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1 Introduction

Understanding the zero-temperature properties of a physical system is a fundamental prob-
lem in theoretical physics. Such a limit is expected to be far from trivial for systems with a
large ground-state degeneracy. In the context of AdS/CFT duality [1] varying the temper-
ature of a conformal field theory (CFT) corresponds to deforming the boundary conditions
that fix the dual AdS string/gravitational observable. Sometimes the latter observable can



be obtained from an action functional evaluated at a classical gravitational configuration.
When this dual configuration is a black hole, the temperature of the CFT is naturally
identified with the Bekenstein-Hawking temperature [2]. Other chemical potentials are
identified as well, on both sides of the duality, by matching the background geometry in
which the CFT is quantized upon, against the boundary conditions fixed by the dual AdS
geometry [3, 4].

In the context of AdS;/CFTy a zero-temperature limit reaching extremal and su-
persymmetric (BPS) black hole solutions [5] within a larger family of non-extremal and
non-supersymmetric ones [6, 7], has recently gotten attention [4, 8-10]. On the CFT side of
the duality, it has been shown [4, 11-19] that such a limit reduces the statistical properties
of the strongly coupled system to that of a simpler subsystem of states preserving the same
supercharges as the dual BPS black hole, more precisely of states in the cohomology of
such supercharges. In these limits, the thermal partition function reduces to a refinement
of a Witten index, known as the superconformal index [20-22].

In the canonical example of AdS;/CFT, duality, where the CFTy is 4d SU(N) N =4
SYM, the superconformal index is a function of various chemical potentials, among which
one finds angular velocities and other potentials dual to R-charges. A simplified version
of such an index depends on a single combination of angular velocities and R-symmetry
chemical potentials that we will denote as 7 = 7 + ite, with 71 and 75 being its real and
imaginary parts. For convergence reasons, the parameter 7 is assumed to span the upper
half complex plane.

Using the index as a tool, a landscape of exotic phases has been recently identified [23]
in certain limits [23-27]. These phases accumulate along the real axis at 7o = 0, more pre-
cisely when 7 approaches generic rational points within appropriate angular sections. The
corresponding limits are called generalized Cardy or Cardy-like limits. They correspond
to a large charge/spin semiclassical expansion (independent of the large- N expansion). As
shown in [23], at large N, a Cardy-like limit of the index corresponds to a large R-charge
(Q) and large angular momentum (J) semiclassical expansion of the index, for which the
ratio between large vacuum expectation values C}—; remains finite. The same happens at
finite N [28, 29] (as follows from the analysis of section 3.3 below).

Although these results have been found using the superconformal index, in virtue of
what was explained above, these phases also emerge in a zero-temperature limit of the
physical partition function, at generic gauge coupling; more precisely, in a double limit.
The first and dominating one is the zero-temperature limit dual to the gravitational BPS
limit above recalled, and the second and subleading one is the Cardy-like limit. A physical
or geometrical understanding of the properties of these phases has been missing so far. The
aim of this note is to contribute to filling such a gap.

We will argue that these phases are topologically ordered and that the effective theory
of vacua is (up to dualities) the gauged SU(N); WZNW model on T,. These vacua will be
shown to correspond to a set of bound states of an operator B supported over two discon-
nected T, punctures. Four-dimensional gauge invariance is shown to imply the existence of
edge modes at the worldvolume of each of the two-component surface operators. These edge



modes organize in representations of an affine SU(N); Kac Moody algebra. Previous re-
sults and consistency arguments coming from the representation theory of quantum groups
constrain the interactions between the worldvolume theories at each of the two surface
operators to be such that the effective theory of B becomes topological in the Cardy-like
limit. The remaining partition function then is essentially reduced to counting the number
of vacua in which the bound field B can condensate, which, e.g. in the limit 7 — 0 is N.
The bound-state perspective also exists away from the Cardy-like limits, but in that case,
one may expect its effective theory to have less constrained dynamics.

The condensates of B, and thus the (m,n) phases, are shown to carry fractional elec-
tromagnetic flux, with electric flux proportional to m and magnetic flux proportional to n.
They are also shown to be characterized specific electromagnetic Zg\l,) one-form charges.

Let us summarize the content of the paper. In section 2 we explain what we mean
by emergent topological order in Cardy-like limits and set up the stage for the following
sections. In section 3 we revisit relevant backup material which has been already developed
in the literature. After giving a brief introduction to the concept of one-form symmetry,
section 4 proceeds to explain why and how the (m,n) phases, i.e. the states on which

the operator B condensates in the Cardy-like limit 7 — —* carry both, electromagnetic

5\1,) one-form charge, the latter being the order parameter of

flux and electromagnetic Z
the corresponding phase. To complete the analysis presented in section 2, in section A,
we show how four-dimensional gauge transformations induce a global SU(N); Kac-Moody
action on the phase space of flat connections at a punctured 2-torus, and bootstrap the
form of the effective action in the presence of the operator B in Cardy-like limit (We do so
by using classical results in the literature). In section 5 we conclude with a summary and

some questions for the future.

2 The origin of topological order

This initial section explains what it is meant by the emergence of topological order in
SU(N) N =4 SYM.!

For the purposes of this manuscript we find convenient to focus the presentation on
4d N' = 4 SYM. But our conclusions can be applied to more general examples, as the key
assumption we rely on is (at least in some limit):

e that the partition function and correlation functions of the corresponding system
reduce to integrals over the moduli space of flat connections.

This implies that our argument covers other cases such as, for instance, certain limits of
non-supersymmetric theories like four-dimensional pure SU(N) Yang-Mills theory.?

!The driving idea of the discussion presented in this section is closely related to the one used, for instance,
n [30], and [31, 32], to infer the relation between supersymmetric gauge theories, quantum groups, and
Bethe ansatz construction.

2A case that has been recently studied in [33].



2.1 The main idea

The superconformal index of four-dimensional N/ = 4 SYM can be understood as a path
integral of the form

7- /[DA#][. eV 2.1)

where Q is one of the supercharges of PSU(2,2|4). The selection of Q corresponds to the
selection of a superconformal Killing spinor on S1 x S3 a twisted version of S7 x S3 with
metric

2 2
ds® = dt}, + d6* +sin? 0 (d¢>1 + %ﬁTth) + cos? <d¢>2 + %ﬁTth) : (2.2)
that we will comeback to introduce later on around equation (3.13). $3 is the period of the
Euclidean time tg, and 6 € [0, 5] and ¢12 ~ ¢12 + 27.

The V in (2.1) is a Q-odd functional of fields defined in such a way that the part
of QV that only includes bosons is semi-positive definite along the contour of integration
that defines the path integral. This integral can be exactly solved [4, 34] by cohomological
path-integration methods [35], a method that has been further developed in the last two
decades and it is nowadays known as supersymmetric localization [36]. The localization

method reduces the original path integral to an integral over flat connections

/ DAL = / (DAL (2.3)
Fu=0

Suppose we puncture S; x S3 by excising the 75 defined by the constraint 6 = 0
on (2.2). Then, at least formally, one can define the path integral of e=<V with fixed
boundary conditions for the tangential components of the gauge field A, at 6 = 0: let us
call these boundary conditions A,. As for every other field at the puncture, including the
normal components of the four-dimensional gauge field A, one integrates over them. The
result of such a path integral must be a (two-dimensional) gauge invariant functional of A,

I% = e Sl (2.4)

with a Schwinger-Dyson quantum effective action S eff'3 This action needs not to be
local, and indeed in the process of integrating out other degrees of freedom, determinant
contributions for A, can arise, for instance, from integrating out charged matter fields (as
it is well known to happen in closely related examples [30]).

_ D[A,] x
1= / vol(orbiz A) o (2:5)

where by vol(orbit A,), we denote the volume of the orbits induced by the action of the

Formally

four-dimensional gauge transformations upon the 2d connection A, .

3The contributions coming from the gauge-fixing Fadeev-Popov determinant associated with the four-
dimensional gauge degeneracy can be understood to be part of the effective action.



The localization formula (2.3) implies that

_ D[A,] « _/ D[A,] x
1= / vol(orbit A) "= Fia[A,]=0 vol(orbit A,) 1 (26)

where Fo denote the components of the field strength tensor along the excised T5. Thus:

o The localization method can be used to reduce the path integral (2.5) to an integral
over the moduli space of two-dimensional flat connections A,.

More precisely, the localization method constraints the effective action Sj; 5[A,] to be a
closed element (not necessarily exact) in the equivariant cohomology of the moduli space
of flat connections on T5.

Applying non-abelian equivariant localization* one could expect to further localize (2.6)
to a sum over a disconnected set of families of flat connections L. Indeed, starting from a
matrix integral representation that will be reviewed below, the index can be reduced to a
form [24, 38, 39] — that we schematically represent as —

(L)

1= ; Hl—loop(L) (27)

5 These L’s are called Bethe roots or fixed points of an equivariant action. The positions
of these fixed-points are defined by Bethe ansatz-like equations. The Hi.jo0p relates to
the determinant of the kinetic operator of a localization-exact deformation of the effective
action in Soq -

In conclusion, the path integral (2.5) — which in principle runs over generic regular
field configurations A, — localizes to a path integral over the moduli space of 2d flat
connections [37]

A, = -G 1, Gy . (2.8)

Such an integral can be always recast in the form

_ D[G] WA (G
I_/ (vol (trivial Gy)) © e (2.9)

with G being a regular map from the torus 75 to the group SU(N). By vol(trivial Gx)
we mean the volume of the space of maps with trivial holonomy.

The interesting problem is not to write down the formal expression (2.9), but to de-
termine the correct effective action Wi that, again, needs not be local. Of course, further
cohomological reductions must be possible on (2.9), as it is already known to be localizable
to the Bethe ansatz form (2.7).

So far, we have discussed three different lower-dimensional representations of the su-
perconformal index, (2.6), (2.7), (2.9), the first and the last one, formal, the second one,
as we will recall below is entirely explicit. The three of them will be helpful next.

1A review of this method can be found in [37].
5Some of these L’s can be continuous families of solutions, and integration over such a subfamily must
be considered. To keep our presentation as simple as possible we are ignoring this subtlety.



Bootstrapping the two-dimensional effective theory at x. Let us focus on the
representation (2.6).
The gauge covariant data in a flat connection A, is encoded in path ordered holonomies

M, = Pelit=t, (2.10)

where ¢ is a generic (space-like) one-cycle in Ty and A,—; =: A, denote the component
of A, along the cycle /. Formally, the set of OPEs defining the effective theory at x is
encoded® in the factorization properties of the covariant correlators

D[A,] —SX[A4)]
_— -e MylA 2.11
/Vol(orbit Aw)e e 1:[ bl (2.11)

where r denote irreducible representation of SU(N).
The gauge invariant data is encoded in traces of the correlators (2.11)7

DAY sp A
———————— e T2a-ef 0 (Tr My[A,]) ... (Tr My[A 2.12
/ vol(orbit A,) ¢ (r1r el44]) (rf (l4]) (2.12)
If one infers a product algebra (OPE) associated to the factorization of the covariant
correlators (2.11) (assuming such a factorization exists) then one could use that to constrain
the possible two-dimensional effective theories at the 2-torus puncture (up to dualities).

