PUBLISHED FOR SISSA BY €} SPRINGER

RECEIVED: May 27, 2015
ACCEPTED: July 2, 2015
PUBLISHED: July 23, 2015

A topologically twisted index for three-dimensional
supersymmetric theories

Francesco Benini®’ and Alberto Zaffaroni®¢
@ Delta Institute for Theoretical Physics, University of Amsterdam,
Science Park 904, 1098 XH Amsterdam, the Netherlands

b Blackett Laboratory, Imperial College London,
South Kensington Campus, London SW7 2AZ, U.K.
¢ Dipartimento di Fisica, Universita di Milano-Bicocca,
1-20126 Milano, Italy
dINFN, sezione di Milano-Bicocca,
1-20126 Milano, Italy

E-mail: f.benini@imperial.ac.uk, alberto.zaffaroni@mib.infn.it

ABSTRACT: We provide a general formula for the partition function of three-dimensional
N = 2 gauge theories placed on S? x S' with a topological twist along 52, which can be
interpreted as an index for chiral states of the theories immersed in background magnetic
fields. The result is expressed as a sum over magnetic fluxes of the residues of a meromor-
phic form which is a function of the scalar zero-modes. The partition function depends
on a collection of background magnetic fluxes and fugacities for the global symmetries.
We illustrate our formula in many examples of 3d Yang-Mills-Chern-Simons theories with
matter, including Aharony and Giveon-Kutasov dualities. Finally, our formula generalizes
to Q-backgrounds, as well as two-dimensional theories on S? and four-dimensional theories
on S% x T2. In particular this provides an alternative way to compute genus-zero A-model
topological amplitudes and Gromov-Witten invariants.

KEYWORDS: Supersymmetry and Duality, Chern-Simons Theories, Nonperturbative Ef-
fects, Differential and Algebraic Geometry

ARX1v EPRINT: 1504.03698

OPEN AcCCESs, (© The Authors.

Atticle funded by SCOAP®. doi:10.1007/JHEP07(2015)127


mailto:f.benini@imperial.ac.uk
mailto:alberto.zaffaroni@mib.infn.it
http://arxiv.org/abs/1504.03698
http://dx.doi.org/10.1007/JHEP07(2015)127

Contents

1 Introduction
1.1 The main result

2 Localization on §? x S! with topological twist
2.1 Lagrangian and supersymmetry transformations
2.1.1  The supersymmetric background
2.1.2  Supersymmetry transformations and BPS equations
2.1.3 Supersymmetric Lagrangians
2.2 Localization on S? x S*
2.2.1 The BPS equations
2.2.2  The zero-modes
2.2.3  The classical on-shell action
2.2.4  One-loop determinants
2.2.5  Asymptotic behavior
2.3 The final formula: rank-one case
2.3.1 The integral and the dangerous regions
2.3.2  Configurations with flux
2.3.3 Reduction to a contour integral
2.3.4 Cancelation of boundary contributions
2.4 The integral: higher-rank case
2.4.1 Integration domain
2.4.2  Stokes relations
2.4.3 Reduction to a contour integral

3 Examples
3.1  Yang-Mills-Chern-Simons theories with fundamental matter
3.1.1  U(1);/, with one fundamental
3.1.2  SQED with one flavor
3.1.3  U(N.) with Ny flavors and Aharony duality
3.1.4  U(N.)i with Ny flavors and Giveon-Kutasov duality
3.2 Yang-Mills-Chern-Simons theories with adjoint matter
3.2.1 U(1)g Chern-Simons theory
3.2.2  U(N)i Chern-Simons theory
3.2.3 SU(N) versus U(N)
3.2.4  SU(N)j Chern-Simons theory and the Verlinde algebra
3.2.5 U(N)j with adjoint matter
3.2.6 The “duality appetizer”

W

NoRE0SIEEN BIEN I =2

11
11
13
14
15
19
21
21
22
24
27
27
27
28
29

32
32
33
35
36
39
42
43
43
44
45
47
48



4 Refinement by angular momentum 49

4.1 U(1);/, with one chiral 50
4.2 Pure Chern-Simons theories 51
4.3 The vortex partition function 52

5 Other dimensions 53
5.1 Two-dimensional A = (2,2) theories on S? 54
5.1.1 Refinement by angular momentum: the (2-background 55

5.1.2  The projective spaces PN ! 56

5.1.3 The quintic 58

5.2 Four-dimensional A" = 1 theories on S? x T2 58
5.2.1 Example: SU(2) SQCD 60

6 Conclusions 61
A One-loop determinants 62
A.1 Reduction on S? 62
A.2 The one-loop determinant on S? x S* 64
A.3 The cohomological argument 65
A.4 Refined one-loop determinant 66

B The two-dimensional partition function 68

1 Introduction

In the last few years there has been a huge development in the study of supersymmetric
quantum field theories on compact manifolds in various dimensions. Localization tech-
niques [1] often allow to exactly evaluate the path-integral of the theory on a compact
manifold, possibly with the insertion of local and non-local operators that respect some
supersymmetry. Most of the examples studied in the last few years are not topologically
twisted [2] (see [3] for a nice review and references). In this paper, instead, we consider
a very simple example: the partition function of A/ = 2 supersymmetric gauge theories
in three dimensions on S? x S! with a semi-topological A-twist on S? [1]. Despite the
conceptual simplicity, we will see that the model presents several interesting features.

We study generic three-dimensional ' = 2 gauge theories with an R-symmetry (with
the constraint that the R-charges be integers). The topological twist is equivalent to turning
on a background for the R-symmetry, which is a quantized magnetic flux on S2. Similar
magnetic fluxes can be turned on for all global flavor symmetries of the theory. We use
localization to compute the partition function, with a method similar to that recently used
to evaluate the elliptic genus of two-dimensional gauge theories [4, 5] and the Witten index
of quantum mechanical sigma models [6-8]. The path-integral localizes on a set of BPS
configurations which are specified by some data of the gauge multiplet: a magnetic gauge



flux m on S? and a complex mode u = A; + iffo encoding the vacuum expectation value o
of the real scalar in the vector multiplet and the holonomy of the gauge field A; along S!
(B is the radius of S'). The final partition function is given by a contour integral,

> fé Zint (u;m) (1.1)
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of a meromorphic form in the variables u, which encodes the classical and one-loop contribu-
tions around BPS configurations, summed over all magnetic gauge fluxes. Supersymmetric
localization selects a particular contour of integration C, and therefore it picks some of the
residues of the form Ziy(u;m). The choice of the correct integration contour is one of the
challenges of this computation, that we solve using the methods introduced in [4, 5]. In
many cases, we can formulate the result of integration in terms of a geometrical operation
called the Jeffrey-Kirwan residue [9] (see also [10, 11]). The final result depends on the
magnetic fluxes my and chemical potentials uy for the flavor symmetries of the theory. It
is, in particular, an analytic function of the fugacities e’“s/. For the reader’s convenience,
we summarize the main features of our formula in section 1.1.

To avoid confusion, we should stress that we are not computing the superconformal
index, which is the partition function on S? x S' without twist. In fact, our partition
function is not counting operators and there is no fugacity corresponding to the dimension,
or R-charge, of the operators. We can still interpret our formula as a twisted index by
writing the partition function as a trace over the Hilbert space H of states on a sphere, in
the presence of a magnetic background for the R- and flavor symmetries,

Zgry g1 = Try (—1)F e PH 545 (1.2)

where Jy are the generators of the flavor symmetries. Because of the supersymmetry alge-
bra Q* = H —oJy (see for example (2.8)), only the states with H = o.J; contribute, and
Z is actually holomorphic in uy. Thus the partition function represents a twisted Witten
index getting contributions from chiral states with energy proportional to the charge.

Upon dimensional reduction on S?, we can compare our results with a recent com-
putation of the Witten index of quantum mechanical sigma models via localization [6-8]
and we find indeed many similarities. The three-dimensional nature of the original theory
manifests itself in the existence of magnetic gauge fluxes on S?, and makes the quantum
mechanical interpretation of the result quite complicated.

The twisted partition function can be used as a new tool to investigate non-perturbative
aspects of three-dimensional gauge theories. In this paper we consider several examples
of Yang-Mills-Chern-Simons theories in 3d: we evaluate their twisted partition functions
and compare them with general results about Chern-Simons theories and known three-
dimensional dualities. In particular we provide further evidence for Aharony [12] and
Giveon-Kutasov [13] dualities.

There are various generalizations of the setup. First, we can replace S? with a generic
Riemann surface ¥. We do not discuss the higher genus case in details in this paper, but
expressions for the one-loop determinants are explicitly given. Second, we can refine the



index by the angular momentum on S?: in the path-integral formulation this corresponds
to turning on an Q-background on S2. This more general formulation makes contact with
the “factorization” of 3d partition functions [14-17] (as well as with a similar factorization
in two [18, 19] and four [20, 21] dimensions).

Third, we can study two-dimensional gauge theories on S?, and four-dimensional gauge
theories on S% x T2, with A-twist on the sphere. There is a nice geometrical interpretation
of what we are computing in various dimensions. In two dimensions, we compute the
partition function of the topological A-model on S?. For a gauged linear sigma model
(GLSM), this is the same as the partition function of the non-linear sigma model (NLSM)
to which it flows in the infrared (IR), when such a flow exists. In particular, the target of
the NLSM is a holomorphic submanifold of the Kahler quotient realized by the GLSM, and
the NLSM partition function is the equivariant Euler characteristic of the moduli space
of holomorphic maps to the target. We can easily include local twisted chiral operators
at arbitrary positions. Thus our formula provides an alternative new method to evaluate
amplitudes in the topological A-model; some simple examples are provided in section 5.
We stress that, when applied to non-Abelian GLSMs, our formula does lead to new results.

When lifted to three dimensions, the same GLSMs (with no Chern-Simons terms) re-
alize the quantum mechanics over the moduli space of holomorphic maps, therefore they
compute the K-theoretic Euler characteristic. Finally, going to four dimensions one com-
putes the elliptic genus of that moduli space.

We should mention similar results in the literature. The partition function of Chern-
Simons-matter theories on generic Seifert manifolds has been evaluated in [22] and reduced
to a matrix model. The S? x S case is a special case of Seifert manifold, but it is difficult
to compare the results. Precisely in the case of S? x S! there are additional fermionic
zero-modes, which are instrumental in reducing the path-integral to a contour integral
of a meromorphic form and in selecting the correct contour. As already mentioned, our
formula for three-dimensional theories is formally similar to those obtained for the quantum
mechanical Witten index in [6-8]. Analogously, our results for four-dimensional theories are
formally similar to those obtained for the elliptic genus in [4, 5, 23], and expressions for the
one-loop determinants on S% x T2 have appeared in [24, 25]. Finally, the partition function
of Chern-Simons theories with one adjoint on ¥ x S! has recently been computed in [26].

The paper is organized as follows. In section 2 we derive our formula for the partition
function by performing a supersymmetric localization. In section 3 we provide examples
in various Abelian and non-Abelian Yang-Mills-Chern-Simons-matter theories in 3d, and
test our formula against known dualities. In section 4 we add a refinement for the angular
momentum. In section 5 we discuss the generalizations of our formula to two and four-
dimensions. Finally, in the appendices we give details about the computation of one-loop
determinants. For the reader’s convenience, we summarize our main finding in the next
subsection: the reader not interested in its formal derivation, can read it and then safely
jump to section 3.

Note added. while we were finishing our work, we became aware that some overlapping
results have been obtained by Closset, Cremonesi and Park, and will appear in [27].



1.1 The main result

For an N = 2 gauge theory on S? x S with gauge group G of rank r (and Lie algebra
g), the topologically twisted path-integral localizes on a set of BPS configurations specified
by a gauge magnetic flux on S?, m = i J g I, a flat connection! A; along S', and the
value o of the real scalar in the vector multiplet, all mutually commuting. Up to gauge
transformations, the magnetic fluxes m live in the co-root lattice I'y of G while the scalar
zero-modes parameterize the connected components 97 = H x h of the BPS manifold, where
H is a maximal torus in G and b is the corresponding Cartan subalgebra. Configurations
connected by the Weyl group W of G are gauge-equivalent. It is convenient to combine the
components of the zero-modes into the holomorphic Cartan combinations v = A; + ifo,
where f3 is the radius of S', and define z = €. Here u represents r modes. For G = U(1),
u >~ u+ 27 lives on a cylinder while z € C*. For a generic connected group G, u ~ u+ 27(
where ( is an element of the co-root lattice.
The contribution of a chiral multiplet to the one-loop determinant is given by

gchiral _ H ( zP/? )p(m)—q+1 (1.3)

1-loop — 1 — P
pER

where R is the representation under the gauge group G, p the corresponding weights and ¢
the R-charge of the field. The contribution of a vector multiplet to the one-loop determinant
is instead given by

zgee — [[ (- ) (iduy (1.4

aceG

where « are the roots of G. Zlgjgig is naturally interpreted as a middle-dimensional holo-
morphic form on H x h. The classical action contributes a factor

T

T = & = [[ 2™ (1.5)
i=1

where k is the Chern-Simons coupling of G' (each Abelian and simple factor has its own

coupling). For Abelian factors G and G2 in G, a mixed Chern-Simons coupling k1241) A

Fly) is possible and it contributes z}2™z512™.

The theory can have flavor symmetries: we denote the corresponding holonomies by

y = €' and the magnetic fluxes by n. Then the 1-loop determinant is modified as
af — xf Yt p(m) = p(m) + pr(n), (1.6)

where py is the weight under the flavor group. A U(1) topological symmetry with holonomy
¢ = ¢ and flux t contributes
Z0P = gtem, (1.7)

class

The contribution of the classical action and the one-loop determinant in each sector

of magnetic flux m,
Zint(u; m) = chass Zl—loop s (18)

if Agdt

'For disconnected groups, we should more properly talk about a holonomy g = e along S*.



is a meromorphic r-form on H X b. Ziy(u; m) has pole singularities along the hyperplanes
etP(W)tirs(v) — 1 determined by the chiral fields and goes to zero or infinity at the boundaries
of H x h. The path-integral reduces to an r-dimensional contour integral of Z,(u;m),

1
ZSQ Sl = —
= 2

7{ Zint(u;m) | (1.9)
b C

summed over all magnetic fluxes in the co-root lattice I'y. The contour C is a specific
sum of r-dimensional contours going around the hyperplane singularities or living at the
boundary of H x .

For a U(1) theory with chiral fields with charges @; (and more generally when r = 1),
it is easy to specify the integration contour C. The behavior at the two boundaries of H x h
is determined by the effective CS coupling

k(o) = k + % Z Q7 sign(Q;0) (1.10)

The path-integral can be conveniently written as a sum of residues of the meromorphic
form Zine(u;m) in the 2 = ™ plane. The two boundaries of H x h map to two circles
around x = 0 and x = co. We can use one of two equivalent prescriptions and sum either

e all residues at the poles created by fields with positive charge, the residue at x = 0 if
ke(+00) < 0 and the residue at x = 0o if keg(—00) > 0; or

e minus the residues at the poles created by fields with negative charge, minus the
residue at z = 0 if keg(400) > 0 and minus the residue at x = 0o if keg(—00) < 0.

This prescription can be written in a compact form by assigning charges to the boundaries
at x =0 and x = oo,

Qa::() = —keff(+00) ) Qz:oo = keff(—OO) ) (111)

and using the Jeffrey-Kirwan residue defined as [9-11]

d :
JKRes (Q,7) gy = 0(Qn) sign(Q) - (1.12)
Here 7 # 0 is a parameter. The final formula for a U(1) theory is then

Zgrygr =Y [ > JK-Res (Qu.s 1) Zing(a;m) + JK-Res (Qusn) Zint(z;m)| , (1.13)

x=0,00
MEZ - x4x€ Msing

where Miine is the set of singular points in 9 where Z;,; has poles, and @), is the charge of
the chiral field creating the pole. To perform the computation one has to choose a parameter
n # 0, but the result is independent of such a choice. The Jeffrey-Kirwan residue appears
in a similar way in the localization of the elliptic genus for 2d theories [4, 5] and of the
Witten index in 1d [6-8].



For gauge groups of rank r > 1, the choice of contour is more complicated. The path-
integral is still given by a sum of Jeffrey-Kirwan residues at a finite number of points in
H x b, where r or more singular hyperplanes meet, plus a boundary contribution:

1

Zgrygt = —— [ g JK-Res (Q(2+),1) Zint(z;m) + boundary | . (1.14)
’W’ mel’ TH€ M e

b *

sing

The precise form of the contour is discussed in section 2.4. However, in all examples
considered in this paper, we will be able to extrapolate the Abelian formula to the non-
Abelian case without really using the complicated machinery of section 2.4.

2 Localization on §2 x S* with topological twist

In this section we provide a path-integral derivation of the formulee (1.13) and (1.14). The
crucial technique is supersymmetric localization (see e.g. [1, 2] and [3] for a modern review)
which allows us to ezactly reduce the path-integral Zg2, g1 (%) to a finite-dimensional integral
over a moduli space of BPS configurations Mppg, where the measure is provided by the
one-loop determinant Zi.j,p of small quadratic fluctuations around those configurations.
Schematically:

Z52><51 (t) = /D(p e_S[‘P;t] localiéation / 'Dgpo e—S[cpo;t] Zl—loop[@o;t] .
Mazps
There {t} is a collection of parameters of the theory on S? x S', on which the path-integral
depends.

More in details, the computation will be similar to the one performed in [4, 5] for
the path-integral evaluation of the elliptic genus of two-dimensional N' = (0,2) theories,
and in [6, 7] for the Witten index of /' = 2 quantum mechanics. Localization provides
a function to be integrated on the complex u-plane, with various poles corresponding to
the matter fields. Because of the singularities of the integrand, we will need to use a
clever regulator whose existence is naturally provided by the off-shell multiplet of zero-
modes. By integrating out the gaugino zero-modes we will reduce the integral to a contour
integral. We also stress that we can have generic Wilson loop insertions at points on S?
and wrapping S*.

Accordingly, we first construct supersymmetry, supersymmetric actions and Wilson
line operators on S? x S', we then study the relevant moduli space of BPS configurations
Mapps, and evaluate the “on-shell” action and the one-loop determinant of small quadratic
fluctuations around them. It turns out that Mppg contains fermionic zero-modes as well as
singular loci with extra bosonic zero-modes. With a suitable regulator, the two problems
solve each other and we are left with a contour integral: this technical part occupies the
second half of this section. For the sake of clarity, we present the derivation in the case of
rank-one gauge groups first, and then move to the more intricate generic case. In section 4
we present a refined version of this computation, in which the spacetime geometry is a
fibration of S? over S, that can be considered as the three-dimensional Q-background (the
position of Wilson line operators will then be constrained).



2.1 Lagrangian and supersymmetry transformations

We start by writing the metric and the background fields that we need to turn on in
order to preserve some supersymmetry. We write then the supersymmetry transformations
corresponding to the topologically twisted theory and the supersymmetric Lagrangians for
gauge and matter fields.

2.1.1 The supersymmetric background

We consider three-dimensional A/ = 2 theories on S? x S', where supersymmetry is pre-
served by a topological twist on S2. The round metric on S? x S! is

ds® = R*(d0” + sin® 0 dp?) + *dt* (2.1)

where we take t ~ t+1. We take vielbein e! = Rd#, e = Rsinfdy, e* = 3dt. To perform
the topological twist, we turn on a background for the R-symmetry proportional to the
spin connection:

1 1
V= 5 cosfdy = —§w12 , (2.2)

which corresponds to a flux % /. g2 W = —1 for the R-symmetry curvature W = dV. In our
notation? the supersymmetry spinor e = (Ef) has R-charge —1 so that the Killing spinor
equation D, e = J € + %wzb%be +1iV,e = 0 is solved by

€= (?) with €4 = constant . (2.3)

Because of the R-symmetry background magnetic flux, we will restrict to theories with
integer R-charges. Notice that the same setup works with a generic metric on S2, and
when S? is replaced by a Riemann surface ¥, of arbitrary genus g, with the same choice
of V. = —%ww and the same covariantly constant spinor (2.3). In general the R-symmetry
field strength is related to the scalar curvature by

1 1 1
= — 24 v = — — s d —_— = - ]_ . 24
Wiz 5¢ Wy 4R an o /EgW g (2.4)

If the metric on S? has a U(1) isometry, we can introduce a rotation of S? along the
circle, which essentially gives the Q-background on S? x S1,

ds* = R*(d6* + sin® (dp — ¢ dt)?) + B*dt* (2.5)

where the coordinates have the same periodicity as before: ¢ = t+1, ¢ = p+27. We can still
perform the topological twist with V' = —%wu and the covariantly constant spinor (2.3).
We call this the “refined” case, and we discuss it in section 4.

*We use gamma matrices: y1 = (93), 72 =(%73"), 13 =(5%).

(3



2.1.2 Supersymmetry transformations and BPS equations

We use SUSY transformations in terms of commuting spinors and anticommuting super-
charges (as given in appendix B.2 of [17]). The supersymmetry parameters are two positive-
chirality covariantly constant spinors e, € satisfying D e = 0, y3¢ = € and similarly for ¢,
with the same R-charge —1. Notice that, in fact, € and € are multiples of the unique covari-
antly constant spinor (2.3). The algebra has two complex supercharges @, @ of vanishing
R-charge.

We consider the following types of multiplets: vector multiplets V = (A, 0, A, A, D)
whose components in Lorentzian signature are a gauge field, two real scalars o, D and
a Dirac spinor, all in the adjoint representation of the gauge group; chiral multiplets

= (¢,9, F) whose components are two complex scalars ¢, F' and a Dirac spinor, all
in a representation PR of the gauge group; anti-chiral multiplets ®7 = (¢, 9, FT) with
the same components as a chiral multiplet, all in the conjugate representation 3. In Eu-
clidean signature all fields are complexified, and f-ed fields are not adjoints but rather
independent fields.

