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ABSTRACT: We consider the S3x S' superconformal index Z(7) of 4d A = 1 gauge theories.
The Hamiltonian index is defined in a standard manner as the Witten index with a chemical
potential 7 coupled to a combination of angular momenta on S3 and the U(1) R-charge. We

2m7 approaches a root of

develop the all-order asymptotic expansion of the index as ¢ = e
unity, i.e. as 7 = m7+n — 0, with m, n relatively prime integers. The asymptotic expansion
of logZ(7) has terms of the form 7k k= —2,-1,0,1. We determine the coefficients of
the k = —2,—1,1 terms from the gauge theory data, and provide evidence that the £k =0
term is determined by the Chern-Simons partition function on S®/Z,,. We explain these
findings from the point of view of the 3d theory obtained by reducing the 4d gauge theory on
the S'. The supersymmetric functional integral of the 3d theory takes the form of a matrix
integral over the dynamical 3d fields, with an effective action given by supersymmetrized
Chern-Simons couplings of background and dynamical gauge fields. The singular terms in
the 7 — 0 expansion (dictating the growth of the 4d index) are governed by the background
Chern-Simons couplings. The constant term has a background piece as well as a piece given
by the localized functional integral over the dynamical 3d gauge multiplet. The linear term
arises from the supersymmetric Casimir energy factor needed to go between the functional

integral and the Hamiltonian index.
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1 Introduction

In the last few years there has been a renewed interest in the study of the superconformal
index of 4d N = 1 superconformal field theories (SCFTs) and, in particular, N’ = 4 super
Yang-Mills (SYM). The index in question is the supersymmetric partition function of
the SCFT on S3 x S' which receives contributions from BPS states that preserve two
supercharges (Q, Q). In the large-N limit, the expectation from AdS/CFT is that the
index should account for the entropy of the BPS black holes (BH) that preserve the same
two supercharges in the dual supergravity on AdSs. This question was introduced in [1-3],
and the work of the last few years has shown that the index indeed captures the BH entropy
in different asymptotic limits [4-24].

The focus of the present paper is the Cardy-like limit in which the BH entropy becomes
very large. In the canonical ensemble, this translates to the study of the exponential
growth of the index as 7 — 0, where the parameter 7 is the chemical potential dual to
the charge. As pointed out in [13], the 7 — 0 limit is in fact one of an infinite number
of inequivalent Cardy-like limits in which the index is expected to grow exponentially.

These limits correspond to 7 approaching a rational number or, equivalently, ¢ = 277



approaching a root of unity. In this paper we analyze the 4d superconformal index near
a general root of unity, and find interesting relations to three-dimensional Chern-Simons
(CS) theory. The main statement is that the asymptotics of the index near a rational
point —n/m is equal (to all orders in perturbation theory in deviations 7 = m7 + n from
the rational point) to the partition function of a certain 3d N = 2 gauge theory with
Chern-Simons couplings that involve background as well as dynamical fields on an S3/Z,,
orbifold. The background couplings give rise to singular terms at O(1/72) and O(1/7) that
govern the growth of the index, while the constant O(1) term receives contributions from
both background fields and the dynamical Chern-Simons theory.

We demonstrate this statement from two points of view — by direct asymptotic analy-
sis of the index near rational points, and from an analysis of the reduced three-dimensional
theory and calculating the various couplings using high-temperature effective-field theory
(EFT) techniques. The latter method, based on [25, 26], relates the high-temperature
asymptotics of the index to a low-energy effective field theory, in the spirit of the Cardy
formula.!

The four-dimensional superconformal index and its asymptotic growth. In this
paper we study A/ = 1 gauge theories with a Lagrangian description and a U(1) g symmetry,
with a focus on N' = 4 SYM which we use to illustrate some statements in detail. The
symmetry algebra of N =1 SCFT on S! x $2 is SU(2,2|1), which includes the energy F
which generates translations around S, the angular momenta J1, Jo on S%, and the U(1)
R~charge ). One can pick a complex supercharge obeying the following algebra,

{Q0}=E-n-h-}0Q. (1.1)

The most general index built out of the AN/ = 1 superconformal algebra is an extension of
the Witten index of Q and is defined as the following trace over the physical Hilbert space,

L(0,7) = Try (~1)F e 1@ +2mo(Vi43Q)+2mir(1243Q) (1.2)

The trace (1.2) only receives contributions from states annihilated by the supercharges (i-
BPS states) so that the right-hand side of (1.1) vanishes for these states. This index Z(o, 7)
can be calculated from either Hamiltonian or functional integral methods and reduces to
a unitary matrix integral [3, 32-34], which can be written as an integral over the space of
gauge holonomies around the S! of certain infinite products, as written in equation (2.1).

Our focus in this paper is the analog, in the present context, of the high-temperature
Cardy limit of 2d CFT. This means fixing the rank and taking the charges (J;, Q) to be
larger than any other scale in the theory. In the canonical ensemble this translates to

In the high-temperature picture the (Euclidean) time direction is taken along the S', while in the
low-energy picture time is a fiber inside the S®. Relating the two pictures involves swapping time and
space as in the derivation of the 2d Cardy formula [27]. Unlike in the two-dimensional context where one
uses SL(2,Z) automorphy to relate the swapped problem to the original one, here we do not have an a
priori understanding of the automorphic properties of the 4d index Z(7). Aspects of this question are being
addressed in [28]. See also [29, 30] for related work on modular-type transformation properties relating
different indices, and [31] for a discussion of the automorphic behavior of a different index in ' = 2 SCFTs.



taking Im o, Im7 — 0 at fixed rank. In order to calculate the asymptotic growth of states
along a certain direction in the charge lattice, one needs to fix the relation between o and 7.
We study? the slice 0 = 7 — ng with ng an integer, as in [12, 13, 19]. Setting 2.J = J; + Jo,
the resulting canonical index Z is given by

T (rin0) = Try (—1)F o—11Q.Q}~2ming (1+5Q)+2mir(2J+Q) (1.3)

The large-charge asymptotics then implies Im7 — 0, while Re 7 is not fixed a priori by
the limit. We consider asymptotic limits as 7 approaches a rational number 7 — —n/m
with ged(m,n) = 1, introduced in the present context as new Cardy-like limits in [13]. The
index Z clearly depends on the gauge group GG. We generally suppress it in our notation,
but sometimes use the notation Zy to emphasize the dependence on N for U(N) or SU(N)
N =4 SYM theory (which should be clear from the context).

Our motivation to consider these rational points comes from the study of the in-
dex Iy(7) of N = 4 SYM in the large-N limit.> In this limit one considers charges
scaling as N? as N — oo, which translates to N — oo at fixed 7 in the canonical ensem-
ble [20]. In this large-N limit one expects the field theory index Zy(7) to be written as
a sum over saddles. This picture has been partially realized in the last few years using
two different approaches — the Bethe-ansatz-like approach developed in [7, 35, 36], and
the direct study of large- N saddle points using an elliptic extension of the action [13, 19].
In particular, the large-N approach in [13] found a class of saddles labelled by rational
numbers —n/m, where the perturbation expansion around each saddle is given by the
asymptotic limit 7 — —n/m.* Setting ng = —1, we have

log ZN(T) ~ —Seg(m,n; T), T— —n/m, (1.4)
where the effective action at each saddle is given by

N27i (27 + x1 (m +n))°

27m 72 ’

Sett (M, n;7) = T:=mr+n. (1.5)

where y1(n) is the Dirichlet character equal to 0, £1 when n = 0, £1 (mod 3), respectively.
There was one caveat in the above result, which was stressed in [13, 19], namely that
the pure-imaginary 7-independent term could not be fixed by the methods used in those
papers. The constant term in the effective action (1.4), therefore, was a convenient choice
made using inputs coming from outside the field-theory analysis.

Although we do not have a rigorous notion of the sum over saddles yet, it should be
clear that if the effective action of the (m,n) saddle has negative real part it dominates

20ur methods can be generalized to study the case where o and 7 are linearly dependent over the
rationals, but we shall not develop this in the present paper.

3 Another motivation comes from the mathematical literature on g-series, where it is also natural to
consider expansions around roots of unity. We thank D. Zagier for emphasizing this point to us.

4These saddles map to residues of the Bethe-ansatz type approach — see [22] for a recent discussion of
the connections between the two approaches. A larger set of saddles have been classified in [19], but the
full set of important/contributing saddles is not understood in either approach. In particular, interesting
continuum configurations of the Bethe-ansatz equations have been recently discovered in [37-39] whose role
in the large-N limit is not fully understood.



over the others as m7 +n — 0. It is also clear from (1.5) that the fastest growth among
these saddles comes from (m,n) = (1,0). The (1,0) saddle in the SYM theory is identified
as a fully deconfined phase whose entropy scales as N2, while the other (m,n) saddles
have entropies that are suppressed by a factor of m. For this reason they can be called
partially deconfined saddles (in the sense of asymptotic growth, but not in the sense of
center symmetry breaking — cf. [37]). On the gravitational side, the action Seg(1,0;7)
agrees precisely with the canonical on-shell action of the black hole solution in the dual
AdSs supergravity [5], which leads to the identification of the AdS; BH as the saddle (1,0).
The (m,n) solutions have been identified with orbifolds of the Euclidean AdSs; BH [40].

Because of the dominance of the (1,0) saddle near 7 — 0, one can capture it directly in
an asymptotic expansion — even for finite N. In this calculation, one writes the index (1.3)
as an integral over gauge holonomies u; (see (2.1) below), estimates the integrand in the
Cardy-like limit 7 — 0, and then performs the integrals. The initial studies [8-12] success-
fully reproduced the singular parts of the action as 7 — 0, i.e. the 1/72 and the 1/7 terms
with the correct coefficients. More recently, the complete action (1.5) for (m,n) = (1,0)
was obtained in [41] by a direct method, involving a careful analysis of all perturbative
terms in the Cardy-like limit. (See [42, 43] for more recent related work.)

Our first goal in this paper is to obtain the complete perturbative action at all the (m,n)
saddles by a direct asymptotic analysis of the index as 7 — —n/m. This analysis is de-
scribed in section 2, the result of which is a perfect agreement with the action (1.5), up
to the constant terms as mentioned above. The asymptotic analysis requires developing
the asymptotics of the elliptic gamma function [44, 45] near rational points. The 7 — 0
asymptotic estimates were available in previous literature [46]. Here we develop the anal-
ysis for 7 approaching rational numbers. The analysis is presented in appendix A. (See
also [47] for related work motivated by integrable-systems considerations.)

Furthermore, we note that for given m,n, depending on the sign of argT — 7/2 the
action in (1.5) can have negative or positive real part, which yields, respectively, a growing
or decaying contribution to the index. Therefore in essentially half of the parameter space
the saddles in (1.5) do not capture any growth in the index. As demonstrated in section 2.3,
when the (m,n) saddle in (1.5) gives a decaying contribution to the index as 7 — 0, a “2-
center saddle” takes over which yields exponential growth again. In other words, in half of
the parameter space the growth of the index Zy(7) is captured by 2-center saddles.’

Chern-Simons theory from the asymptotics of the 4d index. The second goal of
the paper is partly inspired by an interesting pattern appearing in the asymptotic calcu-
lations. As emphasized in the context of SU(N) N = 4 SYM in [41], in the part of the
parameter space where the index is dominated by isolated, 1-center saddles, the complete
asymptotic expansion in 7 terminates at O(7) — i.e. the perturbation theory only con-

®We use the terminology of [37]: in a 1-center saddle all the gauge holonomies condense at a single point
on the circle, while in a 2-center saddle half of the gauge holonomies condense at one point and the other
half condense at the opposite point on the circle. The 2-center saddles turn out to be partially deconfined
saddles both in the sense of asymptotic growth and in the sense of center symmetry breaking [37]. See
also [48].



tains 1/72, 1/7, 7° and 7 up to exponentially suppressed corrections. (This is, in fact,
more generally true when the index is dominated by isolated saddles, and not true when
there are flat directions; see [49].) Interestingly, it was found in [41] that the constant term
in the expansion contains the partition function of SU(NN) pure Chern-Simons theory on S3
at level +N.

In this paper we find that the same structure persists at all rational points. We see
that the constant term in the expansion as 7 — —n/m involves Chern-Simons theory whose
action is 1/m times the action as 7 — 0. We present evidence that this corresponds to
CS theory on an orbifold space S2/Z,, (with the action of Z,, depending on n such that
the orbifold coincides with the lens space L(m,—1) when n = 1) at level £N [50, 51]. In
other words, the 4d SYM index appears to play the role of a master index which governs
the partition function of three-dimensional CS theory on an infinite family of S® orbifolds.