2.2 A universal quantum group structure from gauge invariance

Classical results [40-44], which essentially rely only on the algebraic structure (2.13) be-
low [41], imply that the subset of correlators (2.11) for a fized cycle ¢ factorizes as follows
from the fusion rules of representations of Uy(SU(N)).8
In appendix A.1 we show that SU(N); KM algebra
—i[Af (@), 45(a)] = = 6% Oer(@ — @) + Gper(@ — &) fLAY (@) (2.13)
is the global current algebra induced by the four-dimensional gauge transformations over
the phase space of tangential component A,_, = >°, A} X, of a flat connections along a
cycle v = ¢ — with worldline coordinate o« ~ a4+ 27 — at the punctured boundary x. The
X, are a basis of matrices for the adjoint representation of SU(N). As Z and S); must
be invariant under the transformations induced by four-dimensional gauge transformations
then the space of modes over which the effective measure [ D[A, = —iG*d,Gy] is defined
over — must split in representations of such SU(N); KM algebra.
The SU(NN); KM algebra carried by the A,’s is known to induce a Uy (SU(V)) quantum

i

group structure in the OPE among holonomy variables M, [40-44] with ¢ = exp 1 N

6...by using a map that in principle depends on the two spacetime coordinates in x.

"Notice that products involving monodromy operators along disconnected loops ¢;—1,..., can be always
understood as a monodromy operator along a connected loop with pieces of the contour cancelling pairwise.
We are not demanding the effective theory to be topological.

8A review of the results of [40, 41] is left for future work. In this manuscript we are simply borrowing
their results.



Relying on the results of [41], the monodromy matrices M, are bound to behave as T-
matrices of an underlying integrable system, in the sense that they satisfy the so-called RTT
relations with respect to the R-matrix of Uy(SU(N)), more precisely the RTT relations
are known to be equivalent to the defining commutation relations of U,(SU(V)) [41].
The Ay’s that are related by trivial four-dimensional gauge transformations,? form ir-
reducible representations of the affine Kac-Moody algebra (2.13). Single gauge orbits are
classified by a gauge-invariant observable, which should depend on the irreducible represen-
tation. Irreducible representations of both the affine Kac-Moody algebra and U,(SU(N))
can be labelled by the labels of their highest weight state, which we schematically represent
with the letter r. The monodromy operators give a natural gauge-invariant observable

OpAf] = TrM[As]. (2.14)

Moreover, as only states that belong to the same irreducible representation r are related
by trivial gauge transformations, we conclude that:

o The localized gauge orbits L (Bethe roots) are in one-to-one relation with irreps r of
the quantum group Uy (SU(N)).

This implies that in a limit of Z where only Ny localized gauge orbits remain un-
suppressed
Ny = a # of irreps r of Uy(SU(N)). (2.15)

Now, what is equation (2.15) useful for?

The OPE among “gauge orbits” L — represented by the operators Oy[A,]|— is fixed by
the Uy (SU(N)) structure (more precisely by the so-called co-product structure, which will
be not reviewed in this manuscript). The finite set of L’s that dominate the corresponding
limit of Z, must be closed under the previously mentioned OPE structure, otherwise the
quantum group symmetry would be broken and consequently the four-dimensional gauge
theory would be anomalous, which we know it is not the case.'?

There exists a unique set of irreps of Uy(SU(N)) which is closed under the OPE
structure above mentioned, it is the so-called set of integrable representations. For ¢ = eTIN
such a set is composed of NV elements — the corresponding integrable representations —
which are known to be counted by the partition function of SU(N);/SU(N); WZNW model
on TQ, a TCFT2

Of course, one can always consider direct sums of such OPE-closed set and that implies
that the number of gauge orbits Ny must be a multiple of N, i.e., that

No|N, (2.16)

which is in a sense a sharper statement than (2.15).

9Represented as vol(Trivial G« ) in (2.9), where by trivial we mean that the corresponding map generates
a connection with trivial monodromy along every one-cycle £.

This OPE’s must match the answers obtained from (2.12) in the corresponding limit. As far as we
understand, there are not many of such possible closed OP E-structures.



For example, in the limit 7 — 0 where Ny = N, the constraint (2.16) implies that
the two-dimensional effective theory at the puncture must be equivalent (or dual) to the
gauged SU(N);1/SU(N); WZNW model on T5.

The previous analysis implies also other partial conclusions:

o To each gauge orbit L one can associate one of the N fundamental representations
of SU(N) (the antisymmetric tensor products of the defining N-dimensional repre-
sentation) which we denote with the letter r, and a gauge invariant non-local (line)
excitation/operator Oy[A4,] at a fixed Cauchy surface (line) .

o The latter N gauge orbits L are in one-to-one relation with the N (chiral) confor-
mal blocks of the parent (ungauged) WZNW model: which are the degrees freedom
counted by the partition function of the gauged WZNW model [45-48].}1

o The non-local operators Oy inherit an OPE structure (at fixed time) which is equiva-
lent to the Verlinde fusion algebra [42] of the underlying U,(SU(V)). Thus, in phys-
ical terms, the corresponding excitations are a one-dimensional higher generalization
of three-dimensional Anyons [52-54]. The worldvolume spanned by the propagation
in time of the excitations created by the operator O in the Hilbert space of the
four-dimensional gauge theory at a fixed Cauchy surface, is not a line — as it is the
case for Anyons propagating in three-dimensions and more generally for point-like
particles propagating in any dimension — but a surface. Thus, the corresponding
excitation is non-local, more precisely one-dimensional at a fixed-Cauchy surface.

2.3 Another perspective on the gauge orbits L: the fibering operator and
condensates

This subsection presents a different approach. The superconformal index Z can be written
as an expectation value of a surface-operator F in a different supersymmetric twist of
N =4 SYM when the theory is placed on Ty x Sy [38]

T=(F)p,xs, - (2.17)

The F is the so-called fibering operator [38, 55]. This is a surface operator that wraps the
Ty. The (...) means expectation value in the four-dimensional A-twist of N' =4 SYM on
T2 X S2

ds? = dt* + (dpa + 7dta)? + (d04)? + sin? 04 (depa)? (2.18)

with 64 € [0, 7] and ¢4, x4 € [0,27] and tq4 ~ t4 + S.

11p particular, the conformal primaries of the parent(ungauged) WZNW are also in one-to-one relation
with the latter gauge orbits L. The conformal spectrum of this CFTy [49, 50] is defined by the one of the
integrable or highest weight representations of its chiral affine algebras (2.13) [51], — that is because the
corresponding mass matrix is diagonal —. Thus, the conformal primaries of this theory are in one-to-one
relation with the integrable representations of the chiral affine algebras (2.13) [51], and of those of the
underlying U, (SU(N)).



Let us briefly review the approach of [38, 55]. After using supersymmetric localization
to compute the expectation value in the right-hand side of (2.17)!? the authors found that

F(L)
Fm s , = E , 2.19
< >T2 S - H(L) ( )

where F(L) equals the integrand of (A.16) evaluated at a specific set of configura-
tions L. These configurations correspond to vacua of the dimensionally reduced A-twist
(on T3) [38, 55|, namely they correspond to SU(N) flat connections on 7. These con-
nections are parameterized by N — 1 complex variables v,, and they are subject to the
identifications

Vg ~ Vg +1, Vg ~ Vg +T. (2.20)

The positions v, of the vacua {L} are determined by a Bethe ansatz like equation

— ¢ e =1, a=1,...,N—1. 2.21
QN (2.21)
which we write/solve (in Cardy-like limit) below in equation (D.7). The Qq, a=1,..., N—1
are called Bethe ansatz operators (the definition of @, for SU(N) N =4 SYM is recalled
in (D.2)). The fixed-points'? relevant to the present discussion are

7 (mt1 +n), (2.22)
with the label @ = 0,..., N — 1 denoting different solutions L. (2.22) is not a gauge invari-
ant characterization of the orbits L. In terms of the v,’s the gauge-invariant representa-
tive Oy[A,] localizes into character x,(v) of the Lie group SU(/V) for some representation r.
These representations r are emergent in the sense they need not be just the adjoint, which
is the unique representation carried by the fields in the perturbative Lagrangian formula-
tion of the theory. In this case the irreps {r} denote the finite-dimensional highest weight
representations of the Lie algebra SU(N) that descend from integrable representations of
the affine Kac-Moody algebra (2.13) at level k = 1, the ones labelled by the N fundamental
weights of SU(N).'* They are also related to the labels @, i.e., different values of @ are in
one-to-one relation with the N fundamental irreps r of SU(N).

Ref. [38] noticed that the one-loop exact computation of the four-dimensional A-twist
observable (2.19) on T3 x So, can be identified with the one of the superconformal index on
S1 % S3 after identification of KK modes in the two different manifolds. We will comeback to

12 not to be confused with the twisted S x S3 partition function in the right-hand side of (2.1) that
instead localizes to (A.16) [4, 34].

13These are saddles of the twisted superpotential W. The fibering operator F and # are defined in
terms of WW. These definitions, which are not relevant to our discussion below, can be found in the original
reference [38].

! These are the finite-dimensional highest weight representations of the simple Lie algebra SU(N) that
comes from the projection to grade 0 generators of a given integrable representation of the affine algebra
SU(N)g=1.



this identification below. Using this observation the authors conjectured and perturbatively
tested (2.19) in some examples. Later on reference [39] derived the same formula

=> ZEE; : (2.23)
L

following an entirely independent approach. This approach does not use the relation with
the A-twist on T» X Sy, as it relies only on the quasiperiodicity properties of the analytic
extension of the integrand of (A.16). More recently, this formula has been understood to
be a realization of the Atiyah-Bott-Berline-Vergne equivariant integration formula over a
double dimensional space of complexified holonomies. This is shown in version 2 of [24] (to
appear). In section 3.1 we will use this last perspective to revisit the computation of the

asymptotic exponential growth of the superconformal index Z in the limits 7 — —%.15
Note that (2.23) is a concrete realization of the general discussion above given, with the
natural identification HII_IXOE)Z)L) ~ ;EB A6 The formula (2.23) is called the Bethe ansatz
representation of the superconformal index. The L’s correspond to condensates of the
surface fibering operator F on the trivially fibered Th C T x S5.'7 On S; x S3 these
condensates translate into topological fluxes localized at two two-torus punctures x; and

X9, i.e., at the worldvolume of B. Let us explain how this happens.

