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ABSTRACT: In this paper we study the properties of two-dimensional CFTs defined by
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function and entanglement entropy. Via the bosonization, we construct the twist operators
which glue two complex planes to calculate the partition function of Zo orbifold CFT on a
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quantum quenches. We find that the replica method calculation is highly non-trivial and
new because of the contributions from replicas with different boundary conditions. We find
the full expression for the Zy orbifold and show that the periodicity gets doubled. Finally,
we discuss extensions of our results on entanglement entropy to symmetric orbifold CFTs
and make a heuristic argument towards holographic CFTs.
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1 Introduction

Symmetric orbifold CFTs play important roles to explain black hole entropy microscopically,
especially for D1-D5 systems [1]. Such a microscopic model is typically described by a two-
dimensional sigma model, whose target space is an instanton moduli space [2—4]. Although
the geometry of this moduli space is complicated, the space is a singularity-resolved manifold
of a symmetric product of the moduli space of a single instanton [5, 6]. One specific type of
the resolution is given by the symmetric orbifold CFTs. This can be regarded as a special
example of AAS/CFT [7]. In order to have a genuine dual of classical gravity (namely
holographic CFTs), we need to introduce strong interactions in the symmetric orbifolds
via a suitable marginal deformation [8-10]. Nevertheless, the free symmetric orbifold CET
before the deformation acquires the reputation of “something similar to two-dimensional
holographic CFTs”. Indeed, the match of the BPS spectrum was pointed out [11] for example.

Generally, to define a symmetric orbifold CFT, we start with an arbitrary seed CFT C
with a central charge c. The N-th symmetric orbifold CFT Cy g is defined by orbifolding
the product C®N by the symmetric group Sy:

Cn,s = C*N /SN, (1.1)

which has a central charge Nc. Every quantity in Cy, g is completely determined by the
choice of seed theory C in principle.

Interestingly, symmetric orbifold CFTs are equipped with some important properties
which are necessary conditions for 2-dimensional CFTs to be holographic [12, 13]. The most
significant feature is the presence of the Hagedorn transition in the large N limit regardless
of the choice of the seed theory, as shown in [14, 15]. The reason for this is that each of



them has a sparse low-energy spectrum in addition to that they obviously have a large
central charge Nc. Moreover, some multi-point correlation functions in symmetric orbifold
CFTs obey the large N factorization [16, 17].

However, it has been known that symmetric orbifold CFTs are not exactly holographic.
This is almost clear because the CFTs do not include interactions other than the orbifold
projections. Thus they are not chaotic, which can be explicitly seen from the Lyapunov
exponent calculations [18] and the evolution of entanglement entropy [19]. Refer also to [20—
23] for other quantum information theoretic approaches to the symmetric product CFTs.
Moreover, although symmetric orbifold CFTs have such sparse spectra that make Hagedorn
transition possible, the spectra are still too dense to have classical gravity duals [24]. In
the “bulk dual” point of view, the spectrum of symmetric orbifold CFTs contains too many
higher-spin modes and thus the bulk dual is not an ordinary classical (super)gravity even if
bulk dual exists.

Despite the above differences from what we expect for the holographic theory, investi-
gating symmetric orbifold CFTs further is still very intriguing. This is partly because they
provide tractable toy models of holographic CFTs. The mechanism of how holographic CFTs
admit their AdS gravity duals is not yet fundamentally understood, and the emergence
of bottom-up construction of holographic CFTs will aid in understanding. As we referred
above, some specific marginal deformations are believed to remove unnecessary higher-spin
modes and to deform the theory into an exact holographic CFT with a classical gravity
dual. For the case of a symmetric orbifold CFT with an A/ = 2 minimal model as the
seed theory, the marginal operator that removes such higher-spin modes, is constructed
recently [24, 25]. The study of symmetric orbifolds is also intriguing partly because they
are an interesting class of CFTs whose dynamical properties have not been understood
completely. For instance, recently, the complete set of boundary states in symmetric orbifold
CFT was constructed and their typical behaviors were compared with those expected from
gravity duals in an interesting way [25, 26]. In addition to these two motivations, specific
symmetric orbifold theories alone, without any deformations, can admit higher-spin gravity
dual: tensionless string theory on AdS geometry [27-31]. Research in this direction may
provide a more clear understanding of string geometry and ensemble average [32].

