. (2.13)
T

A spin manifold with a choice of a trivialization for the characteristic class A is called
string manifold, which is the characterization of the manifold we need in order to have
a well-defined model.

Looking at the case in which M = 3 = SU(2), we have seen that the quantization
condition on H consists in choosing an integer k given by the relation (2.11). This partic-
ular choice is the same as introducing a Wess-Zumino interaction in the supersymmetric
sigma model with target S®. Summarizing, we have that studying the supersymmetric
sigma model with target SU(2) and Wess-Zumino coupling k, is the same as studying a
supersymmetric sigma model with target the 3-sphere S® seen as a string manifold, which
we will indicate as S3.

2.2.2 Sigma model on S3

We want now to study a particular case of a (141)-dimensional N" = (0, 1) supersymmetric
sigma model, that is the one with target space given by M = S3. In order to do that, let
us introduce four scalar superfields ®/ which transform under the vector representation
of O(4). Also, they parametrize M = R* with a flat metric g;; = &7;. Moreover we
introduce a Fermi superfield A, which is coupled to the X' thanks to the superpotential

W(®)=> (®')° - R (2.14)
I

where R € R will be the radius of the sphere S3. From the general relation (2.6), using
the explicit form of the superpotential (2.14), we obtain

, : 1 .
S = / dudv (%gaug - 2(;@)2 — R?)? - 2152 gofwf) .

This superpotential is what ensures us that the fields ®/, at low energies, are confined to
a sphere S? with radius R.
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We can generalize this to the case of a sigma model with target SV requiring that the
®’s are N + 1-component fields with O(N + 1) symmetry. In cases like this, for large N,
the fields ®’s get mass, and, since these masses are generated from the coupling

/ dudv df A(Z(@I)Q - R2) ,

1

the mechanism for the ®!’s to get mass is that the auxiliary field I in the expansion
of A gets an expectation value, so the supersymmetry is spontaneously broken. Then
in [GJW19] is conjectured that this behavior can be found also for N = 3, and we are
going to present another argument for that in the following part.

Anomalies in the sigma model with generic k

Now we study the anomalies of this model, but, since we have that the 3-sphere is
isomorphic to the Lie group SU(2), S% ~ SU(2), we want to focus on the model with a
generic Wess-Zumino coupling k. This is done since the anomalies are invariant under the
RG-flow in particular, but also under more general deformations. For this reason they
constrain the possible behavior of the theory after a deformation.

Let us start noticing that the sigma-model with target S® and with coupling k = 0
introduced previously, has an obvious O(4) symmetry. This symmetry is broken to SO(4)
if the coupling k is different from zero. Also, we know that a double covering of SO(4) is
the product of two copies of SU(2), which we call

SU) % SU(2), ,

so we will express the next statements in terms of these two SU(2)’s.

The model has an anomaly due to the fact that there are only fermions of one chirality.
Anomalies for a simple non-abelian Lie group in two dimensions are quantized as integer
multiples of a basic invariant. In particular fermions in the vector representation of
SU(2); x SU(2), have the smallest possible non vanishing anomaly, which we indicate as
(1,1).

Now we can add a Wess-Zumino interaction with coupling k. In order to study how
this term affects anomalies, we need to focus first on what happen for a purely bosonic
sigma model, and then we will generalize to the supersymmetric case.

It is well-known in literature (look at [GJW19] for instance) that Wess-Zumino
interaction with coupling k& contributes (—k, k) to the SU(2); x SU(2), anomalies of a
purely-bosonic sigma model with target S, since the current algebra of the whole theory
satisfies a Ka¢-Moody algebra at level k. Also, for |k| sufficiently large, there exists a
weakly coupled fixed point, that is the WZW model at level k, which has left-moving and
right-moving current algebra symmetries®

SU(2), and SU(2)g.

5In this case we have used capital letters as subscripts only to distinguish the symmetry groups in the
UV from the ones in the IR.
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The level means that SU(2)g has an anomaly |k|, while SU(2)z, has an anomaly —|k|.
This picture is obtained by a perturbative expansion valid for sufficiently large |k|, however,
as suggested in [GJW19], it is believed that it is actually valid for all k.

Said that, we can focus on the N'= (0, 1) supersymmetric case. In this situation it is
known that the model flows to a weakly coupled fixed point analogous to the previous one,
called (0,1) supersymmetric WZW model. In this model there is a left-moving SU(2),
current algebra at some level k and a right-moving A/ = 1 supersymmetric SU(2) current
algebra at the same level x. From unitarity it is required that x > 0. As we said, the
right-moving current algebra of level x is supersymmetric. This means that it has actually
an SU(2)r anomaly given by x + 2. Another way to restate this is that the N'= (0, 1)
supersymmetric WZW model at level « is equivalent to the ordinary WZW model at
level k plus the theory of three free right-moving fermions which transform in the adjoint
representation of SU(2)g, and which contribute 2 to the SU(2)r anomaly. Indeed, as
found independently in [Di +85] and [AA85] in the N/ = (1,1) supersymmetric case (the
case we are interested in is obtained simply removing the left-moving fermions from the
action), a WZW supersymmetric model can be seen as the bosonic WZW, plus as many
free fermions as the number of generators of the Lie algebra associated with the target
group, which, in the case of SU(2), is exactly three. This translates in a contribution of 2
to the anomaly, since the fermions satisfy the Ka¢-Moody algebra at level hV, the dual
Cozeter number of the Lie group, which, in the case of SU(2), is 2.

What we have found is that in the UV regime we have a model with an anomaly given
by the one of the sigma model, namely (1, 1), plus the one due to the WZ coupling &, i.e.
(—k, k), thus

SU2); xSU2), — (—k+1,k+1).

In the IR instead we have a bosonic WZW model with anomaly (—k, k) plus three free
right-moving fermion with anomaly (0, 2), thus

SU(Q)L X SU(?)R — (—/i,lﬁ-i- 2) .
Since anomalies are invariant under RG-flow, the two have to match, which means that
k=|kl—1.

In this way we have found, for a generic k, a candidate superconformal fixed point which
describes in the infrared the AV = (0,1) supersymmetric sigma model with target S3.
Here it is clear that this argument fails for £ = 0, for which we would have x < 0. This
can be seen as an evidence of the fact that, as we have shown, this model spontaneously
breaks supersymmetry.

Summarizing, we have found the following behavior

Uv : sigma model with target S® + WZ coupling k
RG-flow

IR : WZW at bosonic level |k| — 1 + three free right-moving fermion
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2.2.3 Flowing up and down RG trajectories

We have explained why it has been supposed that for £ = 0 the model spontaneously
breaks supersymmetry. Now the question is what happens for different values of the
coupling k. However we want to consider more general deformations then the ones due to
the flowing along the RG trajectories. The idea is the following.

Let F be a generic NV = (0, 1) supersymmetric theory. Let us add to it some arbitrary
massive degrees of freedom in a supersymmetric fashion, which, in other words, means
that we replace F with any other theory F’ which is equivalent to F in the IR. Then
we can arbitrarily perturb F’ in a supersymmetric fashion, in such a way that we get
some other theory F”. Then the question becomes whether this theory F” spontaneously
breaks supersymmetry. Of course, the procedure can be iterated several times and we
will refer to this deformation from F to F” as flowing up and down the RG trajectories.

Let us focus on the case of the sigma model with target Sp. Let Z be any four-
dimensional compact spin manifold without boundary, where, as we have explained, the
requirement for the manifold to have a spin structure, is needed in order to avoid an
anomaly in the AV = (0, 1) supersymmetric sigma model with target Z. However this is
not enough and the model is anomalous if

/Z)\;éo,

because in this case (2.13) cannot hold for any H. In order to obtain a well-defined sigma
model, we can remove a point from the manifold Z, obtaining a new manifold which we
call Z’'. In this way the 4-form A becomes topologically trivial, since on Z’ there is no
compact four-dimensional cycle on which it could be integrated, hence

| r=0.

Now we can define a complete Riemannian metric on Z’ so that the missing point is
at infinite distance. In this way it has the good properties to be the target space of a
well-defined A/ = (0, 1) supersymmetric sigma model. It is clear that Z’ has a non-compact
end, which indeed is topologically equivalent to R x S3, in particular

07 = S3 .

This allows us to define a metric on Z’ which looks asymptotically like the product of
a round metric on S® times a flat metric on R, which means that, in the asymptotic
portion of the field space, the model is described by a sigma model with target S® and,
decoupled from it, a free chiral superfield which parametrizes the non-compact component
R. Moreover, the sigma model can have also a Wess-Zumino coupling. This happens
since from the anomaly equation (2.13) follows, using Stoke’s theorem,

/dH_ H__/Tr(R/\R)
o 2 Jgs 2m ;1672
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However the integral on the right hand side can be easily computed in the following way.
We can “close” the non-compact metric on Z’ adding an hemisphere at the end, obtaining
again the manifold Z. Giving the hemisphere the standard round metric, we have that

TI‘(R A R) ‘hemisphere =0 ’

hence, remembering the relation (2.12),
Tr(RAR) / Tr(RAR) / N
VA 167'(' 167T
In other words we have find that the Wess-Zumino coupling on S? is given by the integral
of the characteristic class A over the spin manifold Z

[E-[x 219

Since it is known that the integral of p; = 2\ over a 4-dimensional manifold is always a
multiple of 48, a very interesting consequence of (2.15) is that, from here, it can be shown
that |, 4 A, and hence the Wess-Zumino coupling, is an integer multiple of 24 when 53 is
the boundary of a 4-dimensional manifold with string structure. Now we want to add
massive degrees of freedom in a supersymmetric fashion. This is done by adding a Fermi
superfield A to the sigma model with target Z’, thanks to the superpotential coupling

Sw = / dudvdf AW |

for a proper choice of the function W on Z’. In particular we choose the superpotential
W as follows. Let us parametrize the non-compact direction by a real variable X, and let
us suppose that Z' is, or can be well approximated by, R x S3 for X > 0, and then this
region is glued to Z’ in some fashion, in such a way that for X < 0 the part corresponding
to R x S3 is missing. Then, for a given constant zo € R, we can define W on Z’ in such
a way that

W:{m(X—xo) X>0 (2.16)

negative definite otherwise

Of course, since the complement in Z’ of the region X > 0 is compact, the function W is
bounded below. Moreover we have already seen in (2.7) that a term like this introduces a
potential energy given by

1 2
V=W,

which vanishes only at {zo} x S3. Hence, at low energy, which is equivalent to say that
m — 00, the variable X freezes at the vacuum expectation values xg, and so we recover
the sigma model with target S® we have started with.

Finally, we want to perturb the model in such a way that supersymmetry is sponta-
neously broken. This can be done with the following substitution

W — W:=W+ec ce Ry .
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Since, as we have seen, the function W is bounded below, for a constant ¢ sufficiently
large, W is positive definite. This means that the potential energy, which of course is
given by

1N2
V=W,

is now everywhere strictly positive, and so supersymmetry is spontaneously broken.

Summarizing, we have found that the A’ = (0, 1) supersymmetric sigma model with
target S and Wess-Zumino coupling k can be connected, in the sense explained above,
to a model that spontaneously breaks supersymmetry if k is divisible by 24. In particular
the deformation of flowing up and down the RG trajectories was done in the following
way:

e we flowed up by replacing the target manifold S® with the manifold Z’ equipped
with the superpotential W in equation (2.16);

e we made an ordinary perturbation in a supersymmetric fashion by replacing W
with W;

e finally we flowed down and found that the model spontaneously breaks supersym-
metry.

Generalizing to string boundary

Before going on let us notice that the procedure introduced for the sigma model with
target S3 can be easily generalized. Let M be a generic m-dimensional compact string
manifold, namely, a compact orientable manifold with a trivial second Stiefel-Whitney
class (i.e. a spin manifold) and with a choice of a trivialization of the class A\ := p;/2
with p; the first Pontryagin class. Then we can say that M is the string boundary of a
manifold Z, if Z is an (m + 1)-dimensional string manifold, such that M = 0Z, and the
string structure of Z restricts on its boundary to the string structure on M.
Now let us define the manifold Z’ as

7' =7 -07,

and, on it, we can introduce a complete Riemannian metric that near the infinity looks
like R x M. Then we can follows exactly the same steps as before, replacing, where
needed, S with M.

What we have done here shows us that, if M is a string boundary, then the A" = (0, 1)
supersymmetric sigma model with target M can be deformed, by flowing up and down
the RG trajectories, to one that spontaneously breaks supersymmetry.

2.3 Partition function and the Witten index

In this section, we are going to introduce the first invariant we encounter for supersym-
metric field theories, that is the Witten index. As we will see later on, this invariant has
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a non trivial kernel and, for this reason, we will need to refine it. However, focusing on
its properties will be crucial in order to introduce the invariant we are looking for.

In what follows, we will start considering the construction of the partition function
of a supersymmetric field theory and some of its properties. This step will be crucial in
understanding how to properly define the Witten index. We will conclude the section
presenting an important theorem, the Atiyah-Singer index theorem, which gives us a
geometric interpretation of the Witten index and also allows us to better understand its
behavior.

2.3.1 Partition function

An important quantity we are going to study now is the partition function. In order
to find it, let us start from an Euclidean space-time R?, and let us compactify the spatial
direction on a circle of radius R. In this way we have that our theory is defined on a
cylinder R x S}%, and so it can be regarded as a theory on a 1-dimensional space-time, that
is a quantum mechanical model. In this framework it is well known that the partition
function is defined as

Z(8,R) =Tr [e71] ,

where the dependence on the radius R is implicit on H, which is obtained as an integral
of the Hamiltonian density on the circle of radius R. What we have done is equivalent to
evaluate the path integral in the case in which the worldsheet is the Euclidean cylinder of
length 8 and the two boundaries are identified (this identification is due to the presence of
the trace). This is clearly equivalent to saying that the worldsheet is a rectangular torus
with sides 2rR and 5. However, this is not the most general situation we can describe.
Indeed, a possibility is to consider as the worldsheet a torus which is not rectangular, and
so in which one end is shifted before the identification by a quantity that we call v. This
is achieved by introducing in the trace the operator
e—ivP ,

where the generator of the translation P is the momentum operator, which, like the
Hamiltonian, depends implicitly on the radius of the circle on which we have compactified.
In this way we get

Z(B,v,R) ="Tr [efﬂHe*i”P] .
Now we want to factorize the dependence on R of the operators H and P. This is done
thanks to the rescaling
H P
Hv+— — P +— —
R’ R’
which means that P
Z(B,v,R)=Tr[e RMer ] .
Now, if we define the operators

1 1
Hp:=35(H+P), Hp=3(H-P), (2.17)
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and thanks to the fact that [H, P] = 0, we get

Z(B,v,R) ="Tr [e_%(HR“‘HL)e%iV(HR—HL)} _

="Tr [ei(LRiB)HLe_i(%)HR] .
Let us introduce the following complex quantities

v ZB 2T
= = 2.18
4 2rR q © ’ ( )

in such a way that the partition function becomes®

Z(r,7,R)="Tr [qHLQHR] . (2.19)

2.3.2 Witten index and elliptic genus

Now we want to introduce a crucial invariant for supersymmetric field theories known
as Witten index. All the following construction will be done on compact theories, whose
name is given by analogy with sigma models, where a model is compact in this sense if
the target space of the model is a compact manifold. However, in a general framework, it
is actually not so simple to formulate this definition, but we will interpret it as a spectral
condition. More precisely, in what follows, we say that a (d 4+ 1)-dimensional quantum
field theory is compact if its Wick-rotated partition function converge absolutely on all
closed space-times. In the Hamiltonian formalism, this occurs when the spectrum of the
Hamiltonian H is:

e bounded from below,
e discrete,
e does not grow too slowly.

In a compact supersymmetric theory, we can introduce a topological invariant known
as Witten index and defined as
Trp(~1)F (2.20)

where H is the Hilbert space of the theory and (—1) is the fermion number operator,
defined imposing that, acting on fermionic states, they are multiplied by (—1), while the
bosonic states are unchanged. Of course the trace in (2.20) is ill-defined, and has to be
regularized. In particular it can be done defining the temperature dependent Witten index

W(B) := Try [(-1)FePH] (2.21)

with 8 the inverse temperature.

SWe have written explicitly the dependence on the radius even if we have included it in the definition
of 7. This was done since, in the conformal case, the dependence on the radius will disappear, but in
terms of 7 and T the expression will be unchanged.
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Now, we want to show that, in the case of a compact theory, the Witten index is
independent on the inverse temperature 8. In doing this, we will also give it a physical
meaning. Let us remember some characteristics of a supersymmetric quantum field theory.
In general, the Hilbert space H of any quantum field theory can be decomposed as

=M, OoH_, (2.22)

where H and H_ are the spaces of bosonic and fermionic states respectively, which can
be identified as the eigenspaces of the operator (—1)F relative to the eigenvalues +1.
Furthermore, a supersymmetric theory is, by definition, a theory in which there are N
hermitian operators @Q;, i = 1,..., N, which map H into H_ and vice-versa. All these
operators have to satisfy the following relations

{(-DF,Q:y=0, [HQ]=0 Vi=1,...,N.

In addition to this, in the case of a supersymmetric quantum mechanics, we have also to
require that

If we want to generalize to the case of a relativistic quantum field theory, we have to
notice that the relations (2.23) are not Lorentz invariant. Hence, let us focus on the case
(in which we are mainly interested for what follows) of a theory with one time and one
space dimensions, in such a way that there is only one momentum operator P. In the
case of two supersymmetry operators (J1 and Q3 we have that they satisfy

(@) =H+P, (@QF=H-P, {Q1.Q2}=0, (2.24)

from which it follows

We know that a crucial question in the study of supersymmetric quantum field theories
is whether or not they spontaneously break supersymmetry, which corresponds to ask
whether there exists a state |Q2), called vacuum state, such that

Qi) =0 Vi. (2.26)

It is clear form (2.25) that, if a vacuum state exists, then it is also a state of zero energy
and zero momentum. Once we have noticed this, we can properly interpret the meaning
of the Witten index. First of all, without loss of generality, we can restrict ourselves to
the case in which P = 0. In this case, again, the Hilbert space of the states annihilated by
the momentum, let us say Ho, can be decomposed into bosonic and fermionic components
as

Ho=Hg ®H, -

Choosing one of the Q;’s and denoting it simply as @, we have that Q> = H and hence
we obtain that non-zero energy states are paired by the action of the supercharge. Indeed,
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let |¢) be a normalized bosonic state of non-zero energy E. Let us define the (normalized)
fermionic state

1
) = \/EQ’@-

Hence, we have that @) acts on these states as

Qle)=VER) , Q)=VE|p) ,

which means that they are paired in a two-dimensional supermultiplet. Of course this
cannot be done for zero-energy states, which are annihilated also by the supercharge Q.
For this reason, when we compute the Witten index (2.20), we obtain that it depends
only on the sum, with sign, of the zero-energy states

Tr(—1)F = NE° — N (2.27)

Moreover, interpreting the index in this way, it is quite clear that, varying the parameters
of the theory, the energy states can “move” in the spectrum, but always in Bose-Fermi
pairs, which means that the Witten index is independent from the parameters in the case
of a compact theory. For this reason we are allowed to consider directly the regularized
version of the index (2.21).

Thanks to the Witten index, from the relation (2.27), we can obtain important
information on the spontaneous breaking of supersymmetry in our theory. Indeed we
have the following possibilities:

e W(B) # 0; this means that the difference between bosonic and fermionic supersym-
metric ground states is non-vanishing, hence one of them is different from zero. Of
course, this implies that supersymmetry is not spontaneously broken;

e W(B) = 0; in this situation we cannot say anything about the spontaneous breaking.
Indeed we cannot distinguish between the case in which N5~ = NJ=° = 0, where
we have a breaking of the supersymmetry, and the case in which they are equal but
both different from zero, hence supersymmetry is not broken.