The transformations of a vector multiplet are:

QA, = %ATW; QN = —l—%’y‘“’erj — De +iyte Dyo

QA, = %e A QAf = —56 VM + & D + id AP Do )
QD:—ED AT7“6+%[AT6,J} QN =0 QU:—%ATG '
QD—ie YDA + = [ DY QN=0 @a:—%~TA.

We have turned on the background (2.2) for the R-symmetry and used the R-charge as-

signment (0,0, —1,1,0) for (A, o, A, A, D). For the chiral multiplet the supersymmetry

transformations are?

Q¢ =0 QU = (iv" Dy + i0g)e G = &F
Q¢ =~y Qul = & (— in* D¢l +iglo) QU = —tF! .
Qo' = le QF = ¢t (in" Dyp — ioip — iAg) OF =0 '
Qo' =0 QF" = (= iD iy — iplo +ighAT)ee QFf =0.
The R-charges of (¢,, F) are (¢,q — 1,q — 2), and those of (¢1, 4T, FT) are the opposite.

This transformations realize the superalgebra su(1|1), whose bosonic subalgebra u(1)
generates rotations of S mixed with gauge/flavor rotations:

{Q’ 62} = _7/[';? - (Sgauge(gr6 0’) s Q2 = @2 =0, vy = ET’}/HE . (28)

3In particular, in our notation the “standard” gaugino with R-charge +1 is A°, the charge-conjugate to A.
“We define charge conjugate spinors ¢ = C'e* and €' = €' C, where C is the charge conjugation matrix
such that CAy#C~! = —4*T. We choose C' = 73 so that C = C~! = CT = —CT = —C*. Moreover € = —e.



Here £2 is the gauge-covariant Lie derivative (including the R-symmetry connection) along
the covariantly constant (and Killing) vector field v#.> Using the flat basis e, in the
unrefined case one finds v = $71&T¢ 9;, while in the refined case v = & €(d; + ¢0,,). In
order to perform localization, we will use the supercharge

Q=Q+Q, (2.9)
which behaves as an equivariant differential: Q% = —Z'EUA — 5gauge(€Te o).

2.1.3 Supersymmetric Lagrangians

We now proceed with the construction of supersymmetric Lagrangians on S? x S'. We
consider Yang-Mills-Chern-Simons theories with matter, therefore we construct the Yang-
Mills action, the various Chern-Simons terms, the matter kinetic action and superpotential
interactions. Whenever the theory has some continuous flavor symmetry G, we couple
it to an external vector multiplet and turn on background values for the bosonic fields
therein. This corresponds to magnetic flavor fluxes on S2, flat flavor connections on S,
and real masses. We recall that whenever the gauge group has an Abelian factor, the flavor
group includes a “topological” U(1) subgroup (possibly enhanced to a larger subgroup in
the IR quantum theory).

We work in Euclidean signature, therefore all fields get complexified. However, when
performing the path-integral, we have to choose a middle-dimensional contour in field space.
We choose the “natural” one, in which “real” fields are real while T is identified with the
adjoint operation: we call such a contour the real contour. We have chosen conventions in
which all Lagrangian terms have a non-negative real bosonic part, ensuring convergence of
the path-integral.

The supersymmetric Yang-Mills (YM) Lagrangian is

1 1 1 ; :
Lyn = Tr {4FWFW + 3DuoD'o + D? — %AWD#A - %)\T[J, Al (2.10)

One can verify that
QO Tr (%m n 2Da) ~ e Lyu (2.11)
up to total derivatives, therefore the YM action is also O-exact.
The supersymmetric Chern-Simons (CS) Lagrangian is, for each simple or Abelian
factor: . 0
Log = —i—w Tr [e‘“’p (AuayAp — éAMA,,Ap) + M+ 2Da] . (2.12)

In general one can have a different CS level k for each simple or Abelian factor in the gauge
group, however we will often be schematic with our notation and use the simple expression
above. The CS action is supersymmetric but not Q-exact. If there are multiple Abelian
factors in the gauge group, one can introduce mixed CS terms between them:

ﬁmcsz-—%WWASH%A§)+;A“”A@V+;A@”Au)+lﬂna@)+lﬂ”o“q. (2.13)

5The explicit expression of the Lie derivative of fields of various spins can be found in appendix B.1
of [17] and appendix A.2 of [28].



The mixed CS terms play an important role in turning on background fluxes or
holonomies for the topological symmetries. Recall that in three dimensions, any U(1)

gauge symmetry gives rise to a global symmetry whose current is given by J/ = (xF )" =
1
2
and the corresponding global symmetry U(1)7 is called topological. In order to turn on a
(T)

e'’PF,,. The current is automatically conserved by the Bianchi identity, d* Jr = dF' = 0,

background gauge field A/ for the topological symmetry, we couple it though

/A(T) A xJp = /d?’x ge“”pAl(lT)al,Ap . (2.14)

Here AT belongs to an external vector multiplet whose other bosonic components are
o) and D). In order to have a supersymmetric background, we need to set to zero
the variation of the fermions in the external multiplet. From (2.6) we obtain that we
should set D) = ng ), while ¢(@) can be an arbitrary constant. The full action is the
supersymmetric completion of (2.14), which is obtained from (2.13) by taking k12 = 1 and
regarding (1) as the background topological symmetry and (2) as the gauge symmetry:

O D o
Lp=—i 5 Tr Fig — i Tr(As +ic) —i . TrD. (2.15)

The three terms are separately supersymmetric. We see that o(7) (a real mass for the
topological symmetry) is in fact a Fayet-Iliopoulos (FI) term.

We can also consider a mixed CS term between the R-symmetry and an Abelian flavor
(or gauge) symmetry:

ik
Lrcs = —1277}: <6WpAuaqu + i0W12) . (2.16)

This term is the specialization to our background of the term in (4.19) of [29].
The supersymmetric matter kinetic action is

Linat = Dy DF o491 (02 +iD—qWia) o+ FTF+itpT (v Dy — 0 ) —ih A +igT AT, (2.17)
where ¢ is the R-charge of ¢. One can verify that
QQ(v'y +2i¢'0) = &'e Lina (2.18)

up to total derivatives, therefore the matter kinetic action is also 9Q-exact.
Superpotential interactions are controlled by a holomorphic function W(®), gauge-
invariant and of R-charge 2. The two Lagrangians

Lw =ilFw Ly =iFy, (2.19)
where
ow 1 *W AW 1 PW

oL W
o0 ' 2 9000
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are the F-terms of the chiral multiplet W (®) and its antichiral partner, are separately
supersymimetric. Since Q(ieCW}W) ~ ¢fe L1y and Q(—iw;r,vgc) =~ ¢te L7 up to total deriva-
tives, the two Lagrangians lead to Q-exact actions. Notice that although in Euclidean
signature the two functions W and W can be independent, since we consider the Wick
rotation of real Lorentzian Lagrangians, we take them complex conjugate.’

The covariant derivatives in (2.17) contain the gauge fields, the background field V/
for the R-symmetry and background fields for the flavor symmetries of the theory. A
background vector multiplet for a flavor symmetry contains the bosonic components Ff;,
A:I; , ot and D¥ which should satisfy DY = iF in order to preserves supersymmetry. We
see that Fis represents a background magnetic flux for the flavor symmetry, As is a flat
flavor connection along S', and ¢! is a real mass associated with the flavor symmetry.

Finally, we can include Wilson lines in representation R defined as

W =Trg Pexp?{dT(iAH:k“ — o) (2.21)

as in [30]. Here z#(7) is the worldline of the loop, 7 is a parameter on it, &* is the derivative
with respect to 7 and |Z| is the length of &#. Its supersymmetry variation is

1 1
QW —iATfyMed:“ + §AT6\¢| : (2.22)

One gets QW = 0 (and @W =0) if &' = 22 = 0, i.e. if the loop is along the vector field
e3. In the unrefined case e = %3,5: we can place the loop at an arbitrary point on S? and
along t. In the refined case e3 = %(at +¢0,) and (1) = (6o, <7, 7), therefore for irrational
values of ¢ the loop does not close; we can either tune ¢ to rational values, or place the
loop at one of the two poles of S2.

2.2 Localization on S% x St

To compute the path-integral Zg2,q1(t), we use the localization method. We deform
the action S[p;t] — S[p;t] + uQV|p], where u is a positive parameter while V' has non-
negative real bosonic part and Q?V = 0. By the standard argument, the path-integral
does not depend on u. Evaluating in the u — +oo limit, the path-integral localizes around
configurations for which the real bosonic part of QV'[p] vanishes. Therefore Zg2, g1 reduces
to a semi-classical computation around those configurations.

2.2.1 The BPS equations

As a deformation Lagrangian we choose Ly + Lyat in (2.10) and (2.17), since each term
leads to a non-negative Q-exact action. Let us start with the gauge sector. Setting to zero
the real bosonic part of Lyy1 along the real contour, one gets

Fu=Dyo=D=0.

SIf we stay off-shell, the matter kinetic action has the positive-definite term F''F', while the real bosonic
part of Lw + L3 vanishes. On the other hand, if we integrate out Fj, F;r to go on-shell, we obtain the
positive-definite term |8iW|2.
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On the other hand, without imposing any reality condition, the BPS equations QA =
oM = 0 lead to a much larger set of complexified configurations:

D:iFlg 5 DldziFlg 5 DQJ:iFgg 5 D30':0.

When evaluating a standard integral in the saddle-point approximation, it is common that
saddle points in the complex plane and off the original integration contour contribute to
the integral; therefore we might worry that something similar happens here. In fact, with
a very careful analysis, we will see that it does. It will be convenient to define MBPS as
the space of BPS configurations where the reality condition is applied to all physical fields
but not to the auxiliary field D:

Mpps = {D —iFly, Fig=Fs=0, D= 0}/9 , (2.23)

where G is the infinite dimensional group of gauge transformations.

These equations are easily solved. Let us choose a gauge 0;4; = 0. Let g € G be
the holonomy around S', which may depend on the position on S2. The Bianchi identity
implies D;Fj3 = 0. Single-valuedness of Fi along S' implies [9, F12] = 0. This in turn
implies that Fy5() is constant on S*, g is constant on S?, and they commute. In particular,
we can represent Fo by a connection on S? that is constant on S' and, if ¢ is connected
to the identity, we can represent ¢ by a connection on S' that is constant on S?, and they
commute.” Integrating D3o = 0 along S* we get [g, 0] = 0 and o is constant on S*. Finally
we have to solve D o = 0 on S2, which implies [F12,0] = 0 at all points on S?, and o is
constant on S2.

Summarizing, the equations are solved by

9, Fra(2)] = [9, 0] = [0, Fia(2)] = 0, (2.24)

where g and ¢ are constant, while 5 may depend on S? but is constant along S'. This
space MVBPS is infinite-dimensional.

If we further restrict Fjo to be constant (we will show how that comes out of the
path-integral), the moduli space reduces to

Mgpps = (H x h x Ty) /W, (2.25)

where H is a maximal torus in G, b is the Cartan subalgebra, I'y C b is the co-root lattice
of G that parameterizes quantized fluxes, and W is the Weyl group.
Let us now move to the matter sector. The BPS equations along the real contour give

D3¢ =0, chp=0, (D1 +iD3)p =0, F=0. (2.26)

These equations generically imply ¢ = 0. However they admit extra nontrivial solutions

1Ay

when o and e 1 have a common zero eigenvalue: the extra solutions are then zero-modes

of D1 +iDy on S? (or more generally on 3,).

If it is not connected, one has to introduce a discrete element.

— 12 —



2.2.2 The zero-modes

Around each of the general complex BPS configurations (2.23) there are bosonic and
fermionic zero-modes of the Yang-Mills and matter actions.

For generic configurations, only the YM action has zero-modes and they are finite in
number. The bosonic modes parameterize the constant diagonal values of o and A;, and
describe the connected submanifolds

M=H xb (2.27)

of the BPS manifold (to be divided by W together with I'y). Since the observable gauge

7 f Adt

quantity is e , we define the dimensionless complex combinations

u:At—i—iﬁU:B(Ag—l—ia), u=A; —ifo, r=e", (2.28)

We call u a complexified flat connection. Notice that u represents r» modes, where r is the
rank of the gauge group. For a U(1) group, u ~ u+ 27 lives on a cylinder while z € C*. For
a generic group G, u ~ u+ 2w( where ( is an element of the co-root lattice. Configurations
related by the Weyl group have to be identified. We parameterize magnetic fluxes by

L[ Fem, (2.29)
2T S2

where m € I'yy satisfy e2mim

= lg, i.e., in physical terms, they are GNO quantized [31].

Besides the bosonic zero-modes, there are also fermionic zero-modes and together they
form complete supermultiplets. Each bosonic zero-mode is paired with a fermionic zero-
mode coming from the Cartan gaugini. The Cartan gaugini A are not lifted because they
are charged only under the R-symmetry, and we cannot turn on a flat connection for the
R-symmetry without breaking supersymmetry. In fact the fermionic zero-modes have the
same quantum numbers as € and are proportional to it; we can thus define scalar fermionic
zero-modes

Xo=BeA, A =B ATe, (2.30)

which are obtained from Qu = z')\T, @a = iX\g. We can close the supersymmetry algebra
“off-shell” if we introduce an auxiliary bosonic zero-mode Dy:

D() - BeTe (D - iFlg) .

This is obtained from @)\T = Dy or QA9 = —Dy. This zero-mode corresponds to a constant
profile for D — iFy5. In the following we will choose a normalization Sefe = 1 for the
zero-modes. Notice that, as usual, setting to zero the auxiliary component gives BPS
configurations. The supersymmetry algebra closes and we find

Qu =0 Qu = i} QMo = —Dy QM =0 QDy =0

- o s (2.31)
Qu=20 Qu =1\ QX =0 QN = Dy QDo =0.

Notice that Q% = sz ={Q, @} = 0 on the zero-mode subspace, since the zero-modes are
translationally invariant and commute with o. We will call “almost BPS” the configurations
which satisfy the BPS conditions, except for a constant Dy —in other words D = iFi2+ Dy.

,13,



All chiral multiplets give rise to bosonic and fermionic Landau levels on S?, however
such potential zero-modes are charged under flavor and gauge symmetries, therefore the
complexified flat connections on S' generically lift them. There are, however, special
hyperplanes (linear submanifolds of complex codimension 1) on 9t where the total flat
connection has zero eigenvectors, and extra zero-modes appear. In particular each chiral
multiplet ®; can give rise to a hyperplane H; such that when v € H;, ®; develops a bosonic
zero-mode. The manifolds H; are determined by the poles of the one-loop determinant and
are of the form

H; = {ueM|erittirs® =1} (2.32)

where p; is the weight of the gauge representation, py of the flavor representation, and v
is the complexified holonomy for the flavor group. To each hyperplane we associate the
covector Q; = p; € h* equal to the gauge weight (in the Abelian case, Q; is a list of charges).
We call

gﬁsing = Uz Hi (233)

the singular manifold and, as we will see, we will only be interested in 9t \ Miing.

In the rank-one case, H; are just isolated points on 9. For r > 1, instead, H; are
:ing
r linearly independent hyperplanes meet:

proper hyperplanes. We define 9%, . C 9Mgine the set of isolated points in 9T where at least

%
sing

= {u* eMm ‘ at least r linearly independent H;’s meet at u*} : (2.34)

Given u, € MY, we denote by Q(u,) the set of charges of the hyperplanes meeting at w,:

sing’
Q(us) = {Qi | us € H} . (2.35)

For a technical reason as in [4, 5], we will assume the following condition: for any u, €
>(s(mg’
of hyperplanes at u, is exactly r, this condition is automatically met.

the set of charges Q(uy) is contained in a half-space in h*. Notice that if the number

2.2.3 The classical on-shell action

We evaluate the classical action Zj(u,u, Do;m) on almost-BPS configurations, where w is
constant, D = iF}o + Dy with constant Dy, but D and Fjs are not necessarily constant.
The moduli u, u, Dg, m control the expectation values of the bosonic fields in vector
multiplets, which can be either dynamical (gauge group G) or external (flavor group Gp),
in the Cartan subalgebra. There can also be global topological symmetries, whose moduli
are denoted by ¢ = €* and t with z = A§T) +iBo ™.

The classical action terms in the Abelian case are the following.

e The Abelian YM action (2.10) contributes

27 .
ZC\{M _ e—@% J d*x\/g Lymlon-shen _ _TQB(RZD(%JF'““DO) ) (2.36)

(&

As Sy is Q-exact, it vanishes on actual BPS configurations where Dg = 0.
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e The Abelian Chern-Simons action (2.12) contributes

_ 3 1 2
ZCC]S —e fd l\/ﬁﬁcs‘on,shen — ka 62ZkﬂR oDg , (237)

where 2 = e, Notice that if k is half-integer, this is not a single-valued function of
x. This is related to the fact that a half-integer CS level might be required to cancel
a parity anomaly from the matter sector.

e The mixed CS term between two Abelian symmetries (2.13) contributes

. 1 2
Zé{‘cs _ o J P2 yG Lncslonshen _ ZElfIQm(Q)xngm(l) emlggm(oumg ) 4o (2.3%)

If one of the two Abelian symmetries is flavor, we drop the corresponding Dj term.
e The topological term (2.15) contributes

3 iBR2o(T)
Zg —e fd Q?\/E‘CTlon-shell — :Z:t gm 6216}2 o Do . (239)

We recall that Im z is essentially a FI term, while Re z is a sort of 2d §-angle on S2.

e The mixed CS term between the R-symmetry and an Abelian gauge or flavor sym-
metry (2.16) contributes

Zflics _ e*fdgx\/ﬁﬁRcs\on-sheu — kR (2.40)
. . .

The previous expressions are straightforwardly generalized to the non-Abelian case by
replacing u, Dg and m with elements of the Cartan subalgebra h and contracting all products
with the Killing form. The total classical action Z is the product of the relevant terms.
Let us also evaluate the Wilson loop defined in (2.21). Using z#(7) = (6, vo, 7) and the
fact that As, o are constant, the loop reduces to W = Trg exp [z §dt (Aﬁ—iﬁa)]. Therefore

W =Trpe™ = Trra = ZpER xf . (2.41)

Notice that the classical action for Dy = 0, which we denote as
Za(uym) = Z4(u, u,0;m) (2.42)
is a holomorphic function of wu.

2.2.4 One-loop determinants

Next we compute the one-loop determinants from chiral and vector multiplets, obtained by
integrating out all their non-zero modes and keeping the dependence on Dy which serves
as a regulator of the final expression.® The derivation is given in appendix A.

8While the determinants at Do = 0 can be computed, with a cohomological method in appendix A, for
generic metric on S? and generic supersymmetric Fia, for Do # 0 we use the round metric on S? and take
constant Fia.
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Chiral multiplet. Consider a chiral multiplet ® transforming in some representation R
of the gauge and flavor symmetry group G x G, and immersed in a constant magnetic flux
m on S? along the Cartan subalgebra. Consider a single component ®,, transforming as
the weight p € R and with R-charge ¢, (to weights in different irreducible representations
we can assign different R-charges). We write

b= p(m)—q, (2.43)

for the total flux seen by the scalar component of ®,. The bosonic determinant is given by

(27rk—p(At))2 2n+b|+1

det0¢:HH [(2n+1)|b|—b+2n(n—|—1)+p(a)2+ - +ip(Do)

2
n>0keZ 25
(2.44)

Notice that for non-vanishing values of p(c) or p(A¢), the zeros of det Oy are strictly in the
half-plane Im p(Dg) > 0 in the complex Dy-plane. The fermionic determinant is given by

detO, = [] [ZSM _ p(a)] 1]

kezZ b
_ 24 2n+|b+1|
[ oy BT R (243)
n>1

where s = sign(b + 1). The one-loop determinant is the ratio of the fermionic and bosonic

determinants,
det Ow

det O¢>

and in general it is a function of v and u. For generic Dy there are no cancelations among

Zchiral (u i, 1)07 )

1-loop (246)

the massive modes.
We will be eventually interested in the one-loop determinant for Dy = 0. In that case
all massive modes cancel out and we are left with

det Oy 1\ b1 —b—1
~TT (% A+ iBo) - 2mk) . 2.47
o, ~ 11 (5)  (etac+ipo) o (247)
keZ
This expression requires regularization. We use [], ., a(u — 27k) = —2isin §, where the

prefactor « is irrelevant, and find

det Oy o plu)y—emta—l o P2 pm)—gpt
det Oy _( 21sin = ) - (1—33/3)

)

where z = €™ and 2# = (). This determinant is a meromorphic function of u, and we
denote it by thlggll)(u m) = Zf}}ggz)(u u,0;m). It has a simple Hamiltonian interpretation,
and our normalization was chosen accordingly. The magnetic flux on S? generates Landau
levels, which in the quantum mechanics on S' are either |b+1| Fermi multiplets for b+1 < 0,
or b+ 1 chiral multiplets for b+ 1 > 0 (a similar phenomenon has been recently discussed

n [32, 33]). In the first case, the Fermi multiplet contains a spinor whose Hilbert space
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is a fermionic Fock space, and assigning charge —& and fermion number 0 to the vacuum,
the index is 72 — 2%. In the second case, the chiral multiplet contains a complex scalar
¢ and a spinor, and the Hilbert space is the product of a bosonic Fock space generated by
¢, " and a fermionic Fock space; assigning fermion number 1 to the vacuum, the index is

(2% +2%) 2on>0T" Yo = (78 —a%)7L.

Eventually, taking into account all weights p of the representation R, we obtain:

chiral _ H ( zP/? )p(m)—qp+1 . (2.48)

1-loop ™ 1— 2P
pER

Notice that this one-loop determinant may have singularities when z” = 1, corresponding
to the presence of bosonic zero-modes. Notice also that (2.48) may not be single-valued
in z: this is a manifestation of the parity anomaly and, when x parameterizes gauge flat
connections, must be canceled by a choice of half-integer CS level in (2.37).