Every element of symmetric group Sy can be decomposed into products of elements
of cyclic group Z,, where 1 <7 < N. We can find a strong connection between a cyclic
orbifold CFT and a symmetric orbifold CFT. The N-th cyclic orbifold CFT Cy 7 can be
obtained by orbifolding the tensor product of seed theory C®N by the cyclic group Zy:

Cnz =C*N/Zy. (1.2)

The structure of cyclic orbifold CFT is much simpler than symmetric one, it is natural to
start with a study of cyclic orbifold CFTs. We can assemble the results of cyclic orbifolds
to obtain quantities in symmetric ones.

We must clarify here the strong connection we referred above. As for one of the
well-known results of symmetric orbifold CFTs, their partition functions on a torus can be
expressed in terms of so-called Hecke operators. We will show that the cyclic orbifold CFT



partition function on the torus can also be expressed in terms of Hecke operators. The fact
that Hecke operators can describe both orbifold theories offers a strong connection.

The main purpose of the present paper is to explore the dynamical properties of cyclic
and symmetric orbifold CFTs, motivated by the above observations. A useful quantity
that characterizes the dynamical aspects is the entanglement entropy and its cousin, called
Renyi entropy. These entropies are defined in terms of the reduced density matrix obtained
by tracing out a subsystem. These quantities estimate the degrees of freedom in a given
quantum many-body system for static states. In particular, for two-dimensional CFTs,
these entropies follow universal rules for simple choices of subsystems [33, 34]. However, for
more non-trivial setups such as the entropies for double interval subsystems [35, 36] and
those for a single interval subsystem in a finite size system at finite temperature, the results
highly depend on the details of a given CFT, i.e. its spectrum and its interaction, as is
manifest in the free Dirac fermion case [37-40]. Moreover, they are helpful to characterize
how a quantum state gets thermalized, being sensible to whether the theory is chaotic
or not, under non-equilibrium processes such as the quantum quenches [41]. If we apply
the AdS/CFT correspondence [7], such a non-equilibrium process is typically dual to a
black hole formation [42, 43], whose behavior of entanglement entropy can be computed
from the holographic entanglement entropy [44-46] and from its generalization to boundary
conformal field theories [47, 48]. In this paper, we will study the entanglement entropy and
Renyi entropy for the above setups in cyclic and symmetric orbifold CFTs.

This paper is organized as follows. In section 2, we briefly review the symmetric/cyclic
orbifold CFT partition functions on a torus and then introduce Hecke operators. A
symmetric orbifold CFT partition function on a torus can be expressed in terms of Hecke
operators. In section 3, we review the replica methods in 2-dimensional CFTs, and develop
the method on Dirac fermion cyclic orbifold CFTs. We explicitly construct replica twist
operators for this cyclic orbifold. We also discuss the relation between the second Renyi
entropy for double intervals on a plane and the torus partition function. In section 4, we
calculate the Renyi and entanglement entropy in a finite size system at a finite temperature.
For the Zy cyclic orbifold CFT, we evaluate them by limiting to the “diagonal sectors” in
the CF'T on replicated tori to Renyi and entanglement entropy analytically and show that
they reproduce the expected part of the thermal entropy by taking the limit where the
subsystem approaches the total system. However, the full contribution to the Renyi entropy
can be obtained only after summing over both the diagonal and non-diagonal sectors. Even
though this is difficult for general N, we solve this problem by focusing on the simplest case
of the second Renyi entropy at N = 2 and obtain the full expression. We also find that
a time-like 2-point function in N-th cyclic orbifold CFT can have a periodicity N times
longer than that in the seed CFT. In section 5, we extend the analysis in section 4 for cyclic
orbifolds to the dynamical process of quantum quenches described by the CFT on replicated
cylinders. We find that the periodicity of time-dependent entanglement entropy in the
N-th cyclic orbifold CFT gets N times larger than that in the seed CFT. In section 6, we
introduce a new type of Hecke operator (we call square-free Hecke operator) by deforming
the ordinary Hecke operator. This new operator is necessary for constructing cyclic orbifold
CF'T partition functions in terms of Hecke operators. Here, through Hecke operators, the