Surface operators and condensates. The natural identification between the coordi-
nates in (2.18) and the coordinates of a rotating spacetime (3.13) is
1 — @2 Pt

04~ 20, XA~ ————, oA 5

5 ta~1tg. (2.24)

Then the non-trivial fibration transforming (2.18) into (2.2) is implemented by the shift
dopa + 7dty — (doa + 7dta + cosOadi)y). (2.25)

As mentioned before, with these identifications and transformation (2.25) the spectrum of
eigen-modes contributing to the computation of the A-twisted path integral in the geome-
try (2.18) is equivalent to the one relevant for the computation of the superconformal twist
in the geometry (2.2) [4], as observed in [38].

The main partial conclusion we will draw next is that:

o A generic smooth gauge connection along the 75 C T3 x Sy corresponds to a singular
gauge connection on the four-dimensional space 57 x S3. These singularities can be
understood as a surface operator B that wraps two disconnected To’s C S1x S5 (3.8):

This is because the cycles ¢; and ¢o that add up to form the cycle ¢, the one that the
operator F fibers over Sy to recover Sy x S3, are contractible at § = 0 and 6 = 3,

15We note that this approach to the Cardy-like expansion is independent, and thus complementary to,
of the one studied in the companion paper [29].

16Note that we do not identify Hi-100p(L) = H(L), that is because there could be determinants coming
from integrating out matter or ghost fields included in the definition of Z*.

"Tn a sense the expectation value of the fibering operator at the state L, F(L), can be interpreted to be
the expectation value of the operator O.

~10 -



respectively. For instance, a gauge connection of the form A;, # 0 and A,, = 0 would
translate into a singular gauge connection Ay, = Ay, # 0 on Sy x S3. In other words, the
latter gauge connections define an infinite density of flux localized at the 2-tori § = 0 and
¢ = 3. Section 4.2 shows how this concentration of flux happens for the localized gauge
orbits L that dominate the Cardy-like limit (2.22).

o In this sense, we conclude that inserting the fibering operator F in 75 C T35 x S
defines an operator B on S x .S3. This operator wraps two-disconnected 75 punctures
in Sl X S-};

The properties of the states on which B can condensate are defined by the L’s. In Cardy-
like limits we will show that these condensates carry fractional electromagnetic flux and
Zg\l,) one-form charge (see section 4.1).

The operator B represents the deformation (of the Hilbert space of states) implemented
by fixing non-trivial boundary conditions A§ 2 at two-punctures on S; x S7. The vacuum
expectation value (B) is formally defined as a path integral Z** in the presence of two

insertions, the obvious generalization of Z*, but this time with two punctures, one at 6 = 0,

s
2

D[AX D[AZ2
/ [_” ] / [ﬁ ] T =T. (2.26)
vol(orbit AX1) J vol(orbit AX?)

which we denote as x1, and the other at § = 5, x2. By definition

The defining relation of B in terms of the fibering operator F and the localization method

imply
XX (L) B M
Z Hone-loop(L) B Z H(L) . (227)

L L

Repeating the same reasoning as before but starting from the left-hand side of (2.26) one
reaches a representation of the form

DGy DG B
T = 1 / 2 Wa(Gxy Gxy) | ‘
/ vol(trivial Gy, ) J vol(trivial Gx,) € e (2.28)

Again, in virtue of the localization method, the integral in the left-hand side of (2.26)
localizes to an integral over two-dimensional flat connections AWX Y2 on the tori at X 1,2,
which can be written as an integral over regular maps G, x, (with non trivial holonomy)
from T5 to SU(N).

In Cardy-like limit the effective theory defined by Wy, must reduce to G/G WZNW
model with G = SU(N); on T,. This will then constrain the form of Wy drastically as it
is explained in appendix A.2.

Relation to the remaining part of the paper. We should briefly comment about
how the analysis presented in this section relates to the scope of the remaining part of
this paper.

Section 3 introduces background material that has been already reported in the liter-
ature. The scope of that section is to review more details of the localization computations
that were summarized before in this section. Sections 4.1 and 4.2 show that the gauge
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orbits L correspond to localized Dyonic flux at the T> punctures § = 0 and ¢ = 5, namely
it studies the condensates of the surface operator B at the relevant Bethe vacua L’s. Fi-
nally, subsection 4.3 shows how — as for their analogous system of Abelian Anyons in
three-dimensions — the condensates of the gauge orbits L that dominate in Cardy-like

limit are charged under a Zg\l,) one-form symmetry.

3 Quantum phases of 4d SU(N) N =4 SYM

This section introduces necessary background material.

3.1 Zero-temperature BPS limit

Four dimensional SU(N) N =4 SYM has a PSU(2,2|4) global symmetry algebra. Among
the even Cartan generators one finds energy F, the two spin-1/2 Cartan generators
Ji = 3(Jsp + Jsgr) and Jo = 3(Jsr — Jzgr) of so(4) = su(2)y,, ® su(2)s,, and the
Cartan generators Rj, Ry, R3 of the R-symmetry algebra su(4), in some conventions. It is
always possible to find two complex conjugated supercharges Q and Qf = S in PSU(2,2|4)
such that

2€Q,Sy=H=E—J —J,—R —Ry—R3 > 0. (3.1)

Let X be the set of % BPS states in the Hilbert space H that are anihilated by both @ and
S. The charges of states in X saturate the BPS condition (3.1). Let F' be the fermionic
number associated to @ and S. Assume that for any state not belonging to X,

H>A>0. (3.2)

A will be called gap.
Define the chemical potentials dual to Jq, Jo, and R = Ry + Ry + R3 as

915“1;5, ng“”;ﬁ, @z“pgﬁ. (3.3)
Given (3.1) and (3.2), the zero-temperature limit [4]
B — oo,
wi2 — finite, (3.4)
w1 4wy — 2 = 2u = £ 2mi + pD(B) = 2ni,
of the partition function
Z(B, 1, wia) = r]y;{ef,é’H BUT1+B2 T2 +BPR _ Er o—BH g itwlotoR (3.5)
reduces to a (—1) graded trace,'® as follows from the algebraic manipulations
Ty g1 T1+w2 52+ 9R _ Ty ohF g (@1 =2m) 1 +waTo _ oy (—1)F o (@1=20) J1+wa Jo
X X H (3.6)

=Z(w1 — 2u,we), M(l)(ﬁ) =0,

8Other gradings, not as protected as the superconformal index, have been recently studied in [56].
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where J; = J; + %, Jo = Jo + g. In (3.6) we have assumed the spin-statistics relation
F = 2JymodZ.

T is the superconformal index of SU(N) N = 4 SYM, and it can be recast as a
(N — 1)-dimensional integral [20-22]

T= H dvg €, (3.7)

with a periodic potential V. The v, ~ v, + 1 will be called eigenvalues.'® The physical
meaning of the v,’s, which will be introduced in the next section, will be essential in our
discussion.

At any temperature, choosing u(l) = 0 reduces Z to Z, and the temperature depen-
dence disappears. For p) # 0, but still ) ﬂ——>>oo 0, there are no cancellations at finite

temperatures, and only at 5 = oo Z reduces to Z. The first small-temperature correction
(not coming from the implicit dependence of u() on ) to the BPS limit (3.4) of Z, is
suppressed with the gap A2 i.e. it is of order ~ e 2. Assuming p(!) tends to zero fast
enough as 8 — oo implies that for small enough temperatures, the temperature-dependent
corrections to the index coming from the implicit dependence in (! can be neglected with
respect to the contributions coming from the gap at order e #2.

In the gravitational BPS limits of [4, 8] the chemical potentials depend implicitly
on the Bekenstein-Hawking temperature. The small-temperature corrections to the BPS
onshell action come from the implicit dependence of wq 2 and p on the Bekenstein-Hawking
temperature. These classical corrections seem to be conceptually unrelated to the order
e PA corrections mentioned in the previous paragraph. By ignoring the dependence of
w12 and p on temperature, we have chosen not to pay attention to the former kind of
corrections and to their corresponding zero-temperature limits,?! which will be analyzed
elsewhere.

3.2 The index as a path integral: the twisted time cycle

The superconformal index Z can also be understood as a supersymmetric path integral of 4d
N =4 SYM on a non trivial fibration of S5 over S; with appropriate periodicity conditions
for bosons and fermions along a twisted time-cycle of a given backrgound geometry [24].
In such a geometry, as one moves along the S, the S3 rotates around two independent
directions. The corresponding angular velocities can be related to the parameters 7 and o
introduced before. The metric can be taken to be [4]

ds® = dt% + d6? + sin? 0 (dgy — i dtg)” + cos? 6 (ddy — iQpdtg)?, (3.8)

19They can be thought of as eigenvalues of a traceless N x N Hermitian matrix.

20Note that this correction is independent of the specific value of u(l), as long as the latter is different
from zero.

*'These are the semiclassical limits studied, for instance, in [9]. Interestingly, reference [57] has argued
that perturbative quantum corrections in the bulk can produce exponentially suppressed contributions, that
could be related to the gap A.
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where 6 € [0, 5] and

B =wi + B =2mir+L(1+m),

. (3.9)
B = wp + B = 2mio + B (1 + ).

The localization method of [36] can be used to compute the path integral (2.1) [58-60].
See for instance section 4 of [4] where the method was used with the explicit form of the
metric (3.13) and a background U(1) graviphoton potential determined by a single param-
eter ® (as reported around equation 4.1 in that reference). The Killing spinor solution
found in [4] depends solely on the combinations of the parameters

Q1+ Q9 — 20 (310)
which means that two backgrounds (€1, Q2, @) and (92}, Q,, @) such that

B (m +n2)

N =04+8m,Q=0+Bn, &= — 5 ; (3.11)

preserve the same supersymmetry.
This implies that for any n; and 7, in (3.9), the result of the localization computation
can be recovered from the one reported in section 4 of [4] by substituting

wy = 27T, wy — 27w, ¢ = @ (3.12)

in the equations there given.

