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1 Introduction

The topologically twisted index is the supersymmetric partition function on g x S L of
three-dimensional N = 2 gauge theories with a topological twist along the Riemann surface
Yg [1]. It can be defined as the equivariant Witten index

— T
Zs w51 (yr,51) = Try (—1)7e AL T vi, (1.1)
i

of the theory compactified on ¥4, where s; are magnetic fluxes on the Riemann surface
specifying the twist and y; are complexified fugacities for the flavor symmetries J;. For
theories with an AdS,; holographic dual, the index is supposed to count the number of
microstates of magnetically charged and topologically twisted asymptotically AdS, black
holes. The entropy of the most general family of static twisted black holes in AdS, x S7
has been reproduced in [2] by studying the large N limit of the topologically twisted index
of the dual ABJM theory [3].!

In this paper we study the large N limit of the refined topologically twisted index
of three-dimensional N = 2 gauge theories with a holographic dual. This index can be
defined only when g = 0 and it contains a further refinement with respect to rotational
U(1) symmetry of the two sphere. It corresponds to a background S!' x S2, where e
is the equivariant parameter for the rotation and it specifies the S' fibration over S2.
Holographically, it is supposed to count the number of microstates of the magnetically
charged rotating AdS, x S” black holes found in [5] and their generalizations.

The original method used in [2], based on a decomposition of the partition function
in a sum over Bethe vacua, cannot be applied to the refined index. In this paper we
will take a different approach by evaluating directly the large N limit of the index matrix
model. Localization reduces the index to a finite-dimensional integral over gauge holonomy
variables, summed over topological sectors specified by gauge magnetic fluxes along S2. We
will assume that in the large N limit the fluxes can be treated as continuous variables and
we will take a saddle point approximation with respect to both holonomies and fluxes. The
method has been already efficiently used to study five-dimensional indices [6-8]. We will
of course reproduce the results in [2] and their generalizations [9, 10] for ¢ = 0 and we
will provide the general result for generic e. One of the advantages of the direct method is
that it provides the distribution of magnetic fluxes that dominates the index at large N.
This can be useful for understanding the quantum mechanics obtained by a dimensional
reduction on the sphere [11].

A different method, valid in the Cardy limit (e — 0), was proposed in [12] and suc-
cessfully applied to the N’ = 8 theory coupled to a fundamental hypermultiplet, which is
supposed to flow to ABJM in the infrared. We will explicit discuss the relation between
the two methods.

1 This analysis has been extended to many other twisted black objects in AdS4 and in higher dimensions.
For a (partial) review, see [4].



One of the results of our analysis is that, for the class of theories we will consider, the
large N refined index, to all perturbative orders in €, can be written in a factorized form

()
log Z = 12 , (1.2)

where y; = 21 and W(A) is the on-shell twisted effective potential defined in section 3 and
proportional to the S® free-energy of the ' = 2 gauge theory at large N. The explicit form
of the gluing in given in (3.8). The result (1.2) is in complete agreement with the general
holographic expectations based on gravitational blocks [13] and correctly reproduce the
entropy of the rotating AdS, x S7 black holes found in [5]. Similar large N factorizations
hold in higher dimensions too [8]. In this paper we work to all orders but perturbatively
in e. A more refined analysis would be needed to understand if there are exponentially
suppressed corrections in € to the result (1.2).

The paper is organized as follows. In section 2 we review the localization formula for
the refined topologically twisted index. In 3 we give a general overview of the available
methods for computing the topologically twisted inded both for ¢ = 0 and ¢ # 0. In
particular we point out the differences between the Bethe route used in [2] and the other
direct methods. A particular interesting technical point is the difference in the treatment
of the so-called tails regions of the eigenvalues distribution. The interested reader will find
details in section 3 and appendix A. In section 4 we present the general rules for computing
the index for a class of quivers with N3/2 scaling of the free-energy and holographically
dual to AdS4 x M7 M-theory backgrounds, where M7 is a seven-dimensional Sasaki-Einstein
manifold. We will explicitly present two examples, the ADHM quiver and the ABJM theory.
In section 5 we present the general rules for computing the index for a class of quivers with
N5/3 scaling of the free-energy and holographically dual to AdS, backgrounds in massive
type ITA. A series of appendices contains the technical derivations and explicit formulae
for ADHM and ABJM solutions.

2 Refined twisted index for 3d N = 2 field theories

Consider a three-dimensional N/ = 2 gauge theory with gauge group G, I chiral multiplets
in a representation @Ry of the gauge group, and Chern-Simons couplings k, for the various
factors G(@) of the group G = 1.9 (@), The refined topologically twisted index reads [1]

rk(G)

Z A5, A, S % (wi, M5 A,y 5m) 2 wi, M A, s
S'1><S2( m m| |m| m; 1K ll;[ 271‘1 I cl iy WY m m) 1loop( iy WY |)
(2.1)

where
Zl—loop(uhmi; A,5|€) = q_%zc»o |ox(m)] H (1 — :L,aq|a(m)|/2)
a€eg
|Br|—1 .
v ign(By) 2.2
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Here, B; = pr(m)—v(s)+1, o denotes the roots of the gauge group, p, v are the weights of
the chiral multiplet under the gauge and flavor symmetry groups, respectively, and |20] is
the order of the Weyl group of G. In this formula, (m,s) are the gauge and flavor magnetic
fluxes on S?, respectively; = = el*, y = €l are the gauge and flavor fugacities and ¢ = e'
is the fugacity for the angular momentum refinement.

The classical contributions come from the Chern-Simons terms and the topological
symmetries. A factor G of the gauge group G contributes

rk(G(@))
Z55 (u, my) = H glhami (2.3)

where k, is the associated Chern-Simons coupling. A topological symmetry associated with
a U(1) factor contributes
Z5P (uym; A, §) = 2™, (2.4)

where s,, is the topological magnetic flux and ¢ = e!®m is the topological fugacity. Observe
that the classical contribution Z(u;, m;) does not depend on the refinement parameter e.

3 Matrix model large N limit

We can take various approaches to evaluate the large N limit of the refined index (2.1).
Each has its own virtues that we are going to briefly describe in the following.

3.1 The Bethe route

The large N limit of the unrefined index, (2.1) for ¢ = 0, was first considered in [2] for
the ABJM theory, and later generalized in [9, 10] to more general Chern-Simons quivers
with gauge group G = H‘gl U(N), and matter transforming in the bi-fundamental, adjoint
and (anti-)fundamental representations with a holographic dual. Further generalizations
to other type of quivers relevant for holography can be found in [14-18].

The Bethe approach is based on the fact that the unrefined index can be written as a
sum of contributions

N —1
Zors2(A, 5]0) = Ze (:2.9) (%tagij(u;A)) , (3.1)

where VNV(u, A) and Q(u;A,s) are the effective twisted superpotential and the effective
dilaton obtained by reducing the three-dimensional theory on S', whose explicit expressions
can be found in [19, 20]. The sum is over the Bethe vacua, the critical points of the effective

exp (i OW (u; A))

twisted superpotential

=1. 3.2
)| (3:2)
This form of the index follows from (2.1) by observing that the sum over gauge magnetic
fluxes m; can be explicitly performed when ¢ = 0. This leads to a set of poles in the

integrand at the solutions to (3.2) and the residue theorem then gives (3.1) [2].



The main idea behind the Bethe approach is that one contribution will dominate (3.1)
in the large N limit and this can be found by taking the large N limit of (3.2)

W (u; A)

oe, 2mn; n;, € Z, (3.3)

where the integer n; are carefully chosen to guarantee the existence of the limit. For the
Chern-Simons gauge theories of interest, as shown in [2, 9], the gauge holonomies u; at
the saddle point are distributed along a curve in the complex plane whose size grows with
powers of N. In the large N limit, the twisted superpotential becomes a local functional

W(p(t), va(t); A, (3.4)

of the eigenvalue density p(¢) and of a set of functions v,(t) that characterize the gauge
holonomies for the a'® group. This expressions has to be extremized with respect to p(t)
and v,(t), and the resulting distribution will then be used to evaluate (3.1).

It was proved in [9] that the “on-shell” value of the twisted superpotential for this class
of theories is always related to the free energy on S2, at large N, via

W(A) = W(w A)|_ . = —%TFS;;(A), (3.5)

u=u*

where A = A/ denote the trial R-charges for the chiral fields. The identification between
flavor chemical potentials and R-charges is allowed by the fact the large N saddle point
solutions exist for » ;. Ay = 27, where W, denotes a generic monomial term in the
superpotential, which correctly enforces the flavor symmetry constraint [[;cy, yr = 1.

It will be important in the following that we can always use a set of constrained
variables Aj such that W(p(t),v%(t); A) contains only homogeneous functions of A; and
the on-shell superpotential WW(A) is itself a homogeneous function of degree two of Aj [2, 9].
For example, for the ABJM theory we have [1]?

o 2i
W(A) = —§1N3/2\/2A1A2A3A4, (3.6)

where Y1_, Aj = 27

For € # 0 it is impossible to perform the summation over m; in (2.1). A Bethe vacua
formula exists for rational € [21], but it seems difficult to use. We need to find a different
route.

3.2 The factorization route

The refined twisted index can be written by gluing two holomorphic blocks B(u;Ale)
according to the formula [22]

k(G)

ZS1><52<A 5‘ |w| Z / H

mely

L B (0 A0 [0) B (u?; AD[D) | (37)

2mix;

2To compare with [9, (3.32)], note that Where = —Vihere.



where?

(3.8)

If we assume that, in the limit of interest, the gauge fluxes m; can be treated as continuous
variables, we can then think of (3.7) as an integral over the two independent complex vari-
ables u") and u(?) and consider a saddle point with respect to them. In a slightly different
but equivalent context, the explicit analysis has been performed in [12] for the AV = 8 theory
coupled to a fundamental hypermultiplet, which is supposed to flow to ABJM in the in-
frared. The analysis was performed in the Cardy limit (¢ — 0) and leads to the factorized re-
sult we are going to discuss and other similar and interesting results and relations among the
topologically twisted index, the superconformal index, and the sphere partition function.

The main point behind this route is the asymptotic expansion of the holomorphic
blocks in the limit of small e. In this limit, the holomorphic blocks are singular (see
e.g. [22, (2.22)] and [21, (F.15)])

i~
B(u; Ale) ~ exp <W(u, A)+ .. > , (3.9)
e—0 €
where W(w A) is the effective twisted superpotential of the two-dimensional theory. For
a general class of theories, if we first take the large N limit, the asymptotic series in €
truncates to a polynomial and can be compactly written as
i

6(0)

B((®); A@|@) ~ exp ( Wiom (p1(), 04 (); M)) 7 (3.10)

valid up to exponentially small terms in €, generalizing [12]. In this formula p(®)(¢) and
v,(f) (t) are related to the large N distributions of the variables u(?) and Wiom, is the large
N twisted superpotential discussed in section 3.1. It is important that Whom is written
homogeneously in terms of constrained variables satisfying > -y, Ay = 27. The explicit

dependence on € in (3.10) comes from replacing A; with ASG), which now satisfy

S A —or @), (3.11)
1eW,

The analysis leading to (3.10) for a chiral contribution is explicitly discussed in appendix E.