The appearance of 3d Chern-Simons theory from the 4d superconformal index is in-
triguing, and gives rise to two related questions:

(a) is there a direct three-dimensional physics explanation of the appearance of Chern-
Simons theory?

(b) can we also understand the singular terms in the asymptotic expansions around
rational points as being related to 3d Chern-Simons theory?

The answers to both these questions are positive, as we now explain.

The asymptotics of the 4d index from supersymmetric Chern-Simons theory.
The natural idea is that the reduction of the four-dimensional theory on S gives rise
to a three-dimensional theory on S in a “high-temperature” expansion in powers of the
circumference § of the shrinking circle. If we calculate the functional integral of the three-
dimensional theory, we should recover the four-dimensional functional integral as g —
0. The three-dimensional effective field theory is known to have a derivative expansion,
where the most relevant terms are Chern-Simons terms [52, 53]. This EFT approach
was developed in the supersymmetric context in [25, 26] who presented supersymmetrized
CS actions involving the dynamical as well as background fields, which are necessary for
preserving supersymmetry on S® x S1. In particular, the 1/3? and 1/3 effective actions
derived this way in [26] reproduced the asymptotics of the index as found in [49] for ng =0
and arg(7) = /2. (Note that when the metric on S3 x S! has a direct product form with
5)

The coefficient of the leading 1/8? term in these works is pure imaginary, and also does

53 the unit round three-sphere, a real value of 3 determines a purely imaginary 7 =

not grow as N2 (it is in fact zero for non-chiral theories), therefore the exponential growth
of states corresponding to the BH is not captured there.

One of the motivations for the current paper is to explain the exponential growth
associated to the bulk black holes from the three-dimensional point of view, which requires
arg(r) # m/2 and ng # 0.5 (Note, in particular, that the (m,n) = (1,0) saddle in (1.5)

5The leading order 1/72 behavior was found from similar considerations in [6] for N/ = 4 SYM with
flavor chemical potentials, and in [11] for more general gauge theories in a setting similar to ours. In this
paper we follow a systematic, manifestly supersymmetric approach developed in [25, 26], which allows us
to obtain all-order results for general gauge theories around generic rational points.



given for ng = —1, would have its leading piece a pure phase if arg(r) = 7/2.) For this
purpose we consider, as in [5], a background geometry of the form 53 x.S!, with 3 the unit
round three-sphere, 7 the circumference of the circle, and € a twist parameter’ controlling
the deviation of the metric from a direct product form (equation (3.1)). The imaginary
part of the twist parameter determines a non-zero real part of 7 via (equation (3.4))

r=21-q). (1.6)
27

As shown in [5], the integer ng in (1.3) controls the periodicity of the fermions in this
background, and ng = 1 (which is naturally dual to the BH) corresponds to anti-periodic
fermions, i.e., as in a Scherck-Schwarz reduction. In the present context we insist on su-
persymmetry being preserved — and that necessitates the turning on of other background
fields under which the fermions are charged. In the three-dimensional background super-
gravity, we have a non-zero graviphoton from the fibration as well as non-zero auxiliary
background gauge and scalar fields. As we explain in section 3, the resulting configuration
is effectively described by a circle of radius R, which in the limit v — 0, Q — oo with 7
fixed obeys R — 7.

Now, what is the actual calculation? There are two types of fields in the three-
dimensional functional integral — background fields which take constant values, and dy-
namical modes which fluctuate in the integral. The latter is further made up of light modes
(with zero momentum around S') and heavy (Kaluza-Klein) modes. The first step is to
integrate out the heavy modes in order to obtain an effective action for the light modes.
The integration over heavy modes also generates corrections to the coefficients of the su-
persymmetric Chern-Simons terms of the non-zero background fields, see e.g. [25, 55]. In
these calculations, we need to include, in addition to the couplings discussed in [26], the
supersymmetrized RR and gravitational CS actions which were discussed in [56]. The ef-
fective actions of the background gauge fields turn out to produce precisely the singular
pieces 1/7% and 1/7 in the asymptotic expansion of the index, as well as a constant piece.
The remaining functional integral is described by an N/ = 2 SYM theory with a certain
one-loop induced CS coupling on S3, whose partition function is known to agree, up to
a sign, with that of pure Chern-Simons theory [57]. This explains the appearance of the
dynamical Chern-Simons theory in the constant term of the asymptotic expansion.

Two technical remarks are in order. Firstly, recall that supersymmetry implies that
the 4d superconformal index should not depend on « and 2 separately, but only on their
combination 7 as in (1.6). In [5] this was shown to be true in 5d gravitational variables, as
well as through a localization computation in 4d field theory. In this paper we verify this
also in 3d effective field theory. Secondly, the order of limits is important to have a smooth
calculational set up. We first send v — 0 keeping 2 fixed, so that the three-dimensional
geometry is smooth and finite. Then we take {2 — oo at fixed 7 and express the result in
terms of 7 using (1.6). We find there are no singularities generated in the latter step and
thus the limiting procedure is perfectly smooth.

"Similar twists had been described in slightly different contexts in [33, 54].



Finally, we repeat the same analysis as 7 approaches rational points. The dimensional
reduction in this case naturally leads us to considering orbifolds of S% x S', which, as far
as we understand, are related to the orbifolds discussed in [40]. The three-dimensional
calculation then leads to the 1/72 and 1/7 terms as well as a constant piece from the
background fields, and we provide evidence that the remaining dynamical piece is the
partition function of A" =2 SYM with a one-loop induced CS coupling on S3/Z,.

2mio 27ri‘r’ C — e27riz‘

Notation. We have 0,7 € H and z,u € C, and we set p=¢e°™7, g =¢
We use ~ to mean an all-order asymptotic equality of the logarithms of the two sides.

2 The 4d superconformal index and its asymptotic expansion

We consider a four-dimensional N' = 1 gauge theory which flows to a superconformal fixed
point. The theory has gauge group G (which we take to be semi-simple, and separately
comment on the U(N) case), and a number of chiral multiplets labelled by I with R-charge
rr and in the representation R; of the gauge group. We assume 0 < r; < 2 for all chiral
multiplets. The superconformal index for these theories on S® x S' has been calculated
in the Hamiltonian as well as functional integral formalism [3, 32-34], and the answer is
expressed as an integral over the Cartan torus which we parameterize by the vector of
gauge holonomies u = (u1, ..., U (q)), with u; € R/Z. The index is given by the following
expression [58-60]

I(Jv 7_) = / [Dﬂ] Zyec (Q; UaT) Zchi (Q; ag, T) . (2.1)

Here we have used the measure Du = ﬁ H;i(lG ) du; with |[W)| the order of the Weyl group
of G. For U(N) we have Du = 7+ 1Y, du;, while for SU(N) one can work with uy, ..., uy
subject to Y ,u; € Z and Du = % Hf\;l du;. The factors Zyec, Zeni denote the vector

multiplet and chiral multiplet contribution respectively given by

Zeee (w;0,7) = ()™M ()™ D [ Pe (s - u+ 0 +730,7) Te (—ay -u+o+130,7)
ot
Zeni (wy0,7) = H H Ie (p-u—i— g(a+7);a,7) .
I peR;
(2.2)

Here ay runs over the set of positive roots of the gauge group G, I runs over all the
chiral multiplets of the theory, and p is the weight of the gauge representation R;. The
Pochhammer symbol is defined by

[e.e]

Go=1] (1 - Cq’“) , (2.3)

k=0

and the elliptic gamma function [44, 61] is defined by the infinite product formula

Po(zor) = [ 220 [ (2.4)

_mi nk
ikso 1 77 q" ¢



From now on in this section we set 0 = 7 —ng, and use the notation I'c(2) = T'e(z; 7, 7).
We have

Z(rino) = [ 1Du] exp(~Sialwi7)) 25)

where the action Sing(w) = Sina(u; 7) is given by

—Sind (u) = 21k (G) log (¢; q) + Zlog (Te (a4 -u+27) T (—ay - u + 27))

+Z Z logTe (p-u+r1(7—%no)) .

I peRy

(2.6)

Our goal now is to calculate the asymptotics of the function Z(7,ng) as 7 approaches a
2miT

rational number or, equivalently, ¢ = e approaches a root of unity. For N' =4 SYM

we have
—ShT" () = 2Nlog (q;q) + 3N log e ( § (27 — no))

+ Zlog Ie(us +27)+3 Z logTe (uij +1(2r - no))
i#] ]

(2.7)

for U(N) and a similar expression for SU(N) with N replaced by N — 1. Using the product
expression (2.4) we see that for ' =4 SYM the index Zy(7;n0) has the symmetry 7 —
7 + 3 for fixed ng, so that we can restrict our attention to, say, 7 € [0, 3]. Relatedly, the
independent values of ng are 0, £1. More generally, the periodicity of 7 depends on the
quantization of R-charge in the theory.

Before analyzing these asymptotic limits we briefly discuss a slightly independent mo-
tivation to study these new limits and, relatedly, the origin of the number ng in (2.5), (2.7).
One of the motivations in the recent developments in this subject has been to “find the dual
black hole” in the superconformal index. In terms of the microcanonical Fourier coefficients

In(rino) = Y dn(n;ng) ™7, (2.8)

the problem in the context of the Cardy-like limit is to check if |dy (n;n0)| ~ N2 s(n/N?)
as n — oo [20]. In the canonical setting this is reflected by a corresponding asymptotic
growth of the function Z(7) as 7 approaches the real axis or, equivalently, as ¢ = €277
approaches the unit circle. The leading asymptotics of the growth of microcanonical de-
generacies is governed by the dominant singularity of Z. As it turns out, the index Zy(7;0)
of N'= 4 SYM does not have any exponential growth as 7 — 0 (the growth is power-
law [49]). It is the asymptotic growth of logZy(7;0) as 7 — =1 instead that matches
the on-shell action of the AdSs; BH (the two points giving growth of equal magnitude
and opposite phases). From a numerical study of the microcanonical degeneracies one
can deduce that this is, in fact, the leading growth of the index [20]. In this case, not-
ing that Zn (7 £ 1;n0) = Zn(7;n0 F 1), we see that the leading growth can be stated as
coming from the growth of the function Zy(7,F1) as 7 — 0. Actually, one finds that
the growth of states at ng = £1 matches the BH growth of states for very large classes
of N =1 SCFTs [11, 12]. Once we understand that the growth can come from a region



with Im7 — 0 but Re 7 # 0, it is perhaps more natural to set ng = 0 (for which the two re-
gions of leading growth have a symmetric placement around 7 = 0). We will, nevertheless,
keep ng as an explicit parameter in the following to make contact with related literature.

It is clear from the above discussion that one should equally well explore other points
on the unit circle in ¢.* As it turns out there is exponential growth near any root of
unity consistent with (1.4), (1.5), i.e. partial deconfinement in the sense of asymptotic
growth [37]. In the following subsections we proceed to analyze the asymptotic behavior
of the index as 7 — 0 and then as 7 approaches any rational number.

2.1 Asymptotics of the index as 7 — 0

In this subsection we perform an all-order asymptotic analysis of the integral (2.5) as 7 — 0.
This calculation was done for N' = 4 SYM recently in [41] using a saddle-point analysis.
Here we find the asymptotics for the general class of theories discussed in the introduction,
using the rigorous method of [46, 49] (see in particular section 3.1 of [49]). The application
in [49] was restricted to real 7 and ng = 0, but the method is more general and we apply
it to the case of complex 7 and general nyg.

We first calculate the all-order asymptotic expansion of the integrand. In order to do
this we need the asymptotic behavior of the elements in (2.6), namely the Pocchammer
symbol and the elliptic gamma function, which we review in equations (A.1), (A.2), (A.13).
Using these estimates we find that in the range ay -u € (=14 6,1 — §) (for fixed small 9)

the integrand of (2.5) can be written, up to exponentially suppressed corrections, as
Oy - U

1 .
a4

The all-order effective potential as 7 — 0 is given by

1

Vi) = V() + Vi) + Vo(uw), (2.10)

) exp (—2mi7 Byusy — V () . (2.9)

—iT

with

Vo(u) =) %Eg (pz-ﬂ— %7“1710) ;

I,pr

Vi (u) = Z im (r; —1) By (PI U — %7’1710) + Ziﬂ ((Oé'u)2 + é) ; (2.11)
I, pr «

V() (Q) = LZPI im ((T[ — 1)2 — é) El (PI cU— %T[no) N

where « runs over all the roots of G including the rk(G) zero roots, I runs over all the
chiral multiplets, and p; runs over all the weights of the representation R;. Note that
in (2.9) we have separated the supersymmetric Casimir energy given by [62]

1 1
Eausy = 5 TrR® - 5 TR, (2.12)

8The superconformal index as a function of ¢ is defined on a branched cover of the complex plane and

one should explore the full covering space. For ' = 4 SYM one has a three-sheeted cover and the leading
growth occurs on two of the three sheets [11, 12, 37].