Focus on the choice n; = no = —1, then
9 9 9 . 9 2T 2 9 2mo 2
dS = th + d(9 =+ sin 9 dd)l + 7th + cos 9 dd)? =+ 7th . (313)

The global structure of the manifold associated to (3.13), is defined by the periodic iden-
tifications

¢1~ 1 +2m, po~ G427, g ~ tp+B. (3.14)

Note that the cycle ¢1 ~ ¢1 + 27 contracts at the north 6§ = 0, and the cycle ¢o ~ ¢ + 27
contracts at the south (0 = 7). At the level of the metric, the angular velocities will be
assumed to be real as we do not want to sacrifice the semi-positive definiteness of (3.13)
at early stages.?? Only at advance stages, for instance, in partition functions, or in the

superconformal index, analytic extension is useful as a regularization mean.?3

22 A similar argument has bee recently used in the gravitational context [61].

ZFrom the Euclidean path integral perspective, all indications are that placing the N' = 4 SYM on
the analytic extension of the Euclidean metric (3.13) is fine e.g. the supersymmetric partition function
of the complex background geometry is simply an analytic continuation of the answer obtained from the
supersymmetric trace formula (3.6), which is obtained by counting supersymmetric operators in the Hilbert
space of the Lorentzian theory. As recently done for various examples [62], an interesting question to ask
is if these geometries are allowable accordingly to the axioms of [63].
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Apart from the obvious time-like and space-like cycles, there is a family of one-cycles
that will be relevant in our discussion. From the semi-positive definiteness of (3.13) and
the identification ¢t ~ tg + 3, it follows that z[:(0) ~ 21%(8) for

0<a<8. (3.15)

x#( )E (tE’ 0 ¢17¢2) (047 907 _27TT - )

—a, ——«
s g
We will call these cycles the twisted time cycles. The I'’s can be located at any 6 = g in
the fiber S3. Note that I' is, roughly speaking, the S; base of the fibration.
The 7 (resp. o)-rotation has a fixed locus, which is a rotating two-torus (tgg, $20)

(resp. (tgo, <Z510)) fixed by the condition

T doo 2mo d¢s 2T dtg
_ ) e _ 2 =), == =1 1
=0 (resp 2) g 3 (TGSP q 3 ) ] ) (3.16)

with « running from 0 to 5. The coordinates along the torus tgo and ¢og (resp. ¢19) range
over the domain of initial conditions in the first order differential equations (3.16).

3.3 Decomposition of 7 in sum over fixed-points: Cardy-like limits

This subsection reviews what is known about the eigenvalue configurations that define the
BPS phases [4] following the perspective of [24].
The integral (3.7) can be written as

1 N-1 1 N-1

:/0 H dv, e _/ H dvy, eV (V102= O) (3.17)
i=1

with
Vg = Vig + V2 T, Vi, V24 € R. (3.18)

Without loss of generality, the potential V can be assumed to be doubly periodic [23, 24]
V(v1,v2) = V(v1 + 1,v9) = V(v1,v2 4+ 1). (3.19)

More details about V can be found in [24].24 Exact equivariant integration formulas [64]%°
can be used to determine the asymptotic form of the integral representation (A.16) at
leading order in the Cardy-like expansion (7 — —> with ged(m,n) = 1) (and finite V).
In this way one obtains [24]

~ JR— v( *7 *)
L =W 2. Xwiwp)e (3.20)
m " (v},v})efixed-points
The factor x denotes a potential subleading contribution coming from the expansion of the

one-loop determinant which is inversely proportional to [24]

0%y
D . 21
ot (&caaya) (3:21)

24We only note that it is related to a smoothening of a periodic extension of the twisted superpotential
W. More details on this can be found in [24].
25_ .. which can be proven to be equivalent to (2.23). This will be shown in version 2. of [24] (to appear).

H(L)
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The x4 = v14 + TU24 and y, = vy, are two (complex) linear combinations of vy, ~ v14 + 1
and vy, ~ vg, + 1 that keep the periodicities z, ~ x4 + 1 and y, ~ yq + 1.26 The same
asymptotic form (3.20) can be obtained using the Cardy-like expansion of the Bethe ansatz
representation (2.23) [38, 39]. Both representations are the same [17, 66]:27 equivariant
fixed-points are equivalent to Bethe roots L [38, 39], thus we will use both terms inter-
changeably.?®

The subleading numerical factor x is the same for all the fixed-points that are expected
to dominate the Cardy-like limit (which we will introduce below in (3.31)), and without loss
of generality we can set y = 1. That all such contributions are the same is a consequence
of the double periodicity of V, and of its second derivatives, independently of the form of
V [23, 24]. The V can be defined out of a doubly periodic single-particle potential V, as

follows
N
V= > Vo(via — vip, v2a — v2p)- (3.22)
v1,v2=1
In this equation viy = — Zi\f:—ll V1q and voy = — Zi\f:—ll v94. The fixed-point conditions are
0, V=0, 8,V=0, a=1,...,N—1, (3.23)

Independently of the form of 1y the set of solutions to (3.23) always include

U(d@ _ da +q
la N ?

I A B (3.24)
N

where c and d are integers defined modulo V; thus, we can assume them to range in between

1 and N. In this paper we assume N to be prime. The other known solutions group in

continuous families [69] and all indications are that they are exponentially suppressed in

the Cardy-like limit [29]. The labels p and ¢ are defined modulo N as well, but they are

not always integers, instead

5,G=0,...,N—1, ifN odd,
1 (3.25)
-=0,...,N—1, if N even.

ﬁ_ a(/]\_2

| =

Any smooth double-periodic potential V(z,y) (and the one-loop determinant contribu-
tion (3.21)) when evaluated on (3.24), does not depend on the labels p and .2 Moreover,

26Tn this paper we focus only on the Cardy-like limits where the exponential pre-factor eV (i v3) grows.
These Cardy-like limits correspond to the selection of M-wings, in the language of [65]. For the limits in the
W-wings our conclusions do not apply. For example, in such cases there could be logarithmic corrections
(to the effective action) of the form log(m7 + n), as shown in [65], and recently argued in [28]. In the
Cardy-like limits we are studying such corrections are not present [29]. We thank A. Ardehali for a useful
conversation regarding this point.

*"This is shown in the version 2 of [66] (to appear).

2For example, the configurations (3.24) (below) are the same as the set of Bethe roots originally identified
by [39, 67, 68], in the context of the Bethe ansatz formula of [38, 39].

2More precisely, the values of V and (3.21) at fixed-points (3.24) are independent of p and ¢ at fixed c
and d. They do depend non-trivially on the labels ¢ and d. These two previous claims have been checked
without using an explicit form for V, only assuming double periodicity and smoothness in an open domain
where the fixed points lie.
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some solutions in (3.24) are identified under Weyl permutations. For instance, given any
£ € Nand 0 <p*, ¢ < N there exist 0 < ¢,d, p,q < N such that

p(©D,(Pa) -, o, (letd),(P*a*) (3.26)

Then, the only relevant fixed-points are the
(c,d) € Zny XZNn /L (3.27)

where £ is the identification (3.26), which can be incorporated by requiring ¢ and d to be
co-primes, i.e., gcd(c,d) = 1. The set of solutions (3.24) will be called (m,n) fixed-points
for short.

Using (3.20), and the fact that the limit 7 — —* selects at fixed p and g those solutions
with (¢,d) = (m,n), one obtains (after substituting xy — 1)

7 =~ (NN_‘I)' Z ev(vinm’vém’p)) + other fixed-points
T m ) (3.28)
= NeV(”inm’“gm’O)) + other fixed-points

where the Casimir factor ev(l’gn’q)’vém’p)) is by definition the limit 7 — —* of the integrand
of (A.16), or equivalently F, evaluated at the configurations (3.24).%°

As mentioned before, the potential contributions coming from other fixed-points are
conjectured to be suppressed in the Cardy-like limit [29]. These potentially extra contribu-
tions vanish for m = 1, n =0 at any N (as shown in [27, 70-72], see also the discussion in
the accompanying paper [29]). They also vanish when N = 2 [65, 73]. Although we have
not yet checked it for generic m and n, based on constraint (2.16) and on the fact that
only N out of the subset of fixed points (3.24) dominates in the limit 7 — — 2, we expect
that even if the other fived points contribute at leading order in the expansion 7 — —2,
the gauge orbits associated to the N dominating ones within the family (3.24) forms a
representation of the Verlinde algebra by themselves (in the way explained in section 2.2).

Given this expectation, from now on, we will focus on the contributions coming from
the fixed-points (3.24). The N dominating solutions within (3.24) in the expansion 7 —

n

— 2= are counted by the overall factor of N in the second line of (3.28). The latter factor
comes from the fact that at fixed ¢ = m and d = n, there are

N% x (N —1)! (3.29)

solutions, all of them with the same potential V. The N? comes from the N possible values
of p times the N possible values of g. The (N — 1)! comes from the permutations of the
label a. The remnant factor of N comes from dividing (3.29) by N!.

The remaining N solutions can be parametrized by the following choice of

p=mamodN , g=namodN , a=0,1,..., N—1. (3.30)

(N2=1) §(yn, ny (T)+70O(1)

30The explicit expression for these Casimir factors is e~ were the function S n)(7T)

has been given, for instance, in equation (D.5) of the accompanying paper [29].
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Note that the index @ is independent of a. Other parametrizations are possible but we find
convenient to use (3.30).
Eq. (3.30) corresponds to the following N dominant solutions (in Cardy-like limit
T =)
(a —a) mod N
N

where for each of the solutions, labelled by @ = 0,... N — 1, the index (a —a) mod N ranges

(mT+n), (3.31)

Vg =

over N — 1 different integer values corresponding to a = 1,... N —1. The different solutions
correspond to the possible sets of N — 1 different integers in between 0 and N —1 (without
minding the ordering). For instance, for N = 3 the unique such 3 solutions, labelled by
the index a = 0, 1, 2, respectively, are

{Hva}} = {{0, ;(m7+n)}, {;(mT—i-n), g(mT—l—n)}, {0, ;(m7+n)}} (3.32)

4 A quantum phase is defined by IN condensates

This section shows that the fixed-points (3.31) can be understood as bound states of two
Dyonic surface condensates located at the north and south fixed loci of the rotational U(1)

action. These condensates carry a specific electromagnetic Zg\l,) one-form charges.

Center and 1-form symmetries

This subsection briefly introduces the concept of center (and one-form) symmetries.

Focus on gauge potentials Au(x) for which there exists a point in their gauge orbit
where only the Cartan projection A,(x) is non vanishing. We will call these Abelian or-
bits, and the point at which only Cartan elements are non-vanishing, the Abelian ansatz.
A generic point in a Abelian orbit 11“(:1:) can be recovered via regular gauge transforma-
tions i.e.

A (z) =G A, (2) G —iG719,G.

4.1
Ay(z) = Agp(x)T°. (4.1)

The T, are elements in a Cartan subalgebra of SU(N). For the matter content of N' = 4
SYM T,’s are in the adjoint representation, but as we mentioned before there can be
emergent or probe extended operators in other representations r.