It follows now from (3.7) and (3.10) that, treating u(?) as independent variables, the
saddle point analysis reduces to two copies of the extremization discussed in section 3.1.
The final large N limit of the index is then given by

5y o
A0)
logZ:iZVV(e(a)), (3.12)
o=1

where again we should use the homogeneous form of W for this formula to hold.

3The different sign between gauge and flavor fugacity is due to our conventions where Z rew, 51 =2 for
each term W, in the superpotential. See appendix E for details.



3.3 A direct method

In this paper we will mostly pursue a direct method. The solution for € = 0 suggests that
the m;’s are large and we can treat them effectively as continuous variables. Then we can
study the saddle point approximation of the refined index matrix model (2.1) with respect
to u; and m;. The method has been efficiently used to study five-dimensional indices [6-8].

Consider for example the contribution of a chiral multiplet to the refined twisted index.
At finite N it reads*

|Bpl—1
2

log Z,, = Z Z sign(B,) (Lil (ei(P(u)—l-u(A)—i-ZE)) + %gl (p(u) +v(A) + 56)) , (3.13)

PER ;__ |Bp|-1
2

where B, = p(m) —v(s) + 1 and g1(u) = u — 7. We take an ansatz where m; scales with
N similarly to the eigenvalues u; and we will replace them with a set of functions n(¢) and
pa(t). Then, the chiral contribution (3.13) and the full integrand of the refined index (2.1)
become a local functional of p(t), ve(t), n(t), and p,(t) that we will be able to extremize
directly. The explicit details are given in appendices A and D.

One of the advantage of the direct method is that it provides the distribution of
magnetic fluxes that dominates the index at large N and that can be useful for under-
standing the quantum mechanics obtained by a dimensional reduction on a sphere, whose
ground states are supposed to reproduce the entropy of magnetically charged black holes
in AdSy [11].

Another advantage of the direct method is that it overcomes one of the technical
complication of the Bethe route discussed in section 3.1, namely the possible existence
of tails in the large N solution. They appear in theories with bi-fundamental fields if
the eigenvalue distribution, which is typically piece-wise continuous in the large N limit,
contains regions where

u —u® + Ay = exp (—VNYpo (), i=1,..,N. (3.14)

Exponentially suppressed terms should be generically negligible, but this is not what hap-
pens in the Bethe approach. The reason is the following. For a bi-fundamental field, the
sum over weights splits into

N N
Z:ZJFZ:. (3.15)

PER  i#]

At large N, it is usual to discard the terms Zfij because they are suppressed by a power
of N compared to Zgéj. Indeed this is what happens when we take the large NV limit of the

effective twisted superpotential W. However, when evaluating (3.1) on the Bethe vacuum,

4Up to an overall phase which including all contributions from vectors and bi-fundamental fields, is given
by —Z (Zaeg (a(m) —1)+3, Zp]EiRI p(m) —v(s) + 1)) The sum over roots and weight vanishes for

all quivers where, at each node, the number of ingoing and outgoing arrows is equal. The remaining term
vanishes at large N since Tr R(s) = 0 for the quivers of interest, see (4.6).



we encounter terms like
Zlog( Dl 4 Apy) ~ —NS/Z/dtp bay(®) (3.16)

which contribute to the leading order for theories with N3/2 scaling. Such contributions
are crucial to obtain the correct result for the ABJM theory [2]. On the other hand,
€ # 0 effectively regularizes and suppresses the ¢ = j contribution to the refined index,
as manifest from (3.13), and we can neglect problems associated with tail regions. More
details are given in appendix A.

4 Theories with N3/2 scaling of the index

In this section we consider a class of quiver Chern-Simons G = H'g‘ U(N), gauge theo-
ries with matters in bi-fundamental, adjoint and (anti-)fundamental representations of the

gauge group. We further require
G|

Y ke =0. (4.1)
a=1

The theories we are interested in are holographically dual to AdS4 x Y7 backgrounds of
M-theory where Y7 are seven-dimensional Sasaki-Einstein spaces. They describe the low-
energy dynamics of N coincident M2-branes placed at the tip of the cone C(Y7). In the
M-theory phase N > k, the index scales as N3/2 as expected from supergravity.

We consider the following ansatz for the large N saddle point eigenvalue distribution

uf =iNV2 ol ml® =N 2y ) (42)

Observe that we have deformed the real integer fluxes m; into the complex plane in (4.2),

(a)

anticipating a complex saddle point. Moreover, the imaginary parts of u; and m§-a) do

not depend on the index a. At large N, we define the continuous functions

= 10/N), o =0 @G/N), wy
n=n/N), ) =p (/N
and we introduce the normalized density of eigenvalues
1dj
t)=—— dtp(t) =1. 4.4
o) =3 [ate (4.4)

Our method generalizes the one used in [23] for the S® free-energy. As in [23], there
exist some restrictions on the class of quivers for which it can be successfully used. For each
bi-fundamental connecting a and b there must be also a bi-fundamental connecting b and
a, and the total number of fundamental and anti-fundamental fields in the quiver must be
equal. For such theories to be devoid of long-range forces® the quiver must also satisfy [9]

[vr=1, 24> (ss-1)=0, (4.5)

Ica Ica

5These are non-local terms in the equations of motion which scale with higher powers of N. To obtain
a consistent large N limit with the method presented here, they must cancel.



where the [[;c, and > ;c, are taken over all bi-fundamental fields with one leg in the node
a.% If we sum over all the nodes we also obtain the following constraint

G| + Z (s7—1)=0. (4.6)
I(bi-fund)

The above equation is equivalent to Tr R = 0 for any trial R-symmetry. This statement is
valid at large IV, where the trace is taken over all the bi-fundamental fermions and gauginos.

4.1 General rules

In this section we give the general rules for constructing the large N refined twisted index
of N' > 2 quiver gauge theories without long-range forces. The reader can find the details
in appendix A, here we only report the final results.

Let us set w(t) = it. We define the equivariant quantities

(o) (o)
W () = w(t) + “n(t), o) = valt) + 5 palt).
(o) (o) (47)
ASZ—) EAm_%ﬁma A§U) EAI_%517 6(1) =€, 6(2) = —€,
and the closely related ones
a1 (0) (o)
A =1 (AI brlw-1)+ (- m) W= ay

with

e \2
w=y/1+ (%) . (4.9)
We also define

5u(t) = () —valt),  Op(t) = po(t) — palt). (4.10)
We work in an all-orders but perturbative expansion in €. A more refined analysis of the rel-
evant approximations and asymptotic expansions would be needed to understand whether

there are non-perturbative corrections. We again refers to appendix A for more details.

1. Each gauge group a with CS level k, contributes

2
N2k, 3 / dt p(£)w'@ () (1) | (4.11)
o=1 €

2. A U(1), topological symmetry with chemical potential and magnetic flux (Asﬁ),s%))

contributes
2

(o)
iN3/23 A(—j) / dt p(t)w@) (t). (4.12)
o=1 €

S Adjoint fields are counted twice. The second condition is satisfied for most of the quivers of interest

that are obtained by dimensionally reducing 4d quivers associated with D3-branes probing Calabi-Yau
singularities, adding Chern-Simons terms and flavoring with (anti)-fundamentals. See [9, 10] for details and
examples. For a quiver with a 4d parent, the condition is equivalent to the absence of anomalies for the
R-symmetry.



3. Each vector multiplet contributes

@) —or

. 2
I 372 / 267 —2m
Tl 02::1 dt p(t) T (4.13)

4. A pair of bi-fundamental chiral multiplets, one transforming in the (N, N) represen-
tation of U(N), x U(N ), and with chemical potential and magnetic flux (A ), $(a,p))
and the other transforming in the (N, N) of U(N), x U(V), with chemical potential
and magnetic flux (A q),5(,q)), contributes

2 o (o)
. 1 g3(£8v( D (t) + A
WINY2 S S [ty SRS DN (4.14)
I=(ba):+ o=1 € w'7)(t)
I=(a,b):—

Here, dv(t) = vp(t) — vo(t), and

n! o

gnlu) = @) g ( Y ) . for n=12,..., (4.15)

where B,,(u) denotes the Bernoulli polynomials. Note that,

2 2 3 2
gi(u) =u—m, gg(u):%—ﬂ'u—i—%, gg(u):%—guz—{—%u. (4.16)

This expression has been derived under the assumption that
+ 60 () + A € (0,2n). (4.17)

The solution might contain regions (tails) wherein 6v(?)(t) is frozen to the constant
boundary value :FAga). In such regions the equations obtained from varying the
twisted index functional with respect to dv(t) and dp(t) need not hold.”

5. An adjoint chiral multiplet with chemical potential A, ,) and magnetic flux s q),
contributes

2 (o)
93(L4.0)) (t)?
. 3nr3/2 (a,0) / P
iw’ N 02::1 ) dt W) (4.18)
6. A chiral multiplet transforming in the fundamental representation of U(/NV), and with
chemical potential and magnetic flux (A,,s,), contributes

e (@]

L7372 :
— g ;/dtp(t) (m = Aa = va(t)) = —~(1 = Sa + pa(t)) O (4.19)
A chiral multiplet in the anti-fundamental representation and with chemical potential

and magnetic flux (A,,§,), contributes

Lyor s [ A 1-3 A I
NS [angto) (7 Ba () = G0 —Fp) ) G @20)

"This is a large N effect. As explained in [2], they hold when including subleading exponential corrections.

~10 -



4.2 ADHM quiver

The ADHM theory, which arise in the description of the moduli space of instantons [24],
is an N' =4 U(N) gauge theory with an adjoint hypermultiplet and r fundamental hyper-
multiplets. In A/ = 2 notation, the matter content is described by the quiver diagram

b1 qm.l..n

@ (4.21)

Here, ¢; with I = 1,2,3, denotes the adjoint chiral multiplets, and @, @f with a =
1,...,Nandi=1,...,7r represent the (anti-)fundamental chiral multiplets. They interact
through the superpotential

W = Qi(63)%Q% + (¢3)%[61, ¢2]", - (4.22)

With just one fundamental hypermultiplet, » = 1, the theory is supposed to flow to the
ABJM theory with k = 1 [3]. For generic r, the theory can be realized on the world-volume
of N M2-branes probing a C? x C2/Z, singularity [25]

Let us introduce the chemical potentials (A7, A, A) and magnetic fluxes (s7,s,5) as-
sociated with the fields (qS],Q,@). We also denote by (A;,,$,), the chemical potential
and magnetic flux corresponding to the topological symmetry associated with the abelian
factor U(1). Then,

3

Y Ar=2m, A+A+Ay=2r,
=1

X (4.23)
251:2, 5+6+63=2.