We make a brief comparison to [12] in which the singular pieces were studied. The
potential V5 in (2.11) coincides (up a multiplicative —in/6 factor) with the V5 studied
n [12]. At finite u, the sinh?(™£%) factors in (2.9) also contribute to O(1/7). Including
this piece in V4 renormalizes it to Vi as”

Vi(w) — Vi (u) = Z im(r; —1) By (p[ cu— %rlno) + Ziﬂ'PQ (a-u) . (2.13)
L pr a

The potential V] coincides (up to a multiplicative —ir factor) with the V; studied in [12].
In our treatment below we keep the sinh? factors separate and place them in the “dynamical

b
measure
Du

oy - U
———— ] 4sinh? (*) : (2.14)
(—ir)™@ 5 ~ir
Compared to [12], here we also include the O(7°) piece corresponding to exp(—Vp). Finally,
the O(7) piece of the exponent is determined by the supersymmetric Casimir energy and,
notably, there are no O(72) or higher corrections in the perturbative effective potential.
We now investigate the local behavior of the potential near u = 0. The poten-
tials Vo, V1, Vy are piecewise polynomials, and using E;- = jB,_1 we obtain their Taylor
expansion near u = 0 as

. 2
VQ (Q) = Z (1;:33 (—%T[ no) +iﬂ'§2 (—%T[ no) PI “u -+ 27['i§1 (—%7‘[ n()) (/)[2U)>

I, pr

+ Z 2mi 7(” 'Q)S

i 3!
. = 1 iT . = 1

Vi(u) = Z ir(rr — 1) Ba <—§r1 no) + gdlmG—i— Z27r1 (rr —1) By (—577 no) T

I,pr PI

2
+Z 27i (rp — 1) (méu)+Zi7r (a-u)?,
L pr a

VO (@) = Z i ((7“[ — 1)2 — é) El (—%’I‘[ ng)

I, pr

im | (r;—1 2—1 - U.
+I§7m (( 1—1) 6) pr-u
(2.15)

Importantly, the second lines of Va, V4, Vy above vanish due to gauge?, U(1)g-gauge?, and
U(l)%—gauge and gravity?-gauge anomaly cancellations. Therefore V3 is actually piecewise
quadratic in u, while V) is piecewise linear and Vj is piecewise constant. This is similar to
section 3.1 of [49].

The leading asymptotic behavior of V as 7 — 0 is determined by V2. In order to
obtain a local minimum of Re(V) at uw = 0, we want (i) the linear term in V5 to vanish,

Instead of using (A.13) for vector multiplet gammas and then simplifying the sinh term for finite u as
above, we could alternatively use (A.2) for vector multiplet gammas (assuming oy - u ¢ Z) and get Vi
directly as in [12].
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and (ii) the quadratic term to be on the negative (respectively positive) imaginary axis
for arg(7) — § > 0 (respectively arg(7) — 5 < 0). As found in [12], we can achieve both
of these requirements in any theory in which 0 < r; < 2 by specializing to ng = =+1.
Explicitly, for ng = +1 we can use the fact that for |z| < 1 we have By(z) = 2% — |z| + &
to deduce that the linear term in V5 is equal to

i 1
S T (=17 -3) or-us (2.16)
4 3
I, pr
which vanishes thanks to the U(l)%—gauge and gravity?-gauge anomaly cancellations. Sim-
ilarly we can use the fact that for 0 < || < 1 we have By(z) =z — Slgn(z) to deduce that
the quadratic term in V3 is equal to

2 2
—imng 3 (rp—1) 2) —imng 3 (a2“) (2.17)

I pr

where the equality follows from U(1)p-gauge? anomaly cancellation, and we have used
that sign(ng) = ng for np = +1. This quadratic piece is on the positive (respectively
negative) imaginary axis for ng = +1 (respectively ng = —1). In this manner we see
that u = 0 is a local minimum of Re(V'). Therefore in the rest of this subsection we focus
on ng = %1, and take arg(7) — § to have the opposite sign to ng, i.e. ng (arg(r) — §) < 0.
Using the explicit expressions of Bj23(x) in the range 0 < |z| < 1, and using the
anomaly cancellation conditions, the potentials Vs, Vi, Vj simplify, for ng = £1, to

u)?

Vo (u) = —17;20 (TrR3 - TrR) + imng Z ((1'2 ,

Vi (u) = % (3TR* - ThR) (2.18)
. (rr—1 n

Vo (u) = Z im < 16 —(7”1—1)3) ?0.

I:ﬁ]

Note that, as a bonus, V; also becomes independent of u for ng = 1 and small enough u.'°
We now consider a small neighborhood §¢; around u = 0, defined by the cutoff |u;| < €,
whose contribution to the index is

: Du TaL - U
. ~ —2m 7—Esus f— ~7 2 + = —
I (73m0) )y 0<e =™ Y/€ i :Cl:[4b1nh ( — > exp(—V (u) . (2.19)
+
From the above discussion we have that
Z(t;ng = j:l)‘uj|<6 ~ 2T Esusy 7bend (T510) Zedyl[1 (t5n0) , (2.20)

10We will shortly interpret the quadratic term in V5 as inducing a Chern-Simons type coupling in the
integrand. If the linear term in V; were present, it would similarly induce an FI parameter in the integrand.
While this is impossible for semi-simple gauge theories near u = 0 which we are focussing on in this section,
there are cases of semi-simple gauge theories in which one must expand around u # 0 and as a result one
finds the measure of an abelian gauge theory in the integrand, where such induced FI parameters do arise.
See section 3.3.1 of [49] where the ISS model displaying an SU(2)— U(1) breaking pattern with an induced
FI parameter in the 7 — 0 limit is discussed, and see appendix A of [63] where that induced FI parameter
is given an effective field theory explanation.
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where the background piece is
Zbend (T3m0)

— exp <i” Zg (TeR*-TrR)

_il 3 iTng
o o (3TrR TrR)-i-%: 5

(rr=1)*-2 m—l)))
(2.21)

and the dynamical piece is

Du TOL - U imn a-u\?

dyn (. _ = s 1.2 + U 0 u

Zey (7’777/0) = / W H4Slnh <_17_> exp ( 9 Z (_17_> ) . (222)
o (6%

€
hcl

Here we suppress the dependence of these functions on the gauge group and the matter
content.

To simplify Z&™ further, we first define Tj = %, so that the integral becomes along
straight contours from z; = —=5 to x; = +=5-. With our choice of ng and arg(r), the
integrand is locally exponentially suppressed away from u = 0, so we can complete the
tails of the contours along straight lines to infinity (i.e. send € — +00) introducing only
exponentially small error. The contours make an angle § — arg(7) with the positive real
axis. However, observing that (i) the integrand is exponentially suppressed as |z;| — oo,
and (ii) there are no poles between the contour of z; and the real axis, we can deform the
contours back to the real axis. We thus obtain, with z = (x1,...,2,)

im no

ZW (1:ng) ~ /O:O Dz H4sinh2 (Tray - x) exp ( 5 Z (- x)2> =: ZW(ng). (2.23)

As noted in [41] for A" = 4 SYM, and in [42, 43] for more general groups, Z™ is related
to the partition function of pure Chern-Simons theory [64] on S? as

Zdyn(no) — (_1)(dimG7rkG)/2 ch(kij), (2‘24)

with the gauge group implicit and the same on both sides, and with Chern-Simons coupling
given by
ng
kiz'j = —? (07} Oéj . (225)

«

Notice that Z%"(ng) is independent of 7. The tails completion (i.e. sending € — o) and
contour deformation mentioned above removed the 7-dependence of ZD™ at the cost of an
exponentially small error.

The considerations of three-dimensional effective field theory in the next section show
that Z9" arises naturally in fact as the partition function of three-dimensional N' = 2
gauge theory on S% with the same gauge group and the same CS coupling. (The latter is
well-known to be related to Z°° exactly as in (2.24).)

The above analysis was local around u = 0. We now focus on SU(N) N =4 SYM for
which we know that u = 0 is a global minimum of the leading potential V5 /72 for ng = +1

- 12 —



and no(arg(r) — 5) < 0.1 However, this is not the only global minimum — there are N

isolated global mimima labelled by &k = 1,..., N which are related to u; = 0 by center
symmetry, namely the points u; = (k—1)/N, k=1,..., N [10]. Upon summing over these
minima we obtain

In(T5m0) =~ Ne 277 Esusy Zbgnd(v'; nop) Zdyn(no) . (2.26)

The factor of NV arises from the sum over N minima as explained above. The other three
factors can be calculated by specializing our general discussion to this case:

Egusy = % (N2-1), (2.27)

zP88 (1:00) = exp (—;7; <N2—1) (( n03+ T) + 711027' >+27Ti7"27(N2—1)> , (2.28)

00 N
2 () = / Dz [] 4sinh? (ra;) exp (imON 2%2) . (2.29)
> i<j j=1

In this case the matrix of Chern-Simons couplings reduces to a single level (k;; = kd;;),
and we have
Z9(ng) = (~1)NWV=D2 ZC8(k) . k= —noN . (2.30)

For ny = £1 the SU(NN) Chern-Simons partition was found in [41] to simplify to

ZS(=ngN) = (=1)NO=D/2 exp (5imng (N? —1)/12). (2.31)

Upon combining this equation with (2.30) and (2.26), we obtain'?
In(ring) = N T (N2 1y (T 2Ty 2.32
N (Ting) = N exp( ——5 (N* )(f) : (2.32)

The analogous result for the case with U(NN) gauge group is obtained by adding the con-
tribution of a decoupled U(1) N = 4 multiplet to that of the SU(N) theory:

1 im —ng +27\3  Hwing

IU(N)(T;nO)’:N,exp<—TN2< ; ) - 3 ) (2.33)

This finishes the discussion of our methods illustrated in the special case 7 — 0. Before
moving on to the more general case of rational points, we make a few technical remarks.

Firstly, since we are analyzing the index by estimating its integrand, we need uniform
estimates. For ng = +1, the estimate (A.2) when applied to the chiral multiplet gamma
functions gives uniformly valid asymptotics near u = 0, because the —ngr/2 shift in the
argument takes us safely into the domain of validity of (A.2). For the vector multiplet

" This was shown in [11, 12] where experimental evidence that this is true for a large class of theories
was also discussed.

12For comparison with [16], we set £

= —nb°™/3. The result in that paper contains the number
n € {—1,+1}. This is related to our ng as n = 6B1(—%2). For no = %1, a simple calculation shows
that n = no.

~13 -



gamma functions, however, there is no finite shift in the argument, so (A.2) does not apply
uniformly around uw = 0. We had to use instead (A.13) to obtain uniform asymptotics
near u = 0 for the vector multiplet gammas.

Secondly, we emphasize that our asymptotic analysis is essentially real-analytic (as
in [46, 49]). We only appeal to complex-analytic tools (specifically, contour deformation),
after having done the asymptotic analysis, to simplify the final answer for Z&™ in (2.22)
to the more familiar form (2.23).

Thirdly, we note that when actually doing the saddle-point analysis, one finds that
the dominant holonomy configurations spread into the complex plane, as in the analysis
of [7, 13, 41]. Upon taking the 7 — 0 limit the spreading shrinks, and the answers from
those approaches indeed agree with our results.

2.2 Asymptotics of the index as 7 — Q
We now study the index (2.5) in the limit

T=mr+n—0, (2.34)

with m, n relatively prime, keeping arg(7) away from integer multiples of 7 /2.

As in the previous subsection we first calculate the all-order asymptotics of the inte-
grand. The required small-7 estimates for the Pocchammer symbol and the elliptic gamma
function are given in equations (A.17), (A.23), (A.26). Using these estimates we find that
in the range ay - u € (—= 4, = — §), for some fixed small 4, the integrand of (2.5) can

be written up to exponentially suppressed corrections as

1 . TOoL U _E V (u)
— Sina (u :4112*) —omiF Y .2
exp (—Sind (w; 7)) (71%)1"1{(6,) H sin ( —= exp( mr— - ) (2.35)
The all-order effective potential as 7 — 0 is given by
~ 1 ~ 1~ -
V() = 5‘@(@) + ;Vl(u) + Vo(u), (2.36)
with
~ im —
Va(w) = > = By (mpr-utmér) ,
vaI
_ _ _ _ 1
Vi = 3 i (= 1) Ba(mpr -t mép) + Sim (macuf+5) . ()
I,pI «

Vo (u) = —2mi - dim (@) s (n,m) + Z 2miC (m,n,pl cu— n20r1,r1> ,
Isz

where « runs over all the roots of G including the rk(G) zero roots, I runs over all the
chiral multiplets, and p; runs over all the weights of the representation R;. Here s(n,m)
is the Dedekind sum defined in (A.18) and the function C'(m,n,r, z) is defined in (A.24).