It is convenient to define the holonomy integrals along the time cycle

va:f Agydzt, a=1,..., rankG. (4.2)
te

As already mentioned, these are not gauge invariant variables but they carry gauge invariant
information about the gauge orbits. Take a generic point A in the orbit. The path ordered
exponential (which is closely related to the monodromy operators at the punctures Mjy)

Xu dxt

Il = Petis (4.3)
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transforms covariantly under regular gauge transformations. Regular gauge transforma-
tions carry trivial holonomy along any cycle, thus TrrH, for any r, is an invariant of the
gauge orbit.

Under a singular gauge transformation G,

I — G;'G;, (4.4)

where G is the value of G at a starting point of the cycle and G is the value of G at the
ending point of the cycle. If G is such that G,G;l = ¢!®cr helongs to the center of G, then,

TrIl — e'®6r TrlT, (4.5)
r G r

and G is said to generate a center transformation of the gauge group. For SU(N) the
center group is Zy: then a center transformation G on a Polyakov loop can be represented
as follows
2mim
Trll — e~ " TrII, (4.6)
r G r

where the integer m ~ m + N € Z depends on G, but not on the representation r. The
integer n, ~ n, + N depends on r, it is its N-ality. For the fundamental representation
one can define n, = 1. For the anti-fundamental representation, which is the complex
conjugated of the fundamental, n, = —1. For the adjoint, which enters in the product
of fundamental and anti-fundamental, due to the fact that the overall phase of a tensor
product representation is the product of the overall phases of each factor representation,
e2m(m=m) — 1 p, = 0. For a generic representation r, the n, happens to be equal to the
number of fundamental representations that are needed to construct r (modulo N); for
example, for the anti-fundamental such number is —1 + N, and for the adjoint, 0 + N.

Although the adjoint holonomy operator does not detect changes under center trans-
formations, that does not mean that in a theory such as N’ = 4 SYM, center symmetry can
not be broken, it means that one can not use an adjoint holonomy operator to detect the
breaking. To detect center symmetry breaking for adjoint matter content, one can insert
a probe operator, such as the Polyakov loop,3!

Trll, (4.7)

dimr r
with, say, r being the fundamental of SU(N). If the expectation value of the probe operator
vanishes, then center symmetry is preserved, as transformation (4.6) does nothing on zero.
On the contrary, if for any single one of such operators, the expectation value is different
from zero, center symmetry is broken. For example, insert a probe Polyakov loop in
representation r. Evaluated at the gauge orbit (4.1), the latter is only a function of the

Cartan ansatz (B.2)
1

dimr

TrIl = x,(iv) =

s > e, 49

pEr
Xr is the character of the representation r of SU(N), and the p’s are the weight vectors
of r. For generic v, the center symmetry is broken. But sometimes it is not. Assume

31 A Polyakov loop is a Wilson loop extended along the ¢p-time cycle.
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v localizes to the (m,n) = (0,1) fixed-point. If one assumes r to be the fundamental
representation, the vacuum expectation value of the Polyakov loop vanishes. As every
other representation is a tensor product of the fundamentals, the result remains the same
for any other representation. Thus, center symmetry is unbroken in the (0, 1) phase.

We have only mentioned the center symmetry associated to the Polyakov cycle. More
generally, one can define a Wilson loop operator along other one-cycles, and draw similar
conclusions as for the Polyakov loop. In the formulation of [74], the associated center

symmetries are called Zg\lf) discrete one-form symmetries.

4.1 Complex fixed-points = singular flat potentials

Take the tangential differential to the family of twisted time cycles I

2 2
dzt(a) = (dtg, df, der, de) = (da, 0, —% da, —% da> . (4.9)
Define the holonomy integral [ A, dz}f = foﬁ da Au(xp(a))dzd#c(ya) Consider the simple
Abelian ansatz
(Ag)ty, = const, (Ag)g, = const, (Ag)p, = const. (4.10)

32 At the moment (A,)g is not constrained, but eventually, it will be fixed to zero.?3

The index (3.17) is obtained after regularizing a quotient of infinite products of
fermionic and bosonic eigenvalues of the twisted Hamiltonian [4]

— dab(a) , . 27T 27T
H=—r (—1Vu):VtE—7V¢1—7

H generates translations along the twisted time cycle. It is also (up to a c-number normal-

Vs, (4.12)

ization) the square of the supercharge used to localize the original supersymmetric path
integral. In this expression V represents the fully covariant derivative. From how the
gauge connection enters in the covariant derivatives V,, = ... +1i4, + ..., it follows that
the supersymmetric partition function (the index) depends only on a specific combination
of Agy,: for a constant connection, as we will assume, such combination is

Vg = Vgl + TUg2 = /(Aa)u dat, (4.13)
r

with the periodic identifications vg; ~ v41 + 1 € R and v, ~ v42 +1 € R. From (4.9)
and (4.13) it follows that

B 27 27
Va1l = /0 th (Aa)tE ) Va2 = — d(bl(Aa)(j)l _/O d¢2(Aa)¢2 . (414)
These identifications imply that
Va2 #0 = (Aa)g, + (Aa)g, #0. (4.15)
32Flat gauge potentials require
(Aa)o = (Aa)gr = (Aa)p, = 0. (4.11)

331t will be fixed to zero by the BPS condition in the punctured geometry.
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Assuming an ansatz for A,, invariant under the transformation (0,¢1) — (5 — 6, ¢2),
which is a discrete isometry of (3.13) for 7 = o, one obtains

21 27 1

do1(Aa)e, = dga(Aa)g, = — g Va2 (4.16)
0 0

Eq. (4.15) and (4.16) say that a fixed-point with vy, # 0, a complex fixed-point, can be
interpreted as a singular gauge configuration in spacetime (3.8).

4.2 Magnetic and electric cycles: fluxes

This subsection completes the interpretation of the fixed-points (3.31) as bound-states of
two surface operators localized at two punctures § = 0 and 6 = 7. At the level of the
geometry we will fix 7 = 0 = —>+ and infinitessimal number with m and n coprimes.
That is the set up at which fixed-points (3.31) dominate the BPS limit of the thermal

partition function.

Defining cycles and relations. To measure magnetic flux, we consider two families of
cycles, denoted as I',,,x and I';,,5

op (@) = (0 =9g(a), b1 =a),

T (4.17)
xgms(a) = (0 = 5 _g(a)a ¢2 = Oé) y
with worldline parameter 0 < «a < 27. We have omitted the components that remain
fixed as « varies. g is a real function that defines both, distance from the poles (6 = 0 and
¢ = —3) and wiggling. The label m means magnetic and the N (resp. S) means north
(resp. south). Both cycles I';,x and I'),5 are boundary of two-dimensional regions

Tn = O%r Tps = 050 (4.18)

mN ?

with
) a) | (4.19)

34 These two regions are centered at the fixed loci of the rotation.
To measure electric flux we use two families of cycles, 'y and T'eg,

ap (o) = (tE =a,0=g(a), g2 = —2g7-oe>,

xlﬁes(a)z (tE:a’ezg_g(a)v¢1:—27;-a>’

with worldline parameter 0 < a < m x . These cycles wind m times over the base

(4.20)

S1 (the twisted time cycle) and n times over a cycle on the base S3 around § = 0 (resp.

34Coordinates components normal to the surface are not shown in these expressions.
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Figure 1. Schematic representation of the twisted time (grey), electric north (blue) and magnetic
north (red) cycles in the singular coordinates where the fibration looks trivial. This representation
is obtained after implementing the singular change of coordinates ¢1 2 — ¢1,2 — 2”7715 g (to the rest
frame). The loops in the hemisphere represent two-tori. One of the cycles of the tori contracts at
the north pole; the other one remains finite size. The magnetic and electric cycles move along the
former and are static on the latter. The twisted time cycle does not move along the S3 in the rest
frame. The figure does not represent the electric cycle’s non-trivial winding numbers, which are
m around the base S; and n around the north locus represented with the letter NV in the figure.
When located at the north (resp. south) locus N (resp. S) the electric north (resp. south) cycle is

identical to m copies of the twisted time cycle.

6 = 7). This is illustrated in figure 1. The electric and twisted time cycles obey the
following relation

Ton—mxT=0 at

(4.21)

oy @

6=0,
TF'is—mxI'=0 at 0 .

These relations hold because the difference between I' and T'en (resp. T'eg) comes from
their relative motion along the ¢ (resp. ¢2) cycle, as well as from the fact that the latter
cycle contracts at 6 = 0 (resp. 6 = §). Instead, for 6 # 0 (vesp. 6 # 7), depending on m
and n, there are two possibilities, either:

FeN —m X ngo = 8ZpeN s FeS —m X ngg = 82{*65 s (422)

or

Fen =021,y » Fes = 031 g - (4.23)
In these expressions
Xrn = (tE:a, 0<60 < g(a),cbg:——a),

T T 2rT (4.24)
XTes = (tE:a, 5—9(04) <6< 2,¢1:—a>.

Relations (4.22) correspond to values of m and n for which the regions ¥,y and X.g are

orientable surfaces (left figure 2). Relations (4.23) correspond to the values of m and n for
which ¥,y and ¥.g are unorientable surfaces (right figure 2).
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Figure 2. The blue cycle represents the twisted time cycle I" located at § = 0 (resp. 8 = 7) T'p—o
(resp. I'p=z ). The red cycle represents the electric cycles Iy (vesp. I'es). The ribbons represent
the regions Y. (resp. X.g). The figure to the left corresponds to the case (m = 1,n = 2). In this
case the ribbon is orientable and its boundary is I'c — mI'y—g. The figure to the right corresponds
to the case (m = 1,n = 1). In this case the ribbon is unorientable and its boundary is Teny (Tes)-
The case (m = 1,n = 0) corresponds to un-knotting the cycles in the figure to the left.

Chromomagnetic flux

Let us measure the fluxes. The differential of the magnetic cycle (4.17) is of the form
dap (@) = (dtg,dd, d¢1,dg2) = (0,dg(a), d(), 0) (4.25)

where g is a real and smooth function such that 0 < g(0) = g(27) < 7, and « € [0, 27). If
we assume no wiggling i.e. g—g =0

2T 1
ﬁ (A = /0 A61(Ad)s, = =5 vz (4.26)

On the other hand in case b), ¢ A,dz* = 0. Equation (4.18) and Stokes theorem imply

1
/ (Fa>9¢1 = - ) Va2 - (4.27)
2'mIV

Equation (4.27), which holds for any size of ¥,,N as long as its boundary 0%,,N does not
wiggle in the #-direction, implies that for every ¥,,n, even for those with wiggling boundary
8sz)

1
F do Ad —— Vg2 - 4.28
/EmN( a)9¢1 01 gﬁ* 2Ua2 ( )
Had TI',,,y not surrounded the north cycle
/ (Fa)os, — 0. (4.29)
2mN
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in the limit in which T',,x contracts to a point.?> These observations imply that

(Fa)og, = ——= — 0(N) + integrable contribution, (4.30)
where §(N) = 6(0) and ¢ is a Dirac delta, normalized as follows foe dd’ 6(0") = 1. We should
also note that the (localized) magnetic field lines associated to the configurations (4.30)
are directed along a closed cycle, thus there is no isolated magnetic charge localized at the
north locus, just flux (see figure 3).

