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Abstract

This thesis uses symmetric product orbifold CFTs as a controllable laboratory for
AdS;/CFEFT,, with the aim of sharpening what it means for the theory to exhibit
“holographic” behavior. In this setting, “holographic” is used in two senses: the usual
notion tied to a holographic CFT admitting a semiclassical gravity description, and a
tensionless viewpoint in which a bulk dual may exist but is organized in a manifestly
stringy way. Guided by this two-layer usage, the thesis proceeds in two parts. We first
examine how standard semiclassical benchmarks behave at the orbifold point, and we
then develop a complementary framework aimed at the tensionless viewpoint and test
it against bulk expectations.

The first part develops controlled probes of semiclassical benchmarks at the orb-
ifold point. We set up an analytic framework for single-interval entanglement on
the torus and obtain closed-form expressions for Rényi entropies at integer n > 1 in
a Dirac-fermion symmetric-orbifold toy model, while clarifying the open issues sur-
rounding the n — 1 continuation needed for the entanglement entropy. We also study
late-time spectral correlations through the progressively time-averaged spectral form
factor and find that a smooth random-matrix-like ramp does not emerge at the orb-
ifold point. Instead, coherent contributions from the light sector obstruct the ramp,
strongly supporting the standard picture that twist-two marginal deformations must
lift and reorganize a substantial part of the light spectrum before chaotic diagnostics
compatible with a semiclassical gravity regime can become visible.

The second part is constructive and targets the tensionless viewpoint through open-
string physics. In stringy AdSs backgrounds, D-branes introduce open-string sectors
and new classes of observables, yet symmetric orbifolds have lacked a satisfactory CFT
framework that makes such degrees of freedom concrete. We formulate an open-sector
framework using interfaces that connect Sym”~ and Sym™* by gluing P strands, iden-
tify the resulting “open twist” vertices, and develop diagrammatic rules for interface
correlators. After lifting the construction to the grand-canonical ensemble natural
for pure NS-NS AdSs holography, we find quantitative agreement of torus partition
functions with the unit-flux (k = 1) string-theory side, and qualitative agreement of

correlators at the level of genus expansion and covering-surface structure.
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1. Introduction and Summary

1.1. Overview

The goal of this thesis is to use symmetric product orbifold CFTs as a controllable
laboratory for AdS;/CFTy, with the aim of sharpening what it means for the theory
to exhibit “holographic” behavior. Before going into details, let us briefly summarize

why symmetric orbifold CF'Ts are a particularly useful class of CFTs to study:

o First, in the most traditional (D1-D5) realization of AdS3;/CFTy in string the-
ory, the bulk description admits a semiclassical gravity regime with appropriate
matter content, while the CFTy side is realized as a deformation of a specific
symmetric orbifold CFT.

e Second, symmetric orbifolds share several universal features with semiclassical
AdS; gravity. A prominent example is a BTZ-like high-temperature regime con-

trolled by Cardy growth, which arises quite generally in symmetric orbifolds!.

o Third, certain symmetric orbifold CFTs are believed to be dual to string theory

on AdS; in a tensionless, manifestly stringy regime.

The details of these viewpoints are reviewed in Section 2.1 and Section 6.1. For the
present overview, the key point is that symmetric orbifold CFTs provide a controllable
laboratory that is closely related to AdS3;/CFT; holography.

One may already notice that the AdSs side can appear either semiclassical or intrin-
sically stringy, depending on the regime and the duality frame. Symmetric orbifold
CF'Ts sit at a point where this “two-faced” character becomes especially transparent.
Accordingly, in this thesis we use “holographic” in two complementary senses. First,
there is the semiclassical notion associated with an effective bulk gravity description,
where one expects geometric entanglement, universal thermodynamics, and random-
matrix-like signatures of chaos. Second, there is a more stringy notion appropriate to
AdSj string theory, where a bulk dual is not organized purely in terms of semiclas-
sical geometry, and where extended degrees of freedom and sector structure play an

essential role.

I This feature is insensitive to the choice of seed, provided one takes the large-N limit.
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Despite this rich structure, symmetric orbifolds remain highly tractable?. In this
sense they can serve as a controllable laboratory for holography. Moreover, the two
perspectives above are not independent. For example, when an observable departs
from semiclassical expectations at the orbifold point, it is natural to interpret the
deviation as a clue about how the stringy organization of degrees of freedom manifests
itself. Conversely, since “BTZ-like” features are expected rather universally across
broad classes of symmetric orbifolds, this universality can sharpen the interpretation
of BTZ-like phenomena even in strongly stringy regimes.

The thesis follows this logic through two complementary strands. The first strand
exploits analytic and numerical control at the orbifold point to probe semiclassical
benchmarks. We study entanglement-type observables in thermal states and investi-
gate late-time spectral statistics through the spectral form factor. The second strand
is constructive and focuses on open-string physics in stringy AdS3 backgrounds. Moti-
vated by the fact that symmetric orbifolds have lacked a satisfactory CFT framework
for open-string-like degrees of freedom, we develop an interface-based open sector and
compare it with bulk expectations, including quantitative tests at the level of torus
amplitudes and structural tests for correlation functions through their genus expan-

sion.

Scope and conventions. We focus primarily on AdS3;/CFTy examples related to
bottom-up approaches to holographic CFTs, and tensionless (or pure NS-NS) string
backgrounds. We use standard CFT conventions for complex coordinates and thermal

identification.

Related publications. Parts of this thesis are based on, or overlap with, the fol-
lowing publications and preprints:
« Chapter 3 is based in part on [1]:
[1] T. Takayanagi and T. Tsuda. “Free fermion cyclic/symmetric orbifold
CFTs and entanglement entropy”. In: JHEP 12 (2022), p. 004.
 Chapter 4 overlaps with [2]:
[2] P. Caputa, B. Chen, T. Takayanagi, and T. Tsuda. “Thermal pseudo-
entropy”. In: JHEP 01 (2025), p. 003.

« Chapters 5 and 6 are based on [3] and are complemented by [4]:

2For example, when the seed theory is a rational CFT, the corresponding symmetric orbifold is
again rational.
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[3] S. Harris, Y. Hikida, V. Schomerus, and T. Tsuda. “Holographic Interfaces
in Symmetric Product Orbifolds”™ In: JHEP 12 (2025), p. 114.

[4] S. Harris, V. Schomerus, and T. Tsuda. “Interface Correlators in Symmetric
Product Orbifolds”. Preprint on arXiv in Dec. 2025.

1.2. Summary of results

This thesis consists of three main parts. The first two are primarily diagnostic: they
probe how far semiclassical-holographic expectations can be pushed at the symmetric
orbifold point and identify obstructions that prevent a straightforward semiclassical
interpretation. The third part is constructive: it formulates an open-sector framework

via interfaces and relates it to tensionless holography i.e. strings on AdSs; with unit
NS-NS flux.

1.2.1. Thermal states and entanglement (Chapter 3)

In Chapter 3, we first develop a technical reduction for torus observables in symmetric
product orbifolds. The basic idea is that a broad class of quantities on the torus can be
reorganized and expressed in terms of corresponding computations in cyclic orbifolds.
We implement this reduction by introducing a new class of Hecke-like operators that
package the sum over twisted sectors in a way adapted to torus geometry, and we
explain how the relevant thermal winding data are identified on the symmetric-orbifold
side and then extracted from cyclic-orbifold building blocks. While the reduction is
formulated at the level of torus observables, it provides a flexible framework that is
expected to be useful beyond the specific application considered in this chapter.

We then apply this torus reduction to entanglement-type observables in thermal
states. Concretely, focusing on a single interval on the torus, we implement the replica
method in a symmetric-orbifold toy model with a Dirac-fermion seed CFT and com-
pute Rényi entropies for integer n > 1, obtaining closed-form expressions. These
results provide a controlled analytic starting point for studying the entanglement
structure of thermal states at the orbifold point and for identifying where deviations
from semiclassical-holographic behavior first appear. We also discuss the status of the
n — 1 limit and outline future directions toward extracting the entanglement entropy

and making quantitative comparisons with holographic expectations.
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Sym™¥- (M) Sym™+(M)
I /
/ 7/
i 7 /
7 7
L1

Interface

Figure 1.1.: Schematic picture of an interface connecting Sym™¥- and Sym™+, where a
subset of the seed copies are glued across the interface.

1.2.2. Spectral statistics (Chapter 4)

Chapter 4 uses the spectral form factor (SFF) to probe late-time spectral correlations
in symmetric product orbifolds, treating the undeformed orbifold point as a baseline
for assessing semiclassical-holographic expectations. To obtain a stable late-time signal
in 2d CFTs, we apply a progressive time average following [5]. We work on Sym”C(R)
with a compact-boson seed at several radii. Numerically, the averaged SFF shows
a dip and subsequent growth, but the would-be ramp is replaced by a robust step
pattern: the step locations are largely insensitive to [ and, for sufficiently large N, to
N itself, while remaining strongly seed-dependent and absent at N = 1. This points
to persistent light-sector coherence at the orbifold point and suggests that recovering
a smoother, more universal ramp likely requires the spectral reorganization expected

from twist-two marginal deformations.

1.2.3. Interfaces and open-string-like DoF (Chapters 5 and 6)

A defining feature of stringy AdS backgrounds is the possibility of introducing branes,
which in turn give rise to open-string degrees of freedom and new sectors of ob-
servables. In tensionless holography and related stringy regimes, understanding such
brane-induced sectors from the CFT side is particularly important. Yet, in the context
of symmetric orbifold CF'Ts,; a satisfactory formulation of open-string-like degrees of
freedom has been lacking.

In Chapter 5, we introduce interfaces in symmetric product orbifolds as a natural
generalization of boundary states and topological defects. Concretely, an interface is
an object that connects Sym™~ (M) and Sym™* (M) by gluing P strands across the
interface, as illustrated in Fig. 1.1. From the torus partition function in the presence
of such interfaces, we identify new operator insertions that change the interface data,

which we refer to as “open twist” vertices.
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We then generalize the Feynman-like diagrammatics of symmetric orbifolds devel-
oped in [6] to the interface setting. In particular, we show that correlators with open
twist insertions admit a natural diagrammatic representation that mirrors a bulk-
inspired extension of the usual picture. See Fig. 1.2. Using these rules, we compute a
class of interface correlation functions and analyze their large-N behavior. Requiring
compatibility with a string genus expansion singles out a specific scaling regime for
the interface data, namely P ~ N with Ny — P ~ /N, and within this regime, we
compare the resulting scaling and structure with expectations from the stringy bulk
picture.

Chapter 6 reviews key aspects of pure NS-NS AdS; holography and uses them to
test the bulk interpretation of the interface sector. In this pure NS-NS setting, the
symmetric orbifold is naturally treated in a grand-canonical ensemble, and we lift
the interface construction accordingly. We find quantitative agreement for the torus
partition function with the unit flux £ = 1 string-theory side.

For correlation functions, we compare the genus expansion and the associated covering-
surface interpretation with the worldsheet picture and find qualitative agreement at
this structural level. Taken together, these results support the view that the inter-
face and open twist sector provides a concrete and computable CFT realization of

open-string-like degrees of freedom in tensionless AdSs/CFTs.

1.3. Organization of the thesis

This thesis is organized as follows.

Chapter 2 reviews background on AdS;/CF Ty and symmetric orbifold CFTs, focus-
ing on three motivations that guide the thesis: the old-fashioned D1-D5 perspective, a
bottom-up approach to holographic CFTs, and the tensionless (pure NS-NS) viewpoint
as context for later chapters. We also review tools used throughout, including bound-
ary states, topological defects, diagrammatic methods for computing correlators, and

the grand-canonical uplift.
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Chapter 3 studies thermal states and entanglement observables in symmetric orb-
ifolds. We begin by reviewing a reduction of torus observables in symmetric orbifolds
to corresponding computations in cyclic orbifolds, which we view as a general frame-
work expected to be useful beyond entanglement. We then implement the replica
method in a symmetric-orbifold toy model with a Dirac-fermion seed CFT and obtain
closed-form expressions for Rényi entropies at integer n > 1. We also discuss the
status of the n — 1 limit and future directions toward extracting the entanglement
entropy.

Chapter 4 investigates spectral statistics in symmetric orbifolds using the spectral
form factor. We discuss the obstruction to random-matrix-like behavior at the orbifold
point and introduce a time-averaged coarse-graining motivated by twisted-sector av-
eraging. We then present numerical results showing that this averaging alone does not
restore the expected chaotic features, and we interpret the outcome as an indication
of the persistence of intrinsically stringy structure.

Chapter 5 introduces interfaces in symmetric product orbifolds as a natural general-
ization of boundary states and topological defects. From the torus partition function
in the presence of interfaces, we identify “open twists” as interface-changing operators
and develop a diagrammatic framework for computing interface correlation functions,
which generalizes the building blocks used in the closed sector. We then study their
large-N behavior and compare it with expectations from expectations from string-
theoretic considerations.

Chapter 6 reviews key aspects of pure NS-NS AdSs3 holography and uses them to
test the bulk interpretation of the interface sector. We lift the interface construction to
the grand-canonical ensemble required in this tensionless setting and match the result-
ing torus partition function quantitatively to the string-theory side. For correlation
functions, we compare the genus expansion and the associated covering-surface inter-
pretation with the worldsheet picture, finding qualitative agreement at this structural
level.

We conclude in Chapter 7 with a summary of results and a discussion of open

problems and future directions.



2. Symmetric Product Orbifold
CFT

In this chapter, we give an overall framework for symmetric product orbifold CFTs,
hereafter simply symmetric orbifolds.

Before we begin the main text, we first give an intuitive working definition; precise
statements and computations will appear in later sections. Start with an arbitrary
2-dimensional CFT M on a Riemann surface X, with fields ¢(z) for v € X. We will
refer to M as the seed theory. For a positive integer N, the symmetric orbifold is
obtained by taking the tensor product M®" and orbifolding by the symmetric group
Sy, namely SymN(M) = M®N /Sy The central charge scales additively, ¢ = N cpy,
and if the seed M is solvable, then in principle Sym” (M) remains exactly tractable.

To see how twisted sectors arise, introduce a g-twist operator oy(x) with g € Sy.
Regard g as a permutation of the index set {1,..., N}. In the presence of oy, fields in
the i-th copy of M pick up the monodromy of g when z circles z:

gbi<62”(x — o) + xo) = ¢90) (x) .

Equivalently, the twist o4(x¢) permutes copies along the sheet indices specified by g.

A single ¢-cycle g = (i1 4z ... i) imposes

¢ (62“(95 — o) + 900) = o™i (x) (k=1,...,0 i1 = 01),

Gauge-invariant twists are obtained by summing over the conjugacy class [g]:

Olg] = Z Oh

helglCSn

so that primary twist operators are labeled by the cycle structure of Sy, e.g., [g] =
[Te>1 (€)™ with >°,£m, = N. This yields the familiar organization into untwisted and

twisted sectors.
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2.1. AdS;3;/CFT; correspondence and symmetric
orbifold

In this section, we explain why the symmetric orbifold is important from three per-
spectives. First, we review its role in the D1-D5 system and its deformations and
moduli. We recall that the symmetric orbifold of ¢ = 6 SCFT with target T* or K3
has long been identified as a cousin of the low-energy effective theory of the D1-D5
brane system. We distinguish the exactly solvable orbifold point from marginal blow-
up deformations that move along the moduli space and modify short-distance physics
while preserving supersymmetry and the central charge.

Second, we place the symmetric orbifold CF'T within bottom-up attempts to con-
struct two-dimensional holographic CFTs, briefly stating criteria for a 2d CFT to
admit a semiclassical AdS3 gravity dual and assessing to what extent those criteria
are satisfied.

Finally, we outline its correspondence with tensionless strings. For type II super-
strings in the F1-NS5 background, and more generally for strings on AdS; x X sup-
ported by pure NSNS flux, we sketch the exact relation to the grand-canonical ensemble

of the symmetric orbifold.

2.1.1. D1-D5 system and symmetric orbifold

Review of decoupling limit in D1-D5 system

Here we review the construction of the AdS;/CFT, correspondence following [7]. See
detail of this setup in e.g. [8, 9, 10, 11, 12, 13]. Consider Type IIB superstring theory.
Among the directions 0-9, compactify 6-9 directions on a four-dimensional manifold
M, taken to be either the four-torus T* or a K3 surface. Place Q5 D5-branes and Q;
D1-branes as in Table 2.1.

Table 2.1.: D1-D5 brane configuration that gives rise to the AdS3/CFTy correspondence.
A o indicates the directions along which the brane extends.

’directionHO‘l 2 3 4‘5‘6 7 8 9‘
D5 ol X X X X|o|lo o o o
D1 Ol X X X X |o|XxX X X X

The worldvolume theory flows at low energy to a 1+1-dimensional superconformal
field theory; we will refer to it as the D1-D5 CF'T. To focus on low-energy physics, take

the decoupling limit that sends the string scale to zero while keeping dimensionless
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quantities fixed:

r VZ,L Js
o -0, — =(fixed), v=-—— = (fixed), = — = (fixed), 2.1
o ( ) (27T)4Oé/2 ( ) 9e ﬁ ( ) ( )
where r measures transverse separations between branes and V} is the volume of M. In
this limit, interactions between the brane worldvolume theory and the bulk decouple.
i 2
..... LT =T

ds? = f; P fs 2 (a6 + da?) + A7 f7 (dr? +02dQ3) + £ F Ay, (2.2a)

with harmonic functions

s IQl
fi= (1 +7 :TQ ) , (2.2b)
fs= (1 + gsi;@f’) . (2.2¢)

In the near-horizon region r — 0 under the above limit (2.1), the constant terms in

f1, f5 can be neglected and the metric becomes

7,2

l2
ds* = 2 (de* + da?) + —dr® + PdO +

Qi dsi,
Qs Vv’

which is AdS3 x S? with the internal space M. The AdS radius (which also equals the

S3 radius) is

(2.3)

I? = 960/\/ Q:10Qs. (2.4)

The symmetry of the 0-5 directions is SO(2,2) x SO(4): SO(4) rotates the S3
spanned by 1-4, and SO(2,2) is the AdS isometry. In CFT terms, SO(2,2) ~
SL(2,R) x SL(2,R) is the global conformal symmetry, while SO(4) ~ SU(2) x SU(2)
is the R-symmetry associated with supersymmetry.

Let us consider when the classical supergravity approximation on the metric (2.3)
is valid. It requires both small curvature and small effective string coupling in the

near-horizon region[13]:

l2
(curvature) i Vs Q1Qs > 1, (2.5a)

(loops)  gerr ~ goy| == < 1. (2.5b)
5

O

10
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Focusing on asymptotic symmetries that preserve asymptotically AdS boundary
conditions, one finds a Virasoro algebra with central charge 31/2G35 [14]. This matches
the local conformal symmetry of the dual CF'T, so the central charge computed from
AdS equals that of the CF'T. In the present case, one obtains

c=6Q:1Q5 (M=T"), c=6(Q1Qs+1) (M=K3). (2.6)

Conformal manifold of D1-D5 CFT

To analyze the IR CFT in detail, we first examine the classical vacua of the 2d N =
(4,4) U(Q1) gauge theory living along the 05 directions. Its field content is

. 4
o vector multiplet with adjoint real scalars X = (X!, X%, X3, X*) € (RQlXQ1> ,
« adjoint hypermultiplet with complex scalars By, By € CO1%@1,

« Qs-flavor fundamental hypers with complex scalars I € C@1x%s J ¢ C¥*@1

and adjoint scalars can be decomposed into four real scalars as

XX XS 4aX?

Bl—T, By = \/5 )

where X17* parametrize the common transverse directions and X%~ parametrize the
internal M-directions. Let the FI triplet that parametrizes B-field on M be ( =
(Cr, Cc) with (g € R and (¢ € C. Up to an overall gauge coupling, the scalar potential

(X% X7, X%, X7 e RO*@),

is a sum of squares,
2 2
V= Tl"c;h{ (MR - CR1k> + ‘uc - C(C]-k‘
+ 30X X)X, X
1<J
4 . . . .
3 (10 B, B+ (X, ByJ[XY, By

i=1

+

IR

(X'DX'DT+ (JX) (X)) } (2.7a)

=1

where

pw = [By, Bl + [Ba, BY| + IT' = J'J, e =[By, Bo] + 1J.  (2.7h)

11



2. Symmetric Product Orbifold CFT

Vacua are obtained by setting each square to zero:

pr = (rlg, pic = (el
(XY, X7 =0, [X'B]=[X By=0,
X'T=0, JX'=0 (i,j=1,...,4). (2.8)
The vacuum structure splits into three types: Higgs, Coulomb, and mixed branches.
In the brane picture, the Higgs branch corresponds to D1s sitting on top of the Dbs,
whereas in the Coulomb branch the D1s separate from the D5s along the 1234 direc-

tions. We now summarize each branch.

Higgs branch. This branch corresponds to generic FI parameters (. In particular,
the adjoint and fundamental hypermultiplet scalars can acquire vacuum expectation

values, while the vector-multiplet scalars must vanish:
X =0, (By,By1,J)solve pu=¢, modulo U(Q). (2.9)

The solution set of = ¢ modulo U(Q)) is precisely the hyperkéhler-quotient realiza-
tion of the ADHM construction for U(Q)5) instantons of charge Q1 on M. Accordingly,
the IR theory on the Higgs branch flows to a (4, 4) non-linear sigma model whose target
is this instanton moduli space. For ( = 0 the target space degenerates to the symmet-
ric product orbifold of the internal space, Sym?'%s(M), while turning on a self-dual
B-field on M (equivalently ¢ # 0) resolves the small-instanton singularities and yields
the smooth hyperkéhler manifold Hilb®'9*(M) [15, 16]. In the symmetric orbifold
side, this introduction of B-field is realized as twist sector marginal deformation; see
[17, 18, 19, 20].

Coulomb branch. In this branch, the gauge group U(Q;) is generically broken
by non-zero vacuum expectation values of the adjoint scalars X. The commuting
components of X can be simultaneously diagonalized, and the scalar potential vanishes

only if the FI parameters are set to zero:
X#0, Buy=I=J=0, (r=C(=0. (2.10)

Generically one finds U(Q;) — U(1)@", and the eigenvalues of X parametrize the loca-
tions of the D1-branes in the common transverse directions. In the IR, the Coulomb-
branch fixed point is a singular CFT [21] that includes an N' = (4,4) linear-dilaton
sector with a continuum spectrum; at large |)Z | the eigenvalue modes decouple, while

the linear-dilaton throat appears in the | X| — 0 region [22, 23].

12



2. Symmetric Product Orbifold CFT

Mixed branch. Split ); = Q1 u + Q1,c and take block-diagonal VEVs: an ADHM
Higgs block of size 1y and a Coulomb block of size ()1 ¢. Concretely,

B ADHM with ch
%= (Y 0 . (By,By;1,J) = with charge Qi 0 . (2.11)
0 diag(---) 0 0

Physically this describes peeling off small instantons while retaining an instanton sector
of lower charge. Locally the vacuum moduli factorizes into the product of a Higgs factor
(the instanton moduli space at charge 1) and Coulomb directions (the eigenvalue
space of X for ()1,c branes) [21].

Note that precise IR fixed point at the intersection ¢ ~ 0 and |X| ~ 0 remains an

open problem.

2.1.2. Necessary conditions for CFTs with semi-classical

gravity dual

Necessary conditions are known for a CFT to be dual to a weakly coupled gravitational

theory in AdS (possibly including higher-spin modes). They read as follows [24]:

1. The theory has a large number of degrees of freedom; in 2D this means a large

central charge.
2. The low-energy spectrum is sparse.

3. Higher-point correlators factorize into products of two-point functions (large-N

factorization).

These are commonly referred to as large central charge, sparse spectrum, and large-
N factorization, respectively. While stated in general dimensions, we will henceforth
specialize to the AdS3;/CFT, case.

The first condition corresponds, via ¢ = 31/(2G), to small Newton’s constant G in
AdS, i.e. to the validity of the classical gravity approximation.

The third condition corresponds to weak coupling in AdS, where Wick’s theorem
applies.

For the second condition, a concrete upper bound on the spectrum i.e. the HKS
bound is known [25]. See related work for correlators in [26]. We briefly review its
origin. On the AdS side with torus boundary conditions, the dominant saddle points
are thermal AdS and the BTZ black hole. As one raises the temperature of thermal
AdS, a phase transition occurs to the BTZ black hole. Therefore, a phase transition
is expected on the CFT side as one varies the temperature. In two-dimensional CFT

the modular parameter 7 of the torus plays the role of inverse temperature. Modular

13



2. Symmetric Product Orbifold CFT

invariance severely constrains the density of states, and as a result the low-energy
spectrum obeys an upper bound. This is the HKS bound: the density of states p(h)

at conformal weight (h, h) satisfies
p(h) S ™ (h< ). (2.12)

Moreover, when the bulk theory is Einstein gravity at low energies (i.e. without light
higher-spin fields; we refer to such CFTs as holographic CFTs in this thesis), the theory
exhibits chaotic behavior and there are even stronger constraints on the low-energy
spectrum.

From the bottom-up perspective, for any seed C, the symmetric orbifold Sym”C
can be arranged to satisfy several of the necessary holographic conditions by taking
N large. For the first condition (large central charge), the central charge is N times
that of the seed, so this is automatic at large N. For the second condition (sparse
spectrum), it has been shown that symmetric orbifold CFTs satisfy the HKS bound
at large N, independent of the seed [27, 25]. Finally, for the third condition (large-N
factorization), this has been verified for all operators [6, 28, 29, 30].

However, properties such as chaos [31] and the stronger low-energy spectral con-
straints required of holographic CFTs are not satisfied. Thus a symmetric orbifold
CFT, as is, is not holographic. To obtain a holographic CF'T, one is led to turn on
marginal deformations of Sym™C for special choices of seeds, as in the D1-D5 case.
See recent developments of symmetric orbifolds of supersymmetric minimal models
and their marginal deformations in [32, 33, 34, 35, 36, 37, 38, 39, 40, 41].

2.1.3. AdSj string with pure NSNS flux

In very recently, AdS;3 string theory with pure NSNS flux background is proved to be
dual to symmetric orbifold with some appropriate marginal deformations. In the string
theory side, the worldsheet CFT is level k£ SL(2,C) WZW model times X that total
central charge is 26. In particular, type I1IB superstring on AdS; x S% x T* with unit
NSNS flux is completely dual to the grand-canonical ensemble of symmetric orbifold
Sym”™ (T* SCFT). We will see details in Chap. 6.

2.2. Preliminaries of Symmetric Orbifold CFT

We denote the base Riemann surface where CFT lives as X.

14



2. Symmetric Product Orbifold CFT

2.2.1. Definition of the symmetric product orbifold Sym”"C

We start from a seed CFT C with central charge ¢ and a positive integer N. The

symmetric product orbifold is defined by gauging the permutation symmetry:
SymVC = C*N /Sy, Ciotal = INC. (2.13)
This is the standard Sy orbifold construction specialized to permutation symmetry.

Hilbert space and twisted sectors. Let Conj(Sy) denote the set of conjugacy
classes of Sy (equivalently, partitions of N). The orbifold Hilbert space is the direct
sum over twisted sectors labeled by conjugacy classes, followed by the Sy-invariant
projection:

Horb = @ (Heon)?

[o]€Conj(Sn)

(2.14)

Sn-inv.

A conjugacy class is specified by a cycle type [],>; n™" with > ,~;nm, = N. An
n-cycle twist identifies n copies into a single “long string” of length n, leading to

fractional modes by 1/n and a ground-state energy shift

hO & 1 - BO C 1

where (hy, }_LO) is the seed ground weight in the corresponding sector.

Operator content. For a fixed cycle type [, n™* the sector factorizes into the
tensor product of the m,, Fock spaces of length-n long strings, followed by the Sy-
invariant projection. This “long-string” picture underlies the combinatorics entering
the partition function and will be used below to derive the generating-function form
leading to DMVV [42, 43].

Let us clarify the action of Sy on C®V. Label fields living in C by an index I, writing
them as ¢;. Then a field &7, ;

o in C®N is the tensor product

N
Op, 1y = Qo1 (2.16)
=1

i.e. ¢y, lives in the ¢-th factor of C. As in Definition

N
g: q)fl,...,IN — q)Igfl(l)“"’Ig*l(N)’ q)lg,1<1),...,lg,1<N> = @gblg*l(i)’ (217&)
1=

namely the field ¢;, originally in the i-th copy moves to the g(i)-th copy under the

action of g.

15
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2.2.2. Sphere partition function

The symmetric orbifold can be viewed as a discrete gauging of the permutation group
Sy. From this point of view, the orbifold partition function on a manifold X is
obtained by summing over flat Sy bundles on X with an overall factor 1/N! coming
from the gauging [44]:

1
ZS),;mNc = = > Zzen (holonomies on X) . (2.18)

* flat Sy bundles on X

On the sphere X = 5?2, the only flat Sy bundle is the trivial one. Let the sphere

= Zé(:SQ. If we focus on the contribution of

partition of the seed theory C be z
the untwisted vacuum sector, the sphere partition function of the symmetric product

orbifold at fixed N therefore behaves as

SQ ]. SQ 1 N
symNe T N Zean = N1 Z (2.19)
where in the last equality we used Zg; v = 2% for the tensor product theory. Thus

the characteristic combinatorial factor 1/N! of the symmetric product orbifold already
appears at the level of the sphere partition function and can be traced directly to the

discrete gauging of the permutation group Sy.

Inner products and the sphere path integral. Accordingly, when we identify
the inner product of any states |a), |b) with a sphere path integral with insertions a, b,

the physical inner product must carry this 1/N! factor:

(@lhpss = 7 Gl (2.20)

where (a|b) denotes the algebraic inner product computed in the symmetric product
theory without the 1/N! prefactor. In particular, taking a = b = 0 gives the vacuum
overlap!,

1 1, oN 1
71 000) = (z&)" = i (2.21)

in agreement with the sphere partition function (2.19).

<0‘O>phys =

RN

"More precisely, the vacuum state of the symmetric orbifold |0) is [0)&.},.
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2.2.3. Torus partition function

Following the standard orbifold trace formula [45, 46, 47, 48], the torus partition

function of the symmetric product orbifold Sym”C is

Zg el | Z [ ] , (2.22)

g heSy

gh=hg
where Z [ﬂ denotes the trace on C®V with g-twist along the spatial cycle and h-
insertion along the temporal cycle.

Any commuting pair (g, h) can be simultaneously brought to a canonical block form
labeled by integers a,d > 1 and b € {0,...,d — 1} with n = ad: in each block, ¢ is a
product of a cycles of length d, while h permutes these d cycles and translates by b
inside each cycle. Geometrically this corresponds to an n-sheeted cover of the torus

aT—l—b

with 7 — Therefore a single (a, d,b)-block contributes

) b
Z7 (mj ) (2.23)

to the trace [43].
Counting inequivalent assemblies of such blocks with total size >, s, admgqp = N
and dividing by automorphisms uses the cycle-index theorem for Sy [43]. Passing to

the p-generating function in N yields the exponentiated form

>0V Zge(r) = 11 expl bZ (mMﬂ. (2.24)

N>0 a,d>1

Hecke operator and torus partition function.

Let us first define Jacobi-like functions. Let ¢(7,z) be a function on H x C, which

satisfies the following conditions:

ar+b =z B k 2mimez? a b
¢<c7’ +d’ et + d) lerd eXP(C) #n ) ( d) € SL2.2),

(2.25a)

O(T,z+ AT+ p) = exp(—?m’m()\ZT + 2>\z)> o(T, 2), A\ €7, (2.25b)

for some weight k € Z and index m € Z>o. If k = m = 0, ¢ is independent of z and

becomes a modular invariant function.

17
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Definition of Hecke operator. For a positive integer n, the n-th Hecke operator

T,, acts on Jacobi-like function ¢ by

(o) (r,2) = z Zcb( (2.26)

a7'+b )

When ¢ has index m = 0, say ¢(7, z) = Z(7), this reduces to

(L.2)(r) = - % Z Z<aT il b) (2.27)
add€Z>() b=0

Note that the Hecke operator maps Jacobi-like functions with weight and index (k, m)

to another Jacobi-like functions with weight and index (k, m).

Torus partition function with Hecke operators. Grouping terms in (2.24) at

fixed n = ad, one arrives at the Hecke-operator form of generating function

2 2
> pV Z;Tym T) = exp(Zp (T ZE)( ) )) . (2.28)
N>0 n>1
Let (my)kez.,be a non-negative integer sequence that satisfies > ;g kmy = N. The
torus partition function of N-th symmetric orbifold can be written as a sum over such

sequence as

2 1 2 Mk
N Cs I DU '<(Tng )(7)) . (2.29)
me€lso  k>1 Tk
for k€Z~¢

s.t. Zk kmp=N

DMVYV formula and the spectrum of symmetric orbifolds.

Let us rewrite the formula (2.24) to obtain the famous DMVV formula. Suppose the

modular-invariant torus partition function of the seed CFT C is

Zg(r)=Y d(m (2.30)

m,mel

R.H.S. of (2.24) can be rewritten as

_ d(m,m)
H H (eXp[Z g m—=) ﬁ(mi)&ﬂﬁ(mm)]) .

a,d>1m,mel b=

18



2. Symmetric Product Orbifold CFT

By using the following identities

0 @ 1 141 _ 1 ifm—m=0modd
exp <Z x) = and => e2mig(m—m) _ , (2.31)
a=1 @ -z d ;= 0 else
we obtain

1 d(h,h)
2
SN2 ) = T I ( ) e
N>0 w>1 (hh)el L—pYqwqw

h—h=0 mod w

One can read off the spectrum of symmetric orbifolds from it.