We have defined
2n

&= —— (no + m) ; (2.38)
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to emphasize an analogy with the analysis in [10, 37] of the index with flavor chemical
potential &, although we do not have flavor fugacities in our problem. Note also that we
have separated the supersymmetric Casimir energy in (2.35) as in the 7 — 0 case.

Next, as in the previous subsection we expand the potentials near u = 0. Anomaly
cancellations again lead to simplifications, but here we further assume the theory is non-
chiral (i.e. that p; come in pairs of opposite sign) so that the answer takes a particularly
simple form. Analogously to (2.18) we obtain

i 2
Va(w) =3~ <1§Bg (mé&r) + 2mi By (mé&;) (mpf'“)> 7

vaI 2
Vi(w = Y i (g — 1) Ba (méy) + -dim (G) (2.39)
vaI
Vo () = Vo (0) = —27idim (G) s (n,m) + Z 2miC (m,n, —nzorj,r[> .
vaI

Next we focus on a small neighborhood h¢; around u = 0, defined by the cutoff |u;| < e,
whose contribution to the index as 7 — 0 is

I(T;n0)|uj‘<€ ~ 2T Y / 5 1_[4511r1h2 ( ) exp (—VT(:)> . (2.40)

Upon putting the above discussion together we obtain

~E
—2mitT =

e Zbgnd(r;m,n,ng) ny“(f;m,n, no) , (2.41)

I(T;no)‘ujke ~e
where the background piece is

ZP5 (73m, , no)

T — 1 . — i . ~

= exp ( = Z 7TBg (mé&r) = ir(rr — 1) By (m{;)—l—gdlm(G)—l—Vg(O)) ,
HOI I7pI

(2.42)

and the dynamical piece is

Zgyn(T;mm,no):/é (Dl_[élsmh2 <7TOz+TU>exp (+ 231 m&)(mpl u) )

) i iT
(2.43)
Upon defining the rescaled variable z; = f—ij;, we recognize Zdyn(T'm n,ng) as the CS
partition function on S? with gauge group G and level k¥ = — L Z[,pl Bl(mff)plpl We
mu]

will see momentarily that it is more natural to define the rescaled variable as x; = —
Upon tails completion and deforming the integration contour we obtain

Z5 (13m,n,ng) ~ / Dz [ [4sinh? (WO;; 95) P (+m > Bi(m&n) (pr-z) )

a4 p

= m k(G Z&yn (m,n,ng) .

(2.44)
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Up to the overall m8(&) factor, this coincides [51] with the topologically trivial sector of

the S3/Z,, partition function of ' =2 SYM with Chern-Simons coupling

K9 =~ ""Bi(m&)) pf o) (2.45)
val

While the explicit expression for the dominant potential V5 in (2.37) was derived in a
neighborhood (—% + 0, % —0) of u = 0, it is actually correct more generally, because it
follows from (A.23) which we can use as long as mpy - u+ mé; ¢ Z. Moreover, since p} are
integers and u; appears in V3 in the combination m p;-u, the 1-periodicity of V5 implies that
any holonomy configuration with u; a multiple of 1/m gives the same leading asymptotics
as the u = 0 configuration. In the SU(N) case these non-trivial holonomy configurations

1
u:m:<mlmN> (2.46)
m m m

correspond to

with m; € Z/mZ, and Zévzl mj =0 (mod m).

For n = 1, we can use the estimate (A.31) for the vector multiplet gamma functions
to compute the contribution of the saddles (2.46). The result is similar to (2.40), with the
same 17271 and the same SUSY Casimir piece, but with the dynamical piece modified to
(modulo an overall constant factor)

o0 NaE . B
Zizn (T;m,n,no) 2/ D&l H4sinh2 (7‘(‘04_,_(%4—1771)) exp (+MT Z Bl (mfl) (Pl'x,)2)
m o —

[eE m vaI

::Z&yn (m,n,ng) ,

(2.47)
where €,, indicates that we are considering the contribution from a neighborhood |u; —
mj/m| < €, and the re-scaled integration variable arises as :E; = M This co-

incides (again up to an overall constant factor) with the topologically non-trivial sector
of the partition function of SU(N) Chern-Simons theory with coupling (2.45) on the lens
space L(m,—1) [51].

We expect that similarly for general n, including the contribution of the non-trivial
saddles (2.46) to the index would complete Zgyn(m, n,no) to the full $3/Z,, partition func-
tion, including all the topologically non-trivial sectors. We motivate this expectation fur-
ther from an EFT perspective in the next section where we also present the (n-dependent)
action of Z,, on the S3. The explicit demonstration, which we leave to future work, re-
quires generalizing the estimate (A.31) to arbitrary n, and improving it to include the
overall constant.

The above analysis was local in nature: we considered the contribution to the index
from only a small neighborhood of u = 0. We now study the specific case of SU(N) N = 4
SYM for which we present a global picture of the dominant holonomy configurations.
Note that in the previous subsection rather than performing the global analysis from
scratch we had borrowed the result of [11, 12] that in a certain domain of parameters
(no(arg(r) — m/2) < 0) the u = 0 configuration is globally dominant (see section 2.3 for
the complementary domain).
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mé

Figure 1. The catastrophic behavior of V% (u;;), drawn over the range mu;; € (—1,1), for argm >
5. The control parameter m¢ determines the M or W type behavior.

The global structure of the leading potential for ' = 4 SYM. For SUN)N =4
theory the potential V5 reads

Vo (u; €) = % x 3 ((N — 1) Bs (m&) + Y (Bs (mg + muyy) + Bs (mé + mug’z‘))) :

1<j
(2.48)
where the factor of 3 comes from the sum over three chiral multiplets, and with
€= —1(no+22). (2.49)

As mentioned below (2.45) the expression (2.48) applies as long as u;; + & avoid Z.

We now have to minimize the real part of Va(w)/72 as || — 0. Since the Ujj-
independent piece and the real positive overall multiplicative constants are irrelevant in
finding the dominant holonomy configurations, our problem boils down to minimizing the
potential

V@ (u;j;arg 7, €) = —sign (arg? - g) (Eg (mé& 4+ mu;j) + Bs (mé — mul])) . (2.50)

which is analogous to the pairwise holonomy potential in [10]. As in that work, we first
consider the qualitative behavior of V9. We assume arg(7) — 7 >0, and comment below
on what happens for the opposite sign. We find that the potential is (see figure 1)

M-shaped for 0<{mé&} <1/2,
W-shaped for 1/2 <{m&} <1.

We also see from equation (2.49) that we have {m¢} € {0, 1,2}

The O(1/72) exponent. Let us now assume m,n are chosen such that {m¢} =
{%0_2”} = %, so we are in the M-region with the dominant holonomy configurations
corresponding to {mu;;} = 0. Although this is analogous to the I-center phase in [37],
as mentioned around (2.46) here in fact u;; can be any integer multiple of % All these
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saddles contribute equally to the O(1/72) exponent though, and hence the preceding anal-
ysis around u = 0 gives the correct leading asymptotics of the index, which up to O(1/7)
corrections in the exponent reads

exp (—mﬂ;Q (N2 — 1) Bs (m£)> = exp <—2771n7r%2 (N2 — 1)) ,

for arg(T) > g, {mé&} = {—mno—Qn} _

(2.51)
3

For arg(7) — 5 < 0, the M- and W-regions switch places. So in order to have u;; = 0 as

the dominant saddle we must assume m, n are such that {m¢} = {=%9=22} = 2 In this

case we have B3(2/3) = —B3(1/3) = 1/27, which leads to

exp (_mWTNi2 (N2 _ 1) Bs (m5)> — exp (27;2%2 <N2 B 1)) |

3 il

(2.52)

In the remaining case where {m¢} = {="%0=2"} = (, we have Va(u; €) = 0 and hence
1no O(%z) exponent. As we discuss momentarily there is no O(%) exponent in this case
either. There are thus rk(G) flat directions in the moduli space, leading to a (1/7)™(¢)
growth for the index, as in the ng = 0 and 7 pure imaginary case studied in [49].

The O(1/7) exponent. The O(1/7) exponent comes from Vi/m7. Although the ex-
pression for V; in (2.39) was obtained near u = 0, the O(1/7) exponent is correctly cap-
tured by (A.23), which implies that (2.39) remains correct near the nontrivial saddles
with u;; € L7 as well. So we can specialize Vi in (2.39) to the SU(N) N = 4 theory
and obtain

i —
exp <—~ (N2 =1) (=Ba(me) + g)) . (2.53)
In this case we have that By(2/3) = +B3(1/3) = —1/18, which leads to

exp(—%(m_l)) , (2.54)

9 mT

for arg(7) > % as well as arg(7) < 5. Note that since B2(0) = 1/6, we see from (2.53) that
there is no O(1/7) exponent for {m{} = 0, as alluded to above.

The Chern-Simons coupling. Specializing the Chern-Simons coupling (2.45) to SU(NV)
N = 4 theory we find
S (2.55)

with

(2.56)

i i= 6B, (m¢) = 6B, (‘mno_z") .

3

We emphasize that all the topologically nontrivial sectors necessary for agreement with
an S3/Z,, partition function are present in our analysis, but we leave the investigation of
their explicit contributions to future work.
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The O(7) exponent. The linear (in 7) exponent can be read from (2.40) to be
—2miT Equsy/m. Note again that while (2.40) was derived near u = 0, as the estimate (A.31)
shows the O(7) exponent remains valid near u € % as well (at least for n = 1, and we

expect more generally as well). Since for SU(N) N = 4 theory Egusy = %(N 2-1), we
have the O(T) exponent as in
( S 2 1)~) (2.57)
exp| — -1)7). .
P 2Tm
Summary: the small-T asymptotics for /Y = 4 SYM. We can summarize the

asymptotics of the SU(N) N =4 SYM index analyzed above as follows

Iy (T5n0) ~ N Cn (ng,m,n) exp <_m7;2 (N2 - 1) (7737> ) Zggs/zm (k), (2.58)

for 7 near any rational point —n/m, with

—mng — 2n

T=mr+n, ﬁ:631< 3

) = —sign (arg (7) — 5) , k=—-nN, (2.59)
and with Cy (ng, m,n) an overall constant. Note that we have used 77> = 7 = %1 to simplify
the final expression. Also, by completing the cube inside the exponent we have introduced
an O(79) factor at the cost of redefining C(ng, m, n).

We have only demonstrated that there is a contribution to Zggs/zm(k> from near u = 0
that coincides with the topologically trivial sector of the S3/Z,, partition function of Chern-
Simons theory with coupling k. As mentioned below (2.46) we expect that summing over
the contributions from neighborhoods of the non-trivial configurations u; = m;/m would
lead to the complete orbifold partition function.

We can include the contribution of a decoupled U(1) N' = 4 multiplet in a straight-
forward manner. This effectively changes the dimension of the group in the exponent
to N2, introduces a prefactor 1/7, and change the constant from CN'N(no,m,n) to a new
constant CN”N(no, m,n), so that we have

N = im —7] + 27 3
I (13ng) ~ = C'v(no,m,n) exp(—m?Q N?( 773 ) ) 7G5y, (k). (2.60)

We see that the background (and the SUSY Casimir) piece in (2.60) matches the effective
action (1.5) and, in addition, we have a dynamical Chern-Simons term. In the following
section we explain both these pieces from the point of view of 3d N = 2 field theory.

2.3 C(-center phases

Focussing on SU(N) N = 4 theory, we now move on to studying the 7 — 0 limit of
the index in the W region, which as shown in figure 1 for arg? > m/2 corresponds to
1/2 < {m&} < 1. As before we assume argT is in compact domains avoiding integer
multiples of 7/2 as |T| — 0.

Recall from (2.49) that only the values {m&} = 0,1/3,2/3 are realized in our problem.
But to highlight the parallels with the analysis of partially-deconfined phases in the W
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regions of the (flavored) 4d N = 4 index in [37], we will study the phase structure for
arbitrary {m&} € (%, 1) below, and only at the end specialize our result to the single
“physical” point {m&} = 2/3 in that interval.

Asymptotic analysis of the index for arbitrary {m&} € (%, 1) is difficult for general N,
because finding the dominant holonomy configurations is not possible analytically in the
W regions. Analogously to [37] we consider now the large-N limit (on top of the 7 — 0
limit), and conjecture that the C-center phases suffice for extremizing the potential in the
W region. Also, similarly to [37] we consider only the leading (here O(1/72)) exponent of
the index in the W region.