Here, we use the fact that, for each monomial term W, in the superpotential the topological
twist requires ) ;o 57 = 2 where the sum is restricted to the fields entering in W,.
The analogous condition for the flavor symmetries is [[;cy, yr = 1, which translates into
>rew, Ar € 2nZ. As in [1, 9] we will be able to find large N saddle point solutions for
> rew, A1 = 2m. This explains the choices in (4.23).

Using the rules (4.12), (4.13), (4.18), (4.19), and (4.20) the large N refined twisted

index reads

logZ im 2 pe@ —2r o A QB(A(I(I)) p(t)?
N3/2 12 > /dtp(t) w'©) () D IPY elo) /dt w'(9)(t)
02:1 I=10=1 (424)
. 1 o T g) . 2 o
- 10216(0)/&,0(15) <A,(n) - 1§A§) )s1gn(w( ))> w®) |

where we used the constraints (4.23). The index (4.24) can be more elegantly rewritten as

Whom (p(t), 0@ (1), A7, AF7)

6(0)

2
log Z(p(t), n(t), Ar, Ap) =13 (4.25)
o=1

- 11 -



in terms of the effective twisted superpotential for the ADHM theory (see e.g. [10, (3.4)])8

Whom (p(t), w(t), Ar, A) 1 { o(t)? b
=3 I]'_‘[IAI/dt —/dtp(t)w(t) <Am — 1§A3 sign (w(t))> ,

N3/2 w'(t)

(4.26)
and we used the equivariant parameters (4.7). Notice that all terms in (4.26) have been
written as homogeneous functions of (Ay, A,,) using the constraints (4.23). Notice also that
the equivariant parameters Agg) defined in (4.7) do not satisfy (4.23) and the relation (4.25)
holds only if the homogeneous form of W is used.

The effective twisted superpotential (4.26) is at the core of the Bethe route approach
used in [1, 9]. The large N Bethe vacuum that dominates the index is obtained by extrem-
izing (4.26) with respect to p(t). For completeness and later use, we report here the result
of the extremization. We obtain [10, section 3.1.1]

rAs|t] + 2A,,t — 2v 2v 2v
p(t) = — , e <t <,
2A1A5A3 rAg — 20, rAsz + 240,

v — \/%Az (A3 _ 2Am) (A3 + 2Am) ,
2 r r

where we included the Lagrange multiplier v to ensure the normalization of p(t). Plugging
back the saddle point configuration (4.27) into (4.26) we then find

(4.27)

WAL Am) = Whom(p(t), w(t), Ar, A

— —%N3/2V — —;N3/2\/21"A1A2 (As — zAm> <A3 + iAm> )

(4.28)
3

that is a homogenous function of degree 2 of (Aj,A,,). For r = 1, with the change of
variables A1 = A1, Ay = Ay, Ag = %Ag — Ay, Ay = %Ag + Ay, (4.28) reduces to the
effective twisted superpotential for the ABJM theory [1]

WAL A = —%N?’/Q\/z&&ﬁg&, (4.29)

where °7_, A = 27, as expected.
It was proved in [9] that the “on-shell” value of the twisted superpotential for this class
of theories is always related to the free energy on S3, at large NN, via

W(A) = _%FSS(A) , (4.30)

where A = A/7 denote the trial R-charges for the chiral fields. We will see in the next
section that the S2 free energy constitutes the twisted index in the large N limit, in
agreement with the gravitational blocks standpoint proposed in [13].

8In order to recover the effective twisted superpotential for the ADHM theory as given in [10], we need
to recall that w(t) = it. It is convenient to consider an explicit dependence on w(t) in order to perform the
substitutions in (4.25).
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4.2.1 The unrefined case
Setting € = 0 in (4.25) we obtain

log Z
N%’/Q /dtp <A + Agslgn ) /dtp <5m+ —s3 sign(t )) (4.31)

— 5 (AlAgﬁg + A1A3859 + A2A351) /dtp(t) — §A1A2A3/dtp(t)2n’(t) .
Setting the variations of (4.31) with respect to p(t) and n(¢) to zero, we find

0=2(p— Apn(t) + tsy,) + rsign(t) (sst — Asn(t))
+ 2p(t) (A1A2A31 (1) + A1 Agsz + AgAgsy + A1 Agss) | (4.32)
0=Ap+ %Ag sign(t) + A A Az (1),

where we introduced the Lagrange multiplier i to ensure the normalization of p(t). Thus,

t(2A,, +rAssign(t
p(t)=— ( m A;'Af ())+017 (4.33)
_ L tz 53’/“|t|—|—4,u+261 (A1A253—|—A A352+A2A351))—|—2t25m—262
N TAg‘t‘ — 201 A1 A0 A3 +2tA,, ’

where ¢ o are constants of integrations. The support of p(t) can be easily found by

ASPAVIAY:
— frg 2 _— 4. 4
plts) =0 = tz=7F CITA:&:FQAm (4.34)
Then, the normalization of p(t) fixes the value of ¢y,
by (’I“Ag —2A )(TAg + QAm)
dtp(t) =1 . 4.
| dtp() = a= A3 A A, (4.35)

The constants p and co are fixed by the requiring that n(¢) to be regular at the endpoints
of the support of p(t). Therefore,

(TAg — 2Am)(7“A3 + QAm) (Alﬁg + A251) + 2A1A9 (T2A353 — 4Am5m)
2\/27“A1A2(TA3 — 2Am)(7“A3 + 2Am) ’
2A1A2 (Agﬁm — 53Am)
rAs '

H= =

(4.36)

Cy =

Plugging the constants ¢ and p back into (4.33), we finally find the following large N
saddle point solution

(t) . 1 (TAg — QAm)(TAg + 2Am) B TA3|t| + 2A,,t

P = an, A1 A Ad,
1 < 753 + 25, 53 — 26, 251 289 253>

n(t) = - t

rAs+ 20, | A3 —2A, A1 Ay Ag
(Ag8m — s30m) (P Aslt] + 2rAT B (rAs — 24,,)(rAs + 24,,))
TAg(?“Ag - 2Am)(7“A3 + 2Am) '

(4.37)

_.I_

~13 -



Substituting (4.37) into (4.31) we finally obtain

log Z = %N?’/ 2p (4.38)
_N3/2 (rAs — 2A,,)(rAs 4+ 2A,,) (A1sy + Agsy) + 2A1 A, (T2A353 — 4Am5m)
N 3 2\/27’A1A2 (rAs —2A,,)(rAs +2A,,) ’

in agreement with [10, (3.15)].

4.2.2 Refined index: A,,(g) =0

We now turn to evaluate the refined twisted index in the branch A,, = s, = 0. Setting
the variational derivative of the index (4.25) with respect to p(t) and n(t) to zero, we find
the saddle point

2’/“|t| - Zg: 2TA(U)A(U) 2 1 o o & 1 o o
p(t) = : -, -y ZM AV <t< gAg NS
( VNG Agf)) o=1 =1
2 ZRVINRING CRRVETNQUNSING
ﬂ(t) = Z e t, p= Z \/56(0)

2 AgU)A(U) o=1 ?) o=1

o=1

, (4.39)

where the Lagrange multiplier p is included to ensure the normalization of p(t). Plugging
back the saddle point (4.39) into the index (4.25) we then obtain

9 N3/2 2 QTA(J)A(U)A(U)
log Z = SN3/2) = L — 4.40
0gZ = NP = — ; e : (4.40)
that can be more elegantly rewritten as
9 s
Alo)
logZ =iy W(G(U)) , (4.41)
o=1

where W(A) is given in (4.28).

4.2.3 Refined index: the general case

One can similarly evaluate the refined twisted index for generic values of the chemical
potentials.

We see from the occurrence of sign(w(®)) in the functional (4.24) that the solution
is divided into three regions, delimited by the points where p(t) = 0 and w(®)(t) =
i(t+ §n(t)) = 0. Schematically, we have:
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p(t) n(t)

035F -12F
030F - -l4r
025F - -16
020F - 18l
0.15F - ok
0.10F = ol
005F =

[ 1 -24f
0.00F =

-26
-2 -1 0 1 2 t -2 -1 0 1 2 t
(a) (b)

Figure 1. Plots of (a) the density of eigenvalues p(¢) and (b) the function n(t) for r = 2,
e =01, (A1,51) = (2.7,1), (Ag,59) = (1.6,2), (A, 5m) = (6.3 — 21, —19), S0_, A; = 2, and
Yii 51 =2

We assume here that ¢ — $n(t) vanishes before ¢ 4 §n(t). This happens for a region in
the space of chemical potentials. The other case is analogous. A piece-wise continuous
solution with these turning points can be explicitly found. The expressions are too long to
be reported here and are given in appendix B. The form of the solution is plotted in figure 1.

The refined index is still given by
9 e
W(A@))
log Z =i E —_— 4.42
0og 1021 6(0_) ) ( )

where W(A) is given in (4.28). We clearly see that the large N index is obtained by A-
gluing two copies of the twisted superpotential/free energy in agreement with the general
holographic expectations based on gravitational blocks [13].

4.3 More about factorization

To conclude this example, it is interesting to understand the form of the general solution of
section 4.2.3 by connecting the result to the factorization method. The refined index (4.25)
depends explicitly on the distribution of magnetic flux n(t) through the variables w ) (t) =

(@)

i(t + <5 n(t)). Defining the new quantites

(o) _ (o) (@) o)y _ _1P(t)

the index (4.25) becomes the sum

- & Whom (p0/(1), A7, A7)
log Z = 10211 e , (4.44)
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of the two ADHM twisted superpotentials

Whom(p(T), Ar, A H A[/dTp —i/dTp(T)T (Am + gA:& Sign(T))) :

N3/2
(4.45)
The two densities p(?) replace the original quantities p(t) and n(t). They are independent
variables and are correctly normalized

/ AT pl@) (7)Y / dtp(t) (4.46)

It follows that we can extremize independently the two terms in (4.44), the first with respect
to pM) and the second with respect to p(?). Each extremization is equivalent to find the
critical point of the ADHM twisted superpotential with chemical potentials A1) and A®),
respectively, and the final result is hence given by the factorized form (4.42), confirming
the previous result.

This argument can be also used to evaluate n(t) and p(t). The densities p(®) are
the piece-wise linear functions given in (4.27). p(t) and n(¢) can be determined by the
consistency condition

ip(t) = p (=i (1)) /D () = p (=i () W@ (1), (4.47)

which follows from the definition of p(®). This gives a first order differential equation for
n(t) that can be explicitly solved by

@) (W) (1) )
/dT (T )’T(l) et i /dT (T )’T<Z):t_%n(t)+const. (4.48)

In the ADHM case this is a quadratic equation for n(¢) that should be solved in various
intervals.