At this point we would like to comment on a sign ambiguity, which originates from
the ambiguity in the quantization of the fermionic Fock space (the Ramond vacuum).
The determinant (2.48) gets contributions from fermionic chiral zero-modes on S?. The
fermionic operators vy, ¥ satisfy the anticommutation algebra 13 = ¢ = 0, {tbo, 0} = 1,
so we interpret them as creation and annihilation operators for a fermionic Fock space |+)
with 1p|—) = 0, 1o|—) = |+). The two states have opposite fermion number, and flavor
charges that differ by p. We could decide that |—) is the vacuum — a bosonic neutral state:
this leads to a determinant 1 — 2”. However the two states have the same energy, therefore
we could rather decide that |+) is the vacuum, leading to —x~” + 1. A more democratic
choice is to assign the two states flavor charges +££, leading to 2 P/2 — 2P/2 which is our
choice. These ambiguities correspond precisely to ambiguities in the regularization of the
determinant. Even with our democratic choice, we are still left with a sign ambiguity in the
assignment of the fermion number, leading to an ambiguity (—1)p(m) for the determinant. If
m is for a global symmetry and so it is a fixed parameter, this is just a total sign ambiguity
of the index; but if m is for a gauge symmetry and so it is summed over, it may appear
that it drastically affects the partition function. However in three dimensions, if the gauge
group is Abelian the ambiguity can be reabsorbed in a redefinition of the fugacity & for the
associated topological symmetry, see (2.39); if instead the gauge group is semi-simple the
ambiguity cancels out. Because of this ambiguity, in our examples we will choose the signs
at our convenience.

When we integrate out a chiral multiplet with large real mass M, we obtain an effective
shift of the Chern-Simons levels of all groups the chiral multiplet is charged under [34-36].
Let us check that this is reproduced by the one-loop determinant. Consider, for example,
a chiral multiplet charged under many different U(1)s. A real mass M can be turned on
by giving an expectation value to the scalar o in the flavor vector multiplet that rotates
the chiral multiplet. The one-loop determinant of such a chiral multiplet, which we take
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of R-charge 1 for simplicity,? becomes

[T Pa/2 —BM/2
ZChiral_ afa € BM/2\ 2p PoMp
1-loop — 1— mgae—ﬂM
IIa

H :Lé sign(M) papymp ( Sign(M)e_g‘M‘)zc petite.
a,b

IR
M—=+o00

(2.49)
Comparing with (2.38), we recognize in the first term a shift of the U(1)s CS levels,

1
Okap = 3PaP sign(M) , (2.50)

which precisely reproduces the known result [36]. The sign ambiguity in (2.49) can be reab-
sorbed in the fugacity £ of the topological symmetries — see (2.39) — and the exponential
in M is a renormalization.

For a simple group, the same computation reproduces the shift
1
0k = §T2(§R) sign(M) , (2.51)

where T5(9R) is the quadratic index of R defined by >~ o pp’ = Tr(R) K in terms of
the Killing form K (and h = $7%(adj) is the dual Coxeter number). For instance for
SU(2), Ta(spin I) = 2I(1 +1)(21 +1)/3.

Higher genus. If we place the theory on a Riemann surface X, of genus g, instead of
on the sphere S2, we can still compute the one-loop determinant (see appendix A). The
only difference is the number of units of R-symmetry flux: % fzg W = g — 1. By the
index theorem, the number of right-moving minus left-moving modes on ¥, is ng —ny, =
p(m) + (g — 1)(¢g, — 1), therefore the one-loop determinant is

chiral __ zP/2 N p(m)+(g—1)(go—1)
Zl—loop - H (1 — l’p) . (252)

pER

Notice in particular that this is independent of the flat-connection moduli on X,,.

The gauge multiplet. The one-loop determinant for the gauge multiplet can be com-
puted in many ways. On the round sphere with constant magnetic flux we could compute it
mode by mode as in [18, 19]. In the general case, we could use the cohomological argument
of appendix A along the lines of [37]. More quickly, we notice that the modes along the
Cartans are not charged under gauge or flavor symmetries, and so can be discarded. The
off-diagonal modes contribute, possibly up to a flux-dependent sign, as chiral multiplets
with R-charge 2 and transforming as the roots « of the gauge group. This can be under-
stood from the Higgs mechanism. Suppose that a generator « is broken, then the gauge
field will eat a chiral multiplet and become massive. The eaten chiral multiplet has no flavor
charges, it transforms as a under the gauge group and it has R-charge zero (otherwise its

VEV would break some global symmetry). Since massive fields do not contribute, we have

zgauge Zchiral

LloopZ1-loop = 1, up to a flux-dependent sign. This equation is also satisfied by two chiral

9For R-charge different from 1, the fermions are charged under the R-symmetry and a mixed gauge/R
CS term is generated. Such term is correctly reproduced by the one-loop determinant formula.
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multiplets of R charge two and zero which can by paired by a quadratic superpotential

gauge
Zl-loop .

Moreover, because of the bosonic zero-modes, it is natural to interpret

term and integrated out. This determines

gauge
Zl-loop

middle-dimensional holomorphic form on 9, therefore we attach the differential d"u to it,

as a

where 7 is the rank of the gauge group. We thus have:

a;a/2 a(m)—1
ZE0Ee = (=1)*™ ] < ) (idu)” = J] (1 —2) (idu)". (2.53)

1—a
acelG aeG

Here § = % Y aso @ is the Weyl vector,'Y and we have fixed the sign ambiguity for later con-

venience. We see that Zlgaiugf) is just the Haar measure for the group G. The measure does

not have any divergence: this is related to the fact that there are no flat connections on S2.
We define the total classical and one-loop contribution as

Zing(w;m) = Za Z55035, Zony (2.54)

which is a holomorphic r-form.

Higher genus. We can similarly write the gauge one-loop determinant on a Riemann
surface of genus g:

0 2a/2 N\ am)+g—1 ,

auge - — .

Zgeee = (—)P™ ] (1 — xa) (idu)” = [J(Q1 =29 (idu)".  (2.55)
aclG aclG

gauge

1-loop*

there is enhanced non-Abelian gauge symmetry and there are extra bosonic zero-modes

This time there are singularities associated to Z This is expected: when z% = 1,

parameterizing the flat connections on ¥4, which are associated to poles of the determinant.

2.2.5 Asymptotic behavior

In the following sections we will need the asymptotic behavior of the one-loop determinant
for large values of the moduli o, which, as we saw around (2.49), is related to a one-loop
shift of the Chern-Simons levels. In an N/ = 2 U(1) theory with chiral multiplets of charges
@; and Chern-Simons coupling k, we can define an effective Chern-Simons coupling

Fealo) =k + 5 > @2 sian(Quo) (2.56)

as a function of the vacuum expectation value of the scalar ¢ [36]. The shift comes from
integrating out the matter fermions which have mass |Q;0].

The correction in (2.56) is reflected in the asymptotic behavior of the one-loop deter-
minant for a chiral field. The bare CS term contributes like in (2.37), z*™ ¢2kBR?7D0 while

the one-loop determinant for a field of charge @; provides for large |o|:

£ 3@ sign(Qio)m ,iQ? sign(Qio) BR2a Do (2.57)

1ORecall that 2§ is always a weight, therefore 26(m) € Z. For semi-simple groups also § is a weight, but
this is not true for Abelian factors. For instance for U(N): (—1)2(™ = (—1)(V =1 2imi
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The two contributions combine into

herr(0)m 2ikeq(c) BR20 Dy
and precisely reproduce the correction in (2.56).

To see how this works, we need to study the asymptotic behavior of the one-loop
determinant as o — +oo for generic values of Dy. For b > 1, the determinant for a chiral
field of charge 1 is

n(n+b+l) +o2+ (271'k At)2 >2n+b+l 05

- _ b 1 A .
det Oy P (27r12/3,4t _ \bt 0 n( n+b+1 (271”@'52 t) +iDy

while for generic charge we simply have to reinstate @; in front of A;, o, Dy and m. The
second product becomes 1 when Dy = 0, and the first product, after regularization, is the
determinant we found in (2.48). The limit of (2.48) for large || produces the first factor
n (2.57). Consider now the second factor in (2.58). Its product over k is convergent and
can be performed explicitly: calling F' its product over k and n, we find

h (8y/z) — cos A, n(n+b+1)

P bl _ . cos AN N A

nl:[of fn cosh (Bv/z +iDg) — cos Ay’ : R2 to
(2.59)

We are interested in the behavior of F' for |So| > 1. In this limit we have

log f = Bv/z — B\/z +iDg + O (e PVZ) . (2.60)

It follows that log F' is a linearly divergent sum over n. The divergent term can be com-
puted with (-function regularization: — )" - iBRDy = % BRDy. We can approximate the
remaining convergent sum over n with an integral:

5/ dn|(2n-+b-+1)(VZ— /2 +iDy) +iRDo| = Z/BR2\0!D0—*(b+1)5RDo+O<BR ).

Reinstating the charge @Q;, we finally find
F = exp [iﬁRQ sign(Qior) Q20 Dy — £ BRbQ; Dy + o(ﬂR Do)} . (2.61)

The first dominant term gives the second factor in (2.57). A similar computation works
for b < 1.

For a general theory we can have mixed Chern-Simons terms and the expression
n (2.56) is replaced by

a, a 1 a s C
Ki(o) = k" + 5 ) Qi Qi sign(Qo) | (2.62)

where the indices a, b, ¢ run over the generators of the Abelian gauge groups, i runs over
the different matter fields and Q¢ are the gauge charges. The correction (2.62) is correctly
reproduced by the asymptotic behavior of the one-loop determinant.
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2.3 The final formula: rank-one case

The last step is to integrate the classical contribution and the one-loop determinant over
the moduli space of BPS configurations, taking properly into account the various zero-
modes. We follow the strategy used in [4, 5]. There are some new features related to the
non-compactness of the moduli space and the presence of magnetic fluxes. In order to
clearly explain the physical ideas, we first consider the case of rank-one gauge groups.

2.3.1 The integral and the dangerous regions

We place 1/e? in front of the Yang-Mills Lagrangian Ly and 1/g? in front of the mat-
ter Lagrangian Lpat, and consider localization as e,g — 0. For non-zero couplings e, g,
the path-integral takes the form of an integral over the supermanifold of vector multiplet
bosonic and fermionic zero-modes. We can write it as

A :/ d*u Feg(u,u),
m

where the integration is over the bosonic zero-modes — the moduli space 9 = C/27 of flat
connections — while F¢ g is the result of the path-integral over the fermionic zero-modes
and all other massive modes (we will soon see that this expression is not complete).

There are some dangerous regions in 9t when we take e — 0 and/or g — 0. The
dangerous regions are the points u, € Mging defined in (2.33) where, in the e — 0 limit,
extra scalar zero-modes from chiral multiplets appear. Suppose that for v ~ u, there are
M quasi-zero-modes ¢;, whose charges (); have — by assumption — the same sign. Then
the integral over the modes looks like

2 .
I= /d2M¢> exp [—;ZJ@(“_“*)‘Q’@P_ ;(Ceﬁ_zig;‘d)i‘Q)Q] :

where (o is the effective FI term at the point u. Here g can be reabsorbed in the measure
for the quasi-zero-modes, therefore g — 0 does not pose any problem. On the contrary, the
second term comes from the D-term potential and it ensures that the integral is convergent,
even at u = u,, therefore taking the limit e — 0 is problematic. Let us find an upper bound
on |I| at small but fixed e. As a function of u, |I| is maximized at u = u,.. By rescaling

oi — qbl‘m‘ 1/2 , we obtain the bound

I < /d2M exp[—( gesign(Q;) )}
1] eMH X ¢ Comresign(Qi) Zm
In the limit that e is small, we can neglect the term in (g and the integral can be performed:

C ogM 275 M (M /2)
1= o “=Mel T

So, taking the limit of F,o(u,u) as e — 0 at u = u, is problematic, since we remove the

(2.63)

quartic potential and generate illusive singularities. The resolution is the same as in [4].
We first remove from 91 an e-neighborhood A, of Mgine and split the integral in two pieces:

7 = / d*u Foo(u, ) + / d*u Feo(u, @) . (2.64)
M\ AL Ac
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The second integral is bounded by £2/e™ up to constants, therefore in a scaling limit
e,e — 0 such that £2/eM — 0 as well, the second term does not contribute. We thus have

Z = lim d*u Fog(u, ) . (2.65)
e,e—0 M\ A

With respect to [4] we have to be more careful, though, because 91 is non-compact.
This is similar to the setup in [6-8]. Since M = C/27 is a cylinder, we might have a
problem when integrating over the zero-mode Im du = B do. Let us estimate the behavior
of the integral. For o — +oo, all chiral multiplets are massive and their effect is to shift
the bare CS level k as in (2.56). Let us call k1 the values of the effective CS for o — +o0.

The dangerous part of the integral is then, after integrating out D:

2
/dO’ exp |:— %(kia_'_C)z ’

where some unimportant constants have been dropped. When ki # 0, the integral is
convergent for any e # 0 but becomes singular in the limit e — 0. The resolution is again
to remove an e-neighborhood of infinity in 9t by considering a large number L(e) and
including in A, the two regions |o| > L. Consider the integral on the region o > L (the
case 0 < —L is equivalent). For e — 0 we can neglect ¢, and we are left with

00 2k2 1 e’}
I~ / do exp {— ¢ +02] = / e 22z .
L 2 elkt] Jeryiz

2
e—T7/2

Since [° e /2dz = —— (14+0(x~?)), it is sufficient to take a scaling limit e, + — 0 such
that el grows as a negative power of e, then the integral over ¢ > L does not contribute.
In fact, we will take a stronger scaling limit in which e?L diverges as e — 0. When k+ = 0
the integral is potentially divergent. The trick we will employ is to introduce a Lagrangian
term ikrego D and take the limit rreg — 0%. We will verify that the result is the same for
the two limits, and it is finite.

In conclusion, by using the convention that we include in the definition of A, also the
two regions at infinity and we take a suitable scaling limit, the path-integral is still given
by (2.65).

2.3.2 Configurations with flux

There is another important difference with respect to the elliptic genus computation in [4]
and the quantum-mechanical index in [6-8]. In those cases, the superalgebra fixes F),, =
D = 0 on BPS configurations independently of the real contour chosen, while in our case
the superalgebra allows generic D(z) = iFj3(z) for complex D(z). It is well-known that
the saddle-point approximation to an integral along the real line can get contributions from
saddle points away from the real line; therefore, let us investigate whether configurations
with flux contribute.

Consider a generic real configuration Fia(z) and D(z). As long as e > 0, this configu-
ration is suppressed by the classical action weight

oS _ gl [ g (R D) (2:66)
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This configuration is not BPS. However if Fio(x) and D(z) are actually constant, then the
configuration is on the complex orbit of the auxiliary zero-mode Dg originating from the
BPS configuration D(z) = iFia(z) = %. In other words,

D(@:DH% ceR for Dye R—%.
We have computed the effective action Z(u,u, Do;m) for the multiplet of zero-modes,
obtained by integrating out all massive modes, around generic BPS configurations with
complex D(z). Such an action depends on the constant mode Dy, and it is valid for all
Dy € C. We thus learn that configurations with constant Fjs are special because, starting
from the BPS point and taking Dy € R — 5%, we reach the real contour D(z) € R we are
integrating over, even though such real configurations are no-longer BPS. Let us analyze
the contribution of these almost-BPS configurations to see whether it vanishes in the limit
e — 0 or not.

The contribution of configurations with flux Fis = % can be written as

Zw =N lim d%/ ZdDo/d)\O AN Z (u, @, \gy N}, Do;m)

e,e—0 DM A, 2;\2

where A is a normalization constant we will fix later. Here Z(u,a, )\O,AE,DO;m) is the
effective action for all zero-modes (including the fermionic ones) in the multiplet, and it
is the result of integration over all massive modes. We will analyze this function more in
details in the next subsection. To compute the integral, we shift the Dy integration contour
along the imaginary axis until it reaches the real axis. When we do that, we can encounter
poles of Z located at the zeros of det Oy in (2.44), and we should pick the residues. However
such residues are weighted by the suppression factor (2.66):

Re Syn = —2mBR2Im Do(Im Dy + %) >0 for —%<HmD0<O,
using the fact that the poles are at Re Dy = 0. Therefore, all these residues are suppressed
in the limit e — 0 and we can neglect them.'! Once the contour has been shifted to the real
axis, the result is no longer exponentially suppressed by (2.66), and therefore it survives in
the limit e — 0.

What about all other configurations where Fjo(x) is not constant? The corresponding
BPS configurations have imaginary D-term D(x) = iF12(z), and the complexified orbit of
the auxiliary zero-mode Dy spans D(z) = iFi2(x) + C. If Fi3(z) is not constant, then the
orbit never intersect the real contour D € R and the BPS configurations do not play a role
in the exact saddle-point approximation to the real path-integral.

To summarize, the full path-integral reduces to a sum/integral over the bosonic moduli
space Mppg in (2.25) of BPS configurations with constant magnetic flux,

Mpps = (M x Ty) /W, (2.67)

as well as an integral over the fermionic zero-modes.

1 As we reduce €, we cross a larger number of poles. However the number of poles is polynomial, while
the suppression factor is exponential.
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2.3.3 Reduction to a contour integral

Eventually, the expression for the path-integral that we need to evaluate is

Zgrygr = Z Zn (2.68)
‘ mth
where Zy, is the contribution from configurations with constant flux Fjo = 2—"}%2, the sum is

over the co-root lattice, and |W| is the order of the Weyl group. In particular

T = —— lim / dDo/d)\O AN Z(u, 1, Mg, AL, Do;m) | (2.69)
zm\A R

27‘( e,e—0 +in

the normalization has been fixed comparing with one example, and Z(u, @, A, )\g, Dy;m) is
the effective action for the complete multiplet of zero-modes, obtained by integration over
the massive modes around configurations with flux m. Setting A\, = )\8 = 0 we recover the
classical and one-loop expressions discussed in sections 2.2.3 and 2.2.4:

Z(U,E,0,0,Do;m) = Z(uaﬂvD0§m> = Z Zlgiggle) thllorgll) )

while setting Dy = 0 we obtain the holomorphic expression Z(u,@,0;m) = Z(u;m). The
function Z is holomorphic in Dy around the origin as long as u & A.. Therefore we have the
freedom to shift the real integration contour on the complex Dg-plane along the imaginary
direction, as long as this shift is small: in (2.69) we have called 7 such a shift.

The action Z(u,u, AO,)\B,DO;m) depends on the gaugino zero-modes because of the
Lagrangian couplings A¢¢ to the matter fields we have integrated out. The dependence on
Ao and )\g could be determined by an explicit computation as in [4, 5], but we can use a
shortcut exploiting supersymmetry. The integration over the fermionic zero-modes gives

00

d)\d)\Zuu)\,)\,D, uu/\,)\,D,
/ ( 0> o> 0 ) 3)\8 ( 0> 0> 0 )

Ag=M=0

This expression can be simplified using the fact that Z is supersymmetric. From

0 0 ~ 0 0
0=QZ = (i\— —D Z, 0=QZ = (iNg—+ Do— |2 2.70
0z = (g - Doz, 0z = (g + Do)z (270
it follows that 5 o 5
0——— L= i . (2.71)
Ny N 1A=26=0 ot Ix=xj=0
We can thus write!2
Z = ' lim / / dDo 0Z(u, u_DO, m)
e,e—0 m R—‘,—Z’I] 8u
_ lim / @Z (u,u, Do;m) . (2.72)
471' e,e—0 R'HW
*We use d*u = fdu A du and (M \ A.) = —0A..
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The same expression was found in a similar context in [4, 5]. The higher-rank generalization
is discussed in section 2.4.

The second expression in (2.72) seems to have a pole at Dy = 0, however there is no
pole in the first expression because 9z Z(u,u,0;m) = 0. In fact each separate connected
component of A, gives rise to a pole, while their sum does not. Let us consider each of
them separately.

e Consider a component of JA. around a point u, € Mgne. Suppose that we have
chosen 7 > 0. From the unregularized expression (2.44) of the denominator det O
of the chiral one-loop determinant, we see that the poles in the Dy-plane are at

2
p(Do) = ip(0)* +i (p(At)Bz 2mk)

where C’ is non-negative, vanishing only for n = 0 and b > 0.

+4iC"

If p < 0 the poles are in the negative half-plane. As ¢ — 0, the poles for n = 0
collapse towards Dy = 0 (because |u| ~ ¢ on the contour dA;.), however the contour
R +4n is safely far from them. The Dy-integral remains finite as u — 0, and then the
u-integral vanishes because its contour shrinks. On the contrary, if p > 0 the poles
are in the upper half-plane and, as ¢ — 0, they would cross the contour R + in. To
avoid that, we shift the contour to R —in and we collect minus the residue at Dy = 0.
As before, the integral along R — in does not yield any contribution as ¢ — 0. Minus
the residue at Dy = 0, though, gives
1

— lim du Z(u,u,0;m) =i Res Z(u;m) ,
27 e,e—0 AA. U=Us

since Z(u,u,0;m) is holomorphic in u and there is no dependence on e anymore.
Suppose, instead, that we have chosen n < 0. A similar argument goes through, and
we obtain minus the residue at u = wu, if p < 0, zero if p > 0.

We reach the conclusion, as in [4], that for > 0 we collect the residues of Z(u;m) at

the points u, € DJT;ng corresponding to chiral fields with positive charges, while for

1 < 0 we collect minus the residues at the points u, € 9

corresponding to chiral

sing
fields with negative charges. This operation is called the Jeffrey-Kirwan residue [9]:
zbulk — 2 JK-Res (Q(us),n) Z(u;m)idu, (2.73)
ux € M; ue
* sing

where Q(us) is the set of charges of the fields responsible for the pole of Z(u;m) at
us. We can rewrite the expression in the z-plane:

Za"™ = 3" JK-Res(Q(x.).n) Z(:c;m)d;x' (2.74)

S msing

e Consider the two components of 0A, around Imu = +o00. They give a contribution
Z5W as in (2.72), with

21 AR?

im
Z(u,u,Dg;m):exp[— 2 D0<D0+Z

R2

) +2iBR*kroDy+ 2iBR*0T Dy | Z(u; m)
(2.75)
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for large |Imu|. The three terms come from (2.66), (2.37) and (2.39), respectively.
We have used that the asymptotic behavior of the one-loop determinants shifts the
bare CS level k as in (2.56), and we have denoted

ki = kegr(£00) (2.76)

the effective CS level for Im v = 4-o00.