2.2.4. Elliptic Genera

When the seed CFT M is an N' = 2 SCFT, the elliptic genus of M and that of
the symmetric orbifold are related. If the elliptic genus x (T, z) of M is Jacobi-like

function that has a fourier expansion

xm(m,z)= Y cn, )"y, (2.33)

n>0,l€Z

then the generating function of elliptic genera Xgy,,~ ¢ Of Sym” M is known to be

1
N
P XgymN (T, 2) = e LV g
Nz>:o Sym M ggog(l—p gmyt)emmD
= exp (Zpk (Trxam) (7, Z)) : (2.34)
E>1

See [42] for a proof and further details.

2.3. Boundary states in symmetric orbifold

In the symmetric orbifold, one can consider the set of Cardy boundary states [49, 50]
related to the character of Sy. In this section we review the construction of boundary
states in symmetric product orbifolds following [49].

The boundary states preserving the extended symmetry algebra of the symmetric
product orbifold are labeled by the data

ny

(7,7 d) = {(ni,rsa;))

i=1
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with >, n; = N, n; for the number of seed Cardy boundary states, a; for the label of

seed Cardy boundary states and r; for the label of irreducible representations of .S, .

(IZ‘> ]
hgi;h

Note that we do not include any overall factor 1/+/N! appeared in the original pa-

Boundary states take the form

|ﬁ,f’:6> _ Z ﬁ ( Z Xm(gz)

|
heSy i=1 \gi€S,, '4*

per [49]. Let us start by explaining it.

2.3.1. Normalization of boundary states and Cardy condition

Before constructing the set of boundary states, let us recall that we normalize the inner
product as in (2.20). Let |a) and |b) be the Cardy boundary states of the symmetric
orbifold. The annulus amplitude in the closed string channel is obtained from the

physical inner product,

close ~ ~ Lo—-<5 1 ~ Lo— -5
Zy ™V (F) = {al g7 [Bpaye = 5 (al g ), (2.35)

while the open string channel is given by
Z5PN(r) = Yonix(r), iy € Zso. (2.36)

Using (2.35), we see that the factor 1/N! appears as a universal overall multiplier of
all closed-channel amplitudes. Therefore it does not affect the Cardy relation between
closed and open channels, and the normalization (2.35) is fully compatible with the
standard Cardy consistency condition, leaving the integer open-string multiplicities
unchanged.

We also define the corresponding boundary entropy in the symmetric orbifold from

the physical inner product with the orbifold vacuum,

Ja = <0|a>phys- (237)

In terms of the algebraic overlap this becomes

1

Ga = NI <O’CL>, 10gga = 10g<0|a> - lOg N'a (238)

so that all boundary entropies are shifted by the same universal constant — log N!.
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2.3.2. Boundary states in twisted sectors

We now explain how to construct boundary states in the twisted sectors following [49],
and how they are assembled into the building blocks |a), that appear in the full Cardy

boundary states.

Seed Cardy states and twisted Cardy states.

We start from the seed theory C and assume that its conformal boundary conditions
are known. Let |a) be a Cardy boundary state of the seed theory. As usual, it can be

expanded in terms of Ishibashi states |h)) labeled by Virasoro primaries with h = h:

) = D anlh),  (La—Ly)|h) =0 (neZ), (2.39)

h
where a;, are the usual Cardy coefficients determined by the seed theory modular data.
In the twist-k sector, we define the corresponding twisted Cardy state |h))u) by
keeping the coefficients a;, fixed and replacing each untwisted Ishibashi state by its

twisted counterpart:

W)ay = D) @ [hn) gy, la)w = thah!h»m (2.40)

n

Twisted Ishibahi states |h)iwist-r 1ive in the sector where k copies of the seed theory
are glued into a single long string, and hence satisfy the generalized gluing conditions
with fractional Virasoro modes. Hence, n summation includes fractional Virasoro
descendants. It should be viewed as the natural image of the seed boundary condition

a in the twist-k sector; as a consequence, they satisfy
w (algro o3 (b)Y gy = 285V (7 k) = 297 (k). (2.41)

From single cycles to general permutations.

So far we have considered a single cycle of length k. A general twisted sector of the

orbifold is labeled by a permutation g € Sy with cycle decomposition
g = 0102 0Op, (2.42)

where each o, is a disjoint cycle of some length k,, and possibly trivial cycle of length
1 so that ks satisfy >, k., = N. Additionally, let us set o, ~ (z’(a)l, o ,z’(a)ka) For

a fixed seed boundary condition a, we associate to each cycle o, a twist-k, boundary
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block acting on the set of copies permuted by o,:

|0) 5o (i(@)1 i)y ) - (2.43)

The tensor product over all cycles then yields a state in the g-twisted sector,

ja)g = ®|a>aam(z‘(a)1,...,¢(a)ka). (2.44)
a=1

To incorporate multiple types of seed boundary conditions, it is convenient to specify
which copies of the seed theory are involved in each cycle. Following [49], let us
introduce for each block (n;, NV;) a subgroup S,,(N;) C Sy acting on n; consecutive

copies starting at position N; 4+ 1, with

N; = n;. (2.45)

Jj<i

In this convention, we may need to denote the building block by specifying the set

that g acts on:

|ai>gim{Ni+1u---7Ni+”i} (2'46)

Summing over h € Sy generates all possible twisted states built from the same seed
boundary condition a; but with different choices of which copies are glued into cycles.

We will denote such states compactly by

@) hgin—1 = |ai>hgih*1mh{Ni+1,...,Ni+ni}, (2.47)
with the understanding that g in |a), specifies both the cycle lengths and which copies

are involved.

2.3.3. Set of Cardy boundary states in symmetric orbifolds

Let ny for the number of seed Cardy boundary states. The Cardy boundary states in
the symmetric orbifold are labeled by the data

np

(11,75d) = {(m, Ti; ai)}izl, (2.48)
where
e ny is the number of seed Cardy boundary states,

e a; is i-th seed Cardy boundary condition out of ny,
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 n; specifies the size of the subset of {1,..., N}, which is the number of seeds
associated with a;,
« 7; is an irreducible representation of .5,,, .

Let x.,, be the character of r;. Following [49], the orbifold Cardy boundary states take

the form?

ny
I Xr; (gl)
ira) = > 1] ( > “i>hgm1> . (2.49)
heSy i=1 \g;€Sn, 't
Here i = (ny,...,ny,), 7= (r1,...,7n,), @ = (a1, ..., a,,), and the states |a;)py,,-1 are
the twisted Cardy states in the sector twisted by hg;h~' constructed in the previous

subsection.

2.3.4. Overlap of boundary states: homogeneous trivial
representations
As a simple illustration, let us consider the case in which all copies carry the same

seed boundary condition a or b, and we take the trivial representation of Sy. In our

notation this corresponds to

ai=a — (N, ]-7 (Z), (ﬁv Fv aj)

(1,7 a) a=b = (N, 1;b), (2.50)
where 1 denotes the trivial representation of Sy. The corresponding orbifold Cardy

boundary states are obtained from (2.49) by setting ny = N and x1(g) = 1 for all
g e SN7

1 1
\N,1;a>: DY m‘@hgh—w \N,1;b>: > ﬁ‘b>hgh—1' (2.51)

heSn geSN heSn geSN

In particular, each twisted sector appears exactly once (up to the overall normalization
fixed in (2.35)).

The open-string partition function between the homogeneous orbifold boundary
states ‘N, 1; a> and IN, 1; b> is computed by the overlap

Z((JOVP,Z?,)<N,b) (1) = <N: 1 G‘QNLMEO*%

N, 1; b> (2.52)

phys’

Using the standard classification of conjugacy classes of Sy in terms of cycle multi-
plicities {my }r>1,
> kmy = N, (2.53)

k>1

2Note again that there is no overall factor 1/v/N! in (2.49); instead, the factor 1/N! appears in the
physical inner product, as in eq. (2.20).
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we can write the result as

2@ = > I

{my}: §:knnk =N k>1

[ Zren) (lw)} " (2.54)

mk' kmk

It is convenient to package these amplitudes into a grand-canonical generating func-
tion. Using the combinatorics of symmetric products, the fixed-N expression (2.54)

exponentiates to

ZP Z(R}JZHNb)<T) = exp
N>0

P open)
open
;;?Z“b (k)| (2.55)
This is the open-string analogue of the DMVV formula, and parallels the grand-
canonical boundary partition functions discussed in [50]. Let us expand the open-string

partition function Zégpen) (1) as

ZP (1) = 3 dap(m (2.56)

melyy

with dg,(m) as positive integers. We can rewrite (2.55) as the following product form:

N Open) 1 dab(m)
> Z Nay vy (T) = 11 <m> . (2.57)

N>0 melyp 1 —pq

Consequently, the coefficient of p™v Z((Opel)l)( v (T); has a g-expansion with non-negative

integer coefficients, as required by the Cardy consistency condition.

2.4. Topological defects in symmetric orbifolds

Topological line defects offer a useful handle on generalized symmetries in two-dimensional
CFTs, and in symmetric-product orbifolds Sym” (C) there is a distinguished “univer-
sal” class whose definition is essentially group-theoretic. In this section we construct
these defects in a form suited for explicit computations, using twisted Ishibashi states,
following [51]. See recent developments in [52, 53, 41].

We start from the seed RCFT, review Verlinde lines and their folded-theory boundary-
state realization, and then lift the construction to Sym” (C) by building conjugacy-class
projectors P and checking their orthogonality and idempotency. This leads to uni-
versal defect operators Dg labeled by irreducible representations R of Sy, together
with their diagonal action on twisted sectors and their fusion algebra. Finally, we
rewrite Dy as boundary states in the folded orbifold and verify consistency via cylin-

der overlaps, recovering the symmetric-orbifold torus partition function (DMVV) from
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the trivial-defect overlap.

2.4.1. Defects in seed theory and folding trick

Varlinde line in seed CFT

We first review the construction of the trivial topological defect of the seed RCFT
and its realization as a boundary state in the folded theory, following the notation
of [51]. Consider a rational CFT C with chiral algebra A and a diagonal torus partition

function
Ze(m,7) = > xa(T) Xn(T) (2.58)

where h labels the irreducible representations of A and x,(7) is the corresponding
character. We choose an orthonormal basis of states built on primary h and its de-

scendants,
{1h.n), Th,m)}, (2.59)

where n, m collectively labels holomorphic/anti-holomorphic descendants. Note that

Ishibashi states are constructed as

h) = |h,n) ® |h,n). (2.60)

n

The projector onto this representation in the full Hilbert space is then
Py = Y"|h,n) @ [h,m) (h,n| @ (h,m]. (2.61)

The Verlinde line associated with a primary a is given by

D,=) gh Py, (2.62)
. D0h
see eq. (2.2) of [51]. The trivial defect line of the seed theory is obtained by choos-
ing a = 0, corresponding to the identity primary. We get the following by simple
computation:
Duiw =Do =Y _ Py =1y. (2.63)
h

Folding trick and boundary state.

It is sometimes useful to describe this defect as a boundary condition. To do so, we

apply the folding trick to the line defect which separates two copies of the seed theory.
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We consider the folded theory
O e, (2.64)

where the superscript (—), (4) labels the two copies. Following eq. (2.7) of [51], the Zy
permutation brane associated with the Verlinde line D, is described by the boundary

state

) =X 32 (SO 0 ) (S oTm ). @)

h n m

Each term in (2.65) is an explicit tensor product of four states,
) @ Ty ) @y
b O @ Ty @ [h,m)® & Tomy (2.66)

showing that the folded boundary state lives in the tensor product of the holomorphic
and anti-holomorphic Hilbert spaces of both copies.
For the trivial defect we again set a = 0, so that Sp;/Sp; = 1 and obtain the boundary

state

D) =3 (Z\m ) @ \h,n>(”> (th, m)™® & lmm(‘)) - (2.67)

h n m

This is the boundary state realization of the trivial topological defect of the seed

theory.

Overlap and recovery of torus partition function.

We now consider, in the folded theory, a cylinder whose two ends are both endowed
with trivial defect boundary states. One can expect that this matches the torus par-

tition function. See Fig. 2.1. Now let us explicitly calculate

CHecH) ~

both sides are boundary states of trivial defects

Figure 2.1.: Trivial defects overlap in seed CFT. Its geometry is equivalent to the torus
with doubled periodicity of the original cylinder length.

vtriv) [T I O I A Co PR COI O NS 3 -
Zé;l ! )(2> = <<Dtriv|\/a L VG T | Dixiv) q=e2 , (2.68)
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where 7 € iR-q and L\, L") (and similarly for Lo) act on (—) and (+) copy, respec-
tively. Inserting (2.67) and using orthonormality,

(hyn | W' ;m) = (h,n | B/,m) = Sun Onm , (2.69)

the overlap factorizes into holomorphic and anti-holomorphic pieces:

Z 0 (3) =% [Z(h,n! V@ )Rl VG T, n)]

2 — 1%

x [waa [ m)(h,m| v % |h,n>]

m

= Eh: xn(7) Xn(7) (2.70)

In the second line we recognized the sums over descendants as the holomorphic and
anti-holomorphic characters of the representation i. Therefore the cylinder amplitude
with trivial defects on both ends reproduces the torus partition function of the seed
theory by doubling the cylinder length:
triv,triv T ~ = _
Z{v) (2) = Z0(7,7) = Ze(7,7), (2.71)
showing explicitly how the overlap of boundary states of the trivial defects is translated

into the character sum defining the torus partition function.

2.4.2. Defects in symmetric orbifolds

In this section, we construct the projection operator from the language of twisted
ishibashi states introduced in the boundary state section. Also, we see how the physical
inner product rule is incorporated to the definition and algebra of the defect.

Let us start from constructing the complete system. Recall the definition of twist-k
Ishibashi states:

Phay = 22 11 m) gy @ Ry ). (2.72)

n

Here, n summation includes all possible fractional Virasoro descendants. In that sense,
the following definition is not sufficient because states are not projected onto the

twisted sector for generic n, m:

) -
Py = >3 |h,n)ig @ [h,m)y g (b, | @ (g (hym] . (2.73)

h n,m
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To resolve this problem, we need to introduce a new projector? II,:

oy (2.75)

I, :=
! 1C(9)] heC(g)

We will describe its action on states later. The precise definition of the projection

operator is

1
[C(g)] > Mgyt A mhn-g(am)-1 @ [y M) gy
h—,hteSn g h,n,m

Xh*g(h*)*l <h, n| & htg(ht)-1 <h, m|Hh+g(h+)71 . (276)

Projector onto twisted sectors.

Let us take a closer look at (2.76), starting from a permutation g € Sy with cycle
decomposition

g = 0103 O, (2.77)

where each o, is a disjoint cycle of some length k,, and possibly trivial cycle of length
1 so that k,s satisfy -, ko, = N. Additionally, let us set o, (i(a)l, . ,i(a)ka>.
For fixed labels h, n, m, we associate to each cycle o, a twist-k, building block acting

on the set of copies permuted by o,:

1Py M) oe @ R, M), 0 (hn| @ 6, (h,ml, (2.78)

with o, as a shorthand of o, ~ (i(oz)l, (@) ka)~ The tensor product over all cycles

then yields a building block in the g-twisted sector,

Z |h,n)g ® |h7m>gg<h>n| ® g(h, m|

h,n,m

=@ > |h,n)o, @ |h,m), 5. (h,n| & g, (h,m]. (2.79)

Note that the first sum 3, , ,,, is an abuse of the notation.
However, actually, this is not enough since for generic h,n,m this tensor product

may include non-integer spin that should be removed. To resolve this, let us define a

3C(g) means followings: let [g] be a conjugacy class in Sy and g € Sy a fixed representative. Its

centralizer is
_ ISy NI

IC(g)l  |C(g)]

Clg)={heSnv|hg=gh}, |l (2.74)
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projection II, _ for each twist-k, building block

Ugon(i(a),i(a)n,) = kikgl exp {2mb (Lo ..... i(@kg) E[gi(a)l ..... i(a)ka))}
_ ! ifLo—EOEOeZ. (2.80)
0 else

By acting it, we obtain the following “safe” building block

I, |h,n)e, @ [h,m), oo(h,n| ® g, (h,m|11,, (2.81)
and their tensor product gives
hZ Iy [, n)g ®Wg g(h,n| ® QWHQ

é Y oy lhn)e, ©h,m), o, (h,n| @ g, (h,m|T,, . (2.82)

a=1hnm

Note again that the first sum »°, ,, ,, and projector II, are abuses of the notation.

Finally, we need to rotate both sides respectively, by using h4 € Sy:

1, (2.83)

with hio,hi' as a shorthand of hioohi! ~ hi(i(a)y,...,i(a),). This gives the

elementary projector Py on [g]:

1 .
P[g} = Z |C'(g)| Z thghzl ‘h‘vn>h,gh:1 ® |h7m>h_gh:1

h+€eSN h,n,m
X h+gh;1<ha n| ® h+gh;1<h>m’ ngh;l

= Z 7@ Z Hh,aahjl ’h=">h,aah:1 ® |h, m)h,oahjl
h+€ESN | ( a=1

h,n,m

X h+aah;1<han’ ® h+oah;1<h7m‘ thah;l ) (2.84)

It is immediate that P is self-adjoint P[L] = P and orthogonal Py P4, X O(gq],(1]-
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Idempotency of P.

It is instructive to check explicitly that P is idempotent: Pé] = Py. We need to

take inner product once, and hence we have 1/N! factor:

2
Bl = Pg P gn (2.85)
1
NI
XZ‘ ®Z h0h1|hn>h0hl®|hm>hahl
h+ €SN a=1hnm
X hioahy (h,n| @y, . hy 1(h,m| Hh+aah;1
X Z ‘7® Z h’h+oh1h’1‘HN>h’h+oh1h’1®’HM>h/hahlh’l
h' €Sy =1 H,N,M

X h;hgh+aah;1h’:1h’;l<H7 Nl ® h;hgh+aah;1h’:1h’;l<H» M| Hh;hghmah;lh’:lh’;l :

In the last line, we included extra A’ factor in subscripts so that the calculation goes

simpler. Here, the algebraic inner product

h+aah;1<h7”’®h+aah;1<ha m| Hmaah;l Hh/_hwah;lh'jl |H, N>h/_h+aah;1h’_—1®’Hv M>h'_h+aah;1h/_—1

is non-vanishing for all o only if b’ € C(hyghl'), with 6,5 6n Opar. Thus the summa-
tions over h' , H, N, M are killed, with producing extra factor |C(hyghi')| = |C(g)|:

1 - -
P[g] - N! Z | ® Z Hh_%h:1 |h’n>h_aah:1 ® |h> m)ﬁ,gahjl
hi,h' €Sy a=1 hn,m
X h;h+aah;1h:1<h7”| ® h;h+auh;1h:1<ham’ Hh’+h+0ahjrlh:1 ,  (2.86)

with redefining A/, A" — h/.. Redundant summation over A/, produces N! and we

obtain
2 I
P[g}: Z IC )|® Hhah‘l‘hn>hah—l®’hm>hah1
hieSy 1Y\ a=1 hnm
hyoah 1(h,n|® hyoah (h,m| hyoahl!
= Py (2.87)

Definition of the universal defect operator.

The conjugacy—class projectors P constructed in (2.76) provide an orthogonal reso-
lution of the identity on the orbifold Hilbert space. In particular, any operator which

is diagonal in the decomposition by conjugacy classes can be written as a linear com-
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bination of the .
We define the defect associated with irreducible representation R of Sy by

Dr= >,  x&llg)) Py
[g]eConj(SN)

= Z Z xa(lo) Z Hh,ghjl |hvn>h,gh:1 ® ‘h7m>h_gh:1

h+ €SN [g]€Conj(Sx) ICOI o

X h+gh;1 <h,n] ®h+gh;1 (h,m| Hh+gh;17 (288)

By construction, Dg depend only on the group-theoretic data (Sy, R) and the pro-
jectors Py, and are therefore “universal” in the sense that they do not refer to any
further details of the seed CFT.

Action on twisted sectors. Let us consider the action of Dy on the subspace Hj).

By construction we have

py, 0 for l9'] # [9] - (2.89)

P[gllﬂ[g} =Ln, .  Hy
Therefore, the defect Dy acts on the decomposition by conjugacy classes as:

DR!HM = Xr([9]) Lo, »  DrlW)g = xr(lg]) W) for [¥) € Hig. (2.90)

In particular, in the identity sector [e] we have

Da|,, = xnl[e]) 1y, = dimp Ly, (2.91)
[e]
so that the universal defect acts on the orbifold vacuum as

where dimg = yg(e) is the dimension of the representation R.
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Fusion of universal defects. Let us consider the fusion algebra of universal defects

Dr. Using idempotency and orthogonality, we find

Dgr,Dr, = (Z X&([Q])P[g]) (Z Xr ([h]) P[h])

9]

= [%1 X, ([91) xr, ([h]) Pg) P

= > xm (9] xr.([9]) Py - (2.93)

g]

The product of characters can be decomposed by Kronecker coefficient* Ng, g, as
XRl([g XRQ Z NR1R2 XRs3 [g]) ) (294)

and we obtain the algebra

Dr,Dr, = Y_ Np,r," D, . (2.95)

R3

2.4.3. Universal defects as boundary states in folded theory

We now describe the universal defects Dy of the symmetric orbifold as boundary states

in the folded theory, following the same logic as in [51]. We consider the folded theory
N A\ ) N A\ ()
(Sym™c) @ (Sym™cC) (2.96)

where the superscript (—), (+) labels the two copies. The boundary associated with
projector P is described by the boundary state

P = S o I e 1 @ T
ey hlvz oy © hom) 2
- T @ ® T 0 e e T
N iC 2 - h_oah” ah”
®H,(1 o ) e p @ hmy" L (2.97)

4Tt is hard to determine this coefficient in large N: see details in [54].
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and consequently, we obtain the boundary state corresponding to the defect Dg as

Dr) = > x=llg))|Pg)

[g]€Conj(SN)

= Z Z )Tg([g%]| hz Hh gh~! |7, n>h ot @ |h’m>§;)ghil

h+ €SN [g]eConj(Sn n,m

O™ |h,n >h gh_1 ® |h,m . (2.98)

hy h_ >h h_

Overlap and recovery of torus partition function.

We now consider, in the folded theory, a cylinder whose two ends are both endowed
with trivial defect boundary states as a consistency check done for the seed theory
case in Sec. 2.4.1. Note that the gauge group in the folded theory is Sy x Sy and the

physical inner product introduces 1/(N!)%. Now let us explicitly calculate

c

7 I GO Co NNPR I CO TN I CO NS 3 ,~
2 () = (Dl V3 TR T R D) g e

2
(2.99)
Because of the orthogonality of Py, it is sufficient to calculate
(triv,triv) T ~L(()_)+L(()+)7é ~Z’(()_)+E(()+)7TCZ
Iyt \3)= 2 (PglVa Vi 1Py ohys.  (2.100)

[g]€Conj(Sn)

Here, we chose specific group elements for subscripts, but the overall value is essen-

tially unchanged. We can perform the redundant sum over 2/, and h_, and it simplifies

as
«P[g]’\/_L( Rt \/gié_hriéﬂ 1L’P[g]»phys
1 m
" iCwl i, S
(honl, @ (hymlo, Lo @ T [0, 1 @ |l ) pgunt (2.101)
where o, is a shorthand of o, ~ (i(a)y,...,i(a)s,) and ho,h™! is a shorthand of

hooh ™ ~ h(i(a)y, ... i(a)g,).

Closer look at permutation g € Sy. Instead of writing ¢ as an abstract product
g = Il 04, we would like to organize the cycles by their length. More precisely, we

write

=11 ﬁam. (2.102)

kE>1 a=1
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Here, for each k£ > 1, the symbols o1, ..., 0k m, denote the cycles of length k in the
chosen decomposition of g; consequently, we have the constraint Y, km; = N. For
each fixed k, the my cycles of length k are indistinguishable from the point of view of
the cycle type of g, and they are permuted by a natural action of the symmetric group

S, An element ¢, € S, acts by reordering the labels a = 1,...,my, of the cycles

k
0kq- The centralizer C(g) acts on this family of cycles in two conceptually distinct
ways. First, for each individual cycle o, there is an internal cyclic permutation of
its k entries, generated by a Z, action; this corresponds to shifting the labels along
the k-cycle oy ,. Second, there is a permutation of the m;, distinct cycles of the same
length £, generated by the symmetric group S,,, acting on the index a = 1,...,my.
Equivalently, the restriction of any h € C'(g) to the k-cycle sector may be written as

a pair
Pli-cycle — ((rk,h-”urk,mk)’ Ck:), Tha € Lk, Sk € Sy, (2.103)

where 74, encodes the cyclic rotation inside each cycle oy, and ¢, permutes the my
cycles of length k£ among themselves. This is the content of the standard structural

isomorphism

clg) ~ ] (Z,Tk x Smk). (2.104)

k>1

Consequently, we have |C(g)| = [Tx>1 K™ my!.

Generating function of overlap. The action of 7, in this case is trivial, and we

obtain

(+) _ ¢

T T Oy LN
(Palva™ ™ NG T 2Py phys

1
-y ¥
k>1 k- SkESmy, h,n,m

<h, ”|aa R <h, m’Ua Haaq~Lo+fzo—%|h, n>§k0'a§k_1 &® |h, m>§k‘7a§;:l' (2.105)

One can obtain its my k-cycle sector from the following generating function

1kl 74+ b
I exp [p’““ =3 Z (m i )] : (2.106)
k& k

a>1

kmy, triv,triv) (f

. To see the full overlap Z](V;Cyl 5
to take all k& > 1 into account and take sum over [g] € Conj(Sy). This yields the

by looking at the coefficient of p ), we need
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following generating function

riv I‘lV T + b
Z p Zz(vt' cylt (;) = H H exp [ Z Zec <ar )] (2.107)
N>0 k>1a>1

where the right-hand side is exactly the generating function of the torus partition
function (2.24).

2.5. Computation of correlation functions

In symmetric product orbifold conformal field theories of the form M¥ /Sy, correlation
functions of twist operators and their excitations can be computed using the covering-

space method of Lunin and Mathur[55]. One introduces a branched covering map
I:¥Y— X (2.108)

from a Riemann surface X, on which the fields of the seed theory on M are single-
valued, to the base manifold X where twist operators are inserted. Excitations of
the symmetric orbifold on X are then pulled back along I' and become local operator
insertions in the seed theory living on ». Near a twist operator o,, the map behaves
locally as = ~ 2", so that o, creates a w-branch point on X with opening angle
27w i.e. a conical singularity with excess angle 2r(w — 1). The associated conical
curvature leads, via the Weyl anomaly, to a non-trivial Liouville action on 3, and the
correlators acquire a Liouville factor multiplying the seed-theory partition function on
the covering surface.

Given the base space X and a set of correlation functions of twist-sector excitations
Op on X, (Oy, -+ Oy, )™, the existence of a compatible branched covering I' : & — X
is not automatic; moreover, even when such coverings exist they are generally not
unique. Pakman, Rastelli, and Razamat developed a diagrammatic classification of
these coverings and introduced Feynman-like rules that express twist-field correlators
on X = S? as sums over diagrams, each diagram corresponding to an equivalence
class of covering maps [6]. In Section 2.5.1, we briefly describe coefficients for each
equivalence class of contributions to the correlation functions. In Section 2.5.2, we
review their diagrammatic method in a form adapted to our later applications, and in
subsequent Section 2.5.3, we introduce alternative construction of PRR diagrammatics.

For each covering, we need to evaluate the Liouville action and combine it with the
seed-theory correlator on . We briefly review this prescription given by Lunin and
Mathur [55] in Section 2.5.4.

In Section 2.5.5, we emphasize how in the large-N limit the contributions of the
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diagrams are naturally organized by the genus of the covering surface, leading to a
genus expansion.

Finally, in Section 2.5.6, we discuss the grand-canonical uplift of correlation func-
tions, in which one introduces a fugacity u and considers a grand-canonical ensemble
that sums over all symmetric product orbifolds MY /Sy. Our discussion is based on
the recent work of Aharony and Urbach [56]: the grand-canonical ensemble of sym-
metric orbifold CF'Ts reproduces the string genus expansion to all orders.

In many of our explicit examples we take the base manifold X to be the sphere
X = S% Before go into the detail, let us discuss the normalization of correlation
functions.

Before turning to the normalization of correlators, let us make precise what we mean

by a (branched) covering map.

Definition of branched covering map. Let X and ¥ be compact Riemann sur-
faces. A holomorphic map
r:%—X (2.109)

is called a (branched) covering map of degree N if the following conditions hold:

o There exists a finite subset B C X (the set of branch points) such that
r:\r*B) — X\B

is a topological covering of degree N, i.e. every x € X\ B has exactly N preimages

under I'.

o For every point p € X there exist local complex coordinates z on X near p and

x on X near ['(p) such that, up to multiplication by a nonzero constant,
r—D(p) = 2 (2.110)

for some integer w, > 1.

The integer wy, is called the ramification index at p; points with w,, > 1 are ramification
points, and their images in X are the branch points of I". In the applications to sym-
metric orbifolds, the branch points coincide with the insertion points of twist operators
on X, and the ramification index w, matches the length w of the corresponding cycle

in Sy, so that locally near a w-twist insertion we have x ~ 2* as described above.
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2.5.1. Normalization of correlation functions

Let us discuss the normalization of the correlation function at this point, as we did in
detail in Sec. 2.2.2. Usually, the orbifold path integral carries the usual factor given by
the inverse volume of the gauge group Sy. When one reorganizes the path integral in
terms of gauge-invariant configurations, it is natural to associate to each configuration
an effective prefactor given by the inverse volume of the subgroup of Sy that leaves
this configuration invariant. In the present context, the relevant configurations are
branched coverings I' : ¥ — X, and the remaining gauge group Aut(I').

With this notation, the contribution of a given covering to the unnormalized corre-

lator® takes the form

Zy (110
X - — IM UL

where Zﬁt denotes the correlation function of the seed CFT on the covering surface
including the Liouville factor.

To obtain the usual correlation function on the sphere, we need to divide once by the
vacuum partition function, which effectively multiplies all correlators by a universal

factor N!. In this normalized convention, the contribution of I' becomes

Z8 x| Ouws -+ Ou,| N 2310,
Oy Oy Yy = —Symam| e el ooy U Zm O 2.112
< 1 "C>N ZégymN./\/l I |Aut(r)| ZN ’ ( )

with 2z = Z§;. Thus, in our normalization, the coefficient of each covering is given by

N!/|Aut(T")|, where Aut(T") is the remaining gauge group associated with T

2.5.2. Pakman-Rastelli-Razamat diagrammatics

Let us draw on X = S? a double-line graph, made of solid and dashed lines, that

passes through the insertion points of all twist excitations; see Fig. 2.2 for an example.

Given a covering map I' : ¥ — X = 52, we can consider the inverse image of this
double-line graph under I' and thus obtain a double-line graph drawn on the covering
surface X. We now focus on the topological properties of this lifted double-line graph

on Y. By construction, the following properties hold:[6]

o At the preimage of a w-twist insertion point, w strands of the double-line graph
join together; away from such points, the strands of the double line neither split

nor join.

5To be more precise, e.g. torus partition functions can also be understood in this prescription.
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wo w3

Figure 2.2.: Double-line graph made of solid and dashed lines on base manifold S?. The line
passes through all the twist insertion points. Ordering of twists is naturally
induced.

» FEach connected component of the solid (respectively dashed) line is a contractible

closed curve on Y.

o When one moves along a solid line in the counter-clockwise direction and records
the twist insertion points encountered, the resulting cyclic order coincides with

the partial order in which the twist excitations are arranged on X.

o When one moves along a dashed line in the clockwise direction and records the
insertion points encountered, one again obtains the resulting cyclic order as the

partial order on X.

o The numbers of solid and dashed closed curves are each equal to the degree of

the covering map I

If we retain only the topological information contained in the lifted double-line graph
on Y, we refer to the resulting object as a PRR diagram®, following Pakman, Rastelli
and Razamat [6]. The above discussion shows that inequivalent covering maps give rise
to different PRR diagrams. Figure 2.3 illustrates this construction for the correlator
(73(a)aa(b)os(c)) of Sym* M.

Conversely, one can reconstruct a covering surface from a given PRR diagram that
satisfies the rules listed above: starting from a PRR diagram satisfying the topological
properties, we first count the number of solid (equivalently dashed) loops; this number
is the degree d of the covering. We then take d copies of the sphere S?, each cut open
along the chosen double line. The PRR diagram specifies, for each segment of the
double line and for each twist vertex, how the different copies of the cut sphere are
to be glued together along their boundaries: whenever two strands of the double line

are connected in the diagram, we identify the corresponding boundary segments of the

6Note that in this thesis the base manifold is always taken to be the sphere X = 52, and PRR
diagrams, as we use the term, are defined only for this spherical case. We will not attempt to
generalize the diagrammatics to higher-genus base surfaces.
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X —

Figure 2.3.: PRR diagram for (03(a)o2(b)oz(c)) of Sym® M. We explicitly indicate the
trivial preimages of b and ¢. One can find all the solid/dashed closed curves
satisfy the expected natures.

appropriate copies of S%. Gluing all segments according to the diagram produces a
two-dimensional manifold >3, possibly disconnected, together with a natural projection
I : ¥ — S? that locally looks like the identity away from the twist insertions and
has the prescribed branching behavior at the twist points. By construction, this I'
is a branched covering of S?, and different PRR diagrams lead to non-isomorphic
coverings’ .

In this way, PRR diagrams are in one-to-one correspondence with the branched

coverings that contribute to correlators of twists.

PRR rules.

To systematically reproduce PRR diagrams, we summarize the PRR rules in the fol-

lowing form:

o A w-twist insertion is represented by a vertex surrounded by w solid and w

dashed strands. See Fig. 2.4 for example.

« A propagator is represented by a double line consisting of one solid and one
dashed strand.

"More formally, branched covers of the sphere with given branch points can be classified by their
monodromies, and Riemann’s existence theorem states that such monodromy data and branched
covers are in one-to-one correspondence. The PRR diagrams give a convenient graphical repre-
sentation of this monodromy data.
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« Each connected component of the solid (respectively dashed) line is a contractible

closed curve on Y.

o Traversing a solid line counter-clockwise, one encounters the twist insertions in

the partial cyclic order as on the base sphere X.

o Traversing a dashed line clockwise, one again encounters the twist insertions in

the partial cyclic order as on X.

e The numbers of solid and dashed closed curves are each equal to the degree of

the covering map.