This definition can be generalized in the same way as we have done for the partition
function in (2.19), obtaining the expression

W(r,7,R) = Tr [(-1)F¢"rg""] . (2.28)

First of all let us notice the following fact, which is true also for the partition function
of course. We have explained that, in order to define the partition function, we need
to compactify the spatial direction on a circle, and so the quantities involved in these
definitions are naturally defined on a cylinder. Supposing now for simplicity that our
theory is conformal”, hence loosing the dependence on R, we notice that the definition of

"This constraint on the theory is actually not so strong. Indeed we are treating quantities which are
invariant under RG flow, so, if the theory is not initially conformal, we can always flow in the infrared
and find a conformal model.
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Hp and Hp, are the same as the ones of (Ley1)o and (Leyi)o given in (1.19). So now we
can restate the definition of the Witten index in terms of the generators defined on the
complex plane, obtaining

W(r,7) = Tr [(~1)Fglo—zigho—=1] | (2.29)
and the same for the partition function
Z(r,7)="Tr [qLO_iqfo_i] )

Furthermore, we have that all these constructions can be reinterpreted in terms
of a path integral. Indeed, the Witten index, due to the presence of (—1)F , can be
represented as an Euclidean path-integral with periodic-periodic (also called Ramond-
Ramond) boundary conditions, i.e. periodic conditions in both spatial and time direction
for fermionic fields

W(r,7,R) = / DDyDpe S¥¥]
PBC

Indeed the path integral is done, as noticed yet in the case of the partition function, on
a torus obtained compactifying the space on a cylinder of radius R and length 3, and
then identifying the boundaries. Since bosonic fields have periodic boundary conditions,
in order to preserve supersymmetry, we have to impose these type of conditions also to
fermions. As we have explained in section 1.2.1, periodic conditions for fermions means
that they are in the Ramond sector, and since we have compactified in both time and
space directions, we have to impose the conditions twice. In mathematical terms, the
function yet defined, is called elliptic genus Zrg, and is equivalent to the definition we
gave of the Witten index.

Defined in this way, we have that the elliptic genus depends, in a completely general
framework, on the so called modular parameter of the torus (7,7), which is identified
as the 7 defined in (2.18), and on the “area” of it. However, we usually work in the IR
limit, in which the theory becomes conformal, and so, from now on, we will neglect the
dependence on the size. Now let us remember how a torus can be defined, in order to
explain the meaning of the modular parameter.

Let us consider the complex plane C and two non-parallel vectors wy, we € C. With
these two vectors we can define a torus identifying all the points that differ by an integer
combination of them. Of course, thanks to conformal invariance, the only quantity on
which the theory depends is the modular parameter 7, defined as

w2
Ti=—.
w1
It is clear from this definition that different choices of the vectors wi and we can describe
the same torus. In particular this is true if the new complex numbers w| and W) are
related from the old ones by the transformation

()= 2 )
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with the conditions
a,b,c,deZ, ad—bc=1.

These relations generate the group SL(2,Z) of invertible 2 x 2 matrices with integer entries
and determinant equals to one. In terms of the modular parameter, this transformation

reads ;
at + a b
— ith e SL(2,7Z) .
ct +d W <c d) ( )
It is also clear that nothing changes if all the integers in the matrix change sign. So we
conclude the transformation group that acts on the modular parameter and leaves the
structure of the torus invariant is given by

PSL(2,7Z) := SL(2,Z)/ZQ ,
which can be shown to be generated by the transformations

1
T:7 — 741, S:T — ——
i
called T- and S-transformation, respectively®.
It is clear that, since the elliptic genus depends only on the torus on which we integrate,
it is invariant under the transformations that do not change the structure of the torus. In

order to better formalize this behavior, let us introduce some useful concepts.

Definition 2.3.1. A weakly holomorphic modular form of weight & is an holo-
morphic function f : h — C such that it transforms as

f(Z:iS) = (er +d)¥f(7) for (CCL Z) € SL(2,Z) .

Recall that b is the complex upper half plane
hb={z€C|Im(z) >0}.

An holomorphic function f : h — C is said to be an holomorphic modular form of
weight k if it is a weakly holomorphic modular form of weight &k and it is “holomorphic
at i100” (or, equivalently, “holomorphic at the cusp”).

First of all let us explain what “holomorphic at ico” means. We have that, under the
T-transformation, a modular form behaves like

fir+1) = f(7),
hence it is invariant under the action of Z on C described by
Cxz——C

(z,n)—z+mn

8For details look at [DMS97] and [BP09]
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Also, the function

C/z— C\ {0}

2 — = 6271'1'2
is an isomorphism, which implies that every function f(z) invariant under the Z-action
given above” can be expressed as a function f of ¢, which ranges over C\ {0}. Hence we
say that f(7) is holomorphic at ico if the function f(q) is meromorphic at 0 (note that
T — 100 corresponds to ¢ — 0). In other words, the so-called g-expansion of the modular
form, namely the Laurent series of f(gq) around 0

f(T) = Z anqn 9
NneZ
is such that
ap =0 for n<O0.

However for later purpose (we will see that this property will characterize the Witten
genus in the non-compact case) it is better to relax one of the assumption in this
definition. In particular we define a real-analytic modular form of weight (w,w) as
a real analytic function f : h — C which transforms as

f(“T * b) = (et +d)(cr + d)Pf(r)  for <i Z) € SL(2,7Z) .

ct+d

With these new definitions, we can say that the elliptic genus Zrg(7) is a weakly
holomorphic modular function of weight 0 with no multiplier and an integral g-expansion,
that is, the coeflicients of its g-expansions are all integer. Let us verify these two properties.

Holomorphicity

In a compact theory, the spectrum of the hamiltonian is discrete and we have that the
elliptic genus is an holomorphic function. Indeed, the only states that give a non-vanishing
contribution to the elliptic genus are the supersymmetric ground states, which means that,
on these states, the action of the supersymmetry is trivial. In /' = (0, 1) supersymmetric
models, the supersymmetry operator is such that

. ] 1
QQzlauZ%(ﬁo—al):§(H+P)7

where, being in a Euclidean spacetime, we have used the definition of the Hamiltonian
and momentum operators given by

H =10y, P=—i0 .
Hence, the states that contribute to the elliptic genus are the ones for which

H=-P.

9The invariance under the Z is needed in order to consider the quotient C/Z without loosing information.
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Now, remembering the definitions in (2.17) we find that
1

and the elliptic genus (2.28) reads'?

Zgrr(7,T) = Tr [(=1)F*™THL] = Zgp(T) .

Integrality

The integrality of the g-expansion of the elliptic genus can be explained in the following
way. We have found in (2.28) that the Witten index has the form (we neglect the
dependence on the radius of the torus)

Zrp(r,T) = Try [(—1)Fq1q"e] .

Now, since we have compactified the spatial direction on a circle of radius R, the
momentum operator, given by (Hgr — Hy), is quantized and it takes values in Z. This
allows us to decompose the Hilbert space of the full theory as the sum of the eigenspaces
of the momentum operator

H=EPHr.

kEZ

In this way we have that the elliptic genus can be decomposed as
_ _ _\H
Zrr(7,7) = Try [(—1)F "7 (qg) "] =

=3 ¢" Trw, [(1)F (qg) ™) =
P

= qu Tryy, [(—I)Fe_fBHR] .
k

We have computed the g-expansion of the elliptic genus, obtaining that, for each k,
the coefficient of the expansion is given by the index of a SQM with Hilbert space Hy,
Hamiltonian Hp and supercharge Q such that Q% = Hg. As we have seen, since we are
considering the case of a compact theory, we have that the index Try, [(—I)F e*BHR] is
simply given by the difference between bosonic and fermionic ground states, which is of
course an integer. Hence we conclude that the g-expansion of the elliptic genus Zggr(7,7)
is integral.

These properties allow us to see the elliptic genus as a map from the (not yet defined
properly, but whose meaning is clear) set of supersymmetric quantum field theories SQFT
and the set, which is actually a ring, of weakly holomorphic integral modular forms!!
wMF7, namely

ZRR( . ) : SQFT — WMFZ .
1071 this case we avoid to write the dependence on the radius of the circle on which we compactify the

spatial direction, however it is understood.
"The ring of weakly holomorphic integral modular forms is a graded ring, given by the direct sum of
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2.3.3 Atiyah-Singer index theorem

In this paragraph we are going to focus on supersymmetric quantum mechanics in order
to state a crucial theorem known as Atiyah-Singer index theorem.

Let us consider a supersymmetric quantum mechanics (SQM in what follows), given
by an Hilbert space H, a supercharge () and an Hamiltonian H. In particular, let us focus
on the case of a SQM model describing a supersymmetric particle moving on a compact
space M without boundaries and with even dimension. In the situation described above,
the supercharge () can be identified with the Dirac operator of the theory iy* D, and
hence the Hamiltonian as the Laplacian. Using a basis in which the chirality operator of
the field space, and in turn the fermion number operator, is diagonal

0 =n=(y 5)

we have that

0 Lf L'L 0
Al _ H — 2 _
Q_”D“_<L 0)’ _Q_<0 LLT)’

where the form of the supercharge is clearly compatible with the fact that it exchanges
bosons with fermions and vice-versa. Decomposing again the Hilbert space in the
eigenspaces of the chirality operator, in the same way as we have done in (2.22), we see
that

L:Hy — H_, LN :H_ — H, .

Furthermore, let us notice that
(ker HYNHy =ker(LTL) =ker L,  (ker H)NH_ =ker(LL") = ker LT .
Proof. Let us focus on the second equivalence. If [1)) € ker LT we have that
LL'[y) = L(L"|¢)) = L(0) = 0,

which means that
ker LT C ker(LLT) .

Conversely, given [1)) € ker(LL') we can write

0 = (Y|LLTY) = (LTy|LTy) = HLW’HQ ’

all the sets of weakly holomorphic integral modular forms of weight k; in formulae, called wMFZ the set
of weakly holomorphic modular forms of weight k, we have that the graded ring of weakly holomorphic
integral modular forms is
wMFz = @ wMFy, .
k>0
The same comment is true for holomorphic integral modular forms, in which case their ring is labelled as
MFz.
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from which LT |¢) = 0 and |¢) € ker L. In this way we have shown that
ker(LL') C ker LT |
and so
ker(LLT) = ker LT .
The first equivalence follows exactly in the same way. O

Remembering that only ground states contribute to the Witten index, we conclude
that

Try [(—1)Fe "] = dim (ker(L'L)) — dim (ker(LL")) =
= dim (ker L) — dim (ker L) =: ind (i7*D,,) , (2.30)

or, in other words, the Witten index equals the so-called index of the Dirac operator
ind(iv*Dy,).

We have shown in section 2.3.2 that, if the theory is compact (i.e. the spectrum of
the Hamiltonian is discrete), which in this case means that the manifold M is compact
and without boundaries, we have that the Witten index is independent from . For this
reason we can equivalently compute it in the limit g — 0, which gives us a different way
to interpret the index.

The Witten index can be expressed as an Euclidean path-integral

Try [(—1)Fe_ﬁH] = / DDy Dipe Sl#¥]
PBC

where the fields ¢(t) and v (t) are periodic in the Euclidean time with period §. The
action of the SQM is of the form

/ dt( gri(p)¢' ¢’ + %QIJ(SOWIDWJ) :

where the dot on the fields stands for derivative with respect to the time, while g7 is the
metric on the manifold M. The fact that metric depends on the scalar fields ¢ makes the
action very complicated in principle. However, it greatly simplifies in the limit 8 — 0.
Indeed, we can expand the fields in terms of the infinitesimal variations

ol () =@y +807(t), W) = v + 807 (t)

where the variations are periodic. Hence, we can take the Fourier decompositions

+oo
2min J omint
5o’ ( (t) \f Z 57 ( (t) \f Z 3 one ,

n=—oo n=—oo

|+

and the same for 61”7 (¢). The non-zero modes in the Fourier expansion vanish due to
periodic boundary condition, and so the fields read

1 1
ol (t) =i + ﬁ&ﬂg ) Pl (t) = v + 756%] .
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Substituting these expressions in the action we can expand it at the lowest order in 5,
which corresponds to take the second order in the fluctuations, and, rescaling t — (Bt, we
arrive to a quadratic action in the fluctuations themselves.

In this way, the functional integral is simply a Gaussian path-integral which can be
evaluated, giving us the regularized determinant of the kinetic operators. This determinant
depends on the zero modes of the fields, and can be shown'? that its integration on these
modes corresponds to the integration of the so-called Dirac genus A on the manifold M.
In conclusion, we arrive to the identity

lim Tr [(—1)F6_BH] = / A.
B—0 M

Since the Witten index on the compact manifold M does not depend on 3, we have that
the limits for 8 — oo and 8 — 0 have to coincide, which gives us the Atiyah-Singer
index theorem

ind(iv*D,) :/ A.
M

Let us conclude this section noticing that, from this theorem, a property of character-
istic classes we have encountered yet follows. In particular in 2.2.3 we have used the fact
that the integral of the first Pontryagin class p; on a 4-dimensional manifold with spin
structure is a multiple of 48. But, for this type of manifold, a direct computation shows

that
qiom

487
hence

D1 . .
o =ind(iv*D,) € Z,

which is fulfilled only for p; multiple of 48.

12For details look at [Win84] and [Eril4].



Chapter 3

The Stolz and Teichner program

In the previous chapter we have seen that if k is divisible by 24, then the sigma model
with target S® and Wess-Zumino coupling k can be continuously deformed flowing up and
down the RG trajectories in a model which spontaneously breaks supersymmetry. Then
we can ask if this sufficient condition is also necessary. In order to answer this question
we need to find a sufficiently refined invariant of our theory. The first idea is to use the
usual Witten index, however can be shown that

Zrr(Sy) =0,

hence we have no information from the Witten index regarding the spontaneous breaking.
This means that the Witten index is not a complete invariant. The way to overcome this
difficulties comes from a conjecture due to Stolz and Teichner ([ST04], [ST11]) which
introduce a new secondary invariant that can be seen as a topological version of the
Witten index. In particular they propose that the Witten index

ZRR( ) : SQFT — wMFyz ,

can be lifted to a topological Witten index Z}é}g, from the set of SQFT to a particular set
known as Q-spectrum of topological modular forms TMF, namely

Z@P(+) : SQFT — TMF .

The crucial assumption of the conjecture is that this new invariant is complete, that is, it
gives an identification
SQFT ~ TMF .

Thanks to this last assumption, we have that two theories are homotopic to each other,
that is, they can be deformed one into the other, if and only if they are in the same
TMF-class. The problem consists in the fact that this topological Witten index has, again,
a non-vanishing kernel. However, its kernel is composed by all the torsion classes of TMF,
which gives us the chance to introduced also invariants useful in studying these elements.

In what next we are going to explain what are the sets involved in this conjecture,
what are the problems that this conjecture presents, and then, once assumed as true, to
see what are its consequences and how it helps in solving our problem for the sigma-model.
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3.1 Topological modular forms

First of all we want to focus on the study of TMF. The idea of this section is to figure
out how this construction works, not being too much deep, since its definition is highly
non-trivial. In particular we will try to underline the properties that will help us to give
a more refined structure to the set SQFT. For more details on the construction of TMF
look at [Hop95], [Hop02], [Goe09], [Lur09] and [Dou+14].

3.1.1 Mathematical preliminaries

Let us start giving some basic definitions from algebraic topology, which will be useful in
next sections. The first step consists in defining the principal tool of these type of studies,
that is the definition of a category.

A category C is defined as the datum of a set Ob(C) of objects of C, for each two
objects X,Y € Ob(C) a set Hom¢(X,Y') of morphisms between X and Y, and, for each
three objects X,Y,Z € Ob(C), a map

“o” :Home(X,Y) x Home(Y, Z) — Home (X, Y)

(f.9) rgof

called composition of morphisms. This composition has to satisfy two properties, namely

to be associative, that is, for all morphisms X i> y % 7 by W, we have

(hog)of=ho(gof).

Also, for every X € Ob(C), there exists an identity map idx € Home (X, X), such that
V f € Home(X,Y) and Vg € Home (Y, X)), we have

foidx = f, idyog=g.

Going on, a functor encodes the idea of a “function between categorie”. Formally, given
two categories C and D, a functor F : C — D consists of a map

F : Ob(C) — Ob(D) ,
and, for all X, Y € Ob(C), of a map
F : Home(X,Y) — Homp(F(X), F(Y)),
such that, for all X € Ob(C)
F(idx) =idpx) ,

and for every functions X i> y 4z , we have

F(go f)=F(g)o F(f).

Then, we are ready to introduce the other main object of our discussion, that is
cohomology theories. A cohomology theory H is a collection of functors H" and of
maps 6" which satisfies the following axioms, also called Eilenberg-Steenrod axioms:
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1. for eachn € Z, H" is a contravariant functor from the category of pairs of topological
spaces (Y C X) to the one of abelian groups. This means that it associates to a
pair of topological spaces (X,Y") (that is a topological space X and a subspace of it
Y C X) an abelian group H"(X,Y’) known as n-dimensional cohomology group of
(X,Y); also to a function of topological pairs

f:(X)Y)— (X, Y,

that is a continuous map f: X — X’ such that f(Y) C Y’ it associates an
homomorphism of abelian groups

H™(f) : H*(X',Y') — H*(X,Y) .

called induced map. In particular this mapping has to be compatible with the
composition of morphisms in the two categories;

2. if f: X' — X is a weak homotopy equivalence, that is it induces an isomor-
phism of homotopy groups for all basepoints x € X

(X, ) = m (X, f(2)) Vn>0;
then the induced map H"(f) is an isomorphism
H*(f) : H*(X) = H"(X') ,
where we have H"(X) := H"(X, 0);

3. to every triple of topological spaces Z C'Y C X, there exists an associated long
exact sequence

L HY(X,Y) — HY(X, Z) — HY(Y, Z) S5 H P (X, Y) — ...
Asking for the sequence to be exact means that, given any two subsequent arrow
RNy NG

we have go f =0 and Im f ~ ker g. The maps 6" are called connecting morphisms,
while the other arrows are induced by inclusions;

4. let A,B CY be two subspaces such that the union of their interiors is equal to 'Y
itself. Then the inclusion (A, AN B) — (Y, B) induces an isomorphism

H"(Y, B) = H"(A, AN B)

for alln € Z,;
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5. given a family of spaces {X;} such that
| |[xi=X,
i
then the map
H"(X) — [T, H"(X,)
is an isomorphism for all n € Z;

6. if X = { point}, then
0 ifn#0

HWX):{Z ifn=0.

Given a cohomology theory H, we indicate the graded abelian group

+0o0

H*(X,A) := @ H*(X,A),
and define the coefficient group
+oo
H® := H*(point ) = @ H"(point ) .

Actually most of the cohomology theories we are interested in do not have the
cohomology of the point concentrated in degree zero. This motivates the definition of
generalized cohomology theories, for which we require the same axioms as before
except 6. We can also require other properties for our cohomology theory. In particular
we will say that a cohomology theory is multiplicative if H*(X) is equipped with a
structure of graded commutative ring, given by a multiplication map

H*(X) x H(X) — HM(X) |

with the following grading
a-b= (_1)\a| by . q

for
a e HY(X), be HPl(X).

Moreover, a multiplicative cohomology theory H is even if
H**()y=0 VieZ,

while it is said to be periodic if there exists an element § € H™"(-) for some n € Z
which is invertible in H®(-), namely 3 has an inverse 3~ € H™(-).
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3.1.2 The construction of TMF

In order to figure out how TMF can be defined, we have to start finding some invariants
which allow us to study the cohomology H®(X') associated to a vector bundle on X. We
can simply focus on line bundle and try to generalize the idea of the Chern class, which is
a complete invariant for line bundles. It is a well-known fact! that the infinite dimensional
complex projective space CP* is a classifying space for complex line bundles. This means
that, for any complex line bundle L on a (well-behaved) space X, there is a classifying
map ¢ : X — CP* and an isomorphism L ~ ¢*£(1), where £(1) is called universal line
bundle. In the case of ordinary cohomology, for the first Chern class, we know that the
cohomology ring of CIP*® on Z is the polynomial ring generated by the first Chern class ¢
of the canonical line bundle, i.e.

H*(CP>,Z) = Z[t] .

The computations? for this equality relies on the fact that all the cohomology groups
of CIP* on Z of even degree 2i are isomorphic to each other and they are infinite-cyclic
generated by the i-th power of the first Chern class of the universal line bundle. Also,
the cohomology groups of odd degrees are zero. This isomorphism can be extended in the
case of a generalized cohomology theory, as®

H*(CP*) ~ H*(point)|[[c1]] = H*[[¢1]] ,

where c; satisfies analogous relations to the ones satisfied by the usual Chern class. In
particular this implies that, given two line bundles L and Lo,

c1(Ly ® Ly) = F(ei(Ly),e1(L2))
where F' is a formal power series known as formal group law and satisfies the following
properties:
1. F(z,0) = F(0,z) = x;
2. F(x1,m9) = F(x2,11);
3. F(F(:Cl,ajg), :cg) = F(ml ,F(xg,:cg)).