A C-center holonomy configuration consists of C' packs of N/C holonomies uniformly
distributed on the circle such that the SU(N) constraint is satisfied. While at finite N it
is possible to have such configurations only for C' a divisor of N, in the large-N limit any
integer C' > 1 provides an acceptable C-center configuration [37]. For such a distribution
the “on-shell” value of the potential V5 in (2.48) becomes

- - Nd(d-1) — &K A J
7 =im (V-1 Bome) + 3 LD By )+ S 7 (B (mectm L)+ (me-m %) ) ).
d 2 = C c
(2.61)
where d := N/C. The second term above is the contribution from pairs in the same

pack, and the third term is from pairs with each end on a different pack. To simplify the
above expression further, we use the following identity which can be proven from (A.6)
and (A.21):

zJ (3 (34 m2) B (- n2)) - CBCY _cpa) o)

where g := ged(m, C) and C’ := C/g. Keeping only the O(N?) terms we hence end up with

~ ) B3(C'mé
@@:MN2“b3X (2.63)

Since the leading asymptotics of the index is given as exp(—‘72 /72), we then find the analog
of the main result of [37] (equation (3.19) of that work) for our case to be

o
—0
Ty 2 3o (-
C=1

. (2.64)

imN? B3(C/m§)>

with m& = —%*'2” as before.

The competition between various terms in (2.64) can be visualized by comparing the
exponents as in figure 2, which shows the range of A := {m¢} for which a given phase
dominates when arg7 — 7/2 > 0. The figure implies that for the “physical” values {mé} =
1/3,2/3, the index is respectively in the 1-center, and 2-center phase when arg7 — /2 > 0,
and vice versa for argT — m/2 < 0. As mentioned above, for {m&} = 0 the index is
in a confined phase and does not yield exponential O(N?) growth. Therefore up to an
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005} 1-center

Figure 2. The functions C'~3B3(C'A) with €' = 1,---,13, for 0 < A < 1. For 0 < A < 1/2
the blue curve corresponding to the fully-deconfined phase takes over. The take-over of the orange
curve signifies the partially-deconfined 2-center phase in the corresponding region (1/2 < A < .72),
and so on.

o(N?/72) error in the exponents we have the following simplification of (2.64) by restricting
to C' =1,2:

~ inN2 & inN2 B3(2mg)
0 —Y2_ Bs(m [ LIPL s R LAl 22
Tnee 220 ¢ e B3O |~ T (2.65)

This is the analog of Conjecture 1 in [37].

Since B3(2/3) = —B3(1/3), we see from (2.65) that the action of the 2-center saddle
has the opposite sign and is smaller in absolute value by a factor of 8 compared to that of
the 1-center saddle.

3 Asymptotics of the 4d index from 3d field theory

In this section we consider the dimensional reduction of the four-dimensional N' = 1 gauge
theory on a Hopf surface. This surface is topologically S® x S! and we reduce along
the S! fiber. The dimensionally reduced theory describes a three-dimensional dynamical
gauge supermultiplet coupled to background three-dimensional supergravity on S2. The
Wilsonian effective action of the gauge multiplet can be calculated by integrating out the
tower of massive Kaluza-Klein modes, and the resulting theory is described by a functional
integral over the gauge multiplet fields with this effective action. We find that the functional
integral of the three-dimensional theory can be written as a perturbative expansion in 7.
The singular terms in the expansion behave as O(1/72) and O(1/7), and are captured
by three-dimensional effective field theory. In particular, these terms are independent
of the dynamical fields, and are completely accounted by the (supersymmetrized) Chern-
Simons couplings of the background supergravity. The result agrees with the corresponding
singular terms in the microscopic expansion (2.26), (2.28).

The all-order asymptotic formula from the microscopic index includes, in addition to
these singular terms, constant and linear terms in 7. Using a localization argument we
show that the constant term in 7, besides a background part, has a dynamical piece cap-
tured by the integral over the fluctuations of the dynamical fields in three-dimensional path
integral, which is essentially the partition function of N' = 2 supersymmetric CS theory at
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level £N. Finally, the linear term in the microscopic formula is precisely the supersym-
metric Casimir energy which is needed to translate between the microscopic Hamiltonian
index and the macroscopic functional integral.'® In this manner the full asymptotic for-
mula for the four-dimensional index is explained by three-dimensional physics. The fact
that the asymptotic formula does not contain any higher order terms in 7 implies a non-
renormalization theorem, namely that there are no corrections to the three-dimensional
effective action at any polynomial order in 7. We leave the explanation of this interesting
point to future work. Finally, we show that corresponding statements also hold near ratio-
nal points when 7 — —n/m. Here we present evidence that the relevant three-dimensional
manifold is a Z,, orbifold of S and the results agree with the microscopic asymptotic
expansion given in (2.58).

We begin by recalling the functional integral definition of the N’ = 1 superconformal
index on S3 x S!. In the Hamiltonian trace definition (1.2) we have two chemical potentials
that couple to linear combinations of the two angular momenta Ji, Jo on S% and the U(1)
R-charge Q. This is equal to the supersymmetric functional integral of the theory on S3x 5!
with twisted boundary conditions on the fields as we go around the S'. Equivalently, one
can explicitly introduce a background gauge field (for the R charge) and background off-
diagonal terms in the metric (for the angular momenta) in a manner, so as to preserve
supersymmetry. As explained in [66], such background configurations can be obtained as
solutions to the condition of vanishing gravitino variations of off-shell supergravity (and
then taking a rigid limit so as to decouple the fluctuations of gravity).

The relevant background configuration for the calculation of the 4d superconformal
index for complex 7 and nonzero ny was studied in [5] in the context of 4d new minimal
supergravity [67, 68]. Recall that the bosonic fields of new minimal supergravity are the
metric, a gauge field A" and another vector field V™™ which is covariantly conserved.

The background configuration [5] preserving the supercharges (Q, Q) is'*

ds? = dt% + 6% + sin? 0 (dpy —iQy dtg)” + cos? 0 (deg — i Q dtg)?

3.1
P ) P a1

Here 6 € [0, /2], the angles ¢, ¢ are 2m-periodic, and the Euclidean time coordinate has

the independent periodicity condition'®

tg ~tg + . (3.2)

13The supersymmetric Casimir energy that appears in our asymptotic formulas is the one given in [62].
Note in particular that (unlike in [5]) this is independent of ng. We can understand this in the path-integral
picture by appealing to the result in section 4 of [10] (based on the regularization method of [65]) which
demonstrated that the supersymmetric Casimir energy is independent of flavor fugacities when they are on
2mi(=nor1/2) ig effectively a flavor fugacity in our problem.

14 A real metric corresponds to pure imaginary ;. General complex §2; correspond to analytic continua-

the unit circle, and by noting that e

tion in the background metric.
5Tn [5] the parameter v was called .

- 29 —



This configuration admits the following Killing spinor which is identified with Q,

eiztE
e = 8 L (3.3)
Y
e—iZtE

The twist parameters €2;, ® are related to the chemical potentials o, 7 in the index as

follows'6 - n
w; w1 t+w .
with
wy =27io, wo = 2TiT. (3.5)

In this section for ease of presentation we focus on the case with 1 = Q9 = , which
implies 0 = 7 = %(1 — Q). The partition function on the above background is related
to the index Z(o — ng,7), which for o = 7 coincides with the index Z(7;n¢) in (1.3). In
appendix D we comment on the more general case with {2, # (29 and hence o # 7.

The four-dimensional supersymmetric partition function of the theory corresponding
to the Hamiltonian index (1.2) can then be expressed as a functional integral of the gauge
theory with 4d A = 1 chiral and vector multiplets on the background (3.1).!7 As discussed
in [5], this functional integral localizes to an integral over flat connections of the gauge field
on the KK circle,

}{ Al = 2w, (3.6)

The Wilson loop (3.6) maps to the scalar in the three-dimensional vector multiplet in the
KK reduction. We now proceed to derive an expression for the supersymmetric partition
function of the three-dimensional gauge theory.

3.1 Dimensional reduction to three dimensions

We first consider the reduction of the above four-dimensional background as a configuration
in three-dimensional supergravity. In three dimensions we use the off-shell supergravity
formalism [69-72], and follow the treatment [34, 73-75] for the reduction from four to
three dimensions. The bosonic fields in the off-shell three-dimensional supergravity are the
metric, the KK gauge field (the graviphoton) written as a one-form ¢, a two-form B, and
the R-symmetry gauge field one-form A®. The equations are often presented in terms of
the dual one-form v = —i * dc and the dual scalar H =i dB.

We begin by writing the background in (3.1) as a Kaluza-Klein (KK) compactification
to three dimensions, i.e. a circle fibration on a 3-manifold M3. We define the rescaled S!

Y =vV1-Qtg, (3.7)

Here (QF,Q5,0%) = (1,1, %) are the values of the potentials on the supersymmetric BH solution.

"More precisely the Hamiltonian index equals the functional integral for the supersymmetric partition

coordinate

function up to the supersymmetric Casimir energy factor [62, 65].
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which obeys the periodicity condition
Y ~Y +27R, R:%m. (3.8)
Writing the metric (3.1) in the KK form,
ds? = dsj + (dY +¢)?, (3.9)

we find that the graviphoton field is

c=cydat = —i (sin2 0 degy + cos? 6 d¢2) , (3.10)

Q
V1-02
and the metric on the 3-manifold Mj is

dsj = g, dat dz¥ = d6? + sin? 0 d¢] + cos® 6 d¢3 — . (3.11)

The three-dimensional metric obeys

sin 20
Vg = Wik (3.12)
We see that we effectively have a KK reduction on a circle of radius R.
In order to study the effective theory in three dimensions, we consider the limit R —
0. From the relation (3.8) we see that this is implemented by taking the original circle
size v — 0. Our eventual interest is in the limit 7 — 0. The question is how to correlate
these two limits of v and 7. If we take v — 0 first, then we see from the relation (3.4)
that @ — oo and from (3.12) that M3 shrinks to zero size. Although the local Lagrangian
involves background fields and terms such as the Ricci scalar which diverge in this limit,
the three-dimensional effective action turns out to be finite. We can understand this in a
cleaner manner as follows. We first scale 7 and « to zero at the same rate keeping € finite
and fixed, i.e. take v = e7 with fixed e = 271/(2—1), and only take £ — 0 at the end of all
calculations. In particular, the three-dimensional calculations are all performed at finite ¢,
i.e. on smooth backgrounds. The action turns out to have two pieces, one of which stays
finite and the other vanishing in the limit € — 0, and, in particular, there are no diverging
terms in this limit. Thus we can safely take the limit {2 — oo at the end of calculations.
In this limit we have that R — 7, so that the effective field theory answers are effectively
written as a perturbative series in 7.
In the treatment of three-dimensional background supergravity we need the Hodge
dual of the graviphoton,
v=uv,ds" = —ixdec, (3.13)

whose value in the above background is

v

- = (sin?0 dgy + cos? 0dgs ) (3.14)

so that v# =2Q(1,1,0). The associated Chern-Simons action is

S (e) :/ cNde=1i Pz \/gotc, . (3.15)
M3 M3
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The identification between the four-dimensional and the three-dimensional gauge fields
is made by comparing the respective Killing spinor equations. As shown in [34, 75],

one has'®
1 1
SO = Vi =W, H =", Al = AT — AP, + 30 (3.16)
The background gauge fields in (3.1) are given by
T no i
At = ——+4+ — | dY vt = _———dY 3.17
(-7 +am) o i—a (3.17)

so that the auxiliary fields in the background supergravity multiplet are

v = =2V ey, H =11, Af = (A" + W) ey (3.18)

(The above equation for v, is consistent with equations (3.10), (3.13).)

We now discuss the Kaluza-Klein reduction of the dynamical gauge multiplet. The N =
1 gauge multiplet in four dimensions reduces to an AN/ = 2 gauge multiplet in three dimen-
sions, whose bosonic field content is a vector A,, a scalar o, and the auxiliary D field.
These are related to the four-dimensional fields as follows,

ot=Ay, A=A —-Ayc,, D=D-AH, (3.19)

and the three-dimensional fermions are the reduction of the corresponding four-dimensional
fermions. As discussed above, the theory localizes on the BPS configurations given by
A = 7 ay, D'=0, (3.20)

with vanishing values of all other fields in the off-shell gauge and chiral multiplets. In the
three-dimensional theory the non-zero fields on the BPS locus are

U’:E, AL:_EC’“ DZ:_EH- (3'21)
3.2 Effective action and functional integral of the three-dimensional theory

We now turn to the calculation of the partition function of the three-dimensional supersym-
metric theory that we just discussed. Our strategy is to first calculate the three-dimensional
Wilsonian effective action of u;, and then use this to calculate the three-dimensional parti-
tion function. The tree-level action (coming from a mode expansion of the four-dimensional
theory) consists of matter-coupled super Yang-Mills theory. The full quantum effective ac-
tion of the three-dimensional theory is obtained by integrating out the tower of massive
KK modes on the circle. In order to calculate this action, we draw from known results in
the effective field theory in three dimensions.