== |

. .
S g
\) 4
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o mmu
P20
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Y \J
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[ 4
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[]
1
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Figure 2.4.: Examples of vertices for PRR diagrams. Vertices are surrounded by w solid and
w dashed strands in an alternative order. Away from vertices, these strands
pair up to form double-line propagators.

Disconnected covering surface.

In many cases, the completed PRR diagram is realized on a disconnected Riemann
surface X that is identified as a covering surface. In general, a degree-N covering can

be decomposed as a disjoint union

Y = |_|Z§k“ , [lg, : S — S? of degree ny,,

with 3=, kane = N. Some components may be trivial in the sense that X, = SZ, ., =

X and Iy, is the identity map of degree one. In typical situations one can write

Y = (Stz )uan U Ynontrivial » (2.113)

rivial

where |y has degree n. On the trivial S? components, the corresponding PRR

nontrivial

diagram is just a double-line circle; such diagrams do not carry any non-trivial infor-

mation and will be systematically omitted in what follows.
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Example: (09090909).

As a simple example, consider the correlator (o9(zq)oa(x2)os(xs)oa(xs))n. The as-
sociated covering surface decomposes into a non-trivial component that carries the
branched cover, together with several trivial spherical components on which I" is the
identity. The PRR diagram we will draw corresponds only to the non-trivial compo-

nent; an illustration is shown in Figs. 2.5 and 2.6.

Figure 2.5.: Genus 0 PRR diagrams to (o2(z1)o2(x2)o2(x3)o2(x4)).
The degree of T'|5; is 3.

nontrivial

Figure 2.6.: Genus 1 PRR diagram to (o2(z1)o2(x2)o2(x3)0o2(x4)).
The degree of I'|x; is 2.

nontrivial

Remaining gauge group Aut(l').

Previously we have seen that a degree-IN covering can decompose into a disjoint union
of trivial and non-trivial components in eq. (2.113). Here, we explain how the re-
maining gauge group of a covering, and hence its volume |Aut(I")|, can be determined

directly from the symmetries of the corresponding PRR diagram.
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Let us first clarify the definition of the remaining gauge group Aut(I')® of a covering
I
Awt(T) = {h: S > S|Toh=T}. (2.114)

Diagrammatically, Aut(I") is the group of permutations of sheets and connected com-
ponents that leave the PRR diagram invariant.

A first source of symmetry comes from the trivial components in (2.113). The (N —
n) trivial spheres S2, ., are indistinguishable: any permutation of these components

defines an automorphism of the covering. Consequently,

Aut(F) = San X Aut(F]E (2115)

nontrivial )

This factor can be read off directly from the PRR diagram as soon as the number of
trivial components is known: each trivial sphere contributes a double-line circle, and
permutations of these circles act trivially on the non-trivial part of the diagram.
Even when Y, ntrivial 18 connected, the covering may still possess non-trivial automor-
phisms. A simple example is provided by a two-point function of a w-twist excitation
and its conjugate. In this case, the non-trivial part of the covering consists of a single
w-sheeted sphere, and the PRR diagram is invariant under a cyclic rotation of the w

= Z,, and contributes an

nontrivial)

sheets. This cyclic symmetry is realized as Aut(T|y
additional factor
|[Aut(T)| = w (N — w)!. (2.116)

In the PRR diagram, this symmetry is visible as a cyclic relabeling of the w identical
strands around the two twist vertices that leaves the diagram unchanged.

More generally, the non-trivial covering surface may decompose further into several
connected components of the same topology and with identical PRR diagrams. If there
are k such identical non-trivial components, say > ontrivial = (Za)uk“, permutations

among them define automorphisms of I'. Therefore

Aut(T

= Sk& X Aut(F\ga) (2117)

Enontrivial)

This situation arises, for instance, in multi-particle configurations where the covering
contains several copies of the same graph.

Collecting these contributions, the symmetry factor of a given covering can be ob-
tained as the order of its automorphism group:

Aut(T)] = (N —n)! x Aut(Ts, (2.118)

nontrivial ) ?

8In the mathematical literature it is often called as the group of deck transformations that preserve
the covering map.
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where the internal part includes factors such as the cyclic symmetry w in two-point
functions and permutation factors k! for identical non-trivial components, as in (2.116)
and (2.117). In practice, all of these factors can be read off from the PRR diagram by
identifying permutations of strands and components that leave the diagram invariant.

Using this decomposition, let us see how eq. (2.112) can be written explicitly. It

takes the following form:

! Zznontrivial [H 01,]

(2.119)

an’

nontrivial ) |

Here, all of the N-dependence is contained in the prefactor (N%!n)!, while the remaining

factor is independent of V.

Gauge fixing of twists.

On the sphere, it is often useful to separate explicitly the overall gauge volume in order
to count inequivalent gauge fixings. For a given covering I', the contribution to the

unnormalized correlator can be written schematically as

Z5nsp[Ows - 0w, | = le‘mﬁf IO (2.120)

where the factor N!/Sym(I") can be interpreted as the number of essentially different
gauge fixings g1, ..., 9, that give rise to the same covering I'.

First, to see the gauge-fixing through the PRR diagrammatics, we bijectively assign
integers in N := {1,..., N} to solid circles in the diagram. We call a PRR diagram
whose solid circles are labeled in such a way gauge fized. For each vertex in the gauge
fixed PRR diagram, we can assign permutation g = (ay ... a,) € Sy by circumnavigat-
ing the associated vertex of the diagram anti-clockwise and reading off the encountered
N labels (a;)¥, of the traversed solid lines. We refer to these permutations as gauge
fixed vertices.

From the orbit-stabilizer theorem, the prefactor in (2.120) can be interpreted as the

number of inequivalent gauge fixing of the corresponding PRR diagram:

N!
TAut(T)] — g1, 90|, (2.121)
where the r.h.s. is the size of the orbit
[gb s 7gnc] = {(gglg_17 s 7ggncg_1)|g € SN} (2122)

This group action ggg~! corresponds to the relabeling of solid circles in the gauge fixed
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PRR diagram.

In that sense, twist correlators are sometimes denoted as
Sz SZ
ZSgumspt [Ouw, - Ou, | = > Z3wm|Ogi - Og,.], (2.123)
giE[(l...wi)}CSN
or

(Ouy -+ 04,.) = > {0,-0,.). (2.124)

gi€[(1..w;)]CSN

with the assumption that inappropriate combinations of g; yield vanishing contribu-

tions.

2.5.3. Alternative PRR diagrammatics

Let us consider an alternative diagrammatics, starting from drawing lines on X = S?
in a different way. We first fix the location of a double line along some reference line,
say the real axis, and then deform one of the lines so that it passes through all twist

insertions; see Fig. 2.7.

wy w3 w9 w3
[ ] [ ] o ()
—
Ordering
T e e = ——
1 1
° L) -
1
wy Y w1 Y
Wy W4

Figure 2.7.: Alternative construction of a double-line graph made of solid and dashed lines
on the base manifold S?. The solid (dashed) line is deformed so that it passes
through twist insertion points, while the dashed (solid) line stays on the ref-
erence line, respectively. The ordering of twists is then naturally induced.

Given a covering map I' : ¥ — X = S? we can again consider the inverse image
of this double-line graph under I' and thus obtain a double-line graph drawn on the

covering surface . These diagrams consist of the following objects: see Fig. 2.8.

Alternative PRR rules and equivalence to original PRR

diagrammatics.

Corresponding alternative PRR rules are following:

o A w-twist insertion at the upper (lower) half-plane is represented by a vertex
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I —
j(_ AN J\_ t

Figure 2.8.: Examples of vertices for the alternative PRR diagrams. Vertices corresponding
to upper (lower) half-plane twist insertions are surrounded by w solid (dashed)
strands. The two rightmost figures are redundant vertices, surrounded by
three strands. Away from vertices, these strands pair up to form double-line
propagators.

surrounded by w solid (dashed) strands, respectively. See the two leftmost figures

in Fig. 2.8 for example.

o w redundant vertices are introduced for each w-twist insertion. A redundant ver-
tex is surrounded by two solid (dashed) strands and one dashed (solid) strands,

respectively. See the two rightmost figures in Fig. 2.8 for example.
« A propagator is represented by a double line.

» FEach connected component of the solid (respectively dashed) line is a contractible

closed curve on X.

o Traversing a solid line counter-clockwise, one encounters the twist insertions and

the redundant vertices in the partial cyclic order as on the base sphere X.

» Traversing a dashed line clockwise, one again encounters the twist insertions and

the redundant vertices in the partial cyclic order as on X.

o The numbers of solid and dashed closed curves are each equal to the degree of

the covering map.

The resulting diagram is equivalent to the original PRR diagram. By performing
the contraction of redundant vertices, one can recover the original PRR diagram;
conversely, one can obtain the alternative PRR diagram from the original one. See
Fig. 2.9.

2.5.4. Lunin-Mathur covering-space prescription

In this subsection, we briefly review how, for a given branched covering I' : ¥ — X,
the quantity Z%/( appearing in (2.111) is computed from the seed theory on M. By
definition, Zﬁ[ is the seed-theory correlator on the covering surface > with metric

induced from X, including the Liouville factor generated by the Weyl anomaly. In
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Figure 2.9.: Contraction of redundant vertices in the alternative PRR diagrammatics. For
a wt (left) or w™ (right) twist insertion, each segment of solid-solid (respec-
tively dashed-dashed) double line is accompanied by redundant vertices. By
a contraction we mean moving each redundant vertex along the double line
towards the twist vertex as close as possible. If one contracts all the redun-
dant vertices, one recovers a single w* vertex, which coincides with the one
appearing in the original PRR diagrammatics.

particular, once a corresponding covering I' is determined, Z/%,[ can also be completely

determined. Let us start with the generic case, arbitrary base Riemann surface X.

Pullback metric on the cover.

Let X be equipped with a metric
ds% = Guz(x,Z) dx dT . (2.125)

The covering map I' : ¥ — X induces a metric on ¥ via the pullback,

2

AN (2.126)

ds% _ F*g = gxaE(F(Z),F(’Z)) a

Near a ramification point p € X lying above a twist insertion at x, € X, as defined in

eq. (2.110), we can choose local coordinates z on ¥ and = on X such that
T—Toq = Qo (z — za)wa + O((z — za)“"”l), an # 0, (2.127)

so that circling once around z, in the z-plane corresponds to circling w,, times around

wa—l pear the ramification point, and

Zo in the z-plane. In particular, 0,I'(z) ~ z
the pullback metric (2.126) has a conical behavior consistent with the presence of a
Wo-twist.

It is convenient to compare I'*g to a fiducial reference metric §.z(z, 2) dz dz on X.

We write

A5} = %07 g.s(2, ) dzdz, 0(22) = logf 92 (1(2). T(2))

0.0(:)[ ) ~ log .s(2,2).
(2.128)

The Weyl factor ¢ encodes all the local information about the ramification of I" and
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thus about the twist insertions on X.

Liouville action and seed partition function.

Let Z%;g; I1 O;] denote the correlation function of seed-theory operators [] O; inserted
on Y, computed with respect to the metric g. The corresponding correlator with the

physical metric I'*¢g induced from X is given by
Ziu [ 110:] = explSilera]) 2% [9: 1101 (2.129)
where Sy, is the Liouville action
S 2 o A ;
Sul6:0) = 5 |25 (#7000, + 2R 0), (2130)

with ¢ the central charge of the seed CFT and R the Ricci scalar of §.
In the notation of (2.111), we therefore identify

Zu[[10] = Zi e 110:] = ex(Sulerd]) 23 [9: IO - (2.131)

where the operator insertions [] O; are the pullbacks to X of the twist-sector excitations

[1O0, on X.

Evaluation on the case X = S2.

From now on we specialize to the case where the base is the sphere X = S? equipped
with the standard round metric. Let I' : ¥ — S? be a degree-N branched covering
contributing to a given twist correlator, and introduce UV discs |z — x,| < € around
each finite branch point z, € S? and an IR cutoff |z| < A around infinity. Pulling
these circles back to X gives small discs |z — 2| < p, around the ramification points
z. € 3, and |z — z5| < R around the points around preimages of infinity. In local

coordinates we can write
v—2a=a, (2 —2)" +O((z = 2)" "), € Rulll, (2.132)

near the finite branch points, while near infinity one has

r— % seRr.m (2.133)

Z— 2

where Rg,[I'] and R [I'] denote the sets of ramification points lying above finite branch

points and preimages of infinity, respectively. The points zg are regular from the twist
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point of view (no ramification), but they lie above the IR boundary at large |z| and
therefore contribute to the Liouville action through the outer cutoff. In particular,
the divergence at infinity produces a universal factor Zs = §~%/3 together with a finite
covering—dependent factor involving ], |&|~%/¢, as in eqs. (2.22)—(2.29) of [57]. In our
conventions the universal divergence is absorbed into the overall factor zV. where
Rsn[I'] and R[] denote the sets of ramification points lying above finite branch
points and above infinity, respectively, and w,, ws are the corresponding ramification
indices. The coefficients a, and by encode the local behaviour of I' at the ramification
points.

With these cutoffs in place, the Liouville action on (3,1g) can be evaluated by
excising the small discs and the outer cap and using integration by parts, as in [55,
57, 4]. The bulk contribution depends only on the Euler characteristic x(X) and
can be absorbed into curvature counterterms and into an overall normalization of
twist operators, while the non-trivial dependence on the covering map localizes on the
cutoff circles and is expressed entirely in terms of the local data of the covering map
Wy, Wy, Gy, bg.

Once a UV/IR regularization scheme and local counterterms are fixed uniformly for
the seed theory, the contribution of a given covering I' to the quantity 2/%1 in (2.111)

can be written in the form

ZMIo) = 7 I lal 505 I wlf ZZaIlo]. @139

r€Rga [T SE€Roo[I]

where z := ij is the vacuum partition function of the seed theory on the round
sphere®, and Z3[g;[10;] is the seed correlator on Y computed with respect to a
smooth reference metric g. The prefactor Fr collects terms that can be included in
twist normalizations: in what follows we choose the normalization of single-cycle twist
operators once and for all so that the prefactor in (2.134) reduces to Fr = 1.

Consequently, the bare two-point function on S? is

N
52 - z 1
ZSymNM[Uw(O)Uw(a)] = w (N — ’LU)' |a|2(h+ﬁ)’ (2135&)
with covering map
I'(z) - (2.135b)
r=I'z)=a——— .
20 — (1= z)w’

where the combinatorial analysis of Section 2.5.1 is included..

92N=" comes from the trivial component (S2. .. )" ", while remaining 2" comes from the non-

trivial
trivial Liouville factor of pullback metric.
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2.5.5. Large-N limit and genus expansion

We begin by recalling the normalization of bulk twist operators. We introduce nor-

malized twists by

w (N —w)!

Gw = Ny 0w, N, = i (2.136a)
With this choice, the two-point function of w-cycle twists is unit-normalized:
. . B 1 s c 1

We now turn to the N-dependence of correlation functions of normalized twists. Recall

that the correlator of unnormalized twists can be written as

N' Z/X\J/rtmontrivial
e ) = , 2.138
<O— 4 e >N ; (N - n)' |Aut(r‘znontrivial) ‘ Zn ( )

as in eq. (2.119). Replacing each o, by the normalized operator &,,,, we obtain

Zznontrivial
M

(F | Enontrivial ) | Zn

, (2.139)

where all the N-dependence of the contribution of a given covering I' has been collected

into

N! e
Cr(N)= ——— v, = 2.140
r(N) (N—n)!il;[N’ (N—n)!g N! (2.140)
The remaining factor in (2.139) is independent of N.
In the large-N limit with all w; kept fixed, Stirling’s approximation gives
Ny~ N~ 7 [Ny ~ N2 25w (2.141)
i=1
On the other hand, the combinatorial prefactor behaves as
N!
——— ~ N". 2.142
(N —n)! ( )

Thus, up to an overall O(1) factor independent of N, the N-dependence of the contri-

bution from a fixed covering I is

Cr(N) ~ N"22isiwi, (2.143)
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The exponent in (2.143) can be expressed purely in terms of the topology of the
covering. Let the nontrivial covering surface Y, ontrivial have degree n, genus g, and n,.
branch points with cycle lengths w;. For a covering of the sphere, the Riemann-Hurwitz

formula gives the following equation:

1 & C
n—=Sw=1-g— " (2.144)
2 & 2
Combining (2.143) with (2.144), we find
Cp(N) ~ N1797%, (2.145)

Introducing the string coupling via g> ~ N~!, this can be rewritten as
Cr(N) ~ gj2t2tne, (2.146)

In other words, after normalizing the twists as in (2.136), the dependence on the
covering degree n and the twist lengths w; reorganizes itself into the simple topological
combination —24-2g+n,.. This is precisely the string-theoretic genus counting expected

for a closed-string background of genus g with n. operator insertions.

2.5.6. Grand-canonical uplift of symmetric orbifold

correlators

So far we have worked in the canonical ensemble at fixed N, where correlation functions
of (normalized) twist operators in Sym™ M admit a genus expansion in the large-N
limit with an effective string coupling g2 ~ N~!'. However, Aharony and Urbach
emphasized in [56] that this canonical description does not fully match perturbative
string theory once subleading powers of 1/N and disconnected coverings are taken into
account. See related work in [58]. The basic issue can be stated as follows.

For normalized correlators, covering-space expressions such as (2.119) involve com-
binatorial factors N!/(N —n)! multiplying the contribution of a covering with n active
copies. When expanded at large N, these factors produce subleading powers of N
whose coefficients are not determined solely by the topology (g, n.) of the covering:
they depend in detail on how many copies are active, and on the distribution of cycle
lengths. In other words, at fixed NN, the contribution of a disconnected covering does
not factorize into a simple product of independent weights for its connected compo-
nents, and the canonical partition function of normalized correlators is therefore not
exactly the exponential of a sum over connected coverings. The clean, purely topo-

logical genus counting expected from string theory only emerges in the strict N — oo
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limit.

The grand-canonical uplift, obtained by summing over N with a fugacity u, resolves
this problem. Let us now take a closer look at how this works. Let Z*X[J] denote the
generating functional of twist-field correlators in Sym™ M on X, where J,,(z) couples
to the single-cycle twist operator o,,(x). The grand-canonical generating functional is
defined by

Z;i{[“]] = Z H’ Sym J]?

Zg;m mld] = Zg;mNM [exp (;/Xdzx Juw () aw(:p)ﬂ . (2.147)

In the covering-space representation reviewed above, each fixed-N correlator is a
sum over branched coverings I' : ¥ — X with prescribed ramification data. For

definiteness, consider a correlator of twist-sector vacuum o,

ZE N |Own O, | = D 2.148
SymNm |Twr 7 O nc:| Z |Aut(T)| ( )
Applying a decomposition of each covering surface X into its connected components

Y o= [|ZF, T, :Sq — X of degree ny, > kang = N, (2.149)

[0}

the correlator can be reorganized as

N ke
x o oL (i
Z5 ot [Own O, | = erl;[ ~ <]Aut(1“\ga)] . (2.150)

Once we sum over N as in (2.147), the constraint that the total number of copies
participating in a given covering cannot exceed N is removed: a connected covering of
degree n,, simply contributes with a weight p"«. It is then convenient to focus on the
logarithm of ZX [J], which collects connected coverings. Introducing a formal string
coupling g, by attaching a factor g to each insertion of a w-cycle twist in the source'?,

one can write

A

ZE
n(T") w(F _ M 2151

{wi} T:Z=X
connected

log ZX[J] = 3 exp (; /X 2z Jw(x)>

{wi}

where:

0Here g, is introduced as a bookkeeping parameter that keeps track of the total ramification. Its
relation to the canonical large-IN expansion will be made explicit below in the specialization to
X =52
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e The sum {w;} runs over finite multisets of positive integers, specifying the lengths
of the inserted single-cycle twists. In particular, if {w;} contains m,, copies of
the twist length w, we may write {w;} = {17 ,2™2 ... }.

o For a fixed multiset {w;} with multiplicities m,,, the notation

exp <§; /X &z Jw(x)>

denotes the coefficient of the monomial

ﬁ 1(/)( d*x Jw(a:))mw

|
we1 Muw:

{wi}

in the expansion of the source exponential. In other words, it picks out the

contribution with exactly m,, insertions of twists of length w for each w.

e In the second sum, I' : ¥ — X runs over connected branched coverings whose
ramification profile is precisely encoded by the multiset {w;} selected in the first
sum, together with the locations of the corresponding branch points, encoded in

the integration variables x.

e n(I') = deg(I") is the degree of the covering, and w(I") is the total ramification
w(T') = X, wy, associated with the twist profile {w;} of T

Note that the factor 1/|Aut(I")| must appear in the exponent to avoid overcounting

equivalent coverings.

Riemann-Hurwitz formula and the identification of g.

The topology of a connected covering I' : ¥ — X is constrained by the Riemann-

Hurwitz formula for generic coverings

X(E) =nI)x(X) =Y (wi—1),  x(X)=2-2G, (2.152)

i

where G is the genus of X and w; is the local branching order at each branch point.

This can be written as
n(I)(2G - 2) + w(l') = =2 4 2¢(2) + n.. (2.153)
Comparing (2.153) with the gs-dependence in (2.151), we see that if we choose

§= 9262, (2.154)
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then the combined factor satisfies the following genus-expansion form:

n(T) w(l)

g nDRE=2+w(l) — =2+29(Z)+ne (2.155)

Hw = 9s

In other words, for each fixed base surface X of genus G, it is natural to identify the
fugacity p with the (2G — 2)-th power of the string coupling. With this choice, the

weight of a connected covering in the exponent becomes

2429(%)+ Z/%/t
, oTeg\ETRe 2.156
Js |Aut(T)|’ ( )
which depends only on the topology of the covering surface and the number of inser-

tions, as expected in a string-theoretic genus expansion.

The case X = S2.

Let us now specialize to the case X = S?, for which G = 0 and x(X) = 2. Recall that
we denote the vacuum partition function of the seed theory on the sphere by Z fj = z.
Recall that, in the absence of any insertions (J = 0), the orbifold partition function
is given by Zg;mN ™
function becomes

[0] = 2V/N! as in (2.19). The grand-canonical vacuum partition

ZEQ 0] = ]\;i: N ZSS;mNM[O] = i (M;)‘ = exp(uz). (2.157)

N=0

The expectation value of N in this vacuum ensemble is then

N =0u0,2500] = pz (2.158)
In particular, for X = S?, the natural choice (2.154) yields

p=g%  Nog? (2.159)
so that in the weak-coupling regime g, — 0 we have

(2.160)

in precise agreement with the canonical large-N scaling g2 ~ N~! used in Sec. 2.5.5.
In particular, with g2 ~ N~!, this assignment also reproduces the scaling of the twist

normalizations in (2.141), since each w-cycle insertion carries a factor g ~ N~%/2,
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Let us consider normalized correlation functions of the grand-canonical theory

(2.161)

Ne S2 Ne 5 ZSz J
(o) = M5705] 2ot

i=1 s i1 0w, (zi) Z,u [0] J—o
To leading order in g, this can be approximated by fixing N to its expectation value
N = pz. Indeed, both the numerator and the denominator in (2.161) are sums over
N of the form

ZSQ Z N ZS2

Sym®

w250 = i i 28 0] = i <’”‘;)! . (2.162)

N=0

For large ;12 the latter sum is sharply peaked at N ~ N = puz with width AN ~ V'N.

Approximating the sums by their largest terms (saddle-point approximation) gives

250 ~ AN, 2.163
e 5 52 N SQ
|J]1 (le(wl)‘| Z,u [J]’Jzo ~ U SymN./\/l [H O'wZ Z; ‘| X /2T Hz, (2164)

so that the Gaussian prefactors /27 1z cancel in the normalized ratio (2.161). We

therefore obtain to leading order,

In particular, the normalized grand-canonical correlators (2.161) reproduce, to leading
order in g; ~ N2 the canonical large-N behavior of normalized twist correlators
discussed in Sec. 2.5.5.
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Bottom-up Approaches



3. Entropy in Symmetric Orbifolds

In this chapter, we take a bottom-up viewpoint and analyze concrete observables in
symmetric orbifold CFTs. Rather than starting from a putative semiclassical bulk dual
and working down, we will exploit the microscopic structure of the orbifold theory itself
to gain insight into the emergence of semiclassical physics.

In this chapter, we develop a framework for exact computations by “breaking down”
the symmetric orbifold into cyclic orbifold sectors. As an application, we compute
Rényi entropies for thermal states in the symmetric orbifold, making explicit use of
the cyclic orbifold description.

Let us first introduce the expected answer from the holographic perspective.

Entanglement entropy and plateaux in the BTZ phase.

We consider a large-c holographic CFTy on a spatial circle of circumference L at finite
temperature ' = 1/5. For sufficiently high temperature, above the Hawking—Page
transition, the dominant bulk saddle of AdSs gravity is the non-rotating BTZ black
hole [59]. We study the entanglement entropy of a single interval A of length ¢ € (0, L)
using the Ryu—Takayanagi (RT) prescription [60, 61]; see also the reviews [62, 63].

RT surfaces and competing saddles. In the BTZ geometry the RT surface for
a single interval A is a bulk geodesic anchored at the endpoints of A. One rele-
vant homology class consists of geodesics that connect the two endpoints without
wrapping the horizon. The corresponding entanglement entropy takes the standard

finite-temperature form

Seonn(£) = glog<f€ sinh 7;) , (3.1)

where ¢ is a UV cutoff. This agrees with the universal single-interval result in 2D CFT
at temperature 1/5 [64, 65, 66, 67] and can be derived holographically in the BTZ
background [68]. However, because the spatial direction is compact, there is a second

natural homology class: a configuration consisting of

« a geodesic homologous to the complement interval A¢ of length L — ¢, and
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o the BTZ horizon, a closed codimension-two surface in the bulk.

The Bekenstein—-Hawking entropy of the BTZ black hole equals the thermal entropy

Sin of the CFT on the circle,

mel
pr— = — -2
SBH Sth 36 ) (3 )

as follows from the Cardy formula [69]. The RT candidate in this “disconnected”

homology class has entanglement entropy

Saise() = gt + Seonn(L — €) = Zf; + ;bg(fg sinh 7T<Lﬁ_£)> . (33)

At the classical level, the entanglement entropy of A is given by the minimal area,
S(0) = min{ Seonn (€), Saise(0)}- (3.4)

The competition between the connected and disconnected RT surfaces underlies the

entanglement plateau phenomenon in finite-volume holographic CFTs [70].

Small intervals, plateau, and transition point. To make the plateau structure
more explicit, consider a small interval A of length ¢ and its complement A¢ of length

L — /¢. In the small-¢ regime we have
S(0) = Seom(0), (3.5)
while for the large complement A¢ the minimal RT surface is the disconnected one,
S(L =€) = Saise(L — £) = Spn + Sconn (£)- (3.6)

Therefore, in this regime
S(L—1£) = 5(f) = Sgn, (3.7)

and the thermal entropy can be recovered from the difference of entanglement entropies
of a region and its complement. This reproduces, at the classical holographic level, the
universal relation between thermal and entanglement entropy established on the CFT
side in [71]. The endpoint of the plateau on the small-interval side is characterized by

the transition point £, at which the two RT saddles have equal area,

Sconn(€*> = Sdisc(g*) — Sconn(€*> = SBH + Sconn(L - £*> (38)

57



3. Entropy in Symmetric Orbifolds

Using (3.1) and (3.2), this yields the transcendental equation

sinh(W) = exp (”;) sinh<”§*> , (3.9)

which determines /, as a function of 5/L. In the classical large-c limit this leads to an

exact entanglement plateau for 0 < ¢ < /,, while subleading corrections that smooth

out the plateau have been analyzed in detail in [72].

3.1. Exact computations via cyclic orbifolds

Here we review how twisted sectors of a symmetric product CF'T can be decomposed
into products of cyclic orbifold theories. The key point is that the conjugacy classes
of the symmetric group Sy are labeled by cycle structures, and each cycle of length
n gives rise to a Z, cyclic orbifold sector. This decomposition allows us to reduce

computations in the full symmetric orbifold to those in simpler cyclic orbifold theories.

3.1.1. Cyclic orbifold CFT

Since any element of the symmetric group can be decomposed into a product of cyclic
permutations, it is natural to expect that there should be a corresponding relation
between symmetric orbifold CFTs and cyclic orbifold CFTs. In this section, we present
the relation in terms of Hecke operators that we gave in [1]. This relation allows us to
reduce problems in symmetric orbifold CFTs to problems in cyclic orbifold CFTs. In
general, the more complicated the orbifold group is, the harder it is to obtain exact
results for the corresponding orbifold CF'T. The relation developed in this section may
thus be regarded as a new method for solving problems in symmetric orbifold CFTs.

Let us define the cyclic orbifold CFT in the similar way to the symmetric orbifold:

CycVC .= C®N /7. (3.10)

Square-free Hecke operator

While it had long been known that the torus partition function of a symmetric orbifold
CFT can be written in terms of Hecke operators, only partial results were available for
the torus partition function of a cyclic orbifold CFT (for example, for prime N, it is
given by (3.15) [73]). In order to obtain an explicit expression for the torus partition
function for general N, we introduced in [1] a deformation of the Hecke operator, called

the square-free Hecke operator.

o8
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Let us briefly review some aspects of Hecke operators. Consider the case in which &
is divisible by a square a®. In this case, the Hecke operator T}, of order k contains, as
a subleading piece, a— times the Hecke operator of order . This fact can be seen as
follows. Starting from the definition (2.27) of T}, if we restrlct the summation range

of i to (divisors of k/a*)xa and that of j to multiples of a, we obtain

TZ (1) = ZZZ<T+ )

ilk 7=0

> - Z Zf ( af) (3.11)

/
/Ik]/ =0 at

- Zl§Z<k/a u)’ (3.12)

2
(l /|k]/0

where we have introduced #', 5" by (i,7) = (ai’,aj’). The last line is nothing but
%-T % Z (7).

From the above discussion, we see that a generic Hecke operator decomposes into
several independent pieces, each of which is closed under modular transformations.
The square-free Hecke operator T;' of order k is defined as the largest among these
independent pieces. It can be constructed by subtracting off the redundant parts from

T}, leading to the following recursive definition:

1
T Z(r) =T 2(r) — > —2TSZ Z(7). (3.13)
ae%;la @

This definition reduces to the usual definition (2.27) of the Hecke operator when k has
no square factor. This is the reason for the name “square-free”.

Indeed, starting for instance from terms such as %Z (k7) and repeatedly applying
modular S- and modular T-transformations, one can check that all terms in T3 Z (1)

are reproduced.

Torus partition function of cyclic orbifold CFT

The torus partition function of a cyclic orbifold CF'T takes the following form:

Tr (glquLqHR> , (3.14)

29
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where g is a generator of Zy, and [ labels the twisted sectors. Moreover, H;, and Hg
are the Hamiltonians of C®V. In the [-twisted sector, an operator living in the j-th
copy of the CFT is mapped, under z — z + 1, to an operator in the (j 4 [)-th copy of
the CFT.

When N is prime, this can be written in terms of the Hecke operator [73]:
Z(T)YN 4+ (N - )TnZ(7) (3.15)

(Z(T)M (N - 1) (Z(NT) +%§Z (7;]>)) (3.16)

ZCycN c(m) =

2= ==

For prime N, the expression (3.15) of Zg .~c(7) can be generalized to arbitrary N
by using the square-free Hecke operator [1]:

N 1

— = st ged(N,k)
o) = g () )

k=1

= oIN/d) T3 (2(7)") (3.18)

dIN d

where ¢(n) is the Euler totient function, which for a positive integer n counts the
number of integers between 1 and n that are coprime to n. When N is prime, we have
T = Ty, so that (3.18) indeed reduces to the natural extension of (3.15). A proof of

this construction is given in [1].

Example: Zg cyclic orbifold. As a simple but nontrivial example, let us consider
the case N = 8. The divisors of 8 are 1,2,4,8. We have

for d = 8, ¢(8/8) = 1,

for d =4, ¢(8/4) = 1,

for d =2, ¢$(8/2) = 2,
o ford=1, ¢(8/1) =4,

and therefore

Zoyese(T) :éTff (2(r)*) + iT;f (z(r)") + szf (2(r)?) + Llngf (z(n)Y),  (3.19)

as claimed.
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3.1.2. Symmetric orbifold from cyclic orbifolds

In this subsection, we reconstruct the twisted sectors of a symmetric orbifold CFT
in terms of the twisted sectors of a cyclic orbifold CFT. This allows us to reduce the
analysis of symmetric orbifold CFTs on the torus to problems in the simpler cyclic
orbifold CFT. The partition function of the cyclic orbifold CFT of order k£ can be
written, using (3.14), as

Zayere(T,T) Z Tr( (gl q"rq? ) . (3.20)
LU=1
By comparing this with the expression (3.18) in terms of the square-free Hecke oper-

ators, we obtain the correspondence

(Z/@Tsf (Z( T)d) _ ]1 lz:l Tro) (gl ¢t g ) _ (3.21)

l
gcd(k,l,l’):d

In particular, for d = 1 we find

k
G20 = om 2 Taldd™a™), (3.22)

which shows that we can compute the square-free Hecke operator T:fZ(r,7) by re-
stricting to those twisted sectors of the cyclic orbifold CFT for which ged(k,1,1") = 1.
We can now reconstruct the ordinary Hecke operator from the square-free Hecke

operators as

T.Z2(r7)=T2(r,7)+ > — WZ(T,%)

a€Z>1
a?|k

1
= > STyaeZ(r7). (3.23)
a€Z>0
a?|k
Combining this with the result above, we see that the Hecke operator T, Z(1,T) can
be reconstructed by considering the cyclic orbifold CFTs of order k/a?.
Substituting this into the Hecke-operator representation (2.29) of the partition func-

tion of the symmetric orbifold CFT of order N,

z2(r, 7)™,

ZSymNC(Tv 7_-) =

partition of N k= 1
(coskyenn)
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we obtain the desired reconstruction. In Section 3.4 we will carry out this computation

explicitly.