More explicitly, p(®)(T(?)) have support in [TSU),TJ(FU)], where Tf) can be read off
from (4.27) by replacing (Ar, A,,) with (Aga),A,(ﬁ)). The structure of intervals in the
variable ¢ arises as follows. Since p() and p(?) are piece-wise continuous with junctions at
TM =0 and T = 0, which generically correspond to different values of ¢, there are three
regions for ¢ that are depicted in figure 2. We assume that

TW() =t + %n(t) . TOW =t gn(t) : (4.49)
are monotonic functions of ¢. Notice that the assumption (4.49) has been used in deriving
the rules for the refined index in appendix A. We first determine the leftmost point t« as
the solution of

1 € 2 €
W =t + Fhli<). T® =t — Fli<). (4.50)
A simultaneous solution to these equations can be found by carefully tuning the arbitrary

constant in (4.48) in the first interval, for example by choosing

t+5n(t) t—5n(t)
/ L Ar M ) = / L AT (), (4.51)
T T
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t« t< t> [ t

Figure 2. The structure of the intervals in ¢ is obtained by comparing the distributions p(*) (in
red) and p(® (in blue), that are the piece-wise linear functions of T’ given in (4.27).

We can similarly find ¢ by imposing TJ(:) =ts + §n(ts) and Tf) =ts — §n(ts) and
fixing the constant in the third interval. Assuming that 7 = 0 occurs before T = 0
for consistency with the previous section, the point t. is determined by T (t.) = t. —
sn(t<) = 0 and ¢ is determined by T (ts) =t + sn(t>) = 0. There is a remaining
arbitrary constant in the relation (4.48) in the middle interval

t+En(t) t—En(t)
/ ’ AT M (7MY = / ’ A7® p@(T2)) + const, (4.52)
0 0

that can be found by imposing that the equation holds at the junctions t. and t~. It
would seem that there are two conditions for one constant, but it is not difficult to see that
the two constraints are equivalent since the integral of p(®) (T(”)) is normalized to one. By
solving explicitly (4.48) in the three regions we find a piece-wise continuous function p(t)
and a piece-wise C'-function n(t) that coincide with the expressions in appendix B.

4.4 ABJM quiver

The ABJM theory [3] is a U(N)g x U(N)_j Chern-Simons gauge theory (the subscripts
are the Chern-Simons levels). In N’ = 2 notations it is described by the following quiver

Ay
@ (4.53)
B;

with bi-fundamental fields A;, i = 1,2 and By, i = 1,2 transforming in the (N, N) and
(N, N) representation of the gauge group, respectively, and quartic superpotential

diagram

W = Tr(A; By Ay By — A1 By AsBy) . (4.54)

We assign chemical potentials A, I = 1,...4 and fluxes s;, [ = 1,...4 to the fields
A, Ag, By, Bs, respectively. Due to the quartic superpotential, they satisfy

4 4
ZA[ZQW, 25[:2. (4.55)
I=1 I=1
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As in [2], the first condition allows to find a large N limit? while the second is a consequence
of the topological twist.
Using the rules (4.11) and (4.14), the large N refined twisted index reads

logZ 7) (¢ ir & @) —or
= NS/QkJZE(U()+62/dtp(t)2

N3/2 w'(@)(t)
() (4.56)
. 3 293i5v< () + ;")
EEED D v RIRU AU R
=(3,4):40=1
1 (12)

that can be more elegantly rewritten as

oo 2 Whom (p(1),w @) (1), 50 (1), A
log Z(p(t), w') (£), Ay =1} ( e ) . (4.57)
o=1

Here, Whom (p(t), w(t), dv(t), Ag), with w(t) = it, is the effective twisted superpotential, see
e.g. [9, (3.28)],

Whom (p(1), w(t), Sv(t / 293(i5v( )+ A7)

—k [ dtp(tyw(t)ov(t) + / dtp :
N3/2 [y w'(t)
1=(1,2):—
(4.58)
and we used again the A-gluing parameterization
@)/ elo) 50(@) — 5 6(0)5 A — A (@)
w'(t) = w(t) + 17n(t) , 0v\% =du(t) + - p(t), =Ar— 1, (4.59)
M =¢ e = ¢

Importantly, the subscript hom in (4.58) indicates that the polynomial ), g3(&dv(t)+Ar)
in (4.58) must be written as a homogeneous function of Ay using the constraint (4.55).
Only if this is done, (4.57) holds."

The more efficient way of extremizing (4.57) for generic € is to use the factorization
trick discussed in section 4.3. Defining the new quantites

T — (@) (0) o)y — _1P()
i =w'?(t),  pNT) oIk (4.60)

the index (4.57) becomes the sum

9 Whom (U)(T(G))75,U(U)(T(o))7 A(")
log Z = i Z G ") , (4.61)
E(U)

9The invariance of the superpotential W under flavor symmetries requires H?:1 yr = 1, which is com-
patible with the more general constraint E?Zl Ar € 2wZ. We know from [2] that, for e = 0, a saddle point
exists for Z?:l A7 = 2m.

“Notice that Z?:l Aﬁ”) # 27, so to what extent the relation (4.55) has been used before substituting
Ar — AY’) is important.
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of the two ABJM twisted superpotentials

Whom(p(T), 6v(T), Ar)
N3/2

— ki / dtp(T)Tou(T) —i Y / AT p(T)2g3(£60(T) + Ap).
—aay

(4.62)
As in section 4.3 we can extremize independently the two terms in (4.61). The extremization
of (4.62) was performed in [2] finding the following distribution for > ; A; = 27 and
A1 < Ag, Az < Ay. We have a central region where

v A+ KT (A3A, — A1A)

(A1 + Ag)(Ag + As3) (A1 + Ag)(Ag + Ay) ’ v 1%
——— <T<—, (4.63)
A1Ay — A3Ay) + KT oy ATA AR kA4 kAs

VZA}:l A[ + kT(A3A4 — AlAQ) ’

p(T) =

su(r) = XL

with v = v2kA1A2A3A4. There is a left tail where dv is frozen to the value —Ag,

v+ kTAs v v
T) = . < T < 4.64
p(T) (A1 + A3z)(Az + A3)(As — A3) kA3 kA4 (4.64)
and a right tail with dv = Ay,
v—kTA v v
T) = , —<T < —. 4.65
L) = AT B (Br + D) (Ba — ) kA, kA (4.65)

The on-shell twisted superpotential is given by

o 21
W(A]) = —§1N3/2 kAL A AN . (4.66)

We thus find for the refined index
9 e
W(A))
log Z =1 E —_ 4.67
Og 10:1 6(0_) bl ( )

in agreement with the general holographic expectations based on gravitational blocks [13].

As in section 4.3, the quantities p(t), dv(t), n(¢), and p(t) can be explicitly obtained by
using the mapping (4.60). In particular, as clear from figure 3, the solution will be divided
into five regions. In each region, (4.60) provides a differential equation for n(t¢). Imposing
that the distribution is piece-wise continuous, we find a unique solution.

In appendix C, for reference, we give the full explicit solution for ¢ = 0, which can be
also find by a direct extremization of (4.57). Notice that for e = 0 the five segments collapse
to three and the functions p(t) and dv(t) are the same as in (4.63), (4.64), and (4.65). The
distribution of magnetic fluxes n(t) is given explicitly in the appendix.

Comparison to the entropy of rotating AdS, X S7 black holes. Here we simply
notice that the result (4.67) correctly reproduced the entropy of the rotating AdS, xS black
holes found in [5]. This was explicitly checked in [13, section 2], where a general formalism
based on gravitational blocks was proposed. The factorization in (4.67) is quantum field
theory analog of the gravitational block factorization.
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plo) (T(J))

t<< t< t< t> E> t>> 13

Figure 3. The structure of the intervals in ¢ is obtained by comparing the distributions p(*) (in red)
and p(? (in blue), that are the piece-wise linear functions of T given in (4.63), (4.64), and (4.65).

5 Theories with IN5/3 scaling of the index

We now consider Chern-Simons G = Hlag:‘l U(N), gauge theories with matters in bi-
fundamental and adjoint representations of the gauge group that are holographically dual
to AdS4 backgrounds in massive type IIA. We assume

4

kes = ka #0, (5.1)
a=1

that corresponds to turning on the Romans mass Fp in the dual type ITA supergravity [26].
In the limit N > k, we can find a class of theories whose free-energy and indices scale
as N°/3 [27—-29]. They are obtained by dimensionally reducing 4d quivers associated with
D3-branes probing Calabi-Yau singularities and adding Chern-Simons terms.

Following [9, 23], we consider the following ansatz for the large N saddle point eigen-
value distribution

W@ (t) = N3t + o), m@D@)=iNY3n(t). (5.2)

Notice that the distribution is the same for all groups. We still need to satisfy (4.5) (or a
milder condition) but now the saddle-point exists also for chiral quivers [9].

5.1 General rules

Let us set w(t) = it + v(t). We define the equivariant quantities

(o) (o)
©) () = i< @) A, - &0
w7 (t) = w(t) +1 5 n(t), A7 =Ap 5 51 (5.3)
RO €@ .
and the closely related quantity
(o) _ 1 e
Ay =~ A1+7T(w—1)—|—7(1—51) , (5.4)

with w as before, see (4.9).
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1. Each gauge group a with CS level k, contributes
ko NO/3 / dt p(t)n(t)w(t). (5.5)

2. Each vector multiplet contributes

. 2 (@) _9
I 573 / 2 € m
Tl ; dt p(t) T (5.6)

3. A single bi-fundamental chiral multiplet transforming in a representation (N, N) of
U(N)q x U(N)p and with chemical potential and magnetic flux (A, ), 5(4,p)) con-
tributes

2
, g
iw5N5/3 o / dt . (5.7)

5.2 Large N twisted index: € = 0 case

Let us consider a generic three-dimensional N = 2 Chern-Simons-matter quiver theory,
with |G| U(NN) gauge nodes and some number of bi-fundamental and adjoint chiral multi-
plets of the type considered in [28, 29]. Using (5.5), (5.6), and (5.7) the large N twisted
index for € = 0 can be written as

log Z

W:—kcs/dtp(t) n(t) (it + v(t Zgg Ar) /dt

)

(’g| +251—192A1)/dt —i—,u(/dtp —1)

where kcg = Z _1 kq and we introduced the Lagrange multiplier p to ensure the normal-

(5.8)

ization of the density of eigenvalues. Here, A; and s; denote the chemical potentials and
magnetic charges for the flavor group of the theory. As before, they satisfy

ZA[IQ?‘F, ZS[:Q, (59)
IeW, IeW,

for each superpotential terms W,. Extremizing (5.8) with respect to the continuous func-
tions p(t), n(t), and v(t) we find the following general solution

_3l/e ks \'Y* 2 kes
A= (zlgsmﬁ) PR, (A
_ 1 i\ 1915 + (s — D)ga(A))
w0 =31+ 5) Sy
v(t) = \}gt’ (5.10)

=25 () () (9 o)