A formal group law gives to the commutative ring H*[[c;]] the structure of a so-called
formal group*, which is canonically associated to the cohomology theory H. In this way
we have found that a choice of a formal group law corresponds to a choice of a cohomology
theory. Furthermore, we have that formal groups are related to algebraic groups. Hence,
given a one dimensional (connected) group variety G over an algebraically closed field &,
we can have one of the following possibilities:

'For details look at [Nakoo].

2For the complete proof look at [[Tat02].

®Let us recall that, given a ring R and a letter X, we define as R[X] the ring of polynomial > ; a; X"
for all n € Z with a; € R; furthermore, we define as R[[X]] the ring of formal series in X, that is the
ring with elements given by >-°° a; X*® with a; € R. These elements can be seen as polynomials with
infinite terms or, equivalently, as power series without the requirement of convergence.

*For details on this construction look at [Dou ' 14] and the references therein.
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1. G = G, the additive group,
2. G = Gy, the multiplicative group,
3. G is an elliptic curve.

We want to focus on this last possibility, which gives rise to the so called elliptic
cohomology theory. Roughly speaking, we have that there is a cohomology theory for
every elliptic curve.

Before going on, let us briefly recall what an elliptic curve is. An elliptic curve over
a field k, is a non-singular curve C in the projective plane P? defined by a cubic equation
and such that its intersection with the line at the infinity is given by a point [0 : * : 0]. In
formulae, the line at the infinity is Pl = [0 : * : %], hence we need

CNPL=[0:%:0].

In affine coordinates® (z,v), an elliptic curve can be written in the co-called Weierstrass
form
y2 + a1xy + azy = z3 + azl‘g + a4 + ag -

If the characteristic of the field k is neither 2 nor 3, we can rewrite the cubic which
describes the curve as, after a change of coordinates
y? = a3 — 27cqw — Hdcg

where we have defined

cg = (bg)? —24by,  cg = (ba)® + 36boby — 216bg ,
by = (a1)2 + 4as , by = 2a4 + ajaz bg = (a3)2 + 4ag .

A crucial quantity is the discriminant of the cubic, defined as
A = —(b2)%bg — 8(by)> — 27(bg)? + Ibabsbg

where
bs = (a1)%ap + 4asag — arazas + az(az)® — (aqg)? .

In particular it can be shown that the Weierstrass curve is singular if and only if A = 0.

A peculiar characteristic of elliptic curves is that they can be described as an algebraic
group, defining a group law on their points. This is done as follows. Being defined as
a cubic, intersecting an elliptic curve C' with any line in P? will provide three points
(counted with multiplicity) of C. Hence, given two points P and @ on the curve C, we
can sum them in the following way:

e let [ be the line containing P and @ (or tangent to C' at P if P = Q);

5Let us recall that, given a generic projective space and an hyperplane H C PP, the set P\ H is naturally
endowed with a structure of an affine space, and given a set of coordinates on P, [Xo : X1 : ---: X,,] such

that H = V(Xjy), the associated affine coordinates on P\ H are given by the ratios (%, e, f{—:’))
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e let R be the third point in the intersection [ N C'
e let us consider the line I’ passing through R and the point e = [0:1: 0];
e let us define the sum P + @ as the third point in the intersection I’ N C.

This construction gives us an abelian group structure on the points of C' with identity
element e = [0 : 1 : 0]. The inverse of this statement is the one we have cited above,
according to which, given a one dimensional algebraic group over an algebraically closed
field k, it can be the either the additive group, or the multiplicative group or an elliptic
curve.

At this point we want to find a sort of “universal” elliptic cohomology, that is a
cohomology theory which we can vary in order to obtain all the other elliptic cohomology
theories. However, to find this universal elliptic cohomology is not an easy task. What
can be done is to find a way to associate an elliptic cohomology to a properly defined set
of maps related to elliptic curves

O : { maps related to elliptic curves } — { elliptic cohomology theories } .

However in order to extract from this a global information, we have to do some work on
the target space.

We want now to figured out the behavior of the target space, which gives us information
on this universal cohomology theory, which is the set TMF we are interested in. The
first step needed consists in replacing the set of cohomology theories by a set of their
representatives. From the so-called Brown’s representability theorem, we have that any
cohomology theory H has a representing sequence of spaces F,, such that, for a well-
behaved topological space X, we have

H"(X) ~ [X, E,],

with [X, E,] the set of homotopy classes of maps from X into F,. By duality, it can
be defined a homology theory associated to the same sequence of spaces, which we call
H, (X). They are naturally related by the following relations

me(H) :=He ~H™* |
where, of course,

+oo
H, := Hq(point) = @ H,(point ) ,

n=—oo

is the coeflicient group of the homology theory. The connecting maps of the cohomology
theory, 0™, endow the sequence of spaces F,, with an additional structure. Indeed, they
induce a series of maps®

Spt En — QF, VYnez,

5We will prove this sentence in Appendix A.
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such that the s,,’s are weak homotopy equivalences. In other words, they induce isomor-
phisms between all homotopy groups

sbom(Ey) =5 m(QFBny1) ~ 741 (Ent1) VieZ.

Here we have that the space QF,, is the loop space of E,, that is the space of based
loops in E,, or, in other words, the set of the maps from the circle S to E,,, such that a
chosen basepoint on S' is mapped to a chosen basepoint in E,. A sequence of spaces
with the properties above is called 2-spectrum.

This construction allows us to replace as target space, the space of cohomology theories
with the one of Q-spectra, on which can be introduced global notions. However, the
structure is not yet sufficiently well-behaved to give us a way to define it properly. So now
we restrict our attention to multiplicative cohomology theories, which are represented
by a more rigid structure, known as Fy.-spectrum. In order to introduce this notion,
we need to define the Eo-ring (space), which can be defined, roughly speaking, as a
topological space A, equipped with the structure of a ring, for which the sum commutes
up to homotopy. Any F.-ring A determines a cohomology theory Hy, that is, for a
well-behaved topological space X, we have that

H,"(X) ~ m, Hom(X, A) forn >0,

where Hom(X, A) is endowed with a structure of E-ring, obtained computing all the
operations pointwise. This definition gives us a connective cohomology theory, that is, it
has the property that the n-th cohomology of a generic space X vanishes for n > 0, i.e.

H"(X)=0 forn>0.

However, in general, we need to describe theories which are not connective. For this
reason we want to introduce a slightly more general notion than F.,-ring. In particular,
we define the Fy-spectrum, which is an Q-spectrum endowed with the structure of an
FE-ring, in such a way that the related cohomology theory has all the good properties that
characterize a cohomology theory associated to an E.-ring, but without the requirement
to be connective’. With this last definition we have the possibility to define the "universal"
elliptic cohomology TMF, which, for these reasons, results to be an E..-spectrum.

The spectrum TMF we define in this way, owes its name to the fact that the ring of
its homotopy groups is rationally isomorphic to the ring of weakly holomorphic modular
forms wMF, that is

D m(TMF) —— wMF, ~ Z[cs, c6, AT'] /(c} — c§ — 1728A) . (3.1)
. rational
Here ¢4 and c¢g are the forth and the sixth Eisenstein’s series, which are modular forms of
weight 4 and 6 respectively, and defined as, in the general case of a k-th series

1 1
ck(z) =5 Z G dF

c,dEZ
ged(e,d)=1

"We gave very rough definitions of Fuo-ring and Fso-spectrum, just to give an intuition of some of
their properties. The precise definitions are much more delicate and require some particular attentions
on the condition “up to homotopy”. For details some references are [May77], [May09], [Lurl7].
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The element A instead is the discriminant, and is a weight 12 integral modular form
defined by

o

A(z) — 2miz H (1 _ 627rinz)24 ]
n=1
It is clear from how this ring is defined, that it is periodic. However, as we have said,
the map is an isomorphism only over rational numbers, and in particular can be shown
that the discriminant, which corresponds to the periodic element of wMF,, is not in the
homotopy groups of TMF. Nevertheless its twenty-fourth power is

A24 S T942 (TMF) s

and this means that TMF is periodic with period 242 = 576.
The map in (3.1) comes from a well-known map called elliptic genus map

7 (tmf) — MF%/2 VYnez.

Here we have identified with tmf the non-periodic and connective version of TMF, where
connective means that
Wn(tmf) =0 Vn € Z<0 ,

while MFZ is the graded ring of integral modular forms. This map is not an isomorphism
in general, since it has both kernel and cokernel. In particular, the kernel is the ideal
generated by all the torsion classes, while the cokernel is described by

24 _

coker (7, (tmf) — MF%) = (Z/QZ)[HTZS] n=4 mod 8,

0 otherwise .
However, the elliptic genus becomes an isomorphism over rational numbers, namely

i.e. the ring of homotopy groups of tmf is rationally isomorphic to the ring of integral
modular forms. This version of the spectrum of topological modular forms is related to
the periodic one via

TMF = tmf[A™%]

or, at the level of homotopy groups,

To(TMF) = o (tmf)[A™21] .

3.2 Supersymmetric Quantum Field Theories

Now we want to describe the other construction introduced in the Stolz and Teichner
conjecture, namely the set of (141)-dimensional supersymmetric QFT. The first difficulties
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in this definition arise from the fact that, even if from a physical perspective it is clear
what a QFT is, we have not yet a precise mathematical definition. The first attempt
to formalize this concept was done by Atiyah [Ati89] and Segal [Seg02], who give a
geometrical interpretation of a QFT as a functor between two properly chosen categories.
An important step forward, that is the one necessary for our purpose, was done in two
articles by Stolz and Teichner ([ST04], [ST11]), who gave a more refined, but not yet
complete, definition of supersymmetric QFT’s.

What we are going to do in the next part, is to give a precise formal definition of a
QFT in a functorial perspective in a particular case, namely the topological quantum field
theory (TQFT), trying to justify as much as possible our construction from a physical
point of view. Then we will see how this definition has to be reformulated in order to
describe the so-called supersymmetric Fuclidean field theory, as it was done by Stolz and
Teichner in [ST11], focusing on showing where the difficulties arise.

3.2.1 Topological Quantum Field Theory

Before starting giving the definition of a TQFT, let us recall some trivial facts about the
path integral. It is given by

7= /ch e S

where ® : M — X is a smooth map between two Riemannian manifold M (the spacetime)
and X (which, once chosen, gives us the nature of ® as a physical field -scalar, spinor,
vector, ...-), S[®] is the so-called action functional and is usually of the form

S[@] = /M Vdetgd'z £(®(z), 0,8(x)) .

with y/det g d"x the volume form on M and L the lagrangian density. Then [ D® is an
integral over all ®, which actually has no meaning in general. Despite it is not well-defined,
the path integral approach gives us a lot of information about the theory, and in particular
allows us to compute correlations functions. So let Oi,..., O, be n observables, i.e.
functions from the set of field configurations to complex numbers

O1,...,0,:{®: M - X} —C

Then we have that the correlation function of the observables Oy,..., O, is
1 _
<@1...@n>g: Z/D(pol...one Sie]

where ¢ stands for the metric on M. If this correlation function is independent of g we
have a topological quantum field theory.

Definition

What we want to do now is to see a quantum field theory as a way of transporting
the geometric and dynamical structure of spacetime into the algebraic description of
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physical states and observables, that is to see it as a sort of map between geometry and
algebra which preserves certain structures. In the particular case of a topological quantum
field theory, to formalize this idea is relatively easy and was done by Atiyah and Segal
introducing the following definition

Definition 3.2.1. An n-dimensional (oriented closed) TQFT is a symmetric
monoidal functor
FE : Bord,, — Vecty, .

Now we are going to explain what this definition actually means, while then we will try
to make a comparison between the properties of the path integral and the one of this
definition.

Let us begin with Vecty. Its objects are k-vector spaces, with k a field, and morphisms
are k-linear maps. As we know, compositions between morphisms are required in the
definition of category, and in this case are trivial. However for this category we have
an additional structure, indeed it is a monoidal category, which means that objects
have a composition law too. In particular, given U, V € Vect; we can compose them as
U ®p V € Vecty, which respects the properties we require for a composition of morphisms,
namely it is associative up to isomorphism

U V)W ~U®; (Ve,W), (3.2)
and k € Vecty is a unit, since
kRprVVeeVepk.
Moreover, since we can also take tensor products of linear maps, ®y is a functor
®y : Vecty, x Vect, — Vecty, .

We can go on and notice that the monoidal category Vecty has also a symmetric structure:
given U, V' € Vecty, there are natural isomorphisms, known as braidings, such that
BU,V: U®kV*>V®kU

)

URXRUH——vRUu

compatible with the isomorphism (3.2) and with the symmetry property
Buy = 5‘7}1 .

Then, let us focus on the symmetric monoidal category Bord,,. Its objects are oriented
closed (n — 1)-dimensional real manifolds for some fixed n € Z>; (from the physical
perspective, we can think of one of these manifolds as a sort of spacial slice of an
n-dimensional spacetime).

Now given F, F' € Bord,,, a morphism in the category between these two objects £ — F
is the equivalence class of a bordism from F to F. A bordism F — F is an oriented
compact n-dimensional manifold with boundary M, together with smooth maps

tin: B — M, tout : F— M,
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with image in M such that
Tin Utout : EUF — OM

is an orientation-preserving diffeomorphism, where E denotes E with the opposite orien-

tation. Two bordisms (M, tin, tout), (M', il 1)) : E — F are said to be equivalent if

there exists an orientation-preserving diffeomorphism 1) : M — M’ such that the diagram

M
lin wt
E ¥ F
M/

commutes.
Composition of morphisms M; : B — F and Ms : F — G in Bord,, is given by gluing
My and Ms along F. As we have said, the category Bord,, has also the structure of a
monoidal category with “multiplication” given by the disjoint union, which is associative
by definition, and with unit element given by ) viewed as an (n — 1)-dimensional manifold,
since

PUE=E=FEUD

for all E € Bord,,.

Then can be shown®, via the so-called cylinder construction, that a diffeomorphism
between two (n—1)-dimensional manifolds (which can be seen as objects in Bord,,) induces
an isomorphism between the two in Bord,,. This implies that the natural diffeomorphism
E U F — F U F induces an isomorphism which is the symmetric braiding

ﬁEvptEl_lF*)Fl_lE

in Bord,,.

Motivation

Now we want to compare this functorial definition” with the path integral formulation,
remembering that we suppose the path integral to be always well-defined, even if it is not
true in general.

1. From a path integral point of view, we expect that a TQFT associates to an (n — 1)-
dimensional oriented manifold E a Hilbert spaces Hg of states on . We can think
of HE as the space of functionals on the classical fields on FE, that is the space of
the maps

{F - X} — C.

8For details look at [CR18].
For all the missing details on this part look at [CR18] and the references therein.
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On the other side, looking at the functorial definition, we have that it assigns objects
to objects, i.e. to an (n — 1)-dimensional manifold F € Bord,, a C-vector space
Z(FE), which corresponds exactly to Hp.

Here we have an apparent difference between the two approaches, since the path
integral gives us an Hilbert space, while the functor a C-vector space. However, it
can be shown that there is a non-degenerate pairing between Z(E) and Z(F), that

is Z(E) ~ Z(E)*, which gives to Z(FE) the structure of an Hilbert space.

2. Let ¢ be a field on F and consider the path integral over the fields ®’s on the
n-dimensional manifold M with boundary OM = E, where the ®’s restrict to ¢ on
the boundary, i.e.

Z(M)(p) = /Dq)e_S[q)]"ionMs.t. N (3.3)

Hence we have that the right-hand side produce a number for each ¢ : £ — X we
plug in, or, in other words, we have obtained a functional on fields on E associated
to the manifold M

Z(M): {F - X} — C.

So, from the path integral point of view we expect to obtain a vector Z(M) € Hg
for each oriented n-manifold M with boundary OM = FE.

On the other hand we know that a functor assigns morphisms to morphisms. This
means that Z produces, for every bordism M : E — E’, a linear map

Z(M):Z(E)— Z(E"),

which we can think of as describing the evolution along M. In order to relate to the
path integral above, we need to think of an n-manifold M with boundary OM = FE
as a bordism M : ) — E. Can be shown that Z(0)) = C, in such a way that we
obtain

Z(M):C— Z(E),

which is the same as giving an element in Z(F) = Hg by taking the image of 1 € C.

3. Let us consider the space C(E1UFE3) of maps from E; LI Es to some manifold (i.e. the
one needed in order to describe the particular field we want), which can be seen as
the set of classical fields. It is quite trivial to see that it equals the Cartesian product
C(E1) x C(E»), and we have that the linear space Hp of functionals C(E) — C
satisfies

7-lE'l\_leg - HEl ® HEQ .

Hence we require that, given an (n — 1)-manifold E which is a disjoint union
E = E; U E5, we have
He =He, @HE, -
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Similarly we would like the action to be “local enough” so that, given a field ®
defined on M LI M5, we have

S[e] = S[®|,, ] + S[®],,],

and so the path integral in (3.3) splits into a product. We can restate this saying
that given two n-dimensional manifolds M7 and Ms with OM; = Ey and OMs = Es,
we expect that

Z(My U M) = Z(M) ® Z(My) .

Indeed we have required the TQFT to be a symmetric monoidal functor, so it has
to be compatible with the structure in the target and in the source, which gives us
the isomorphisms

ZW)~C, Z(EUF)~Z(E)®c Z(F),

compatible with the associativity of the products and the braidings; in particular
we can assume Z(()) = C.

It seems we have not described the behavior of the TQFT under the disjoint union
of n-dimensional manifolds, however from a general statement about symmetric
monoidal functors (the same we are going to use in what follows to solve some
apparent incongruences) follows that it is not the case, being this behavior a
consequence of the structure of the functor.

. What we want to require now is that, if we compute the path integral on a thin

cylinder, we can distinguish any two states placed on one boundary by selecting
an appropriate state to place on the other boundary. This allows us to introduce
somehow the idea of physical states. Indeed, an example in which this does not
happen is gauge theories if we do not identify gauge equivalent field configurations.
In this case, the corresponding state would be indistinguishable for thin cylinder
and so describe the same physical state.

In order to translate this requirement in a way which can be compared with the
functorial definition, let us consider a cylinder M = E x [0, 1], from which we obtain
an element Z(M) € Hg ® Hz. We expect this element to be non-degenerate in
the following sense. Given two elements u, v € Hy, if the contraction of u with
the tensor factor relative to Hg of Z(M) via the scalar product (-,-) is equal, as
an element of Hg, to the same contraction but with v, then we have u = v. This
condition gives us an anti-linear injective map Hz — Hg.

From the functorial perspective this is a bit more difficult to see, and is due to the
fact that a functor maps the identity to the identity. So we get

Thanks to the statement we cited above, this equality translates in the non-
degeneracy condition required.
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5. We want to have the possibility to sum over intermediate states. Thus, referring
to (3.3), given an (n — 1)-dimensional manifold U, we want that the integration
over all & with <I>‘ 5 =  can be split in an integration over all the configuration @
with <I>|E = ¢ and @}U = 1) for some 1 € C(U) and then an integration over all v,
in formulae

Z2(M _ D D —S[?] .
( )(gp) . /U ¢/ ¢ }(I) on M s.t. Cp‘aM:SOy (I"U:"/}

In order to compare with the properties of the functorial definition we need to restate
this condition in a more handy way. So let us consider an n-dimensional manifold M
with boundary OM = E and let us embed a closed (n — 1)-dimensional manifold U
into M. Then we cut M open along U. It is quite trivial to see that this operation
produces a new n-dimensional manifold N with boundary 9N = E LU UU. Now
let {e;} be an orthonormal basis of Hy and let €; be the preimage of e; through
the map Hy — Hy defined above. We require that

Z(M)=> (e;®e, Z(N)) € Hp,

where we think of
<ei®E¢, > :HE®/HU®Hﬁ*>'HE.

This property is linked to the fact that a functor is compatible with compositions,
that is, given two bordisms

M:EFE—F, N:F—G,

we have
Z(MUp N)=Z(M)oZ(N) .

Here there is a difference with the path integral motivation. Indeed we have required
the gluing of manifolds to compose always disjoint n-manifold, which is not what
in general happens if we cut a n-bordism along any embedded (n — 1)-dimensional
manifold. However also this difference, as the previous ones, is only apparent and
solved by the statement cited above.