3.2. Rényi entropy in seed theory

Entanglement entropy is quite universal as long as we work on the plane. However, if
we consider it on different states, it highly depends on the detail of the CFT we are
interested in. In large N symmetric orbifolds, we have phase transitions.

In this section, we review a detailed entropy calculations of a two-dimensional Dirac
fermion CFT[74, 75, 76, 77, 1], which we indicate as D. We implement some com-
putational techniques for the replica method. By using them, we condsider Rényi
entropy on sphere/torus. The analysis on the torus is more non-trivial than that on
the Riemann sphere since it is sensitive to the global properties of the CFT. In the
limit where the subsystem is small, only local properties are emphasized and the result

on the Riemann sphere is recovered.

Replica method in generic CFT

Let us briefly review the replica method in two-dimensional CF'T. Let the endpoints of
subsystem [ be x = x1, x5. We take n-replica copy, and consequently for each primary
field ¢ it has copy ¢y for a = 1,...,n. For the fields ¢|, and a sufficiently small real

number ¢, following boundary conditions are imposed:

Pla)(1 + €€*™) = Ppaqa)(1 +e), (3.24a)
Pla) (12 + €€*™) = dpoj(22 + €), (3.24b)

so that the fields are cyclically permuted when encircling the endpoints. The operators
that implement such boundary conditions are twist operators, denoted by o(z1, z1) and

(g, Z2), and their expectation value gives Tr[ph]:
Tralph] = (o(21, )0 (22, T2)). (3.25)

4 n) 24 n

Therefore, the scaling dimension A is given by A = 5 (n — %) This allows us to de-

The conformal dimensions of these twist operators are given by (23 (n — l) = (n — l))

termine the leading behavior in the limit where |27 — xo| = [ is sufficiently small:

1

Trap?] oc L6 (). (3.26)
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Introducing a cutoff €, the leading terms of the n-th Rényi entropy and of the entan-

glement entropy are

. N

sg>a)::§<14-n)1og€, (3.27)
z

Sa(l) = glogg. (3.28)

Consistency condition for the replica method on the torus.

For the replica method or Rényi entropies of subsystems on the torus, there is a

geometric interpretation summarized as follows:

» When the subsystem A is sufficiently small (the limit [ — 0), each replica sheet

factorizes into the original torus.

e When the subsystem A is sufficiently large (the limit [ — 1), each replica sheet
becomes a torus with the modular parameter 7 stretched by a factor of n in the

7 direction.
Thus, the n-th Rényi entropy is expected to satisfy

1 Z(nt,nT)
1 :
AT

lim [$7(1 - 1) - S$ ()] =

o—0

(3.29)

1—n

In the limit n — 1, this reduces to the ordinary thermal entropy log Z(7) — T%Z(T).

3.2.1. Computational techniques for Dirac fermion

To implement the replica method, we first perform a discrete Fourier transform of the
Dirac fermion fields. This allows us to translate the monodromies of the fields around
the endpoints of the subsystem into phase rotations. We then encode the monodromy

information in appropriate twist operators by bosonization.

Discrete Fourier transform.

Let 91,4 (x) denote the left-moving (holomorphic) Dirac fermion living on the a-th

replica sheet. Around the twist operator o(zg), the field transforms as

n

. n—1
UL (o) (To + €€®™) = €™ Ay g1y (X0 + €), (3.30)

where the phase factor is introduced as follows. Considering the local structure of the

Riemann surface around xg, the configuration with n connected replica sheets can be
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locally described by a single z-plane via the conformal map
(z —20)" = x — xo. (3.31)

Recalling that the conformal transformation of a field with conformal weight (1/2,0)
is given by 1, (2)(d2)Y? = 1p, g (z) (dx) /2, we obtain

d
vu(z) =\ 5 i (@)

1

= Vin(z — @0) 2T Yy (), (3.32)

so that (z) is non-singular. Considering the transformation x = xg+¢ — x + €e?™
we see that the field acquires a phase factor emit

We now perform the following discrete Fourier transform. Let p is the label of

operators after transformation®, p = —”T_l, ”;1, cee "?_1:
~ ]_ n 2 - a n—1
Py === e Ty, (3.33)
\/ﬁ a=1

Under the transformation z = x¢ + € — x¢ + €e*™, the right-hand side becomes

. 7rz — = - 7rz —n-l) gin=l
Z “2mis (o )I/JL tal (o + e€®™ Z i (p= 23t ) emis VL jat)(To + €)

3\

P _ 71_,La,Jﬁl _n—1
emin Z ? )¢L,[a+1]($o +€),

(3.34)

so that
@Lm(xo + 662”) = eQWi%@Z}Lm(xo + €). (3.35)

Thus, the twist operator o inserted at x = xy must implement the above transforma-

tion.

Bosonization and construction of replica-twist operators

Each ¢ L:p can now be regarded as an independent Dirac fermion. We wish to construct

operators that induce the above phase rotations. To this end, for each p we bosonize

IThis type of discrete Fourier transform, for which the replica method works even for even n, was
introduced in [1].
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Y1, by introducing n free scalar fields ¢y, and setting
QZJL;p = 'L, (3.36)

The left-moving twist operator o, can then be written as

2zt 2zt
@)= T o= I o), (3.37)
p=—21 p=—151

where we have introduced the twist operator oy, for each scalar field as o, (x) =
ein?r2@) - Using the OPE @1, (2)Pr,(0) ~ —loga, we find that each vy, has the
OPE

&L;p@)UL;p(xO) ~ (z - xo)% &L;p(xO)UL;p(x()), (3.38)

so that under z = 9 + ¢ — 9 + €e®™, the desired phase factor e? T s indeed

reproduced?.

Right-moving sector and replica-twist conjugate.

For the right-moving sector, we perform the similar procedure and obtain for p =

Uy = J—Z e 2 (P (3.41)
which satisfies
Vrop(To + ce72™) = ™5, (To + €). (3.42)

2In this construction, we must take the complex conjugate to bosonize as @L;p = e L, Considering
the OPE of this with 0., the phase factor under z = xo + ¢ — xo + €e>™ becomes e 2™ .

To match this behavior, we must modify the discrete Fourier transform as follows: for p =
n—=1 _ n+l n—1

2 2 2ttty 9
= 1 <& o1y —
Prp=—= 3 2T g, 0 (3.39)
N g

Under &L;[a] (1o + €e®™) — e”nv;»ld;L;[aH] (zo + €), one can then verify that

VLo + €€®™) = e 20 (20 + €). (3.40)
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We bosonize as?®

77ER;p = ei¢R;p, (343)
and the twist operator oz., for each p can be taken as og,, = e *»?#». From the OPE
@ZR;p(f)UR;p(EO) ~ (T — 50)_% &R;p@O)UR;p(fO)a (3.44)

we confirm that the boundary conditions are correctly implemented for £ = xg + € —
2

To+ee~?™. Combining the left- and right-moving parts, the full replica-twist operator
is given by
n—1
2
o(x,r) = H OLip(T)0Rip(T). (3.45)
n—1
pP=="5"

We also need to construct the twist operator ¢ that induces the transformation
[a] — [a + 1] when encircling z in the opposite direction (x = o + € — 29 + ee~2™).
This can be obtained simply by taking the complex conjugate of the twist operator

constructed above, yielding

o(z,z) = orp(x)og(z), (3.46a)
n—1
2
or(x)= [ Grpla), Grp(r)=e nerl) (3.46D)
p=—"5+
5-R(j:) = H 6R%P(ZE)7 5-3;17(5:) = ei%ﬁR;p(E)v (3460)
p=—"15%

respectively.

3.2.2. Computation on the sphere

We are now ready to compute Tr4[p%]. Let the endpoints of the subsystem A be x1, 25

with |z — 22| = . Then we have

Tra[ph] = (o(x1, Z1)0 (22, Ta)). (3.47)

3There is a sign ambiguity in bosonization. Here we chose ¢p., = ¢'?%» but we could equally well
choose e~ ®», This sign change corresponds to T-duality in the compact scalar description, so
the resulting theory is equivalent.

66



3. Entropy in Symmetric Orbifolds

Using the explicit construction of the twist operators, this becomes

n—1

2 . ~ . ~ . ~ — . ~ —
(0(21,2)0 (@2 82)) = [ (e HPenle)emihbualen)) (omifipmalen hiions(@2)) - (3.48)

n—1

pP=—"5

Hence the expectation value of the twist operators is reduced to the expectation value

of vertex operators of the scalar fields. Applying Wick’s theorem, we obtain

2

<6+7;%95L;p(x1)e_i%¢L;P(IQ)> X (xl — I‘Q)i%’ (349)
b~ - p - - »?
<€*1;@R;p($1)e+z;<pR;P(z2)> o (T — Zg) 2, (3.50)
and thus
ny __ >\~ T _l(n_l>
Tralph] = (o(x1, 21)0 (22, T2)) o |1 — 2o 75\, (3.51)

where we used the summation formula

SRR
—=—(n-—. 3.52
_;1;1”2 2\" " n (8:52)

2

We can now compute the n-th Rényi entropy of the subsystem A. Introducing a

cutoff €, we find

S§(1) = 7= log Tra[p}]
1 1 l
= (14 =)log-. .
6<+n) oz (3.53)

Taking the limit n — 1, we obtain the entanglement entropy

1 l

3.2.3. Computation on the torus

The computation on the torus corresponds to that in a finite-volume and finite-
temperature system. In this section, we compute Tra[p’] on the torus, focusing for

simplicity on the NS sector. Let the endpoints of the subsystem A be xi,zs (with
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x1 — x9 = 1). We start from

Tra[ph] = (o(x1,21)0 (22, Z2))

n—1
2

= [ (iR k@) i) ik b @)y, (3.55)

—_n=1

2

and compute the expectation value on the torus. The details of the computation are

given in Appendix A.2. The result can be read off from eq. (A.42):
(Oo.m (1, 71)Op, (T2, T2))
o (o ) (20 > (o)
ZD(T, 7:) ‘91(ZL’12|T) 01([E12|T) 2 a—1

in which we set m = p/n and x15, = [, and keep only the NS sector (the contribution
of 63). This yields

0, (mx1| 7) 2
n(7)

. (3.56)

06,(0|7)

Tralpi] = pﬁll< 0. (1|7) ) (MHT))

1 1 n—1 2
_ ‘861(0|T) E(n_ﬁ) 13[1 03 (%l 7_) (3 57)
0:(l|7) pnmt | O5(T) ’ '
from which we can compute the Rényi entropy:
S§0) = log Tralyly
1—n
= SWN D) + S5, (3.58a)

where Sj(f)l(l) denotes the contribution from 6; and S}fp(l) denotes the remaining

contribution:
1 1 01(1)7)
Sy = 2 (1 )1 L 3.58b
A ( ) 6 + n 0og 801(0|7') 3 ( )
n—1 03 %l‘ 7_) 2

(3.58¢)

Taking the limit n — 1 in this expression, we can obtain the entanglement entropy.
The computation can be carried out following [74], using the expansion log(l + z) =

Z )

k=1
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Consistency condition for the replica method on the torus.

Finally, we verify that the Rényi entropy in the NS sector of the Dirac fermion on the
torus, eq. (3.58), satisfies the relation (3.29). The contributions from Sg")l(l) cancel,
and we find

lim [S57 (1~ 1) = S§70)] = S57°(1) — $7%(0)

o—0

= o, (2
SR WL
which can be simplified using eq. (A.18),
ﬁ 03 (%‘7) _ 05 (nT)
L T )
to reproduce eq. (3.29):
lim [S47(1 = 1) = S$(0)] = < i ~log Zzggs(?:g? (3.60)
ZX8(7,7) = 9;((:; 2 (3.61)

3.3. Rényi entropy in Dirac fermion cyclic

orbifolds on torus

In Sec. 3.1 we provided a clue for reducing the analysis of symmetric orbifold CFTs to
that of cyclic orbifold CFTs. In this chapter, we explicitly analyze the cyclic orbifold
CFT whose seed CFT is a Dirac fermion CFT, focusing on Rényi entropies. The
results in this chapter are based on our paper [1].

In this chapter, both twists arising from orbifolding the CFT and twists arising
from the replica method will appear. We therefore refer to them separately as orbifold
twists and replica twists. We will mostly restrict our interest to the NS sector. We
use a capital letter N when referring to the degree of the symmetric or cyclic orbifold

CFT, and a lower-case letter n when referring to the number of replica sheets.
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3.3.1. Twisted sector in torus partition function

We start from the Dirac-fermion CFT and consider its cyclic orbifold CFT of degree
N. We denote the Dirac fermions of the j-th copy of the CFT by wi r and LZ_JJL R, Where
J7=1,2,...,N. Let g be the generator of Zy, whose action is given by

g: (Qﬂi,Ra&i,R) - ( ]LJ,réa _jLJ,rI%% (362)
Then we write the torus partition function (3.14) as

ZCyCND T,T) ZTr 0) (gl qHLq )
L

- 7ZZ(ll’ T, 7' (363)
IN%

Thus, in order to obtain Zg ~p(7, T), it suffices to compute Z (7, 7). Here Z (7, T)
is the torus partition function of N copies of the Dirac-fermion CFT with the following

boundary conditions induced by the action of g:

Yi(z+1) = ¢ (2), (3.64a)
Y (z+7) =" (2), (3.64b)
Yh(z+1) = 957 (2), (3.64c)
Yh(Z+7) =¥ (2). (3.64d)

Discrete Fourier transformation of orbifold twist

Once the structure of the orbifold twists is written out in this way, we see that it
closely resembles the construction of replica-twist operators in Sec. 3.2.1. We again

perform a discrete Fourier transform:

1

N
w(L’f}z:\/NZem Wl (B=0,1,... N —1), (3.65)

J=1
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and for ¢ we simply take complex conjugation?. This transformation turns the action

of the generator g into a phase rotation:
91Uy > TN, (3.68)
We now bosonize the fermions obtained by the discrete Fourier transform:
() = O, (E) = O (369)

In this way, the fermions entering the computation of Z (7, 7) are mapped to com-
pact bosons gpg),go(k) (k =0,1,...,N — 1) of fermionic radius R = /2 with the

following boundary conditions:

(= 1) = () + 2r e, (3.700)
PP (2 +7) = ¢ (2) + 2?%, (3.70b)
W+ 1) = g(a) +2m (3.100
A +7) = () + e (3.70d)

The details of various computations in such theories are presented in Appendix A.2.
The results can be obtained from Sec. A.2.3 by setting n = kl/N,n' = kl'/N:

N-1
Zawn(r,7) = 11 Zaww (7, 7), (3.71)
k=0
2 2
1 1 kl Qa (%T - % T)
7 LIk - 61 a 727I'T2(ﬁ) : (372)
‘ “3 2 n(r)
and hence
!/ 2
1NN w2 0o (Br — 52\ 7)
Zoyenp(T,7) = = =3 (=)t (R) . (373)
Y N 72 ico 203 n(7)
follows.
4For 1 we just take the complex conjugate,
7 1 N ki —;
d)% = 7% Zemijiﬂ, (k=0,1,...,N —1), (3.66)
j=1
g Oy = e RGP (3.67)

which is a convenient convention.
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3. Entropy in Symmetric Orbifolds

Restricting to the NS sector of the seed CFT, the corresponding torus partition

function Z™9 is obtained by taking only the 3 contribution above:

2

2 |65 ( By — BN

Z gy (T,7) = e~ (%) |2 (Nn(T)N ) , (3.74)

f 2

_ Ny |3 ]fvlT_%T
Z%\ZIE/)(T’T) = kl_l_oe 2 2(N) ( T](T) ) ) (375)
, 2
] N-1N-1 0. (Ky — R

238 np(1,7) = — e~ (K) |2 <N = ) ; (3.76)

v TN 1I'=0 k=0 n(7)

Since we are in the NS sector, modular invariance under the S-transformation is ex-
pected, and it is easy to confirm that this indeed holds.

By focusing on the modular transformation properties of the above torus partition
function, it can be related to the representation (3.18) in terms of the square-free

Hecke operator:

E:

vaf

{ (o
Niﬁ

)=

4
Z 61 ae—27rm(%>2

(3.77)

=
[\:)\

LU
ged (Ll

3.3.2. Replica method and Rényi entropy

We now construct replica-twist operators and apply the replica method to compute
Rényi entropies in the cyclic orbifold CFT of the Dirac fermion.

As will become clear in the course of the computation, there is a subtlety when
applying the replica method to the full orbifold CFT. The orbifold-twist boundary
conditions do not have to be identical on each replica sheet; in fact, one must sum
over contributions with different orbifold-twist boundary conditions on different replica
sheets. This is not specific to the Dirac-fermion cyclic orbifold CFT but is expected
to hold for general orbifold CFTs.

Discrete Fourier transform and replica-twist operators

Consider Cyc"D with n-replica copy. The fields of interest are

Vi), (), Vh(E), Ph (), (3.78)
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where j = 1,2,..., N labels which copy of D®¥ the field belongs to, and a = 1,2,...,n
labels which replica sheet the field lives on. As in the analysis of a single Dirac fermion,
we wish to write down the replica-twist operators and compute Tra[p’] from their
correlation functions.

To translate shifts of the indices into phase rotations, we perform discrete Fourier
transforms in both a and j. The discrete Fourier transform over a is carried out in the
same way as in egs. (3.33), (3.39), and (3.41), while that over j is done as in egs. (3.65)
and (3.66). The transformed fields are

7k = (k Sk) oy () (=
Di(2), Di(2), Dip(E), d(2), (3.79)
where k = 0,1,2,...,N —1 and p = =231 ... 251, The phase transformations are

as follows. When going around a replica-twist operator o(zy, Zo),

27

1/)22),(900 +ee?™) =e '%&Lk;(xo + €), (3.80a)
DF) (w0 + ™) = e 2R (20 + ), (3.80b)
Pien(To + e ) = PR (T + €), (3.80¢c)
DR (To + ee2) = 2R (Tg + ), (3.80d)

and the action of the generator Zy on these fields is

g: 9P = ering ) (3.81a)
g: ) — e 2R (3.81b)
gt g, — MNP (3.81c)
g:OW) = e IR (3.81d)

respectively.

We then bosonize the N x n fermionic fields obtained above:
~ (k) - k)
O (2) = 00, G0 (z) = s, (3.82)

As in Sec. 3.2.1, we can now construct replica-twist operators which reproduce the
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boundary conditions (3.80):

" ON-1 (k) (k) -
o(z,z2)= ] He“n(“"Lyp(Z)_‘pR,p(Z)), (3.83a)
p=—tgt k=0
n—1
2 N-1
® ()P
7(z,2) = ] e inPrpP PRy (), (3.83D)
p:_L*l k=0

Furthermore, for the compact scalars gé(Lk;( ), gpﬁ%;( Z)) introduced above with fermionic

radius, the action of ¢ in eq. (3.81) is translated into

50 s ) k

9:Pry, = Prp+ ZWN, (3.84a)
k
g: P = W+ 2 (3.84b)

Note that the replica-twist operators constructed in this way are invariant under the

action of g.

Rényi entropy in the (I,!’)-sector
We now use the replica-twist operators constructed above to compute the Rényi en-
tropy in a given ([,1’)-sector.

First, we compute Tr%’l,)[pﬁ], which is Tra[p] restricted to the (I,1)-sector. We
take the endpoints of the subsystem A to be ;1 = L,z = 0. Using eq. A.36 with

m = £ and keeping only the 03 contribution, we obtain

Ty [pa] = (o(L)a(0))

) (nl_ll/2 Jh1< it (e - m) -t (4,02 ~(k>(’>>

p=—(n—1)/2 k=0 (n="5L =51
2,2
1 <"f[/2 T |28k )[Merm et (kl Kb )2
=T o 3| T T LT,
(Z%\ZI,?’D p=—(n—1)/2 k=0 91 L’T |77(7')2| N N n
(3.85)
where hgp/, = %.
This yields the n-th Rényi entropy in the (I,’)-sector:
n L) n
Skt (L) = 7= log T [0}
n)l n)2
= S;& (L) + S50 (L) (3.862)
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where S%;/)(L) is the contribution from 6;, and S;"&,Ql,)(L) is the contribution from

the remaining part:

N 1 01(L|T)
ST (L) = = (1 >1 e Sl P 3.86b
A(l,l)( ) 6 + n 0og 861(0|T) ) ( )
1 (n—1)/2 N-1 727r—272 2

— log H H

p=—(n—1)/2 k=0

— o log (235))". (3.86¢)

kLl Kkl p
93 (NT - ﬁ + nL|7’>

We now compute the thermal Rényi entropy and see how the relation (3.29) is

modified. The contribution from S ”,)(L) cancels, and we find

. n n n)2 n)2
lim [Si\(g,l’)(l —0)— S.E;(g 1/)( )} = S,(q(%,z/)(l) - Sﬁxgz/ (0)

oc—0
(n—1)/2 N-1 —27r 27’2 /
1 N2 kl kl
= log ]I H - 103 <7’ - +-
L=n " o1 k=0 (Rl N N
— o log (Z0%)" (3.87)

which can be compactly written using the n-tuple-angle formula (A.18),

Os(alnT) = 05 (% + 2 T)
oor) — AL T

as

. 1 Z(lﬁl,) (nT,nT)
hm [Sg(g z/)(l —0)— 5’1(4(371,)(0)} =1 log (ZNS )n
(1)

(3.88)

In the numerator, the orbifold twist along the 7-direction is multiplied by n, which is
geometrically natural. If we could correctly sum over the orbifold twists and compute
the full Tru[p"%], then the ensuing Rényi entropies would be expected to satisfy the
relation (3.29).

Towards the complete computation of Rényi entropy

When we consider the n-th Rényi entropy on the torus, the covering surface becomes
a genus-n surface. In particular, in an orbifold CFT setup like the present one, we
need to take sum of different orbifold-twist boundary conditions on each replica-copy
handle. Indeed, the above computation in fact corresponds to the contribution in

which the ([,1") boundary condition is imposed on all replica-copy handles. Therefore,

5

)
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if we proceed with the computation in a naive way, we find that it does not satisfy the

consistency condition (3.29):

n 1 s
Sﬁx )(L) = n log Tr 4 [PA]

1 —
n l,l/ n
21 log N - J= ( zz')) 'TTE4 )[PA]
1 -n (ZgchD>
1 N—-1 (n_l)/2 N-1 89 O 4h‘0,p/n —271'72’7'2 kl kl/
~ 11 %6, 0ir) S |6 (T‘ +L|T)
1 | N 720 pe—m-1)/2 ko 01(L|7) n(7)?] N N
— S
1 n (ZgycND)
N 1 91(L|T)
=—(1+—]1I
6 ( * n) %8196, (0]7)
RS R Mok p O\
N 103 <7'— —I—L]T)
1 N 720 pein-1)/2 0 n(7)?] N N n
+ 1 log = .
" (ZCycND>
(3.89)
Substituting this into the consistency condition (3.29), we obtain
liny [S57(1 = 0) = S1(0)]
2,2
R 1 1 N—-1 (n-1)/2 N-1 e—QTrkN—ZQTQ k k D 2
= log | — 1T Il ——— 10 (—l’ + =lr+ = 7')
1-n N o pe—-ny2 k=0 11(7)? N N n
1 1 N-1 (n=D/2 N-1 6_2”'3%272 1 2 2
- log | = |03 (—l’ + l7'|7'>
1—n N ”ZZO l;I /2 ]}_‘[0 In(7)2| N N
1 LN ZNS L (nT, nT
= —log | X o 2 ;)S( n)] (3.90)
- Nzll’ (Z”,)( ))
which does not agree with the expected relation
1 ZNS nT,nT
lim [S§7(1 - 0) = S{(0)] = log | <™ o l (3.91)
oc—0 1—n (ng N’D(T’ 7_'))

We therefore refer to this diagonal contribution to the Rényi entropy computed by
(3.89) as the diagonal Rényi entropy, and denote it by S dlag( ). In terms of the
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diagonal Rényi entropy, we can summarize our results as

NS " G n
(n) 1 N S ( u/)) ra” [PA]
SA,diag<L) - 1—n lOg (ng )n ; (392)
yelV
n 1 ¥ ZivZo 205 (nT, nT)
lim [ S0 (1 = 0) = S (0)] = - log | ot . (3.93)

-n NZH/ (ZI}I%)< ))n

respectively.

For general N and n, carrying out the replica computation including non-diagonal
contributions is left as a future problem. However, in the next subsection we perform
the complete replica computation, including non-diagonal contributions, for the special

case N =n = 2.

3.3.3. Second Rényi entropy in N = 2 orbifold

In this section we present the complete computation of the second Rényi entropy in
the orbifold CFT of a Dirac fermion with Zs, = S5. We must sum over partition
functions with orbifold boundary conditions as depicted schematically in Fig. 3.1. We
label the orbifold boundary conditions on the first replica sheet by (I1,1]) and on the
second replica sheet by (ly,15), and denote the corresponding partition function by

Zgﬁl,l )(12,@([1). Computational details are given in Appendix A.3.

2. 2.

(11,07) (12,15)

Figure 3.1.: Schematic picture of the computation of the second Rényi entropy for subsys-
tem A in a cyclic orbifold CFT on the torus. One must sum over all possible
orbifold boundary conditions (;, ;) on each replica sheet.
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We have Tra[p?%] as

1
891(0|7_) 4 1 <1 2 1 2 1 NS, k= 1
_ o L|T) 6 (—LyT> () ZYSH (L),
‘wm e e G (5m)[ () 2, & 2
NS k= e NS k= NS k= -
where Z(ll’l,l)(llué)(L) satisfying Z(ll,lg)(;Q,lg)(L) = Z(lz,lé)(lll,lll)(L) is given by
2
NS k=1 (L) = 96, (0]7) |* 11 e 0 £ £+ “L i (3.94a)
W= (Ll | P [P\ T2 T o
272
1 2
_ 99,(013)|* [96:(0/3) [*] 86:(013) [* |6 (3)
ZNSk=1 1y _ 1MV19 2 , (3.94b)
0000 ™) =[G | |60 | 0| WP
Znan(L) =0, (3.94c)
1 1 1
et o) _ |ooen [ osoen | anopn (el o
000 01(L|27) O1(T|27) | |01(L + 7|27) In(27)|2’ '

Ziea 1)(L) 0, (3.94e)
Zoyan (L) =0, (3.94f)

56, (0| ==L TH1Y |3 96, (0| 7L -1 g (;1)‘2
A~ (050 om0 [ omiog [l ()]

Do G515 | [ 0G| 6D (51

We can confirm that the result satisfy the consistency (3.29).

3.4. Rényi entropy in Dirac fermion symmetric

orbifolds on torus

We now analyze the partition function of the symmetric orbifold CF'T of Dirac fermions,
and use the resulting structure of orbifold-twist sectors to compute diagonal Rényi en-

tropies®.

3.4.1. Twisted sector from cyclic orbifolds

In this subsection we apply the analysis of Sec. 3.1.2 to Sym™ D. As stated in eq. (3.76),

the partition function of the i-th cyclic orbifold of Dirac fermions (restricted to the

5A complete computation of Rényi entropies including non-diagonal contributions is left for future
work. For N = 2, the cyclic and symmetric orbifold CFTs are equivalent, so the case N =n = 2
has already been analyzed in the previous section.
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NS sector) is

(3.95)

ZNC (7_’7*.) = 67
rep ¢ l,l’zlkl_[() In(7)[*

By comparing this with the representation (3.18) in terms of the square-free Hecke

operator, we find the correspondence

2,2
1 zﬂ’kzl (r—7)

o(i/d) ( of . )NS 1 K= kO k[
T (Zp(T, == O3 —+ — . (3.96
d a ( D<TT>) i ”Z:% kl;lo S\ +ZT’T (3.96)
ged(i,l,1')=d
In particular, for d = 1 we obtain
NS 1 i—1 Z7T k2212 (t—7) kl kl 2
T Zp(r, 7)) = 05 | — + — .
) =g 2 B (7o) oo
gcd( l)

Using this correspondence, we will now write the NS-sector partition function of the
Dirac-fermion symmetric orbifold CFT in terms of Jacobi theta functions. The parti-
tion function of the symmetric orbifold CFT of degree N can be expressed in terms of

the usual Hecke operators as

N

Z(mzn)”

ZSymND<T) =

partition of Nz:l
(venylyens)

as in eq. (2.29), where the sum runs over partitions of N and #i denotes the number
of occurrences of i in the partition. The usual Hecke operator can be reconstructed

from the square-free Hecke operators as

T,Z(r) =T Z2(r) + Y ZT/;QZ

aEZ‘>1
1
= Z CL z/aQZ( ) (398)
ae%ﬁo

NS
so to compute (T;Zp(7, 7)) it is enough to evaluate (7;7;2 Zp(T, 7")) :
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Case a = 1. For a =1 we can use eq. (3.97) directly:

K212 2
NS 1 e (7 Kl Kl
/IWiSfZD(T, 77) = —— ( + ,T’T) N (399)
( ) i(1) zz’—z; i 1:[ () s ¢ t
ged(L,l '):
as before.

Case a > 1. When ¢ has a nontrivial square factor, we must add the contribution
T;/a2Z(1) to reconstruct T;Z(7). This can be computed by considering the cyclic
orbifold CFT of degree i/a?. Replacing i by i/a? in eq. (3.97), we obtain

( ; )NS CLQ i/a®—1 ei7r7“2f22l2 (r—7) azkl/ le 2
T Zo(r ) = A
o o, e e R
ged(l,l,i/a?)=1
(3.100)

At first sight, this expression seems to involve only i/a® fermions (or equivalently, i/a?
Jacobi theta functions). However, using eq. A.20, we can interpret this product as
describing ¢ fermions.® In this case, eq. (A.20) becomes

2077 2 2
05 (a ikl + aile‘T>|

2,22
T @21 T—T

n(7)
ﬁ ﬁ im (24 2k)(r—7) 03 (g + al:ll + (% + akl) T|7') ;
= e a K3 ,
k=—=0=1 \—_ a—1 T](T)

2

and thus

(T 2Zo(7,7 ))NS

afl

2 ija?—1

a .
e . o ﬂ UH

T
ged(Lli/a?)=1

Setting a = 1 reproduces the previous result.

50f course, for the purpose of computing the partition function alone, this reinterpretation is not
strictly necessary, as we can treat each Jacobi theta function independently. Here we introduce
this interpretation for use in the next subsection.
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Combining egs. (3.99) and (3.101), we find

1 1 i/a?—1 5

(T3 Zp(7,7))N° = 0.2 GG > I 1II f[

L

a?li ged(L,l'i/a?)=1
Pon |05 (5 + 55+ (B2 7lr) :
n(7)

. A akl
im( 5+t

e (3.102)

This expression involves i twisted Dirac fermions. Inserting T}° into eq. (2.29) and

summing over partitions of NV yields the partition function of the symmetric orbifold
CFT.

3.4.2. Diagonal contribution to the Rényi entropy

The above results allow us to compute the diagonal Rényi entropy in the NS sector for
the symmetric orbifold CFT. As we have seen several times, when we apply the replica
method using bosonization to twisted Dirac fermions, the torus partition function

transforms as

JimB (7 6’3 (o + 67’|7’)
n(7)
2
(n—1)/2 4hg p/n P
SO emeen |20 R 03 (0 + o + 3 LIr) , (3.103)
p=—(n—1)/2 91([" ) ‘77(7-)2‘

2

2n2°

where hg,/m = 5

We are now ready to perform the computation. As in the previous sections, we can

4h07p/n) N

X ( L)a(0))F )
partition of N i= 1

- ‘391(0|7)
6Ll

factor out the contribution from 6;:

06,(0|7)

(Z850)" (o(L)3(0)) , (L,T)

(n—1)/2
diagonal part B H

p=—(n—1)/2
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where ((o(L)a(0))); denotes

a—1 a.l

1 1 i/a?—1 5

<<0(L)5(0)>>z'=2 ezz:oW / 2/2 kH II 1 H 1 ﬁ
a?li (l,l’,l):lfl e

() |03 (549 4 (24 4) 7 +PL|T)

(2 a

e
n(7)
(3.105)
This allows us to compute the diagonal Rényi entropy Sﬁfc)ﬁag:
n)l n)2 n)3
Shatag (1) = Si{ing (1) + Siiag(L) + S4diug (L), (3.106a)

where S A dlag(l) denotes the contribution from 6, and others denote the remaining

contributions:
N 1 01(L|T)

S hiag (L) = = <1 ) log | - 3.106h
(n)2 il :

SA dlag( ) = 1—n log Z H 0-(0)>>z$|Ez s (31060)

partition of N i= 1

n n 1

S e (L) = T o8 oxg— (3.106d)

Sym™D

The first term correctly captures the universal contribution to the entropy, as expected.
The other term is a quantity that is highly specific to this theory. Of course, this

quantity also does not satisfy the consistency condition (3.29).

Outlook.

A caveat is that our present torus computation retains only the diagonal contribu-
tion. However, the off-diagonal terms are expected to drop out in the n — 1 limit
relevant for the entanglement entropy, so the diagonal closed-form result may already
contain the essential information for the continuation. Precisely for this reason, it
is worthwhile to investigate the result (3.106) more carefully and to understand how
the diagonal structure reorganizes under analytic continuation. A natural next step
is therefore to control the continuation n — 1 starting from (3.106). Achieving this
would make it possible to extract the entanglement entropy and, in particular, to clar-
ify how subleading contributions behave in comparison with semiclassical-holographic

expectations (3.4).
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symmetric orbifolds

In this chapter, we adopt a statistical perspective on symmetric orbifolds. A symmetric
orbifold theory becomes semiclassical only after turning on a finite amount of twist-
two marginal deformations, which are expected to push many excitations above the
threshold. Here, by analyzing the spectral form factor, we examine to what extent the
undeformed symmetric orbifold matches semiclassical expectations or deviates from
them.