35/6 (ZI 93(Ar) ) 13
2 kcs '

t+ =%
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Using the above solution, we obtain

7/6 . k 1/3 72
log Z — —S N3y — —N#/33 (1—1> <CS) ( T —1)ga(A )
og 5 10 \/g 2193(A1) |g| 3 +;(51 )92( I) ;

(5.11)
that matches the result for the large N twisted index evaluated via the Bethe ansatz
approach [30-32].11

5.3 Large NN twisted index with refinement

Given the expressions (5.5), (5.6), and (5.7), the refined twisted index at large N can be
written as

2 Whom (p(t), w@)(t), Al®)
log Z(p(t), m, A) =iy — (ot )6(0) © ) (5.12)

where Wiom (p(t), w(t), A) is the effective twisted superpotential, see e.g. [30, (2.4)],

—~ 2
Whom( ](\72/3 ( *kcs/dtp 2+Xl:g3(A1)/dtZ)(’t(zf)’ (513)

written homogeneously in Ay, and we used the A-gluing parameterization (5.3). One can

show that
=Y g3(Ag)
I

is proportional to the trial a-charge of the parent four-dimensional theory [29, 30], which

=3 Z crik ArA A, (5.14)
hom I1,JK

can be written in a homogeneous form using the (rescaled) 't Hooft anomaly coefficients
cryx-'? For example, for the N = 8 super Yang-Mills at Chern-Simons level k [28]

1
G3(A) = SA18215. (5.15)

Then, setting to zero the variational derivatives of (5.12) with respect to p(t) and w(®(t)
yields

w() ()2 21 G3(A@)
4,0(75) ~ E(T) w’(f’)(t) )

2
0= —2ip+ kcs Z
o=1

Pt pt)w" () 10
0 = kesw@ (H)w' @) (t) + 2G5 (AL )( @B w02 ) for o=1,2.
Observe that 5?57 = 0 can be rewritten as
0= 4 ( ks w(@ ()2 + 2G5 (A@)) L Q) +c<<’>), for o=1,2, (5.17)
dt W@ (¢)

"'The index can be written as a homogeneous function of A; using (5.9).
12For a four-dimensional toric quiver associated with D3-branes at a Calabi-Yau conical singularity,
crsx = |det(vr,vs,vK)|/2, where vr € Z? are the integer vectors defining the toric diagram [33].
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where ¢(?) are constants of integrations to be determined later. This together with 651;3? =

0 allows us to fix the Lagrange multiplier p as

el
=1
Given the above equations it is now straightforward to check that
1/3
o) = oy R Hokes 2
Lo Ga(ANE a2 (72 Gy(at)s)’
) i G (A(a))1/3
@) (1) =2 (1 + ) & t
w'\ (1) 1 V3 Zo‘ 1G3(A((r))1/3 ’
W 37/ (1 - i) v Z G3(A))2/3 ’ (5.19)
4 \/3 o=1 6(0)
5/6 2
ty = 3 1/3 Z Gi( U) e
Ccs o=1
7/6
40 =i (1 B \/§> ks Ga(A@)?3,
satisfies (5.16). Note that,
2 .
(5.3) 1 (@) (4 (5:19) ( i ) 1
poeg e = 14+ — =——t. 2
w(t) 2;::1@0 (t) i +\/§ t = o) \/gt (5.20)
Moreover,
2 w@) (1) 1/3
L Gw (5.19) (@)
n(t) = —1; e 2 <1 + \/3) 03 DE Z 6(0 . (5.21)

Substituting back the solution (5.19) into (5.12), we find that the large IV refined index
takes the following factorized form

1/6 i 2 (6)Y2/3
log Z — _§N5/3 N5/3/<:1/3 9 ><2§ ( ) Z ) (5.22)

o=1

that can be more elegantly rewritten as
e ))
log Z = 1;:1 e (5.23)

where W(A) is the on-shell value of the effective twisted superpotential (5.13), see e.g. [32,
(A.5)];

. (1 - \/§> Giy(A)2/3 (5.24)

This expression was derived in [30-32] with the Bethe approach and it is proportional to
S3 free energy at large N [28, 29]. Once again we see that the result is in precise agreement
with the general holographic expectations based on gravitational blocks [13].
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A Derivation of general rules for quivers with IN3/2 scaling of the index

We consider the following ansatz for the large N saddle point eigenvalue distribution

uga) = iNl/Qtj + v](-a) , m§a) = iNl/Quj + pga) . (A.1)
Observe that we have deformed the real integer fluxes m; into the complex plane in (A.1),
anticipating a complex saddle point. Moreover, the imaginary parts of uga) and m§-a) do
not depend on the index a. At large N, we define the continuous functions

t = 1(/N), v =v (/N A2
n;=n(/N), Y =p (/N |
and we introduce the normalized density of eigenvalues
p(t) = %%, / dip(t) = 1. (A3)
We also define
dv(t) = vp(t) — va(t), Ip(t) = pp(t) — palt). (A.4)
In taking the continuum limit the sums over N become Riemann integrals, for example,
N
SN / dt p(t). (A.5)
j=1
Finally, we impose the constraint
4
kes =) ko =0, (A.6)
a=1

as appropriate for quivers dual to M-theory on AdSs x Y7 background, with Y7 a Sasaki-
Einstein five-manifold, and N3/2 scaling. We follow the logic of [2, 9], to which we refer
for more details about the method and assumptions.

A.1 Chern-Simons

Each group a with CS level k, contributes to the index as

N
log Zcs = ika ) miu;
i=1
N>1 —N3/2k‘a / dtp(t) (n(t)ve(t) + tpa(t)) A1)

FiNk [ dtp(bpa(Bua(®) - 1Nk, [ dtp(t)tn(t).
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where in the second equality we used the scaling ansatz (A.1) and took the continuum
limit. Summing over nodes the last term vanishes because of (A.6). Therefore, we obtain
at large N

log Zos = —N%2k, / At p(t) (n(£)va(t) + tpa(t)) (A.8)

reproducing (4.11).

A.2 Chiral multiplet in bi-fundamental representation

Let us consider first the contribution of a single chiral multiplet, in the (N, N) representa-
tion of U(N )4 X U(N)p. We denote the chemical potential and magnetic flux by (A, s). The
polynomial piece in (3.13) only participates in the cancellation of long-range forces or oth-
erwise is subleading, as it can be checked explicitly using (4.5). The relevant contribution
from (3.13) is

1Bij1-1 | 1

() (a)
o8 Z00= > > sen(By)Li (e i) (A.9)

ig=1,_ |Bil-1
=4

where B;; = m® —m{® _ g4 1. We break 2ig = 2icj T iy T = )

j i
Observe that, in the large N limit,
|B(t)\ 1
log Z(Zb_”) = N/dtp sign (B(t)) Liy (ei(‘sv(tHAHE)) : (A.10)
\B(t)l 1

where B(t) = p(t) — s + 1, is subleading.
Digression. Performing the saddle point approximation in the (u — m)-plane, we obtain

N1 Z(p,a)(u, m; A, 5l€)

Z(A,sle) A

: (A.11)

saddle point

where H is the Hessian matrix

Olog Z(p,q) Olog Z(b,a): Olog Z(p q) Olog Z(y a)
0u’ 00’ 9u( ou® 19u(™ om (™ gul® om®
K J g J v J g J

8log Z(b,a) 810g Z(b,a) : 810g Z(b,a) 8log Z(b,a)

ou (b)a (a> ou (b)a (b)la (b)am(a) ou (b)a (b)
H= . (A.12)

810g Z(b a) 810g Z(b a) |810g Z(b a) 810g Z(b a)
om{™ 9u’™ am(» 9u " om™ om(™) g™ om P
7 7 k3 J k3 J K J

8108 Z(p,q) 0108 Z(p,0)1010g Z (3, 4y 9108 Z(p 0
T
Bmgb)au;a) am§b>au§b> :8ml(.b)6m;.a) 8m§b)6m§.b)

4N x4N
Let us set € = 0. Then, Z 4 (u, m; A, 5|0) becomes a linear function in the gauge magnetic

(a) (b))

fluxes (m;"’,m;”). Explicitly, we can write

N
2o (b)) (a)
log Z(pq) (usm; A,50) = 3 (ml” —m{® — s+ 1) Liy <el(“j —u; +A>>, (A.13)
ij=1
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and, therefore,

Olog Z(p oy Olog Z(y a)
oulou'™ oul™ gu®
7 J [ J
|H = BlogZ(b’@ BlogZ(b’a) . (A14)
' ou' oul® gul?
7 J 7 J

B 0
4N x4N

where B is the 2N x 2N matrix appearing in the Jacobian of the Bethe approach [2, (2.25)]

W) M)
Buga) 6u;a) ﬁugi) Bug.b)

B = ~ Al
62;\;@,@() ) am”’a&) o
Ou;” du;™ Ou;” Ou; 2N x2N
Here, we used the relations
8log Z(b,a) _ 8W(b’a) 8log Z(b,a) _ 8W(b7a) . (A.lﬁ)
om{”) ou” om|® du®
Hence,
1 . . .
~3 logdet H = —logdet B — % = —log dgt 83(a>u<b>W(u; A) — % . (A.17)
i g
In the large N limit, we find!?
—logdetB=—N / dt p(t) Lip (OO (A.18)
Now, consider (A.10) in the € — 0 limit. At large N, we obtain
i NN (a) (@ A
log 257 = 37 (m®) — mf® — 5 1) Liy (747 +2)
i=1 (A.19)

_N / At p(t)(5p(t) — 5 + 1) Lip (HOO+A)y

Putting together (A.18) and (A.19), we then find the following contribution to the large
N twisted index
N(Gp(t) —s) [ dtp(e) Lia (1002 (A.20)

that is subleading even in the tails, where (dv(t), dp(t)) are frozen to the constant boundary
values (—A,s) up to exponentially small corrections. This is in contrast with the Bethe
approach where the subtle contributions of the tails to the large N twisted index must be
included [2].