The previous analysis can be extended to the south locus and one obtains, when there
is no wiggling,

2 1
/ (Aq)pdat = / dg2(Aa)g, = — 5 Va2 - (4.31)
1—‘mS 0 2
Following analogous steps as before, one obtains
~ 1m(a—a) 1 . o
(Fa)ogy = — ST N on d(S) + integrable contribution (4.32)

where §(S) = 6(6 — 5) and 4 is the laterally normalized Dirac delta function defined above
but this time centered at south.

Egs. (4.30) and (4.32) define (magnetic) singular boundary conditions for the gauge
potentials at the north and south fixed loci of the rotation.

Requiring the Cartan ansatz to satisfy the BPS conditions in the punctured spacetime,
with all scalar VEVs fixed to zero, forces the gauge potentials to be locally flat away from
the fixed loci of the rotation.?® That condition fixes the integrable contribution in (4.30)
and (4.32) to zero. Thus the magnetic flux measured by a fundamental probe Wilson line
is independent of the area enclosed by the line, as long as the latter encloses a puncture,
otherwise the measured flux is zero (in strict Cardy-like limit).

Chromoelectric field strength

Let us measure the electric flux. The tangential differential to the cycle I'ey in (4.20) is
2nT
dry  (a) = (dtg,dd, d¢r,dgs) = <df(a),dg(a), 0, — /Bda) (4.34)

where g is a real and smooth function such that 0 < g(0) = g(mf) < %, and « € [0, mf).

35This is because for bounded gauge potentials the holonomy integral along any such infinitesimal loop
is proportional to the difference in between the values of the angular coordinate ¢; of the initial and final
point of the loop, if such coordinates are the same, as it is the case for a loop not surrounding the north
locus, then such a loop integral vanishes in the zero-area limit.

36Following the conventions of [34], and for the spacetime metric used there, which relates to (3.13) by a
local diffeomorphism transformation, the Euclidean f—G—BPS conditions take the form:

17 . —
F03+F12:**[¢],¢j], Foo + F31 = Fo1 + Fa3 =0,
2 (4.33)

(iDl_D2)$j:0 (D0+1D3+1)$j:07 [$i7$j]:0'

Thus, for vanishing scalars the gauge potential must be flat for a classical configuration to be supersym-
metric.
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Figure 3. The bound-state is made of a pair of two-dimensional components carrying Dyonic flux
localized at the fixed-point of the rotational U(1) action. They arise due, in part, to the rotation
of (3.8). Flatness condition away from the fixed loci of the rotation implies the absence of isolated
electric and magnetic charge. The time cycle is not shown in this figure.

When I'c does not wiggle

mp dtg doo
/FeN (Aa)'udl"u‘ = /0 dO[ <(Aa)tEda + (Aa)¢2da>,

:m<v —l—TM):m(v —nv?G)
la 9 la m 9 .

The second line comes from using (4.14), (4.16), (4.34), and 7 = — 7= + an infinitesimal

(4.35)

number. The effect of wiggling is irrelevant in the zero area limit g — 0. Then (4.35)
implies that for any I'en

n V2q
A, # a—— — . 4.
(et o (= 5) (436)

Assume the choice of m and n corresponds to an unorientable Y.y. Then, using rela-
tion (4.23) and Stokes theorem one obtains

/ (Aq), dat = / (Fa)ory 46 A dig . (4.37)
Cen Xr.n
From (4.36) and (4.37) it follows that
n
F, a— — Vg | . 4.
/E (Fuurs 06 1 dty —, (m vy ) (4.38)

Fen

Moreover, for the same reason mentioned above for the magnetic cycles I';,, i it follows that
had I'.x not surrounded the north cycle then

/ (Aa)pda? — 0 (4.39)
FeN
in its zero-area limit. Repeating the same analysis but for the south cycle I'.g one reaches
n
F de A dt — - — 4.40
L Eowsao nats (v ), (1.40)
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and again, had I'cg not surrounded the south pole then

/F (Ag)uda® — 0. (4.41)

in its zero-area limit. When m and n correspond to orientable ¥.x and Y.g, then start-
ing from relations (4.22) and applying Stokes theorem one obtains analogous equations
to (4.38)—(4.41).3" From (4.38), (4.39), (4.40), and (4.41) it follows that

1 n(a—a)

5N (O =) = (Eas. (4.43)

(F a)HtE =
(E,)p stands for integrable contributions that we have given a name for latter convenience
(see footnote®). As the supersymmetric path integral in the punctured space Z**, localizes
to flat connections, then (E;)g = 0.

Similarities with Gukov-Witten surface operators. The boundary condi-
tions (4.30), (4.32), (4.38), (4.40) are reminiscent of the ones used in [75] to define surface
operators. In particular, of the choice a # 0, § =~ =0 in (2.2) [75].

The constituents of the (m,n) bound-states (as defined by the path integral Z** in
the presence of punctures) are reminiscent of the surface operators defined by the (o, f =
0, = 0)-boundary conditions of [75]. In the case here studied, the connection A has more
than one non-vanishing components fixed. It would be interesting to explore if there is a
relation in between the S-dual pair (a,n) discussed in [75] and the eigenvalue components
(v1,v2) here discussed.

The Dyonic fluxes ((4.30)+(4.32), (4.43)) (say at N) span a lattice descending from
the one in which the couple (vq1,v42) lives in. This should be implemented generalizing
ideas of [75] (subsection Extensions of Bundles). For the present purposes, we do not
need to go into such construction. Instead, we have assumed that such an extension of
bundle exists; and chosen to focus on a specific patch, on which the Dyonic fluxes take the
forms ((4.30)4(4.32), (4.43)).

Infinite Noether charges. There is a difference between the surface condensates here
discussed, and what is called a monodromy defect: the former emerge when the geometric
background (including background gauge fields) on which the UV theory is placed upon
is deformed to specific set ups (7 — —7-). The latter, instead, are defined by an explicit
deformation of the fundamental path integral.

3"Note that the form of the fixed-points (3.31) implies that the integral along the twisted time cycle

vanishes at 7 — —

/ Agpdat =vig + 7102~ 0. (4.42)
r

38In appendix C we will use these terms to clarify why there is no condensation of electric charge at the
fixed loci of the rotational action even if there is a non-vanishing distributions for the charge density located
at such position.
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Note that the Noether charges of these bound-states are infinity.?” Regularizing these
infinities would require modifying the UV theory.?® Thus, we are draw to accept that
the infinite Noether charges of the (m,n) bound-states are not a misunderstanding, but a

feature of these configurations.*!

4.3 Electromagnetic Zg\l,) one-form charge of phases: an order parameter

The goal of this section is to explain how the (m,n) phases are characterized by a doublet
of Zg\lf) one-form charges: the electromagnetic Z]\} one-form charge of the phase. This
charge is an order parameter in the sense that it specifies a single phase among the family
of phases coming from the fixed points that we have focused on (3.24).

The set of solutions (3.24) includes fixed-points that are equivalent under Weyl trans-
formations and contains more solutions than the ones dominating as 7 — —-, i.e., the
ones that characterize the (m,n)-phase. The gauge orbits intersected by the potentials
associated to (3.24):

N-1 ~ N
f ad+p ac+q 1
ARG =X (MR- )T e= gt (@
a=

42 form a representation of a Zg\}) X Zg\lf) one-form transformation at any fixed (p, q). For
reasons that will be clear below, these transformation will be called electromagnetic Zg\l,)
one-form symmetry.

n

The Cardy-like expansion 7 — —
within (4.44). These are

selects only solutions with (¢,d) = (m,n)

(a —a) mod N

N (m7+n). (4.45)

Vg =
a=0,...N —1. These N leading fixed points carry the very same electromagnetic Zg\lf)
one-form charges. We recall that in this note, we are assuming N to be prime, but our
conclusions can be generalized to other values of N.

The Lie algbra generators T}, in (3.24) are assumed to be in any of the N fundamental
representations of the Lie algebra of SU(N): the defining representation together with its
fully anti-symmetrized tensor product representations.

Electric Zg\p one-form charge: let us explain what we mean by electric Zg\lf) one-
form charge. Let us start with the subsector p = ¢ = 0. That this subsector carries a

39They involve integrals of a product of coincident Dirac deltas with constant test functions.

490ne would need to insert the inverse monodromy defect in the fundamental theory. Meaning by that,
a (supersymmetric) defect that would cancel the monodromy charges of the bound-state, however, such an
insertion would also be perceived by every other observable in the theory, and thus it would be a meaningful
modification of the UV theory, and we do not wish to do so.

4IThe fact that these operators have infinite Noether charges, and are charged under Zg\p—form symmetry,
makes them potential candidates for redundant operators/states in 4d N'= 4 SYM. By redundant we refer
to the definition given in [76]: although they have infinite energy in the fundamental UV theory they remain
as fundamental degrees of freedom in the effective field theory of the ordered phases as argued in section 2.

42The conventions used in this subsection are summarized in appendix B.
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representation of the center (or electric) Zy symmetry follows from the fact that for p =0
the time component of (4.44) is generated by the maps

N-1 ar
a

. t
Ge(tp;d) = M Dam N , n=1,... NmodN . (4.46)

When one moves along the Polyakov cycle once, G; interpolates between the unit element
at tp = 0 and an element of the center of SU(N)

Ge(B;d) = eX™wme 1. (4.47)

where n, is the N-ality of the fundamental representation r.

Thus, in particular, the (m,n) bound-state (with p = ¢ = 0) carries discrete charge
n under the center (electric one-form) Zg\lf) symmetry. Using an obvious generalization
of (4.46), one can interpolate from the root of identity (4.47), which is the one associated
to the phase (m,n) (with p = ¢ = 0), to the root of the identity associated to any other
phase (¢,d) (with p =g =0).

Magnetic Zg\l,) one-form charge: equivalently, the space-like component of (4.44) is
generated by

. N-1 4
Gmag(dic) = e 920 7o cmodN=1,... N, (4.48)

with ¢ = @ Analogously, when one moves along the magnetic ¢-cycle once, the map
G'mag interpolates between the unit element at ¢ = 0 and an element in the center of SU(V)

Gmag(2m;m) = e~ My (4.49)

Thus the conclusions are analogous to the ones of the electric case and we do not re-
peat them.