A spectral form factor for a CFT C is defined through its torus partition function

Ze(T,T) as
Zp (W) _iB+in)) 7 (iB=it) _i(B=it
SFFe(B,1) = e 2 g Cammm— ) (4.1)
(% (3 —3))
We also use the following progressive time average of SFF, following [5]:
_ 1 r3t
SFFc(5,t) := i dt' SFF¢(5,1'). (4.2)
1y

2

4.1. Short review on spectral form factors

The spectral form factor (SFF) is a standard probe of late-time spectral correlations in
quantum many-body systems and holography, defined from the analytically continued
torus partition function (or thermal trace) as

SFF(5,t) = (4.3)
A schematic expectation for chaotic theories is the dip-ramp-plateau structure shown
in Fig. 4.1: after an initial decay, the SFF reaches a minimum around the dip time
tq, then exhibits a ramp-like growth, and finally saturates at the plateau around the
plateau time ¢,; see e.g. [78, 79, 80] for detailed discussions; see also [81].

As a canonical example of chaotic spectral statistics, let us recall how random matrix

theory (RMT) explains the dip-ramp-plateau shape. We write the thermal partition
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SFF

i tlp
Figure 4.1.: Schematic figure of spectral form factor.
function as
Z(p) = Z e PEi, (4.4)
This is equivalently expressed by introducing the spectral density
p(E) =Y 0(E~E).  2(5) = [dBp(B)e " (45)

Using this, the averaged SFF can be viewed as (essentially) the Fourier transform of

a two-point function of the spectral density:

<‘Z(ﬁ - it)‘2> _ <Z e_ﬁ(Ei+E].)€_it(Ei_Ej)>

,J

~ / dE dE' e P EED (p(B)p(E)), (4.6)

where (---) denotes a suitable averaging (ensemble/energy-window average, possibly
supplemented by a mild time average) [78, 79]. Decomposing into disconnected and

connected parts,

(p(E)p(E')) = (p(E))(p(E")) + (p(E)p(E"))., (4.7)

the disconnected term controls the early-time decay, while the connected term (p(E)p(E")).

encodes genuine level correlations and is responsible for the ramp.
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Emergence of the linear ramp. The connected two-point function (p(E)p(E")). in
the canonical random-matrix universality classes takes the universal sine-kernel form*
[78, 82, 80]

(), = 7ot - B~ (M) (1)

where L is the rank (matrix size) of the RMT. Using the standard identity of triangular

function

A
© omist (Sin(as))? |a| la| )’ 1= T’
ds e — ) = (4.9)
-0 as |a|
07 |t| Z )
T

we obtain that the connected contribution (in f — 0 limit) gives rise to a linear
ramp-like growth. In a generic theory, whether a linear ramp appears is controlled by
the short-distance behavior of the connected two-level correlator (p(FE)p(E")). in the
energy range that dominates the thermal trace at the chosen temperature. If, in that
relevant energy band, (p(F)p(E’)). has essentially a similar functional form to in RMT
(up to rescalings by the local mean level spacing), then the theory exhibits an approx-
imately linear ramp, until the corresponding plateau scale is reached. In holographic
settings, this logic is often invoked in the following form: in a CFT expected to admit
a semiclassical AdS dual, the energy window associated with black-hole microstates
(e.g. above the black-hole threshold in AdS3;/CFTy) is expected to display increasingly
random-matrix-like short-distance spectral correlations after an appropriate averaging
procedure [79, 78]. Under this expectation, the corresponding contribution to the
SEFF should exhibit an approximately linear ramp at late times, prior to the eventual

plateau.

Plateau time. Following the viewpoint emphasized in [79], the plateau time is set
by the inverse mean level spacing in the energy window (the dominant microcanonical

band) that dominates the thermal trace at inverse temperature 5. Indeed, writing

1Z(B +it)]> = e PFetEr) omit(Bambi) (4.10)
a,b

one sees that a long-time average suppresses oscillatory terms with E, # E,, so the

late-time saturation is controlled by the discreteness of the spectrum. As a result, the

IMore precisely, the sine-kernel expression written here is the standard result for the unitary class
(GUE). However, the orthogonal and symplectic symmetry classes (GOE/GSE) exhibit the same
qualitative linear ramp followed by saturation; see e.g. [82, 80].
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time scale for reaching the plateau is naturally of order the Heisenberg time,

2T

bt~ R

(4.11)

where AF is the mean level spacing in the relevant energy shell. Equivalently, if Q(F)

denotes the microcanonical density of states, then AE ~ Q(Ez)~! and hence
t, ~ 27 Q(Ej) ~ exp(S(Ej)), (4.12)

with S(E) := logQ(FE) and Ej the typical energy at temperature 1/8. Thus, in
systems with a large thermal entropy, the plateau time is exponentially large in the
entropy, t, ~ ¢5. For a 2d CFT on a circle of circumference 2, modular invariance

implies the scale of the thermal entropy as

T2c 2r2c
o5 Z(8) = 5T (B, S(8) = (- f0)ogZ(A) = L (413
Therefore the plateau time is parametrically large,
212c
tpwexp< 35 > , (4.14)

so in practice it is often far beyond direct numerical access in large-c (including holo-
graphic) regimes. For symmetric orbifolds one has ¢ = N ¢geeq, S0 the same estimate

suggests an even more rapid growth of ¢, with V.

Mini-recurrences and early-time structure in 2d CFTs. In 2d CFTs with
strong modular structure and associated large degeneracies, the analytically continued
partition function can develop pronounced quasi-periodic peaks (“mini-recurrences”)
at special times, often near ¢t ~ 27n. Such peaks can generate an apparent dip and a
ramp-like growth, even in non-chaotic (e.g. rational) theories [83, 84, 85]; in particular,
the mere presence of an early-time dip is not a reliable diagnostic of RMT universality.
In addition, the presence of mini-recurrences implies that the unaveraged SFF is highly
oscillatory and so does not admit a robust characterization in terms of a smooth dip-
ramp-plateau curve. Therefore, in 2d CFTs, it is typically essential to introduce some
averaging or smearing to extract stable late-time features. In this work we will in
particular adopt a progressive time average (PTA), defined in (4.2). This is also
consistent with the general fact that the ramp and plateau are not self-averaging in a

single realization [79]. See related work in [86].
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Plateau values and degeneracies. The plateau of a time-averaged SFF is con-

trolled by the terms with exactly matched energies in the double sum

Z e—B(Ea—l—Eb)e—it(Ea—Eb) )
a,b

In a spectrum with no energy degeneracies this reduces to the usual diagonal esti-
mate Z(28)/Z(3)?. In two-dimensional CFTs, however, Virasoro symmetry implies
systematic degeneracies from descendants. Consequently, even after time averaging
there remain many contributions with £, = E, but a # b, and the resulting plateau
is generically enhanced relative to Z(23)/Z(5)? [83, 78].

4.2. Spectral form factors in symmetric orbifolds

In this section, we take the seed theory to be a compact-boson CFT C(R) at various
radii, including the fermion radius R = V2. Tt is well understood that symmetric
product orbifolds at the orbifold point do not exhibit fully chaotic behavior; see [31,
87]. Nevertheless, it remains important to quantify how and how much they deviate
from the canonical chaotic benchmark, and conversely which aspects (if any) can still
mimic the familiar dip-ramp-plateau phenomenology. Here we address this question
from a complementary angle by using the progressively time-averaged SFF, which
provides a direct probe of late-time spectral correlations.

Before going into details, let us briefly summarize the seed CFT input used in our

numerics. The partition function of a compact boson ¢ ~ ¢ + 27 R is given by [88]
: n w 2 —( n w 2
Zor)(T,T) = === > i (gt ) o2 (5 =) (4.15)

When evaluating this partition function numerically, we truncate the sums in (4.15) to
—30 < n,w < 30. At rational radii the seed SFF is exactly periodic??, and its period
T can be determined analytically: &~ = max{2R?, 2/R?}. Sece Fig. 4.2.

4.2.1. Plots of SFFs of symmetric orbifolds

In this section, we present explicit plots of SFFs in symmetric orbifolds. We begin
with plots with fixed seed theory and inverse temperature 8. The log-log plot of the
progressive time averaged SFFs for N = 1,4,...,16 is shown in Figs. 4.3 and 4.4, with

2If R is away from a rational point, the SFF becomes almost periodic. See [2] for details.

3If the seed theory has periodicity T, the SFF of its symmetric orbifold also exhibits periodic
behavior. However, the resulting period can be parametrically larger than T and is naturally tied
to lem(1,2,...,N)T (up to an overall integer multiple); see [1].
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SFF SFF

1.0+

0.8

0.6

0.4+

4 t2r L t/27

t2r ! L t/25
5 10 15 20 5 10 15 20

Figure 4.2.: SFFs of compact boson CFTs as a function of % From upper left: R is 1,
V2, and from lower left: R is 2, 3, respectively. Here the inverse temperature
is set as /27 = 0.6.

R =423, % = 0.6 and 5= € (0,100). Note that SFFs are normalized as in (4.1), so

that they all start from 1 for ¢ = 0.

The following qualitative features are immediately visible:

e The “dip” can be seen as the first step. Increasing N, the dip gets deeper.

However, the dip time remains O(1), independent of N.

o Unlike the canonical smooth linear ramp suggested by random-matrix universal-

ity, the late-time growth is dominated by multiple pronounced steps®.

e Because the ramp is step-like rather than smooth, the approach to the plateau is
not monotonic and the plateau onset time is difficult to read off unambiguously

from the plots.

The step locations are clearly seed-dependent: comparing the R = /2 and R = 3
seeds in Figs. 4.3 and 4.4, the step times shift appreciably. This is further illustrated
by fixing N = 16 and varying the seed radius in Fig. 4.5.

Moreover, the step times are found to be essentially independent of the temperature,

as shown in Fig. 4.6. The near S-independence of the step locations suggests that they

4In [89], this step structure in the ramp regime is also discussed for string gases. It was argued
that the positions of steps are related to different winding numbers of the Euclidean Horowitz-
Polchinski solutions.
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Figure 4.3.: SFFs of fermion radius compact boson symmetric orbifolds with increasing V.
The upper panel shows the raw SFF, while the lower panel shows the time-
averaged SFF. Here the inverse temperature is set as 3/27 = 0.6.
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Figure 4.4.: SFFs of R = 3 compact boson symmetric orbifolds with increasing N. The
upper panel shows the raw SFF, while the lower panel shows the time-averaged
SFF. Here the inverse temperature is set as /27 = 0.6.
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SFFavg
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0.010 - — R=1
0.001} R=+/2
L R=2
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1076}

1077 ¢

- . = 25T
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Figure 4.5.: Time-averaged SFFs of various radii compact boson symmetric orbifolds with
N = 16. R is taken to be 1,1/2,2,3. Here the inverse temperature is set as
B/2m = 0.6.

are set primarily by discrete energy gaps in the light spectrum (entering through phases

e "AE) while 8 mainly controls the relative weights.

4.2.2. Interpretation of the step-like ramp

Let us summarize the qualitative behavior of the progressive-time-averaged SFF of a
symmetric product orbifold Sym™ C(R).

For N > 1 we observe a clear dip followed by a late-time growth which resembles
a “ramp” in the sense of the slope-dip-ramp-plateau paradigm. However, the ramp
is not smooth and approximately linear. Instead, SFF(3,t) exhibits a pronounced
step-like structure: it stays near quasi-plateaux for extended intervals and then jumps
upward to the next level.

A key diagnostic is provided by the location of these steps. Empirically, their char-

acteristic times are

 independent of j3,

independent of N once N is sufficiently large,

dependent on the choice of the seed theory C(R), and

absent for N = 1.

This pattern indicates that the step-like behavior is not governed by universal chaotic
(random-matrix) physics of the heavy spectrum, but is instead controlled by structured
contributions specific to the orbifold construction. In particular, the observed steps are
naturally explained by quasi-periodic peaks originating from the light sector: light seed
excitations, light twist-vacuum states, and/or light twist-sector excitations, together

with their cross-term interference in (4.1). In this picture, the averaging window in
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SFFavg
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Figure 4.6.: Time-averaged SFFs of compact boson symmetric orbifolds with N = 16 at
various temperatures. The upper panel shows the result for fermion radius,
while the lower panel shows R = 3. Inverse temperature is taken to be /27 =
0.3,0.6,1.2,2.4.

(4.2) intermittently captures these quasi-periodic peaks, producing the apparent “one-
step-up” evolution of SFF(3,1).

From the viewpoint of holographic CFTs dual to semiclassical gravity, it is widely
expected that after a suitable averaging procedure the SFF approaches the smooth
ramp and plateau characteristic of random-matrix universality [78, 83, 79, 90]. In
our case, however, pronounced seed-sensitive quasi-periodic contributions persist even
after the progressive time average, and the resulting ramp remains step-like rather
than smooth. This strongly suggests that, at the symmetric orbifold point, the time-
averaged SFF is still dominated by structured light-sector interference, instead of
universal heavy-state correlations associated with random-matrix universality.

Recall that symmetric product orbifolds with an exactly marginal twisted-sector
deformation (such as the D1-D5 CFT) are widely believed to flow, upon turning on
the deformation, toward a regime admitting a semiclassical gravity (supergravity) dual
[17, 18, 19, 20]. In particular, marginal deformations are expected to substantially
reorganize the non-BPS light spectrum, giving large anomalous dimensions to many
operators that are light at the orbifold point and lifting stringy/higher-spin degrees
of freedom. This expectation is consistent with our findings: the late-time ramp of

the time-averaged SFF is strongly obstructed by coherent contributions from the light
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4. Spectral form factors in symmetric orbifolds

sector at the orbifold point, so that removing or lifting a significant fraction of this light
structure under marginal deformation is a natural mechanism by which a smoother,

more universal ramp could emerge.

4.2.3. Outlook

It is worth emphasizing a general caveat: in two-dimensional CFTs, even highly struc-
tured theories (including rational CFTs) can exhibit an apparent dip-ramp-plateau
pattern after appropriate time averaging. Accordingly, when one attempts to diagnose
random-matrix universality from a single 2d CFT using time-averaged observables,
some care is required [84, 85]. We will not pursue this broader interpretational issue
further here.

For the present work, the main takeaway is more concrete: at the symmetric-orbifold
point, the progressively time-averaged SFF displays a robust ramp-like growth even
though it remains manifestly non-smooth and step-like. This suggests that time aver-
aging can extract a degree of self-averaging-like late-time growth while still retaining
sensitivity to light-sector structure. It would therefore be interesting to investigate,
within symmetric orbifolds, whether similar time-averaging prescriptions can help re-
veal holography-mimicking behavior in other observables, such as real-time correlation
functions and entanglement-related quantities, that are otherwise dominated by recur-
rences and structured oscillations [5].

Finally, a straightforward next step on the computational side is to push the nu-
merics further so that the plateau onset time can be read off more reliably. Since the
step-like ramp obscures a clean saturation, extending the accessible time range and
improving numerical control (e.g. larger N where appropriate) may allow a sharper

determination of when SFF(3,t) truly reaches its plateau.
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5. Open Twists and Interfaces in
Symmetric Orbifolds

In this chapter, we introduce, in the setting of symmetric orbifolds, a new class of
objects that we call interfaces, together with a class of excitations which we refer
to as open twists. An interface is a one-dimensional object that connects symmetric
orbifolds with different copy numbers N, and can be viewed as a generalization of
boundary states and conformal defects. See Fig. 5.1 for a schematic depiction.

An interface comes with several pieces of discrete data. Among these, a particularly
important parameter is the degree of transmissivity P. Intuitively, P measures “how
many of the Ni copies of the seed theory are actually connected across the interface”.
In that sense, P satisfies 0 < P < min(Ny). In the presence of the interface, the

permutation gauge symmetry on the Sym’ - (M) side is broken according to
Sn. —> Sn_-p X Sp,
while on the Sym™* (M) side, it is broken as

SN

4 — SN+_p X Sp.

The common factor Sp is naturally interpreted as the gauge group acting on the block

Sym™- (M) Sym™+ (M)

/L

NN
INNN

LI

Interface

Figure 5.1.: Interface between symmetric orbifolds Sym”~ M and Sym™+ M. In the figure
we set N_ =4, Ny = 5 and P = 3. Red lines indicate boundaries in seed
theories. This figure is reproduced from Fig. 1.1.



5. Open Twists and Interfaces in Symmetric Orbifolds

of copies that are transmitted through the interface.

The presence of an interface allows us to consider ramification points that lie on
top of the interface and are attached to the boundary of the seed theory. Ordinary
ramification points, namely those associated with closed twists, correspond to branch
points whose neighborhood has an opening angle 27w (w € Z-o). By contrast, a
ramification point attached to the boundary is allowed to carry an opening angle
that is a half-integer multiple of 27, namely, 27w with w € %Z>0. We refer to the
excitations on the interface that are associated with such boundary ramification points
as open twists. When w happens to be an integer, the corresponding insertion induces
a definite local change in the degree of transmissivity P in the neighborhood of the
insertion.

These constructions are motivated by holography, and in particular by the descrip-
tion of tensionless strings in AdS3. The interpretation of the interfaces introduced here
as AdS, branes in a pure NS-NS background will be discussed in detail in chapter 6.

In Section 5.1, we give an explicit definition of the interface as a state in the Hilbert
space of the symmetric orbifold. We then compute the vacuum expectation value of
the interface operator and verify that the effective gauge symmetry of the full system
is broken to

S]\L XSN+ — SNi_pXSpXS]\“__p. (51)

Additionally, we apply the folding trick, in close analogy with the earlier discussion
of defects in Sec. 2.4. The interface can be realized as a boundary state of the folded
theory.

In Section 5.2, we study the cylinder amplitude of boundary states of interfaces.
From this cylinder amplitude, we extract the spectrum of boundary condition chang-
ing operators between the boundary state realizations of two interfaces: that is, the
spectrum of interface—changing operators. This spectrum includes twist operators lo-
calized on top of the interface: in particular, makes the spectrum of open twists fully
explicit.

Finally, in Section 5.3, we introduce a general method for computing correlation

functions in the presence of an interface.

5.1. Interfaces in symmetric orbifold

In this section, we introduce interfaces, which generalize the boundary states and
topological defects reviewed in Secs. 2.3 and 2.4 and connect symmetric orbifolds with
different copy numbers N but a common seed CFT M. We label these different

symmetric orbifolds as Sym™* M, as shown in Fig. 5.1.
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5. Open Twists and Interfaces in Symmetric Orbifolds

To keep track of the discrete data labeling an interface Z in a compact way, we

introduce a convenient multi-index o:
= ((P7 Rf)a(ﬁ—7f—;ﬁ+7f+;6>)7 (52)

where P is the degree of transmissivity that determines the size of the subsector of the
interface that behaves as a topological defect between the two symmetric orbifolds: P
seed copies out of N. are geometrically connected along the interface. P satisfies 0 <
P < min(Ny). Ry indicates an irreducible representation of the permutation group Sp
associated with the transmissive subsector. The collection of vectors (17—, 7_; 7., 7 ; @)

determines the boundary condition of Np — P copies of both sides:

ny

(n—,r—§n+a7“+;a) = {(naiﬂﬁf,i;n+,iar+,i§ai)}i7 ) (5.3)

1

where
e 1y is the number of distinct seed Cardy boundary states,
e a; denotes the i-th seed Cardy boundary condition out of these ny,

« ng; specifies the size of the subset of {P, (P + 1),..., Ny}, i.e. the number of

seed copies associated with a; on the N4 side,

e ri; is an irreducible representation of the permutation group S, , acting on
that subset.
In particular, the integers n. ; obey
ngy 23
Zn_’i:N_—P, Zn_,_fi:N_,_—P. (54)
=1 i=1

Generic interface Z, is then defined by averaging over the permutation gauge group

Sn_ X Sy, acting on the boundary states and topological defects:

Io = 2. 2

h_€Sn_ hi€Sn,

2

Xr,,i(g—,i) Xr ,i(g-i-,i)
Iy > 7Gi>h_gﬂ,h:1 > AR (g

i=1 \ g—.€5n_, n_! 9408, ,  Thi hagrihy!
xr; ([9])
( Z ’I<)‘ Zthhl‘hn>hgh1®’hm>hgh1
[g]€Conj(Sp) g h,n,m
® hyghl! (h,n|® h+ghjrl<h7 m| Hh+gh+1) : (5.5)
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It is instructive to note that our parametrization interpolates between the ordinary
boundary states and the topological defects discussed in Secs. 2.3 and 2.4. First, when
N, = 0 the right-hand side of the interface is absent, and the consistency condition
0 < P <min(N_, N;) forces P = 0. In this limit, there is no transmissive subsector

and the interface data reduce to
w — (i_,7;d), (5.6)

so that 7. reproduces precisely the ordinary boundary state of Sym™~ M constructed
in Sec. 2.3.

Second, when both sides carry the same number of copies and are fully transmissive
N_ = N, = P = N, there are no remaining reflective copies, N — P = 0, and the

boundary-data part of @ drops out:
w — (P=N,R), (5.7)

In this case the interface is entirely characterized by the representation R; of Sp = S,
and Z, reduces to a purely topological defect between two identical symmetric orbifolds
Sym” M, in agreement with the construction of topological defects in Sec. 2.4.

In the rest of this thesis, we focus on the case with homogeneous boundary choice;
(ﬁ—7 (. C_i)|ai:af = (N— - P R_; a’—)’ <ﬁ+’F+; 6)|a¢:a+ = (N+ - P Ry a’+)7 (58)

where R, is an irreducible representation of Sy, _p. Also, we often take Ry and R;

to be trivial. We denote such an interface by TR and 7P

iR o> Tespectively.

Folding trick and boundary state realization of interface.

IP;RI .

Now let us introduce the boundary state realization of interface Z, % :

)= X X

h_eSn_ h+€SN+

r (9-) ) R, (9+) (+)
( 2 (JXV_ —gp)! ‘a—>h_g_h1)( 2 (]>§f+—gl+f’)! ‘“+>h+g+h;>

g-€SN_-pP 9+E€SN, —P

Xr;(9) - - — ()
( 2 ]ID' 2 Hé—)ghi1 |7, n>l(l—)gh:1 ® [l m)p gy

geSp : h,n,m

+ ) (+)
® Hh+ghll A n>h+9hll © |h’m>h+ghll )

(5.9)
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NN

Sym?™= (M) @ Sym™+ (M)

Interface C
as a boundary state - /

Figure 5.2.: Interface realized as a boundary state in folded theory Sym™~ M @ Sym™+ M.
In the figure we set N_ =4, N; =5 and P = 3. Red lines indicate boundaries
in seed theories.

See Fig. 5.2.

Vacuum expectation value of the interface

IP;RI

iRy OF equivalently the g-function

Let us compute the vacuum expectation value of

associated with the corresponding boundary state |Z. iRé . ))- In the overlap with the

vacuum, only the contribution from the identity elements g = g = e in eq. (5.9)

survives, and we obtain

dim R_ d1mR+ dlmR[ N_—-P N,—-P p

(O, s Do = (N_.—P)(N,—p)pt9= 9+ = (5.10)

at+;R+

where g1 = (0]a4)seea are the g-functions in the seed theory, and z = (0|0)geeq is the
sphere partition function of the seed theory.

In particular, when the representations Ry and R; are taken to be trivial, this
vacuum expectation value reduces to the product of disk and sphere partition functions
of the seed theory, divided by the order of the effectively unbroken permutation group

SNi_p X SP X SN+—P:

N.—-P _p N,-P
g- 2 9y

|SN,—P X Sp X SN+—P| '

(01T, Nphys = (5.11)

This provides one piece of evidence that the effective permutation gauge symmetry of

the full configuration is broken as

S]\L XSN+ — SNi_pXSpXSNjL_p. (512)
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TPt TPY ~
"i {]'j:

Figure 5.3.: Two interfaces connecting the theories Sym’V*M on the cylinder. The par-
tition function can be regarded as a trace over interface changing operators.
On the right-hand side of the figure, the interface is changed when one passes
through the insertion point of the interface changing operator O.

5.2. Interface changing operators / open twists

Now we consider the cylinder amplitude of interfaces.

+) (N_ +N+)C (N_ + +)c

7(—= 7 (+
_LO+L6

2% pun = (T VG T s (5.13)

In the unfolded theory picture it is like the left-hand side of Fig. 5.3. We can read off
the spectrum of interface changing operators between ICZL and If ﬁR'

In the result we have these five types of the contributions

k40 kT kT
Z < l > y Zaiai <21_1> , Z E/R L/R <2l> (514)

where k,[ € Z~(. Note that Z}\Tj (@) always appears in the combination

Zdosed<k7> 1li <k7+b>. (5.15)

Let us define the set of subscripts to fix the feature of partition functions:

fer = {Closed (aka®), (aZalt), (aZal), (aRaf)} (5.16)
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By using this f, each term in (5.13) is identified by m}k’l) as follows, up to coefficient:
(kD)
I I1Zs k0™ . (5.17)
fEF Kl

where non-negative integers mgck’l) satisfy the following conditions:

_pL_ Z ) <m 4 +ml, i)) , (5.18a)
- Xk (st +mitts)) (5.18b)
_ pR_ Zk (m kLl) ry + mgsé)aﬁ)> ) (5.18c¢)
- T (st + mittn ) (5.184)

as a match of boundary seed numbers, and

Zkl( ci“o?ed+m"“é>R>)+zkz_1< Dt ).

- apay
(5.18e)
(k1 (k1 (k1 k)l k,l
Zkl < clos)ed aL)a )> + Z k - 1 < alj)af) + mgaf)a]j) + mg i)f > ’
k1
(5.18f)
as a match of transmissive part. The multiplier can be determined as
B
L7 (kT/1)) 7
(12 ) (5.19)

D) ’
fEF K

by looking at the number of combinations that realize []scp 11, Zf(F, l) d1V1ded
by the gauge volume. We obtain
(D)
(k l)) 1

Zyo o=y 1111 (2 , (5.20)

m0el) FEF K f Dy

where mgfk’l) satisfies the constraint (5.18).
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5.2.1. Grand-canonical uplift of overlap

It is natural to introduce chemical potentials p*/% and Vi/ r

in order to construct
the grand-canonical uplift of eq. (5.20). We define the corresponding grand-canonical

partition function by

min N4

A A 2
uL/Ry L/R = Z Z H :uA)P (Vf)NJr F Z]T{/i PL/R- (521)

N+>0 pL/R=g Ae{L, R}

z

For later convenience, we also use the shorthand p := pfuf*. We find the following
DMV V-like formula

2
ZEL/R’Vi/R (7’) =

k>11>1
i kT +b
e |t 13 75 ()] (5.220)
b=0
L R; L, Ry-1\F 1 kt
X exp (V_V_(,u pt) ) %Z(a%zj) 51 (5.22b)
bR Ry kL kt
X exp (1/+V+(,u w) ) %Z(aiaﬁ) 51 (5.22¢)
N k1 kT
X exp (yfyf(uL)l 1(,uR)l) zZ(aEai) (21>] (5.22d)
k1 kT
X exp (ufuf(uL)l(/ﬁR)l 1) PR (%)] : (5.22¢)
Recall that we have the following g-expansions:
Zh(r) = > d(m,m)q" 7" and  Z\P( = > da(m
(m,m)el melqp

Again, using the identities (2.31), we can rewrite the grand-canonical partition function

in the following product form:

- 1 d(m,m)
ZML/R VL/R(T) = H H ( w T _ﬁl>
T wWEZL>o (m,m)el 1- H=qw qw
m—m=0 (mod w)

1 Aoy (™)
ML T ()

iwez>0+1 mel 1, o

Ao

1 futap (™)
< 1 II II <1_VA A (oL q2TU> . (5.23)

B
AB=LR,RLw€Z>0 mel 4 iy oy

a

Jr
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5.2.2. Spectrum of interface changing operators

For fixed grand-canonical charges (N, PL/T), we can read off the spectrum of interface
changing operators by focusing on the corresponding sector of the generating function.
It is natural to work on the vacuum energy given by —z; (N_ + N,). For simplicity,
in the following we restrict to the case where all seed boundary conditions coincide,
namely

L _ L _ R_ R
(1,+—CL_—(I+—CL_

a. (5.24)

In particular, the relevant annulus partition function reduces to

Cc

Z{gzpen)(T) = Z doa(m) q™, m=A——, A>0, (5.25)
melan 24
so that the vacuum has A = 0 and hence my,. = —c/24.

Reading off the twist ground state from the product.

Restricting attention to the vacuum sector h = h = A = 0, we extract the spectrum
of a particular class of interface changing operators, which we call interface twist
operators. The spectrum of single-cycleinterface twist operators are organized into
five series. Three series occur when PY = P®; among these, one essentially reduces
to the familiar twist operator series. The remaining two series appear when the labels
differ by one unit, PL' = P® 4+ 1. More explicitly:

. UI:h:B:m@J—i) with Pl = PR and w € Z,,

w 24 w

ol from alaf, with PX' = P and w € Zso + 3,
oLt from akak, with P* = P® and w € Zxo + 1,
ol>: from afa, with PX+1 = P® and w € Z,,

ol=: from afafl, with P* = P®+1 and w € Z-,.

The first series is called closed interface twists, while others are open interface twists
or simply open twists. To make this distinction explicit, we sometimes refer to the

usual twist operators specifically as bulk twists or bulk closed twists.

Open twists as local operators

Open twists are identified as the ramification points with boundaries in the covering
surface. Note that this type of excitation was first introduced in an intuitive way in

[91]. See Figure 5.4 for examples.
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{2

/

(a) w = 2 ramification point of a N_ = 3, (b) w = $ ramification point of a Ny = 3 covering
N, = 2 covering created by o/>~. The created by o©'<. The degree of transmissivity
degree of transmissivity is constantly 2. jumps from 3 to 2 at the ramification point.

Figure 5.4.: Visualization of coverings created by open twists. The covering map is the
vertical projection down the symmetry axis of the spiral. The preimage of the
interface is marked by the real axis Im z = 0.

5.3. Computation of interface correlation functions

Even in the presence of interfaces, the computation of correlation functions can be
reduced, as in the bulk case, to calculations in the seed theory on a suitable covering
surface obtained by pulling back along a covering map. However, there are several

respects in which the interface case differs from the purely bulk case:

o An interface generically involves a boundary of the seed theory. As a conse-
quence, the covering surface ¥ is a Riemann surface with boundary. In par-
ticular, both the evaluation of the seed theory on > and the evaluation of the

Liouville factor must be performed on a surface with boundary.

e The degree of the covering map depends on which symmetric orbifold the map
takes values in. For example, consider a single interface Z that connects a sym-
metric orbifold with N_ copies on X_ to a symmetric orbifold with N, copies on
X along their common one-dimensional locus X_ N X, = S'. In this situation,

the degrees of the covering maps to Xy are

deg(L = Xi) = Ni. (5.26)

o There exist boundary ramification points on ¥ corresponding to open twists

on X. More precisely, for each open twist operator O on X there appears a
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boundary branch point on X with opening angle 27w, where w is a positive

half-integer or integer as introduced in Sec. 5.2.

In this chapter, we will organize the discussion so as to proceed in a way that is
as parallel as possible to the bulk symmetric orbifold case. As a first step, we extend
the definition of the covering map to the situation with interfaces. In what follows we
will specialize to the case where the base is the Riemann sphere X = S2, and a single

interface circle S* divides X into two regions
Xy = Dy (5.27)

5.3.1. Definition of interface branched covering map.

Let X and > be compact Riemann surfaces, possibly with boundary.

Assume that there exist finitely many disjoint simple closed curves

St.... 8t c X (5.28)
such that the complement
X\ U S (5.29)
a=1
has r connected components Uy, ..., U,. We denote by
X;=U  (i=1,...,r) (5.30)

the corresponding closed regions. Then X is covered by the X;, and different X;
intersect only along subsets of the interface curves S..
Let
r:»—-X (5.31)

be a map that is holomorphic on the interior of ¥ and continuous up to the boundary.
We define
¥ = IHX) (5.32)

so that X is covered by the 3;, which meet only along the preimages of the curves S..
We say that T' is an interface branched covering map of degree (Ny,...,N,) if the

following conditions hold:

o Foreachi=1,... r there exists a finite subset B; C X; (the set of bulk branch
points in X;) such that

r:3\I''Y(B) — X;\B;
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is a topological covering of degree N;. In particular, every point = € X; \ B; has

exactly V; preimages in ;.

» For every point p € 3; in the interior of .;, there exist local complex coordinates
z on X near p and z on X near I'(p) such that, up to multiplication by a nonzero
constant,

r—I(p) = 2 (5.33)

for some integer w, > 1. The integer w, is called the (bulk) ramification index
at p; points with w,, > 1 are bulk ramification points, and their images in X; are
the bulk branch points in B;.

« For every point
S
pE F_1<U Si) ny
a=1
in the interior of ¥, there exist local complex coordinates z on ¥ near p and x

on X near ['(p) such that, up to multiplication by a nonzero constant,
x—T(p) = 2z (5.34)

for some integer w, > 1. The integer w, is called the interior interface ramifi-
cation index at p; points with w, > 1 are interior interface ramification points,

and their images in X are the bulk branch points on the interface curves S;.

» For every point
pe r—l(U Si) oy
a=1

on the boundary of ¥, there exist local complex coordinates z on ¥ near p and
x on X near I'(p) such that Im z > 0 describe neighborhoods of p as half-disk,
with the interface given locally by Im z = 0, and such that, up to multiplication

by a nonzero constant,
x—T(p) = 2™ (5.35)

for some
wy € Zo/2. (5.36)

The number w),, is called the boundary ramification index at p; points with w, >
1/2 are boundary interface ramification points, and their images in X are the

interface branch points on the interface curves S!.