For finite € there is no complication and we can easily ignore the contributions of
log Zél:;]j and log det H, as they are suppressed by a power of N~1/2

N3/2 scaling of the index.

in comparison to the

13The interested reader can find the details in [2].
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Back to the refined case. Let us now focus on

1B;jl-1 | 1
00 in(u§b)7u§a)+A+€e)

log ZZ<J) = Z Z sign(Byj) > ¢

n
1<J Z—le 2\ 1 n=1 (A21)
B i 1 i\’: einBije _ 1ein(u§b>—uga>+A—%(Bij—l)e>
=gl o el .
In the large N limit we obtain
n(A+35s)
log Z(’<J) = N2 / dt p(t (A.22)
elne —
where we defined
/dt —nN1/2(t'_t) ( ine(IN1/2(n(t")—n(t))+py (¢ ) —pa () —s+1) _ 1)
i (06 (¢)=va (8) =5 (INT/2 (n(t") =n(t)+py () —pa(t)) ) (A.23)

= /dt'In(t',t).
t

We will assume that the functions ¢+ $n(t) are monotonic, so that the integral is convergent
for sufficiently large N. The integral can be evaluated by a saddle point approximation.
Equivalently, performing integration by parts we obtain, up to sub-leading terms at large N,

L) = - 1/21 t, t)’ (A.24)
+— /dt/ (t’)cot< : (iNY2 (n(t') = n(8)) +ps(t) —pa(t)—5+1)> :
We again perform integration by parts on the second line of (A.24) and find, at large N,
L= {1+i€n( )cot( (iN'2 (n(t') n(t))—Hﬂb(t')—pa(t)—s—i-l))]
n 2 2 t
+12 /t At p(t) (¢ L)' (¢)2. (A.25)
Via a repeated application of integration by parts we thus obtain the leading order result
L) = Nn1/2 (1) <€ine(5p(t)+1—5) _ 1) (ein(év(t)fgép(t)))
x Z k) (i; =) (“g”)T cotz(1=(=1)") ("; (Op(t) +1 — 5)) : o
Performing the sum > °2, we find
L(t) = _Nn1/2 o(t) (eing(ép(t)-i—l—s) _ 1) (ein(év(t)fgép(t))>
(A.27)

1 1 1 1
X [(e—ine(ép(t)—&-l—s) _ 1) (1 + %n’(t)) + (eine(5p(t)+1—5) _ 1) (1 _ Sﬂ'(t))‘| .
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Therefore, in the large N limit, (A.9) reduces to

o m (Sv(t)+A+5 e (sp(t)+1—s) — 1€ (§p(t)+1—5)
<j _ ar3/2 ez
lOg Zzby(i) =N / Z n? eme _ /dtp < - > :

— 14 $n/(1) 1—Sn'(t)
(A.28)
Now, it remains to perform the sum over n. We obtain'*
00 Lis ( ei(av(t)+A+g(5p(t)—s+2n)>
log Z'~ = —N3/? /dt t)?
Og (b7a) Z p( ) 1 + %nl(t)
- ) . (A.29)
Li, (61(6U(t)+A—5(6p(t)—5—2(n—1))))
B 1— Sw(t) )
The summation 3, ; in (A.9) is similar to (A.29) and it reads!?
o / 00 Lis (e—i(av(t)+A+g(5p(t)—s—2(n—1))))
log Z;77, = N3/2 /dt t)?
og (b,(l) n;l p( ) 1 + En/(t)
. (A.30)
Li, (e—l(m )+A—£(0p(t) 5+2n)))
B 1— Ssw'(t) )

Putting together (A.29) and (A.30), we finally arrive at the following compact expression
for the contribution of a chiral multiplet to the refined twisted index at large N

(1/) (—ov(t) — A — 5 (0p(t) —5);¢)
1+ §n/(2)

log Z(b,a) = N3/2/dtp(t)2

A.31
_1/1(—51)(75)—A+§(5p(t)—5+2);e)) ( )
1—$n/(t) '
Here, we introduced the “elliptic dilogarithm” function
¥(Ase) = 3 (Lip (AF79) — Lip (e (A (19 ). (A.32)

n=0

Asymptotic expansion around € = 0. Starting with (A.31) we can write down the

oy

+ 503 (7 (3p(t) —9) (1) (4.33)

following asymptotic expansion around € = 0

3 1 00
log Z, :N3/2/dtp(t)2 [_Zﬂgl (—m (0p(t) —5)) g3—1 (0v(t Z (
=0

n=0

+ 02 (= (30(0) — ) 1 (30(0) +A>n’<t>1] ,

14Here, we used the relation Liz( Z: 1 ﬂf and exchanged the order of summations.
15To have a convergent integral we need first to use the inversion formulee (A.34). The polynomial pieces
only enter in the cancellation of long-range forces. See [2, 9] for more details.
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where we used the inversion formulse
(2mi)®

Lig(e™) + (=1)% Lig(e ™) = — S!

B, (2‘;) = i*2g,(u), (A.34)

for 0 < Re(u) < 2w. Here, the polynomial functions gs(u) are related to the Bernoulli
polynomials Bg(u) via (A.34) and for s = 1,2,3 are explicitly given in (4.16). Using
022" = (1 —22)71, (A.33) is simplified to
dvu(t) + A, —dp(t dvu(t) + A, dp(t) — s+ 2
o8 Zy = N2 [ a0 <g< o(t) £ A, —0p(t) +5,0) _ GlBu(t) + A, 5p(t) ~ 5 + ))

1+ cu/(t) 1— n/(t)

(A.35)

where we defined

Glu,s.6) = ¢ [g?xu) () i) + () n(wgatrs) - (;)gggws)] .

(A.36)
Let us define the equivariant quantities
W (p) = it 4 (1) :1( € )
wh(t) =it + n(t), v (1) = — {va + 5Pa(t) )
Agl)z ! (A1+7r(w—1)+ (1—51)>, e =,
o . o 1 . (A.37)
w®(r) = it — n(t), V20 = - (0= 5pa0).
1
AP == (AI faw-1) - (1 _51)) R
with
2
€
=4/1 — ) . A.
w + (277) (A.38)
Remarkably, (A.36) obeys the following relations
3
G (6v(t) +A,s,€) = w—gg (5v(1)(t) + A(1)> ,
‘. (A.39)
G (Sv(t) + A2 —s5,¢) = “’?93 (v (1) + a®) .
Then, (A.35) takes the following factorized form
3773/2 293(5"( )(t) + 819)
log Z4,q) = iw’N / Z /dt 0 (1) . (A.40)

Thus, a pair of bi-fundamental chiral multiplets with chemical potentials and fluxes
(A, s7), I = (a,b),(b,a), transforming, respectively, in the (N, N) and (N, N) representa-
tion of U(N)q x U(V), contributes to the large N refined index

o (o)
108 Z(acs) :iw3N3/2 3 Z / dtp 293(i‘5v 7 )t) A ), (A.41)
=(b,a):+ 0= 1 (G (t)
(e

reproducing (4.14).
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The analysis for the large N contribution of a chiral multiplet in the adjoint represen-
tation of U(N), is very similar. Setting

WOty =0, A =n7, (A.42)

n (A.40), it reads

2 g3(b
1ogZ(a,a):iw3N3/2 / dt ,(U (A.43)

reproducing (4.18).

A.3 Chiral multiplet in (anti-)fundamental representation

A chiral multiplet transforming in the fundamental representation of U(NN), contributes to

the refined twisted index as!®
|B\ 1
(@) i a
l0g Zaund — Z S sign(B) <Li1 (el(_ui —A—M) o A ee)> . (A44)
=1 —— \BQ\ 1

Here, B; = m; — s + 1 and (A,s) label the chemical potential and the magnetic flux,
respectively. Consider first the term

|B;|—1
2

i N
—=Y Y sign(B)gi(ul” + A+ te) = Z i—s D)W + A 7). (Ad5)

i=1p__IBil-1
Substituting the ansatz (A.1) and taking the continuum limit, we can write
i 1
N /dtp(t)tn(t) SN2 / At p(t) (tH(pa(t) — 5+ 1) — n(6) (7 — A — va(1)))

5N [ dep)palt) s+ D — A - ().

Let us now focus on

(A.46)

|Bil—1
N

2
S S sign(By)Liy (ei<“5 )A&)) . (A.47)

i=1,  |B;j|-1
=125~

We need to extrapolate this formula to complex large values of B;. The summation variable
£ will also describe a path in the complex plane interpolating between points that, at large
N, scale as :I:i\/Nn(t). The argument of Li; then interpolates between points that scale

. |B\ 1
eVNUE5n1) | To evaluate Z NESE we consider distinct regions that are determined

by sign(t & §n(t)). Explicitly, we consider

() ¢— gu(t) <0, t+ %n(t) <0,
(i) t— gn(t) >0, t+ %n(t) <0, (A.48)
(i) ¢ — gn(t) >0, t+ gn(t) >0,

YSHere, we applied the inversion formula (A.34) to (3.13).
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and a fourth region that can be similarly studied. In region (i), the contribution of (A.47)
to the large IV refined twisted index is subleading, since the argument of Li; is exponentially
suppressed for all values of ¢. Consider now region (iii). At large IV, the argument of Li;
blows up for all values of £ and we obtain

—iN? dt p(t)tn(t) — N3 [ dtp(t) (tpa(t) —s +1) — n(t)(r — A — va(t))) + O(N) .
(iif) (iif)

(A.49)

In region (ii), we restrict the sum over ¢ to the values where the argument of Li; blows up,

namely to the values ¢ S —1(u; + A + 2mc) for some c of order one, for —n(t) < 0. Thus,
summing over ¢, the large N limit of (A.47) in region (ii) reads

— %NQ . dt p(t)tn(t) + iNQ . dt p(t) (t2 + in(t)2>
= 5N [ dtolt) (tpa(®) ~ 5+ 1) = () (m — A = (1) (A50)
— %N?’/Q . dt p(t) <t(7r — A —w,(t)) - jn(t)(pa(t) — 5+ 1)) + O(N).

Putting together (A.46), (A.49), and (A.50), we find

i 2

108 Ztund = %Nz /(_) dtp(t) tn(t) + 5-N? . dtp(t) <t2 + Zn(t)2> - %N2 - dtp(t)tn(t)

b G N [ 4860 (1(pal) ~ 5+ 1) ~n(0)(r — A~ val1)

_ %N3/2 " dt p(t) (t(Tr — A —ug(t)) — in(t)(pa(t) -5+ 1))

— %N3/2 . dtp(t) (t(pa(t) — s+ 1) —n(t)(m — A —va(t))) + O(N). (A.51)

The contribution of a chiral field with chemical potential A and magnetic flux §, trans-
forming in the anti-fundamental representation of U(NN), is similarly given by

i i
1OgZanti-fund:_5]\[2 (.)dtp(t)tn(t)_ZNz (i)

1 B ~
—2N3/2/(i)dtp(t) (#(pa(t)+5—1)+n(t) (7~ At vy 1))

dtp(t) <t2 + in(t)2> + ;NQ/(M) dtp(t)tn(t)

2

—%N?’/? (__)dtp(t) <t(7r—£+va(t))+e4n(t)(pa(t)+§—1)>

1 ) _
+ §N3/2 (.“)dtp(t) (t(pa(t) +5— 1)+n(t)(7T—A+va(t))> +O(N). (A.52)
The first lines of (A.51) and (A.52) cancel each other out for theories with total number
of fundamentals equal to total number of anti-fundamentals, which we need to assume for
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consistency. Therefore, keeping only O(N?3/2) terms in (A.51) and (A.52), we find

1 2 @) w©@)
log Ztund = —§N3/2 Z /dtp(t) <(7T — A —,(t)) — 7(1 — 5+ pa(t))> |€(0) | ,
o=1

1 2 . (0) B (o)
log Zanti-fund = _§N3/2 Z /dtp(t) <(7T -A+ va(t)) - 67(1 -5 pa(t))> |w | )
o=1

6(0)
(A.53)
where we used the A-gluing parameterization
wD(t) =it +isn(t), D =¢,
2 (A.54)

M%ﬂ:n—gww,é”:—a
This reproduces (4.19) and (4.20), after relabeling (A, s) — (Aq,54) and (A, §) — (Ag, 54).