The effective field theory on backgrounds of the type M3 x S}% was studied in a general
context in [52, 53], and in the special context of supersymmetry in [25, 26]. The resulting

18Tn [75] it is assumed that V@™ = A}P™, which is not satisfied in our background. Therefore we follow
more closely the treatment of [34].
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three-dimensional action begins with a term proportional to 1/R? and continues as a
perturbation expansion as the radius R — 0. At each order in R one has a combination of
three-dimensional actions of the background and the dynamical fields, which are all related
by supersymmetry to a certain Chern-Simons term. The Chern-Simons terms are of the
form [ Mz Az NdAy, where A, and Ay represent the various gauge fields. As discussed in the
previous subsection, these are the dynamical gauge field, the background graviphoton, the
background R-gauge field, and the spin connection. We follow, and review in appendix B,
the treatment of [26] for the supersymmetrized Chern-Simons action of all the background
and the dynamical gauge fields up to O(R®). The full effective action also includes RR and
gravitational supersymmetrized CS terms discussed in [56], which turn out to be crucial
for our purposes.

It follows from the above discussion that the overall coefficient at each order in R
can be fixed by calculating the coefficient of the Chern-Simons terms themselves. These
coefficients, in turn, can be obtained by integrating out all the fermions coupling to the
corresponding gauge fields. The resulting induced Chern-Simons coefficient is one-loop
exact. Thus the strategy is to integrate out the fermions in each KK mode, write the
resulting Chern-Simons action, and sum over all the fermions in the theory. The KK
momenta of the fermions take the values py = ky /R, with ky = n+ %2, n € Z. The
shift ng/2 appears because of the gauge fields in the background (3.1). (Recall, for example,
that the four-dimensional Killing spinor (3.3) has momentum ng/2.)

The result for the complete action obtained by integrating out a fermion f of R-charge r¢
and transforming in a representation of weight pf under the gauge group is given in ap-
pendix B and take the following form,

08} 1oop = Sty + 25 g + Ship + Shiay - (3.22)
The terms in (3.22) depend on the real mass my (related to the central charge appearing in
the three-dimensional algebra). The first two terms depend on the dynamical gauge field.
On the configuration (3.21) they take the following values,

~ .osgn(m
Sé-g = ggl(%gf) (pr-u— kY)z Ams
e () (3.23)
QSé_R = —iWMQ’I"f (pf-g—k‘y) LM3,

S8R

where Apq, and Ly, are functions of the three-dimensional background given in (B.11).
The last two terms in (3.22) do not depend on the dynamical gauge field, and given by

. sgn (mg 1
SE—R = —im é ) (rfz - 6) R, ,
(me) (3.24)
. sgn (mg
Sérav = - 102 GmMs,

where Rp, and Gy, are functions of the three-dimensional background given in (B.3).
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In appendix C we calculate the values of these background actions.'® As explained
above, we perform the calculations keeping R, € finite so that the three-dimensional physics
is manifestly smooth. The result is that there is a smooth limit as v — 0 keeping fixed .
The limiting values of the actions are as follows,

Apgy = —4, LM3:—4(1—:§B>,
2 (3.25)
T,
Ry, = —4 (1—2;) , G, = —16 4+ 4 Ry, -

Using these values, we obtain the total effective action of the fermion f to be

.osgn(ms 2 .osgn (myg
5S£-loop =17 g2](%2) (Pf ‘u—ky — %no T'f) + 1 (my) Tt (pf cu—ky — %no rf>
sgn (mg) o . sgn(my)

+i7TTT'f —IWT.

(3.26)

Now we turn to the sum over all the fermions in the theory. The value of the real mass
is given in (B.7) to be, as R — 0,2
1 1

Men =~ 3 (pf ~u—mn—3ng (re+ 1)) , (3.27)
In order to obtain the full effective action we now have to sum over all the fermions. For
the chiral multiplets, this implies summing over all the weights in representations ps € Ry,
as well as over all momenta labelled by n € Z. The summation over KK modes can be
evaluated using

ngn(n—l—m)(n+:ﬁ)j_1 =—-Bj(z), (3.28)

nez J
with z = pg-u — ingry, for j = 1,2,3 (cf. section 4 of [10]).?! Here we have used the
relation 7 = r7 — 1 between the R-charge of the fermion and that of the bottom component
of the multiplet I to which the fermion belongs.

19We note that there is a subtlety with the gravitational CS term in (B.3), concerning the dependence of
the term on the frame [64]. There should be a choice of frame which is consistent with the supersymmetry
and the 4d to 3d reduction. We do not work out the details of this issue in this paper, and instead rely on
consistency with [56] where this term is obtained indirectly by considering integrating out chiral multiplets.
We thank Cyril Closset for a discussion on this point.

20Tn fact the first three terms in (3.26) sum up to

T ps-u—n—inor;+ (rr —1)R ?
1§sgn(mf) 7 ,

and, using (3.28) with ¢ = ps-u—n— %no r7+ (rr — 1) R to perform the sum over the KK modes, we obtain
an effective potential which reproduces the chiral multiplet contributions in (3.32). Essentially the same
comment can be made in the microscopic analysis of section 2.

21Here, the sgn function is interpreted as applying to ms with R a real positive number (which therefore
scales out of the formula so as to give sgn(ps-u — %no rr)). Note that in the subsequent formulas R is taken
to be complex.
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For the vector multiplet contribution the analysis is quite similar: there is a tower
of massive KK gaugino modes that are integrated out. These generate CS actions whose
supersymmetrization yields the vector multiplet contribution to 0.Si.100p- In the present
context there is an important difference with the chiral multiplet analysis however. Near
u = 0 there is a single gaugino mode in the tower that has real mass of order a - u/R,
and is therefore considered a “light” mode for small enough | - u|. Therefore we do not
integrate out this mode and, instead, keep it as a dynamical mode in the path integral of
the three-dimensional theory.

More precisely, recall that the nth KK gaugino mode associated to a root « of the
gauge group has py = (n+ng)/R and hence a real mass (a-u—n —ng)/R. Therefore the
mode corresponding to n = —ng is light near o - u = 0. We now describe how removing
this term from the sum over the KK tower modifies the result compared to the chiral
multiplet computation. The vector multiplet contributions is a sum over roots « that
come in pairs £a, as a result of which they give vanishing contributions to the quadratic
and constant terms in u in the action of a single KK mode. We therefore focus on the
contribution to the linear term in w, which is proportional to 1/R. The calculation is
similar to the corresponding chiral multiplet calculation. Upon summing over all the KK
modes, we obtain the vector multiplet contribution from a root a to be

i /
% Zsgn(a-@—n—no)(a-g—n—no), (3.29)
ne

where the prime indicates that we are not including the light mode corresponding to n =

—ng. Upon adding and subtracting the n = —ng contribution, we obtain, using (3.28),
i /—
= (Ba(a - w) + o ul). (3.30)

Now, since we are interested in the proximity of u = 0, we use the fact that for |z| < 1 we
have Bs(z) = 2® — |z| + ¢, to simplify the result to

im

= ((a cu)? + é) . (3.31)

Upon putting all the pieces together, we obtain the total one-loop correction to the
Wilsonian action of the three-dimensional theory, which we call Veg(u) (we justify this
name below). We have

Vest (@) - Z Z 5‘9{-100p

f prERs

1 = )
=ir >y <23R2 B (Pfﬂ—%noh)Jr%BQ (pf-g—%nora (3.32)

Ipr
+%Z ((aﬂ)2+%>+((”_1)2_%) B, (Pf'u—%nm“l)) .

We now localize the path integral of the light gauge multiplet mode that was excluded
from the sum (3.29), using its Wilsonian effective action, which consists of the tree-level
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action coming from the light n = —ng mode in 4d, as well as the one-loop action 6S51-100p
derived above (in the bosonic sector, which is relevant for the localization calculation)
from integrating out the heavy modes. It is useful to keep in mind the different but
related problem of calculating the partition function of superconformal CS theory coupled
to matter on Mj [57, 76]. In that case the theory localizes onto arbitrary constant values
of the scalar o and is supported by the auxiliary scalar H. The measure including the
one-loop determinant of the localizing action in the non-BPS directions is??

0 T4 - O
/ thf thf H4Slnh <_1u)thf> Slnh <_1u_}t23hf> 5 (333)

with wi¥ the moduli of the transversely holomorphic foliation (THF) [78] of M3, which
we expect to be
1-9Q
thf thf _ .
_ thf _ . 3.34
w1 ) "1 0 ( )
Recalling from (3.21) that ¢ = w;/R, and adding the contribution from §5].100p
n (3.32) (which although arises at one-loop in high-temperature EFT, contributes as a
“classical” piece in the localization computation), we obtain the final result for the three-
dimensional partition function

Z(r) = / = 1_[451nh2 ( )exp( Vert(w)) - (3.35)

Noting that the supersymmetric partition function and the Hamiltonian index are related
s [62, 65]
Z(7) = e*™TEsusy T(7) | (3.36)

we see that the result (3.35) agrees precisely with the microscopic result (2.9)-(2.12).

We emphasize that while the above derivation of Vog in (3.32) applies to u near 0,
it can be easily extended to generic finite u by modifying the vector multiplet discussion.
For generic u, the non-Cartan components of the n = —ng mode of the vector multiplet
are also heavy, and ought to be integrated out. Consequently the sum in (3.29) would no
longer have a prime, and we end up with V]" as in (2.13) rather than V; in (3.32). This is
the EFT derivation of the finite-u potentials V; o found microscopically in [12].

On the other hand, when ng = 0, the small-u discussion leading up to (3.32) needs to
be modified because now the chiral multiplets have light modes (corresponding to n = 0).
As in the discussion around (3.29) the light mode should be removed from the KK sum
and instead be included in the dynamical part (to be localized). Indeed, it is well-known
that for ng = 0 the constant piece of the small-7 expansion coming from the u = 0 saddle
contains the (localized) S? partition function of the dimensionally reduced chiral as well
as vector multiplets [49] (see [79-83] for earlier work on the connection between 4d indices
and S partition functions).

22Compare with section 5 of [77], noting that for squashed 53 with squashing parameter b one has wi™ =

ib, wi' = ib™'. We leave the derivation of (3.34) from the metric (3.11) to future work.
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A technical remark is in order regarding our EFT derivation of (3.35). To reproduce

the desired asymptotics, we have sent (= % = 5?1) — 0, and hence 2 — 0o, when

evaluating the CS actions in appendix C. It would be interesting to have a formula of the

type (3.35) for v — 0 at finite €, which would imply that Q and the resulting 3d geometry
would be finite-sized.??

Finally, as discussed in appendix D, we find that the effective potential for 7 and o
not necessarily equal is given by making the replacement

1 1 1 T+0

— —
R2 To' R 21 0

(3.37)

in the effective potential (3.32). The singular pieces are indeed in agreement with the
microscopic calculations reported in [11, 12].

3.3 Rational points

We now turn our attention to the limit of 7 approaching a rational point. In the discussion
of the previous subsection we used the fact that the radius of the circle R equals 7 which
becomes small in the limit, so that we could use an effective three-dimensional description.
Now we are interested in 7 = m7 +n — 0, with n,m € Z (with no common factor) as
in [13]. In terms of the variable 7 we have that w = 27iT = 27i(7 — n)/m so that

2win 2wt

=1- + : (3.38)

0=1+%
v mry mry

and the four-dimensional metric background (3.1) is now

2 2miT 2
dﬁ:d@+@¥+gﬁe<wq—7mdm—¢<y+ﬂ”>dm>
mry mry

9 ori 9 (3.39)
+cos? 0 <d¢2—mth—i <1+ 7r17'> th> .
my mey
In terms of the following new coordinates and new parameters,
~ ~ 2miT ~ 2
vy =my, Q=1+ TT, ¢i:¢i—gt}3, (3.40)
gl Y
the above metric is
2 2 2 .2 e e 2 2 ~ L~ 2
dsy = dty; + dO” + sin“ 0 (d¢1 — 1thE) + cos“ 6 (d¢2 — 1thE) , (3.41)

with ggl, qz~52 being 2m-periodic as before, and the periodic identification going around the

time circle is
2t~ 27m)

(tE,$1,$2)N(tE+Z,51—ma¢2—m (3.42)

ZThe recent work [84] presents such a derivation, although using a background different from ours. The
precise relation between the two backgrounds is not clear to us at the moment.
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The metric configuration (3.41) with the identifications (3.42) is simply a global identifica-
tion, or orbifold, of the configuration considered in the previous subsection with the new
parameters (7, T, §~2) replacing (v, 7, 2).%*

On the covering space, going around the time circle shifts ty — tg + 7 and 51 —
<;~51'+27m. The latter identification can be trivialized by using the independent 27-periodicity
of ¢;, so that we have the identification (ZE,qgl ,52) ~ (tg + 3.1, b2 ). On this con-
figuration we can perform the dimensional reduction to three dimensions. The relevant
considerations of the previous subsection go through exactly as before with the replace-
ment (v,7,9Q) — (3,7,9Q). Actually, because the gauge holonomies on the cover wrap a
circle m times larger than the original S!, we also get a replacement uj — mu,;. More-
over, since &5 (which equals —ngr;/2 for (m,n) = (1,0)) effectively plays the role of a
flavor chemical potential in our problem as mentioned around (2.38), we expect a similar
replacement —ngry/2 — m&r. We can see this replacement arise more directly as follows.