In applications to symmetric orbifolds with interfaces, each region X; carries a sym-

metric product Sym” M. Bulk branch points in B; coincide with the insertion points
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of bulk twist operators on X;, with (bulk) ramification indices w, € Zs; match-
ing the corresponding cycle lengths. Interior interface ramification points, i.e. points
pel (U, SHn Zol, correspond to twist operators localized on the interface curves S}
in the interior of X, again with integer ramification indices w, € Z>; identified with
the relevant cycle lengths.

Boundary ramification points on the curves S!, i.e. points p € T'"'(U, S!) N 93,
correspond to open twist operators Ol supported on the interfaces. Their boundary

ramification indices w, € Z~/2 reproduce the opening angle 27w associated with such
1
2
opening angle, while w, > % gives a genuine boundary interface ramification point.

open twists; in particular, w, = 5 corresponds to the trivial case with no change of

Degrees of transmissivity.

For each interface component S; we can further define a degree of transmissivity P;.
Let t; € S; be a point that is not a nontrivial branch point. We define the local degree

of transmissivity at t; by
Pt;) = #(F_l(ti) " 2) , (5.37)

i.e. as the number of preimages of ¢; that lie in the interior of X, and hence correspond
to sheets that pass through the interface rather than ending on it.

Away from interface branch points and insertions of interface changing operators,
this quantity is locally constant along S;. However, in the presence of interface ex-
citations (such as open twist operators or more general interface changing operators
inserted on S;), the local transmissivity P;(t) can jump when crossing the insertion
points along the interface. In order to have a definite label for each interface compo-
nent, we choose for every S; a reference point ¢; € S; which does not coincide with

any interface branch point or interface changing operator insertion, and define
P = B(t;). (5.38)

We refer to P; as the (reference) degree of transmissivity of the interface S;, and will
often use P; as a label for S; itself while keeping in mind that the local quantity P;(t)

may take different values on segments of S; separated by interface insertions.

5.3.2. Normalization of interface correlation functions

Let us discuss the normalization of the interface correlation function. Generically, we

can insert multiple interfaces. In each intermediate symmetric orbifold, one can insert

106



5. Open Twists and Interfaces in Symmetric Orbifolds

bulk twists, and on each interfaces, one can insert interface twists. At any case,

2% IO; O]
ZE e [[IZ 10w T10L] = 3 M\{Aut(l“)] } (5.39)

r

where Z/%A denotes the correlation function of the seed CFT on the covering surface
(possibly with boundary) including the Liouville factor. Note that this does not depend
on the choice of reference point t* for each interface curve S;.

To obtain the normalized interface correlation function on the sphere, we need to
divide once by the vacuum partition function with interface. In this normalized con-

vention, the contribution of I' becomes

Zigus | T 110 11O, |

P 11 0w, [T O =
(zo I10u110.,),, 78 o Il
_ - (N = PN, — PP 75| nomol] 5.0
S @ Pt O
where Zg;mNiM[Ifi} = (0|ZL ) pnys is calculated in eqgs. (5.10) and (5.11). Thus, in

our normalization, the coefficient of each covering is given by

(N_ — P)I (N, — P)! P!
| Aut(I)] ’

(5.41)

where Aut(I") is the remaining gauge group associated with I'.

It is important to stress that, while the unnormalized quantity (5.39) does not de-
pend on the choice of the reference points ¢; on the interface curves S}, the normalized
correlator (5.40) does. As explained above, once the local degrees of transmissivity
P;(t) along each interface curve S} are specified, we choose reference points ¢f € S}
away from interface branch points and interface changing operator insertions and de-
fine P, := P;(t7). The vacuum partition function with interface that appears in the
denominator of the normalized correlator (5.40) is then computed with this choice of
P and t*, and hence depends on it. When it is essential to make this dependence

explicit, we denote the corresponding interface insertion as Z7 L (7).

5.3.3. Interface diagrammatics

As we did in Secs. 2.5.2 and 2.5.3, we can consider generalized PRR diagrammatics
compatible with the interface and excitations on it. Let us draw on X = S? a double-
line graph, made of solid and dashed lines, that passes through the insertion points of

all twist excitations. Here, we take its path mostly along the interface; see Fig. 5.5 for
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an example.

+ + wt +
w] wy wy Wy
] ([ ] O O)
—_—
Ordering
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w; @ wy w; @ wy 1
— — I 1
wy () wy @
wy wy

Figure 5.5.: Double-line graph made of solid and dashed lines on base manifold S? in the
presence of an interface. The gray line indicates the location of interface. The
solid (dashed) line is deformed so that it passes through bulk twist insertion
points, while the dashed (solid) line stays on the reference line. Ordering of
twists is naturally induced.

Given an interface covering map I' : ¥ — X = S?, we can again consider the
inverse image of this double-line graph under I' and thus obtain a double-line diagram
drawn on the covering surface ¥. As in the bulk case, the diagrams with appropriate
properties are in one-to-one correspondence with the branched coverings of fixed degree
Ny that contribute to interface correlators of bulk/interface twists. We refer to such

diagrams as a generalized PRR diagram.

Generalized PRR rules.

To describe coverings in the presence of interfaces we introduce a generalized version
of the PRR diagrams. They are built from a larger set of local ingredients: in addition
to the bulk twist vertices and redundant vertices of the original PRR rules shown in
Fig. 2.8, we use the splitting vertices shown in Fig. 5.6, together with the interface
twist vertices in Fig. 5.7. The interface twist vertices, in particular the open interface
twists, are genuinely new elements of the construction, but their representation in
terms of alternating solid and dashed strands is chosen so that their combinatorics
remains as transparent as in the bulk case.

We now summarize the generalized PRR rules for fixed degree N.:

e A w-twist insertion at the upper (lower) half-plane is represented by a vertex
surrounded by w solid (dashed) strands, respectively. See the two leftmost figures

in Fig. 2.8 for example.

e Redundant vertices are introduced. A redundant vertex is surrounded by two
solid (dashed) strands and one dashed (solid) strand, respectively. See the two
rightmost figures in Fig. 2.8 for example.
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Figure 5.6.: Splitting vertices for generalized PRR diagrams. The vertex on the left (right)

represents a splitting of a solid (dashed) double line, which must be attached
to a bulk twist vertex in the upper (lower) half-plane, respectively. In each
case the outgoing single line corresponds to a segment of the boundary of the
covering surface 3.

: : : . ‘s N
1 - g 1 1 . “ \ U
.\ g ¢" 3 \/ N .’ M \CN
~
“. 3l 5(I.+) ‘. 5(1.-) cmmw? (1<) — (1)
2 2 P 2
¢" PEN s ’O on - :
. LA N AR \ '/\ RS LAY
. - /) ‘ Y
1 1 1 A . )
1 1 1 A ' .
L] L] L]

Figure 5.7.: Vertices for interface twist insertions. The leftmost vertex represents a closed

interface twist of length w = 3. The remaining four vertices represent open
interface twists with w = 5 of type (I,+) and (I, —) and w = 4 of type (I, <)
and (I,>), respectively. In each case the vertex is surrounded by 2w strands
with alternating solid and dashed segments, with the choice of the first (and
last) strand fixed by the type +, 2 of the open twist.

« Splitting vertices are introduced. A splitting vertex is surrounded by two solid
(dashed) strands, where two outgoing lines form a double line. See Fig. 5.6 for

example.

A closed w-twist insertion on the interface is represented by a vertex surrounded

by w solid and w dashed strands. See the leftmost figure in Fig. 5.7 for example.

An open w-twist insertion on the interface is represented by a vertex surrounded
by 2w strands which, when one goes around the vertex, appear in an alternating
pattern of solid and dashed lines. The precise choice of whether the sequence
starts (and hence ends) on a solid or on a dashed strand, and which bulk side
the first strand is attached to, is fixed by the type of the open twist (£, =2). See
the four rightmost figures in Fig. 5.7 for example.

A propagator inside ¥ is represented by a double line, while a propagator along

the boundary of ¥ is a single line.

Each connected component of the solid (respectively dashed) line is a contractible

closed curve on X.
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o Traversing a solid line counter-clockwise, one encounters the twist insertions and

the redundant vertices in the partial cyclic order as on the base sphere X.

o Traversing a dashed line clockwise, one again encounters the twist insertions and

the redundant vertices in the partial cyclic order as on X.

e The numbers of solid and dashed closed curves are each equal to the degree of

the covering map, N, and N_, respectively.

In the following we will illustrate the above rules using explicit examples of general-
ized PRR diagrams. All such diagrams will be shown in the simplified form obtained
by contracting redundant vertices, in the sense explained around Fig. 2.8.

With this convention, the graphical rules introduced here reduce exactly to the
original PRR rules in the special case N. = P with no open twist insertions, so that

our generalized PRR diagrams indeed extend the original PRR diagrams.

Fixing transmissivity by t* on the interface.

The generalized PRR rules described above determine the covering I' : ¥ — X =
S? and its degrees (N, N_), but they do not yet fix how many sheets are actually
transmitted across the interface, i.e. the degree of transmissivity P.

To distinguish these possibilities and to implement the choice of transmissivity P
in the diagrammatics, it is useful to introduce a reference point ¢* on the double line
of X = S%. We choose t* such that it does not coincide with any interface changing
operator. On the covering surface Y, or equivalently on the generalized PRR diagram
drawn on 3, we then mark all preimages of ¢* under I' by black dots.

As in the definition of the local degree of transmissivity, we regard only those preim-

ages that lie in the interior of ¥ as transmitted sheets. We therefore define

(5.42)

to be the number of black dots in the interior of X.
For a fixed choice of transmissivity P we then restrict the sum over coverings (or

over generalized PRR diagrams) to those I' for which
PIT) = P. (5.43)

Equivalently, at the level of the generalized PRR rules, this amounts to augmenting

the list of local rules above by the following two items:

e On each closed solid or dashed circle in the generalized PRR diagram, place

black dots along the propagators so that, when one goes once around the circle,
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the black dots appear in the same cyclic order as the vertices on the base sphere

and each circle is crossed exactly once by a black dot.

o Among all generalized PRR diagrams compatible with the local rules above, only
those in which the total number of black dots on the double line in the interior

of ¥ equals P are kept in the interface correlator with degree of transmissivity

P.

Disconnected covering surface and remaining gauge group.

In the presence of an interface, the completed generalized PRR diagram is again real-
ized on a (possibly) disconnected Riemann surface ¥ that is identified as the covering
surface. For a given interface covering of degrees (N, N_) and the degree of transmis-
sivity P at t*, the covering surface naturally decomposes into trivial and non-trivial
components.

Let ¥ ontrivia denote the union of all connected components that carry at least one

twist or interface insertion. We denote by

Iy

: Enontrivial — Xi = Di; (544)

Enontrivial

the restrictions of the covering map to the two sides of the interface, with degrees n4. :=

deg(T's|s, . mm)- Among these ny sheets, we assume that the restriction I

nontrivial

have the degree of transmissivity p. It is convenient to define
B:t = Ni - P, bi =Ny —p, (545)

so that By measures the total number of sheets that are not transmitting on side =+,

while by counts those among them that belong to ¥, ontriviai. The remaining

sheets give rise to trivial disk components on side +.
In addition, there may be sheets that are transmitting but do not carry any inser-
tions at all; these contribute trivial spherical components whose interface is entirely

unexcited. Collecting all pieces, we can write the covering surface as

trivial

S = (Sh) 7w () (i) T  (5.47)

On the trivial components, the generalized PRR diagram reduces to a single double-

line circle (for S2,;,;) or a single-line circle on a disk (for D¥V#) and these components

111



5. Open Twists and Interfaces in Symmetric Orbifolds

do not carry any non-trivial dynamical information. Thus, these trivial components
in the generalized PRR diagram will be systematically omitted in what follows.
Nevertheless, they contribute to the remaining gauge group of the covering, i.e. to

the automorphism group
Aut(l) = {h:X -2 |[Toh=T}. (5.48)

Since the (P — p) trivial spheres SZ, ., and the (Bi — by) trivial disks DVl are

indistinguishable among themselves, any permutation of these components defines an

automorphism of the covering. Therefore, the automorphism group factorizes as
AUt(F> - SP_p X SB*_bf X SB+_b+ X AUt (F|Enontrivial) ? (549)
and the symmetry factor can be written as

(5.50)

nontrivial ) :

Aut(T)| = (P =p)!(B- = b )l (By = by)! x |Aut(T']x

encodes genuine symmetries of the non-trivial

nontrivial)

The remaining factor Aut(I'|x
part of the covering: cyclic permutations of sheets around identical twist insertions,
permutations of identical connected components, and similar discrete symmetries.
These are of the same type as in the bulk case discussed in Sec. 2.5.2. In practice, all
such factors can be read off directly from the generalized PRR diagram.

Using this decomposition, let us see how eq. (5.40) can be written explicitly. It takes

the following form:

P I
<Iai H Owi H Owj >Ni
S PIB_I B, Zygeme [ 110, T10]
= (P =) (B = b ) (B = bi) AUt (Tls, i) 92 94 27

(5.51)

Here, all of the N.- and P-dependence is contained in the prefactor

P'B_1B,!
(P~ p)l(B- — o) (By — )V

while the remaining factor is independent of N4 and P.
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Figure 5.8.: Generalized PRR dlagrams on the covermg surface 3 for the interface four-
point function (o} (t1)05 (t2)02 (t3)02 (t4)). The three panels show the

three inequivalent connected generahzed PRR diagrams compatible with the
local rules. For visual clarity, single-line propagators (which represent bound-
ary segments of ¥ arising from splitting vertices) are drawn in red lines.
The rightmost covering has degrees (Ny, N_) = (4,2), while others have
(N4, N-) = (3,2)

I+ I+ I< I
Exapmle: (o5 05 0y 0y7).

2 2 2 2
As an explicit example of the generalized PRR rules with an interface, let us consider
the four-point function

< () os (752) é (t3) o >(t4)>, (5.52)

I~

with the insertions ordered as ti,ts,13,t4 along the interface. Figure 5.8 shows the
corresponding generalized PRR diagram on the covering surface 2. Figure 5.9 displays
the same diagram after placing black dots in the order t*, t1, t5, t3, t4, so that the degree

of transmissivity P can be read off directly from the diagram.

Gauge fixing of twists and interface.

On the sphere, it is often useful to separate explicitly the overall gauge volume in order
to count inequivalent gauge fixings. For a given covering I', the contribution to the

unnormalized correlator can be written schematically as

75 T 100 T1OL) = 51 ,Z|AUN+ 22 TIo 010!, (553)

where the factor N_IN,!/|Aut(T")| can be interpreted as the number of essentially
different gauge fixings of the objects Ifi, O, OL that give rise to the same covering
I
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Figure 5.9.: The same generalized PRR diagram as in Fig. 5.8, with black dots implement-
ing the choice of a reference point t* on the interface. All contributions have
P =2.

First, to see the gauge-fixing through the generalized PRR diagrammatics, we bijec-
tively assign integers in N, := {1,..., N;} to solid circles, and N_:={1,...,N_} to
dashed circles, in the diagram. We call a generalized PRR diagram whose circles are
labeled in such a way gauge fized. To give a more detailed description, it is useful to
introduce different variables a and j to denote elements of N, and N _, respectively:
a€ N, j€ N_. Note that, in order to see the gauge-fixing of the interface itself, we
also need to fix the reference point ¢* on it. For each object Z L (t7), O, O! . one can

assign gauge-fixed configuration in the following way:

o For each vertex corresponding to the bulk twist o, we assign the permutation
g=(a1...ay) € Sy, 0rg = (j1...Jw) € Sn_ by circumnavigating the associated
vertex of the diagram anti-clockwise and reading off the encountered N, labels:
(a;), of the traversed solid lines for o, or (j;); of the traversed dashed lines

for o, respectively.

I

e For each vertex corresponding to the closed interface twist o,

we assign the
permutation g = (a1Ji ... awjw) € Sn,+n_ by circumnavigating the associated
vertex of the diagram anti-clockwise and reading off the encountered labels of

N, UN_ in the order they appear.

« For the interface Z7 (t*), we assign the permutation ¢ = (aij1)--- (apjp) €
Sn,.+n_ by reading off the labels of P double lines on which the preimage of ¢*
locates. These P transpositions encode which sheets are transmitted across the

interface.

« For each vertex corresponding to the open interface twist ol*

w

we assign the

sequence y* by circumnavigating the associated vertex of the diagram anti-
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clockwise and reading off the encountered labels. More precisely,

Y7 = (a11 - - - Ju—1/20w41/2), (5.54a)
Y = (har - - Gwo1/2dwr1/2), (5.54b)
S = (@i - Qwdw), (5.54¢)
Y7 = (101 - - - Julw)- (5.54d)

Here the superscript *,= 4+, —, <, > labels the type of the open interface twist
and fixes the alternating pattern of a’s and j’s as respecting the type of strands

shown in Fig. 5.7.

From the orbit—stabilizer theorem, the prefactor in (5.53) can be interpreted as the

number of inequivalent gauge fixings of the corresponding generalized PRR diagram:

N,IN_!
= R B e S, Gl | 5.55
]Aut(F)| “gb yGney b Y1 Y O] ( )
where the right-hand side is the size of the orbit
[gla s 7gncﬂba,y>f7 s ’,Y;k;,o]
={(99197", . 99n.9"" 9t 97}, 975.) |9 € Sn, x Sx_}. (5.56)

Here Sy, x Sy_ acts on g; and ¢ by conjugation (via the natural embedding into the
permutation group of all sheet labels), and acts on 7; by by permuting the labels
appearing in the sequences ;. Diagrammatically, this group action corresponds to
the relabeling of solid and dashed circles in the gauge fixed PRR diagram.

In analogy with the bulk case, one may therefore regard the interface correlator as

a sum over gauge-fixed data. Schematically, we can write

73 v Zh )T 0w TIO5] = 3 250 vy, [Z9 () 110, 11 0y7]
=1 7j=1 gi,L,'y*j =1 7j=1

(5.57)
where we understand that incompatible choices of g;, ¢, ¥*; give vanishing contribu-
tions, as in the bulk case.

A slightly nontrivial consequence of this description appears for the normalized
sphere correlator (5.40). In the normalized convention, the vacuum partition function
with interface in the denominator is computed with the same choice of transmissivity as
in the numerator. As a result, global relabelings that change the interface permutation
¢ contribute equally to numerator and denominator and cancel out. Equivalently, one

may fix a reference interface permutation ¢y and rewrite the normalized correlator as
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a sum over gauge-fixed data with ¢ held fixed:

Ne No . . Ne No .
<Ifi [10.. I10:; > = > <I§‘£)(t ) T10a: 11 O,,*j> . (5.58)

i=1 J=1 Ny 97" =1 j=1 N
The summation over g; and v} completely reproduces the factor in the normalized

correlator (5.41) i.e.
(N_ — P)I (N, — P)! P!
| Aut(L)]

5.3.4. Covering-space prescription with interface

We now state the interface/boundary extension of the Lunin—Mathur covering-space
prescription, following Section 4 of [4]. Since the bulk ingredients have been reviewed
in Section 2.5.4, we only highlight the new structural element.

For an interface correlator on a base surface X with a boundary segment supporting
the interface, the covering-surface expansion again reduces the computation to the seed
theory on a covering surface I' : ¥ — X. The only conceptual change is that ¥ is
generically a surface with boundary 9% = I'"1(9X), and therefore the Weyl-anomaly
factor relating the physical pullback metric ['*¢ to a smooth reference metric § acquires
an additional boundary contribution. Concretely, writing ['*g = e? g, the seed-theory

correlator satisfies
5. _ (bdy)r 4. ~ S A
Zillg -] = expl SPVl0sal) Zlas -+ (559)
where Sébdy) is the Liouville functional appropriate to a surface with boundary,
e - [ B aan ) < of i
Seoial = g | [ 2o (§70,00,0+2R¢) + azdsﬁ 6l.  (5.60)

Here h is the induced metric on 8% and K its extrinsic curvature (both computed
in the reference geometry). Equation (5.60) is precisely the modification emphasized
in [4]: relative to the bulk discussion of Section 2.5.4, one simply adds the boundary
term to the Liouville action.

With a fixed UV/IR regularization scheme and fixed local counterterms/normaliza-
tions (chosen uniformly for the seed theory), the dependence of a given interface cov-
ering I again localizes on the regulated boundary components and small circles/semi-
circles around ramification points, and can be expressed in terms of the corresponding
local covering data. In the following we therefore implement the interface covering-
space prescription by using the same definition of Zﬁ[ as in (2.131), but replacing Sp,

by S,gde) as in (5.60). See [4] for the explicit evaluation and normalization choices in

116



5. Open Twists and Interfaces in Symmetric Orbifolds

the interface setup.

5.3.5. Normalization of twist operators

We now fix the normalization factors N of interface twist operators for a fixed choice

of N4 and P:

AC . c _cC
6¢ = N¢ oS,

ol = NI obx (5.61a)

where ¢ € {+,—,1} labels the type of closed twists, while x € {4, =} labels the
type of open interface twists. We first make explicit the standard normalization of
(closed) twists. Subsequently, we discuss the normalization of open interface twists.
We choose a normalization in which two-point functions are normalized to one. Finally,
we comment on caveats that arise when introducing the normalization of interface
twists in actual correlation functions; the normalization must be evaluated with the

appropriate local value of P.

Bulk twists and closed interface twists.

For bulk twists, the normalization factor is determined by the local gauge group Sy,
and takes the form
U)(N + — w)' +

For closed interface twists, we similarly have

P —w)!
ot (t) =N oh(0) = [ "L 1), (5.63)
The normalization factors shown above have a similar form, but their dependence on

the operator location differs.

Open interface twists.

In the case of open interface twists 61*, the normalization constant is fixed so that
the coefficient of corresponding two-point function is equal to one. When % = 4, the
two-point function <IP 6{U’i6{ﬁ> is easily determined: the covering map I is unique,

and corresponding nontrivial component I'onriviar satisfies |Aut[Iyontrivial]| = 1. We
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find

. 2))’
bt = NIt olt = ot (5.64)

oL = NIl = 20 gl (5.65)

where w is supposed to be a half-integer w € Z>o + %
In the case * =2, there is an ambiguity in fixing the normalization. The nonzero

two-point functions are

(Z°(t") oli=(t1) ol (t2)), (5.662)
(Z°(t") ol () o= (t2)), (5.66b)

and, for generic values of N and P, they cannot be normalized simultaneously'. Let

us normalize the former two-point function; this choice results in

/\I’> o I’> I7> . . ’>
O'w< —Nw<0'w< = Taw<, (567)

with w as a positive integer. With this normalization, the latter two-point function is

related to the former as

(Ny — P)(N_ = P)
P+1

(IP(t") 617 (1) 6157 (t2) ) = (ZP(t") 657(t) 617 (1)) (5.68)

Interface twists and the local value of P.

It is important to stress that the parameter P entering the normalization factors has
to be understood as a local quantity along the interface. In particular, whenever an
open interface twist o;2(t) is inserted, the value of P(t) jumps across ¢, as shown in
the right panel of Fig. 5.4. In all of the above formulas, the symbol P should therefore
be interpreted as this local multiplicity evaluated at the insertion point.

At points where P(t) is discontinuous, such as the insertion points of o< itself, we

adopt the convention

P(t) = max(P(t — ), P(t + ). (5.69)

n the first correlator, the operator o;< locally changes the interface from Z* to Z'~!, while o1,>
brings it back from Z~! to Z”. In contrast, in the second correlator, the intermediate interface
is ZP+1. This difference in the intermediate interface, Z~! versus Z'*!, is exactly reflected in

the combinatorial factors.
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That is, P(t) is taken to be the larger of the two values immediately to the left and right
of the insertion. This prescription ensures that the normalization of o1*(t) always uses

the correct local value of P appropriate to the interface configuration at that point.

5.3.6. Large-N limit and genus expansion with interface

In this subsection we analyze the large- N behaviour of correlation functions of normal-
ized twist operators in the presence of an interface, and show that their N-dependence
organizes itself into a standard string-theoretic genus expansion. Using the decomposi-
tion of the covering surface and the remaining gauge group in the previous subsection,

the normalized correlator in the presence of an interface can be written as

P YT Ace I ALy _ Zjggomrvial
<I“i i:ng"” ) jHl%j (tj>>zvi - zr: i) AU )| 92 057 27 70
where:
o ¢; €{+,—, 1} and *; € {%, 2},
e ng is the degree of I'ly, ..
e p is the degree of transmissivity of the nontrivial covering X, ontrivial,
e BL: =N, — P and by :=ny — p are as in the previous subsection,
o Cp(Ny, P) collects all the Ni- and P-dependence of its contribution:
P'B_!'B.! e e
NP = e — s, — o LA TN 670
Large-N scalings.
We now adopt the following large-N scaling:
Ny~N, P~N, By:=Ny—P~+VN, (5.72)

so that the number By of non-transmitting copies on each side is of order v/ N, while
the number P of transmitting copies is of order N. This scaling is naturally singled out
by requiring that normalized two-point functions of open twists (or, more generally,
of open multi-particle excitations) remain of order O(1) and do not depend on the
interface insertion point t*; see eq. (5.68).

Under these assumptions, the explicit formulas in Sec. 5.3.5 show that, for any twist

(bulk, closed interface, or open interface), the normalization factor scales universally
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as
Ny ~N"%. (5.73a)
We denote the sizes of closed twists by w; (i = 1,...,n.) and those of open interface
twists by w; (j =1,...,n,). The product of normalization factors then behaves as
Ne . o Iy _1 ZZL:C wi— Eﬂi Y
]‘[1Nwi .HlejJ N2 2w Wim3 2050 (5.73b)
i= j=

The remaining combinatorial factor contributes an additional power of N:

P!B_|B,! btb, s
~ Np N — N 5 ] ' 4
(P—p)! (B_ —b_)! (By —by)! (V ) (5.74)

Thus, the N-dependence of the contribution from a fixed covering I' is

Mo

Cr(Nz, P) ~ (e S e S (5.75)

Riemann-Hurwitz formula and genus expansion.

We now relate the quantities n., the twist lengths w;, w;, and the numbers of insertions
(ne,n,) to the topology of the covering surface. Let the nontrivial part of the covering
Y nontrivial have genus g and b boundary components. Following the mirroring trick, we
take the mirror image I" of I" and glue I and T along every boundary component. The

resulting doubled surface has the following properties:
o its degree is ng, =2p+b_+b. =n_+n,,
e its genus is ggpy =29+ b — 1,
e it carries ngqn = 2n. + n, closed twist insertions in total;

« each closed twist ofi of the original covering appears twice with size w = wj,
. . . I*; . . . . .
while each open interface twist 0w, gives rise to a single closed twist of size 2w

on the doubled surface.

Hence, on the doubled covering surface the sum of ramification indices is

S w=23w+3 2w, (5.76)
dbl i=1 j=1
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The Riemann-Hurwitz formula for this doubled surface ngy; —% YW = 1—gap — %
gives
1/ Qe o 2n. + n,
(n_ +n+) - 2(22%—1—22@1@) =1—(29+b—-1)— —

i=1 j=1
1 - o2 1 N
:5 notng— Y wi— Y w; :2(2—29—b—nc—2>. (5.77)
i=1 j=1

Here we are implicitly focusing on a single connected nontrivial component of the cov-
ering surface. For coverings whose nontrivial part decomposes into several connected
components, the Riemann-Hurwitz formula and the large-N counting apply to each
component separately, and the total contribution is obtained by taking the product
over components.

Combining (5.75) with the topological identity (5.77), we obtain

Cp(Ny, P) ~ N2(2-20-bmne—1) (5.78)

Introducing the string coupling via g> ~ N~!, this scaling can be rewritten as

Cr(Ns, P) ~ gs—2+2g+b+nc+’;—0, (5.79)
In particular, the dependence on the degree of the covering map, the twist lengths,
and related data has reorganized itself into the simple topological data (g,b,n.,n,)
through the combination —2 + 2g + b + n. + %2. It is reassuring (and somewhat non-
trivial) that the interface generalization of the symmetric product orbifold still exhibits
precisely the string-theoretic genus counting expected from this topology. Note that
this simplification relies on the scaling assumption (5.72); conversely, requiring such
a genus expansion constrains the allowed large-N behavior of (Ni, P). In particular,
configurations such as Ny ~ N with N_ = P = 0 are incompatible with (5.79) and
therefore do not belong to this stringy large-N regime.
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Holography

6.1. Short review of tensionless holography on
AdS; x S3 x T4

In this section we briefly review the current understanding of tensionless holography,

namely type IIB superstring theory on
AdS; x S% x T* (6.1)

with pure, one unit £ = 1 of NSNS three-form flux. We will always restrict attention
to the T* case and will not discuss the closely related backgrounds with M, = K3 or
M, = S? x S! in any detail.

The main message of this section is that, at the tensionless point £ = 1, the bulk
string theory and the boundary CFT match very precisely: their spectra and symmetry
algebras agree, and this agreement extends to torus partition functions and, to a
large extent, to correlation functions. In particular, string theory on AdS; x S® x T*
with minimal NSNS flux admits an exact description in terms of the grand-canonical
ensemble of free symmetric product orbifolds Sym® (T*), and many observables can
be computed equivalently on either side of the duality.

This section is organized as follows: In the first subsection, we briefly review the
generic pure-NSNS backgrounds at integer £ > 1, emphasizing the role of the long-
string continuum and the appearance of a symmetric product of an interacting N' = 4
Liouville-like theory tensored with T*.

In the second subsection, we then specialize to the minimal value k = 1, the “ten-
sionless point”, and give a more detailed overview of the hybrid worldsheet description
and its symmetric orbifold dual SymN(T4). We explain how the matching of spectra,
partition functions and correlation functions is realized in detail, and how the duality

works for non-perturbative objects.
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6.1.1. AdS3/CFT, duality for pure NSNS strings at £ > 1

We first recall the worldsheet description of string theory on AdSs x S? x T* with pure
NSNS flux at generic integer level £ > 1. In the conventional RNS formalism, the
AdS3 x S? part is described by an N = 1 super WZW model based on

5[(2,R)k EBSU.(Q)k, (62)

coupled to an N = 1 supersymmetric sigma model on T* and the usual superconformal
ghosts [92, 93]. The level k is proportional to the NSNS three-form flux through S*
and controls the radius of AdS; in string units laqs = VL.

The central charge of the matter sector can be written as
Cmatter = C's,\[[(;%)k + Cﬁ{ai + qu}{L:l. (63)

For the supersymmetric WZW models one finds

_ 3(k+2) 3 6 3

Aok, = o =3+ oty (6.4)
o, 3(k—2) 3 6 3
5u(§k:T+§:3—%+§, (65)

where the first term comes from the bosonic currents and the second from the adjoint
fermions, while the supersymmetric sigma model on T* contributes c{}{fl = 6. Alto-

gether this gives cpatter = 15, as required for a critical type II superstring background.

Current understanding of correspondence.

For generic integer level k& > 1, the AdS;/CFTy duality with pure NSNS flux can be

organized schematically as follows:

Type IIB on AdSs x S® x T* with & >1 NSNS flux

0

GCE of Sym” (N =4,c=6(k—1) LD x T4) + (marginal deformation).

The evidence for this duality can be summarized as follows. First, at the level of the
spectrum and symmetry algebra, the long-string states constructed from worldsheet
DDF operators reproduce the single-particle spectrum and chiral algebra of the sym-
metric product orbifold of N' = 4 Liouville xT*, i.e. of an A/ = 4 linear dilaton x T*
with a marginal deformation by the untwisted Liouville screening charge, as proposed

in [94]. Additional evidence for the Liouville factor in the seed theory comes from [95].
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Second, there is strong evidence from correlation functions: various classes of three-
and four-point functions have been shown to agree with the CFT proposal [96, 97,
98], and an even broader class of correlators has been matched in a purely bosonic
setup in [99]. These works focus primarily on the long-string sector, but to some
extent, they also manage to probe the short-string sector. In these analyzes, once one
includes on the CFT side the twist-two marginal deformation, which is the symmetric-
product cousin of the Liouville screening charge, the short-string sector appears as a
family of bound states: they appear as discrete poles in the dependence of correlators
on the linear-dilaton momentum. On the sl(2, R) WZW side, this twist-two marginal
deformation is realized, in the Wakimoto free-field representation, by spectrally-flowed

screening (interaction) terms [99].

6.1.2. AdS3/CFTy duality for the tensionless point £ =1

At k = 1, string theory on AdSs x S x T* is widely viewed as a particularly clean re-
alization of an AdS;/CFTy duality, with the bulk described by the symmetric product
orbifold Sym™ (T*4):

Type IIB on AdS; x S® x T* with k=1 NSNS flux

r
GCE of Sym” T*.

In this regime, the usual RNS treatment becomes technically unstable because the
sl(2,R), and su(2); sectors are tightly coupled through their fermions and ghosts,
and in the standard “bosonic WZW + fermions” bookkeeping, the bosonic su(2) level
is shifted to k — 2, i.e. su(2)_; at k = 1. This makes the standard representation-
theoretic organization of states and the control of spectral-flow/long-string sectors in
RNS unreliable in practice. Therefore, the hybrid formalism is used in the literature
[100, 101, 102]: it packages the AdSs x S® degrees of freedom into a PSU(1,1]2),
WZW model as the worldsheet theory and replaces the RNS superghost machinery
by a cohomological (BRST-like) definition of physical states. In practice, this is the
framework in which many of computations and duality checks at k = 1 are carried out
cleanly. See also [103, 104].

In the hybrid description at & = 1, the worldsheet CF'T naturally splits into two
parts: (i) a PSU(1,1]2); supergroup WZW model (with k£ = 1 here), capturing the
AdS; x S? geometry with manifest supersymmetry, and (ii) an internal T* sector,
which is most efficiently treated after a topological twist. Concretely, one selects

an N = 2 subalgebra inside the worldsheet supersymmetry (embedded in the small
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N = 4 structure) and modifies the stress tensor by a derivative of the associated U(1)
current. After this topoligical twist, one of the worldsheet supercurrents becomes a
dimension-one BRST-like current. Physical vertex operators are then defined as coho-
mology classes of the corresponding BRST-like charge, and the remaining generators
act naturally on the cohomology. This twist is a technical device: it aligns the internal
T* degrees of freedom with the cohomological physical-state condition and prepares
a direct comparison with the organization of states and correlators on the symmetric
orbifold CFT side.