A.4 Vector multiplet

The contribution of a vector multiplet can be obtained simply via

log Zy = log Z . A.55
og Zy ogXh((l‘a):%m(w:2 (A.55)
From (A.43) we obtain the following expression for a vector multiplet
s €— 27 €+ 27
log Zy = —N3/2/dt t)? - A.56
0BV =99 PO T W) 1- () (A.56)

B Saddle point of the ADHM refined twisted index

This appendix contains the large N saddle point for the ADHM quiver described in sec-
tion 4.2. The eigenvalue density distribution p(t) and the magnetic flux n(¢), which ex-
tremize the refined index (4.25), are piece-wise functions supported on [t«,ts]. For ease
of notation, let us define

1 1
Gg(v) = V10203, (Sf) = - (A(U) + gAm> ) 5(_0) = - (A(U) Am) (B 1)
r r
We define the inner interval as
€ €
t< s.t. t< — in(t<) =0 s t> s.t. t> + Qn(t>) =0. (BQ)
Schematically, we have:
te te ts ts
p=0 t—sn=0 t+5n=0 p=0
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The transition points are at

2 (o) A (o) 5(o) (o)
ATTA Y 1 )
t<< 02::1 27‘(5(f.) ) t< € G3(A )JZ::I 6(‘7) o Ag,)(g@) )
1 60) 2 A(U)A(U 50)
ts = —€ey/G3(A@) S — .ty = L= (B.3)
- 02::1 €\ 2, AP 5@ Uz::l 267

In the left segment ¢ + §n(t) < 0, and we have

-2
2 (o) 1 2 25(U)A(U)A(U)
_47~(Z G3A )) <t+22¢+5a’)2>7
r

2 -1y
G3(A) 1 | G3(A@)
n(t) = — |t (B.4)
(azl o) 2@\ 5
2 1y 2 (o)
G3(A0) G3(A0) 1| 265
—2 — ) Y .
(2 5 r:[l 5 ;6(”’ r Ay

In the middle segment ¢ — $n(t) > 0, ¢ + $n(t) < 0, and we find

C(GAW) G(AR) ) (g € @) ¢
p(t) =r (1 2 SO & ;n'(t)> (5f (t - 2n(t)> + 6 (t + 2n(t)) + ,ue) ,

. (B.5)
2 [ G3(AM)  G5(A?)
n(t) == 3((1) ) | 3((2) ) (c1t+cQ + Vest?2 + et + 05) :
e\ U 5
with
CI_G3(A(1))_G3(A(2)) 62:_G3(A(1)) 2 i 5( )6(0)
s 5 sWs® N\ Al Ga(AE)
L G(AD)Gy(AB)
BT s
G3(AM)G3(A@) [ [250AMAL 1 25@APAR
== ;@) o M ) (B.6)
0705 ro. Ty
2 G5(AM)G5(AP)

T 5050

) [(J PRINGING +J 5<_2>Ag2>Ag2>>2_ ((5$’—5“))A§”A§” (55?)—5@))A§2>A§2>>

rot) rot!) s 5t ’
and
1 g ag g e
= 6(—)\/%5( EAINEING (B.7)
o=1
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In the right segment ¢ = $n(t) > 0, and we have

o=1 5_(:) o=1 7"63_0)
-1
2 2
_ G3(A) 1 | Gs(A9)
o=1 + o=1 +
2 T2 2 (o)
G3(A) G3(A) 1 |26
+2 —
(; 5\ gl s\ Z::l €@\ ral”

C ABJM unrefined twisted index at large IV

In this appendix we provide the detailed form of the large N saddle point for the ABJM
unrefined twisted index. For notational convenience, we define

4
) = Z Ga(v) = v1v9 — v3v4 , )= Z VIVJVEK ,
[<I<K (C.1)

~
II

/\
v
1
A

1+ v3)(v2 + v3)(v1 + va)(v2 + v4) .
Then, the index can be written as

1;%/22:k/dtp(t)(tép(t)+6v(t)( +u(/dtp ~1)+5616) [ dt (o) (1)

4
- /dtp(t)25v(t) ( )+ Z 8G2 ) +G2(A)/dtp(t)25p(t) (C.2)

_ % / dt p(t)Q[ Z ArBsic +1/(8) (G3(A) = Gi(A)du(t)? — Ga(A)du(t)) } ,
(IEK)

where we included the Lagrange multiplier p to enforce the normalization of p(t).

We define the inner segment as
te st ov(t<) = —Ag, t~ st. ovu(ts) = Ay, (C.3)

Schematically, we have:
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In the left segment, where dv(t) = —Ag and 0p(tf) = s3, the equations obtained from
varying the index (4.57) with respect to dv(t) and &p(¢) need not hold,'” and we obtain

kAs
(Al + Ag)(AQ + Ag)(Ag — A4)
_m 53, C p(t)
kA3 Ag p(t) = 2kAj

(C.4)
X [ﬁl(Ag — A4)(A2 + Ag) —|—§2(A1 + Ad)(Ag — A4) — 54(A1 + Ag)(AQ + Ag)

+ 53 ((A3 — Ay)? + (3A3 — 2A4)G1(A) + (2 — ig) GQ(A)) }

where 79, ¢ are constants of integrations. In the middle segment, we have

G2(A)
Ga(A)

1 kt
5U(t):G1(A) (p(t)+G2(A))’

k Gi(s

)=z (G <(A>) () 4n(t))
+(Al—l—Ag)(A2+A3)S4+(A1+A4)(A2+A4)53

G1(A)?
B (A2+A4)(A2+A3)Sl+(ﬁ1 +A3)(A1 +A4)52

G1(A)? ’
c1 _HGﬂA) <A354+A453—A152—A251+G1<5) )t—i— p(t)
p(t) kGa(A) G2(A) Gi(A)) 2kG1(A)G2(A)?
x{81(A+A3) (A2+A0)[G1(A) ((G1(A) = A5)Ga(A)~Ga(A))+2G4(A)]

+82(A1+A3)(A1+A4)[G1(A)((G1(A)—A1)G2(A) =G5(A))+2G4(A)]
+53(A1+A0) (As+A1)[G1(A) (G1(A) = A1) Ga(A)+G5(A)~2G4(A)]
+51(A1+A5)(As+A3)[G1 (D) (G1(A)—As)Ga(A)+G3(A)—2Ga(A)] ],

p(t)=r1—k

t,

n(t)=

where 71, ¢1 are constants of integrations. In the right segment, extremizing the index with
respect to p(t) and n(t) at fixed (dv(t),dp(t)) = (A1, —s1), we find

(t)=rs+ e "
P (A1 =A2)(A1+A3) (A1 +Ay)
_p s cs  p(t)
n(t)_—k—AlJFA—lltJr%jL%Al oo
X {52(A1 +A4)(A1+A3) —53(A1 = A2) (A1 +Ay) —54(A1 — A2) (A1 +A3)
s ((A1 S A0+ (3A1 —2A9)Gh (A) <2— ii) GQ(A)” ,

7 This is a large N effect. As explained in [2], they hold when including subleading exponential corrections.
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where r3, c3 are constants of integrations. The support of p(t) is then given by

(Al + A3)(A2 + Ag)(Ag — A4)

plt<)|p, =0 = t«= A o,
(A1 4+ A3)(Ag + A3) (A1 + Ag)(Ag + Ay)
du(t =—-N3 = to=-— ’
vt ’ ) kAG1(As) " (C.7)
Su(ts)y; = A o = (A1 4+ Az)(Ag + Az) (A1 + Ay) (Ao + Ay) ) :
e - FA2G1 (D) b
(A1 — Ag)(A1 + Az)(A1 + Ay)
pt>)]gy =0 =ty == A 3.

Now, it has remained to determine the Lagrange multiplier x and the constants of integra-
tions ¢; and r;, i = 1,2,3. First, note that the regularity of the magnetic flux n(t) at the
endpoints of the support of p(t) yields

Coeff n(t<),p(t),—1]=0 = c2=0,

(C.8)
Coeff [n(ts), p(t),—1] =0 = ¢c3=0.

Second, the density p(t) and the magnetic flux n(t) are continuous piece-wise functions.
Thus, continuity of p(t) fixes the constants ra3 and r3,

(A1 + Ay) (A + Ay)

t = p(t = Tr9=— 1,
p( <)|M.I. P( <)|L.I. 2 (Ag—A4)G1(A) 1 (C 9)
p) gy = Py, = ms = Bt 2 |
>/IM.1. >/IR.1. (A] — Ay)G1(A) :
Observe that
5U(t<<)|M.I. = —A4, 6U(t>>)|M.I. = AQ . (ClO)
The continuity of n(t) gives
= (A1 + A3)(Az + Ag)(A1 + Ay)(Az + Ay) " 24: 51
28 =A (11)
) )
B ((Al+A3)(A2+A3)(A1+A4)(A2+A4) ) ( L5 & 5[>
- W) (Do,
\/ﬁ(AlAQ — A3A4)G1 (A) I—3 AI I—1 AI
Finally, the normalization of p(t) fixes rq,
G1(A)V2kA 1 AsAsAy
dtp(t) =1 = r = . C.12
[ a0 A A (Ba 1 Ag)(Ar A (B, 4 Ay (O
Plugging back the saddle point into the unrefined index (C.2), we obtain
2 N3/2 15
log Z = —=N3%) = ————\2kA AgAsA, > L 1
og 3 I 3 123412::1A1a (C.13)

in precise agreement with [2, (2.89)].
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D Derivation of general rules for theories with IN%/3 scaling of the index

We consider the following ansatz for the large N saddle point eigenvalue distribution

ul®(t) = N3t +o(t)),  m(t) =iN"n(t). (D.1)
Furthermore, we assume that
G|
kes =Y ko #0, (D.2)
a=1

that corresponds to turning on the Romans mass Fj in the dual type ITA supergravity [26].