Consider first the case that ky # 0. We have to evaluate the integral over Dy € R+1in
in the scaling limit e — 0 with e2¢ — oo, therefore the terms containing m and o(™)
are negligible. We can make use of

D —2mi Z(w;m) ifn >0, kro <0

lim 220 o—~Di+ikzeoDo Z(u;m) =40 ifnkioc >0
eo—+00 Jp i in Dy ‘
2ri Z(u;m)  ifn <0, ko >0.

(2.77)
We are left with a contour integral of Z(u;m) around the two infinities, which can
be written more elegantly as a Jeffrey-Kirwan residue on the z-plane,'3
ZpW = )" JK-Res (Qu.. 1) Z(x'm)d—x (2.78)
m Pl Tx» ’ T )

x+= 0,00

if we assign charge vectors to the singularities at = 0, 0o according to the effective
Chern-Simons levels:

Qo= ki, Qe = k. (2.79)

If k4 =0 or k- = 0 we need to regularize the integral on o: we choose to do it by
adding a Lagrangian term —ik.goD and then taking the limit xreg — 0*. We show
in section 2.3.4 that the result is independent of the sign of k,eg, and in fact it is zero.
Hence the prescription is that we do not take any residue at infinity when k4 = 0.

The full path-integral is obtained by summing Zg‘ﬂk and ngy over all magnetic fluxes. In

the rank-one case, we can elegantly write both contributions as JK residues on the complex
dz
x

and one-loop contributions of section 2.2.3 and 2.2.4, Z(x;m)

x-plane. Moreover, the holomorphic 1-form Z(z;m)%® is precisely the product of classical

d?’f = Zint(x; m), therefore the
final expression is

1
Zsrisi = —
S2x St |W|

{ Z le{;l:}es (Q(us), n) Zing(w;m) + JK-Res(Qq,n) Zint(x; m)
mely, ’

r=0,00
T+ € msing

(2.80)

3The residue at infinity is defined with a clockwise contour: Res f(z) = fo i fx) =

_jg‘ dw f(1/w)
0,0 27t w?
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2.3.4 Cancelation of boundary contributions

It remains to verify that our regularization of the boundary contribution through ieg,
when k4 = 0, leads to zero (and in particular it is independent of the sign of fpeg — 0%).

Consider one boundary component, either u = 400 (z = 0) or u = —o0 (xr = 00). For
one sign of Kyeg, we simply do not collect the residue for any value of m and we obtain
trivially zero. For the other sign of ke, instead, we should sum the residues for all values
of m. Since k4 = 0 or k_ = 0 by assumption, the leading behavior of Zj_j50p around x = 0
or = 0o does not depend on m (a CS term appears as a factor z¥™), although there can
be a dependence on m in the subleading terms in the series expansion. It follows that,
depending on the value of the external fluxes, either we have a pole (of the same order)
for all values of m or for none. In the latter case we get zero. In the former case, after a
suitable expansion and up to a shift in m, the residues will be sums of terms of the form
m?z™. We should then evaluate the objects

Sq(2) = ZmEZ mez™ .

These sums are not convergent, but can be defined via (-function regularization or analytic
continuation. First of all

so(z) = sz: Z 2™+ Z 2™ =0. (2.81)
meZ m>mg m>—mp+1
Then all s,(2) can be formally obtained by taking derivatives of so(z), and therefore they
all vanish. We conclude that the sum over m of the residues vanish.

As a further check, we will confirm in some of our examples that, as we change 7
and the JK residue picks up different contributions from the singularities in the “bulk”
and from the boundaries, we always find convergent and well-defined expressions which
eventually do not depend on 7.

2.4 The integral: higher-rank case

The generic case of a gauge group G of higher rank r can be tackled with the same physical
ideas, however it becomes technically more involved because of the richer topology of the
moduli space 91 and the singular subset Mging. The space M = H x b is the product of r
complex cylinders. The singular subset Mgine is a collection of hyperplanes H;. Moreover
we have to decide how to regularize the non-compact manifold 9t at infinity. Eventually,
I\ Mging has a complicated topology.

2.4.1 Integration domain

In section 2.2.2, to each chiral multiplet ®; we have associated a charge covector Q; = p; €
b* equal to the gauge weight, and a “singular” hyperplane H; = {u €M |eri(W+irs(v) =1}
C O (with the topology of T"~! x R"~!) which is the dangerous locus where a would-be
zero-mode may appear as e — 0. Since the hyperplanes are defined by an equation with
real coefficients, their restriction (or imaginary projection) to b is well-defined. To each
hyperplane we associate an e-neighborhood

Ac(H;) = {ueM||pi(u) + ps(v) 4+ 27k| < &, for some k € Z} . (2.82)

— 27 —



We also need to introduce “hyperplanes at infinity” and remove their neighbourhoods. The
simplest choice would be to remove, for each a = 1,...,r, the locus +=Imwu, > L, where
L scales in a suitable way with €. This, however, would lead to an expression difficult to
evaluate. As we already saw in the rank-one case, the integral over Dy near the boundary
depends on the asymptotic value of the effective CS levels (2.62), and the formula has a
jump as we cross the restriction of an hyperplane on . When an hyperplane H; intersects a
boundary locus, it divides its restriction on b into parts with different values of the effective
CS levels. To avoid this complication, we cut a series of boundaries H:° at infinity, defined
by linear equations

HY = {u eMm } Yo(Imu) = La} ) Yo €H, (2.83)

where L, (g) is a large cut-off. The H°s have the topology of T" x R"~! and their
restriction to h defines a convex polyhedron around infinity. We choose the polyhedron
with the property that every face HJ° that intersect one or more matter hyperplanes H;,
is orthogonal to all of them with respect to the Killing form K (actually, we could use
any arbitrary positive-definite metric K on b):

Yo Kay Q7 =0 (2.84)

We can then associate a charge vector ), € h* to each face, in analogy with what we did
in the rank-one case:

Qo = —va Ka ke, (2.85)
which is well-defined on HS° and it does not jump. The convex polyhedron we have
constructed can have a large number of faces, but it certainly exists. For each face HZ°,

we define A (HS®) as the region of 9t bounded by HS® and lying outside the polyhedron.
Now the arguments of section 2.3.1 go through. For large |o|, the path-integral contains

2
/dTO— exp [ — % (l{:gé’fo’b + Ca)Kac(kig‘fifUd + CC) )

If the matrix kegK ~'keg is positive definite, we can neglect ¢ and the integral is convergent
— in particular the region outside the convex polyhedron has vanishing contribution as the
polyhedron is expanded. If, instead, the matrix has some zero eigenvalue, we can always
introduce the regularization term JamfegK ey,

For simplicity, we will use the index 7 for all neighbourhoods, including those at infinity.
For the hyperplanes at infinity we take cut-offs L, (¢) which suitably scale with £. We then

define
A=) A (Hy) (2.86)

and consider the integral over 9t \ A..

2.4.2 Stokes relations

As in the rank-one case, the path-integral reduces to Zg2 g1 = ﬁ Zmth Zm, With
aQr
Zm =N lim d"u d?“u/ d"D : TZ(u,a,A,AT,D;m) . (2.87)
&e=0 Jom\ A h+id ONOA] ... ONON; A=AT=0
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In order not to clutter formulas, we have dropped the subscript 0 from the zero-modes.
Since Z is holomorphic in D around the origin, we have shifted the D integration contour
by a small vector § € h. Following [5], we can use some “Stokes relations” to reduce
the integral over 91 to the contour integral of a meromorphic r-form along a specific r-
dimensional cycle. We refer to [5, 6] for the detailed argument, while here we just point
out the peculiarities of our case.

To absorb the zero-modes, we use the following construction. First, as in (2.70),
supersymmetry guarantees that

o) 0

We define the following (r — n)-forms, for n =0,...,7:

82(r7n)
Q. n = due, N--- Ndu e €b1 . by a1 Gn Z .
ai...a (r — n)!2 c1 c 1 ai...a a)\q 8)\;51 N a)\crina)\;_n A=AT=0
(2.89)
With a little algebra, one can show that (2.88) implies the relations
aQal...an =1 (_1)r—nn D[mgag...an} =1 (_1)r—n Z(_l)l_lDaiQal...ai...an ; (2'90)
i=1
where ™ means omission and 9 = di, %
Then define the forms
, Q... Q%
= d"uN Qo a, N 5 d'D, 2.91
HQy,....Qs ai...a QI(D) o QS(D) ( )
where @; € h* are s covectors. Using the previous relation we get
d/‘Qo,m,Qs = 8NQO,~~7QS = Z(_l)S_ZNQO7,,.@Z..._,QS . (2.92)
i=0
These forms are useful because with no vectors,
827‘
pw=duNduNd D ; ; Z‘ (2.93)
ONOA] ... ONON.  IA=AT=0
is the integrand of the partition function Z,, while with r vectors,
, det(Q1--- Qr)
g =i"d"ud’ D z‘ 2.94
Q1@ Q1(D) ... Q. (D)~ Ix=xri=o (2:94)
where the last term is the classical and one-loop action.
2.4.3 Reduction to a contour integral
The boundary of the integration domain 9\ A. is separated into “tube regions”
S; = 0A: NOAL(H;) . (2.95)
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We also introduce

Sil...is = Sil n...N Sis , (2.96)

with the natural orientation which makes them antisymmetric in the indices. They satisfy
0A; = LJZ Si s 0Si,.i, = — Uj St isj s (2.97)

as proven in [5]. Each manifold S;, ;, has real dimension 2r — s if not empty. Therefore
the decompositions in (2.97) are almost disjoint: every intersection has dimension lower
than the components, and the integral over the union is the sum of the integrals.

We can construct, as in [5], a cell decomposition of M\ A, such that:

M\ A = |_|Z i, 0C;, .4y, = Zj Ciy.igg — Sinin (2.98)

and each Cj, , is associated to the set of charges Q;,,...,Q;, of the hyperplanes {H;}.
Recall that we are using the index i for all hyperplanes including those at infinity.

We can use repeatedly the Stokes relations to reduce the integral over 9t \ A, to an
integral over a middle-dimensional cycle in du. The argument goes exactly as in [4, 5]. We
do not repeat all the steps of the argument, which has been spelled out in details in [4, 5]
and [6], but we simply review the logic and mention the necessary modifications to deal
with the boundary components.

The partition function is given by the integration of the form p (2.93) on a 3r-cycle
given by I' x MM\ A, where I' = h 46 is the contour for the D-integration, shifted from the
real “axis” by a small vector § € h. The integral can be manipulated by using iteratively
the Stokes relations starting from the cell decomposition (2.98); for example, as in [4, 5],

- / o, — / OO+ e - (2.99)
/Fxfm\As EZ: I'x.S; “ Z 'xS;; R

i<j

one can derive

In using the Stokes relations we generate poles in D with denominator Q;(D) and we restrict
the variable u to live near the hyperplanes H;. At each step we can deform the contour on
D and pick residues at the poles in analogy with what we did in the Abelian case.

Consider for example the integral i, on the contour I' x S;. We need to distinguish
the case where i refers to a matter hyperplane and the case where i refers to a boundary
at infinity. The latter case is the new ingredient compared to [4, 5].

Near a singularity due to a chiral field with vector charge @Q;, the D integral is zero
if Q;(d) < 0 because we can shrink the integration domain S; without encountering singu-
larities, exactly as we did in the Abelian case. If Q;(0) > 0, we modify the D contour by
changing § until we can shrink the integration domain. We are left with an integral over a
contour I';, which consists of a circle around zero in the variable Q;(D) and is parallel to
the real “axis” with an imaginary shift id; in the remaining r — 1 variables with Q;(D) = 0.
The shift ; must satisfy Q;(d;) = 0, and is different from the original 4.

Near a boundary component specified by the equation ~;(Imu) = L;, we can param-
2

eterize fo, = LiKaup?/|7i? + na, where 1, satisfies y(n) = 0 and spans the plane. The
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integral in D contains the terms

2 27 BR2 . L; .
2885 e Do Dy + 2B R20a k(@) Dy _ = e K% DaDy = 2R 8 Qf Do + 2Rk (o) Dy

e , (2.100)

where the charge of the hyperplane at infinity was introduced in (2.85). For large L;,
the imaginary part of the exponent is controlled by the sign of Q;(D), and we can close
the contour in the variable Q;(D) by adding a semi-circle in the lower half-plane. By
rescaling D — eD), the classical and one-loop contributions become independent of D in
the limit e — 0 and the only pole comes from 1/Q;(D). If Q;(§) < 0, there are no poles
in the integration contour and we obtain zero.'* If Q;(6) > 0, we modify the contour by
changing § and we are left with an integral over a contour I'; which circles around zero in
the variable Q;(D), and is parallel to the real “axis” but shifted by an imaginary shift id;,
with @Q;(0;) = 0, in the remaining variables.

Each term in (2.99) can be further manipulated using the Stokes identities; for example
we can derive, as in [4, 5],

dpg, = — / dug,q, — / dug,0.Q, + - - - (2.101)
\/‘Fz‘XSi Q ; FiXSij QQJ Z Fixsijk QQJQk

i<k

At this point, using the same argument as above, I'; can be deformed to a contour I';;
which circles around Q;(D) = Q;(D) = 0. The process can be iterated until we obtain a
sum of terms of the form
/1". i XSy . MQil’m’QiT ’
iseeerie XSig i

where I';, ;. is aT" contour around the origin in the D plane. The integral over D picks up
the residue of the denominator 1/Q;, (D) --- Q;,.(D) and gives £1. After the D integration,
the integrand becomes the classical and one-loop action Ziy(u;m). The difficult part of
the story is to keep track of all non-vanishing contributions, or their signs and of the
necessary shifts in the D contour. This can be done by the method explained in [4, 5]
which introduces a reference covector n € h*. The final result is given, after summing over
the fluxes, by

1
Zg2y 51 :W Z [ Z CQil,-n,Qir;ﬁ/S

mely & i1 yenir i1 eeeir

Zint (u; m)} (2.102)

' One might worry that, moving along the hyperplane at infinity, 7, can become so large to change the
sign of the imaginary part. However, in the limit e — 0, the boundary integrals are dominated by the
region D ~ 0; for large 7, we are far from the matter singularities, the integrand is a regular function of D

and the rescaling D — eD shows that foS- HQi, - ,Qq, With s <7 vanishes with some power of e. It
i1, i s

remains to analyze the terms with r = s Which‘zare r-dimensional integral in du near the intersection of r
hyperplanes (we can always choose a boundary contour such that no more than r hyperplanes intersect in
a point). If we are at the intersection of a boundary hyperplane with matter hyperplanes, the 7, are finite
and there is no problem. If we are at the intersection of two or more boundary hyperplanes, the 7, can be
large. However, we can always arrange our cut-off at infinity in a hierarchy L1 > Lo ---. On the boundary
hyperplane with the largest value of L; the corresponding 7, will be necessarily smaller than L; and the

argument applies.
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where

1 ifneC iy - &y
CQiy oo Qiyin = { & Cone(@a, -, Qi) (2.103)

0 otherwise

and it is independent of the choice of the reference covector 7.

The integrand Ziy(u; m) has singular points where r or more linearly independent
hyperplanes intersect and (2.102) reduces to a computation of residues. At points u, where
only matter hyperplanes intersect — the set of such points was called Mg, in (2.34)—the
expression in (2.102) is precisely the definition of the Jeffrey-Kirwan residue [9], as shown
in [4, 5]. We can thus write the partition function as

1

VA = —
S2x 81 ‘W‘

Z JK-Res (Qu* ) 77) Zint(m; u) + boundary contribution. (2.104)
mely u.e M um

sing

In this formula, wu, are intersections of the matter hyperplanes only, and Q(u.) is the set
of charges of the hyperplanes intersecting at u,. The boundary contribution refers to the
intersection of hyperplanes at infinities, among themselves or with matter hyperplanes,
and it should be computed using (2.102). We can simplify the evaluation of the boundary
residues by choosing a convenient boundary polyhedron. With an appropriate sets of linear
forms ~;, we can restrict to the case where the intersections at infinity are transverse and
no more than r boundary or matter hyperplanes meet at the same point: in that case, the

contour S;, . ;. is simply a r-dimensional torus. For r — s boundaries meeting s matter

hyperplanes, we need to perform an integration over the r — s angles Reu of the boundary
component and an integration over an s-dimensional contour which circles around the s
matter hyperplane singularities, computing the residue at the corresponding pole.

It would be interesting to give a proper geometrical interpretation of the boundary

contribution, maybe as some generalization of the Jeffrey-Kirwan residue [9].

3 Examples

In this section we compute the partition function for various examples of Abelian and
non-Abelian theories in order to demonstrate the use of our formula. We discuss examples
of Yang-Mills-Chern-Simons theories with (anti)fundamental and adjoint matter. We will
be able to recover and generalize standard results about Chern-Simons theories and to
confirm various dualities between three-dimensional theories with matter. Our results can
be interpreted both as a check for our prescription as well as further evidence for three-
dimensional dualities.

3.1 Yang-Mills-Chern-Simons theories with fundamental matter

We first discuss in details the case of U(1) theories which nicely exemplify our prescription
for computing the topologically twisted partition function and illustrate many subtleties.
As non-Abelian examples we consider the Aharony [12] and Given-Kutasov [13] dual pairs.
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3.1.1 U(1);/, with one fundamental

We start considering a U(1) theory with Chern-Simons coupling k = 3 and one chiral
multiplet X of gauge charge 1. Since this is our first example, we are pedantic and give
many details.

The chiral fields and charges are:

U(l)g UM)r U(L)r
X| 1 0 1
T 0 1 0
TN -1 -1 0

Here T, T are the monopole operators Vi corresponding to magnetic fluxes m = 1 and m =
—1, respectively, which play an important role in the identification of the dual theory [36].
Their charge ) under a generic flavor or R-symmetry is determined using the formula

Q) = —5 3" Q) lpam (31)
i

where the sum runs over all fermions in the theory and p; are their gauge charges. The
same formula determines the one-loop contribution to the gauge charge of the monopole
Vi to be added to the classical contribution km. The only flavor symmetry in the theory is
the topological one, denoted as U(1)p, under which only the monopoles are charged. We
choose R-charge ¢ = 1 for the chiral multiplet, so that the fermion has R-charge zero, and
no mixed gauge-R-symmetry CS term is necessary.'

The matter content of the theory is not invariant under charge conjugation, sig-
nalling potential parity anomalies. These are however compensated by the half-integral
Chern-Simons coupling. Omne can see this by noticing that the effective Chern-Simons
coupling (1.10),

k() = % + %sign(o’) , (3.2)
is always an integer, implying the absence of parity anomalies.

According to our rules, we construct the partition function by including the following
ingredients:

dx
2mix

e a measure on the z plane;

e the classical CS action contribution (1.5) which, for k = 1/2, reads z™/?;

e the one-loop contribution (1.3) of a chiral multiplet of gauge charge 1 and R-charge

1 which reads (%)m;

e the contribution (1.7) z'¢™ for the topological symmetry, where ¢ and t are the
fugacity and the background flux for U(1)p.

15The gaugino has R-charge 1 and is gauge neutral. Therefore, strictly speaking, the theory requires a
half-integral R-R CS term. However we neglect such term because it does not introduce a dependence on
the parameters, and it gives at most a constant phase.
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The partition function is then given by the contour integral

21/2 -1

Z= Z/Qma; | mxm/z(l—x Z/zm Pazam @

We included an extra (—1)™, which can be reabsorbed in the definition of &, for later

convenience.

The contour integral should be evaluated according to formula (1.13). The integrand
has singularities at x = 1, x = 0 and = = co. The charge vector for z = 1 is given by the
charge of X, Q,—1 = 1. The charges at “infinity” are related to the asymptotic CS levels
by (1.11): they read Qu—0 = —kei(+00) = —1, Qr—0o = keg(—00) = 0.

In order to use formula (1.13) we need to choose a number 7. If we choose n > 0, the
formula instructs us to take the residues at the singularities with positive charge. We thus
need to pick the residue at = 1 which exist for m > 1. We get

m+t 1

m ’c—i—l Jm 13
7 Z Z§ '1 _ e (3.4)

m>1

where (), = [[;Z 5(1: + j) is the Pochhammer symbol (for n € Z>).

We could obtain the same result by resumming the integrand over m > 1 first and
then taking the residue. We are interested in the poles at x = 1, which exist for m > 1,
and we can take a contour with |1 — x| = « as long as @ < 1. The series to sum is
S s (€2/(x —1))™, which converges uniformly along the contour for sufficiently small £.
We find

dr x¢ 1 ¢
Z:/ 12mtlz<x71) _ézlngﬂ'i 1—53;_1%6:(175)&1' (3.5)

We have taken the residue at z = (1 — &)1, which is the only pole inside the integration
contour.

If we choose n < 0, instead, we should take minus the residues at x = 0. The result is
the same. The residues at zero are indeed

Res (=)™ (3.6)

! _é_m{o m+t>1

(=)™ ™| ()t pymimonet <

(—m—1)! (—m—1)!