Generic values of p and q: for p, ¢ # 0 the generalization of the above conclusion is
simple. In that case the time and angular components of the gauge potential A associated
to a given (¢, d) fixed-point, do not exponentiate to a root of unity, but the difference
between the components associated to a gauge potential A of any two such fixed-points
exponentiate to a root of unity. This means that one can move between fixed-points, at
fixed p and g, by using the obvious generalizations of the maps G¢; and Gag i.e. those that
implement the changes in discrete charges Ac and Ad from one (family of N) fixed-point
to another, as one winds around the relevant cycle once.

At last, as discussed around (3.26), some solutions in (4.44) are identified under Weyl
permutations. This is the same as saying that part of the electromagnetic ZS\I,) X Zg\l,)
discrete symmetry group is gauge. The physically relevant global discrete charges being

(e,dyezV) x 2V /c, (4.50)

where £ was defined in (3.26). In short, the division by L is equivalent to disregarding non
co-primes ¢ and d. The co-prime ¢ and d are called magnetic and electric Zg\l,) one-form

charges of the phases, respectively.
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5 Brief summary and questions for the future

We have shown that in the zero-temperature limit where the thermal partition function
of SU(N) N'=4 SYM (at any coupling) reduces to the superconformal index, topological
order emerges when a certain complex parameter ¢ = e?™'7 related to the rotation of the
spatial part of the geometry (where the theory is quantized upon) is taken to a root of
unity. Each of these phases is characterized by N bound-states made out of two surface
components. The two component operators are localized at the fixed loci of the rotational
action. The fixed loci are two two-tori located at north and south of the S3, respectively.
Both components carry localized electromagnetic flux, this is, when the flux is measured
by two independent families of probe fundamental Wilson-line operators, the measured
holonomy remains independent of the area enclosed by the lines.

These bound states are classified by their charge under a Zs\l,) X Zg\l,) one-form sym-
metries [74]. The two discrete Zg\}) one-form symmetries in the tensor product are called
magnetic and electric, respectively, because they act upon the fundamental Wilson loops
of SU(N) when the latter rest along time-like and space-like cycles, respectively.*® Like the
magnetic (resp. electric) flux, the magnetic (resp. electric) discrete charge of the (m,n)
bound-state is determined by the integer m (resp. n). The magnetic (resp. electric) dis-
crete one-form symmetry acts over the flux charge m (resp. n), transforming bound-states
into bound-states. The Cardy-like limit projects the representation of the electromagnetic
one-form symmetry to a subset of NV solutions with well-defined set of electromagnetic one-
form charges specified by two co-prime integers m and n. The electromagnetic one-form
charge is the order parameter of the specific (m,n) quantum phase.

The bound states that superpose to form these phases are a one-dimensional uplift
of Anyons. In particular, based on classical results in the literature we have argued that
the operators creating the physical excitations in the effective theory at the a given (m,n)
phase form a Verlinde fusion algebra (section 2.2).

There are some questions and problems that we have decided to leave for the future
to study. Some of these are:

e To find the explicit relation between the approaches described in the subsection 2.2
and subsection 2.3. In particular, it would be interesting to understand how the
Verlinde algebra among the operators O, arises from the Cardy-like expansion of the
description in terms of the fibering operator F on 75 x S2. Notice that doing so,
requires the extraction of the leading Casimir pre-factor and a careful analysis of
subleading corrections in the limit 7 — —-* along the lines of the one presented in
the companion paper [29].#* We will address this problem in forthcoming work.

e Does a larger quantum group structure exist at finite values of 77 Such a possibility is
suggested by the naive observation that one can define a quantum group U,(SU(N))

“30nly part of this symmetry is global i.e. Zg\l,) X Zg\p/ﬁ € ZS\}) X ZS\}) where the operation £ was defined
in (3.26).

44Gimilar results, at least in spirit, have been already reported in the literature [77] about 3d A-twisted
gauge theories.
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for every loop £ in T5. It would be interesting to identify such larger structures, e.g., it
is plaussible that one could find structures reminiscent of the ones studied in [78-81].

o What is the interpretation of the Zg\}) symmetry in the AdS side of the duality? These
symmetry transformations should leave invariant certain subsets of the (Euclidean)
gravitational solutions studied in [82]. It would be interesting to study this problem
in more details.

o Can the interpretation of (m,n) phases as a mixed state of N bound states*® be
helpful to understand universal near zero-temperature corrections of the thermal
partition function in expansions other than (3.4)?46

o Can the imaginary part of 7 (considered to be non-vanishing due to convergence
reasons) be re-interpreted as the n discussed in [75]. If yes, then the conclusions in
this paper can be translated to a set-up with a real background geometry defined
as 7 = — . If that is the case then it would be interesting to aim for a deeper
understanding of the relation with the framework studied in [75, 83, 84] and other
relevant references.

o Generic four dimensional N' = 1 superconformal indices are known to have a factor-
ized expression in terms of vortex and anti-vortex blocks, each of them localized at
the north and south loci of the rotational action [85-87]. A similar type of formula
has been put forward in [25]. It would be interesting to find the relation between
such a formula and the Bethe ansatz one (2.23).%7

e One could ask if non-supersymmetric gauge theories could exhibit zero-temperature
topologically ordered phases similar to the ones here argued. We note that phase
structures with different physical properties, but with seemingly related mathematical
roots have been identified in varied contexts [88-93].

45To these phases one can associate the density matrix

N
p¥9 = "[a)al (5.1)
a=1
with [a@) (@ = 1,2,...,N), being a ket associated to the a-th bound-state. We assume the normalization
(ala) = 1, then
N
IO & Tp?Y =) “(@la) = N. (5.2)
a=1

46 As the superconformal index is protected under variations of the gauge coupling our conclusions should
remain valid at any value of the gauge coupling. It would be interesting to check this robustness coming
from observables that depend on the gauge coupling. In order to do this, integrability tools can be useful.

47Understanding such a relation (which does not seem to be trivial) would probably hint at the form of
the effective action of B at finite 7.
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A Universal affine Kac-Moody algebras from four-dimensional gauge
transformations

In this section, we show how the gauge transformations of a 4d gauge theory*® induce
an affine Kac-Moody algebra per one-cycle ¢ for the effective theory at the punctured
boundary.

A.1 Chiral current algebras from gauge transformations

The tangential component of the fundamental gauge potential along the cycle ¢ at the
puncture X is

dx?
da
This can be understood as a linear combination of the two components in the boundary

A=A, (o) = Ay (A1)

conditions A defined and used in the introductory section 2.1. Take now a smooth map
G from the geometry (3.13) onto SU(V), and denote its restriction to the cycle £ in x as

G ‘ez Gy(a). The gauge transformation induced by the group element G upon A,, when

restricted to the cycle v, is
6, Ar = —1G; 100G + G, AG, — Ay (A.2)

If we focus on configurations A,—, that are locally pure gauge, i.e., pure gauge in the
punctured spacetime (these include the connections associated to the complex fixed-point
configurations (4.44)), then one can decompose A, in components

A2(q) = % (X" 4y(a)). (A.3)

where X is an element of the Lie algebra of SU(N) and Tr is the trace in the adjoint
representation.
From the transformation (A.2) and the decomposition (A.3) it follows that

i _ 1 _ ~
S Af = — Tr(Xa G; 1aaGg) + 5 I ((GZX“ Gt — X% Ag) . (A.4)
Acting with a gauge transformation induced by a generic group element

Gy = exp ( — izb:eszb> ) (A.5)

48 for which physical observables localize into integrals over the phase space of 4d locally flat connec-
tions. ..
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with infinitesimal Lie algebra parameter €, on J, then (A.4) takes the form

1 .
0-Af(0) = = Bazy Tr(X* X7) — . Tr([X?, X) Ag(a))

N N (A.6)
--5 N Tr(Xa Xb) + e f% TS (),
which means that a variation of J} induced by motion along a gauge orbit is generated by
a Kac-Moody algebra action at level kK = 1. In a phase space of locally flat connections the
variation (A.6) can be thought of as induced by the Poisson bracket action of J, upon itself

—i[Af(a), Af(a")] = = 67 Ofer (@ — &) + Gper(@ — @) [ A (). (A7)

The symbol dper denotes the periodic delta function with period 2. The factor of N that

cancels the % in the central extension, comes from the fact that X is in the adjoint of

SU(N). In that case (X®)p. = —ifape, the identity foeqfoed = N6 implies
Tr(X*X") = N§*. (A.8)

The same analysis can be repeated for any other cycle ¢: note that the level does not
depend on the selection of £.

A.2 On the binding between north and south edge modes

As explained in the main part of the paper

T T,.:\;O 6Casnnlr—type contrlbutlonZG/G ’ (AQ)
where Zg/q = E]avz1 1 = N is the partition function of the gauged SU(N); WZNW model
on T [45-48, 94].

The G/G WZNW model can be quantized via BRST-like [45, 46] or path inte-
grals [47, 48, 94] methods. The path integral representation of the partition function of
such model can be factorized [48] and written in the form

Zaq = /DADBX(AB)X(Aa B) (A.10)

= # of conformal primaries at genus one = N

49 where y, X are the holomorphic and anti-holomorphic wave functions defined in [48] for
G =SU(N),

““The second line in this equation can also be shown using the relation between G /G WZNW on a
two-torus and G Chern-Simons theory on a three-torus [42, 43, 95, 96].
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%0 A = A, and B = B, are gauge fields for the two chiral symmetries that were previously
identified with the symmetries generated by the holomorphic and anti-holomorphic currents
Jy at each of the punctures. Then the two wave functions in (A.10) can be thought of as
path integrals over the north and south edge modes degrees of freedom (in the presence of
gauging). At last, an expression for Wy can then be obtained by plugging (A.11) in (A.10)
and the result in (A.9), and comparing the answer with (2.28).

A.3 Polyakov loop correlators in Cardy-like expansion

The localization procedure reduces gauge potentials to Cartan holonomy variables
A#,A«/ —u; ~u; + 1. (A14)

Moreover, for a supersymmetric choice of cycle ¢ (for instance the time-cycle that we will
define below as I') the Polyakov loop operators in representation r localize to characters of
the gauge group

TrMy — x(u) (A.15)

with x(u) := >, e(p(u)) being the character of the representation r of the gauge group.
The path integral representation localizes to the following expression,

1 N-1 N
I:/i/ H du; H (60 (uij) Oo(uji)) H HF (wij + Ng; T) (A.16)
0 =1 i>j=1 i#j=1a=1

which matches the Hamiltonian representation of the index. The constant x and the
elliptic functions in the argument are the ones given in the introduction of the companion
paper [29].