A key simplification at £k = 1 is that the relevant representation theory of the
PSU(1,1|2); current algebra effectively excludes the long sectors that, at k > 1, are
tied to continuous families of representations and to the long-string continuum in
AdSs. The structural reason is that £ = 1 is a highly degenerate point of the affine
supergroup theory: null states proliferate, and the typical (long) modules that would
normally generate continuous labels become incompatible with the hybrid physical-
state conditions. Equivalently, once one imposes the hybrid BRST-like constraints,
the would-be long/continuous contributions do not survive in the physical cohomology.
The practical outcome is that the £ = 1 spectrum in the PSU(1, 1]2) sector organizes
into discrete, short (atypical) representations, matching the expected tensionless string

/ symmetric orbifold structure.

Evidence for the k£ = 1 correspondence.

The claim that the pure-NSNS background at k£ = 1 is dual to the symmetric product

orbifold Sym” (T*) is supported by several complementary tests described below.

Spectrum and symmetry. On the bulk side, the hybrid description in terms of the
PSU(1,1|2); WZW model provides a controlled, cohomological definition of physical
states. A detailed comparison shows that the resulting single-particle spectrum and
symmetry algebra match those of the single-cycle sector of Sym?” (T*), including the
expected organization into short multiplets and the characteristic structure of twisted
sectors. In particular, the absence (in the physical cohomology) of the long-string
continuum at k = 1 aligns naturally with the purely discrete spectrum of the symmetric
orbifold at the orbifold point [105, 106, 107].

Partition functions. At the level of one-loop/thermal data, the string partition
function extracted from the hybrid worldsheet reproduces the partition function of the
symmetric product theory, once the comparison is phrased in terms of the appropriate
single-particle building blocks and their second-quantized lift [106, 108]. See further

interpretations in [109].
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Correlation functions. On the string side, a striking (and highly constraining)
feature of the £ = 1 hybrid worldsheet theory is that genus-zero n-point amplitudes
do not involve a generic integral over the full moduli space: instead, the worldsheet
correlators become delta-function localized onto those configurations that admit a holo-
morphic branched covering map from the worldsheet to the S? boundary of AdSs, with
prescribed branching near the insertion points. In this way the moduli-space integral
collapses to a finite sum over covering maps (with the appropriate Jacobian/measure
factors determined on the worldsheet), making the tensionless theory unusually close
to an exactly solvable point [110, 111]. This localization can be exhibited concretely
using free-field realizations of the psu(1,1]2); WZW model, which allow one to com-
pute and constrain worldsheet correlators directly and to derive the branched-cover
support of the amplitudes in a controlled way [111]. Moreover, the same mechanism
extends beyond tree level: at higher genus, the correlators again localize onto world-
sheets that cover the AdS; boundary holomorphically, reducing the genus-g moduli
integral to a finite sum and providing a worldsheet route to organizing perturbative
corrections order-by-order in genus [112, 113]. Finally, a complementary path-integral
treatment makes the emergence of localization particularly transparent and enables
explicit tree-level correlator computations (alongside explicit spectrally-flowed vertex
operators and DDF operators) within a unified £ = 1 framework [107].

Taken together, these results establish the £ = 1 correspondence as a highly con-
strained and extensively tested example of AdS3/CFT,, even though a completely

general proof at the level of arbitrary correlators is not yet available.

Defects as a complementary non-perturbative test.

Even when closed-string correlators are under good control, correlators alone do not
exhaust the non-perturbative content of the theory. In AdSs, defects and D-branes
provide especially sharp probes because they encode global, nonlocal constraints: they
must satisfy consistency requirements (including factorization and modular properties
of cylinder amplitudes) and must be compatible with the full operator algebra. On
the CFT side, their holographic avatars are naturally formulated in terms of boundary
states and defect data.

At k = 1, some class of D-branes i.e. spherical branes have been constructed and
matched to candidate CFT duals with detailed amplitude-level checks in [50], indi-
cating that branes are not an auxiliary decoration but an integral component of the
same mechanism underlying the matching of closed-string observables. This motivates
using branes as a complementary test of the duality in a genuinely non-perturbative
sector.

The remainder of this chapter focuses on the AdS, brane, following [3, 4]. Our
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@

Figure 6.1.: AdS, brane in AdS3 background. Endpoints of AdSy brane are located at the
antipodal points.

goals are twofold. First, we review and sharpen the evidence that the AdS, brane is
correctly captured by the symmetric orbifold description, in the same spirit as other
k = 1 branes/defects whose matching is established in the literature. Second, we
qualitatively test the duality at the level of open-string degrees of freedom on the
CFT side. This provides a complementary line of evidence: the matching of a non-
perturbative defect and its open-string sector imposes strong constraints and further

supports the conclusion that the k£ = 1 tensionless duality is essentially correct.

6.2. Quantitative matching of interface partition

functions

In this section we give a quantitative test of tensionless holography with D-branes
by comparing the spacetime partition function of an AdS,; brane in thermal AdS3 X
S3 x T* with the torus partition function of two interface insertions in the symmetric
product orbifold. On the bulk side, the relevant quantity is obtained by computing the
worldsheet annulus amplitude for open strings ending on the AdS, brane, following
[3, 50]. Schematic figure is shown in Fig. 6.1. See the literature on AdS, branes in
AdSjy in [114, 115, 116, 117, 118, 119]. See also [120]. We will consider the partition
function in thermal AdSs, in spirit of [108].

On the CFT side, we consider the grand—canonical ensemble of symmetric product
orbifolds Sym™*(T*) on the torus, with two interface insertions. The resulting torus
partition function (5.22), constructed in Sec. 5.2.1, will be shown to agree exactly with
the bulk AdS, brane partition function once we specialize the seed to T4 and choose
matching boundary conditions.

Throughout this section we follow exactly the conventions of [50] for the worldsheet

theory on AdS; x S? x T* and organize our computation in parallel to their analysis
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of spherical D-branes. The only substantive difference is that we use the AdSy branes,

as we done in [3].

6.2.1. Partition function for AdS, branes in AdS;

In this subsection we compute the spacetime partition function associated with an
AdS, brane in thermal AdS; x S3 x T* at the tensionless point k& = 1.

The spectrum of PSU(1,1]2); WZW model is built from short multiplets and its
spectral flow. We denote the corresponding representation by F, and 0% (F)), respec-

tively. The Hilbert space can be schematically decomposed as

Hwzw = @ /e dX\ o¥ JT")\) & O'w(]:)\). (66)

WEZ [0,1)

For each representation, its supercharacter takes the following form:

ch[o"(F))] 1= Trou(r,) [(—1) gho7 3 2% 5]
01(52|7)0, (552 |7)

U}2
= (=1)"¢~ a’q 22 (6.7)
= Tk
where ¢ = €™ is the modular parameter, x = ¢*™ is the sl(2,R) fugacity, and

y = e?™ is the su(2) fugacity.

Boundary states and closed—string channel.

We now consider Ishibashi states |w, A, €)) associated with the representations F) and
their spectral flows 0% (Fy). Here € labels the gluing condition of fermionic modes. Fol-
lowing [50], the consistent boundary state for the AdS, brane is given by the following

linear combination

1 i L
||5>>A = E Z 2 ) 1/2)<5A|()7 )\’g». (6‘8)
A=0,1/2

Here, the index A labels which asymptotic end of the AdSs brane the boundary state
lives on: A € {L, R}. As in [50], the AdS, brane couples only to the unflowed (w = 0)
short representations, so the boundary state involves w = 0 Ishibashi states only.
Combining with a T* sector boundary state and a ghost sector boundary state, the

worldsheet boundary states take the form

lu, €))a = ll€) a llu, R, €))ps [|ghost, €)). (6.9)
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We now consider the cylinder amplitude

NS po(E.2:7) = allu, Fl|gzEorlom i) g2 (BT g2 8K |y ) 5 (6.10)

Each factor can be computed separately as

IV p o 5:7) = 2BV, 57) 20 (7) 2o (7), (6.11a)
A4 A 9 0 T 9 07A' Amd .
2y = 2 L()%)lﬁ( Do 2 (6.11b)
~\4
Zghost A 77(7) 11
7= 40170, 07) (6.11¢)
The PSU(1,1|2) part is given by
7PSU (£ 2. 2 1 2mi(1/2-N) (65 —6L) 3 P oaa
ap (62 7) = 5 e A7) ch[F,y(t, 2, 7)
A=0,1/2
1 omi(1 /2N (55 —55) ~xx= O = 1) <f+2 A) t—2
:*Ze’” Asxz = 91 |T 91 ’7’
2 A=0,1/2 iz () 2 2
S(t—1 5 2
+ U 4>91 <+Z\%> 0, (—%), A= B,
_ 1€270 n(7) 2 2 (6.12)
B 5(t—1 2 5 :
- > (A >92 +E|7A' 02 —E|7A' ., A#+B
(7)* 2 2
1€2Z50+1

Combining all contributions, we obtain

+ Y s(E-1Z], R GlF), A=B,

Zaponl27) =0 e (6.13)
- > W(E=DZyrCl), A# B
1€2Z50+1
where we defined foli* as

oI (3), (6.14a)

(=517)

b2 (~517) g (%), (6.14b)
(=31%)
(=51%)

R 05 (+217) 03 (—2I7) .
4 AlA 2 2 4, .
ZaonsGI7) = pET o5, (7), (6.14c)
. 0 (+2]7) 04 (—2|7) 4
4 AlA 2 2 4,
Z s I7) = ET O, (7). (6.14d)
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Open-string channel and partition functions.

Now we perform the modular transformation to obtain the open string annulus am-

plitude:
A ~ T “
[ (6.15)
The result is
7’ b\ i
_ Z 75(T—Z)€ 27 Zu|’UR ( |7—>7 A:B7
Z u|B v(t Z'T) = 1€2Z~¢ 7-2 t a2 T4 (616)
> 75(7 - Z)eTZuw,N”s(Z‘T)? A+ B.
l€2Z~0+1

Here, even [ correspond to open strings that begin and end on the same asymptotic end
of the AdS, brane; they contribute with the R spin structure. The minus sign comes
from the modular properties of #;. Odd [ describe open strings stretching between the
two ends and contribute with the NS spin structure. Integrating over the worldsheet

modulus 7 yields the following expression for the open-string partition function:

1 wilz? t
. — X e ZLg (A7), A=B
/ S baT) =1 1 T e (6.17)
e Z €z Zu|'UNS( | ) A#B

1€2Z~0+1

Thermal AdS; partition function from winding sums.

Following the general strategy of [108] and its open-string adaptation in [3], thermal
AdS; is obtained by a discrete identification along the Euclidean time direction. On
the worldsheet this amounts, in the open-string channel, to summing over images of
the cylinder amplitude under winding of the open string around the thermal circle.
In the present setup, where we focus only on the open-string contribution, this is

implemented simply by replacing
t — kt, z — kz, (6.18)

in the global AdS3; annulus amplitude (6.16) and summing over all windings k € Z-,.
Introducing an overall normalization factor N, the thermal worldsheet amplitude is

thus

Zy gt % 7) ZZAH‘BU (kt, kz; 7). (6.19)
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Using the explicit expression for the global amplitude, we obtain

00 Nl kt 7Til€222
£ ) iy 1o

WS, th k=1 1€2Z
Zyow (t 1) = >0

AsulByv > N1 kt mik?2?
— Z Z 7‘27% 6<7‘ — l> exp(QT ) ZgliNs(kzh'), A # B.

k=11€2Z0+1

(6.20)

This is the thermal worldsheet annulus amplitude for open strings ending on the AdSs
branes. Integrating over the worldsheet modulus 7 now yields the thermal open-string

partition function. We obtain, by setting N' = —t,

dT _ws.th
ZLput.2) = [ S 2008 (=)

> 1 mi(kz)?\ pa ( kt
- E exp< )ZM~ kz’ , A=B,
,;1 koS5 2(kt/1) lv.R l

T mi(kz)2\ _ps (6.21)
lec 2 eXp(z(Esi/g))Zuws <k2’17> A+# B.

k=1 " 1€2Z0+1

This is the thermal AdS3 open-string partition function for AdS, branes in the ten-
sionless background, expressed as a double sum over the open-string winding number

[ and the thermal winding number k.

6.2.2. Interface partition function for the symmetric orbifold

On the bulk side, the AdS, brane has two asymptotic ends on the boundary cylinder
of thermal AdS;, which we label by the index A € {L, R}. To model a holographic
interface between two copies of the symmetric orbifold with boundary conditions u

and v in the internal T* sector, we place for example the boundary state
|lu,+)).  on the L end, |lv,=)r on the R end, (6.22)

and sum (6.21) over all contributions (A, B) = (L, L), (R,R), (L,R), (R,L). Open
strings can begin and end either on the same end (“LL” or “RR” sectors) or stretch
between the two ends (“LR” and “RL” sectors), with the T* boundary labels chosen
appropriately as (u|u), (v|v), (ulv) and (v]u), respectively. The full thermal open-
string partition function associated with the AdSs brane is then obtained by summing

over all four sectors,

27PN (27) o= 2w FIT) + ZRure GIT) + 2R (21T) + Zhora(2I7),  (6:23)
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where each Z°)'p (¢ z) is given by the thermal annulus partition function (6.21)

derived in the previous subsection, where ¢ is replaced by 7.

On the symmetric-orbifold side, the grand-canonical torus partition function with
two interface insertions was shown in Sec. 5.2.1 to take the DMVV-like form (5.22).
For our purposes it is convenient to take the logarithm and focus on the interface

(“open-string”) contribution. Just ignoring all for simplicity!, the interface part of

kT kTt
Zatam) <2l - 1) * Ziataty (21 - 1>
kT kT
+ Z(afai) <2l> + Z(a}jaf) (2[) ] . (624)

Here Z(q)(7) denotes the seed torus partition function on T? with two interface in-

log Z reads

2
log ZEL/R’Vi/R (T)

1
-yy
k>11>1

interface

sertions labeled by boundary conditions a and b, as defined in Sec. 5.2.1. We now
specialize to the T seed and identify the interface labels with the boundary condi-

tions u and v of the open-string computation. Concretely, we choose
at =at = |ju, + ), a® = aff = |jv, =), (6.25)

so that the four seed interface partition functions appearing in (6.24) are identified as

7riz2 771'22
Z(afafr)@—) < € 27 7P (Z’T), Z( R R)(T) —— € 27

ulu,R a_ay

2 (2l7),  (6.26)

miz2 open miz2 open
Ziqbary(T) > €2 ZuvaS(zh), Zal {E)(T) — ez ZUE’NS(Z|T), (6.26Db)

where the R/NS labels match the spin structures appearing in (6.21). With these
identifications, the double sum over (k, () in (6.24) reproduces term by term the thermal
open-string partition function (6.23) built from the four sectors LL, RR, LR and RL.

To summarize, setting

aZ/™ «— boundary states ||u, &), ||v, N4, (6.27)
the interface contribution to the grand—canonical symmetric-orbifold partition function
(5.22) reproduces exactly the thermal AdS, brane partition function obtained from the

worldsheet open-string computation. This provides a quantitative check of tensionless

IThis operation isolates the combinatorial structure of the covering contributions; the dependence
on the chemical potentials /7, Ii’/R

matching with the open-string result.

v can be reinstated straightforwardly and does not affect the
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holography with AdS, branes: the open-string degrees of freedom in the bulk encode

precisely the interface degrees of freedom of the symmetric product orbifold.

6.3. Qualitative matching of interface correlation

functions

The quantitative agreement of partition functions in Sec. 6.2 provides a stringent check
of tensionless holography with AdS, branes at the level of a thermal one-loop ampli-
tude. In this section we take a complementary viewpoint and focus on correlation
functions: rather than matching a single protected quantity, we ask how the inter-
face sector reorganizes symmetric-orbifold observables into the qualitative structures
familiar from open/closed string perturbation theory.

The key input is that an interface between two symmetric orbifolds supports two
natural classes of twist-sector insertions. Besides the usual bulk twists, which behave as
closed-string insertions, one can also insert the interface twists introduced in Sec. 5.2,
which may admit an interpretation as open-string vertex operators. To make the
open/closed structure manifest, we therefore introduce in Sec. 6.3.1 a grand-canonical
uplift of the fixed-(N, N_; P) correlators of Sec. 5.3. Summing over (N, , N_; P) with
fugacities conjugate to the transmitting and non-transmitting sectors lifts the global
constraints and exponentiates the connected covering contributions. With an appro-
priate g,-dependence of the fugacities, the resulting expansion is controlled purely by
the topology of the connected covering surface ¥, reproducing the standard open/-
closed coupling counting. Section 6.3.2 summarizes the resulting dictionary between
connected interface coverings and open/closed string worldsheets, including the char-

acteristic weight gs_2+29(2)+b(2)+nc+no/2_

6.3.1. Grand-canonical uplift of interface correlators

In this section, we construct the grand-canonical uplift of interface correlators in sym-
metric orbifold of an arbitrary seed theory, which provides a convenient framework
for identifying which degrees of freedom correspond to open strings in the dual string
theory. As a byproduct, we relate this grand-canonical description to the canonical
large-N analysis of Sec. 5.3.6 via a saddle-point argument. This section proceeds in

parallel with the discussion in Sec. 2.5.6.
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Interface grand-canonical generating functional.
We consider a single interface Zfi inserted between two copies of the seed theory living
on Riemann surfaces X4 of genus G4 that are glued along their common boundary

0X_ ~ 0X, ~ S (6.28)

to form a closed Riemann surface X = X, U X_ of genus G. On a fixed background
(X_,X,) and for fixed data (N,, N_; P), we define an interface partition function

with sources by

Zntin ]
Zgi’ﬁiM l ) exp (Z/ d*x g Jo (1) ou(z) + Z/ dt g© JL*(t) Ui’*(lﬁ))}
ym o7 /s
(6.29)
where:

o Jy,(x) are sources for single-cycle closed twists of length w on X (bulk twists in

either X, X_ or closed interface twists on the equator),

o JL*(t) are sources for single open interface twists of length w inserted along the
interface, with x € {+, 2},

« we have introduced a formal parameter g, by assigning a factor g to each

insertion of a single-cycle twist of length w.

The precise ranges of w in the second term depend on the type of open interface twist
(integer or half-integer), as spelled out in Sec. 5.3.5; we keep the notation schematic
here for brevity.

The grand-canonical interface generating functional is then defined by summing over
the integers (N, N_; P) with three fugacities:

oo min(N4)

.ol _ ;51
Z5ES =Y S w2 () (6.30)

T
N1+=0 P=0

Here 1 is the fugacity conjugate to the degree P of the interface, while vy weigh the
numbers BL = Ni — P of non-transmitting copies on each side.
The normalized grand-canonical correlators in the presence of an interface are ob-

tained from Z;fﬂy [J] by functional differentiation with respect to the sources and
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dividing by the vacuum partition function,

e ) S

z‘:l_ll 0 Juw, (%) J:l—[l (5JI *3( ]) Z{:I:;Sl 0]

<Iai [[ o,z HU’ ~ >
=1

9s J=0

6.31)

Factorization into connected coverings.

In the covering-space representation reviewed in Sec. 2.5.2 and Sec. 5.3.3, each fixed-
(N4, N_; P) correlator, and hence each ZXi’ [J], can be written as a sum over
branched coverings I' : ¥ — X with prescribed ramification data. Expanding the
exponential in (6.29) and reorganizing the result in terms of covering maps gives a

schematic expression of the form

A

ZE
Zntiy _exp<2/dxj +Z/ dt JL*(t) )Zg:’mM, (6.32)
r

|Aut(T")

where the sum runs over all coverings I' with appropriate bulk and boundary ramifi-
cation points and w[I'] is the sum of ramification indices.

We now make the decomposition of interface coverings into connected components
explicit, in close analogy with the bulk case reviewed in Sec. 2.5.6. A generic covering

surface ¥ decomposes into several connected components
P (6.33)
(03
On each X, we can in turn restrict to the two sides of the interface,
F:I:|Za P2 — Xi, (634)

and define
e Ny, = deg (Fi\ga), the degrees of the covering on the X sides,
* Da, the degree of transmissivity of I'|y, at the reference point ¢*.

e by, =N — Pa, the number of non-transmitting sheets at the reference point

t* on side £, belonging to the connected component 3.

Since the sheets of the full covering are partitioned among the connected components,

these satisfy the constraints

Zka Nt o = Ni, Zkapa =P (635)
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Using this decomposition, the fixed-(N,, N_; P) correlator can be reorganized as a
sum over isomorphism classes of connected interface coverings I',, and their multiplic-
I,*j
wj

ities k,. For example, for a correlator with insertions {o,, } in the bulk and {ow,’ } on

the interface, the covering-space expression takes the schematic form

X438t _ . 2 I
Zytip [J) = exp (wz::l/xd x Jy(z) + wz/s dtJ! (t)>

S-L (goirs i -
[[ (o , (6.36)
o k! )|

Aut(Ts,

Once we insert this into the grand-canonical partition function (6.30) and perform the
sums over (N, N_; P), all constraints tying together the degrees and transmissivities
of different connected components are lifted. The resulting grand-canonical partition

function takes the exponential form

log ijjfl [J] = Z exp <Z /ngx Juw(x) + Z/Sl dt Ji*(t))
w=1 w,*

{wi,(xj,w;)}

{wi, (*5,w;)}

Zz
Z Mp(r)yi,(r)VT(F)g;u[F]; M )
r:y—X ’AUt(F)‘

connected
(6.37)

where:

o The sum {w;, (*;,w;)} runs over finite multisets specifying the closed and open

insertions.

« For a fixed choice of {w;, (*;,w;)}, the notation

exp (2 /X &2z Jo () + wz /S dt Ji’*(t))

{wi, (*5,w;)}

denotes the coefficient of the monomial built from the corresponding integrals of

sources.

e In the second sum, I' : ¥ — X runs over connected interface coverings whose
ramification profile is encoded by the multiset selected in the first sum and the

coordinates in the integrals.

o p(I") is the degree of transmissivity of the connected covering T' at t*. by (T)

count the non-transmitting sheets on side + at ¢*.
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o w(I) is the total twist length carried by the covering,
wl) => w; + > w;.
i=1 j=1

Interface genus expansion.

To identify the gs-dependence of a given connected covering, let us look at the weight
M) po-@ V+b+(r) g™ that appears in (6.37). Requiring that this weight can be writ-
ten purely in terms of the topological data (g, b, n., n,) through an open/closed string
genus expansion fixes how the fugacities must depend on the coupling parameter g;.

In direct analogy with the bulk case, we choose
U= g82G72’ vy = gSQGiflj (638)

where G and G are the genera of X and X, respectively. With this choice, the total

power of g, associated with I' is

E(T) = p(D)(2G — 2) + b_(D)(2G_ — 1) + by (D) (2G4 — 1) + w(T)

= n_(D)(2G_ — 1) + ny (D) (2G4 — 1) + iw + fjwj. (6.39)

The topology of a connected interface covering is constrained by an interface gener-
alization of the Riemann-Hurwitz formula. For a covering with n. bulk insertions of

lengths w; and n, interface insertions of lengths w;, the following holds:

n_(2G- = 1) +ny2Gy = 1)+ > wi+ Y w; = —=2+29(%) +b(X) + ne + %

i=1 j=1

(6.40)

This is the natural interface generalization of the usual Riemann-Hurwitz foamula,
and reduces to (5.77) when X = S2. A derivation of this formula is given in [4].

Comparing (6.39) with (6.40), we see that £(I") can be expressed purely in terms of
the topological data,

ET) = —2+29(%) + b(Z) + ne + % (6.41)

Thus the contribution of a connected covering I" to the exponent in (6.37) is weighted
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e _ L ~242g(S)+b(S) +ne+ 22 27/%4

M . 6.42
Aur(r)| Aut ()| (6:42)

In other words, after the grand-canonical uplift and the identification (6.38), the de-
pendence on (Ni; P) and the detailed ramification data reorganizes itself into the

simple topological combination —2 4 2g(X) + b(X) + n. + 5. This is precisely the

genus counting expected for an open/closed string background of worldsheet (X) with
genus g with b boundaries, n. closed-string insertions, and n, open-string insertions

on the boundaries.

The case X1 = D, and saddle-point approximation.

Let us now specialize to the case relevant for our interface setup, namely X, = Dy so
that Gy = G_ = 0 and hence G = 0. The natural choice (6.38) then reduces to

/J/:g;Z, Vi 29;17 (643>

which assigns p to spheres and v to disks in the covering-space description.
In the absence of any insertions (J = 0), the vacuum grand-canonical partition

function for the interface on (ID1) takes the form
Zg);,,]m [0] = exp(u 24+v_g-+uvy g+>, (6.44)

where z = Z }fj is the sphere partition function of the seed theory, and g+ = (0]ay)
are the boundary g-functions of the boundary states |ay) in the seed theory. The
expectation values of the number P of transmitting copies and of the numbers By =

Ny — P of non-transmitting copies on each side are then

P =p0,log Z,*[0] = p z, (6.45)
By =0y 0, log Z)#[0] = va g4 (6.46)

With the identifications (6.43), we obtain
Pr~gl® Birgl (6.47)
so that Ei o P. In particular, in the weak-coupling regime g, — 0 we have

P~Nin~g? By~ \/%, (6.48)
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in precise agreement with the large-N scaling assumption (5.72). In particular, with
g%~ ?_1, this identification also reproduces the large-N scaling of the interface twist
normalizations in eq. (5.73). Moreover, the ratio of non-transmitting copies on the

two sides is controlled by the ratio of boundary entropies,
B
ot oI (6.49)

Let us now relate the grand-canonical correlators to the canonical large-N corre-
lators in Sec. 5.3.6 by a saddle-point approximation, in direct analogy with the bulk

discussion on S%. Consider normalized interface correlators of the form

Dy D_,D

e o | Ne 5 no 5 Z ,+[J]
Ia Uwi(zi) 0-1{)7*J<t)> :[ * ]

< -1 Ell C Y, gémas»qé#() Z5770]

(()6.5())

Both the numerator and the denominator are triple sums over (P, B_, B, ) with weights

uPvPuP% . More precisely,
ZgD;*’M[J] = PBE:B pt v ZPB_,BJJ] (6.51)
,B_,B+
S (U DI T Vet /755 B U (6.52)
PB_ B,
with
2% 5, 100= 55 f_! f;i, (6.53)

Each of the three sums is a Poisson-type sum, sharply peaked at
P~P=pz, By~ By =vigy,

with Gaussian widths
AP ~\/P, ABi~/Bs.

Approximating the triple sum in the denominator by its saddle point gives

2704 [0) ~ uP VPP 20 o (0] x (20)% /P BB,
P B_

= PP P ; %* ' gB+ x (21)3*\/PB_B,. (6.54)
+

Similarly, differentiating Z,)~"+[.J] with respect to the sources and evaluating at .J = 0

ool
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yields a sum of the same form but with ZgiB_, 5, |J] replaced by the corresponding
fixed-(P, B_, B} ) correlator. To leading order in g, this sum is again dominated by
the same saddle point (P, B_, B, ), so that

Ne 5 no 5
Z]DL,IDM_ J
i:l_[lwwi(xi)jl;[lw”ﬂ( )] I

P B_ B D
NMPV_ V++ Zsiﬁi/\/(
ym

Ne

Ia H sz I*J

i=1

(2m)**/PB_B,. (6.55)

In the normalized ratio (6.50), the Gaussian prefactors (27)%2\/P B_ B, as well as the

+

B_ B .
overall powers uFrv”~ v+ cancel between numerator and denominator. We therefore

obtain, to leading order in g,

Dy Dy

~< Ha—cl ;) Ha—”J > ,  (6.56)

N4

(7. Mowta) ) It “)
=1

gs

where ¢;s are determined by the location of z;. In particular, the normalized grand-

/2 the canonical

canonical interface correlators reproduce, to leading order in g3 ~ N~
large- N behavior of normalized twist correlators in the presence of an interface, with

the same genus expansion (6.42) as derived directly in Sec. 5.3.6.

6.3.2. Comparison with open/closed string perturbation
theory

Let us now spell out more explicitly in which sense the grand-canonical interface

ensemble constructed above reproduces the qualitative structure of open/closed string

perturbation theory in tensionless holography.

Our analysis in this subsection makes this structural matching manifest in the in-

terface context. The dictionary may be summarized as follows:

« connected interface coverings I' : ¥ — X <+ connected open/closed string world-

sheets with genus ¢g(X) and b(X) boundaries;

o bulk twist insertions o, (x;) > closed-string vertex operators in the AdS; back-

ground;
. L . % .
o interface twist insertions ow,’ (t;) <+ open-string vertex operators on AdS, branes;

o the power of g, associated with I', g7 2T29(=)+b(E)+netno/2 ¢y the usual open/-

closed string coupling factor;
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o the seed-theory factor Z%,/|Aut(I')| <+ the worldsheet CFT correlator on ¥ di-

vided by the symmetry factor of the corresponding string diagram.

In this sense, the grand-canonical interface ensemble provides a qualitative, and in fact
structural, realization of open/closed string perturbation theory in the dual tensionless
AdS; background. A detailed comparison of individual amplitudes, including their
kinematical dependence and vertex operator normalizations, would require a more
refined matching to the worldsheet description of strings on AdSs; x S® x T* with
AdS, branes, which goes beyond the scope of this work. For our purposes, it suffices
that the interface correlators reproduce the correct topological structure and coupling

dependence of string scattering amplitudes to all orders in the string coupling.
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7. Conclusions and Outlook

7.1. Conclusions

This thesis uses symmetric product orbifold CFTs as a controllable laboratory for
AdS3/CFT,, with the aim of sharpening what it means for the theory to exhibit
“holographic” behavior. In this setting, the word “holographic” should be interpreted
in two senses: one is the semiclassical notion tied to an effective gravity description,
and the other is a more stringy notion appropriate to the tensionless regime. The
former provides a useful benchmark but is not automatically realized at the symmetric
orbifold point. Motivated by this, we adopted the latter viewpoint and asked how a
stringy AdS3 dual can be made concrete on the CFT side, in particular by identifying
and computing open-string-like sectors and comparing them with expectations from
the stringy bulk dual.

Chapters 3 and 4 develop complementary tests of what can and cannot be cleanly
extracted at the orbifold point. Chapter 3 provides a controlled analytic setup for
single-interval entanglement on the torus, deriving closed-form R’enyi entropies at
integer n > 1 in a Dirac-fermion symmetric-orbifold toy model. This provides a
concrete starting point for future comparisons, including the n — 1 limit and direct
tests against holographic Rényi data. Chapter 4, by contrast, shows that even after
applying a progressive time average the spectral form factor does not approach random-
matrix universality: the late-time growth is dominated by a robust step-like structure
whose characteristic times are largely insensitive to § and, at sufficiently large N, to
N, while remaining seed-dependent. This points to persistent light-sector coherence
at the orbifold point, and thereby strongly supports the usual picture that twist-two
marginal deformations must lift and reorganize a large part of the light spectrum
before random-matrix-like chaotic diagnostics can become visible.

The constructive core of the thesis is developed in Chapters 5 and 6. Since, at the
symmetric orbifold point, semiclassical-holographic benchmarks are not automatically
realized, we instead work in the tensionless setting. To access a broader class of ex-
citations in the tensionless regime, we made open-string-like sectors concrete on the
CF'T side via interfaces connecting theories with different N. This framework yields

new computable sectors (“open twists”) and practical tools for partition functions and
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correlators; after lifting to the grand-canonical ensemble natural for tensionless holog-
raphy, it reproduces characteristic AdSs-brane structures, including the organization
of correlators into a g, expansion. Taken together, these results provide a quantitative

route to comparisons with the stringy bulk dual.

7.2. Outlook

Finally, we collect the main open problems and extensions suggested by this work, and

present them as an outlook for future studies.

Exact entanglement computations in symmetric orbifolds.

In Chapter 3, we derived closed-form expressions for the Rényi entropy of subsystems
in thermal states in a fermionic toy model of a symmetric orbifold, for integer replica
index n > 1. A natural next step is to extract the entanglement entropy by taking
the analytic continuation n — 1, either by numerical evaluation of the replica ex-
pressions or by developing new analytic techniques to control the continuation. Even
prior to the n — 1 limit, it would already be meaningful to compare the n > 1 data
with holographic predictions for Rényi entropies, in order to test whether the lead-
ing contribution agrees and how subleading terms deviate. Such a comparison could
help identify which pieces of the entanglement observables receive genuinely stringy
corrections and at what order they first appear.

A complementary direction is to analyze entanglement in global AdS rather than
in thermal AdS/BTZ kinematics. From the viewpoint advocated by Ohmori and
Tachikawa, defining the reduced density matrix implicitly introduces a small physical
boundary at the entangling cut, i.e. an entanglement-cut boundary condition [121].
A concrete open problem is then to determine which boundary states in symmetric
orbifolds can realize (or approximate) such entanglement-cut boundary conditions,
and how their data control subleading contributions to entanglement.

Shortest next step: implement a robust numerical pipeline for the n > 1 formulas and
test the stability of extrapolations toward n — 1 on controlled kinematic slices.

High-risk/high-payoff bet: classify (a subclass of) boundary states compatible with
entanglement-cut boundary conditions in symmetric orbifolds, and extract universal

subleading data from that classification.

Generalizations and applications of the computational method.

Recently, thermal two-point functions of untwisted states (and related probes) in sym-

metric product orbifolds were computed and interpreted, revealing large- N universality
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patterns that can mimic BTZ correlators despite the absence of a semiclassical gravity
dual [122]. It would be interesting to apply the “decomposition to cyclic orbifolds”
technology developed in this thesis to extend such thermal correlator computations to
broader observables e.g. correlators involving light twisted operators (such as “light-
twist” two-point functions), or mixed twist/untwist probes, thereby providing inde-
pendent support for, or sharper tests of, the proposed universality by making the
twist-structure dependence explicit.