We can sum them for || >1: — > - Resy—0 = ﬁ

According to our prescription, since ;- = 0, we have taken no residue at z = oco.
The residues there are non-vanishing both for indefinitely positive and negative values of m
(for m > 1 and m < —t if t > 0, otherwise they are all zero). Their sum is not convergent,
but it can be broken in two halves which converge in different regions of the complex plane
of fugacities, and then defined by analytic continuation. The result is indeed

> Res =3 Res| 4+ Res| =0,
m m>1 m<—t

confirming our argument in section 2.3.4.
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It is well known that the theory above is dual to the theory of a free chiral multiplet,
which can be identified with the monopole T' [38, 39]. Hence the dual theory is a free chiral
T of flavor charge 1 under U(1)7 and R-charge 0. The dual theory also has half-integral

CS terms krp = —% and kgpr = —%.16 We thus have:
1/2  t+1 ¢
_etjar12( ST _ &
Zdual § (1 — 5) (1 — é‘)t—i—l : (37)

This agrees with the result (3.4) for the original theory.

3.1.2 SQED with one flavor

Consider a U(1) theory with two chiral multiplets of charges 1, and no Chern-Simons
couplings. The theory is parity-invariant (although turning on a background for the R-
symmetry breaks parity, and indeed an R-R CS term is necessary because of the gaugino).
The chiral fields are:

U(1)y U(l)r U(1)a U(D)g
Q 1 0 1
Q -0 1 (3.8)
M=QQ| 0 0 2 2
T 0 1 —1 0
T 0o -1 -1 0

Here T and T are monopole operators of magnetic charge %1, respectively. According to
our rules, the partition function is

1 1 1 1
dx r2y2 m+n T 2y2 —m+n
Z - t N m< ) ( ) ’ '
n%/%rixx( 9 1—ay 1—a 1y (3.9)

where ¢ and t are the fugacity and background flux for the topological symmetry U(1)r,

while y and n are for the flavor symmetry U(1) 4. We included an extra (—1)™, which can
be reabsorbed in the definition of &, for later convenience.

We choose 1 > 0, and formula (1.13) instructs us to take the residues from the field
) with positive charge, whose pole is at x = i Since keg = k£ = 0, we do not take
any residue at x = 0,00. There is a pole at x = i only for m > 1 —n. In order to
evaluate all the residues, we take a contour around é and sum the integrands. The series is

>ow Ely—2)/(1 —xy))m, and we have uniform convergence along the contour for sufficiently

1We can start from the duality between U(1) SQED with one fundamental @ and one antifundamental
@, and the Wess-Zumino model MTT [36] discussed in section 3.1.2 — see in particular the table of charges
in (3.8). We turn on a real mass m > 0 for the axial symmetry U(1)4 and for U(1)7, the latter corresponding
to a FI term ¢ = m. In the electric theory, the vacua are at the zeros of the effective D-term “potential”
specified by v (0) = kest(o), vp(0) = (. @ and Q are generically massive, with the exception of ¢ = —m
where @) is massless, and ¢ = m where Q is massless. Integrating them out we find keg = 0 for |o| > m, %
for |o| = m, 1 for |o| < m. It follows that the vacua are at 0 = —m (where @ is massless) as well as along
the flat direction o < —m parameterized by T' ~ e~ 7. Integrating out Q, the effective theory at ¢ = —m is
U(l)% with a fundamental Q). On the magnetic side, the effective theory is the free field T' with krr = —%

and k?RT = —%.
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small £&. We sum over m > 1 — n and then take the residue at the unique pole inside the
contour, namely at z = % The result is:

Y2 (=€)!

R T T I T e e

(3.10)

The dual theory is a Wess-Zumino model with fields M, T, T and a cubic superpotential
W = MTT [36]. The partition function is

() ) RS T e

This agrees with (3.10), up to an ambiguous sign (—1)%1.

3.1.3 U(N.) with Ny flavors and Aharony duality

The previous example generalizes to higher gauge rank and number of flavors. Consider
a U(N.) theory, with Ny chiral multiplets @, in the fundamental and Qp in the anti-
fundamental representations, and no CS interactions. For simplicity, we only introduce
backgrounds for the R-symmetry, the topological symmetry and the U(1)4 subgroup of
the flavor symmetry acting with the same charge on all chiral fields. We assign R-charge
1 to the chiral fields. Hence:

U(Ne)g U()r U(L)a U()r
Q. N¢ 0 1 1
Qb N. 0 1 1
Mab = QaQNb 1 0 2 2
T 1 1 —Ny —N.+1
T 1 -1 —Nj —N.+1
Here T, T are the monopole operators Vi, corresponding to magnetic fluxes m = (1,0, ...,0)

and m = (0,...0,—1), respectively. Their charges under a generic flavor or R-symmetry @
are determined using the formula

Q) =3 3 3 Qi) lom)] (3.12)

Pi pi€R;

where the sum runs over all fermions in the theory, $R; denote their representations under
the gauge group and p; are the corresponding weights.!” The partition function of the

17 Although the R-charge of the gaugini A is —1, in (3.12) one should use their complex conjugate A°
with R-charge R(\°) = 1. This is because the Dirac kinetic action, written in terms of A\, AT in (2.10), has
opposite sign with respect to the one for the matter fields ¢, 4" in (2.17), and therefore the coupling to the
gauge field has opposite sign as well. If we rewrite the Dirac term in (2.10) in terms of A\°, \°T, it gets the
same sign as the one in (2.17).
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theory is given by

1 Ne dzx Ne T
— b (VN _
Z=5 5 [Mams = (1-2)
fezNe” i=1 i#j J
Ne¢ % 1 Nf (mi—&-n) % Nf (—mi—i-n)
« Tzt (w> (y) 7 (3.13)
i1 1 —xy 1—z;y

where & and t are the fugacity and background flux for the topological symmetry while y
and n are for the diagonal flavor symmetry. We inserted a factor (—1)™f 2™ which can
be reabsorbed in a redefinition of &, for later convenience.

Since ke = k = 0, we can ignore the residues at the boundaries. We should choose a
vector 77 € R™e: we choose 1; < 0, hence we have to collect minus the residues from the
negatively charged fields Q. They are located at z; = y and they exist only for m; < n— 1.
In order to evaluate all the residues we can sum the geometric series in (3.13) first:

o yNehmgher / H da; pp N T« )
— Ty — Tj).
(—1)Ne(Nn=1) v | 27 (1—2;y)Nr =D [E(y — )N — (1—my) V7] !

i#£]
(3.14)

In the limit £ — oo the series converges uniformly along a contour that encircles only the

relevant poles. We have introduced a factor of (—1)V¢ coming from our prescription for
7; < 0, and the contours in the previous formula are counterclockwise.

We define the degree-INy polynomial

Ny
Pla) =&y — o) — (L—ay)™ = ()M E—y™) [ (@ - 2a) (3.15)
a=1
where z,, are defined to be its roots, and we easily derive
Ny Ny 2N
gy —1 £ —y*)Ns
H Ta = T > H(l —Tay) = T — (3.16)
a=1 é_ -y a=1 6 -y
In (3.14) we should pick the residues at x; = o, for all choices of N, integers o; €

{1,.... Ny} but, due to the Vandermonde factor []; .;(z; — z;), only the residues where
the integers «; are all different give a non-zero contribution. We then obtain

Ny

C _
;- (—1)Ne(Ny(n=1)=1)  NeNyn ¢Nen Ne H ng“ Nett o1
- (g_ Nf)Nc (1_ Nf(?ﬂ-l) ( _ ) ’ ( : )
y oo (1= 2ay) [lgere(xa —ap
where I runs over all combinations C]]\\,/f of N, different integers in {1,..., Ny}, while I¢
denotes the complementary set {1,---, Ny} \ I belonging to ij—N
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For Ny < N, the expression above obviously vanishes.'® If N ¢ = N, there is only one
I while I¢ = (). We immediately get

yNg(Sn—Q) ft
(1 _ yZ)NCQ(Qn—l) (1 _ €y_Nc)Nc(1_n)+t (1 _ é‘—ly—Nc)Nc(l—n)—t ’

(1N

ZN;=N, = (3.18)

The dual theory for Ny = N, is given by the fields M, T" and T, coupled through the
superpotential W = TT det M [36]. The partition function of the dual theory is then

Ny=N, y (2n—1)N2 géy—% Ne(1—n)+t g_%y_% Ne(1—n)—t

This agrees with (3.18), up to an ambiguous sign (—1)Ne*t,

The expression (3.17) for Ny > N, is more complicated but we can use it to check
Aharony dualities [12]. The dual theory is a U(N¢—N,.) gauge theory with Ny fundamentals
da, Ny anti-fundamentals g, and NJ%+2 singlets M, T and T, corresponding to the mesons
and monopoles of the original theory, with a superpotential W = M,q.Gp + v-T + v T,
where vy are monopoles of the dual theory [12]. We assign the charges consistently with
the original theory:

U(Ny — Ne)g U(l)r U(1)a U(1)r

Qa Nf - Nc 0 _1 0

(jb Nf - Nc 0 -1 0
My, 0 0 2 2

T 0 1 —N;y —N.+1
T 0 -1 —-N; —N.+1
vy 0 1 Ny Ne+1
v_ 0 -1 Ny N.+1

Notice that the dual quarks have R-charge zero and axial flavor charge —1.

The partition function of the dual theory is obtained by multiplying the contribution
of the gauge sector for the quarks g, ¢ with the contribution of the singlets M, T and T
The first contribution is the partition function for a U(Ny — N.) theory with quarks g4, Gy
which we can read from (3.17). According to our assignment of charges, we need to replace

the background charge and fugacity for the flavor symmetry by y <+ ¥y~ ! and n <> 1 —n,

¥When Ny < N. — 2, this reflects the fact that the theory has no supersymmetric vacuum [12, 36].
When Ny = N. — 1 the interpretation is more subtle. The theory has a deformed moduli space given by
TT det M = 1 which is a smooth manifold, therefore the theory is IR free. However the equation forces
T,T, M # 0, therefore the theory spontaneously breaks the global symmetry U(1)r x U(1)a x U(1)r to the
subgroup U(1)rr = U(1)r — U(1) 4, which is an IR R-symmetry (it is not the superconformal one, though,
which is accidental). For generic background fields, supersymmetry is broken and indeed (3.17) is zero.
However supersymmetry is preserved if we set to zero the backgrounds for broken symmetries and only
retain the one for U(1) g/, which corresponds to £ =y =1, t = 0, n = 1. In this case (3.17) is a formal
0/0, which could potentially lead to a finite result. Unfortunately we do not have equivariant parameters in
the UV that could “compactify” the moduli space, therefore we do not expect to be able to define a finite
partition function.
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as well as N, <+ Ny — N.. We find

Ny

c _
y(Nf—Nc)Nf(n—1)§(Nf No)(1—n) Ny Ne NyntNett

B

qu = 1
7 BEJ Zey~!

acJe (jﬁ - ja)

(3.20)
The #4 are the roots of P(#) = £(y~+ — #)NV — (1 — 2y~ 1)Nf = 0, and in fact 75 = 1/z5.
We can thus rewrite Z,; in terms of zg, and convert the products over J into products
over J¢ using the full products in (3.16). We get:

(_1)Nf(Nc(n71)+n)+Ncny(foNc)(lfn)EanJrNe(nfl)

Zo:=
7 (1 — y2) V72 (¢ Ny )Npn—t(gy Ny 1)Npn—Nett
fon Ne+t
6
x . (3.21)
e N P

The contribution of the gauge singlets is
MIT =\ 1 —y? 1—gy= s 1ty

(_1)t—Nfﬂ+NCny(Nf(ﬂ—l)-i—Nc)f—an_}_Nc (322)

N (1 — y2) V7D (¢ _ Ny ) NpntNe (g Ny _ 1)~t-NyniNe
Then the partition function of the dual theory, Zqua = Z43Z,,p7, equals the one of the
electric theory up to (—1)Nett,

3.1.4 U(N.), with N; flavors and Giveon-Kutasov duality

Giveon-Kutasov (GK) duality [13] can be derived from Aharony duality giving a real mass
to some of the flavors. Nevertheless, to test our formula, we check GK duality separately.
Consider a U(N,), theory with Ny fundamentals @, and antifundamentals Qp. As before,
for simplicity we only introduce backgrounds for the R-symmetry, the topological symmetry
and the U(1)4 axial subgroup of the flavor symmetry, and we assign R-charge 1 to the
chiral fields:

U(Ne)g U(L)r U(1)a U(D)R
Qq N 0 1
Qb Nc 1
Mgy = Qa@b 0 2 2
The partition function is given by
1 Ne  d; Ne
Z = ¢ 1 Nf Zml 1 _
sa 3 e o=l (-7)
c7ZNeV i=1 i#]
Ne % 1 Nf (ml—&-n) % Nf(—mi-‘,-n)
km;+t -m; xi Y2 i y2
X x o = —r . 3.23
I T ) 629

As before, we inserted a factor (—1)Vf 2™ for later convenience.
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Let us choose n; < 0. First consider the case kK > 0: we pick minus (introducing
(—1)Ne) the residues at z; = y which exist for m; < n — 1, and minus the residues at x = 0
which exist for m; < % It is convenient to resum over m; < M — 1 for some large
positive integer M, in order to include all poles. Looking at the geometric series we see
that in the £ — oo limit, the poles of the resummed function lie close to the poles of the
separate terms. Resumming the integrand we obtain

fo+an7Nc+t(xi o y)Nf(M—ﬂ) ((_1)Nf£)M

(1 — zy) N M= leak (y — 2)Nr — (1 — 2y)Nr]

-1

This expression has poles at x; = y~+, which are not relevant for us, and at x; equal to

one of the Ny + k roots of the degree-(Ny 4 k) polynomial in the denominator. Let us call
To, with a =1,..., Ny + k, its roots:

Ny+k
P) = &ty — )™ — (1 —ay)™ = (-)¥¢ [] (@ —za) . (3.24)

Notice that as & — oo, the roots converge to y and 0, therefore those are the poles inside
our contour. If we remove (z — z,) from P(x) for one «, and then substitute z — z, in
the resummed expression above, the dependence on M disappears:

(Nf+k N{’+t€n 1( ) £(n—1)
(1—$ay)Nf(2n 2 H,B;éa( a—Tg) .

We can then write the partition function. Because of the Jacobian, the contributing poles

have z; # x; and they are simple in all variables. They are given by choices of combinations
I of N, integers in {1,..., Ny + k}. The result is

Nf+k

Zk>0—< l)NC(Nf(“ 1""1) Ncan gNCn 1) .
Z(Ell‘nyQH l)H ( 733/3)

(Nf+]€)l1—Nc+t

(3.25)
Then consider the case k < 0: we pick minus the residues at x; = y, and minus
. . . —Npn—Ne+t+1
the residues at x; = oo which exist for m; < W As before, we can sum over

m; < M — 1, obtaining the same expression as before. However, in order to exhibit a
polynomial in the denominator, we rewrite it as

l‘;|k|(Mfl)+anch+f($i — ) Ns (M=) ((_1)Nf€)M

(1= i) 1T e(y — 27— (1~ i) N]
This expression does not have poles at x; = co. This time the degree-(Ny + |k|) polyno-
mial is
Nf+|k|

P(z) = €y — )N =21 —ay)™ = (1) N ] (@ - ta), (3.26)

a=1
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while the resummed expression, after removing (x — Z,) and substituting * — Z,, can be

recast as
jlcifl(lanNf“*Nchf(_1)Nf(n71)+1nyf§n

(1= &ay) N D g0 (T — ip)

Eventually the partition function reads

NfHkI

Cn, A\k\u )+ Npn—No+t
Zk‘<0 — (_l)NCNf(n 1 NCNf n— ]. é-Ncn A . (327)
Z };II Nf (2n— I)H e]C(xOé_xﬁ)
The dual theory is U(Ny + |k| — N.)_ with Ny flavors and Nf gauge singlets. Let

us compare the two partition functions. For concreteness, let us take level £ > 0 in the
electric theory and level —k < 0 in the magnetic one (the other case can be obtained by
a parity transformation). In the dual theory there is also a different charge assignment,
obtained by y <+ y ", n 1 —n, k< —k, N. & Nt +k — N.. The partition function of
the gauge sector of the dual theory is then

Nf+k
yNyth=Ne)Nyng(Ny+k—Ne)(1-n) Nfik:_NCH ig(“—l)—anJrNcﬂLf
Z4 .
—k<0 — —_ 2 _ B 2
< (_1)(Nf+k; Ne)Nygn T i (1—Zgy 1)Nf(1 2n) [ocse(Fs — %a)

(3.28)
The Z, are the Ny + k solutions to the equation &(y~* — )N — ##(1 — 2y=")Ns = 0, and
in fact o = 1 /xq. To further massage the expression, we use

[T Gomi) = TLed TLa¥ ™ T1 e

Bed,acjc BeJ aeJe BeJ,acjc
as well as
Nf-i-k‘ Nf+k‘
Ha:a— ket 1T (= 2zay) = (1 =*)™r .
a=1

Eventually we find

Ne+k
f
y (N Hh=Ne) Ny (1-n) ¢Ne(n—1)+t Ne N k)n—Ne+t

[}
o];[I (1 - xay)Nf(zn_l) H,Be[c (xoc - xﬂ) ’
(3.29)
where [ are combinations of N, different integers, mapping I = J¢. This has to be multi-

qu
—k<0 = (_1)NcNf(n—1)+(k—l)t(1_yQ)N?(lan) -

plied by

N7F(2n-1)

Y y N (k=Npn—Ny(k=Ne) ¢t
1 — g2

where the first term comes from the gauge singlets and the other ones from the global CS

terms computed below. The total partition function Zd‘ﬁo quk <0ZsingZCS agrees with

the one of the electric theory (3.25), up to an ambiguous sign (—1)Net(F=1Dt,
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Notice that for N. = Ny + |k|, Z45 = 1, therefore the partition function of the electric
theory equals that of the free mesons (magnetic theory).

Let us reproduce the global CS terms in the dual. To do that, we start with U(N,)
with Ny + k flavors (k > 0). We divide the flavors in two groups: Qa, Q. are Ny with
charge 1 under U(1) 4, while Qp, Qp are k with charge 1 under a new symmetry U(1)m:

U(Ne) ULz U(1)a UL)g|U(1)n
Qu| N 0 1 1 0
Q.| N 0 1 1 0
Qp| N. 0 0 1 1
Qr| No 0 0 1 1

We give positive mass associated to U(1),,: then Qp, Qp can be integrated out and we are
left with U(N,), with Ny flavors. In fact the only CS which is shifted is the gauge one:
Okgg = k.

By Aharony duality, the dual is U(N/) = U(Ny + k — N.) with Ny + k flavors and
many gauge singlets:

U(N; +k—N.) UL)r U)a UMg [UL)m
a N/ 0 -1 0 0
Ga N, 0o -1 0 0
qp N, 0 0 0 —1
ip N, 0 0 0 -1
My, 0 0 2 2
Mag 0 0 1 2
Mpy 0 0 1 2
Mpg 0 0 0 2 2
T 0 1 —Ny —N.+1| —k
T 0 -1 —Ny —N.+1| —k

This time all fields with non-vanishing charge under U(1),, are massive and can be inte-
grated out: we are left with U(Ny +k — N.)_j with Ny flavors and singlets M. The shift
in CS levels are computed as follows:

Okgg = —F , Skrr = —1 Skrr = k(Nj +k —1) — N?
Skan=Nyp(k—Ny),  Okap=Ng(k—N.)  Skpa=0krr=0. (3.30)

3.2 Yang-Mills-Chern-Simons theories with adjoint matter

We start with the case of YM-CS theories without matter. The topological twist has
actually no effect on an N' = 2 Chern-Simons theory without matter: the only fields
charged under the R-symmetry are the gaugini that are auxiliary. We can thus compare
our results with the CS literature.

Recall what happens for an N’ = 2 YM-CS theory with simple gauge group G and level
k. For |k| < h, where h is the dual Coxeter number of G (for SU(N), h = N), the theory
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breaks supersymmetry; for |k| = h the theory confines; for £ > h (we assume positive k for
definiteness), the theory is equivalent to the pure bosonic CS theory at level

k=k—nh (3.31)
because the extra scalars and fermions in the adjoint can be integrated out shifting the
level [40, 41]. The partition function for the N'= 2 YM-CS theory on S? x St is thus 1 for
k > h (since the Chern-Simons theory on S? has a single vacuum) and the Wilson loops
satisfy the Verlinde algebra at level k [42].

We will verify these well-known facts in our formalism. To compare with the CS
literature, we multiply the partition function by a sign factor (—1)", where r is the rank
of the gauge group. We will also consider the case of YM-CS theories with adjoint matter
which have been recently related to complex Chern-Simons theory [26].

3.2.1 U(1); Chern-Simons theory

Consider a pure U(1); CS theory, which is the same as its N' = 2 version since all auxiliary
fields are neutral. We introduce a background flux t and a fugacity & for the topological

Z/Qﬂ-zx km+t£m’ (3.32)

where we introduced a minus sign for later convenience. Since there are no poles in the

symmetry. We have then

bulk, we only have contributions from the boundary. We can choose n 2 0, and then we
should discuss the two cases k = 0 separately. Eventually we obtain

. sign(k) &Y% if t=0 (mod k)
Z =sign(k) Y " Opmaro = . (3.33)
ez otherwise.
Correctly, for t = 0 we find |Z| = 1 since Chern-Simons theory on S? has a single vac-
uum [42].
3.2.2 U(N); Chern-Simons theory
We can similarly consider the theory U(NNV)y. The partition function is
Nd
_ i fmz—N ) (3.34)
2m
mezZN z;éj

We have set t = 0 and £ = 1. We assume k > 0 and we choose 7; < 0. We should then take

< N—l

minus the residues at z; = 0. We have poles for m; < . We can resum the geometric

series for mZ < M —1 for some large positive integer M obtaining > a4 ka’_N =

fM N/(z¥ —1). There are no longer poles at = = 0, but rather at

2mi

To=¢€k < witha=1,...,k. (3.35)

Because of the Jacobian factor, only poles with x; # x; contribute, and we end up with a
sum over combinations I of N distinct integers in {1,...,k}, that we denote by C’]Ii,. Thus
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we have a non-vanishing result only for £ > N. When we substitute, the dependence on

M disappears and we are left With19

Sl S LR A ()

T acl —@p) T acl Bl I a,Bel,a#p

One can explicitly check that this expression gives Z = 1, as expected.