D.1 Chern-Simons

Using the scaling ansatz (D.1), each gauge group a with CS level k, contributes to the
twisted index as

N
log Zos = ikq Y mju; N2k, N5/3 / dt p(t)n(t) (it + v(t)). (D.3)
=1

D.2 Chiral multiplet
Let us evaluate the large N contribution of a bi-fundamental chiral multiplet transforming
in a representation (N,IN) of U(N), x U(N), and with chemical potential and magnetic
flux (A,s) to the refined twisted index.'® As before, we break the sum nyj:l in (A.9)
into 37, ; + > ;~; +(i — j). The contribution coming from (i — j) is subleading. Let us
evaluate (A.21) in the large N limit. We find
©  in(A+5s)
log Zi3)\ = N2 / dt p(t (D.4)

( ) elnﬁ —

where we defined

£ = /dt/p(t/)e—an/?’(t’—t) (eine(iN1/3(n(t’)fn(t))ferl) B 1) PN (0(t) —v (1)~ Le(n(t))—n(1)))
t

E/dt’In(t’,t). (D.5)
¢
Performing integration by parts we obtain
N1 N—1/3
In(t) "2~ p( )Tt 1) (D6)

/dt’ ()T (1 1) {w ) + | o )cot(2 (i3 (e )n(t))5+1))].

We again perform integration by parts on the second line of (D.6) and find, at large N,

N-1/3

L= T, )[l—i—w( )+i§€n( )Cot(2 (i3 (e )—n(t))—s—l—l))] (D.7)

n t

/dtp [ (t’)Q—jn'(t’)Q—l—en’(t') (t)m( (1N1/3( (t') — n(t))—5+1)> .

8The contribution of a chiral multiplet in the adjoint representation of U(N)q can be derived in exactly
the same fashion.
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Via a repeated application of integration by parts we can then write

1) = N—1/3p(t) (et 1) i A+DA+IED)A=r+Dr g iorn

n ) 2r(r —1)!

x (en' (1)) cotz (D) (n;(l — 5)) , (D)

where we only kept the leading order terms that contribute to the large N twisted index.
Here, (), is the Pochhammer symbol. Observe that the sum over [ can be done explicitly
and thus we obtain

~1/3

1= X p(t) (et )ﬁ_oj (il (E“'ﬁ’f)r_l cot3 (D) (“(1_s>).

n
(D.9)
The sum over r can also be done and we find the following compact expression for I,

N emze(l_ﬁ)< ¢B(1-0) o130 )
Inlt) = = —elt) O w@) 1 en 1w —ww) P10

Therefore, in the large N limit, (D.4) is simplified to

mf in(AJri(lfs)) in(A-§(1-s))
logZKj N5/3Z /dtp ( i R 2)

n? (eine — —/(t)+5w'(t)  (1—iv/(2)

Now, it remains to perform the sum over n. We obtain

i<j i Lis (ei(AJre(n*%))) Liy (ei(A+6(nfl+%))>
logZ(b a) = N5/3nz:1/dtp(t)2 ((1 — () + %n’(t) - 11— (1)) — %n’(t) ) . (D.12)

The summation 3, ; is similar to (D.12) and it reads

Lis (e_i<A—e(n—1+%))) Lig (e—i(A_E(n_%)))
og 777 / - s
1 gZ(b a) — = N° 3 /dtp ( (1 —w'(t)) + %n’(t) 1 —iv'(h) — gn’(t)) (D.13)

Combining (D.12) and (D.13), we finally arrive at the following compact expression for the

contribution of a bi-fundamental chiral multiplet to the refined twisted index at large N

_ P (—A+edse) P (—A+e(l—3);€)
log Z(a) = N5/3/dtp(t)2 ((1 — ) +2§n’(t) _ () ;ﬂ(t) ) . (D.14)

€ = 0 case. Taking the € — 0 limit of (D.11) we easily obtain
oy O einA 1—s n'(t)
log Z5;3, = N®/3 e—/dt t)? i
8 2a) ; ] P\ T e T

8 a0 (1 () iy (%) 0
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The summation 3, ; is similar to (D.15) and it reads

log Z{; %) = N°/3 / dt p(t)? <L12 (e4) 1:_7/5@) ~iLig (e714) (1—1111(?@))2> . (D.16)

Combining (D.15) and (D.16), and using the inversion formulee (A.34) for 0 < Re(A) < 27,
we finally obtain the contribution of a chiral multiplet to the large N twisted index

10g Z(b,0)| g = N5/3/dtp(t)2 <92(A)1ii_v;g(t) — gg(A)(qu(j)(t))z) i (D.17)

Asymptotic expansion around € = 0. Starting with (D.14) we can write down the
following asymptotic expansion around € = 0

logZX:—N5/3/dtp(t)2{ |:93(A)( ﬁllvf()t)) L9 (A)gl(ﬂﬁ) 1_;,“)+91(A7)Tg;(7r5)n/(t)—1
g3(ms) /()% T ) o
= (1—iv' ()~ 1]2( )))
_gggs) (1 n,1(;')@)) ! _gl(Agr?(mn,(t)_l}' (D19

Using 2% 22" = (1 — 22)71, (D.18) is then simplified to

_ G(A,s,¢) G(A,2 —s,¢€)
log Z(y,q) = N5/3/dtp(t)2 <(1 “) - A w) o ;W(t)) , (D.19)

where G(A, s, €) is given in (A.36). Let us define the equivariant chemical potentials

w(t) = (it + v(t)) + %En(t) o=t (AI bl —1)+ S(1 - 51)> ,
. v (D.20)
w(0) = (it + o(t) - 30, & = 2 (A rlw=1) - F1-s),

with w as before, see (A.38). Then, (D.19) takes the following remarkable factorized form

P03 (1) (2)
_ W s o [g3(8Y)  g3(a™)
log Zq) = ——N / dt p(t) (w/u) 5 oo ) (D.21)

reproducing (5.7) after setting A = A(,p) and 5 = §(4).

D.3 Vector multiplet

The contribution of a vector multiplet can be simply obtained by using (A.55). In partic-
ular, from (D.19) we obtain the following expression for a vector multiplet

7'(' €—2m e+ 2w
log 2y = {5N°F* [ ato(o)’ <(1 ") + s (D) - ;wm) - (D22

that is (5.6).
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E Large N factorization and holomorphic blocks

In this section we sketch the derivation of formula (3.10) for generic theories with N3/2
scaling, generalizing [12]. A similar analysis could be done for theories with N3 scaling.

Consider the contribution (3.13) to the index of a chiral bi-fundamental multiplet. It
can be obtained by gluing two holomorphic blocks [22, 34, 35]

2
Ziha) = H B (u(”);A(”)k(”)) , (E.1)
o=1

where!?

B(u; Ale) = 32t a () (1=r/2 3y oy (E.2)
with © = €', y = 2, ¢ = €', and r is the R-symmetry charge. The gluing rules are

(0) _ (o)
©) — o+ & (o) _ <’ _
u, = u;+ 2m,, A Ar+ 5 t;, o0=1,2, (F.3)
e =, e = ¢,

where t are flavor fluxes satisfying > ey, tr = 0, with W, denoteing a generic monomial
term in the superpotential. They are related to the set of fluxes s; used in the main text,
and satisfying > ey 57 = 2, via 57 =17 — {7.

Stripping off the exponential terms in (E.1), which only enter in the long-range forces
cancellation as before, the two blocks can be written in our favorite parameterization (3.8)
as

B (uw); A<a>|€<a>) _ (q<a> 2(9) (). q(«f))oo = (m@ Y1 /qw)) (E.4)

—1
oo
In the factorization method we introduce two set of quantities p(®)(t) and v (t)
(o)

for the independent variables u,

20

. Focusing on ¢ = 1 and restricting the analysis to an
asymptotic expansion in €

[e.9]

log BY = — Z(—ie)s—l% Lig_ () yW)y | (E.5)
s=0 '

where Bg = {1, —%, é, 0, —%, 0,.. } is the sth Bernoulli number. At large N, each term in

this expansion can be treated as in [2, 9]. The steps are similar to the previous computations

and we refer to [2, 9] for details. We split the gauge sum into Yicj and X use the

i>j
inversion formulee (A.34) in the second term and perform the large N limit. The final

YHere (2;¢)c0 = [17,(1 —2q™) for [¢| < 1 is the g-Pochhammer symbol. The formula (z;¢ ')o =
1/(qz; q) is used to define the g-Pochhammer symbol for |¢| > 1.
*"We use the formula log(z; ¢~ ")eo = > oo (—i€)* ' Z& Liz_(z) valid for |¢'| < 1. In this appendix we

assume that € has a small negative imaginary part. To use the same expansion for the case o = 2, we need
first to use the inversion formula given in the previous footnote.
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result, up to polynomial terms that enter in cancelling the long-range forces, is

log BY
N3/2

o «c \S— Bs . i ’l)() (1) _s . i ”U() (1)
— = Y0 2 [t (0 (Lig- (OO (21 Ly (7054
s=0 :

o0

_ Z(—e)s—l% / dtpM (1)2gs_ . (50D (1) + ADY | (E.6)
s=0 '

where we used again (A.34). Since gs<o(u) = 0, only the first few terms in this sum
contribute. The leading term for € — 0 is the contribution of a bi-fundamental chiral field
to the twisted superpotential [2, 9]%!

1 —

W), 0005 8) == [dep(02gs(60(0) + A), (.7

chiral

in agreement with (3.9).

The contribution of a vector multiplet is obtained from (E.6) by setting dv(t) = 0 and
A =27 and s = 2. The contribution of the classical terms and (anti)-fundamental fields
can be easily computed.

Including all the contributions from all the fields (and the classical terms) and keeping
all perturbative orders in €, we obtain the o = 1 contribution to (3.10)

log BV = 6(—11)17\7}10“1(,0(1)(25), suD(2); ALY | (E.8)
where Whom is the full effective twisted superpotential computed in [2, 9] written as a homo-
geneous function of its variables. This can be done by using the constraints "y, Ay = 27
to replace all occurrences of 7 in W. The explicit dependence on € emerges from the re-
placement of the original variables with the equivariant counterparts (3.8). The final result
is correct only if using the homogeneous form of W since now D Iew, Agl) =27 — 1) 22

The final formula (E.8) is valid for the class of theories with N3/2 scaling considered

in this paper. The difference??
S 10gBY] 4+ 3 10gBY — Dhom , (E.9)
vectors (E.6) bi-fund (E.6) € bi-fund
is indeed proportional to
T (1) w2 At e
= > (V@) - X (SR -1) el 5| X -1 +al|
6 6 , 7r 12 ‘
I=(b,a):+ I (bi-fund) I (bi-fund)

I=(a,b):—
(E.10)

21See [9, (3.17)], noting that V~Vhere = —Vthere, Or compare, for example, (4.62) for the ABJM theory.
*2Equivalently, we could use the expression for W found in [2, 9] by replacing the original variables with

€

the equivariant counterpart (3.8) and all occurences of 7 with m — <.

23Notice that vectors do not contribute to W (2, 9].
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The first term in this expression vanishes because for each bi-fundamental connecting two
gauge groups we have an anti-bi-fundamental connecting the same groups. The second
and third term cancel because Ar/m and s; can be regarded as R-charge assignments for
the fields and, at large N, we have Tr R = 0 for all R-symmetries, as it follows from (4.6).
The analysis of the classical terms and (anti)-fundamental fields is easy and it is left to the
reader.

The case o = 2 is completely analogous.?*
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