Shortest next step: reproduce a benchmark untwisted thermal correlator from [122]
with the cyclic-orbifold decomposition as a cross-check of conventions and numerics.

High-risk/high-payoff bet: compute a genuinely new class (light-twist thermal corre-
lators) where the twist data could spoil universality, and isolate the precise criterion

under which universality survives.

Further study of “coarse-graining” in twisted sectors.

Once one turns on a twisted-sector marginal deformation (notably the twist-2 defor-
mation relevant to the D1-D5 moduli space), non-BPS states at the orbifold point
are not expected to remain eigenstates of the deformed Hamiltonian. A widespread
expectation is that such light states undergo strong mixing and flow into heavier states
above the BTZ threshold, but verifying this beyond perturbation theory is notoriously
difficult.

We propose a phenomenological model designed to capture only the combinatorial
twisted-sector mixing aspect, rather than the full energetic dynamics of the marginally
deformed CF'T. Since the combinatorics of twisted sectors is governed by Sy, one may
model sector-mixing using a two-dimensional finite-group gauge theory / Dijkgraaf-
Witten-type TQFT based on Sy, which captures the topological data of permutation
monodromies [123]. See recent works focusing on holographic perspectives of such
theories in [124, 125]. One can then introduce, as a phenomenological proxy for twist-
2 interactions, a stochastic “random-transposition” process on Sy and ask for the
timescale at which the distribution over conjugacy classes becomes close to uniform.
Mathematically, the random-transposition walk exhibits cutoff at time %N log N (up
to an O(N) window), suggesting a characteristic coarse-graining scale ~ N log N. See
original work [126] and related works [127, 128, 129]. A key future goal is to relate this
abstract mixing time to physical timescales and deformation parameters on the CFT
side, thereby sharpening our understanding of how (and how fast) a symmetric orbifold
operator could flow toward more chaotic behavior under marginal deformations.
Shortest next step: formulate an explicit map from “twist-2 interaction events” to
random transpositions and identify which coarse-grained observable in the CFT it is

meant to approximate.
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High-risk/high-payoff bet: establish a quantitative dictionary between the Markov-
chain mixing time and CFT time evolution under the marginal deformation (including
the scaling with the deformation coupling), producing a predictive estimate for when

chaotic diagnostics should begin to emerge.

Physical meaning of nontrivial “character” data for boundary

states, defects, and interfaces.

Boundary states, topological defects, and interfaces in symmetric orbifold CFTs can
carry nontrivial character data, i.e. labels of internal degrees of freedom of these ob-
jects, as shown in Secs. 2.3, 2.4, 5.1, respectively. At present, a direct tensionless-
holographic interpretation of this character data is not fully understood. Our compu-
tations indicate that, already at fixed IV, collisions of multiple interfaces can reproduce
certain nontrivial character degrees of freedom. This motivates three concrete prob-
lems: (i) to systematize the algebra of interface collisions, (ii) to provide a holographic
interpretation of the resulting character data, and (iii) to study compatibility with the
twist-2 marginal deformation.

In particular, recent work on generalized symmetries in symmetric product orbifolds
indicates that twisted-sector marginal deformations strongly constrain which topolog-
ical symmetries can survive: except for special cases, only invertible and maximally
symmetric structures persist [41]. Incorporating the effect of marginal deformations
into the interface/defect framework may therefore open a path toward applications to
k > 1 holography and to the D1-D5 CFT away from the orbifold point.

Shortest next step: write down and test associativity/consistency constraints for the
interface-collision algebra in a set of computable examples at fixed N, and provide a
holographic interpretation from the results.

High-risk/high-payoff bet: track explicitly how the twist-2 marginal deformation breaks
(or preserves) the character-labeled defect/interface structures, and identify the sur-

viving sector with a clean bulk interpretation.

Matching open-string scattering data.

As discussed in Chapter 6, we established a CFT-side framework to compute cor-
relation functions that correspond to open-string sectors in the tensionless bulk in-
terpretation. The next step is to perform an explicit matching with string-theory
scattering amplitudes (or their worldsheet counterparts) and verify equality of the rel-
evant kinematic dependence and coupling expansions, thereby turning the qualitative
identification of “open-twist” degrees of freedom into a quantitative duality check.

Shortest next step: pick the simplest nontrivial correlator with an unambiguous bulk
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channel (minimal number of insertions) and match its kinematic structure and nor-
malization.

High-risk/high-payoff bet: match a multi-point amplitude (or a higher-order term in
the g, expansion) where contact terms / operator mixing are unavoidable, thereby

stress-testing the dictionary.

Resurgence in higher-genus grand-canonical partition functions.

In Chapter 2, we carefully tracked the contribution of the finite gauge-group volume
when evaluating orbifold quantities. For permutation orbifolds, higher-genus parti-
tion functions can be expressed systematically in terms of covering-space data [44].
From the path-integral viewpoint, the orbifold partition function takes the schematic
form |G|™ S hotonomies(- -+ ), and in factorization limits (e.g. pinching degenerations)
one expects the vacuum-block contributions to organize themselves compatibly with
this normalization. In the conventions adopted in this thesis, we therefore summarize
the net gauge-group-volume effect at genus g by an overall scaling |G|7~!.

In a grand-canonical formulation of symmetric orbifolds relevant for tensionless
holography, this factor becomes (N!)97! suggesting factorial growth and the need
for non-perturbative completion. This motivates a systematic analysis using Borel
resummation in defining higher-genus grand-canonical partition functions. We have
observed indications of Stokes phenomena in naive resummations, and a detailed anal-
ysis along these lines is currently in progress.

Shortest next step: isolate a clean sector (e.g. fixed spin structure / restricted class of
covers) where the large- IV asymptotics can be extracted reliably and compared across
genera.

High-risk/high-payoff bet: construct a fully resurgent transseries completion of the
grand-canonical higher-genus partition function and interpret its nonperturbative sec-

tors in bulk terms.
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A. Calculational Details of Dirac

Fermion Entropy

In this appendix, we present the details of the calculations carried out in Chapter 3.
Section A.1 stands for identities for theta functions, including definitions to clarify the

notation and conventions used throughout, mostly referring to [1].

A.1. Theta functions and identities

We use standard convention g = €?™" and y = €*™*. The Dedekind eta function is

defined to be
15 m
n(r) =q* [](1—q™). (A.1)
m=1
The Jacobi theta functions have two equivalent definitions. In the sum representation,

T2 .
Or(z|7)= > qzye ™,

reZ+1/2
2
bo(z | T)= > q7y,
reZ+1/2
- (A.2)
b3z |1 7)= D q7y,
reZ
7’2 .
Ou(z | 1) = Z qgzy e ™.
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A. Calculational Details of Dirac Fermion Entropy

In the product representation,

(x| 1) = 2sintr)g? T1 (1= 4") (1= ™) (1= 970"
(s ) = 2eos(m2)af TT (1= ") (L™ (14707,
Os3(z | 7) = f[l (1—q™) (1+yg™2) (1+y7'q"3),
Ou(2 | 7) = ﬁl (1=¢™) (1=yg" %) (1—y'q"7).

We write 0,(7) shorthand for 6,(0|7).

A.1.1. Fundamental formulas

0, satisfies

Ql(OlT) == 01(7’) == O,
0:01(2]7)| .= = 2mn(7)".

7 satisfies
2(1)° = O5(7)03(7)0a (7).
The famous Jacobi identity is
01(2|7)* — Oz(2]7)* + 05(2|7)" — Ou(2|7)* =0,
or z = 0 version

03(7)* — O(7)* — O4(7)* = 0.
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A. Calculational Details of Dirac Fermion Entropy

The modular-S and modular-7T" transformation is as follows:

a1 = e, (=) = V=),

i 1 171'z
Ou(zlr + 1) = eT0,(2|7), O (j| —T> N - L)
i 1 z7rz
Or(z|T + 1) = e1by(z|T), 62 (j_| — 7_) = V—ite = O4(z|7), (A.9)
1 i7rz2
Oszr + 1) = Ou(z|7), s (j| - T) i by (2|7,

z 1 — inz?
u(elr + 1) = B alr), 04 (1= =) = VEare T ha(lr).

Theta functions satisfy the following quasi-double periodicity:

7YL

)= (=1)m™"™ q‘?u"”@l( )
)= (=" q 7y "0a(2l7),
O3(z + m7 +n|7r) = ¢ Ty "0s(2|T)
) = 04(2|7)

(=1)™q"

01(z +m7 +n|T z|7),

(A.10)

z|T

bl

(

02(2 +mT + n|T
(
(

O4(z + mT +n|T z|7),

where m and n are integers. Actually, we can consider the case m and n are half-

integers by using the following relations,

01(z £ 1/2|1) = % 05(2|1),

(A.11)
O3(z £ 1/2|7) = 04(2|7),
01(z £ 7/2|1) iiq_éy$%94(z|r),
Oy(z &= 7/2|7 ~syF20 z|7),
ek = e )
O3(2 = 7/2|7) q syT20x(2[7),
0u(z £ 7/2|7) = Lig syT20,(2|7).
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A. Calculational Details of Dirac Fermion Entropy

A.1.2. “Double-angle” formulas

Since we use the “double-angle” formulas 7 — 27 repeatedly in this paper, we present

this special case here. There are specific relations in the “double-angle” case, namely

05(27) = (93(7)2 ; Q4(7_)2>1/2’

05(27) = (63(7)2 J2r 94(7_)2>1/2’

s 2

) = e (03(7)n(r))'/* = efin(r)? <92(T)‘94(T)>1/2.

A.1.3. “n-tuple-angle” formulas

(A.13)
01(27) = (B5(1)0a(7)) ",
n(2r) = (W) / —(r)? (93(7)94(7))—1/2.
In addition, we have
N I—
05 (;) = (93(7)2 + 6’2(7’)2) V2 ,
01 (5) = (Bs(r — (7). (A14)
T 9 1/2
1(3) = B =)’ (ezmeg(ﬂ) ,
N T
03 (T —; 1) = (04(7‘)2 + iQQ(T)Q)l/Q,
04 (T+ 1) = (94(7) —192(7)2)”2, (A.15)
(

In contrast to the double version, there is no clear relation between 6,(n7) and 6,(7)
generically. However, as we present in this subsection, we can rewrite “n-tuple-angle”

thetas in terms of 6,(z|7). In order to derive the “n-tuple-angle” formulas, we use the
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following factorization formulas.

n—1

1—q" =T (1—e*q) (A.16)
k=0

1 + qn — Ti:f (1 o 6271-1‘2’;:1 q) _ ﬁ (1 + eQm'%q) (A17)
k=0 k:,anl

By applying these formulas to the product representations of theta functions, we obtain

the following “n-tuple-angle” formulas:

ba(n) _ Hl 0 (%17) 0 (7) _ ’ﬁlem(g)%e? Gd T)’

7](7”—) f=—1=1 77(7—) ’ n (%) k=0 77(7_)

O5(nT) B - 05 (; | 7') 03 (%) B N m(k)2 05 (ET | 7') .
o)~ AL e e T AL om o A
Os(nT) 04 (% | 7’) 04 (%) B = em(%)QT@l (%T | 7')

wnr) ~ L 6 = AL TCE

We can extend these formulas straightforwardly to the nonzero z case as

T =
L H dcieib] Hsn((a;ji) _ H rtegr 717
U etk

(A.18D)
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A. Calculational Details of Dirac Fermion Entropy

The following enables us to change the range of k.

. kN2 k‘ . k4n . n\?2 k
627”%0[67”(%) 7—91 (Oé + 27 | 7_) — _ 62mk%aem(k7) 7—6)1 ( + +n7_ | 7_)
n n
. - 2 k k+n - k4n )2 k +n
e2minaemi(s) "0y (oz + —7 | 7') = mittagmi(fr) "0y (oz + T | 7')
n n
& (k2 k Iy (ktn\2 k+n (A.19)
627”50[67”(5) 7'(93 (O& 4+ 27 | 7_> — 627”Ta6m( — ) 7'93 ( 4 T ‘ 7_)
n n
‘ N2 k tn o ktn )2 k
eQﬂz%aeWZ<%> 7'64 (Oé 4+ 27 | 7_) — e27rlk%aem(k%) 794 (Oé + + nT ‘ T)
n n

We can derive the ordinary n-tuple-angle formulas by substituting the right-hand side
of (A.18) to the left-hand side,

Q7)) _ 2 TT T ami(248) mi( L)% 01 (s+5+1r7)
= 9 e n (& n 3
n(7) k=0 1=0 n(7)
n_1 o
Oa(cr|T) A amit(24k) ni(i)2r92 (E + % +57 | T)
= e (& " 3
n(7) —_n-11=0 n(7)
n—1 n—1 @ (AQO)
Galolr) _ O emb(aen) () (2+2+1r]7)
7](7—) k=—n=1l;__n-1 7](7-) ’
2 2
n1 o
94(a|7—) = ﬁ 271'1,L<3+E) mi( L 27'&4 (5 + % + LT ‘ T)
= (& e I
n(7) k=0 = n1 n(7)
which are analogous to the following trigonometric function identities,
~1
n k
2sinnz = HQSHI(Z—FW),
k=0 n
no1 (A.21)
2 km
2cosnz = H 2COS<Z+>.
n
mevH

A.2. Correlation functions in the compact scalar
CFT on the torus

In this section, we present the computation and results for correlation functions in the

compact scalar CE'T on the torus. Much of the content follows section 12.6 of [88].
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Vertex operators

A vertex operator O(z, z) can be written in terms of real numbers e and m as

_ /e mR e mR _
Oem(z,2) = expi [(R +— >XL(Z) + (R -~ ) Xr(2) (A.22)
For convenience, we define p;, and pgr by
e mR e mR
pL:E‘i‘?, pR:E_77 (A.23)

so that the conformal weights can be written as
- o, o
(he,m7 he,m) = <4p%7 4p?~2>
o e mR\? o fe mR\?
=|—(= —|=- : A.24
(4(R+O/>’4<R a’)) ( )

A.2.1. Correlation functions

We summarize correlation functions of vertex operators. Two-point functions take the

form

<Oe,m(21> 21) Ofe,fm(z% Z2)>

S Y T U
Z(Ra T, 7_—) ‘77<7—> |2 91 (212|T> 91(212‘7’)
% Z qhn//m, —f_Ln//,n exp [471'2 (an”,nae,m'le — &n//m@e,mglz)} . (A25)

n,n' €Z

Introducing the notation O; = O, m, (2, z;) and o; = A, m;, We can write multi-point

functions as

o) aamrl (Gen) (2o0my

% Z qhn//,nqﬁn”,n exp |fl7l’i (Z Qprr n O 25 — Oén",nOéiZz‘ﬂ . (AQG)
i

nn' €7

Here the charges e; and m; are assumed to satisfy

Zei = Zmi = 0. (A.27)
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A.2.2. Correlation functions twisted periodic boundary

conditions

In this section we compute multi-point functions in the presence of twisted periodic

boundary conditions

X(z+1,z+1)=X(2,2) +2rR(n +n),

(A.28)
X(z+7,24+7)=X(z,2) +2nR(n + 1),

where 1 and 7’ are real numbers. Here n represents a twist in the spatial direction
and 7' a twist in the (imaginary) time direction. In this case, the partition function
is modified as Z(R;7,7) — Z(R;7,7;n,1'). An explicit expression for the partition
function will be given below.

For the two-point function, the result can be obtained by replacing the summation
part of (A.25) as

by , o
Z q ""’"q ' eXp [47” (an”,nae,mzu - an”,nae,mZIQ)]
nn' €7

X exp |2 i exp |—2min 1t
Xp | 27T —= Qi | €XP T —=
i vao! Vo o

coxparinn e o [-arit e
exp |2minT \/_O[n//n exp ) ——= Ol
o VA%

L e -
X exp _71'7'02/ 772] exp l2m‘neRe 219 — 27T77 o

2

Im 212] > (A29)

and the extension to multi-point functions is obtained by replacing the summation
part of (A.26) as

Z q n nq n ,n exp [477‘7/ (Z O{n// nO{ ZZ — (]{n// na221>] (A30)

nn”EZ

R
X exp 2mnT Qi | €Xp | =270 —oznnn
Vo ] [ Vo o
com i ] [ it
exp |2minT \/_O_/n//n exp T —=0lpr g,
o Vo

7T7'2R2 9
X exXp | =" | exp QWZTUZ (izi + @iz;) | - (A.31)

A

The modified partition function Z(R;7,7;n,n’) is obtained by setting e = m = 0, or
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equivalently a; = a; = 0, in the above, which yields

N — 7TT2R2 1" _7 1"
Z(Rym,75m,1m) = eXpl 7721 S gt

- /
o n,n' €L

R R
X exp QWZT]Tﬁan//ﬂ exp | —2mn ﬁanu’n

R R
X exp [2#2’777"\/&&”/,7”] exp [—QWin,ﬂ@n//7n] . (A.32)

A.2.3. Example: the fermionic radius R=+2

As an example, we consider the case of fermionic radius R = v/2, with twisted periodic
boundary conditions as in the previous section. We first present the result for the two-
point function. Substituting R = R/o/ = /2 into (A.29) and introducing r = n+n" /2,
s =n—mn"/2, we obtain

e e
Z qr2/2qs2/2 exp {27&7" <m + > zlg] exp [—27ri3 <m — > 212}
n,n''€Z 2 2
X exp [2mirnT]| exp [—2mirn'| exp [—2misnT] exp [2misn']
X exp {—2#7’2772] exp [2mineRe z12 — 4mnpmlm 215, (A.33)

where the sum over n and n” can be rewritten in terms of r = n+n”/2 and s = n—n"/2

as

"

> f<n+7;”,n—2>

nn'' €7
_ Z f(n + n///’ n— n’”) + Z f(n + n///’ n— n///)
ne”Z neL
n///EZ n///EZ+1/2
14+ e—Tri(r—s) 1 — e—m'(r—s)
= Z #f(r, s) + Z ff(r, s). (A.34)
r,s€Z r,s€Z+1/2

Hence (A.33) can be rewritten as

exp [—27?7'2772} exp [2mineRe z12 — dmnpmlIm z1s]

7') 0, <777'—77’+ (m— ;) 212

4

1
x5 > (=), <777' -1+ (m + ;) 212

a=1

7'>, (A.35)
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which expresses the sum in terms of Jacobi theta functions. Thus the two-point

function (for simplicity setting e = 0) becomes

(Oo,m(zh z1) Oo,—m (22, 22»(77777’)

B 1 (ael(om)?h@m (ael(om)
 Z(R= V27, ) \Oi(z0|7) 01(212]7)

1 4
X eXp [_47TTITRIH1 212] 5 Z(_)6l,a€*2ﬂ7‘27]2
a=1

2h0,m

0o (nT — 1" + mz1| T) 2
n(7)

Y

(A.36)

which can be extended to multi-point functions. First note that (A.31) can be rewritten

as
2 . €; €; 1 4 6 __
exp [—2%7277 } exp 27”772 ((2 + mi> zi + (2 —m; ) ) 5 Z Laf),0,,
(A.37)
where, for brevity, we have written
0, =0, (777- —n' + Z (mi + 3) 2 7') , (A.38a)
0, =40, (7]7- -+ (mi — 3) 2 7'). (A.38D)

Thus, the multi-point function (again setting e; = 0 for simplicity) becomes

7 _ 1 ael(o!r)>_m""” <ael(o|7>>‘"”m'f
<1:[00’mi( ; Z)> y Z(R=V27,7im.0) g (91(%’7) On(24417)

(nm')
X exp [—4777] Zmilm zz»}

1 4 2 Ha(nT—n'—i-Z-mizih)z
X LS (e emten ; o (A39)
2 ; n(7)
and the partition function Z (.ﬁi = \/2;7,7;m, 1) is simply
ity L e B
T, 7inn) = = e .
2.5 n(7)
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Results in the absence of twists

We now specialize to the case where n and 7' are integers, i.e. the twists are trivial.
The resulting expressions can also be obtained by substituting the fermionic radius

into the formulas of section A.2.1. In this case, the partition function agrees with the

2) . (A.41)

partition function of a Dirac fermion,

2

03 (T)
n(7)

(7. 7) = ; (

The two-point function becomes

(Oo,m(21,721)O0,—m (22, 22)) )
1 06, (0[r) \ "™ (06, (0[r)\ "L
“zr (i) (atam) 250

and the multi-point function is

2

Oa (m212| 7) . (A42)

n(7)

<H Oo.m; (2, zi)>

1 ael(om)‘mimf (ael(oh))mim]’ T o a0, (S maz| ) [
— _ N v 7 (_) l,ae ™21

n(7)

[\

Zp(1,7) 01(zi|7) 01(2i5|7)
(A.43)

as desired.

A.3. N =n =2 Rényi entropy calculation

Let us show the details of calculations in Sec. 3.3.3. The discrete Fourier transform

over the orbifold-twist index can be performed on each sheet separately. Denoting the
o NS,k=0 o NS,k=1
k = 0 contribution by Z(l1,l/1)(l2,l/2)(L) and the £ = 1 contribution by Z(ll,l’l)(lg7l’2)(L)’ we

have

NS NS,k=0 NS,k=1
2,1y t05) (L) = 200y L)+ Z 01 1) (L) (A.44)
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The k = 0 contribution does not depend on [ or I’, and thus

(2—1)/2 89 (0|7_) 4h0,iﬂ/2 1 2
wien®= I Fawn|  wer
1
] el i) o )
_ 0 7.[/7_ 0 _7LT 9 A45
o) | e e \aH)| P (g A

follows.

Collecting the above results, we obtain
NS )2 2 ~ 1 & s
(ZCyc2D) Tralpa] = B) Z 9 Z Z(ll,l’l)(lz,l;)
1NV G - NS0 NS k=1
= (2) 22 2 Zuipuaiy L) - Zugi (L)
1
1

11,1, =0 I2,1,=0
1 1
o (G| o (=30)
)y 12 HT)] [ gk

1 ’ 5 : NS,k=1
X<2> 2 2 Z(ll,’z;)(zg,z;)(L), (A.46)

I, =0 12,l,=0

2 2

_ |aa (0|7)

so it remains to determine Zgls’/file l;)(L)' This quantity is invariant under the inter-

change of orbifold boundary conditions:

NS, k=1 NS k=1
Z(l1,l’1)(l2,l’2)(L) - Z(zg,l;)(zl,l;)([f)- (A-47)

This symmetry corresponds to shifting the order of the replica sheets and does not

affect the physics.

Diagonal contributions.

We first consider the diagonal contributions, i.e. the case where the orbifold-twist
boundary conditions are the same on each replica sheet. Taking (I1,1}) = (ls,1}) =

(1,1"), we can read off the result from the previous subsection by isolating the k = 1

contribution:
(2-1)/2 90 (O|T) 4ho p/2 672#572272 I I 2
Z0oh =l (L) = L 05 <T - =+ pL]T)
@=L | wer et
1 9 12 2
060,(0]7)|* e T l I p

_ ) A N (O A48
| o (L") I[ e Blam g TRk (A8)

1
2

NG
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as claimed.

Off-diagonal contributions.

We now turn to the off-diagonal contributions. By the symmetry (A.47), it suffices to

consider the following cases:
 (l, 1) = (0,0), (2, 15) = (1,0),
* (l, 1) = (0,0), (2, 15) = (0, 1),
(I, 1) = (0,0), (Iz, 1) = (1,1),
(i, 1) = (0,1), (I, 15) = (1,0),
(b, 1) = (0, 1), (I, 1) = (1, 1),

o (I1,0)) =(1,0), (I, 15) = (1,1).

Before diving into these cases, let us recall the structure of the fields after the discrete

Fourier transform (3.79). We are interested in the k = 1 sector, where

. 1
¢(L7)+% =3 (—@Di,m — L+ VI + ¢%,[2]) ; (A.49a)
. 1
1/)(L7),% =3 (+1/1i,[1} — VL — Vi + 19%,[2]) : (A.49b)

Case (I1,1}) = (0,0), (l2,15) = (1,0). In this case we have 1%,[2}(2 +1) = ZZJ%,[Q](Z)

or equivalently ? [2](2 +1) = 93 [2](;:), and hence ’(LS)Jrl and QZS) , are no longer
’ ' T2 T3

independent fermions:

P+ 1) = =40 (2), (A.50a)
O a2+ 1) = =004 (2), (A.50b)

so the spatial period is doubled and the modulus of the torus becomes 7/2.! More-

over, bosonization is no longer independent, and the replica-twist operators become

IThe cutoff scale on the torus is also halved.
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correlated. This leads to

(2-1)/2
_ p ~(1) P ~(1) .
ngdfalo)(L) =7Z- < e'2?rpMe Z2¢L»P(O)> - (right mover)
p=—(2—1)/2
+itg) () —ite) (@) —ite) (0) +idel!
:Z-<e Tray e Loy e Ay e L - (right mover)
15 _s15(M _s15M 151
_gz. <e+z Py e ) idell O i) )>

(A.51)

which is reduced to a four-point function. The anti-holomorphic part is obtained
by taking the complex conjugate and replacing . — R. This computation can be
performed using eq. (A.39). Since the spatial direction is of twice the original length,

we extract the fy contribution with n =7’ = 0, and obtain

1 1 _1
1 1 1

_ 00:(012)|*106:(0]%)|* | 06:1(0|%) 1 7\ |2
Z oo (L _‘ b 2 2 0 () , (A52
0900~ oty | [adin | lacip) worl\2)l - 4
as desired.

Case (I1,0)) = (0,1),(l,1,) = (1,1). In this case we need to add the I’ = 1 orbifold

twist to the four-point function just discussed. This is equivalent to setting ' = % in

the previous computation, which yields

2

=0, (A.53)

1 1 1
1 1 4

96,(0[3)
01(513)

960,(0]3)
0:(513)

96:(013)
01(55+15)

n(3)

NS, k=1 .
Z(o,1)(1,1) (L) = ‘

1
n(3)1?

so this contribution vanishes.

Case (l1,17) = (0,0), (I3,15) = (0,1). In this case, 77/)%17[2}(2-%7') = ¢%7[2](z) or 1/1%7[2}(z+
T) =1t [2](,2), SO @gll and 2/;21) , are again not independent:
b ) § y

I = =0 (), (A.54a)
O s+ 7) == (2), (A.54b)

so now the period in the 7-direction is doubled and the modulus of the torus becomes

27. Again, bosonization ceases to be independent and the replica-twist operators are
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correlated, leading to

(2-1)/2
_ (1) )
Z(If)Sd/)’c(Bll)(L) — 7. < H ezng,p(L)e—zng,p(0)> . (right mover)
p=—(2—-1)/2
1-(1) L) —ils® ) —ila® 0 1 (1)
s <e+14§0L+1( )e Z4SDL7%( )e 1490L +%( )€+Z 90L72 )> ) (I‘lght mover)
1 (1) _14(1) _ 151 1 (1)
_ 7. <€+Z4 L’+%(L)6 3P, +%(L+T)6 Z4<PL’+%(0)€+Z4 L7+%(7)> . (right mover),

(A.55)

which can be computed using eq. (A.39). Since the 7-direction is now twice as long,

we extract the 64 contribution with n =7’ = 0 and obtain

_ 90,(0127) |7 |96, (0]27) [T d61(0127) [T 1 ,
gNSk=1 1y 1 0. (9 N
(0’0)(0’1)( ) 01(L|27) 01 (7|27) 01(L + 7|27) |77(27)|2| 1 (27)[7, (A.56)
as desired.

Case (I1,1}) = (1,0),(l2,l5) = (1,1). In this case we must add the [ = 1 orbifold

twist to the four-point function above, which amounts to taking n = % We then
obtain
1 1
_ 001(0127) |* |06:(0|127) |* | 06:(0]2 e 1
Zé\iso,gcall)([/> _ 1( | 7-) 1( | 7—) 1( | 7—) |91 (27_)|2:07
O 01(L|27) O1(T|27) | |01(L+ 7|27) In(27)|?
(A.57)

so this contribution vanishes.
Case (I1,1}) = (0,0), (I,15) = (1,1). In this case we have

VL (z+1) =9 g(2), U (z+1) = p(2),
U (z+7) =9vig(2), Vgz+7) =1 (2),

S0 again J;L ; and 1;(;)_ , are not independent:
7(1) ()
L,+%(Z +1) = —¢L7,%<2)7 (A.58a)
7(1) o a)
L,7%<Z + 1) - _¢L’+%<Z>7 (A58b)
Q/J(LI)JF%(Z +7)= —¢(Ll,),%(2’)7 (A.58¢)
G4 (4 7) = =90 (2), (A.58d)
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and the modulus of the torus becomes (7 + 1)/2.> Repeating the same steps, we have

(2-1)/2
— LD~ . )
Z(I\é?q’d;g(ﬂ)([f) =7 < ezé’@L,p(L)e‘Zngm(o)> - (right mover)
p=—(2-1)/2

(A.59)

so from eq. (A.39) we must now extract the ¢, contribution with n =7 =0:

+1
91(72 )

(A.60)

2
=0,

=

1 1
1 1

901(0] =)

+
2
01(3175%)

00,(0]7%+)

96 (0]=£1) 1
0. (437 =5+

01 (5] 75)

NS k=1 _
Z(o,o>(171)<L) = |

1
e

)

and again the contribution vanishes.
Case (I1,0}) = (0,1), (l2,15) = (1,0). In this case we have

@Di,[g](z +1) = @Di,m(Z), ?/J%,[Q](Z +1) = 2%7[2](2),
YLz +7) =97 (2), Vig(z+7) =11 p(2),

SO 1/;(;% and QZ(LD% transform as

Pz 1) = =4 1 (), (A.61a)
U4+ 1) = =9 (2), (A.61b)
Pz ) =490 4 (2), (A.6lc)
O s (24 1) = +90) 4 (2), (A.61d)

with the modulus again given by (7 + 1)/2.> Although the correlator to be computed

is the same as in eq. (A.59), the fermions now satisfy

gz +2) = + 9, (2), (A.62a)
Uiy 147) = =4, (2) (A.62b)

2The cutoff scale on the torus is halved.
3The cutoff scale on the torus is halved.
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and therefore in eq. (A.39) we must extract the fy contribution with n =n' = 0:

1

ZNSE=L (py ’891(0|72+1> 96, (O|TH) 90, (0=£L) | 1 0 (T+1>
(0,1)(1,0) 91(%%) (2‘7451) (91(L;1|TJ2F1) ’77(%“)‘2 2 5
(A.63)
Results.

We now have all the contributions Z(l\;ls’ll,f;lz l;)(L)a and we can summarize the result for

Tra[p?4] as in eq. (A.46):

(205 ) - Tralpi]
B ‘ael(om T
1 Ou(LlT) | n()]!

2
() S S 2w,

11,1§=012,15=0

1 2 1
03 <4L|7—) 93 (—4[/’7—)

with Z, 44 (L) given by eqs. (A47), (A.48), (A.52), (A.53), (A.56), (A.57), (A.60),
and (A.63).
We now verify that this result satisfies the thermal Rényi relation (3.29) for n = 2.

To this end, we set L = 0,1 — 0 and examine the behavior of Z(l\llls’ll,fié l;)(L> in the
limit 0 — 0.* Factoring out the universal singularity \0|71/ 4, we obtain the following

limits as L —+ 0 and L — 1.

Limit L — 0. For the diagonal contributions we find

_ 1 |65(n)[" _ 1 |6u(n)[!
NS, k=1 . 3 NS, k=1 _ 4
Zooy0n0+ao)= ok | Zonon0+o) = ol o |
_ 1 |60 _
NS k=1 2 NS, k=1
Z(1,0)(1,0)(0 +o0)= Tﬂi ‘ n(r) | Z(1,1)(1,1)(0 +0) =0, (A.64)

4In some of these computations, note that changes in the modulus of the torus imply corresponding
changes in the cutoff scale.
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while for the off-diagonal contributions, using (A.47), we obtain

_ 1 16,3 1 |05(1)0s(7))2
ngdf(IIO)(OjLU) = 2<T2) . |02(7) 3(47)’ ’
ot ot [0 el (7))l
_ 1 |60.20)" 1 |65(7)04(7)]?
ZNS k=1 0+0)= i ,
0oen0 D=0 G| Tl mon
_ 1 |6(ZEY P 1 (62(7)0u(7)2
Zom =l (04 0) = : 2 :
o0e0 O = @D | T T hmn
Z?Jf{fj}l)(o +0)= Z(Nl?df(:}I) (0+0) = Z(lffdfg}l) (0+0) =0, (A.65)

and therefore

2 2
Vo2 L ([B@OF) (L @+ @+ )
(chczp) “Tralph) = — - 3 5 .

oz \|n(7) [n(7)l
(A.66)
Limit L — 1. For the diagonal contributions we obtain
1 o520 [*
NS k=1 _ o NSk=1 _ 3
Z(O,O)(O,0)<1 —0)= Z(0,1)(0,1)(1 —0)= ’0|% n2r) |
1 2n)|*
NS k=1 _ o NSk=1 _ 2
Zaoan(l—0)=Zihay(1—o) = o [nen | (A.67)
while for the off-diagonal contributions we obtain
1 |os20)[*
NS, k=1 _ o NSk=1 - 4
Z(o,o)(0,1)<1 —0) = Z(o,l)(o,o)(1 —0)= ]a|i : n2r) |
(others) = 0, (A.68)
and hence
NSV 2l L [6s@D (1 1601 + 1020 + [6a(27)P
(ZCyc2D) ’ TrA[pA} - 1 9 ’ 5 ’ 2 :
o)z | 1(27) n(27)]
(A.69)
Consistency condition. From these results we can confirm that
1 ZNS, (27,27
lim [P (1-0)=5P(0)] = 5 log cyern - )2, (A.70)
(285p(7 7))
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as expected. Here we have used the expression

‘93(7’)

n(7)

g (1 () + 1) + mmﬁ) )

NS =\
ZCyCQD(T’ 7_) - 9 |/’7(7_)|2

which follows from eq. (3.76).
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