3.2.3 SU(N) versus U(N)

The partition function of an SU(NNV), YM-CS theory with matter neutral under the center
of the group, and the partition function of the U(N); theory with the same matter content
(and no flux for the topological symmetry) are equal. To see this, we rewrite the Haar
measure of U(N) in terms of those of U(1) and SU(N) by decomposing z; = z&; with
Hi]\il Z; = 1, and use (z,&j=1,. n—1) as coordinates on the Cartan subalgebra of U(1) x

SU(N). The measure factorlzes 20

N N—1 N
da:, ZT; dz di’i :i’i
1—-— ) = 1—— . 3.37
/H 2mix; oy ( xj) / 2miz +L 2mix, H z; ( )
The partition function of a U(N )i theory with matter is, up to normalization,

dxi m; ,km; al Z;
Zoan N'z:/TI%mf i Ilo—x)~ﬂﬂm, (3.38)

mezZN i#]

where M (x) is the matter contribution and we introduced a fugacity £ for the topological

symmetry. Under the assumption that no matter is charged under U(1), M is a function
of #; only and we can perform the U(1) integral, obtaining a Kronecker delta function:
dz N
/2m'z e 0305 mi) - (3.39)

We thus find
N-1

N
7 = ! 1- = PR V(4 4
KDY /Hzm,( ST w@), e

meZN, S m;=0 1=1

which is the partition function of an SU(NV); theory.?! The dependence on ¢ has disap-

peared.
k ok —1 k
9For the last equality we used that, for fixed a: H (2o —x3) = lim =kat =2
8 (#a) Fre T e o

8ince 2V = Hf\;l xi, z is only defined up to N-th roots of unit, therefore the final integral should be

divided by N. This is compensated by an analogous factor of N in the Jacobian, det d(x;, xn)/d(%;,2) =
NzVN"1%n wherei,j=1,...,N — 1.

21The sub-lattice of ZY with >~ m; = 0 is the co-root lattice of SU(N) or, equivalently, the weight lattice
of the GNO dual group SU(N)/Zy, as appropriate for a theory with gauge group SU(N). Indeed, the
weights in the U(N) lattice Z" are also weights for U(1) and SU(N). The U(1) weight is . m;. We can
restrict to the SU(N) weight lattice by gauge fixing the translation symmetry m; — m; + 1 (Vi) of the
lattice. Each weight can be brought to the form my = 0 with this symmetry, and weights with my = 0
correspond to the full SU(N) weight lattice. Only those weights with > m; = 0 (mod N) can be reduced
to the alternative form > m; = 0. Since the SU(N) center Zy acts with weight >~ m; (mod N), this is the
SU(N)/Zn weight lattice.
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3.2.4 SU(N); Chern-Simons theory and the Verlinde algebra

The partition function of an SU(N ) theory without matter is equal to the partition func-
tion of U(N)g, and therefore Z = 1 for k > N, as expected on general grounds [42]. It
is interesting then to study correlation functions of Wilson loops: their algebra in Chern-
Simons theory is known as the Verlinde algebra. In particular, the structure constants of
this algebra — computable as the three-point functions of Wilson loops on S? x St —
encode the fusion rules of primary fields in the Kac-Moody algebra su(N); [42].

We can extract general information about the Wilson loop algebra by using an argu-
ment similar to that in [43]. Consider a generic normalized integral of the form

N—-1 . N
ven=za X [l ( SE) I e eay

mezZN, > m;=0 =1

where f is a function on the Cartan subalgebra of SU(N). Changing the summation
variable m — m + J, where § is a generic co-root (an element of the weight lattice of
U(N)/Zy), we find

(f(2)2™) = (f(2)) . (3.42)

We can apply this relation to a Wilson loop xa(x) associated with a representation of
highest weight A and obtain

(f(@) xa(@)) = (=) (f(2) X700 (2)) (3.43)

where A(9) is determined by reflecting the weight A + p + ké into the interior of the funda-

mental Weyl chamber by an element w of the Weyl group W: w(A+p+kd) = A(d)+p. Here

p is half the sum of all positive roots, also known as the Weyl vector. Whenever A+ p+ k¢ is

on the boundary of the Weyl chamber and cannot be reflected into the interior, (f x») = 0.
The identities (3.43) can be derived by using the Weyl Character formula

Axyp
A,

() =Tre = (3.44)

where A, = Zwew(—l)wxw("). The denominator essentially cancels the Haar measure in
the correlation functions (3.42). We focus on the terms in the numerator and, using an
adapted co-root for each term, we can write

A)\+p> — -1 w< xw(A+P)> _ 1 w< ww()\—i_p)—"_kww)> :< 14)\—|—p+k‘5>
<pr 2T ) = L e pRR )
(3.45)

If A+ k¢ is a dominant weight, the final expression gives the character xyirs. Otherwise,

either A+ p+ k9 is on the boundary of a Weyl chamber and Ay 15 vanishes by definition,
or we can find an element w of the Weyl group that maps A + p + kd into the interior of
the fundamental Weyl chamber, w(A 4+ p + kd) = A(Jd) + p, and the final expression gives,
up to a sign (—1)*, the character x ;). The shifts by k¢ extend the ordinary Weyl group
to the affine version.
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The relations (3.43) induce an equivalence among representations and define the Ver-
linde algebra. Using the relations (3.43), every representation can be identified with
one of the integrable irreducible representations of the Kac-Moody algebra su(N);. The
integrable representations are those whose Dynkin labels A = [A1, A2, ..., Ay_1] satisfy
S\ <k =Fk— N, or, equivalently, whose Young diagram have the first row of length less
than or equal to k (see for example [44]).22

Using the relations (3.43), we can find the correlation functions of Wilson loops corre-
sponding to integrable representations. For example, for su(2); there are k + 1 integrable
irreducible representations, corresponding to the spins from zero to % It is easy to see
that the one-point functions vanish except for the trivial representation, (x\) = dxo, and
the two-point functions are diagonal, (x xu) = 0xu. The three-point functions can be
extracted from (3.43) — or explicitly computed with (3.41) — and produce the known
fusion coefficients [44] of the su(2); algebra:

{1 if )\ —p| <v<min(A+pu,2k—A—p), Atpt+r=0 (mod?2),
(0 xu xw) = :
0 otherwise.
(3.46)
These results generalize to su(N); and are in agreement with the general expectations for
Chern-Simons theories [42].
We finish this section with an observation about the partition function itself. It is
interesting to rewrite the “trivial” result Z = 1 in a different form to make contact with
the representation theory of su(N); and the Verlinde formula [45]. The last expression

in (3.36) can be cast as

= kiN > det (1- Ad (e2mim/k)) = 7]\“;\7—1 > det (1- Ad (2mE))

k>mqp>--- k>mqp>---
- >my>0 —>my=0

(3.47)
where Ad(z;) denotes the action of the Cartan element diag(zi,...,xn) on the adjoint

representation of SU(N).? In turn, this can be written as

1 ,
Z - W Z H det (1 — eZ?’I’lOA(A«l»p)/k) , (348)

X aeSU(N)

where « are the roots of SU(N), the sum is restricted to the weights A = [A1, Aa, ..., An—_1]
corresponding to the integrable representations of su(N)z, and the Weyl vector p =

22The SU(N) roots and weights can be written using the standard basis e; of RY and restricting it
to the plane orthogonal to (1,1,...,1), ie. & = e; — + >_; ;- The simple roots are é; — é;+1 and the
fundamental weights are w; = 23:1 éj. The weight X = [A1,A2,...,An_1] is then Y7, Niw: = >, miés,
where m; = Zj\:l A; are the lengths of the rows in the corresponding Young diagram.

ZThe get the second equality, first rewrite the first expression in terms of unordered integers m;, intro-
ducing a factor N! in the denominator. The terms with coinciding m,; vanish. The determinant is invariant
under m; — m; + 1 (simultaneous for all 7): using this shift symmetry we can set my = 0, and there are k
elements in each orbit. We can then use the Weyl group Sny—1 restricted to my = 0 to order the remaining
m;: this cancels a factor (N — 1)L
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[1,...,1]. In fact, (3.48) is precisely the special case g = 0 of the Verlinde formula
1 2mia(A+p)/k\ 1~
vt T 1 ooy
A o

for the partition function of the SU(N)j; CS theory on ¥ x S L or, equivalently, the number
of conformal blocks of the SU(/N) WZW model at level k on a Riemann surface ¥, of genus
g [42, 45, 46].

3.2.5 U(N); with adjoint matter

To further test our formula, we now compute the partition function of U(N); YM-CS with
a massive adjoint chiral multiplet. As discussed in [26], this theory is related to complex
Chern-Simons and the equivariant Verlinde formula.

The partition function is

1

1
1 A N 2 —m;+n
(—D)N /92 / dz; o km T 2y 7
Z = Mg 1—— )| ——=— 4
Nl \1-y 2 1_[27rz':vi5 i H xj 1—£;y > (3.49)

wezZN i#£]

where n = n—R+1, R is the R-charge of the adjoint chiral field, and y, n are the fugacity and
background flux for the U(1) flavor symmetry that assigns charge 1 to the adjoint chiral.
As we discussed in section 3.2.3, this is the same as the partition function of SU(N); and
there is no dependence on £, however keeping £ will facilitate the computation.

We choose p = (—1,...,—1) and take k > 0. The partition function has no singularities
at finite points since the intersections of the planes H;; = {x; = yz;} collapse to z; = 0 for
generic y. With our rules, it remains to compute an integral over an intricate structure of
intersections at the boundary. We can avoid this by resuming the poles first. We write

( 1)NynN2/2 dz; i km; Ti — T3y Zj
Wsz/mm@ (=) I 65

Rezv prom) Wl (=5

Z =

We then perform the sum over m; < M — 1, where M is some large integer. Recalling that

N

our prescription for the residues includes a further factor (—1)", we find

nN2/2 feiBiw))M A

d.fv T
7 = L . —_ Rl
“N / H 2mix; € etBi(z) — 1 H z; ’ (3.51)

j

where we defined the quantities

N

iBi(z) _ .k Li — T;Y 3.59

¢ v AH,:cj—fmy' (3.52)
J(#9)

The presence of ¢MBi(®) with an arbitrarily large M in the numerator guarantees that
there are no poles at z; = 0 or 2; = yx;. The only relevant poles are at £etBi(®) = 1 for all

i, and the dependence on £ can easily be reabsorbed in a rescaling of all ;. At these poles
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the dependence on M in the numerator disappears. To compute the residues, we should
take the Jacobian of the denominator. We then find

nN2/2 1 — %

Z: nNZdtae’B Hé‘ Hixk’ (353)

JU i#j ( x; y) !

where the sum is over all unordered collections of solutions to the “Bethe ansatz” equations
etBi (z)

= ¢!, Tt is convenient to parameterize the solutions as Tj = ¢ then

detBi B 9B,

8{[:j N l’j 891

and

N2/2 -1 N 1 — ¢i(0:i=0;)
Z = o™ Z ( ) H 1yt oy (3.54)
i#] Yy e’
This formula with n = 0 agrees with the results in [26]. As observed there, the formula
for R-charge R =2 (n = —1) is an equivariant Verlinde formula and is related to complex
Chern-Simons theory; for R = 0 (n = 1) the formula has appeared in the mathematical
literature as an index formula for the moduli stack of algebraic bundles over the sphere.

3.2.6 The “duality appetizer”

In [47] a duality was proposed between SU(2); with one adjoint chiral multiplet ®, and the
theory of a free chiral multiplet Y = Tr ®2. The former theory is a special case of those
considered in the previous section, however for low rank and Chern-Simons level we can
write down the partition function explicitly and we can test the duality.

In the electric theory there is a flavor U(1)r symmetry that rotates the adjoint chiral
with charge 1: we denote by ¥, n its fugacity and background flux, respectively. To cancel
a parity anomaly, we introduce a CS term kpp = % We assign R-charge 1 to ®. The
partition function of the electric theory is then

1 1 1L (-
Z / 2m yn/2 Ty2 2m+n Yz n T 1y2 2m+n (3 55)
27rw; 1— 22y 1—y 1—x 2y o

We choose n < 0, therefore we should collect minus the residues at x = 0, £,/y. The
poles at x = &, /y exist for m < (n — 1)/2, whilst the pole at x = 0 exists for m <1 —n.
We can sum the series for m < M — 1, where M is some large integer, in a regime y < 1.

The series is uniformly convergent along a contour right outside the unit circle, and such
a contour includes the poles at x = 0, +,/y and no others. The series yields the expression

B 1/ da ZSM=3y2n (1 42)(1 — %)QM—H
o 2mi (1 =y (1 —22y)?Mn=2(1+22(1 = 2y —y?) +2t)

2
Now the contour includes four poles, produced by the last term in the denominator, located

at x = (i(y+ 1)+\/y?+ 2y — 3) /2. The residues can be explicitly computed and summed:
the dependence on M drops out, and we obtain

y 2n—1
Z:y<1—y2> . (3.56)
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The dual theory is given by a free chiral multiplet Y = Tr ®2, with flavor charge 2 and
R-charge 2 (plus a topological sector). As we infer from the partition function, there must
also be an R-flavor Chern-Simons term krr = —1. Then (3.56) precisely agrees with the
partition function of the dual theory.

4 Refinement by angular momentum

If we choose a metric on S? invariant under a U(1) isometry, we can refine the partition
function by adding a fugacity ¢ = €’/2 for the angular momentum on S2. From the

path-integral point of view, this is achieved by deforming the metric on S? x St as?*

ds* = R*(d0* + f(0)*(dp — < dt)?) + B*dt* (4.1)

where dsz, = R*(d6® + f(0)?de?) is a generic metric on S? with U(1) isometry along .
The special case of a round metric was considered in (2.5), and in fact, since the theory is
quasi-topological and independent of the metric on S?, we can do all computations using
the round metric. Reducing down to S!, the deformed metric yields a quantum mechanical
index with a fugacity ¢ for the angular momentum L, of rotations along ¢, in other words
Z g2y g1 computes the index

I — T\I,H(_l)Fe—ﬁHelJfAf<2L¢ .

Such a refined index is easily computed by noticing that the | p(m) —q, + 1’ Landau zero-
modes on S? form a representation of the SU(2) group of rotations. The refined one-loop
determinant for a chiral multiplet in representation R is then:
|B|-1
xP/2(0

. 2 sign B
Zf?lggé = H H <1—J:PC2J> ) B=pm)—q,+1. (4.2)

. B|—-1
pER j__IB|

The factor ¢/ in the numerator cancels out and could be omitted. The determinant can be
conveniently rewritten in terms of the g-Pochhammer symbol (z;q), as

75 = 11 e 13)
-loop — 1-B. /2 ° :
Recall that, for integer values of n, the ¢-Pochhammer is defined as
Hn:&(l —xq¢’) forn >0
(T:q)n =4 7] . B (4.4)
| P r¢/)~t forn <0,
and it satisfies
1 1
(3q)n = T (2¢" 50 (5 Qmin = (€ Om(2¢"Qn . (45)
b —n

Z4More general supersymmetric backgrounds have been constructed in [48, 49], and the dependence of
the partition function on the background has been studied in [50].
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We can quickly derive the one-loop determinant for gauge fields using the fact that,
up to a flux-dependent sign, it equals that of a chiral multiplet with R-charge 2. We get:

_ . a(m) _ —asa(m)
sange _ H (1—z¢ )(1—x7%C ) (idu)" = ¢~ a0 la(m)] H(l _ xac\a(m)l) (i du)" .

1-loop — Ca(m)
a>0
(4.6)
The classical CS actions are the same as before. A formal derivation of the above statements
is given in appendix A.4.

A little bit of care has to be given to the Wilson loops. As we found at the end of
section 2.1.3, to be supersymmetric a loop has to lay along the vector field e = %(8t+g8¢),
i.e. its embedding function must be z#(7) = (0y, <7, 7) for some 6y, and we have to make
sure that the loop closes. One possibility is to place the loops at the poles, with 8y = 0, 7.
In this case, the classical action term — to be inserted in the localization formula — is

Poles: W =Trg €4Fi3 = Z zP (P (4.7)
PER

The signs =+ refer to the North and South pole of the sphere, respectively. Notice that this
yields a deformation of the Verlinde algebra when we place multiple loops on top of each
other, because subtle contact terms intervene.

Another possibility is to choose a “rational” value ¢ = 27r§, where p, q € 7Z are coprime.
Then the loops can be place at any fy: they wrap ¢ times S' and p times the ¢ direction.
The classical action term, to insert in the localization formula, is

Generic points: W = Trg v Tmm — Z(—l)p’)(m) x? . (4.8)
PER

Notice that the refinement by angular momentum only exists on S? and not at higher
genus (although a certain refinement, the elliptic genus, exists on T2 as well).

4.1 U(1);/, with one chiral

We would like to perform some simple checks of the refined formula. As a first example,
consider again the U(1);/, theory with a single chiral multiplet of charge 1. We follow
the same conventions as before (and include the sign factor(—1)™). The partition function

éwmtl
2=% [ 4 S (4.9)

mez

is then

It is convenient to choose n < 0 so that we have to pick minus the residue at x = 0 for
all terms with m < —t. We use the following two formulae:

:Z(q

= (4:9);

n.

(T30 =(—2)"¢ 2 (¢ " q)n - (4.10)

The first one is the g-binomial theorem and it is valid for |z| < 1, |¢| < 1 and n € Z;
for n < 0 only the terms with 7 < n are non-vanishing and the right-hand-side is a finite
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polynomial. Expanding the integrand we find

B Z Res (=¢)" i (&5 s ¢(1=m)j et -1

met =0 (CQ 4‘2)
= — — m% (m—1)(m+t) _ t+1 t— n <2(t+1 C ) nt (4.11
- m;t( 9 (€% ¢?) —m—t ¢ ;}f (C2C?)n C ( )
(I 3

NN (G P
This is exactly the refinement of the partition function (3.7) of the dual theory, which, as
discussed in section 3.1.1, is the theory of a free chiral field.

4.2 Pure Chern-Simons theories

As a further check, we can evaluate the refined partition function of the N'=2 U(N); CS
theory with k = k 4+ N > N, to verify that it is independent of ¢. In fact Chern-Simons
theory is topological and should not depend on a continuous deformation of the metric.
The refined partition function reads

dwi g, T (L= @iC™ [0, C™) (1 = @;C™ f2iC™)
2] Wi, T g jgmi/gmj ] L (412)

Choosing 7; < 0, we should collect minus the residues at z; = 0. Since the path-integral
of CS theory is saturated by flat connections, we could expect that only the sector m; =0
contributes to the path-integral. If this is the case, the refined partition function coincides
with the unrefined one — and both give Z = 1 —being the average of the identity over
the U(IN) Haar measure.

It is easy to see that only m; = 0 contributes. Let us re-write the partition function as

d:v, km;—N al m; m; Z; &
Nl Z /HQTFZ Ty H(l'jc I —xiC l) <Cmi—cmj>, (4.13)

mezZN i>]

and use HD]( —2j) =D pesy €(0) z‘f(l)fl e z?v(N)*l. We find

1 dx; hmi=No (i) +u m; (o (i) —w(i)) N(N-1)/2
Z=gq 2 2. clo)e /C)Hzml ¢ =1) '

meZN o,weSy
(4.14)

The integral is non vanishing only for km; = N — o(i) — w(i) + 1. Since o(7) and w(i) run
over {1,..., N}, then |[N —o(i) —w(i) + 1| < N — 1, and since k > N, then the previous
equation can only be satisfied with all m; = 0. The solutions have m; = 0, arbitrary
permutatlon o, and permutation w(i) = N 41 —o(i). Then €(0) e(w) = (=1)NWV-1/2 and

Z = ﬁ > sesy 1= 1.
. N
The supersymmetric Wilson loops, on the other hand, are along orbits that depend on

the choice of ¢. As we discussed before, in order to have room for non-coincident loops,
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we should choose ¢ = 27p/q with p,q € Z coprime. Then the loops wrap ¢ times around
S and p times around S?: they are knotted in a topologically nontrival way, rather than
continuously deformed as ¢ is varied. This explains why correlation functions of Wilson
loops depend on <.

4.3 The vortex partition function

Finally, we would like to make contact with the other partition functions, defined on differ-
ent manifolds or supersymmetric backgrounds. As first observed in [14] and later elaborated
upon in [15, 16], both the S? partition function of [30], the S? x S! supersymmetric index
of [51, 52] and the lens space index of [53] “factorize” into building elements which can be
interpreted as the partition function on R x S! in an Q-background. For U(N.); theories
with (anti)fundamentals, the basic elements are K-theoretic vortex partition functions.?
A mechanism behind this factorization, called “Higgs branch localization”, has been first
discovered in two dimensions [18, 19] and later generalized to three [17, 54] and four [20, 21]
dimensions. Here we would like to show that even the twisted S? x S! partition function
factorizes, in terms of the very same R x S1 elements. We show it for simple theories that
lead to the vortex partition function, where the computation can be carried out explicitly.

In section 5 we will discuss generalizations of our formula to two and four dimensions.
Although we only show the factorization of the twisted S? x S' partition function here,
the same statement is true for the twisted S? and S? x T? partition functions as well. In
particular in four dimensions one discovers the elliptic vortex partition function [20, 21],
which is a building block of the 4d superconformal index of [55].