3.2.2 Supersymmetric euclidean field theory

Now we want to explain how the definition of a TQFT has to be generalized in order to
allow us to state properly the conjecture made by Stolz and Teichner. Unfortunately, the
precise definition is very technical, hence we are only going to sketch the main features,
underlying the aspects of the previous definition of TQFT we need to refine. For the
precise construction look at [ST'11].

First of all we need the field theory defined as above to satisfy also the following
requirement. Given a (n — 1)-dimensional closed oriented manifold E and a n-dimensional



62 3. The Stolz and Teichner program

bordism M of E, we need the vector space Z(E) to depend smoothly on E and the linear
map Z (M) to depend smoothly on M. In order to make this requirement precise, roughly
speaking, we should replace the categories involved in the definition by a family version,
in which objects are families of closed (n — 1)-manifolds or of vector spaces, parametrized
by a smooth manifold X, and the same for morphisms.

Then, as we have said, we are interested in FEuclidean field theories, namely, the
(n — 1)-dimensional closed oriented manifolds in Bord,, and the n-dimensional bordisms
have to be endowed with an Euclidean metric, which in this case means a flat Riemannian
metric (in contrast with a language more common in physics, for which “Euclidean” is
used to indicate Riemannian metrics in contrast with Lorentzian ones, hence without the
flatness requirement). This particular interest is justified by the fact that, for topological
reasons, the only topology for closed manifolds which admits a flat metric is the torus.
Hence, only surfaces of genus one can arise in the bordism category. This is what we need
in order to relate this construction to TMF, in which only genus one information are
used!'?. The requirement for the field theory to be euclidean is solved by endowing our
definition of a particular structure known as rigid geometry (G, M) with G a Lie group
and M a manifold, and properly choosing them.

Another structure we have to endow with our definition of QFT is supersymmetry,
defining what we call supersymmetric field theory of dimension n|d, where § € Z>g. Let
us make some comments on how to read this definition from a physical perspective. In
particular, we have that the non-negative integer § stands for the number of supersym-
metries. Usually in physics we label supersymmetry with respect to minimality, and so
the nomenclature makes sense only with respects to the dimension of the space-time, i.e.
N =1 refers to the minimal supersymmetry, N’ = 2 to twice as much, and so on. In our
case we want to consider theories in (n = 2)-dimensions, and in particular chiral ones
(which can occur only in dimensions n = 2,6 mod 8). Hence with § = 1 we are referring
to N = (0,1) supersymmetry.

Once introduced all these constructions, a good definition of a 2|1-supersymmetric
euclidean field theory can be obtained (in what follows we will refer with no distinction
to them as SEFT or SQFT, with the latter as the preferred notation). What we have
done up to now is well-defined from a mathematical point of view. However we have
not yet given to SQFT a structure compatible with the one of TMF. We are left with
two steps, the first one is to define a degree of SQFT which can be seen as a topological
degree, and the second one is to “reduce” the set of SQFT. Unfortunately, none of these
two steps are well-defined from a mathematical perspective. The problem for the degree
is easily solved in physical terms, considering as the cohomological degree of an SQFT
its gravitational anomaly. Then, in order to relate properly SQFT to TMF, we need
to remove some redundancies in the set of SQFT. This is done first of all taking what
is called concordance classes of SQFT. The physical interpretation of this equivalence
relation is not clear, but the idea we rely on is that theories of the same class are the
ones that can be connected by what we have called in section 2.2.3 flowing up and down
the RG trajectories. In particular, this equivalence gives us the notion of homotopy in

10T et us remember that there is a relation between elliptic curves and tori.
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the set SQFT. For this reason, from now on, when we talk about theories of the same
homotopy type, we mean they belong to the same concordance class. Also we need to
take only local field theories, due to the fact that otherwise there is no hope for this set
to fulfill the axiom 3 on page 49 for the definition of a cohomology theory. But there is
no formal definition of local euclidean field theory.

Hence, at this stage, we can formulate the conjecture due to Stolz and Teichner as

Conjecture 3.2.1. There exists an isomorphism

2/1-EFT? [X] ~ TMF"(X)

loc

where 2|1-EFT], [X] is the set of 2-dimensional N = (0,1) supersymmetric local
euclidean field theories of degree n over a manifold X considered up to concordance,

while TMF s the generalized cohomology theory of topological modular forms.

We need to do two more comments on this conjecture. First of all, we have seen how
TMF is actually a so-called -spectrum, but, even if we have identified a sort of degree
for the SQFT’s, we have not said anything about this type of structure. We will show in
section 3.2.4 that the set of SQFT has a natural structure of an Q-spectrum. Then we
have also seen that TMF has periodicity 242, so we expect that the same property has to
be true for SQFT. However this is not proven yet (and so is one of the fact that makes
this statement only a conjecture). What Stolz and Teichner proved in [ST11] was that
SQFT has a 48 periodicity. In particular, they showed that there exists a field theory
P e 2]0—EFT_48 which is a periodicity element, i.e. it gives an equivalence

2|0-EFT™(X) ~5 2|0-EF T *8(X) .

Also they showed that theories in 2|0-EFT with spin structure are related to 2|1-EFT, so
this periodicity element P € 2|0-EFT translates into a periodicity element in 2|1-EFT.
The hope, pointed out in [ST11], is that, after properly defining the locality condition for
SQFT, the 48 periodicity will turn in a 242 periodicity.

3.2.3 Gravitational anomaly

What we want to do now is to give some elementary notions on gravitational anomaly in
order to explain why we consider it as the cohomological degree for SQFT.

First of all, let us recall that, roughly speaking, anomalies occur when some sym-
metries of the classical actions are not preserved at the quantum level. In particular,
classical symmetries translate into the so-called Slavnov-Taylor identities for the quantum
effective action. In general, these identities are crucial in order to prove unitarity and
renormalizability of the theory. However, in proving the Slavnov-Taylor identities from
the classical symmetries, we need to require the invariance under the symmetries of the
integral measure. If this is not true we have an anomaly, i.e. the quantum effective action
is not invariant at one-loop level. Anomalies occur also in theories with gravitational cou-
plings only, in which case they are called (purely) gravitational anomalies (the term
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purely is due to the fact that also theories with both gauge and gravitational interactions
can have anomalies, in which case they are called mized gauge-gravitational anomalies).
In particular they can occur only in (4k + 2)-dimensional theories with k € Z>( that
contain spin—% or spin—% fields of definite chirality or an anti-symmetric tensor with 2k + 1
indices which obeys a duality condition ( [AW&4]). We will not enter in the details of why
this happens, but we want to give a very rough justification. First of all we can prove that
the only possibly anomalous part of the effective action is the imaginary one. So then,
in order to find matter fields in an n dimensional euclidean space-time, we have to look
at complex representations of the so-called holonomy group of the space-time manifold,
which is O(n) or a subgroup of it. But complex representation of O(n) can be found only
for n = 4k + 2. Then it can be seen that the only representations which actually give
gravitational anomaly are the ones listed above.

As we have said in section 2.3.2, in a non-anomalous theory, the Witten index
is invariant under T-transformation of the modular parameter. If instead F has a
gravitational anomaly w € 3Z we have that Zgp(F) suffers a multiplier under 7-
transformation, i.e.

T[Zrr(F)] = e 2258 Zpp(F) .
In order to explain the reason why this anomalous multiplier appears, let us start recalling
from (1.18) that each free fermion gives to the vacuum energy a contribution of %6. So,
let us consider a generic theory with n bosons and n anti-chiral fermions, with central

charges
3

c=n, c==n,

2
from which the gravitational anomaly is
_ n
w=C—c=—.
2
In this theory we have that the eigenvalue of Ly on the ground states is 0, while the

eigenvalue of Lg on the ground states is 16, since there are n anti-chiral fermions. Hence
it follows that, for a generic state

the eigenvalues of Ly — i are in Z — % ,
+ c n 3 n
the ei 1 fLo— — in7Z+ ——=. -7 .
e eigenvalues of L 51 are in Z + TR

This means that, computing the T-transformed elliptic genus
Zpr(T+1,7+1) =Tr [(—1)%“‘%30_5em(LO‘fi‘fO‘%)} :

from which we conclude

27i

Zrr(t+1,74+1) = G_H%ZRR(T, T) = e_QwWZRR(T, 7)
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However we can “adjust” the Witten index in a clever way, obtaining what is properly
called Witten genus'!, rescaling it in the following way

Zrr(F) = Zpp(F) = Zra(F)n(1)*"

where 7(7) is the Dedekind’s eta function
n(r)=¢"J[a-¢),
j=1

which under T-transformation behaves as

n(r+1) = 6%77(7') .

This rescaling is useful since, in this way, the Witten genus of a theory F with gravitational
anomaly w is a modular form of weight w and trivial multiplier. In particular the
Witten genus maps the theory F € SQFT to a modular form of the same weight as the
gravitational anomaly of the theory Zj,(F) € MF,,. But as we have said, there exists
the elliptic genus map

7y (tmf) — MF,, /o VneZ,

thanks to which, for all n € Z, we can write the following diagram

SQFT ——— MF,, /5

7 (tmf)

The map that fills the dotted arrow is the one conjectured by Stolz and Teichner, and,
from this diagram, where we can substitute TMF to tmf without any difficulties, we see
that, in order to be consistent, the cohomological degree of the theory in SQFT with
gravitation anomaly w has to be given by n = —2w (the minus sign is due to the fact
that we are talking about cohomological degree instead of homological one).

On the n-function in the Witten genus

We have defined the Witten genus for a gravitationally anomalous theory rescaling the
elliptic genus by 7*“(7), in such a way the result to be a modular form with a trivial
multiplier. However, it is useful to restate this procedure in terms of the so-called spectator
fermions.

Let us start considering a SQFT F with gravitational anomaly w. In order to “trivialize’
the anomaly, we can tensor F with the holomorphic theory of n = 2w free chiral fermions

)

Fer(n) := (Fer1 )®n .

"Here we have an ambiguity in the name. As we have seen yet, the Witten index and the elliptic genus
are strictly related, while the Witten genus is the same as the elliptic genus, but rescaled. Despite these
small differences, we will use the three names without making any difference, since the exact quantity
used will be always clear from the context.
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n

The central charge of this theory is 7,

Lo — 57 are in

from which we can deduce that the eigenvalues of

n 1 n n

6 224 "o
Hence we get that, since the elliptic genus of the product theory is the product of the
elliptic genera of the sub-theories, under T-transformation we get an extra factor 3T
which cancel the factor due to the anomaly in F. In this way we conclude that the
product theory is non-anomalous.

Now let us try to compute the elliptic genus of the non-anomalous theory F & Fer(n).
The problem now is that the elliptic genus of the theory Fer(n) is vanishing, due to
the presence of the fermionic zero modes in the Ramond-Ramond sector. Indeed, the
fermionic zero modes, since they are fermionic operators, exchange bosonic and fermionic
states. Also they commute with Ly and hence with the Hamiltonian, and they do not
have neither the kernel nor the cokernel, since (1/§)? = 3. This implies that, for each
eigenvalue of Lg, the number of bosonic and fermionic state is the same, hence the elliptic
genus vanishes.

In order to solve this problem and obtain a non-vanishing result, let us start rescaling
the fermionic zero modes as . .

V' =229y, (3.4)

in such a way that they are the generators of the Clifford algebra Cliff(n)
{v'. 77} =267
Then, let us add to the trace the operator

1 n

%= (=1)iy'
This is such that
e its square is equal to 1;
e it anti-commutes with all the fermionic zero modes.

This implies that, when it acts on the ground states, it acts as the operator (—1)F modulo
a sign (from now on let us choose the plus sign, however nothing change with the opposite
choice). In this way the ground states related by the action of 1§ for certaini =1,...,n
give a contribution with the same sign, and do not cancel each other anymore.

When we consider the action on the other modes w,i, k # 0, the operator v5 commutes
with them, hence things are different. So let us perform the computations. The Hilbert
space of the theory Fer(n) can be factorized dividing the ground states (gs) and the
excited states (es). The n-point function computed on the ground states reads

(—1)F b ™) g = Trgs [(~1)F (—1) 5 - g0 sigho 4]
=275 Trg [(—1)F (=) 47] =
=272 Trgs (’Yg) =1
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The complete Hilbert space is obtained by acting on the vacuum state with creation
operators
- 1
A k>——.
Uy, 5
Since this operators, as we have explained yet, commute with 5, we have that the n-point
function on the whole Hilbert space is

(DT st ) = Trge [(~)F -+ 5] ( Tres [(-1) 7 0~ Hg™0 ] )"

We are considering only chiral fermions, so the operator afo—ﬁ acts trivially. Also let us
remember the expression (1.18) and notice that the fermion number operator factorizes
on the fermonic modes, that is

F:ZFm> Fon=v_¢Yr, k>0,

m>0

while Fp is defined such that it is zero when it acts on |0), while it is 1 acting on g |0).
Hence we get

Tres [(—1)7 207 | = Treq [(—1)Zms0 FrgZiso bo-stiegai | =

1 1
1
=2 Y > e (mayma, | [T fmyma, ) =

m1=0mo=0 k>0
. 1 1
:qﬂ ---(ml,mg,...]H(—l)qukm’“ \ml,mQ,...>:
m1=0mo=0 k>0
) 00 1
=qu [[ D (~1)Fg™
kzlmk:O
) 00
=q2 [J(1 = ¢ =n(r),
k=1

where we have used the fact that a generic state is

Im1,ma ...y = ()™ ()" - ]0)

and the operator ¥_;y is the fermionic number operator for the k-th mode. Hence, we
conclude that
(D)% " ™) gy = 0(7)" (3.5)
When we consider the theory F ® Fer(n), if we compute the n-point function of the
operator (—1)% apl - -4)":, we have that the Hilbert space of the whole theory factorizes
in the Hilbert spaces of the two sub-theories, and the result is given by the n-point
function of the operator in the theory Fer(n), times the elliptic genus of the theory F,
that is
<(_1)% pt- 'wn:>]-‘®Fer(n) =n(1)"Zrr(F) ,

which is exactly the Witten genus we have defined above.
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3.2.4 SQFT as an ()-spectrum

We have seen that the set TMF has a particular structure known as 2-spectrum. Hence,
in order to compare the set SQFT with it, we need the former to have the same structure.
What we are going to see now is that SQFT is naturally endowed with this structure,
without any further requirement. Let us start from the choice of the basepoint for
our spaces. With the definition we have given of a QFT we can define the zero QFT
0 € SQFT*® as the TQFT which associates “0” to every non empty input, i.e. its partition
function is zero, its Hilbert space is zero-dimensional, and so on. In order to give a
physical interpretation to this theory it is sufficient to notice that asking for a theory F
to spontaneously break supersymmetry is the same as saying that the theory F flows to
0 under the action of the RG-flow, where the RG-flow is a canonically defined action of
the monoid R>¢ on SQFT®. In general we will say that F flows to Fig if Fir is the limit
under the RG-flow starting from F. We can consider these two notions as equivalent
for the following reason. As we know, a theory breaks supersymmetry if there are no
supersymmetric ground states, or, in other words, ground states at zero energy. If this
is what happens, the energy spectrum has necessarily some strictly positive minima
(is a well-known fact that, in a unitary supersymmetric theory, the spectrum of the
Hamiltonian is always positive semi-definite). Hence, going down in energy flowing the
RG trajectories, we reach at some point below the minima, a theory with no states, that
is the zero QFT defined above.
Now we have to build the map

SQFT" — QSQFT™H!

and then verify it is a weak homotopy equivalence. In particular, let us notice that,
from the definition of the loop space, a point in QSQFT" is an R-family = — F(x) of
theories in SQFT"™ that reach the basepoint at the “extrema’” of R, hence that breaks
supersymmetry for z < 0 and x > 0, or, in other words, such that F(x) goes to the QFT
0 for z — 4o0.

In order to build the map we are interested in, let us consider the theory Fer!, that is
a conformal field theory of a single chiral Majorana fermion £ with trivial supersymmetry.
The lagrangian is the same as (2.4), that is, recalling that £ is the upper component of a
Fermi superfield A = & + 6F,

_1' 1 2
Lpr= 2§8u§+ 2F .

Let us notice that the triviality of the supersymmetry follows once we impose the equation
of motion for F' given by

0L
— =0 = F=0.
o 0 0

However, breaking conformal invariance, we can endow our theory with a different
supersymmetry. This can be done by adding a superpotential

W(®)=—x z€eR,
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from which
Sw = / dudvdd AW () =
= / dudvdf (£ +0F)(—x) =
= / dudv (—2F) .
From here it follows that the lagrangian of the theory is
) 1 5

and integrating out in a trivial way the auxiliary field F' we get
i 15
LFerl(x) = §§8u€ — §LU .

It gives us a family of SQFT’s depending on a real parameter 2 € R which we call Fer!(z).
Let us notice that now, once imposed the equation of motion of F, i.e. on-shell, we have
that supersymmetry acts on & as

& — x.

Also, the potential energy is constant and, for x # 0, it is strictly positive

1
V:§.’L’2>O,

hence supersymmetry is spontaneously broken. At this point, given a theory F € SQFT",
we define the corresponding family in QSQFT" ™! as F ® Fer!(z), thus defining the map

SQFT" — QSQFT"H!
F +—— F @ Fer!(2)

We have seen that, if z # 0, the theory Fer!(z) spontaneously breaks supersymmetry,
and so the same is true for F ® Fer!(x). This implies that the R-family

r +— F @ Ferl(z)

is actually a point in QSQFT"*!. What we need to do is to verify that this map just
defined is an homotopy equivalence.
Let us start considering the so-called dynamicalization map

QSQFT™! — SQFT"

which, given a point in QSQFT"*!, ie. a family z —> F(z), promotes the parameter
to a dynamical scalar multiplet. This is done substituting the parameter x with a scalar
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superfield ® = ¢ + 0, with ¢ an anti-chiral fermion field. Let us write the result of this

procedure as
x) / F(P)
o

Let us assume, without proving it, that, given a family (33 — .7-"(37)) € QSQFT™ !, the
theory |, o F (®) is compact. This dynamicalization map is our proposed homotopy inverse.
Hence, in order to verify that

F+— {z+— F @ Ferl(x)}

is an homotopy equivalence, it is sufficient to verify that its compositions with f(p are
homotopic to the identity.
Let us start from studying the composition

F+— F @ Fer' (z) — / F @ Fer (®) .
®

Since the copy of the theory F comes out of the integral, it is enough to verify the
dynamicalization [ Fer!(®) to be deformable in a continuous way to the trivial theory
1 € SQFTY. Hence let us come back to the theory Fer!(z) and dynamicalize it. The first
step is to promote x to a dynamical superfield ®

z — &=¢p+iby,

adding of course the kinetic term for it, given by

Sp = ’/ dudv df 8,8D® |,
2

whose expansion in terms of ordinary fields is given by (2.3), that is

Lo = 50updup + g00u0 (3.7
Moreover, we need to modify also the superpotential interaction
W(@)=—x — W(P)=-o,
from which the interaction term becomes
Sw = ! / dudvdd AW (®) =

dudvdl (£ + 0F)(—p —iby) =

-/
/ dudvdf (—&p + 0 — OF ) =
/

YRR

dudv (i€ — Fo) ,
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in such a way that the full lagrangian is

1 ; 1 1
—OupOyp + %gaug + %q/;avq/; + il — Fo+ §F2 .

L =
A+P+W 9

Integrating out the field F' imposing the equation of motion F' = ¢, we obtain

1

Lo 1 i .
Ej; Ferl(®) = 58119081#7 ¥ + ifaué + §¢3v¢ + 1€,

which we recognize as the theory of a massive Majorana fermion

X = (ﬁ) , (3.5)

and of a massive scalar field ¢. This means that the behavior of this theory in the IR is
obtained substituting

©, &Y — 0.

In this way we have found that

F = FeFerl(z) — /f@Ferl(cb) — f@/Ferl@) 2 F,
[ [0

as we wanted.
The other composition is given by

F(x) — [} F(®) — [D F(®) ® Fer!(z) .

Before going on let us notice one fact we have implicitly assumed yet. When we deal with
family of theories, we are considering the case in which the field content of F(z) or every
kinematical information does not depend on the parameter x. What instead depend on
x are the lagrangian, the supercharge and every dynamical information. This is quite
reasonable. Indeed, if a field exists only for certain values of x, it is sufficient to extend
it in such a way that it exists for all x, but it is very massive except for those values it
was define earlier. Even if we are not able to topologize the set SQFT, the idea is that it
should be done in a way that cares primarily about low-energy effective field theories,
hence very massive fields are just small deformations which do not change the homotopy
type of the family F(-).