The expectation values of Polyakov loops [], M/ localize to

1 N-1 N 3

/ Hduz (G0(uij) bo(uzi)) [T T Teluij + Aair) [T x(w)- (A.17)

1>5=1 i#j=1la=1

50

I(G; A, B) :=1(G) + %/dzaTrAgG_laale % /d2 ATrB18a, GG

L / d®>aTr(A1 Az + B1Bs,), (A.12)
7/

+ i/d%zTr&GAQG*1
2
(and I'(G; A, B) = I(G;B,A)),

is the action of the WZNW model on a two-torus with world line coordinates a1 ~ a1 + 27 and as ~
az + 27 and line element dajdas, in the presence of background gauge fields A := A;da; + Azdas and
B := Bidai + B2das dual to the commuting chiral currents whose origin will be motivated below. The
action of the undeformed WZNW model being

I(g) == fé/d{"aTr(G’laalGAG*18Q2G) e) (A.13)

with the Wess-Zumino term I'(G) defined in a three-dimensional manifold with a two-torus (spanned by o
and a2) as boundary [48].
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The previous arguments imply that in Cardy-like expansion (around 7 — 0) the correla-
tors (A.17) must be re-writable as correlators of the gauged SU(N); WZNW theory on 75,
which have the form [97]

N .
Z MO IEACRY (A.18)

In these expression X is some function of characters of SU(N). The qbgo) = 0 and the con-
figurations over which the correposponding integral localizes over (the L’s before) are [97]

1+ 51"]'

N hi=lhooN-L (A.19)

o (n) =
°1 Similarly to SU(N), for the U(IV) index we expect the set of Polyakov loop correlators
to be equivalent to correlators of the U(N);/U(N) WZNW model. The U(V) ones are
obtained from the SU(N) (A.18) by exchanging the characters of SU(N) by the U(NV) ones.
In this case the configurations ¢§j ) over which the sum runs over are determined by the
folllowing equations, (which we borrow from [98])

(N+k Z¢ +7_]a—0 jan, (A'2O)

with the equivalence relation gbgj )~ gbz(j ) + 1 in mind. Assuming N prime, and using
level-rank duality these equations map to [98, 99]

No¢W_—j=0, jeZ. (A.21)

which naturally correspond to N-th roots of unity. These configurations solve the Bethe
ansatz equations of the gauged U(1)y WZNW model which is level-rank dual to the gauged
U(N)1 model, and thus are equivalent in the infrared [38] i.e. they have the same quantum
group symmetry. The roots (A.21) are predicted to be in one-to-one relation with the
gauge orbits L’s (Bethe roots) that dominate the Cardy-like limit of the U(NV) index.
They need not to look the same: theories that are equivalent (duals) can have Bethe roots
with different forms. We will comeback to identify thee roots in section A.2 (see also the
last paragraph in appendix D).

B Center elements from the defining representation of SU(IV)

Let us ask for the set of N — 1 real v,’s solving

s L

exp (27ri ZU“ g_lT“g> = X Inxn X = >N (B.1)
a

with ¢ € Z. In this equation g is an arbitrary element of SU(N), and Ty, is the defining
representation of Lie algebra of SU(N). The other fundamental representations are the

511t seems possible to check this prediction from scratch, we will try to do this elsewhere.
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fully antisymmetrized tensor product of the defining one. As said before, in this paper we
assume N to be prime. Note that the solutions for the numbers X, is independent of g,
however, the form of the components v,y does depend on the choice of g.

If we fix the basis for the defining representation as

Ty =g,k — €k11,k+1, k=1,...,N—1, (B.2)

with e; ; denoting the N x N matrix with unique non-vanishing entry 1 in the (i, j)-th
position, the equations (B.1), for a fixed £ = 1,... N, are solved by

eQTran(E) — (X(g))a,

a (B.3)
va(f)zgﬁmOdZ’ 621,...]\[.

We note that in the basis (B.2) the Cartan matrix takes its canonical form i.e. 2 in the
diagonal elements and —1 in the main off-diagonal elements. As said before, should we
have chosen a different basis for the T;,’s, related to (B.2) by a similarity transformation,
the Xy remains the same but the form of the v,)’s changes. For the N fundamen-
tal representations r we will always use the basis obtained from antisymmetrized tensor
products (B.2).

C Chromoelectric charge?

Let us show how there is no accumulation of electric charge in the two components of
the (m,n) bound-states, even though the charge density is a non-vanishing distribution at
north and south loci of the rotational action. There are only two choices of (Eg)p in (4.43)

3

—(Ea)p =0 or x % , detg(0) = % sin(26) , (C.1)

%2 for which the distribution of chromoelectric charge can be localized at north and south
i.e. for which

pe = V“( ,ftE)

1 1
=2 (cot(20)) 2z Fo o+ T O Fg. s
=2 o) MU0 285 ELSGZS)

with ¢% oc ¢ %, is made of distributions localized at the north and south loci. The second

choice in (C.1), which implies condensation of electric charge, is both non-integrable and
not locally flat, thus we can take it to be zero. Such contribution is the electric field
generated by an homogeneously charged string carrying total electric charge qj,;.. We
have kept this contribution to make clear how ¢* can not be interpreted as electric charge
in equation (C.2).

521n these expressions we have reinstated the radius of Ss.
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Indeed, assuming ¢f;;, = 0, and using Gauss law (C.2) to compute the electric charge
enclosed by a portion of the three sphere tg = fixed within 0 < 6 < 6y, one obtains

0o 27 27 ) 0o 27 2 .
/0 a9 /0 don /0 depo/dotg pi. = /0 df /0 de /0 dy v/detg V¥ (Fiy, )

=0.

(C.3)

Thus, although the density of charge is a non-vanishing distribution at the position of the
emergent operators, there is no condensation of chromoelectric charge there.

D Cardy-like limit of the Bethe ansatz equations

This appendix checks that the Cardy-like limit 7 — 0 of the Bethe ansatz equations of [39]
give the same number of solutions as the Bethe roots of the lattice Phase model of [100].
These are the N dominating fixed-points (3.31) for the limit m = 1 and n = 0. As it
will be illustrated below, the generalization of this statement to generic m and n is more
involved and it will be left for future work.

Our starting point are the SU(N) Bethe ansatz equations of [39, 73]

Qi—lzo, i=1...N—-1, (D.1)
QN
where
Qi(v, A, 7) = 6—2mzj.v:1vij ﬁ ﬁ Oo(vji + A, T) (D.2)
7 ) 77_ = P j:1 —QO(UZ] + Aa’ 7—) . .

The chemical potentials are assumed to obey the linear constraint

3
Y Ag-2r=nel. (D.3)

a=1

Let us define z = z(v;;) = vj; + A,. For a complex number x let us define its two real
components z | and x| by the relation z = x, + 2|7, with 7 = m7 +n with m > 0 and n
two co-prime integers.

As explained in the companion paper [29] for generic A, away from the walls in the
complex z-plane at which the component &, (with ¢ € Z) of

&(z) =2z —tr — {ZL—EnJ -1, (D.4)
m
equals 0 or 1,
Oo(z) = €™ S Bra(&lr—D+L(z) o ridlly Baa(&lr,—1)+Disc (D.5)
T—I
In this equation
1 T
B2’2(2_1’7—,—1) = —;32(2)4‘31(2)—8 (D6)
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Furthermore, the Cardy-like limit of function L(z) vanishes almost everywhere except for at
walls where the limit can happen to be undefined. In the cases where the limit is undefined
only the lateral limits to the walls are well-defined and the corresponding discontinuities,
denoted as Disc in (D.5), are bound to cancel the discontinuities across the very same walls
(branch cuts) that the piecewise polynomial part = Z;’:Ol i Bo (&7, —1) exhibits.?® The
symbol ~ in (D.5) means equality up to exponentially suppressed corrections in the limit
7 — —--. The objects By = z — % and By = 22 — 2 + % are the first and second Bernoulli
polynomials.

From (D.5) it follows that to keep the Q;’s, and consequently the c,%, finite and non-
vanishing in the limits 7 — —* one can require v;; — w7 + Z with finite and real
uij = u; —uj = vy # 0 for @ # j. That follows from the fact that in limits 7 — —2*

m
va can not be equal to

where the real component v ;; takes generic values, the quantity
1 because either it vanishes or diverges.®* For generic values of m and n there are ways to

ensure finiteness of g‘ , for instance by requiring v;; — w7+ L - As announced, we focus
N m

on the case m = 1 and n = 0 in that case, starting from (D.5)% a computation shows that
in the Cardy-like limit the Bethe ansatz equations become

g;:(@)]vzl, i=1,...,N—-1, (D.7)
where we have defined ¢; = 2™ (i—un)  The solutions to (D.7) are {; = N-roots of
unity. Discarding solutions with coincident (;’s and solutions that are identified after
permutations, it follows that there are N different solutions, which are (3.31).°¢ These are
also the Bethe roots of the previously mentioned phase model [98, 100]. For the reasons
explained in the main body of the paper we expect the same conclusion to hold for generic
Cardy-like limits 7 — —-.

A comment about Bethe/Gauge correspondence. The Bethe roots (or fixed-points)
of the system here studied [24, 39] are expected to be in one-to-one correspondence with
Hamiltonian eigenstates of an integrable system [31]. Given the results presented in refer-
ences [98, 100, 101], the proposal just put-forward suggests that in Cardy-like limit such
an integrable model could be related to the Phase model studied in [100] for the values
Zthere = 1, kthere = 1 particles moving along a circle with nihere = N sites. This lattice
model is solvable by the Algebraic Bethe ansatz method. It was also shown in [98] that
the partition function of the U(N);/U(N); WZNW model on a Riemann surface of genus
h corresponds to the sum of the Bethe norms (to the power 1 — h) of the Hamiltonian

3Such cancellation follows from the fact that fo(z) has no branch cuts in the complex z-plane.

541t diverges or vanishes because for generic v1;; ¢ 7Z there is a nontrivial component proportional to %
contributing in the limits 7 — —-=. This divergent contribution to the exponent vanishes for v ;; € % +Z
as well but the contribution to the index coming from the roots that could potentially arise from ansatz
obeying v ; € % + 7Z can be shown to be exponentially suppressed with respect to the one associated to
the ansatz vi;; € Z ones (3.31).

55VVorking at values of A, for which the discontinuities Disc are away from v, € Z.

56That the solutions to the equations (D.1) in the limit 7 — 0 are related to roots of unity was previously
found in [68] in a related context.
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eigenstates of a Phase model. Thus, on the two-torus (h = 1) such partition function
equals the number of Bethe roots of the algebraic equations (6.2) of [100] for zipere = 1,
kthere = 1, and n¢pere = N, which again is N. In appendix D we check that the limit 7 — 0
of the Bethe ansatz equations of [12, 38, 39] gives the same number of solutions as the
Bethe roots of the lattice Phase model of [100] for zthere = 1, kthere = 1, and ngpere = N.
These are the N dominating fixed-points (3.31) for m = 1 and n = 0.57
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