Consider U(1) SQED with a single flavor pair, Ny = 1, i.e. with one fundamental and
one antifundamental. In view of a generalization to Ny > 1, it is convenient to introduce
separate parameters (y, n) for the global symmetry that rotates the fundamental, and (g, n)
for the one that rotates the antifundamental, even though the two are the same flavor
symmetry up to a gauge rotation. Assigning R-charge 0 to the chiral fields, the partition
function is

1 1 1 1 =
d —3p3 m—n-+1 ORI —m4n+1
7= Z/ x gmxt fl(y *:4"[1) 2 -~ (—yl i—ﬁ) 2 ) (4.15)
) 2wt (e Gmengy (5271 CNTY ) i
We choose 7 > 0, therefore we pick the residues from the fundamental at z = y¢™"2F,
for k = 0,...,m — n; such poles exist only for m —n > 0. We thus obtain a double sum
> m>n 2k, which is more conveniently written as > -, with
mlzm—n—k, TTLQZIC. (416)
In this notation the poles are at x = y("™ ™2, Taking the residues we get
mi4+mao+n , t ~ %W mf—m§+(m1—m2)("gﬁ+t)
Z== Z : 2. 2 ’ (_Z/y)_g g 2m2+Cn—ﬁ. 2 (4.17)
mi,ma>0 (C ,C )m1 (C 7C )mg(gc ag )—ml—mz—n—i-ﬁ—i-l

#More precisely, this is true for the so-called “maximally chiral theories” where |k| < [Ny — N,|/2 [17].
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The last g-Pochhammer can be factorized into three factors:

1 (), (B,
(%C?mg—i—n—ﬁ; C2)—ml—m2—u+ﬁ+1 (%Cn_ﬁ; CZ)ﬁ_n_H
We can thus write the partition function as the product of three factors:

Z = Zl—loop Zvortex(() ZvorteX(C_l) . (418)

The one-loop factor is

(jry~2)"
(Gy= 1% (P )ansr

We recognise that this is the classical action times the one-loop determinant of the antifun-

Zl-loop = _‘fnyt (419)

damental (which is not Higgsed when the FI term is positive), evaluated on the background
x =y, m = n where the fundamental is massless and gets Higgsed (with positive FI). The
vortex contributions are

> B orm(nmig (5C7C?)
Zvor eX(C) _ gm <:¥> Cm +m( 2 ‘H) M
' mZO j (% C)m

00 { m—1 sinh log {(g)éc";ﬁﬂ']
N Z;(f() ]1;[0 sinh log ¢7—™

m=0

(4.20)

The last expression is the classic form of the K-theoretic vortex partition function (see for
instance (2.78) in [17]). This computation can be generalized to theories with a CS term
at level k, as well as Ny > 1 and gauge group U(N) with N > 1.

5 Other dimensions

Our three-dimensional formalism can be easily generalized to theories in two dimensions
on S2, and in four dimensions on S? x T2. In both cases supersymmetry is preserved with
a topological A-twist on S2, and a refinement by the angular momentum is possible. The
two-dimensional formula is obtained from the one on S? x S! by shrinking the radius 3
of the circle to zero. Besides, we can insert twisted chiral operators at arbitrary points
of S? (they are, in a sense, the reduction of Wilson loops on S'). The four-dimensional
formula, instead, is obtained by considering elliptic generalizations of our expressions. The
two-dimensional result can be applied to the study of amplitudes of topologically twisted
gauged linear sigma models. Our formula differs from the classic result of [56] because we
do not integrate D out until the end, obtaining in this way a “Coulomb branch localization”
as opposed to the “Higgs branch localization” to vortices in [56]—using the language of [18].
Here we consider the two simple cases of sigma models with target the projective space
and the quintic, leaving a more general analysis for further work.

One could also use our formulae to test non-perturbative dualities in two (for instance
the dualities discovered in [18, 57-59]) and four dimensions. In this paper, we only consider
a very simple example of Seiberg duality [60] in 4d N' =1 SQCD.
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5.1 Two-dimensional N = (2,2) theories on S?

We consider two-dimensional ' = (2,2) theories with a vector-like R-symmetry, defined
on S? with a topological A-twist. The theories do not have to be conformal, but it must be
possible to choose integer R-charges. Unfortunately this excludes most Landau-Ginzburg
(LG) models.?® Therefore we will be mainly concerned with GLSMs. Very practically,
the two-dimensional formula can be derived from the three-dimensional one by taking the
limit in which the circle shrinks: 5 — 0. This corresponds to an expansion around u = 0,
or x = 1. The moduli space of bosonic zero-modes reduces to 9T = h x h = bhe and
is parameterized by the complex scalar ¢ in the vector multiplet. Let us summarize the
results. Details, as well as a more systematic derivation along the lines of section 2, are
given in appendix B.

The one-loop determinant for a chiral field is given by the x — 1 limit of the three-

dimensional one-loop determinant in (1.3), namely

hiral H 1 p(m)—gp+1
Zghial [} | 5.1)
oot p(o)

The one-loop determinant for the vector multiplet is

ZEes = (—1)Xaso0(m) H alo) - (do)" . (5.2)
aceG

We do not drop the sign factor in front of the determinant, because in two dimensions
there are no sign ambiguities related to the regularization (see appendix B).
In two dimensions we can define a twisted superpotential W (), which is a holomorphic

function and it leads to the following bosonic action:

Li+Li| =2iReW'(0)-D—2ImW (o) Fis. (5.3)

bos

Of particular importance is a linear twisted superpotential, yielding a complexified FI term:
W LcrinT = L S nptil (5.4)
=—— 10) Tro =—i—Tr i— Tr . .
FL0 = FL0 or or 12
Evaluated on-shell on almost-BPS configurations, the action gives

G*SW = 647TrWV/(O')'m787I'7:R2 Rew/(o)-Do . (55)

When specialized to the complexified FI term it becomes

B o . -2 - D2
e Sr1,0 e (¢+i0) Tr m+2iR=¢ Tr Do — qTrm eZzR ¢ Tr Do ) (56)

Here g = e ¢~ according to standard notation.
Any holomorphic function f(o) can be inserted in the path-integral because it is su-
persymmetric:

Qflo)=Qf(0)=0. (5.7)

26Not all. For instance, the quintic GLSM in the LG phase flows to a LG model quotiented by Zs. Since
the UV GLSM is consistent with A-twist, so must be its IR phases. Indeed, an integer R-symmetry exists.
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The computation of the partition function proceeds as in the three-dimensional case.
In particular, the one-loop determinant has poles along singular hyperplanes H;, with
associated charge covectors @);. One has to choose a covector n € h*. The path-integral
reduces to a sum over the magnetic fluxes m on S2, of the JK residues evaluated at the
points where r linearly independent hyperplanes meet (r = rank GG). In other words:

Zg2 = \W| Z [ Z J%{;ﬁes (Q(04),n) Zint(o;m) + boundary] ) (5.8)

mely o« €M

sing

The only novelty is how to treat the boundary terms in the region at infinity of hc. The
asymptotic behavior of the one-loop determinant for large |o| is given by

exp (21’R2 log |p(o)| p(DO)) .

This corresponds to the effective twisted superpotential Weff = —ﬁp(a)(log plo) — 1).
Comparing with (2.77), we see that for n > 0 we pick the residue at infinity iff " p < 0,
while for n < 0 we pick minus the residue at infinity iff > p > 0. In other words, the role
played by the effective CS level in 3d is played by the FI B-function in 2d.%7

Higher genus. The expressions at higher genus are derived in a similarly easy way.
We find:

. 1
7 hiral
f—llorgp H |:

o) L2 = (~)Ee0"™ T a(e) 0 (do) . (5.9)
PER

]p(m)Jr(gl)(ql)
aclG

5.1.1 Refinement by angular momentum: the (2-background

As in three-dimensions, if we choose a metric on S? which has U(1) invariance, we can refine
the partition function with a weight for the angular momentum. The proper supergravity
background necessary for a full-fledged computation was constructed and analyzed in [28].
This is essentially the Q-background on S?. On the other hand, we can more modestly
obtain the relevant formula for the partition function with insertions by taking the g — 0
limit from three dimensions. After a redefinition of the variables and a rescaling that
matches the unrefined case, we obtain

\BI 1

b 1 sign B
1
a2 -1 I (o) - Bodwm-ar Gw)

pEER IB\ 1

Here ¢ is the parameter associated to the refinement, which can be identified with the €
parameter of the Q-background. This expression could be written in a more elegant way

2TThis is correct if the running FT is the leading behavior, which is the case if we started with a renor-
malizable Lagrangian whose bare twisted superpotential has only FI term. If, on the contrary, we started
with a bare twisted superpotential with higher order terms, then the analysis of the boundary contribution
has to be repeated.
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using the Pochhammer symbol:

hiral P
Z00p = : (5.11)
- plo) | 1-B
( S + 2 )B
However such an expression is not valid for ¢ = 0 even though the limit is not singular.

For the vector multiplet we obtain

28355 = (-0 [T (afo) +la(m)] 5) (o) = [T [a(o)? - *5-] oy

aceG a>0

(5.12)
Insertions of gauge-invariant twisted chiral operators constructed out of o can only be
done at the two poles. To compute a correlator involving f(o) at the North or South pole,

o)

in the localization formula, where the signs + refer to the North and South pole, respec-

we include

tively. This follows from the reduction of the Wilson loop in (4.7). As we show in the next
example, operator insertions at coincident points introduce specific contact terms, leading
to a sort of deformation of the chiral ring. We leave the question of what this deformation
is to future work.

5.1.2 The projective spaces PN~!

In this section we compute the topological amplitudes for the projective space PV~1. The
model has U(1) gauge group and N chiral multiplets of charge 1, to which we assign
R-charge 0. The topological amplitude with n insertions of the basic (1,1) class o is

" = .
2m :c(m+ gmrHN 9 0 otherwise.

We have chosen nn > 0 and we have taken the residue at the singularity x = 0; had we
chosen 1 < 0, we would have taken minus the residue at infinity. Let us understand why

this reproduces the quantum cohomology of PV~1. First, o represents the Kéhler class w

N _1> = 1 because the intersection

N

or alternatively the hyperplane divisor class, therefore (o
of N — 1 hyperplanes is a single point. Then the quantum cohomology is ¢ = ¢, and in
fact (o™NFN=1) = g™ All other correlators vanish because of axial R-symmetry charge
conservation [1].

Next consider the case with masses p; for the N chiral fields (the sum of the masses
can be reabsorbed by a shift of o). The amplitude for an insertion f(o), which in general

is the product of insertions at different points, is

ten =3 [ g 1@ T e (514

mez J
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By taking minus the residue at infinity (and noticing that only the sector m = 0 could
contribute) one easily finds

0 forn=0,...,N—2
(o™) = (5.15)
1 forn=N-1.

This is the classical result. By a shift m — m + 1 it is easy to prove
N
(1o H o= 1)) = alf(@) (5.16)

which is the equivariant quantum cohomology of PN~1,
Refined case. Let us compute the amplitudes in the case with refinement, but no masses.
We can consider the insertion of o™ at the North pole. We compute

[B|—1

n 2 1 N sign B
o" B = 1. (5.1
=Y [am ()" 11 (ng) , mtl. (5.17)

. B|-1
mez jzi\ \2

First of all notice that for m < —1 the integrand is a polynomial, therefore there are no
residues neither at finite points nor at infinity. We reduce to

n m/2 1
0= (oo +<3) T oo (5.18)
N N
= 27m imm/a (x + j3)
By evaluating around infinity, we conclude that <a”}N> =0forn=20,...,N —2 and

N—1>

(o = 1, which is the classical result. Higher amplitudes are constrained by an equation

obtained by shiftingm - m —1and z — 2z — §:

—1

3

2

ot =3 [erie—e3) 11

m>1 j= 1 ] - §)§

)N (5.19)

<:c+1j<> = (e =9ly)-

Ew\a

—Z/ (@ + g) f(x—§+§g>

Here f(o) is a holomorphic correlator (a polynomial). In the last equality we used that for
m = ( there are no residues, so that term can harmlessly be added. In the last expression,
expanding the polynomial f we obtain relations between different amplitudes. Shifting
T — x + 3, instead, we obtain

0 (f@)y) = (F(@)]xo"]s) - (5.20)

In this case, the correlator on the right contains an insertion of oV at the South pole.
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The equation (5.20) is just the flat-space chiral ring relation ¢ = ¢ applied at the
South pole — this is independent of the insertion of f(o) at the North pole, as it should
be in the ring. On the contrary equation (5.19), where all insertions are at the North pole,
represents an interesting deformation of the chiral ring.

Equation (5.19) can be used to show that (¢™) = 0 forn = N,...,2N—2and (¢*V~1) =
q, which again is the same as the classical result. For n > 2N, though, the amplitudes are
deformed by ¢, for instance

(@) = (6*V)e=0 + Nsq .

All other amplitudes for larger values of n can be recursively determined in a similar way.

Since the topological amplitudes should be fixed by the twisted chiral ring relations on
flat space, how do we explain the deformation by ¢? The reason is that we are forced to
place local operators at coincident points, and the deformations that depend on ¢ should
be attributed to contact terms. For instance, the operators in the twisted chiral ring of
PV=1 are o/ with j = 0,..., N — 1. Therefore for n > N, in (5.19) we are considering a
two or higher point function, with at least two coincident operators at the North pole. It
would be interesting to understand if the deformation of the amplitudes produced by our

computation has a nice mathematical structure.

5.1.3 The quintic

This is a simple example of a compact Calabi-Yau manifold of complex dimension 3. The
model has 5 chiral multiplets X; of charge 1 and R-charge 0, and one multiplet P of charge
—5 and R-charge 2, as well as a superpotential W = P f5(X;) where f5 is a homogeneous
polynomial of degree 5. The topological amplitude with n insertions is

1
Z / 20 ZoMT5(—by)om-1 g z" . (5.21)

The first factor of z in the denominator comes from the X, the second from P. In principle

there might be a problem because both the positively and negatively charged fields give a
divergence at the some point x = 0, which is not acceptable. However, we choose n > 0

and therefore we take the residues from the X;, which give a pole for m > ”T_‘l. Taking
into account that m € Z, we see that within this range we never get a pole from P.

We can resum in m and obtain the following expression:
_ 5m+1 m __5 ; —
=2 [ o ElE =g e (5.22)
27m 0 otherwise.

The expression is non-vanishing only for n = 3, and in that case we summed over m > 0.
This expression correctly represents the quantum cohomology of the quintic CYj, and it
exactly matches with (4.24) in [61], up to the minus sign which is a matter of convention.

5.2 Four-dimensional N' = 1 theories on S? x T2

The last topic we cover is four-dimensional N' = 1 theories placed on S? x T2, with a
topological twist on S2. To preserve supersymmetry, the theories must possess a non-
anomalous R-symmetry with integer R-charges. The one-loop determinant for a chiral
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multiplet on S? x T? has already been considered in [24]. We will present the complete
formula for gauge theories. The result of localization is simply the elliptic generalization

2miT and z = ™, where T

of our formula.?® The one-loop determinant is a function of ¢ = e
is the modular parameter of T2 and u parameterizes the Wilson lines on the two direction
of the torus.

Let us consider the case refined by the angular momentum on S?; the formula with no
refinement is obtained simply setting ¢ = 1. Borrowing the expressions from the elliptic

genus of [4, 5], the one-loop determinant for the chiral multiplet is

[B|—1

. 2 i sign(B)
Zf}llggll) — H H (01(77@)> , B = p(m) —q+1. (5.23)

P27
pER j__|BI-1 T¢I g
2
The two elliptic functions are n(q) = ¢"/#* T[22, (1 — ¢") and

00
H(xq——zéél—‘[l—q 1—:qu)(l lkl__ZZ nzun+)7rz7'(n+ )2
k=1 nez
(5.24)

The three-dimensional determinant is reproduced in the ¢ — 0 limit (i.e. 7 — i00), up to
a zero-point energy:

H -B/12
hm Zl loop — 1 loop q
pPER

The one-loop for off-diagonal vector multiplets equals the one-loop for chiral multiplets
with R-charge 2:

e |a(m)].
Zgauge off ( a>0 a(m) H C Q) . (525)

1-loop
aeG
This time there is also a contribution from the vector multiplets along the Cartan genera-
tors, as evinced from [4, 5]:

Zgauge, Cartan _ n(q)Qr (Z du)T ) (526)

1-loop

For theories with semi-simple gauge group, all action terms are Q-exact and the mero-
morphic form Zjy(u;m) only gets contributions from the one-loop determinants (super-
symmetry transformations and actions can be found in [25]). Instead, for Abelian factors
one can also consider a Fayet-Iliopoulos term leading to a classical action contribution:

¢

EFI - _'L%D = chass = e_SFI

on-shell — e_V01(T2)Cm . (527)

The partition function is obtained by integrating the one-loop determinant and the
classical action on the space of flat connections on 72 and summing over the fluxes on S2.

Z8The formula can be derived with the same steps as in section 2, using the supersymmetry transforma-
tions and actions in [24, 25]. We do not repeat those steps here.

— 59 —



More precisely, we should consider the space of flat connections that commute with the
constant flux on 52, i.e. we should look for commuting triplets

[91792] = [gl7m] = [927m] =0 ) g1, 92 S G P m e g. (528)

Since the space of flat connections on T2 is compact, there are no subtleties with infinity.
Therefore the integration contour is simply the one provided by the Jeffrey-Kirwan residue.

5.2.1 Example: SU(2) SQCD

As an example, we would like to consider SQCD theories in four dimensions and check
that those related by Seiberg duality [60] yield the same partition function. To keep the
example simple, we look at SU(2) SQCD with N; = 3 flavors, whose dual is a Wess-Zumino
model of chiral multiplets with a superpotential.

In fact, SU(2) SQCD is more easily described within the USp family, whose Seiberg
dualities have been studied in [62]. USp(2N.) SQCD has 2Ny chiral multiplets @Q; in
the fundamental, the global symmetry is SU(2Ny) x U(1)g, and the flavors are in the
fundamental of SU(2Ny) and have R-charge R = (Ny — N. —1)/Ny. The gauge invariants
are the mesons M;; = @; - (;, where the contraction over gauge indices is done with the
invariant tensor of USp(2N,), and there is antisymmetry in ij.

We consider USp(2) SQCD with 2Ny = 6 quarks. Their R-charges are R = , which
is not acceptable in our setup on S? x T? because the R-charges must be integers. How-
ever, we can mix U(1)g with a Cartan generator of the flavor symmetry SU(6), namely
dlag(3, 3 —%, —%, —%,— ) to form a new R-symmetry U(1)}, = diag(1,1,0,0,0,0), non-
anomalous and integer. For simplicity, we look at the unrefined case ( = 1 and we do not
consider the most general background for the flavor symmetry, rather we turn on a minimal
background to obtain a finite partition function: we take the Cartan of SU(6) given by
U(1)4 = diag(—2,—-2,1,1,1,1). In order to write down the partition function Zg2,72 in a
compact form, we introduce the notation

in(Q) >gm+an—r+1 (5'29)

0.0 = (g

for the one-loop determinant of a chiral multiplet with gauge charge g (under the Cartan
of SU(2)), flavor charge a and R-charge r: this is an implicit function of (z,m) and (y,n),
and, as usual, z = ¢™ and y = €. Then Zg 2 is

é\gZ? 227”/ 2 (q7) H fX fX(gvlao) : (530)

g==+1

The magnetic theory, which in this case is more properly interpreted as the effective IR
description, is a Wess-Zumino model of fundamental fields M;; (antisymmetric in ij),
subject to the cubic superpotential

W =A3PfM. (5.31)
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The partition function for these 15 mesons is simply

Zawal = fx(0,-4,2) £,,(0,-1,1)% £,(0,2,0)° . (5.32)

We would like to check that the two partition functions coincide.
We can check that (5.30) and (5.32) coincide at the lowest order in a g expansion. After
expanding the integrand of (5.30) at the lowest order in ¢, we choose > 0 and consider

the poles at z = 32 (existing for m > 2n+ 1) and at x =y~ !

(existing for m > —n). Then
we follow the same strategy as in section 3.2.6. We first sum over m > — M, for some large
positive integer M, to be sure to pick up all residues. This produces an expression in which

the relevant poles are at the two roots of the polynomial equation
221 +2%) —x(1+2y -2 + 22 + 9 =0.

The residues can be computed explicitly and summed: the dependence on M disappears,
and we are left with

N;=3 _ _ _
Zstﬂc(z) =g 5/12y4(1 + ) 8n(1 _ y2) 5(1 +y2)4n+1 + (’)(q7/12) ) (5.33)

This is precisely the expansion of Zg,. at the lowest order in q.

6 Conclusions

In this paper we have provided a general formula for the partition function of three-
dimensional N/ = 2 gauge theories placed on S? x S!, with a topological twist along
S2. The result depends on a collection of background magnetic fluxes and fugacities for
the flavor symmetries. There are many generalizations of our result to other dimensions
and different manifolds: some of these generalizations have been discussed in this paper,
others are left for future work. In particular, our result can be easily extended to the case
where S? is replaced by a Riemann surface ¥ of higher genus. The new ingredient is the
presence of extra zero-modes corresponding to the Wilson lines along . The case ¥ = T2
would compute the Witten index of three-dimensional theories.

It would be interesting to see whether our reformulation of the A-twist for super-
symmetric two-dimensional sigma models in terms of Coulomb branch localization can
provide new geometrical insight in the study of Gromov-Witten invariants and mirror
symmetry. In particular, while the physics of Abelian GLSMs, and the mathematics of the
corresponding low energy NLSMs (complete intersections in toric varieties), are very well
understood,?” this is not the case for non-Abelian models [57, 65]. The partition function
on the sphere with no twist have also been computed via localization in [18, 19] and has
led to a re-interpretation of the Kéhler geometry of the Calabi-Yau moduli space [66, 67].
The topologically twisted partition function, instead, directly computes amplitudes.

We have not spent many words on four-dimensional N/ = 1 theories, although this
is clearly an interesting setting. A line of investigation we would like to suggest is about

*But see [63, 64] for models where non-perturbative effects play a crucial role.
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correspondences a la AGT [68, 69]. They put in correspondence observables in certain 4d
N =2 [70-72] and N = 1 [73, 74] supersymmetric gauge theories with 2d conformal or
topological theories, by different compactifications of the mysterious 6d N' = (2, 0) theory.
With a new observable at our disposal — the index with twist — it is natural to ask what
is the 2d theory that computes it.