Now, in order to study the composition above, we need first of all to dynamicalize the
parameter z in the family of theories F(z). Since the action of the theory [ dudv Lr is
supersymmetric, we have that its supersymmetric variation has to be a total derivative,
that is

QILr(z)] = 0.Y"(x) + 0,Y"(2)

for some Y* and Y?. Remembering that Q? = i0, and that the supercharge commutes
with ordinary derivatives, we have

Q*[LF(2)] = i0uLF(x) = QY (2)] + QY ()] ,
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hence

0u(iL7(x) - QIY"(2)]) = .QIY ()] .

Now we want to integrate both sides in [ dv. In doing this, we have that the RHS is
a boundary term, hence it does not depend on the finite values of v. Looking at the
previous identity as an identity of functionals on the fields, we have that also the LHS
has to be independent on the finite values of v. In other words, i£(z) and Q[Y"(x)], seen
as functionals on the fields at finite v, differ by a quantity D which does not depend on .
This allows us to shift the lagrangian as

iLr(@) — iLr(z) = Du(uD)

in such a way that i£(z) and Q[Y ()] coincide, and replacing £(z) with —iQ[Y ™" (z)] we
get the same action. We can write then

QY “(z)] =iLlF(x),
and applying the supercharge () to both sides we obtain
QLr(x)] = 0,Y"(z) = 0,Y (x)

eliminating in this way the Y’ (z) term. Now let us define the quantity

L(z):=—iY(x)+0Lr(z).

This is a superfield, indeed its supersymmetric variation reads

QIL(z)] = —iQ[Y ()] + 0Q[LF ()] = Lr(z) + 00,Y (z) = (0 +i60,) L(z) .
It is now clear that
Lr(z) = / 46 L(z) .
Finally we promote x to the scalar superfield

O (u,v,0) = @(u,v) + i (u,v) ,

obtaining, expanding in 0,

/ d6 £(®) = / a0 (—i¥"(®) + 0Y' () + 0L(p)) =
=Y'(0)t + LF(p) .

with clearly Y'(x) = 0,Y (z). Also, we need to add the kinetic term for ® given by
equation (3.7). The next step consists in tensoring this theory with Fer!(z), which results
in adding to the lagrangian the terms in (3.6), obtaining

1 7 7 1
ﬁ]-'(@)@Ferl(m) = ﬁ]:(@) + Y'(SO)"LZJ + iaucpav‘:@ + §¢8v¢ + ifaué + §F2 — Fx .



3.2 Supersymmetric Quantum Field Theories 73

Now let us deform this SQFT introducing the superpotential

for some polynomial f € R[xz]. The action term for this potential is given by

Sw = 1/ dudvdd AW () =
T

_3i/}Mdvmu§+9P%ﬂ@)—
1 0
:7h/dum@e@+9FKfW)+wgf)):=
1
- / dudvdf (Ef () — 06 (D)0 + OF f(p)) =
1
::ﬂ/}Mdu(—%f@ﬂw+FfWD,
where of course
Cdp
Thanks to this new term the total lagrangian becomes
Lrow = L(0) + V(@) + 50upDosp+ S0t + EDE+ L F> — Fa—itf (o) + FI(g)

Integrating out the field F' imposing the equation of motion

F=x—f(p),

—~
8
|
~
—~~
S
~
~—
(V]
|
8
—~
8
|
~
—~
©
=
_l_
=
S
~—
—~
8
|
~
—~~
&
~—

= Lr(0)+ V(@) + 50upbuip & st + LEOE —iEf (D) — 5z — 1(9)?

where the ellipsis stand for those terms that do not change. If we now choose f(¢) = ¢,
the lagrangian reads

Lot = [Lr(0) + Y (0)¥] + [%ausoavgo + U0+ 5EDuE — i€V %(:c -]
Here, looking at the second bracketed expression, we see that the field ¢ gets a mass
with vacuum expectation value given by z, and also the fermion y, defined as (3.8),
becomes massive. This means that the behavior of the theory in the IR can be obtained
substituting

p — z, & — 0,
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hence recovering the original theory F(z). In this way we have found that
F(z) = [ F(®) = [3 F(®) @ Fer'(z) s F(z) .

In conclusion, even if we are not able to properly define the set SQFT, we have shown
that, relying on the physical intuition of what a QFT is, the set SQFT has naturally
maps

SQFT" — QSQFT"*!

for all n € Z, which induce isomorphisms at the level of the homotopy groups, and so
that give to the set the structure of an 2-spectrum, as we expected.



Chapter 4

A secondary invariant

We have found in chapter 2 a limit under RG flow of the sigma model with target S3, and
we have seen that, if £ = 0 mod 24, the theory spontaneously breaks supersymmetry. We
have also noticed that the Witten genus of this model is zero, so it gives us no information
on the spontaneous breaking of the supersymmetry. In order to see whether the condition
k=0 mod 24 is also a necessary condition for the spontaneous breaking, we need to
find a new and more refined invariant for our theories. This will be achieved describing
the Witten genus for non-compact theories, and see how its properties change in this
situation.

Let us start with some nomenclature. We will say that a (1 4 1)-dimensional theory
with N' = (0, 1) supersymmetry is null if supersymmetry is spontaneously broken, while
it is said nullhomotopic if it can be connected to a null theory via the deformations
that in section 2.2.3 on page 33, we have indicated as flowing up and down the RG flow.

Now we want to focus our attention on a possible way to enlarge the set SQFT, which
will bring us to formalize a sort of “mild” non-compactness, that is theories which violate
compactness in a controllable manner.

In what follows we will change our previous notation, identifying the gravitational
anomaly as

n=2c—c).

This will be done in order to have an integer quantity.

4.1 Mildly non-compact theories

The first step consists in enlarging the set SQFT, allowing the theories to have more
general properties. In particular, up to now we have only considered compact theories.
As we have explained in 2.3.2 on page 37 , this definition is inspired from the case of
sigma models, where compact models are the ones with a compact manifold as a target.
In defining non-compact theories we want, again, to mimic sigma models whose target
manifolds have an asymptotic boundary region which approaches a configuration R* x N,
with N a compact manifold, as seen in section 2.2.3.
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In the case of a general SQFT, a theory F of this type is described as follows.
The theory depends on a local scalar superfield ® which parametrizes the non-compact
direction. Then, let us add to F the theory of a single chiral Fermi superfield A = £+ 0F,
in such a way that the lagrangian of the theory reads (we neglect the computations since
they are the same as the ones we have done several times before)

i 1
Lr@)erert = Lr@) +580u6 + §F2 :
Now we add the superpotential
W(@)=®—p withpe R,

whose contribution to the lagrangian, expanding as usual the superfield ® as ® = ¢ + 0,
is

SW:/dudvdGAW(CI)):
:/dudde(f—l—HF)((P—Fin—p):
:/dudvd&(&p—i@&b—{p—i—ﬁ(pF—GpF):

:/dudv(—i&b‘FF(S@_p))’

hence ) .
? .
Lp, =Lr@) + 55%5 — i€y + §F2 + F(p—p) -

Integrating out F' substituting it with its equations of motion F' = —(p — p), we obtain

1 ) 1
Lp, = Lr@) + §§8u§ — &Y — 5(90 —p)?,

thanks to which we have obtained a family of SQFT’s B, parametrized by p € R. We
require the family B, to be made of compact theories which approach a compact theory
B for p > 0, and spontaneously break supersymmetry, that is approach the zero QFT,
for p < 0.

In other words, we require that the family B,, built from F as we have explained, is
a nullhomotopy of the compact theory B, that is a deformation of the theory B which
connects it to the zero QFT. Also, we can alway associate to any nullhomotopy of B
a mildly non-compact theory F dynamicalizing the parameter of the deformation to a
chiral superfield, as we have explained in section 3.2.4, which corresponds to reverse the
steps above. Summarizing we have find that

mildly non-compact SQFT F ~
<+
with 1 cylindrical end nullhomotopy of a compact SQFT B
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The condition we have described is identified saying that the theory F has cylindrical end.
This definition can be easily generalized producing an homotopy between two theories B
and B’, simply requiring that, for p < 0 the family of theories approaches B’. However,
despite this requirement, the elliptic genus, defined as usual as the path integral on the
torus with Ramond-Ramond boundary conditions, has no reasons to converge. In order
to make sure that this definition makes sense, we need to ask that the Zzpr vanishes on
the boundary theory, that is

Zrr(B) =0. (4.1)

This condition is not restrictive at all, since, if the elliptic genus of F is well-defined, we
expect the elliptic genus of B to vanish, being F a nullhomotopy of B. Once imposed (4.1),
we expect the theory to converge conditionally, indeed the end will be of the form Rs.g X B,
hence the contribution to the elliptic genus will be

ZRR(B) X VOI(R>>0) ~ 0 x VOI(R>>0) s

which we take to vanish. This ensure us to have a well-defined elliptic genus in this
non-compact case. However, some of the properties of the elliptic genus are different than
in the compact case, but looking at how they change, we will obtain crucial information
on the non-compact theory itself, which will allow us to defined the invariant we need.

4.1.1 Holomorphic anomaly equation

The holomorphicity argument shown in section 2.3.2 is valid only since we are dealing
with a theory with a discrete spectrum, in which case we can focus only on ground states.
The same thing cannot be done in the case of a non-compact theory as the one defined
earlier, and indeed the elliptic genus is not holomorphic anymore. However the anomaly
in the holomorphicity of a mildly non-compact theory F with gravitational anomaly n
can be computed, and in [GJ19] was proposed the following holomorphic anomaly
equation

0

\/—87'2% [n”(T)ZRR(]—")(T, ?)] = gp(7,7), (4.2)

where 75 = 2%(7' —7) is the imaginary part of 7, while

g5(7,7) = ( torus one-point function of (—1) )y - - -1p_1G: in Fer(n — 1) @ B ) .

Here B is the compact theory related to F in the way we have explained, while G is
the anti-holomorphic component of the supercurrent, that is the superpartner of the
energy-momentum tensor.

This equation can be easily generalized in the following way. Let us consider a non-
compact theory F with gravitational anomaly n, to which we can associate a family of
theories B,. Now let us suppose that B, stabilizes to a compact SQFT B for p > 0, and
to another compact SQFT B_ for p < 0. In this case the holomorphic anomaly equation
can be written as

VS [ () 2l F) 7, 7)) = 9, (,7) = 5 (7).
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4.1.2 Integrality of the g-expansion: compact case

We have seen in 2.3.2 that the elliptic genus, in the compact case, has an integral ¢-
expansion. This was shown in the following way. Let F be a compact SQFT and let us
compactify the spatial direction on a circle S' of radius R. In this way we have obtained a
new theory F[S1] and we have that the action on the circle, i.e. the momentum operator
P, is quantized. Hence, for each eigenvalue k of the S'-action, parametrized by the
variable ¢, we have a supersymmetric quantum mechanics model. Therefore, the Witten
genus of the original theory, n" Zrr(F), for each k, restricts to the Witten index of a SQM,
which is of course an integer, simply counting with sign the number of the supersymmetric
ground states.

Then we want to refine the definition of the index in order to extend it in a useful
way to gravitational anomalous theories. The first step is to define what a degree n SQM
model is, interpreting this notion in term of the spectator fermions as we have done in
the definition of the Witten genus.

A degree n SQM model is a SQM model with Hilbert space H, endowed with
the action of the n-th Clifford algebra Cliff(n). In terms of the spectator fermions, this
algebra is the one generated by (after a simple rescaling shown in equation (3.4)) the
fermions 1/%’s themselves. The SQM models we are interested in are obtained from the
compactification of (1 + 1)-dimensional SQFT’s, and from this follows that they have also
a time-reversal symmetry (see [Guk 18]). The presence of the time reversal symmetry
equips the Hilbert space H with a real structure, hence the Clifford algebra that acts on
it is the real one Cliff(n, R).

In this framework, the supersymmetric ground states are a finite-dimensional Cliff (n, R)-
module V, given by the action of the zero modes of the spectator fermions on the vacuum
state (indeed, let us recall from equation (1.15) that [Lo, 1] = 0, hence the vacuum state
is degenerate, and its degeneracy is given exactly by the action of the v}’s). However,
the usual supersymmetric Witten index is defined depending on! V ® C as a Cliff(n, C)-
module, ignoring the time-reversal symmetry. In particular, if n is even, the complex
Clifford algebra Cliff(n,C) has two irreducible modules, which differ by parity. If we
choose one of them as the one with positive parity I, we have that

VeC~I=71gcCd,

where C? is the complex super-vector space with graded dimension (a,b). The Witten
index is defined as
index:=a—>5.

Indeed, from a more physical perspective, we have that a generic Cliff (n, C)-module M is
Zo-graded, hence can be decomposed as

M = My + My,

!The fact that the complex module in Cliff(n, C) corresponding to a real module V' of the real algebra
Cliff(n,R) is given by the complexification of V, is a standard result in the theory of modules of Clifford
algebras ( [ABSG64]). It is related to the fact that complexifing the real Clifford algebra Cliff(n,R), we
get the complex Clifford algebra corresponding to the complexified quadratic form, that is Cliff(n, C).
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where these components will be connected by the grading morphisms given by the action

of the zero modes
i -
¢0 : Mg M1 .
e

Since 9} is a fermionic operator, we have that it exchange bosonic and fermionic states.
From here follows that choosing the parity of the modules is the same as choosing bosonic
and fermionic ground states, and then the definition of the Witten index is the usual one.
Analogously, the two irreducible modules My and M; can be seen as the eigenspaces of
a fermionic number operator (—1)¥. In particular, always for even n, the operator on
which eigenspaces we are interested in is

(=) -4 (4.3)
Here, the 76’8 are the generators of the Clifford algebra
{v',77} =267 .

They are obtained by the zero modes of the fermions up to a multiplicative factor,
Y8 = 27 24" which generate the algebra

{Wb, v} = 67 .
The operator (4.3) satisfies the following properties (whose proofs are trivial)

n

n 2 n '

These imply that (—1)%76 -+-7y has eigenvalues 1 and can be diagonalized simultane-
ously to (—1)¥. In this case the two irreducible modules can be identified by the two
different choices of the relation between (—1)374 ---~¢ and (1), indeed they can be
either

(D0 =(=DF  or  (=Diyg-qp =—(-DF.

However we are interested in the situation in which V is a Cliff (n, R)-module, so let
us see what happens in this case, remembering that the modules of real Clifford algebras
are classified with periodicity 82.

e If n = 0 we have the usual situation, in which we known the index to be an integer,
hence index € Z.

e If n =2, the generators of the module are

1 1
1. 1 2. .
v \/§¢0 ) Y \/iwo

2We are going to study only the cases in which n € 2Z. Indeed, we are no interested in odd n since
there is no modular form of weight not divisible by 2.
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Hence the Cliff (n, R)-module J has dimension 4 and it has as a basis

0) . A0y, 4210y, AHE0)

where the first and the last states are bosonic, while the others are fermionic. Once
complexified, we have that the module J ® C decomposes into two irreducible
modules of complex dimension 2, generated by the basis

jar) = (4! =*)[0) . az) = (1 —ir'a?)0)

and
B1) == (' + ) [0) ,  |B2) = (1+iv"4?)[0) .

In both cases, the first state is fermionic, while the second is bosonic. However,
looking at the eigenvalues of iy'y? relative to these states, we get

(iv'7%) Jon) = |aa) (i7'7?) Joz) = — |ov2)
(iv' ) 1B1) = — |B1) (iv'y%) 1B2) = |B2)

from which the difference in parity is clear. Summarizing we have that
J®C=I,

SO
index=0 forn=2 modg&.

If n = 6 we get the same behavior as the n = 2 case, hence we can summarize the
two results saying that

index=0 forn=2 mod4.

If n = 4 we have 4 generators of the module, that is

1 1 1 1
1._ 1 2 — 2 3 — 3 4 — 4 )
AR \/517[]0 ; v ﬁ¢o ) 7 \/§¢0 ; v ﬂwo

In this case there are two irreducible Cliff (n, R)-modules which differs for the parity,
JUO and JO which have as basis respectively

(' =210, (Y10, (AR 10) L (1= ARt [0)
(V=0 (P10, (P =10, (AR (0)
and

AP HPNN0) (=P 10) . (=P 10 (1A [0)
(V2PN (P =AAAN0) . (P A0, (=) (o)
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Here, the eigenvalues of (—1)y!v2y34? for the states of J 110 are such that they are
+1 for the bosons and —1 for the fermions, and the opposite for the states in JOI'.
If we look at the complexified module J!° ® C, we see that it has as basis

(17 =229 =it +429) ) 10) = (o = i) (7" = i7") [0)

((1 Y2 =ity +7374)) 0) = (L —ir'y?) (1 —ir’y") |0) |
(O =792 =il +9"9%9%)) [0) = (1 = iv'42) (7 = iv") [0)
(=792 = i(r'92 + 7794 ) [0) = (1= iv'42) (1 = iv™*) [0)

and the complex conjugated ones. Hence, it is clear that this module splits in two
copies of the irreducible Cliff(n, C)-module I,

JIO@C~120 while JMeC~I19?,
so the index is automatically even, that is

index €2Z forn=4 modS§.

Summarizing all these results we have that the index of the SQM model of degree n is in
rZ for
1 n=0 mod38,

r=4¢2 n=4 mod8§, (4.4)

0 otherwise .

This result, in the SQFT case we are interested in, tells us that the Witten genus has a
g-expansion in® 7Z((q)), where r can assume the values in (4.4).

4.1.3 Integrality of the ¢g-expansion: non-compact case

The next step consists in looking at what happens if instead the theory is not compact.
In order to do this, we have to slightly modify the conclusions stated by the Atiyah-Singer
index theorem explained in 2.3.3 on page 44. In particular, it is not true anymore that
the index is independent of all the parameters, due to the fact that the spectrum is not
discrete. We are going to show what is the relation between the two limits considered
before, that is § — oo and  — 0, showing that they are equal up to a new term.

Let us focus on a 4-dimensional non-compact target manifold M, as the one in
Figure 4.1, described as follows: it contains a compact submanifold M C M with
boundary

OM =N, — N_ |

3Here we mean with Z((q)) the ring of formal Laurant series with coefficients in Z. In general, given a
ring R and a letter X, we have that a formal Laurent series, that is an element in R((X)), is a sum
like ZZ N a; X* for some n € Z and with a; € R.
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Figure 4.1: The topological structure of the manifold M.

with N3 two 3-dimensional manifolds. Moreover, the complement M \ M is given by two
half-cylinder, that is two asymptotic components described by R* x N, and R~ x N_.
These components are endowed with the metrics

ds® = du® + g5 (y") dy' dy’

where u € RT is the coordinate that parametrize the non-compact directions in both
the asymptotic regions, while v, i = 1,2, 3 are the coordinates on N+ and gf;- are the
u-independent metrics on V4. Let us study a particular case of this situation, for which
the generalization is then trivial. That is, let us consider the case in which the manifold
M is topologically of the form

M=RxN,

with NV a compact 3-dimensional manifold. This manifold M is then endowed with the
metric o
ds® = du? + gij(u, yk) dy'dy’ , i=1,2,3,

where, again, u € R parametrizes the non-compact direction, v*, i = 1,2,3 are the
coordinates on NV and g;; is the metric on N. Finally, we have to require that the metric
gij (u, y*) becomes constant in u for u > 0 and u < 0.

Then, let us consider the 4-dimensional gamma matrices v*, u = 1,...,4, in the

representation
: 0 4 0 1
2 = . =

where we have used the gamma matrices in 3 dimensions 7%, ¢ = 1,2, 3. In this particular
representation, the chirality matrix is diagonal, of the form

(1 0
75—0_1-

With this choice of the gamma matrices, the Dirac operator for the manifold M =R x N
is clearly given by

: 0 10y, — V¥ Dy, 0 i(0y + B)
1 _ —
0Dy = (iau + %Dy, 0 ) - (z’(@u - B) 0 ’
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where we have introduced the Hermitian, u-dependent, 3-dimensional boundary Dirac
operator
B(u) :==i7*Dy, .

Of course, in the general situation described above, this construction holds in the cylindrical
ends R* x N4, with an analogous definition of the boundary Dirac operators B.