We multiply the first term in (3.26) by %5’ and the second term by . This amounts
to v — my and u; — mu; as mentioned above, but also ky — mky (which corresponds
to keeping only the singlet modes under the Z,, quotient) as well as ng — mngy. On
the other hand, writing AY™ in (3.17) in terms of 7 instead of 7 amounts to yet another
replacement ng — ng + %" Combining these two effects yields the desired —ngr;/2 — mé&;y
replacement.

With the preceding substitutions in the results of the previous subsection, we thus
arrive at the potentials 172,1 in (2.37). We then take the Z,, quotient which has two effects
as usual. Firstly it reduces the volume of the three-dimensional space, and secondly it
introduces new topologically non-trivial sectors in the path integral over the gauge-field
configurations. The change in calculations involving local gauge-invariant Lagrangians will
therefore be only a reduction in the action by a factor of m. This explains the reduction
of the effective potential by a factor of m as in (2.35).

Finally we discuss the constant terms (in 7) arising from the functional integral over
the dynamical gauge multiplet. There are a few subtleties. Firstly the actions like the
gravitational CS action will depend on the global properties of the orbifold. Then we need
to calculate the partition function of the orbifold space with a background graviphoton.
Assuming as in the previous subsection that the expected THF moduli arise, and that by
re-scaling and contour deformation (as discussed around (2.44)) the THF moduli can be
replaced with those of round S3, the calculation presumably reduces to an S3/Z,, partition
function as in [51, 76, 85, 86|, with the Z,, action following from (3.42) to be

~ ~ ~ 2mn ~  27mn
(¢17¢2> ~ <¢1 - 77432 - ) ) (343)
m m
which for n = 1 coincides with that of the lens space L(m,—1). Here one has to be

careful about how the measure on the space of constant scalars o; is affected by the four-
dimensional orbifold (3.42). We leave these interesting questions to future work, noting

24We learned about these orbifolds from a talk by O. Aharony at the Stony Brook seminar series in
November 2020 [40].
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that the result of these considerations indeed agrees with the microscopic answer (2.58),
with the O(7) piece explained by the supersymmetric Casimir energy factor as before.

Note added. The paper [84], which appeared on the arXiv the same day as the first
version of this paper, has some overlap with our section 3. The paper [87], which appeared
on the arXiv soon after, has some overlap with our section 2.
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A Asymptotic estimates of the special functions

Al -0

We first consider the limit 7 — 0. More precisely, in the rest of this subsection we as-
sume arg(7) is in compact domains avoiding integer multiples of 7 as |7| — 0.
For the Pochhammer symbol (g; ¢) the small-7 asymptotics is standard:

(as |7] — 0). (A1)

(g:q) ~ o ( 2mi 27ri7')

—ir P\T24r T 24
Recall that the symbol ~ means that logarithms (on appropriate branches) of the two sides
(assumed to be non-zero) are equal to all orders in the small parameter (here in |7]|).

For the chiral multiplet elliptic gamma functions we have the following estimate, valid
for any r € R, uniformly in z over compact subsets of R\ Z (see Proposition 2.11 of [46]
or equation (3.53) of [49]):

2 .
) B g 2 T )

B3 (2)
672

e (rm+2z) ~exp (—27ri (
(A.2)

as || — 0. Here B;(z) are the periodic Bernoulli polynomials defined, for z € R through
their Fourier series expansion,
(27Ti)j L , errikz

i Bj(2) =3 3 (zeR, j>1). (A.3)
keZ

The prime in the above formula means that k£ = 0 has to be omitted, and that in the j = 1
case — where the series is not absolutely convergent — the sum is in the sense of Cauchy
principal value.
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For z € R\Z, we have B(z) = B;j({z}) with {-} := -— -] the fractional-part function.
When j > 1 this also holds for z € Z (and so B;(Z) = B;(0)). When j = 1 on the other
hand B;(Z) = 0, while B;(0) = —1/2.

The Bernoulli polynomials are uniquely characterized by

Bo(u) =1, B;(u) = ij_l(u), B](O) = Bj(l) for i>1, (A4)

and the first three non-trivial ones are explicitly

1
Bl(:r):x—i,
1
Bsy(x) :xz—x—i—g, (A.5)
3 1
— 3 _ 22, =
Bs(z) = 5% + 5%

The connection between B; and the Bernoulli polynomials can be verified by first
noting that for j = 1 the left-hand side of (A.3) is essentially the Taylor expansion of the
logarithm function, and then observing that B; are uniquely characterized by

Bo(u) =1, B;(u) = ijfl(u), BJ(O) = B](l) forj > 1.
With the aid of (A.3) one can easily prove relations such as

Cc-1 5]
Z B3 (a? + E) = w — B3 (z) (Raabe’s formula) (A.6)
= C C

and

5 () () o
E (5(3) (o) -3 () 3 (=) -0

valid for m,n € Zq relatively prime and = € R, by using the Fourier expansion of the
Bernoulli functions, and swapping the sum over Fourier modes with the sum over £.2°

The estimate (A.2) is particularly useful for the chiral multiplet gamma functions
in (2.6) when the integral is dominated by the 1-center holonomy configurations with z; —
zj = 0. This is because the complex phase 27n/3 shifts the argument of the chiral multiplet
gamma functions safely into the interior of the domain z € R\ Z where the estimate is
uniformly valid. On the other hand, since the vector multiplet gamma functions in (2.6)
lack such phase shifts in their arguments, the estimate (A.2) is not appropriate for them
near the 1-center holonomy configurations when 7 — 0.

ZNote that similar operations with B; are not allowed, because its Fourier expansion is not absolutely
convergent. This is the source of sophistication of the Dedekind sum defined below in terms of By — or
more specifically the source of the nontrivial dependence of (A.18) on n. (Readers familiar with Eisenstein
series might recall similar “anomalous” behavior from FEo and its associated elliptic functions.) A closely
related fact is that §j>1 are continuous, but ‘B; has discontinuities on Z.
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The estimate (A.2) is not uniformly valid, with respect to z, over intervals containing
Z. There is a well-known improvement of it around z = 0 however, which is valid uni-
formly over compact subsets of (—1, 1), and we will use for vector multiplet elliptic gamma
functions in the index. It reads (see Proposition 2.10 of [46] or equation (2.16) of [49])

Fe(T‘T + Z) ~ eQTriRo(TT+Z;T) Fh(’r’T + 27, 7—)’ (AS)
where 5 ) ( 2)
z z 14577) 2 1 T
= 2 T ), - A.
Bo(zm) = —g5 +5; 272 127 12 (A.9)
and 'y, (z;w1,w2) is the hyperbolic gamma function.
Using the estimate (A.8) and the “product formula”
! 4si (m) si <m> (A.10)
= —4sin( — |sin | — |, .
Lp (75 w1, w2) Th (=25 01, w2) w1 wa
the next estimate follows (cf. equation (2.18) of [49]):
1 —Ami R (27) 4 s (7rz> ) < 7TZ>
_— ~ T \5T) 4 — - A1l
To (2) T (—2) e sin { — ) sin — ) ( )
valid uniformly in z over compact subsets of (—1, 1), with
Ro(z;7) 4+ Ro(—2;7) 22 1 T
F () = ’ L= Al
B (=) 2 o7 T 127 T 12 (A-12)

Note that since I'e(z + 27) [e(—2z 4 27) = m, and sin(iz) = isinh(z), we can
write (A.13) alternatively as

—1T

To (2 + 27) Do (—2 + 27) ~ e~ 4 RS (=57) 4 ginh? (m) . (A.13)

While we have presented two separate estimates (A.2) and (A.13) for the chiral and
vector multiplet gamma functions, both of them can in fact be derived from the “central
estimate” (A.8). Deriving (A.2) from the central estimate requires only an extra step to
simplify the hyperbolic gamma functions arising from (A.8) using Corollary 2.3 of [46], as
explained in Proposition 2.11 there.

A2 7—-Q

We now consider
T=mr+n—0, (A.14)

with m,n relatively prime. More precisely, in the rest of this subsection we assume
that arg(7) is in compact domains avoiding integer multiples of 7/2 as |7| — 0.

To obtain the asymptotics of the Pochhammer symbol we note that for integer a, b, ¢, d
satisfying ad — bc = 1 with ¢ > 0, we have

n (Z::::S) = exp (27Ti (GQch — % 3 <C;’ C>>) (c7'+d)1/2 n(r), (A.15)
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with s(d, ¢) the Dedekind sum

c—1

¢ —

s (d, - - .

o)=Y B ( ) (A.16)
(=1

Since the ged(m, n) = 1, there exist integers a, b such that an—bm = 1. Now we use (A.15)

with (¢,d) = (m,n). Noting that at + b= a(7 —n)/m + b = a7/m — 1/m, we obtain

1 2mi 2miT
q) ~ _em i Al
(¢:9) — exp< Sams g, TS (n,m)> ; (A.17)

in the limit of our interest. Our Dedekind sum is explicitly

mzl 35 ( 5) | (A.18)

To obtain an estimate for the elliptic gamma function we first note the identity [45]

2(m—1) 2(m—1)
I'(¢Gaa) = [[ TEdsqm qmmt=tm=l H D(¢e~ Mg ; , )™ 1D
=0
B (A.19)
with § = €277,
Using (A.2) on the right-hand side of (A.19) we get
1
%loch (2)

m—1
N—% ( E(Bg (z—l—n—nZ) + B3 (z—i—n—kné))—&-mBg <z+n)>
67 — m m m m m
n—1
—1~< €(<“—1> B, (z—|—n—n£>—|—<2m“—1> B, <z+n—|—n€)>
2T =t m m m m m m

(A.20)
Now using the identity,?° for ged(m,n)=1, k > 1,

5 (5 (st o7 (o)) oo - amim, a

26See equation (4.54) in [13] or equation (3.12) in [37]. A simple proof is possible via (A.3).
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and (A.3), we can simplify (A.20) to

I\ (2) ~ exp (_27ri (Ba(mz) _ Ba(mz) + Clmyn, 2) — 1127~_>> 7 (A.22)

m 672 27

for mz € R\ Z, as T — 0. Here C(m,n, z) stands for (—m times) the fourth and fifth lines
of the right-hand side of (A.20).
Generalizing the above derivation in a straightforward manner leads to

il B n. o _r—1
Lo (2+477) ~exp (_2m7r1 (Bg(mz—nr)+(r_1) W—I—C(m,n,z,r)—i—m?)) ,

672 27 6
(A.23)
for r € R. This is the analog of (A.2) for 7 — 0.
The explicit expression for C'(m,n, z,7) is
C+r— 21\ = n +r
_” 1) -2 \B RAA
C(m,n,z,r) = {Z€<<< ) 6) 1(Z+m nm>
— — 2 _ —
+<<2m brr 1—1) —1>B1(z+n+n£ r) (A.24)
m 6 m m

() ) m i)

The estimate (A.23) is important to derive our results for the asymptotic expansion of
the index near the roots of unity. It is valid uniformly over compact subsets of z € R\ %
because using (A.2) on the right-hand side of (A.19) is allowed only if z — n% ¢ Z for
£=0,...,m—1.