Finally, we should mention that this paper grew originally from the attempt to under-
stand in microscopical terms the entropy of AdSy static black holes. Regular static black
holes have been recently found in four-dimensional N” = 2 gauged supergravity [75-77].
They have magnetic charges and an AdS, x ¥ horizon and can be interpreted as a dual
description of a three-dimensional CFT placed on ¥ x S! with a topological twist along %
and various background magnetic fluxes for the global symmetries [78]. They thus perfectly
fit in the framework of our paper. We hope to report on the subject soon.
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A One-loop determinants

In this appendix we give the details of the computation of one-loop determinants on S? x S':
we perform an explicit computation with the round metric, we provide an alternative co-
homological argument valid when Dy = 0 with any metric, and we extend the computation
to the refined case.

A.1 Reduction on S?

We consider the round sphere with constant magnetic field:

b
ds® = R*(df* + sin® 0 dp?) , F=gsin0dfAdp. (A1)

The flux is quantized, b € Z, the spin connection is w'? = — cos # dy and we choose a gauge

potential A = %wm. The covariant derivative for a particle of charge 1 and spin s, € Z/2 is

b
D, =0,+ z’szw}f - %w}f . (A.2)
We define the effective spin
b
S=5:— 3. (A.3)
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The particle transforms as a section of a line bundle with ¢; = b— 2s, = —2s, therefore we
can regard it as a scalar particle in a magnetic flux —2s, or as a neutral particle of effective

spin s.
The gauge-covariant Laplace operator is
1 1 1 2
2 . ,
D” = = Lineag(sm@@g) + 20 (Qo — 15 COS 9) ] . (A.4)

Its eigenfunctions are the well-known monopole harmonics [79]. Let us quickly review their
construction. We introduce the following operators:

i =it ' i A
Jy=ie (89 + - n98¢ + sin9> , Js3 i0, . (A.5)

They are constructed in such a way to satisfy the same commutation relations as the
standard angular momentum, [J3, J+] = +Ju and [y, J_ ] = 2J3, and to be related to
the Laplace operator in a simple way, —R?D? = 2{J+, J } + J3 — 52, which implies
[D?, J5] = [D?,J1] = 0. We can then diagonalize D? and J3 51multane0usly, using Ji as
ladder operators for J3. The states in a representation satisfy —j < js < j, in terms of a
quantum number j so defined. We use the notation Y, . then the spectrum is

~R*D*Y}, = (j(j+1)—s*) Y, . (A.6)

J.J3 J,J3

Positivity of —R2D? implies j > |s|. This becomes clear working out the highest weight
eigenfunctions: Y, = eij‘p(tan g)_s(sin 6)7 annihilated by J,. They are well-defined for
j > |s| and j—s € N (see footnote 30). The other wavefunctions can be obtained by acting
with J_.

We also have bundle-changing operators Dy:

() ] COSG
89:F 98 sin0 ’

(A.7)
which map s — s £ 1 keeping j,j3 fixed.3! One verifies that [Dy,J3] = [Di,Jy] =
[Dy,J_] = 0, moreover [Dy, D_] = —2s and —R2D? = —{Dy,D_} = =Dy D_ — s =
—D_D, + s. It follows that [-R?D?, D1] = (F2s — 1) D, confirming the map s — s 4 1.
A state annihilated by D_ (it has minimal s) has —R?D? = —s, therefore j = —s; a
state annihilated by D (maxnnal s) has —R?D? = s, therefore j = s. The eigenfunctions
annihilated by D_ are Y“z = e’33‘P(tan )33 (sin @), then Y;

obtained by acting with D, . Finally, starting with Y

5, With —j <'s < j can be

and acting with D, or starting

Y s
with Y]J ia and acting with D_, we get the relations
DyD_Y};, = —(+s)(i—s+ 1)Yjsjs ,  D-DiYj; = —(—=s)(F+s+ 1)Y3833 - (A8)

30The total connection (spin plus gauge) is A = scosfdp, which is in a singular gauge because A is
singular at the poles. Moreover, for s € Z + % a gauge transformation is required as we go around the
poles, as it becomes clear computing the Wilson line very close to the poles which should vanish. Thus, for
s €L+ % the wavefunctions get a minus sign as ¢ — ¢ + 2w. They become single-valued using standard
smooth gauges on two patches.

3'When acting with the operators D, one has to be careful to keep track of the value of s, as they
change it. Concretely, when acting on a wavefunction of spin s, [Dy, D_] = D(f_”D(f) — D(fH)DErS).
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A.2 The one-loop determinant on S? x S*

We can use the spectral analysis on S? to compute the one-loop determinant on S? x S*
for a chiral multiplet ®,, transforming as the weight p of a representation 9R, and with
R-charge ¢q. The field is immersed in a magnetic field m € g, there is a flat connection
A; along S', and the D-term has expectation value D = % + Dgy. Notice that in this
computation we do not distinguish between gauge and flavor symmetries. We define the
integer

b=pm)—gq. (A.9)

We now compute the determinants for the scalar and the Dirac field in the chiral multiplet,
while the full one-loop determinant is assembled in the main text.

The scalar ¢. This field has R-charge ¢ and spin s, = 0, therefore, recalling that
there are —1 units of R-symmetry flux on S? besides the magnetic flux, the effective spin is
5= —%. The action follows from the quadratic expansion of (2.17) around the background,
that we write as ngO(bqb. The eigenfunctions are Y. e2mikt

k € Z. We immediately get the determinant

with j = |s| +n and n € Z>,

2
det O, = H H [(2n +1)|b| — b+ 2n(n+1) (o) (2mk — p(Ay)) Cip(Do)

2n+|b|+1
200 )|

n>0 keZ
(A.10)

The Dirac spinor 1. The operator from the quadratic expansion of (2.17) is

(o 1
Oy ="Dy — plo) = (DS}sz_( ) —Dfl—)J,ro (g)) . (A.11)

The spinor 1 has the same gauge/flavor charge p as the scalar ¢, but its R-charge is ¢ — 1.
Therefore the flux experienced by 1 is p(m) — ¢+ 1 = b+ 1. A Dirac spinor on S? has
generically two components with s, = :i:%:

_ b
Y. b/zforjz‘i

—b/2—1 . |b
J:3 Y forjzb—i-l‘.

’ j7j3

If both components exist, the matrix is

<‘13(2m'k —ip(Ar)) = p(o) RO ) ( o8 )
—b . y ~b/2= 7
}%D(, /2) —%(2#@/@ - lp(At)) —p(o) j,j3/2 '

and its determinant is

2
1/ by, b 2, (27k — p(Ay))
det = ﬁ(j - 5) (j + B + 1) + p(o)* + 52 . (A.12)
Now we should distinguish a few cases. For b > 0, at j = % only the right-moving (RM)

mode exists, while for j = % +mn and n > 1 both modes exist. We then obtain for det O:

I [ 524) — o] ™ T [t 0404
keZ nzt

(27Tk B P(At))2 2n+b+1
B '
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Forb < —2 at j = —% —1 only the left-moving (LM) mode exists, while for j = —g —14n
and n > 1 both modes exist. We then obtain for det Oy:

(2mk — p(At))2] b=t

b1
[T [0 o)) T [t - 1) +pto? +

kEZ ﬁ n>1

Finally, for b = —1 there are no special cases with chiral modes, because even with the
smallest possible angular momentum, j = %, both modes exist. Then we set j = %—i—n and
we obtain

Tk — . 24 2n+2
HH[ (n+1)? (0)2+(2k p(A))} :

2
keZn>0 'B

The three cases can be summarized by the following formula for the fermionic determinant:

det Oy = H [ZSM - p(a)} . X

ke b
ak — 24 2n+|b+1|
<11 [”(” +E’§+1D + (o) + B BQ’(A”) } (A.13)
n>1

where s = sign(b+ 1).

A.3 The cohomological argument

For Dy =0 (i.e. D = iFj3) we can reproduce the one-loop determinant with an alternative
cohomological argument, similar to that in [37]. We consider a generic metric on S? and a
generic profile Fio(z) for the magnetic field. We will need the identity

. .
P? = D.D* — LRy %F#WW : (A.14)

and we will use the supersymmetry spinor € in (2.3).
Now consider the two operators from the quadratic expansion of the matter ac-
tion (2.17):

Op = =DuD" + p(0)? +ip(D) — ¢Wha Oy =7"Dy — p(o) - (A.15)
Suppose we have a fermionic mode ¥ with Oy¥ = AW: if W £ 0 (iff 430 # —T), then
Oyp¥ = \U = Opel U = —\(\ +2p(0)) T . (A.16)

On the other hand, suppose we have a scalar mode ® with Oy3® = —/\()\ + 2p(a))<I>. Then
we can construct the two fermionic modes

\1’1 = P¢ 5 \1’2 == D;ﬁb’y”ﬁ == @‘Ifl . (A17)

The action of Oy on the two-dimensional vector space is

qull — —,0(0') 1 \Ill
(600) = (o e k) (02) (19
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and the eigenvalues are A\ and —()\ + 2,0(0)). We conclude that the modes in all these
eigenspaces do not contribute to the one-loop determinant because their eigenvalues can-
cel out.

The only modes that contribute to the determinant are the unpaired ones. Let us find
them. If €' ¥ = 0, we do not have a partner scalar mode. This only happens if 730 = — 0.
Then the defining equation splits into

v*Dg¥ =0 summed over a = 1,2, —D3¥ — p(o)¥ = AU . (A.19)

This implies that W is a LM chiral zero-mode of the twisted Dirac operator on S? and it
depends on t as e2™* for k € Z. In the unrefined case D3 = at%p(’%), therefore

i 2mk — p(Ay)
B

If on S? (with the chosen metric and gauge flux) there are nj, LM chiral zero-modes, the

A= N = — (o) . (A.20)

contribution to the index is A\j*. The refined case is discussed in section 4 and appendix A 4.

If the two modes ¥ and Wy are actually parallel (including the case that Wy = 0), the
scalar mode is paired to one fermionic partner only. Let us write PW¥; = a¥; for some a.
Since y3¥; = ¥y, the equation splits into

YD, W, =0 summed over a = 1,2, D3U, = oV, . (A.21)

This implies that ¥y is a RM chiral zero-mode on S%. Then O, V1 = AU with A = a—p(0).
In the unrefined case we find

27k — p(Ay)

)\ =] — g).
5 p(o)
However recall that we also have the scalar, therefore the contribution to the determinant is
A 2rk — p(A -1
S <_Z~7T7p(t)_p(g)) =t
—AA+2p(0)) B

from each of these modes. If on S? there are ng RM chiral zero-modes, the contribution
to the index is A;"**. By the index theorem we have ng —ny, = p(m) — ¢ + 1, therefore we
are led to the same determinant (2.47) as before.

A.4 Refined one-loop determinant

We now give some details about the computation of the refined one-loop determinant for
a chiral multiplet. With round metric, the vielbein and its inverse are

R 0 0 £ 0 0
e’, =0 Rsinf —Rgssinf | , = |0 51 3 (A.22)
0 0 B 0 0 3
A background with Fjo = %, I3 = Fb3 = 0 has an Fy; component, and we can choose
the connection to be
AZ—Z‘COSH(ng—§dt)—|—Atdt:—;C0t962—|—12t63, (A.23)
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where A, is the constant zero-mode part that commutes with m. This connection, though,
is singular at the poles and therefore one should be very careful in using it to compute
the Wilson loop. It is clearer to consider two patches, North and South, and two smooth

connections: m )
Ay = —§(C089 —1)(dp —cdt) + (Ar + §<)dt
m . (A.24)
Ag = —5(0059 + 1)(dp — s dt) + (A — F<)dt .
They give the following values for the angular and temporal Wilson loops:
W, = e fo AN — exp [iﬂm(l — cos 9)}
. ~ m (A.25)
W, = et ANs — exp [iAt + ig; cos 0} .
The bosonic zero-mode is defined as
u= A +ifo = B(As +io) . (A.26)

To evaluate the classical CS actions, we should first extend A to a connection on a
four-manifold whose boundary is S? x S'. We choose S? x Ds, with r the radius of Do,
and extend

A= —% cos O (dp — cridt) + A, r2dt
R (A.27)
F

g sin 0 df A (de — §r2dt) + (flt + gg cos 9> dr® A dt .
The extension satisfies F!SQXsI = F, fD2F = [s1 A. Then f52xD2 FAF = 4rmA,
independently of ¢, therefore the on-shell CS actions are not affected by «.

A supersymmetric Wilson loop must be along the vector field e3 = %(815 +¢0,), as
found after (2.21), i.e. it must lay along the embedding z#(7) = (0y, <7, 7) with parameter
7. The Wilson loop equals W = Trp Pexpi § dr S(As + io). If we place the loop at the
North (6y = 0) or South (6p = 7) pole of the sphere, the direction ¢ is immaterial, the
loop only winds once around ¢, and there is no constraint on ¢. We obtain from (A.25):

— uticy _ p(m) .p

W =Trge 2 ZpeRC xf (A.28)
where the signs 4 refer to the North and South pole, respectively. On the other hand, for
generic values of 0y # 0,7, the loop closes only if ¢ = 27r§ with p,q € Z coprime: in this
case the loop winds p times around ¢ and ¢ times around ¢. Combining the two integrals
in (A.25), we find

. iqu+impm __ _1\pp(m) ,.qp

W =Trge = ZpeR( 1)pelm) gae (A.29)

To compute the one-loop determinant, we follow the cohomological argument and
count the fermionic zero-modes. For a given weight p, the flux seen by the fermions is
B = p(m) —q,+ 1. If B > 0, there are B RM zero-modes on S? which are annihilated by

1-B
D_: they are the modes Y]

2

o with j = % and j3 = —j,—j+1,...,7, whose dependence
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on  is e¥3%, On 5% x S, these modes ¥} have a dependence ¢?™**, Each mode contributes

a factor — where D3W; = aW;. We thus find

a+p(0)
. B-1 o
- xp C]S
H H { (Bp A3+w)—§]3—27rk)} = H T 9%
j=— B=1 kel Jomm B

as ¢ = €5/2. If B < 0, there are | B| LM zero-modes on S? annihilated by D, i.e. the modes
|B|—1

Y, ;2 with j = |B|T_1. Each mode W contributes a factor A\, where —D3W¥ — p(o)¥ = AU,

We thus find

IB\ 1 [B|-1

2 1 — P23
H HﬁBpAg—I—w)—szz—Qﬂk) H xngjg'

|B| 1 kEZ : ,_lB\—l
J3= 2

Ja=—

This reproduces the one-loop determinant given in (4.2).

B The two-dimensional partition function

In this appendix we give some details on localization in the two-dimensional case. The
background is a generic metric on S? with volume 47 R?. The spin connection w'? satisfies
dw'? = %dvol and % fdw12 = 2. We take a background vector V' = —%wu coupled to
the R-symmetry. Then the SUSY parameters satisfy D,e = 0, 3¢ = € and similarly for € .

The SUSY transformations are easily derived from the three-dimensional case by map-
ping A3 — 01, 0 — o2 and then oy + icy — —io, 0y —i09 — 0. Using F,3 — D,0q,
Dy — —io1, -] and [0, 09] — £[0, 5], we get the following. For the vector multiplet:

QA, = %)\T%ﬁ QD = —%Du)\wue + %[0, Ae] QN =0
QA, = Lety, QD = ety D\ — Lo, et QN =
2 i 2 2 (B.1)
Q)= (z’Flg — D+ 5[0’, al — Z")/'U‘D#O'>€ Qo =0 Q5 = e
@AT:6<—zF12+D+2[ 5] = i7" Do) Qo =0 Qo =2\

The BPS equations for complexified fields are D = iF9, [0,6] = 0 and D,,0 = 0. Restrict-
ing to configurations where the gauge field is real, & is the complex conjugate to o but D

remains complex, we get
D =iFys DMO':DM(?:O, [0'75]:0. (B2)

Up to gauge transformations, the moduli space of bosonic zero-modes is MM = hx h = hc (to
be divided by the Weyl group W together with the magnetic fluxes m € I'y) parameterized
by a diagonal complex o which becomes our integration variable.
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The transformations of the chiral multiplet are

Qb =0 QY = (V"' Dug — iod)e Qut = —ect pt

Qo =—éy QYl =& (—in'Dugl —iglo) Qp = &F (B.3)
Qo' = yle QF = ¢ (in" Dy + io) — iNg) OF =0 '
Q¢' =0 QF = (—iDpiy* + ivTo +igTAT) e QF =0.

The BPS equations for complexified fields are (Dy + iDs)¢ = (Dy — iD3)¢p! = 0, 0 =
¢fo =0, F = F' = 0. Going to the real contour, they are complex conjugate pairs and
reduce to

(D1 +iD3)p =0, cp=0, F=0. (B.4)

The points (hyperplanes) of 9t where o0¢ = 0 for some chiral multiplet ¢ form the subset
Msing: at those points, the BPS equations would allow for extra zero-modes.

The action terms that we consider are the standard ones, as in [18, 19]: YM action,
matter action and superpotential, which are Q-exact. More interesting is a twisted super-
potential, which is not Q-exact. First, any holomorphic function f(o) can be inserted in
the path-integral because it is supersymmetric:

Qf(c)=Qf(0)=0, (B.5)

in particular this allows us to make local insertions at arbitrary points on S?. A twisted
superpotential action must be real in Lorentzian signature, but we cannot insert f*(o)
because this is not supersymmetric, even after integration. The twisted superpotential
Lagrangian is in fact

Ly =iW'(0) - (D +iFia) — §W”(U) (1= 3)A B
T . TS ’
Ly =iW"(5) (D —iF) — W "(&) - AT(1+73)A

where W (o) and W*(5) are gauge-invariant holomorphic functions of their arguments. The
two terms are separately supersymmetric, therefore the two functions W and W* could
be independent, however in order for the action to be real in Lorentzian signature, they
should be complex conjugate. In the non-Abelian case it should be read as

_ o
L’NZiaiw(D—i-iFm)A i oW

A (1= )N
W 80,4 ( 73) B

B 580/;803 A

where A, B are indices of the adjoint representation, and similarly for % Both terms are
annihilated by @, Q.
The bosonic part of the twisted superpotential Lagrangian is
Ly +Ly| =2iRe W (o) D —2iImW'(o) - Fia . (B.7)

Of particular importance is a linear twisted superpotential, leading to a complexified
FI term:

—~ 1
WFL@ = _E(C + 2(9) Tro = ;CFLQ = —i% Tr D + Z% Tr Fio . (BS)
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Evaluated on-shell on almost BPS configurations, the action gives

B*SW = 647rer'(0)-m787riR2 Re W' (c)-Do . (Bg)

When specialized to the complexified FI term it becomes

e_SFLG _ e—(C+i9) Trm+2iR2¢ Tr Do — qTrm e?iRQCTrDo . (Bl())

Here ¢ = e ¢~ according to standard notation.

The computation of the one-loop determinants is essentially the same as in the three-
dimensional case, but without the sum over the KK modes on S' that we labeled by
k. In particular, there is no longer any regularization to do and no sign ambiguity in
the final answer (besides, there are no topological symmetries nor the path-integral has a
Hamiltonian interpretation as a trace, although a sign ambiguity could still be reabsorbed
in the §-angle). To give some details, consider the round S? and the chiral multiplet. The
scalar operator is

Oy = ~DyuD" + p(0)p(@) + ip(Do) — GWrs | (B.11)

and its spectrum is

2n+1)[b| —b+2n(n+1 , 2nt{bl+1
4t 0y = [[ {( )1b] = +D) o) + z,o(Do)} . (B12)
n>0
where b = p(m) — g,. The Dirac operator is
: p(@) 7D+
YD, —iysp(o1) — p(o2) = , (B.13)
g zD- p(0)
and its spectrum is
Ib+1] 1 2n-+[b+1]
det Oy = [p(S(a))} H [Rzn(n +b+1]) + \p(a)]ﬂ (B.14)

n>1

where S is the identity if b < —2, and complex conjugation if b > 0. The one-loop
determinant is the ratio:

: 1 7p(m)—gp+1
chiral
Zl—loop - H |i,0(0')} . (B15)

PER

Notice that this is in fact just the £ — 1 limit of the three-dimensional one-loop determinant
in (2.48). The one-loop determinant for the vector multiplet is

Z8ee = (~1)2=e>0%™ TT a(o) . (B.16)

aceG

This time, we do not drop the sign factor in front because there are no ambiguities. This
sign was noted in [80] for the background on S? constructed in [18, 19].32

32 Although this sign seems not to be present in [18], in fact there is a small mistake in the last appendix
of that paper, and correcting it the sign is present in [18] too.
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One performs the localization, which proceeds as in the three-dimensional case. The
only novelty is how to treat the region at infinity of hc, i.e. the complex o-plane. For that,
we need the asymptotic dependence of the one-loop determinant on Dy. Let us perform
the analysis for b > 0. We want to compute

n(n+b+1 2n+b+1

_|_

P11 (e i) (317
n>0 +\P( )I? + ip(Do)

in the limit |o| — co. We have

2n+b+1
nn+b+1)+a

log ' = —iR?p(Dy) Y +0(a™?), a=RYp(0))?. (B.18)

n>0

This expression diverges as » %, which cannot be regularized by ¢ function (in fact it leads
to dimensional transmutation). We regularize by subtracting T%H, then the sum can be
performed:

log FF :_iR2p(DO)<_27_Zi:w<1+bi W))

reg

= —iRQp(Do)< — 2y —loga + O(G_l))
where v is Euler’s constant and ¢(z) = I'(z)/T'(z). We thus find the leading behavior
F ~exp (2iR2 log ’p(a)} p(Do)) . (B.19)

This corresponds to the effective twisted superpotential Weg = —p(o)(log p(o) — 1).
Comparing with (2.77), we see that for n > 0 we pick the residue at infinity iff > p > 0,

while for 77 < 0 we pick minus the residue at infinity iff > p < 0.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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