Then, we have to look at what happens to the Witten index. Indeed, in the non-
compact case, besides the usual discrete components of the spectrum of the Hamiltonian,
we have a continuous part of it, due to scattering states. For this reason, it is not clear if
the integrality properties we have found previously are still valid, so we have to focus on
this situation.

The results found in section 2.3.3 for the limits of the Witten index are still valid,
which means that

Jim Try, [(-1)Fe PH] = ind (iv*D,,) , lim Ty [(-1)FePH] = /MA = /MA :

For consistency, we have introduced particular boundary conditions on M , known as APS
(Atiyah-Patodi-Singer) boundary conditions*, which ensure us that the Dirac genus A
vanishes on the cylindrical ends, from which the last equality above follows. Contrarily to
the compact case, now we have that the two limits are not equal, and so the Atiyah-Singer
index theorem is not valid anymore. However, in the non-compact case we are dealing
with, a new theorem, the Atiyah-Patodi-Singer index theorem, holds, and it states
that

ind (iv*D,) = /M A-— %(n(BJ,_) + dim (ker By) — n(B-) — dim (ker B_)) .

Let us now justify these terms.
First of all we have introduced the APS n-invariant, defined as

n(B) := Z sign(A)\reg , (4.5)
A0

where the sum is over all the non-vanishing eigenvalues of the boundary Dirac operator.
Of course, this sum, which is a measure of the asymmetry of the spectrum, has to be
regularized. A possibility consists in defining it as

L sign(A) .
n(B) = 51_13(1)2 =t limnaps(s) ,

where we have used the fact that napg(s) is an analytic function near s = 0. The presence
of this term can be verified computing the integral of a local density over the cylindrical
ends (see [DJR19] for details).

The presence of the dimension of the kernel of the boundary Dirac operator is instead
clear, since we have excluded the vanishing eigenvalues in the definition (4.5).

4For the explicit expression of these boundary conditions look at [DJR19] and the references therein.
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Then, we have that a crucial result holds, namely that the 4-dimensional index counts,
with sign, the number of the eigenvalues of B that cross 0 moving from an asymptotic

region to the other, that is going from v = —oco to u = +00. Let
¢+ (U, y))
U(u,y) =
(1:9) <1/1— (u,y)

be an element of the kernel of the Dirac operator ¢y#D,, on M. In particular, let us focus
on the restriction of ¥ to one of the cylindrical ends, let us say R™ x N, in the region in
which the boundary Dirac operator B is stable, i.e. constant in u. Hence we have

MDY = (i(@u Y B,) i(6“33+)> (ij) =0

from which
i(Ou+Bi)yp- =0,  i(0u—By)ypy =0. (4.6)
It is useful to decompose ¥4 (u,y) in terms of the eigenfunctions ¥y (y) of B4, i.e.
A

in such a way that (4.6), for each eigenvalue X of B, read
iy +Nar =0, (0, —Na} =0.
These equations are solved by
al (u) = a*(0)e u>0,

where we have u > 0 since we have chosen to focus on the asymptotic region R x N
In this way we have that, for v > 0

a’ (u) is a normalizable wave function only if A < 0,

a (u) is a normalizable wave function only if A > 0 .

Therefore, depending on the sign of A, we have either a solution of positive chirality
or a solution of negative chirality. Of course, the same argument holds for the other
asymptotic region, R™ x N_, but with the signs reversed due to the different orientation
of the boundary manifold. This means that, if we consider a globally defined element of
the kernel of the Dirac operator, ¢, it has to correspond to a negative eigenvalue of B
in the region R™ x N, and to a positive eigenvalue on the region R~ x N_, that is, the
corresponding eigenvalue, in passing from u = —oo to u = 400, has to change sign.

In conclusion, the ground states, i.e. the elements of the kernel of iy*D,, are in
one-to-one correspondence with those eigenvalues of the boundary Dirac operator that
changes sign.

In order to figure out what kind of contribution the n-invariant gives, let us notice the
following fact. We know that the Hamiltonian of the theory is the square of the Dirac
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operator, hence the eigenvalue equation for the Hamiltonian, using the decomposition (4.7),
reads
(=02 + Nk = Bl

which can have the following solutions:

e an exponentially suppressed solution if £ < A2, corresponding to the bound states,
which means that F is in the discrete spectrum;

e an oscillating solution if £ > A2, which means that F is in the continuous spectrum.

Hence, if B has no kernel in any of the two asymptotic regions, there is an energy gap
between the continuous and discrete spectrum. In this particular case, the continuous
spectrum is bounded from below by the square of the smallest eigenvalue of B, and so, in
the low energy limit, the one we are interested in, only the discrete spectrum contributes.
For this reason, in this situation, the Witten index has the same integrability condition
as in the compact case.

If, instead, B admits zero eigenvalues in the asymptotic regions, the energy gap does
not exist anymore, and the continuous spectrum extends to zero energy. This gives to the
Witten index the fractional contributions

1
:|:§ dim (ker Bi) .

In order to explain the presence of the factor %, let us give the following argument. We can
consider two non-compact 4-dimensional manifolds M and M’ with asymptotic boundaries
Nj — Ny and Ny — N3 respectively. Then, we can glue these two manifolds along No,
obtaining a new 4-dimensional non-compact manifold M Uy, M’ with boundaries N1 — Ns.
Let us suppose that on M Uy, M’ only an eigenvalue A changes sign in the following way:
it moves from being positive to zero on M, and then from zero to negative on M’. Of
course, for what we have said above, the contribution of this eigenvalue to the index of
M Uy, M’ is the sum of the indices of M and M’ since they are given by integrals of
local densities. Hence, if we call a the contribution to the index of M, and «’ the one of
M’, we have that
at+ad =1.

Also, if we change the manifold M’ with a new one M"” in which still A moves from zero
to a negative value, and we call o’ the contribution of M” to the index, we have again

a—l—o//zl,

and so o = ", or, in other words, the fractional contribution to the index of an eigenvalue
A is the same independently on the particular manifold, whenever A\ passes from zero
to a negative value. Moreover, by symmetry reasons, if we change the orientation of
the boundary 3-manifold, all the eigenvalues of B flip signs and, in turn, the orientation
of the 4-manifold and therefore the sign of the index change. This means that we get
the opposite contribution to the index, —a’, when the eigenvalue moves from zero to a



86 4. A secondary invariant

positive value. Finally, changing the signs of all the four coordinates of the 4-manifold, the
orientation in preserved, and so the index of the Dirac operator, which has as contribution
exactly o/. But the situation described is the same as M, hence o/ = o’. Since they have
to sum to 1, we conclude

Of course, what we have said up to now, can be expressed in terms of a u-dependent
supercharge Q(u). This is exactly the case we are interested in.

In order to see this, we have to define a mildly non-compact SQM model, in such a way
that it asymptotically behaves exactly as we have described up to now. This definition
is completely analogous to the one of the SQFT case. Hence given a SQM model M
depending on a scalar superfield ® which parametrizes the non-compact direction, we
add a Fermi superfield A which couple to the scalar superfield through the superpotential
W(®) = ® — u, with u € R. In this way we have defined a family of SQM models N,
all compact and parametrized by the real parameter u. In order for the theory M to
be mildly non-compact, we require that in the limits u — 400, the family stabilizes to
compact SQM models N1 with vanishing indices. As before, we can assume without
loss of generality, that the only quantities that vary with u for the family of theories N,
are the lagrangian and the supersymmetry operator, while the Hilbert space H of N, is
independent of wu.

Now let us start considering the case in which the degree of the SQM model M is
n = 4, from which it follows that N, is a SQM model of degree 3. This happens since,
when we dynamicalize the parameter « in order to recover the theory M, we promote u
to a regular scalar field ¢, but also we need to add its fermionic superpartner v, which
gives a contribution +1 to the degree of the SQM model. In this situation we have that
the Hilbert space H of N, is a Cliff (3, R)-module. For this algebra we have two canonical
isomorphisms

Cliff (3, R) ~ H ® Cliff(—1,R) .

These two isomorphisms are described as follows. Let us call v; with ¢ = 1,2,3 the
generators of Cliff(3,R), which fulfill the relation {v;,v;} = 2J;;. Also, let us identify
with e;, i = 1,2,3 the generators of H, which satisfy {e;,e;} = —24;; and with v, such
that 72 = —1 the generator of Cliff(—1,R). Then, an element of H ® Cliff(—1,R) is
generated by the products ~ye;, so the isomorphisms are described identifying

Vi — *ye; .

It is straightforward to verify that +-ye; satisfy the conditions required to the generators
of Cliff(3,R).

Let us choose one of them, thanks to which we have that the generator of the
supersymmetry is

Q(u) = g(u)y,

with g(u) a quaternionic matrix. The presence of the time-reversal symmetry ensures us
that the eigenvalues of g(u) are in R C H. Through a u-dependent change of basis, we
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can arrive to the situation in which only the spectrum of g(u), which is, by compactness,
a discrete subset of R, depends on u. The case we are interested in is the IR limit of our
construction, that is, given the index of the theory M, Zr(M), we will compute it in the
limit 7 — —ioco. Also, we have to notice that we have defined the index as the partition
function with periodic boundary conditions, which means that, following the notation
used above

Zr(M) = lim Try [(~1)Fe 1] = /M a.

Hence, the APS index theorem reads

Zr(M) = ind (iv*D,,) + %(n(@(u — 400)) + dim (ker Q(u — +oo)))—|—

1
b (U(Q(u — —00)) + dim (ker Q(u — —oo))) :
The summand ind(iy*D,,) fulfills the same integrality condition of the compact case, that
is, in the degree we are considering,

ind (iv"D,) € 2Z .

The other two terms, instead, as explained above, give a fractional contribution for each
eigenvalue of @) that lands on 0 in the limits u — +o0.

The same argument, that we have explained in the case of a theory of degree n = 4, is
of course true for all the cases in which n =4 mod 8, but also, with a slight modification
due to the different integrality condition of the index in the compact case, in the case
n =0 mod 8. In order to give a unified description of the integrality condition of the
index, let us use the spectator fermions on the boundary theory, complexifying them.
Hence, we are interested in the irreducible modules of the algebra Cliff(ny,C). These
modules, since the algebra is the complex one, are classified modulo 2 and in the case
in which ny is odd, Cliff(ny,C) has only one irreducible module, that is the algebra
itself. We are actually interested only in this case, since we know that the degree of the
full theory has to be even, and so the degree of the boundary theories is odd. Going on,
we have that the even subalgebra of Cliff (ny, C) is isomorphic to C, which allows us to
write the irreducible module as C'*. The supersymmetric ground states of the boundary
theories, the ones we are interested in, are again modules for the Clifford algebra and, in
particular, they have a decomposition in irreducible modules, i.e.

V®C~Chl, beZ.

However, the theories we are considering have a time-reversal symmetry, which gives to
the Clifford algebra a real structure. Hence, in order to count the supersymmetric ground
states that land on zero on the boundary theories, we need to consider V as a module
of the real algebra. This can described simply rescaling b by the same factor r» we have
found in (4.4), obtaining

V ~ oo acrZ.
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In conclusion, calling the factor a the bosonic index of the boundary theories a(N1),

we conclude that ) )
ZR(M) € T'Z + §Q(N’+) — 5@(/\/’7) .
In the SQFT case we care about, it is straightforward to figure out that this relation

becomes
Znn(F) € () + 5a(Bs) — sa(B) (48)

with clear meaning of the symbols.

4.2 The invariant

Now that we have found the behavior of the Witten index in the non-compact case, we
are ready to show how the full invariant can be defined.
Let B be a compact SCFT with gravitational anomaly

2(cgp—cr)=n—1, n=0 mod4.

Let us suppose B to be nullhomotopic. Thanks to this property, we can build an SQFT
F with gravitational anomaly n and a non-compact direction, which has as boundary

B. Let f(7,7) be the Witten genus of F. Then, from what we have seen in the previous
sections

1. f is a real-analytic modular form of weight (5,0). In particular it solves the
holomorphic anomaly equation

V _87_268 f(Tv ?) = QB(T, ?) ) (49)

?
where we have defined

g5(7,7) = torus one-point function of (—1)% )y --- ¢, 1G: in Fer(n —1)® B .

(4.10)
2. The holomorphic part of the Witten genus
f(r)=_lim_f(r,7),
T——100
has a g-expansion

f € falq) +7Z(q)) , (4.11)

where r is the one introduced in (4.4), while

1

fa(q) = 5a(l&’[sl]) : (4.12)

Let us notice that we have considered the holomorphic part since what we have said
about the g-expansion of the index in the non-compact case is true in the IR limit,
which corresponds, exactly in the same way as extracting the holomorphic part, to
the limit 7 — —700.
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Now, if B is nullhomotopic, then there exists a function fwhich solves the holomorphic
anomaly equation (4.9) and has g-expansion as (4.11).

On the contrary, if we do not know whether B is nullhomotopic, we actually have to
notice that gs(7,7) in (4.10) and fa(g) in (4.12) depend only on B itself. We can, for this
reason, use the knowledge of g in order to find a real-analytic modular form f; which is
a solution for (4.9). However, it is clear that we have an ambiguity in the choice of the
solution. Let f be an holomorphic modular form of weight 5 and let fi be a solution for
the holomorphic anomaly equation

—87’28%1?1 (r,T)=g.

Hence we have that also fl + ]? is a real-analytic modular form and a solution for the
same equation, indeed

VBROr(fi(r7) + [(1) = V8nd-fi(rT) = 9.
So, let us call fi the holomorphic part of J/”\l, then g, and therefore B, determines the class

of fl in
C((9)

[f1] € MF,

On the other side, we have that the knowledge of B can actually determines f> € 5Z((q)),
but we are interested only on it as a class in

C(9)
rZ((q))

None of these classes are individually deformation invariants, but their difference is so.
Hence we can define the deformation invariant

[f2] €

Cle)
[A]—1fd € m = Ap . (4.13)

Let us show the invariance of this quantity under deformations. In order to do this, let
us deform the original SCFT B in some other theory B’. So we can build a non-compact
SQFT F with boundaries

B_ =8, B, =8

Let us call f1 and fy the classes introduced above for B and f] and f} the same classes
for B’

Claim 4.2.1. The quantities f{ and fi + Zg}%(f) solve the same holomorphic anomaly
equation. Here Zg%(f) 1s the Witten genus of the non-compact theory F, computed
i the IR limit.

Proof. We want to show that

V=8md: [ = V=810 (f1 + Zhu(F)) .
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In order to do this, we will see that
VB0 Z i (F) = V=80 f] — v/ =8m0-f1 .

By definition we have that
V=8md-f] = /—8m0-(_lim fi) =
T——i00
= _lim v/=8nd-f] =

T——100

= lim <(_1)% :wl e ¢n—1§:>Fer(nfl)®B/ ’

T—+—100
and, in the same way

V=Br0=f1 = _lim (1) 1 Y 1G) (108 -

T——100
Moreover, by construction, we know that
VSRORZINF) = _lim \Sm0-Zn(F) =
T——100

= _tim (((-DF s 1 G o — (1)

T——100

a3

Wy - '¢n—1§¢>Fer(n—1)®B> ’

exactly as we wanted. ]
What we have shown now, implies that
Ji = i = Zi(F) € MFy .

Claim 4.2.2. The quantities f} and fo + ZHL(F) differ by an element in rZ((q)), with
the usual meaning of the symbols.

Proof. We have shown in section 4.1.3 on page 81 that, if F is a non-compact theory, as
it is in our case, we have

Zip(F) € rZ(a) + 5~ fo -

Hence the claim trivially follows and

fs = fo = Zgn(F) € 1Z((q)) -

This two claims imply that
fi— fi— ZB(F) = f3+ fa+ Z(F) € MFa +1Z((q)

that is
H~fo=fi—f» mod MFz +r7(q) ,

hence the equivalence class defined in (4.13) is actually a deformation invariant.



Chapter 5

The invariant for the sigma model

3
Sk

Let us study now the invariant for the model we started with, that is the sigma model
with target the 3-sphere S and Wess-Zumino coupling k& we have described in section 2.2.
As we have said, it is crucial to first compute the gravitational anomaly of our model, that
is the degree of it. This model consists of 4 scalar superfields ®!’s and 1 Fermi superfield
A. In terms of the ordinary fields we have 4 bosonic fields and 4 fermionic fields from the
expansion of ®!, and a chiral fermion field given by the upper component of A. Putting
all together we have that

w:E—c:<4+4-%>—<4+%):g, (5.1)

which means that the degree of the theory is
n=2w=3. (5.2)

In order to properly compute the invariant, we need to work in the IR regime. We have
explained the conjecture on the behavior of the model in this limit in 2.2.2, which proposes
that it behaves as a bosonic Wess-Zumino-Witten model at level k = |k| — 1, together
with the theory of 3 anti-chiral free fermions. Let us underline, just for consistency, how
the gravitational anomaly matches in the two regimes, since the bosonic WZW model is
not anomalous.

One of the two component of the invariant introduced in section 4.2 is given by the
index of the SQM model obtained compactifying the original SQFT on a circle S of
radius R. So let us start studying this compactification. In particular let us focus on the
limit of small and big radius R. We are interested in the IR regime, but, in the case of
small R, there is a sort of “intermediate” regime, in which the energy is much smaller than
1/R, but still bigger than the threshold energy, hence we treat the model with the same
language as we would do in the UV regime. The case with big R, instead, is described as
the usual IR limit.
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small R. In this case we can study the problem using the language of sigma model. In
particular, since we are interested in ground states, and so in the low energy situation,
we can rely on the fact that, for energy much smaller than 1/R, those modes that
carry momentum around the circle can be neglected. In this approximation, the
model becomes a usual SQM model, for which the supercharge ) can be interpreted
as the Dirac operator on S? acting on section of the spin bundle of S2, regardless
of k. It is well-known that this operator does not have any zero eigenvalues, hence
supersymmetry is spontaneously broken regardless of k.

big R. Now we have to work in the IR regime, i.e. in the case in which the model is
described by the bosonic WZW model and by the three free anti-chiral fermions.

If £ = 0, the conjecture in [GJW19] says that supersymmetry is spontaneously
broken, since our IR fixed point loses its meaning (let us remember that, for the
unitarity requirement, the level x of the bosonic WZW has to be greater or equal
to 0).

If £ # 0, the question becomes whether the supersymmetric current algebra of
G ~ SU(2) at level k = |k| — 1 has supersymmetric ground states in the Ramond
sector, namely whether there exist states with vanishing energy. Actually this does
not happen. Indeed, the energy of the ground states is given by

Cwzw CFer 1
By = Sy (G Ly, .
&5 24 3 24 16 (5:3)
with 1
K
= = _ . 4
Cwzw 3/<;+2 s CFer 5 (5 )

Hence the energy of the ground states is

1 2
B = ——— 5.5
which is greater than zero for all kK > 0.

What we have obtained is that the sigma model with target S% and WZ coupling k,
once compactified on the circle S', spontaneously breaks supersymmetry, regardless of k,
and hence its index vanishes.

For this reason, the only non-vanishing contribution to the invariant is the solution
to the holomorphic anomaly equation. In order to compute it let us start focusing on a
particular case, namely the one in which £ = 1, and then we will extend it to the general
case.