We can also use (A.19) for z near 0. More precisely, on the r.h.s. of (A.19), for
fixed z € (=1, L), we can use (A.13) for the £ = 0, m terms, and use (A.2) for all other /.

m’ m
With the aid of the “reflection formula”
Ty, (a: + 21 ;WQ;wl,m) Iy, (—x + @1 ;WQ;wl,m) =1. (A.25)

which gets rid of the hyperbolic gammas arising from ¢ = m, and using the “product
formula” (A.10) to trade the hyperbolic gammas arising from ¢ = 0 for hyperbolic sines,
we obtain

4i ~ N ] . _
T (5 Te (=) ~ exp (-mRBL (2;7) + 4mis (n, m)) 4 sinh? (—ﬁ-) , (A.26)

where 5 o N
Dt (. =) — mz i L A2
RS (=7) =+ g + 13- (A.27)
This is the analog of (A.13)—(A.12) for 7 — 0, and is similarly useful (i.e. uniformly valid)
in a neighborhood of z = 0.
An estimate similar to (A.26) for z near general nonzero Z can be obtained as well. We

focus for simplicity on the n = 1 case (i.e. 7 — ——) We erte z = ly/m + 2" and appeal
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to (A.19). We have to use the estimate (A.8) for £ = £y, £y +m, and the estimate (A.2) for
all other ¢ in the product (A.19) for I'¢(2). Similarly we have to use the estimate (A.8) for
¢ = —{ly+ m,—lo + 2m, and the estimate (A.2) for all other ¢ in the product for I'e(—2z).
The result is (up to a constant phase that we suppress)

1 o % +m222 1 T "

- _o~exp| 2| bY—r—"o— -+ —
Fe(2)Te(—2) P mT 2 6m

K f()-i-]. _ Z m—fo-i—].

Iy 2+ —07', T, T Iy, (-2 + m 07’, T, T (A.28)
m m ’
-1
/ m—~Lp—1 om — f lo—1
Ty (2’—{— °+m%,%,%> T (—z’—{—m 0%,%,%) .
m m

Using the reflection formula (A.25) we can simplify the above product of the hyperbolic
gamma functions to find (up to the neglected constant phase)

1 o % +m22? 1 n T 5
—— ~exp| 27| >t—"— — =+ —
Le(2)Te (—2) P mT 2 ' 6m 2 (A.20)
14 .y -
{Fh (Z’ + R T, ?> Iy <—z’ + 05 5 %ﬂ :
m m
Now we use®”
o I T
T (2, 7,7) Tp (—x + 7,7, 7)] 2 — _4sinh? <~) , (A.30)
—iT

to simplify (A.29) to (up to the neglected constant phase)

1 1om2.2 = T (2 + LF
ﬁ o~ exp <—27ri [W + T]) 4 sinh? ((~> . (A.31)
e(—2

Fe(2)T mT 6m —iT

B Supersymmetric three-dimensional Chern-Simons actions

In this appendix we present the bosonic part of supersymmetrized three-dimensional Chern-
Simons actions. We work in the context of three-dimensional N' = 2 supersymmetric gauge
theory coupled to off-shell three-dimensional supergravity. We first collect all allowed
Chern-Simons terms including background and dynamical gauge fields, and then write the
corresponding supersymmetrizations, following the presentation of appendix A of [26]. We
then evaluate the actions for the field configurations that we consider in section 3.

The CS terms have the form

1

72y, Ar Ay (B.1)

where x and y run over all possible gauge fields and with a coupling that we discuss below.
Below we present the bosonic parts of the supersymmetric completions of the various cases

*"This relation can be proven using the reflection formula (A.25) together with T'p(z + 7,7,7) =
2sin (Lf)rh(l',T, 7).
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-y, following [26, 56]. Firstly we have the gauge-gauge and gauge-R CS terms,

i 1 vp Ai iy . ol
SgR = = » d3x NG, <6“ pA” Oy (A/()R) - %vp> +iD'H +i T (R(?’) + 20" + 2H2)> .
(B.2)

Here i,j are Cartan labels for the gauge group, A is the three-dimensional gauge field,
D is the D-term auxiliary scalar of the three-dimensional N' = 2 vector multiplet, o is
the (Coulomb branch) scalar of the three-dimensional N = 2 vector multiplet, A is the
three-dimensional background gauge field for the R current, v* = —ie#? 9, ¢, is the Hodge
dual of the graviphoton ¢, (the background U(1)xk gauge field), H is the scalar in the
supergravity multiplet, and R®) is the Ricci scalar of Ms.

Then we have the background R-R CS terms and the gravitational CS term for the
spin connection w,

1

Ray=7 [ da g <€ul/p (AP —Lv,) 0, (AP -1 vp)+15 (R<3>+2vuv#+2H2)>,

Gm, = % /M3 d3z\/g (e“”p Tr (w#&,wp— %wﬂwywp) +4etP (ALR) - %v#) Oy (AgR) - %vp)) .
(B.3)

Finally we have the CS actions involving the graviphoton. These are gauge-KK, R-KK,
and KK-KK, whose bosonic parts read [26]

i 1 vp pi cyiy s
Sy KK = = /M3 d3x\/§ <6M PAuaucp—lD +ic H) ,
SRKK = = d3x\/§(iv“ <.A(R)—1v >)—iv“v +3H2—3R<3>)
) 72 Ms " 2 H 2 H 3
SKKKK—*/ dPr /g (ivte, —2iH) = / dx /g (P c,dyc,—2iH) .

(B.4)

The equations (B.2), (B.3), (B.4) together make up the complete list of CS terms. As we
explain below, when we have a KK reduction these actions can be combined together into
a succinct expression in a natural manner.

The coefficients of the above actions are obtained by calculating the coefficients of the
CS pieces, which are obtained by integrating out all massive fermions that couple to the
corresponding gauge fields. Integrating out a fermlon f with real-mass m; and charges ef, ezf/
under the gauge fields A, A, generates the term ? Jay Ax A dA, with coefficient given
by the one-loop exact formula (we follow the conventions of [25])

_ %T f sgn (my) el e, (B.5)

The contribution of the fermion to the coefficient of the gravitational CS term is given by
(see appendix A of [56])

~ 193 ngn me) (B.6)
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The full effective action of the theory is the sum of the actions (B.2), (B.3) (B.4) with
coefficients obtained by summing (B.5), (B.6) over all the massive fermions in the theory.
(The actions with = and y different appear twice in the final action — as z-y and y-z —
and therefore need to be multiplied by a factor of two.)

The situation of interest in section 3 is the Kaluza-Klein reduction of a four-dimensional
theory on a circle of radius R. The bosonic fields in the three-dimensional vector multiplet
are written in term of the 4d fields in (3.19), and the three-dimensional fermions are the
reduction of the corresponding 4d fermions. Consider a fermion of R-charge r¢ transforming
in a representation of weight pf under the gauge group. The tree-level real-mass of a KK
mode of this fermion is given by (in the convention of [25])

1
i = — (pf Ay —py —rpdpm L ;?m) , (B.7)

2
where A™, V™™ are the 4d background R-gauge fields given in (3.1). Note that py also
enters (B.5) as the charge of the fermion under U(1)kk.?® Since we take R — 0 at the end
of the calculations, it is enough to keep only the singular pieces in the formula (B.7).
Using these relations we proceed to write the three-dimensional effective action directly
in terms of the dynamical 4d fields. The contribution of the actions coming from (B.2)
and (B.4) to the full effective action can be written as the sum of the following two actions,

] . 8gnmg) ;5 ij i i
Sgg = —im i é ) (Pf Pt s + 2Dy pisgxi + DY SKK_KK)
= —im sgn8(mf) ((pf Ay — py)2/ d*z /g (ivtc, — 21 H)
M3
+2(p- Ay =py) [ a2 (<10 (- A) 41 (pr- D)
3
G @ e A) B, (e Ag) (B.)
3
2 ng—R = —2im géf) Tf (pf Sg.R T PY SR-KK)
= —2ir Sgnémf) ry

. 1 1 1 1
((pf - Ay — py) /M3 d*z /g (—1 vt (.ALR) — 21@) +1 51}" v, —1i §H2 +i 4R(3)>

+ [ e (@ o 4 00 (A = 50,) +1 (- D) H)) . (B.9)

28In the Euclidean context that we discuss here, the background fields A™™, V™™ and the effective
radius R are complex. The definition (B.7) is thought of as an analytic continuation, and is read off from
the coupling of the fermion to the other fields and parameters in the component of the covariant derivative
along the KK direction Y. The quantity m; appears in the main text in formulas for the one-loop correction
From the expression e.g. (3.26), we see that it appears only as the function sgn(ms). Then the sgn function
needs to be appropriately defined. As discussed below equation (3.28), we can do that by defining it for
real R, and then continuing the formulas to complex R.
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Finally we specialize to the BPS configurations considered in the main text, given
in (3.21). The above two terms take the following value

~ . sgn(myg) 9
Sfif-g = S R2 (pf ‘U kY) Ams
san(ms) (B.10)
2Sé_R:—i7T & d 27 (pr-u—ky) Ly,
8R
where A, and Ly, are functions of the three-dimensional background,?”
1
Apm, = —2/ Pz /g (ivte, —2iH),
7% My
(B.11)

1 . . 1 1
L, = 7T2/M3 dgac\/§ (—w“A/(LR) +1v“vﬂ—12H2+14R(3)) .

We now turn to the remaining terms in the full action, namely those coming from the
terms in (B.3),

1
Sk R = _iﬂsgn8(mf) (T? _ 6) R, ,
(me) (B.12)
. sgn (mg
S;rav = —I7 W GM3 .
Note that both Raq, and Gaq, contain AW A dAB) terms, and it is the sum of the
corresponding coefficients that is fixed by (B.5). Since the coefficient in Sérav is fixed

by (B.6), the shift —1/6 in the coefficient of Sk  serves to cancel the A A dA') term
The final result for the action of the BPS configurations up to O(R?)
obtained by integrating out a fermion f is given by the sum of the actions in (B.10), (B.12).

coming from Sérav.

C Values of supersymmetrized Chern-Simons actions

In this appendix we record the values of various terms in the supersymmetrized actions of
appendix B evaluated on the configurations discussed in section 3. We first recall from sec-
tion 3 the values of the various fields entering the actions. The three-dimensional metric is

ds? = d6? + sin? 0 d¢? + cos? O dep3 — 2, (C.1)
the graviphoton and its Hodge dual are

Q
CcC = —lﬁ (Sin2 9 d¢1 + COS2 6 d¢2) y v =

The auxiliary background supergravity multiplet fields are

i R_(T_m 1
= (R Ly TQJ%. (C.3)

The four-dimensional gauge fields are

A;:EZ, D'=0, (C.4)
**To compare with [26] note that An, = —AVC® and L, = i LS.
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The Chern-Simons action for ¢
S8 (¢) = / cNde=1i Pz \/gvtc,, (C.5)
Ms M3

evaluates to
Lo — % _ _1iog (C.6)
472 1—-02 ) )
The other building blocks for the actions of the background fields in the three-dimensional
theory are given below, including their limiting behavior as v — 0 with 7 fixed

(i.e. as Q — o0),

ﬁ S _ ﬁ /MS /g H = M — (), (.7)
4%2 ) _ 4%2 » & ot v, = (1_9;)3 —0(y), (C.8)
S = o [ Vi = —2(1_192) — o), (C.9)
4%2 S — 4%2 /MS &Pz /g R® = _2_(16—+§?)23 =0(7). (C.10)

D Dimensional reduction for the case 2; # (25

We begin by writing the background configuration in (3.1) as a KK compactification to
three dimensions, i.e. a circle fibration on a 3-manifold Ms. We have

ds? = ds2 + e (dtg +¢)* , (D.1)
where the metric on M3 is
ds? = G dat da” = d6? + sin? 0 d¢? + cos? O dp3 — > &2, (D.2)
and the graviphoton and KK scalar are

e? =1—-02sin?0 — Q2 cos? 6,

D.3
F=¢,dat = —je 2 (Ql sin 0 dgy + Qp cos? 9d<;52> : (D-3)

For the case Q; = Qy = Q, we have that €?? = 1 — Q2?, so that the graviphoton ¢ defined
in (3.9) is related to ¢ as ¢ = e? ¢. The magnitude of the volume form in three dimensions is

1
V3= 3 e % sin26. (D.4)
The associated Chern-Simons action

505(5)2/ E/\dE:i/ B G5e, (D.5)
M3 Ms
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(where v = —ixdc is the Hodge dual) evaluates to

/2 in2 010
SOS(3) = 4n2 0y Oy / sin 20 49 = 47° 1072 (D.6)

0 (1—Q2sin20—0%cos20) (1-07) (1-93)
For the identification between the four-dimensional and the three-dimensional fields, we
follow the treatment of [34] applied to the metric (D.1). The result is

I 4

- 1
5 T =V = VR, H=¢%V,, Aff:AEm—A?g‘Eu+§e¢Uu. (D.7)

The values of these fields are
e, = —2VPMe¢, =2i¢,, H=-ie?, (D.8)

(1 1 4 i ~
Al}f:1<2 (Q1+Q2)—1> C“+§e¢U“:§(QI+Q2) Cp - (Dg)
We can now calculate the various actions as in appendix C, and we find that, in the v — 0,

Q) — oo limit we have the effective replacement

1 1 1 _)T—Fa
R? TO R 210

in the effective potential (3.32).

(D.10)
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