5.1 k=1 case

Now we want to solve the holomorphic anomaly equation for the CF'T of 3 free anti-chiral

fermions Fer®, described by the energy-momentum tensor

T= 20,07, (5.6)
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and supercurrent

G =V=1¢19y05 . (5.7)

The holomorphic anomaly equation in this case reads

V=8r20+f = ((—1) 193G ) Fer(3)@Fer(3) ° (5:8)

In order to compute the torus one-point function, let us remember that the Hilbert space
of the product theory is given by the product of the Hilbert spaces of the sub-theories, and
hence the one-point function factorizes. In particular, rememebering the result in (3.5),

((=1) 19203G) 3y aFen(3) = — (V1) (9h1eporpgihy Patdy: ) Fer(3)@Ter(3) =
V=L (19293 sy - (19203 s
V=) (n(m)” - () (@) = n(r)[°

(5.9)
Then we want to verify that the function
1 ] 0 n(n2+1)
Fl(T):fﬂ+Zn1_ + )=t q_ _ (5.10)
n=1 q n:l q

has a modular non-holomorphic completion ﬁl of weight 2 such that 2?1 satisfies the
anomaly equation, that is

= 6
V=8m0=(2F1) = |n(7)|” . (5.11)
In order to verify this statement, let us use the integral form

~

= 2/ / p(uy + Tug, 7)Hi(uy, ug; 7,7) dug dug , (5.12)
8T 0 0
where p(uy + Tug, 7) is the Weierstrass elliptic function, while

__T + 2
H1 (ul’ us T, 7_ Z 627rz(nu2 mul)( )n+m+nme 7o [m74n| ‘ (513)
n,me”Z
This function can be Poisson resummed to

2

Hl(ul,UQ;Tl,TQ) = \/27’2‘9(711 + T’U/Q,T)‘2€727”-2(u2) ) (5-14>
where

O(u,7) =01 (u,7) := Z qé(n+%)2€2m(n+%)(u+%) _
nez

= Z q%(nJr%)?€2Triu(n+%)e7ri(n+%) (5.15)
neZ
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Indeed, let us Poisson resum the expression (5.13) with respect to n, hence focusing on

. 2 . . 2
E @27””“2(_1)"(1+m)6_%|m7+n| — E /‘eanuzefﬂ'm(l+m)e—%|m7'+n| )
nez nez
The Poisson resummation formula reads
_ —2mirt d 2mire — ~ 2mwire
olx+n) = o(t)e tle = o(r)e ,
nez rez R re7z

which, in our case, means that we need to find the Fourier inverse transform of

~ ﬂin(1+m)€*%|m7+n|2

¢(n) =e

9

that is
o(t) = / em‘n(l—‘rm)e*%|m7'+n|2627rint dn .
R

Focusing only on the exponents we obtain

™

min(l +m + 2t) (m7 +n)(mT +n) =

279

Z*%x +m<— (m +m(1—2t))7'+?(1+2t) ) :

where we have introduced

X :=n+mT +ira(l+ 2t),

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

which is only a shift of the original variable n (and so the measure of the integral for ¢

change trivially). We have obtained that
gp(t) = / 67%)(26_7”'(m2+m(l+2t))?6_%(1+2t)2 dX _
R

([ ax)enlmmanne ot
R

_ 2726—7@(m2+m(1+2t))?6_%(1+2t)2

Hence, the Poisson resummation formula tells us that

(5.22)

. _ T 2 . 2 — T 2
§ e27‘rznu2(_1)n(1+m)e 2T2|m’r+n\ :\/%2 :6 ﬂz(m +m(1+2n+QUQ))Te—?2(1+2n+2u2) )

nez neZ

Substituting this expression in (5.13) we easily find

Hi(up,ug;7,7) = \/%6—27(7'2(”2)2 Z (_1)m6—2mﬂm %

m,nel

% e—ﬂi?(m2+m(1+2n)) e—g(1+2n)26—2m—2u2(1+2n) )

(5.23)

(5.24)



5.1 k=1 case 95

Let us perform the following change in the index of the sum
m+— k—n, (5.25)
with of course k£ € Z, in such a way that

H, = 27_267271'72(112)2 Z (_1)k7n6727riﬂ(kfn) %
kneZ

o e—m’?((k—n)2+(k—n)(1+2n))e—gr2(1+2n)2€_27r72u2(1+2”) . (5.26)

Let us focus only on the exponents, except the one due to the factor (—1)¥=", which
become

—2miu(k — n) — miT((k — n)? + (k—n)(1+2n)) — ng(l +2n)% — 2nmoua(1 + 2n) =
_ 1 — 1.2 . 1.2 , 1
= —2miu(k + 5) —miT(k+ 5) + miT(n + 5) + 2miu(n + 5) (5.27)
Inserting these exponents back in (5.26) and noticing that

(D" = (1), (5.28)
we get
Hy = \/2rpe27m2(u2)? Z (—1)rtme2nilm+3) o=2mity (m+5)° 2miu(nt3) 2mirg (n+3)*
m,ne’l
= \Zrpe ) N7 (qymmgnt sy gtz s (nh3) =
m,neL
= V273|0(u1 + Tug, 7’)‘26_2M2(u2)2 (5.29)

Let us specialize the expression of Hj in equation (5.13) to the IR regime, which
means taking the limit 7 — —ioo. In this limit the function g does not change being
an holomorphic function, and the only factor in Hy that is affected by the limit is the
exponent

—i\mf +n)? = —i(mT +n)(mT+n) =
27’2 27’2
2% (m*r7 + mn(r +7) +n?) =
5 (T —T)
— (F(m*7 + mn) + mnt +n?) . (5.30)
T—T

Hence

6—%\mr+n|2 eiﬂ(m27+mn) 7 (5.31)

and the function H; becomes

2

Hy(ru,up) = 37 milmammn) (qyrhmerins (5.32)
n,me”Z
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This means that we get

= / / (ug + Tug, T Z 2mi(nuz— mul)( )"+m mim*r duy dug, (5.33)
872

n,mez

which is the Poisson resummation of

1 1 T o L,
Fi = W/O o(ur + 2,7);6:; UL )M I gy (5.34)

Indeed, focusing only on the sum on n, we have

Z eZm’nuze—ﬂ'in Z 6271'171 u2 Z 5(7. _ U2 _ 1)) . (535)

neZ nel rez

Since ug € [0,1], there exists only one term in the sum that gives a non-vanishing
contribution, that is

Z 627rinu2(_1)n _ 5(u2 _ 1) . (5.36)

2
neL

Substituting this expression in (5.33) we get

-2 ; 2 1
F = ) / / (ug + Tug, T Z 2T ()M T § (g — 5) duy dus =

meZ

1! ,
= 87r2/ (u1 + Z e~ Fmimu( me”TmQT duy , (5.37)
meZ

as we wanted.

Now let us use the Fourier expansion of the Weierstrass elliptic function on the circle,
given by

1
- _9 27rz§n )
(27Ti)2 p(é-v T) G2 Z 1_ q 3 (5 38)
n%o

where G(7) is the Eisenstein series of weight two

1 > q"
= —— . 5.39
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In this way we get

7\ 2 1
P = (287;12) /0 ( —2Gy(T) + ngZ:* T _nqn 627rz'(u1+§)n> ( Z e~ 2mimu (_1)m6i7rm27) duy =

MEZ

1

=3 /0 1 (= 2Gs(r)) (mz T RTI (1)) g 4

€L
1 ! n 2min(ui+%) ,—2wimug m _irm?2T
~3 E —e 2)e (=1)™e du; =
0

m,neZn#0 L—q"
— GQ(T) Z /1 o~ 2mimuy eﬂimeﬂ”iWLQT dui+
mez 0
1 . L5 ) n 1 .
_ - Z eTIm TIMET ST : . / eZm(nfm)lu duy . (540>
m,ne€Zn#0 —4Jo

Let us focus separately on the two summands. Regarding the first one we have

1
Z / 6727rimu1671'im€m'm27' dup =1+ Z 21 : (6727rim o 1)€ﬂ'imeﬂ'im27 , (541)
—Z47im
meZ 0 mez*

but being m € Z ‘
e 2mm _1=0. (5.42)

For the second summand, since the expansion of g is on the circle, we have

1
/ e2riln—myur gy, — Smon s (5.43)
0
hence
1 . 2 n m(m+1) M

n - m(m+1)

. 5 Z emmem(m n)T — = 6m,n _ Z (_1)mq 0] T o . (544)

m,n€Z|n#0 m>0

Putting all together we arrive at

n n(n+1)
Fi=Ga(r) = 3 1 (1) (5.45)
n>0 q

which, with the expression (5.39), becomes

1 oo qn (_1)11 n(n+1)
F - — —_— — =
1 24+;n1—qn an—q”q 2

n>0
1 o) qn (_1)n71 n(n+1)
:_ﬂJFZ”l_qn*Z”l_qnq S (5.46)
n=1 n>0



98 5. The invariant for the sigma model S}g

that is what we had in (5.10).

Now let us verify that the function Qﬁl satisfies the holomorphic anomaly equation.
In order to do that, let us notice that the expansion in Fourier modes around the circle of
g is still valid also if we do not consider the limit 7 — —ioco. Hence

ﬁ1 = —dr® /1 /1 (— 2G> (1) + Z _n ean(uﬁT”))x
872 Jo Jo 1—qgn

nez*

% Z 627ri(nu2—mu1)(_1)n+m+nm6—%|m7+n|2‘ (5.47)
n,me”Z

Let us focus on the two summands separately. The first one reads

/ / duy dug+ > (=

n,mez*

=Go(n)[1+ Y (e T 050 = Ga(r) - (5.48)

n,meL*

1 1
m7+n2 1 —21
n-‘rm-i—nme 272| \ / e2mnu2 du2/ e 2minul du1 —
0 0

The second one, instead, reads

_ — T mr+n|?
/ / 27rz u1+7'u2)l 27rznu2€ 27rzmu1( 1)n+m+nme 27-2‘ | d’LL1 dUQ —

n,m l€Z|l7$0

_ - Z / 27rz(lT+n)u2( )n+m+nm€ 272 |m7+n‘26 dup =
1-¢

n,m
_ _1 Z / 27Tz mTJrn)uz( 1)m+n+nm€—%‘m7—+n|2 duy =
n,meZ|lm+#0
-3 % *<e2m<mm> ) i
2 211 mrT+n 1—qgm
n,meZ|lm=#£0
= _L Z m (_1)m+n+mne—%‘m7+n|2 ) <549)

U mT +n
n,meZ|m7#0

Putting all together we arrive at

1 m . Sy
— G - E -1 m-+n+mn 279
2(7) 4 T+ n( ) ¢
n,meZ|m+#0

m _ 2
-1 m+n+mn a2 |mT+n| 5.50
+ Z 1 —qn 47r Z mr + n( ) e ( )
n,meZ|lm#0

Then let us derive with respect to 7. The only term affected by this derivation is

__T 2
e~ zimTn (5.51)
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Focusing on the derivation of the exponent, we have

(3;( - l\mT + n]2> =

o7 (mT +n)?, (5.52)

from which
m T
mt + n 4(7)?

[mr+nl> _

~ 7 _m
R =D DI Vi (mr +n)%e %

7
n,meZ|m7#0

1 _n 2
“Top X (CUTTTTmme e =T (5.53)
(T2 n,meZ|m##0

This expression is the Poisson resummed of the holomorphic anomaly equation. Indeed
let us notice that

OuOu, H1 = 317(%1( Z 627ri(nu2*mu1)(_1)n+m+nme 315 |m7—+n|2) _

m,ne”
! ; ) — — T |mr—4nl|?
= = _?(7'3111 - 8UQ) ( — 273 Z e2mi(nuz mu1)m(_1)n+m+nme 575 ImT+n| ) _
n,me”L
2.
= 277 __1\ntm+tnm — 5% |m7+n|? 2mi(nug—muy)
= Z m(mt +n)(—1) e 27 e 7 (5.54)
2 n,me”
hence, in particular, we have that
2im” n+m-+nm — 5 [mr+n|?
Oudur Hi, g = o S mlmr 4 m)(—1yrt e E T (5 55)
u1=u2=0 To
m,nez

Comparing this equation with (5.53), and using (5.14) we obtain

o~ 2
O-F = 16(m2)? Z (m7 4 n)(=1)rtmtnme™ T mrnl® _
7—2
n,meZ
- 327‘(2 &Bul |u1=u2=0 -

— 1 6
= 5\/772‘77(7')‘

where we have used the fact that

= (9udu + 05) (VIR |O(u, ) e > )| =

= (V2r20u6(u, 70, 7) + )|, Ly =
_ \/%47T2‘77(7')‘6 7 (5.57)

where the ellipsis stand for those terms that go to zero, since

(5.56)

OOy H, |

ui=ug=0 "~

O(u,7)|,_,=0, (5.58)

u=0
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and also
Ouf(u, T)luzo =21 (7) . (5.59)

The same result can be obtained in a different way, noticing that the function
Hiy(up,u;7,T) satisfy the heat equation

OrHi (w1, uz; 7.7) = = 02H (w1, uzi 7, 7) (5.60)
™
with 1
O = —— (70 — Ous) - (5.61)
Indeed

. 2
O=H1(uy,ug; 7,7) Z e2mi(nuz— mu1)( )n+m+nma?(e 57y M7 ) _

m,neZ

_ 2
_ 2 2 eZm(an mul)( 1)n+m+nm(m7_+n)2€ 2T2|m7+n| ’
2

(T

m,ne”

(5.62)

where we have used the derivative found in (5.52). Then

1

aﬂHl(Ul,UQ; T, ?) = T — ?(TaulHl - a’ung) ==
_ T Z (m,r+n)€27ri(nu2—mu1)(_1)m+n+mn€*%|m7+n|2 ' (5.63)
T2
m,neL

It is clear from here that the double derivative acts trivially as
2

(12)?

Z (mT+n)ZeZﬂ'i(nuz—mul)(_1)m+n+mne*%|mr+n‘2 ’

m,nEL

OZH 1 (uy,ug; 7, 7) =

(5.64)
which, compared with (5.62), verifies the heat equation (5.60).
Now let us use the heat equation in order to compute the holomorphic anomaly
equation, hence

O-F = / / (ug + Tug, 7)07H1 (w1, u2; 7,7) dug dug =
=52 / / (ur + Tug, T )(4 &Hl(ul,UQ;T,?)) dug dug =
= —/ / (agp(ul + TUQ,T)) (ang (u1,ug; T, ?)) duq dus . (5.65)
327'('3 0 0
We have

Balur +7uz) =0, aa(<12) = T 0, (5(w)d(uw)) ,  (5.66)

’LL1—|—7'U2) D)
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where

1
Oy = ;(rau1 — Oy - (5.67)
Since the Weierstrass elliptic function has a double pole in the origin with coefficient 1
and no residue, we have that, when we compute the derivative with respect to w, the only
term that contributes is the double pole. Hence it localizes H; on u1 = us = 0 and, after

an integration by parts, we get

~ 1 .

O-F = —7(8U%H1(U1,U2;T,T)>|

5.68
32721y ( )

ui=uo2=0 "
From here we can directly derive the holomorphic anomaly equation, indeed

1
OuOgH 1 (uy, ug; 7,7) = ?_ T(?ﬁul — Ouy) (BgH1 (uy, ug; 7,7)) =

_ 2 Z mr+n ( (8 27rimu1)627rinuz+

. (au e27‘rimu2)e—2ﬂ'inu1) (_1)n+m+nm€—%|m7—+n|2 _
2

2
4 i - — 5T |m74n|?
o - 2 : |m7_ n‘2€27r7,(nu2 muy) (_1)n+m+nm€ 2y | | )

(72)

m,nEL

(5.69)

Imposing the condition u; = ug = 0 we get

0,0 H (w1, uz; 7, 7)| o 2 Imrnf —pyrrmmngTa T s 7o)

Ul=ug= 0
m,nez
hence
o mtn+mn —5a [mT4n|? _

0=Fy 32 ) \mT—i—n] 1) e *m

27y (
_m 2

:32 3 Z |m7+n|2(—1)m+”+m”e arg Ml (5.71)
T2
Z

which gives directly the holomorphic anomaly equation. Indeed, thanks to the expres-
sion (5.14) for Hy, we have that

2

= (V2720,0(u, 7) 050 (u, T)e 2mma(u2)” .)|u1:u2:0 =
= VEman?n(r)|° 572

au&qul

uy=uo=0 "~

where the ellipsis stand for those terms that goes to zero when we impose u; = us = 0.
From here we trivially conclude.
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5.2 The case of general £

Now we are going to focus on the general case, where we have a sigma model with target
S3 and Wess-Zumino coupling k, which in the IR goes to a A = (0, 1) supersymmetric
WZW model at bosonic level k = |k| — 1 that, as we have yet explained, is equivalent to
a bosonic WZW model at level x plus the theory of three free anti-chiral fermions. The
supercurrent in this theory is

_ o _ _ _

where the ellipsis stand for terms of the type
> i (5.74)

with J' the currents of the bosonic WZW model. Since they are bosonic currents, the
one-point function still vanishes due to the presence of the fermionic zero modes. This in
particular means that the one-point function can be factorized in the sub-models which
form the whole theory, and it will be

2
K+ 2

9x(T,T) = In(7)®| ZY" (1, 7) . (5.75)

The partition function on the torus of the WZW model can be expanded in terms of the
characters of the current algebra since the theory is a rational CFT, that is
K+1 )
22 = > )P (5.76)

2j+1=1

The characters of the current algebra are defined by

W) =2 ST 7 (2m(k 1 2)) (5.77)
mEZ-i—JKJg

If we define the theta functions of weight 3/2 as

Opi(r) = Y. mg"™ (5.78)

we can rewrite

2(k +2)Ok42,2j4+1(7)

o (5.79)

x;7(r) =
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With this definition we get

7= 2 o) i (20 + 2))? Q22411 O 22511 (7)

gﬁ(7—7 7—) = 37(F)\3 =
K+ 2 0T n(7)*n(7)
Kk+1 2
O, i1 (T
SN MO il e A 2
2j+1=1 ‘77(7')‘
k41 )
=4(k+2)V2(6+2) > [Opra241(7)] (5.80)
2j+1=1
In what follows it will be useful to define the flavoured WZW characters
(k) Vr2,2j41(&T) — Vy2,2j41(—=& )
) = 5.81
where
ﬁk,l(ﬁ; 7_) _ Z kaqka ’ T = e27ri§ q= €27riT ’ (5.82)
m€Z+2lfk

Let us find now the generic solution of the holomorphic anomaly equation that, in
analogy with what we have done in the case k = 1, we call Fj. Let us define

. 1 1 1
F = 871'2/ / p(ul—i-T’UJQ,T)Hk(ul,UQ;T,?) duq dus (5.83)
0 0
where
) rk+1 ) )
Hy(ur,ug; 7, 7) = /(5 + 2)mae” D202 57 309 0y g 1) [*0(us + 7us; 7)|
2j+1=1 5.8
5.84

This last function satisfies the heat equation

7

- 52 T T
27r(,€+2)aqu(ul,UQ,T,T) . (5.85)

O-Hy(u1,u2; 7,7) =

Thanks to the heat equation, for the same reasons as in the case of £k = 1, we have
that
i

b=
Tk 1672 (K + 2) 72

(0ubzHy(u, uzi 7 7)) (5.86)

u1=u2=0 "

Let us compute the derivatives in the RHS, using the relation

Oy (Xg-n) (u, 7)0(u, 7')) ’u:O = 27Ti77(7)3x§'€)(7) . (5.87)
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In this way
auaaﬂk‘m:wzo =/ (k+ 2)7267(“2)7”2(1@)2 "
Kk+1
X Z Oy (Xg'ﬁ) (u; 7)0(u; T))ﬁg(xg-ﬁ)(u; 7)6(u; 7')) ‘ul:mzo =
2j+1=1
6 K+1 )
= 4n*\/(k+2) )| Y ), (5.88)
2j+1=1
from which we conclude that
a;ﬁk = 1 2 }H(T)‘6Z]\€}VZW(T, 7)), (5.89)
2\/ —87’2 K42
that is
~ 2
VEBROH(2F) = \[ 5 () 2 (1. 7) = k(7). (5.90)

The last step consists in extracting the holomorphic part Fj, of ﬁk In order to do this,
let us notice that the function Hy(u1,us;7,7) can be split in two parts

2k+3
_ _ o 2
HY (u1,uz;7,7) = /(5 + 2)rpe (H2m72(02)’ > [Peraziia(u; )]
2j+1=0
2k+3
2 — _ - 2
HP (w1, u9;7,7) = /(5 + 2)mae” (D202 N7 o1 (w3 7) D2 a2 1(057) -
2j+1=0
(5.91)
Indeed, we have
2 2
|0 t2,2j41(05 T) — Vng2,2j41 (= 7)| = [Dur22i01 (w; T)|” + [Durazjir (—us )|+

— V2,251 (—u3 T) V22541 (us ) — Fig,2501 (03 T)Ur2,2j41 (—us 7). (5.92)

A trivial property ensures us that

Ve (—u; 7) = Fr okt (5.93)
thanks to which we can see that
k+1 ) Kk+1 )
Z |V xt2,2j41(—u; 7)|” = Z |0 t2,2044—2j—1(u; 7)|” =
2j+1=1 2j+1=1
2(k+2)
2
= > |erpanun)| (5.94)

2l+1=k+3
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where we have first extended the sum to 2j + 1 = 0, since for this value the ¥-function
vanishes, and then introduced the new variable [ such that

26+4—-2j—1=2l+1. (5.95)
Then, since (H) = 0, we can extend the sum to 2l + 1 = k + 2, in such a way that
K+1 ) ) 2k+3 )
> (Wn+2,2j+1(u7 )|+ [Fer2,2i01(—u, 7)] ) = > |rrazin(wr)[ . (5.96)
2j+1=1 2j+1=0

In the same way we can see that

Kk+1 2(k+2)
Z Vpy2,2j+1 (= T)0rq2,2j41 (X T) = Z Vpeg2,2141 (W T) V2 20 4a—20—1 (0, 7)
2j+1=1 A 1—r+3

(5.97)
and so we can justify also the second contribution in (5.91). These two terms Poisson
resum to

. (n+2)7r 2
1 — —
H;i )(u1,u2;7, T) = Z (K + 2)2rilrt2)(nua—mu1) o= fmrtnl )
m,ne”
9 . . . ___m 2
H,E )(Ul,UQ;T, 7_) - _ Z e27rz(nu2 mul)e (k+2)7o Im7+n| ) (5.98)
n,me”Z

Let us verify these results, starting from studying H 22)' We have to find the Fourier
transformation of ,
2z~ etz T (5.99)

)

that allows us to write

H}g2) _ _\/m Z e_gmmule—m(2z‘7172m(n+2)(ug—n)+(72)2(n+2)2(u2—n)2+m2(72)2) .

m,ne”
(5.100)

Defining the new variables
a=(k+2n+m, b:=(K+2n-—m, (5.101)

we arrive at

H]E:Q) / H T 2 7_2 Z 27rz7-4(n+2) 27rz7'4(n+2) e27rzuf —27TZU§€—(/€+2)7F72(U2)2

a,beZ

2Kk+3

= —1/ (,‘<.: + 2)T26_(R+2)7T72(u2)2 Z 19,€+272j+1(u; 7)19%+2,2,4+4_2j_1(u; 7') . (5.102)

2j+1=0
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Here, we have used the fact that, remembering the definition (5.82),

2k+3
Z Vit2,2j+1(U, T)nt2,2642-2j-1(u, 7) =
2j+1=0
2k+2
> ( 3 x<n+2>mq<n+2>m2)( 3 §<n+2>m§<n+2>m2> _
25+1=0 2j+1 2(k+2)—(2j+1
7+ meZ+ (i+2) n62+%
2Kk+3
_ Z Z Z x(n+2)mq(n+2)m2E(ﬁ+2)nq(ﬁ+2)n2 ' (5103)
] = 2j+1 2j+1
IHI=0met+ 58y nel— st
It is clear that the following relation holds
2k+3
> Y =Y. 5101
1= 2j+1 M3 (n+2)
25+1 OmGZiz(iiz) meZ o
from which we conclude that
2k+3 2 2
m m___n__T
D Durozirt (W) nt2oma2-1(u,7) = Y aF g FI I (5.105)
27+1=0 m,ne”

Let us now focus on H ,gl). In this case we have to find the Fourier transform of

(h42)m 2

627rz(n+2)nu2 e

: (5.106)

thanks to which we can write

H,gl) _ Z \/m Z efgm(,«ﬁz)mule—(n+2)7r(2z’rlm(u2—ﬁ2)+m(u2_$)2+m272) ]

m,nel m,nel
(5.107)
Defining the new variables
a:=(Kk+2m+n, b:=—(k+2)m+n, (5.108)

we get

H}gl) N T Z ezniT4(giz)€—2wi?4(:iQ) p2miug —2miug ,—(k+2)mr2(u2)? _
a,beZ
2k+3
= V(r 4 2)mpe FIDT N g o (wir)| (5.109)

2j4+1=0
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as we wanted. In this case we have used the same argument as before, noticing that

2Kk+3

Z |195+2,2j+1(u57_)‘2:
2j+1=0
2k+3
_ Z ( Z m(m+2)mq(f€+2)m2)( Z j(n+2)nq(ﬁ+2)n2>:
HHI=0 mez4 2L n€l+ 57l
2k+3

= Z Z Z I(K+2)mq(“+2)m2f(”+2)nq(l€+2)n2 _

2J+1=0 ez 4 At nez4 2t

2(k+2) 2(k+2)
2 2
m m n__n_
= E T2 QT F2 At | (5.110)

mneZ

The two expressions found in (5.98), can be unified as

271

Hy(u1,u2; 7,7) = Z it 2e2mi(nuz—muy) o Tym(mrin) (5.111)

n,m

n,mezZ
with

(5.112)

nm

wi2  JE+1 nym=0 modk+2,
-1 otherwise .

Then we have to take the limit 7 — —ioco. It is clear how in the expression of Hy, the
only term affected by the limit procedure is

¢ Gz Ml (5.113)

)

which, focusing on the exponent, becomes

1 T i 2mi
- (Hj_z)?(mT—i—n)(mT—i—n) e Kj_gm(mT—i—n) : (5.114)
Hence, in this limit, we get
Hy(7 — —ico) = ) eifermimamenamnrin, (5.115)
n,me”L

from which

1 1 1 ‘ omi
By = 2/ / p(ur + Tug,7) Z Efbtgezm("“?_m“l)e3+2m(m7+n) duy dug . (5.116)
8T 070 n,me”L 7
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This expression can be split in two parts

(1) K+ 2 1 1 2mi(k+2)(nug—mu1) 27Fi('i+2)m27'
S [ [ ) S I i,

872
n,meZ
(5.117a)
1 Lot (o — 2mi 2, 2mi
Flg2) :_87r2/0 /0 KJ(U1+TUQ,T) Z e?m(nug mul)en+2m Torrs duy dus .
n,me”Z
(5.117b)

This splitting is justified as follows. Let us start from focusing only on the case in which
the indices of the sum m and n are both divisible by s + 2, that is

m=n=0 modkr+2, (5.118)
from which we have that there exist two integers m,n € Z such that
m=(k+2)m, n=(k+2)n. (5.119)

Hence, in this case

k+1 (L[t Omi(Tiug—uy ) 27 (T 4)
Fy = / / p(ur + Tug, ) Z e2rilfuz—mun) o icis MMTHR) gy dug =
0o Jo

82 =
m,ne’l
k+1 (1! 27 (K42 2mi(k+2)m2
= 8 / / plur + 7ug,7) Y BTl 2N duy duy
0 0 m,ne’l
(5.120)
where we have used the fact that
(k+2mn=mneZ, (5.121)

and so e2™(vt2)mn — 1 If instead m,n # 0 mod k + 2, then

1 1 r1 . _ 2mi 2. 2mi
=g plug +7up,m) D RS duy dus
0 Jo
m,n€L
m,nZ0 mod k+2

(5.122)
If in this last relation we deleted the condition on the indices m and n, we would obtain
an expression whose error would be given by the extra counting of all the summands with
m =n =0 mod k + 2. This error, with an obvious meaning of the following notation,
reads

1 1 rl S 2mi ~2 2mi o~
_ 52 p(u1 + TUQ) Z e27rz(nu1 mu2)en+2m =1 duy dug =
T
0 Jo ,EL
m,n=0 mod k+2

1 1 1 . .
_ _82/ / @(ul + TUQ,T) Z 62m(f§+2)(nu2—mUQ)627Tl(n+2)m27' duy dus | (5123)
™ Jo Jo

m,nel
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which can be reabsorbed changing the constant in front of (5.120)

K+l — K42, (5.124)

This justifies the splitting in (5.117).

Looking at the expression of F,gl) in (5.117a), we have that the sum over n is only
given by

ZeQﬂ'i(K]-i-Q)nuz ’ (5125)
nez

from which follows

rk+1

Z 2mn+2)u2n_z(5u2 H+2 _l)

neL
k+1

_Zé< K}i2)>:

n—i—l

—Z +2 ( /<;—li—2>' (5.126)

This allows us to rewrite

1 _ m+2/ / (s + Tz, T Ze—2wz(n+2)mu1 2mi(k+2)m?T o,

meZ
Kk+1

XZ&—{—Q ( 2_m—l|—2> duy dup =

Kk+1

87T2 Z Z/ Uy +7_ 2 ) (n+2)m26_27ri(f£+2)mu1 dup =

K+l 147—5

(wr—u—r ) 872 ZZ/ Ul,T)q(F”H) ¢ 2milrt2)m(u1—T o) duy =

=0 meZ n+2

k+1

2 K+2 _ .
87T2 Z Z q (k+2)m +ml/ @ Uy, T ) 2mi(Kk+2)mu duy |

=0 meZ N+2

(5.127)

Let us focus for one second to the region of the complex plane on which the elliptic
function g is defined, in order to change in a convenient way the extremes of the integration.
Let us refer to Figure 5.1 where we have identified with the dashed line one period (of
period 7 of course) of the lattice on which g is defined, and then we have represented a
path of integration, where the pomt B corresponds to the complex number 1 —|—7‘ +2, while
C' corresponds to the number Tm (let us underline that it is crucial that — +2 <1). In
particular, the integral we have in (5.127) is done on the line between C' and B. However,
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Y
\

Figure 5.1: Domain of g and path of integration.

the lines AB and OC are on the sides of the lattice, hence they are identified but, since
they have the opposite directions, they cancel each other. For this reason, we can conclude
that the integral on the path from C to B is the same if computed from O to A. Hence

K+1 1
1 .
Flil) _ Z Z q(,ﬁ_Q)mz_i_ml o /0 e—2m(n+2)mu1 @(Ula'r) du; . (5.128)
=0 meZ

@

Let us study now the expression of Fj,
n, we can Poisson resum it as

2minu gﬂmn_ m
$ e2rinie g% _Zé(n—UQ—?> (5.129)

neZ neZ

n (5.117b). If we focus only on the sum on

however, in the RHS, the only term that contributes is the one for which uy € [0,1), that
is

m
6(uz— [~ m]) , (5.130)
where we have used the following notation
m m
[- Py 2] = modl. (5.131)
Hence
F(2 / / (uy + Tug, T Ee:Ze 2mimun ¢ FM?T § (uz + HL—FQ) duy dug =
m
82 Z / uy + 7| K+ 2] 7)6_2”’”“16%"‘27 duy =
T
ur—u —7[— o] 87T2 Z/ Ul, 27rim(u1—7’[,€i+2})63f2m27 du; =
1 -l—m[ ] ! —2mimuy
— _@ qn+2 n+2 ; e @(UlaT) dul . (5132)



5.2 The case of general k 111

Since we are interested on the function Fj up to 2Z((q)) + MFq, let us consider only the
(1)

terms of order ¢°. In the case of F w » we have to look at the contribution for m = 0
n (5.128), that is, using the Fourier expansion of g on the circle,

Kk+1
‘ Z 82 / plur, 7) dur =

n+l n
_ 2 2 2miuin _

Z 871'2/ 87T G2 — 4 Z W@ E >d’l,L1 =

nez*
i (627rm o 1)
nez*
= (k+2)Ga(1) , (5.133)
where, since n € Z we have of course that
2™ _1=0. (5.134)

We have now to focus on Fk(:g) . Here, the contribution of order ¢° are the ones of the
kind
2

grre TmimRisl = 0 (5.135)

that is the ones with m = —(k + 1), —k,—(k — 1),...,—1,0. Using again the Fourier
expansion of the elliptic function p, we get

F]EQ)‘ _ 87T2 Z / 27rzmu1 u17 ) dul’ . —

m=—kr—1
rk+1
Z / —2mimuy 87T2G2 47T2 Z 27riu1n) du1 . —
m=—kr—1 nez* a
_ _G2 Z / —2mimuy duy + - Z 27Ti(nfm)u1 dul‘ _
m=—k—1 m=—k—1 EZ* ¢
1 m
= -G - 5.136
TR e (5136
m=—k—1

In order to expand the last sum, and then take only the terms of order ¢°, we have to
notice that |¢| < 1 and m < 0, hence

m 1 >
— -m___ -~ _ —(+1)m 1

from which it is clear that the term we are looking for vanishes. This means that

F,ﬁ”}qo = —Gy(1) . (5.138)
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In conclusion, the contribution to the invariant of Fj, that is its value modulo
2Z((q)) + MF4, is given by the sum of (5.133) and (5.138), which gives
k
1M¢ZM+UGWN¢=—Q- (5.139)
Let us comment on this result. We have computed only the terms in the expansion
of F}, of order ¢°, since the solution of the holomorphic anomaly equation is 2F, k. S0,
since our invariant is defined modulo 27Z((q)), and F}j has integral ¢ expansion (except,
eventually, for the constant term), we have that the only possible obstruction for the
equivalence class to be zero is given exactly by the constant term. In this way, the
invariant we were looking for results to be

k

Hence, the sigma model with target S3 and Wess-Zumino coupling k is nullhomotopic,
i.e. breaks supersymmetry, if and only if —k/12 € 2Z, that is

k=0 mod 24 . (5.141)



Conclusion

In this thesis we have described a new deformation invariant for (1 + 1)-dimensional
supersymmetric field theories. The motivation for the construction of the invariant comes
from the Stolz and Teichner conjecture, which state that the spectrum TMF defined in
section 3.1 is equivalent to the spectrum SQFT of supersymmetric field theories defined
in section 3.2. The first invariant expected from this conjecture is the well-known Witten
genus. However, the Witten genus, seen as a map from TMF to modular forms, has a
non-vanishing kernel and cokernel. The kernel in particular contains all the torsion classes
of TMF'. For this reason it is necessary to find some “secondary” invariant able to classify
the elements of the kernel. Following [GJ19] we have defined one of these invariants. We
have first looked at a deformation of a theory B of degree n as a non-compact theory of
degree n+ 1. Then we have studied how the properties of the Witten genus change in the
non-compact case. This, in particular, brought us to find an equation for the holomorphic
anomaly of the Witten genus (4.2), and then studying the integrality condition of its
g-expansion, finding the result in (4.8). From these conditions we have defined the
invariant (4.13).

Then, in chapter 5, we applied this construction to a particular case, that is the sigma
model with target S2 and Wess-Zumino coupling k. In this case, we have found that the
model spontaneously breaks supersymmetry only whether £ =0 mod 24, as expected.
Indeed, in chapter 2, we have performed a sequence of transformations we have identified
as flowing up and down the RG trajectories, finding that a sufficient condition for the
model to break supersymmetry was to have a coupling multiple of 24.

This invariant, though, captures only some of the torsion classes in the space of
supersymmetric quantum field theories. As underlined by [G.J19], indeed, if we consider
the TMF classes represented by the group manifolds Sp(2), Go and Go x U(1), they are
non-zero, in fact they have orders 3, 2 and 2 respectively. Both the elliptic genus and the
invariant defined in chapter 4 vanish in these cases, but, due to the conjectured relation
between TMF and SQFT, we expect that those theories are not nullhomotopic. From
here the failure of the secondary invariant introduced above to capture all the torsion
classes follows. For this reason the construction we have described in this thesis has to be
refined in order to obtain a complete set of invariants, which can distinguish between the
elements in the different elements in the kernel of the elliptic genus map.

Despite these limits, there are some possible ways to enlarge the range of application
of the conjecture:
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Conclusion

1.

the first one consist in actually restricting the set of possible deformation allowed,
but in a useful way for applications. Indeed, we have considered only supersymmetry-
preserving deformations. But, at this point, a natural question arises, that is what
happens if we consider deformation that preserve supersymmetry and a flavor
symmetry with symmetry group given by G. In order to answer to this question,
we need to focus on a different space of supersymmetric field theories, invariant also
under the symmetry group G, let us say SQFT,. Moreover, we should consider a
G-equivariant version of TMF, let us say TMF . Unfortunately, this set has not
been properly studied yet in the mathematical literature (as explained in [Guk  18]),
and it would be interesting to do so;

the other possible generalization consists in increasing the dimension of the theory,
or enhancing supersymmetry. The problem in this case would rely on the fact that,
even if a ring structure on the set of theories can always be defined, we are not sure
whether this ring has also the structure of a spectrum. Moreover, requiring the
manifold on which we define our model to have a string structure is not enough.
So far, a conjecture has been proposed only in the 6-dimensional case. The idea,
underlined in [Guk | 18], comes from string theory, in which, in order to cancel the
anomalies (analogously to what we have done in 2.2.1) a new structure has to be
imposed, that is the fivebrane structure (for details look at [SSS09] and [Guk + 18]).
So, the idea is that, in 6-dimensional theories, imposing the fivebrane structure
on the 6-manifold on which the theory is defined, we can perform an analogous
construction to the one described in this thesis. However, neither this idea has been
properly studied yet.



Appendix A

On the Brown’s representability
theorem

We have used as a crucial result the so-called Brown’s representability theorem, which
ensures us that any cohomology theory H can be represented by a sequence of spaces
{E,} which forms an Q-spectrum. We will not prove this theorem?®, however we will
explain how the structure of Q2-spectrum arises. Before giving this justification, we need
to give a basic construction in algebraic topology known as suspension.

Definition A.0.1. Given a topological space X, the suspension SX is the quotient
X x [0,1] obtained collapsing X x {0} to one point and X x {1} to another point.

An easy example that helps to understand the motivation for this construction is given by
the n-sphere X = S™. In this case it is clear that SX = S"*!, where the two suspension
points are identified with the poles (0,...,0,41) of S**1,

In the case we need to work with basepointed spaces, the suspension gives us an
ambiguity in the choice of its basepoint, which can be chosen arbitrarily in an entire
segment. For this reason it is convenient to introduce the following definition

Definition A.0.2. Given a topological space X with basepoint zg, we define the
reduced suspension Y X as the basepointed space

L SX
2= G X 01]

with basepoint given by the image of {x¢} x [0,1] in £X.

For the reduced suspension holds the following adjoint relation, that is, given two
topological spaces X, Y with basepoints, we have

[BX,Y] = [X,QY].

!The complete proof of Brown’s representability theorem can be found in [[Tat02].
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This adjoint relation holds since a basepoint preserving map > X — Y and a basepoint
preserving map X — Y are identified associating to the map f : ¥ X — Y the family
of the loops obtained by restricting f to the images of the segments {z} x [0,1] in XX
Let us apply what we have said to the case of Brown’s representability theorem. Let
H be a generalized cohomology theory and {E,,} the associated sequence of spaces such
that
H"(X) = [X, B,] .

We want to show that there exist a weak homotopy equivalence
En — QEn+1 .

From the exactness of the sequence in the axiom 3 on page 49, it follows that there exists
the suspension isomorphism
H"(X) ~H""(2X), (A1)

In order to prove the validity of this isomorphism, let us consider the case of the
unreduced suspension, for which it is easier to deduce some topological properties. It is
clear, however, that we can replace SX with 35S without any difficulties. The unreduced
suspension SX can be seen as the union of two cones C X and C’X such that CXNC'X =
X. Indeed, a cone is generally defined as

X x[0,1]
CX '_W'

So, let us apply the axiom 3 to {pt} C X C C'X, that is

> 0 — HY(X, {pt}) 2 H™H(OX, X) — 0 —> ..., (A.2)

where we have used the fact that the cohomology groups H"(CX, {pt}) are trivial,
since C'X is contractible, that is it has the same homotopy type of the point. Now the
isomorphism (A.1) follows from the diagram

H™(X, {pt}) —= HL(OX, X)

s

H"H(SX,C'X)

glz
H"T1(SX, {pt}).

where ¢, is an isomorphism due to the exactness of the sequence in (A.2). Let us explain
where the isomorphisms f and g come from. Recalling the axiom 4 on page 49, choosing
Y =85X and A= CX, B = (C'X, which of course respect the properties required in the
axiom, we obtain directly

H"(SX,C'X) —Ls HY(CX,CX NC'X) = HY(CX, X) .
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The isomorphism ¢, instead, exists due to the fact that C’X is contractible. Hence we
conclude.
The isomorphism (A.1) corresponds to the natural bijection

X, Bu] = [£X, Epi] = [X, QBns1] |

which we call I'. Thanks to this bijection, for all the f : X — F,,, we have the following

commutative diagram

(En, En] ——D (X, B,

J{r Jp . (A.3)

[En, QB 1] i (X, QE; 1]
Let us define now the map
sp:=T(d) : E, — QF,11,
and, thanks to the commutativity of (A.3), we obtain, for all f: X — E,
I(f) =Tf*(d) = fT(d) = f*(sn) = snf ,
or, in other words, we have that the morphism
I':[X,E,) — [X,QF,11]

acts by composition with s,. Since I is a bijection, if we choose X =S¢, we find that s,
induces an isomorphism on m;(E,,) for all i, that is

I:[SY B =m(Ey) =[S QE 1] = mi(QE.41) .

We conclude that s, is a weak homotopy equivalence.
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