connection between partition functions of symmetric orbifold CFTs and those of cyclic ones,
becomes very clear. By using this connection, we show the calculation of diagonal Renyi
entropy in Dirac fermion symmetric orbifold theory. In section 7, we discuss the connection
between symmetric orbifold CFTs and holographic CFTs. We provide evidence for Dirac
fermion symmetric orbifold theory to have exp IV recurrence time, which is a significantly
long time even for such an integrable CFT. In section 8, we summarize our conclusions and
discuss future problems. In appendix A, we present the definitions and properties of the
theta functions. In appendix B, we present examples of Hecke operators. In appendix C,
we explain the construction of orbifold partition functions.

2 Orbifold CFT preliminaries

In this section, we briefly review orbifold CFTs, especially so-called symmetric orbifold
CFTs and cyclic orbifold CFTs. We mainly focus on the partition functions of these orbifold
CFTs, on a torus with complex structure 7 (¢ = exp[2mit]). In subsection 2.2, we review
partition functions of symmetric orbifold CFTs, and their generating function. We also
review the well-organized expressions of symmetric orbifold CFT partition functions in
terms of Hecke operators, which are mainly used in the context of number theory. Examples
of Hecke operators and partition functions are displayed in appendix B. We also review
cyclic orbifold CFT partition functions in 2.3 shortly. We will revisit this topic in 6.1.

We introduce a seed CFT C with a central charge ¢ which we can prepare arbitrarily.
We assume that the CFT C has a modular invariant torus partition function Z(7), which
has the g-expansion

Z(1) = Z d(m,m)q™q™. (2.1)

m,mel

Cyclic and Symmetric orbifold CFTs can be obtained by orbifolding C®V by cyclic group
Zy or symmetric group Sy, respectively:

Cns =C*N /Sy,
CNJ§::C®N/ZN.

Their central charges are both Ne¢. From this construction, symmetric/cyclic orbifold CFTs
are completely determined by the choice of seed theory C in principle.

2.1 General orbifold partition functions

The partition function of CFT orbifolded by some discrete group G is [49]

1 1 Hy, ~Hp
9,h€G g,heG
gh=hg gh=hg

where Hy, and Hpr are the Hamiltonian in the left and right moving sectors, respectively.
Here, g labels the (un)twisted sectors, and running h corresponds to the projection.



2.2 Symmetric orbifold partition function

The generating function of the N-th symmetric orbifold partition function Zy(7) is well-
known [14, 15, 50, 51];

1
> pNZns(r _ - (2.5)
N>0 nl;[() ml;lej (1 — pngm/ngm/n)d(mm)
m—m=0 mod n

Here, product over m,m € I (m —m =0 mod n) can be interpreted as insertion of

n—1
5 (1 — ) = % 3 ik mom) (2.6)
k=0

This insertion can be interpreted as performing an orbifold projection. We can calculate
the effect of this projection explicitly by replacing 7/n with (7 + 1)/n.
Alternatively, there is another expression of the generating function [14, 51];

Zns(t)= > H (T2 )N, (2.7)

partition of N k= 1

N

where the partition of NV runs over (Ni,..., Ny) s.t. Z kN = N. Here we introduced the
k=1
Hecke operator T},
1 kt g
TkZ(T)EkZZz(WLZ). (2.8)

We will discuss the Hecke operator in detail in subsection 6.1. Yet another expression of
the generating function [51] reads:

o0
Z pNZN’S(T) = exp [Z kakZ(T)] . (2.9)
N>0 k=1
2.3 Cyclic orbifold partition function

The cyclic orbifold partition function is, G = Zy version of (2.4),

Znz(T ZTr < =19 QHLQHR>
*ZTYU) (6" q"") (2.10)

LU
where g is one of the generators of Zy and [ labels the (un)twisted sectors. In the [-twisted
sectors, operators in j-th CFT change to ones in (j + [)-th CFT when moving from z to
z+ 1. In [51], the more apparent form of N-th cyclic orbifold partition function Zy 7(7) is
proposed:

Zna(T) = ! Z (UY’VT) (é{:}%w K(r, s)))wmﬁ), (2.11)



where k(r,s) is defined to be the smallest integer in {0,1,..., % — 1} that satisfies
k(r, s)r — ((x:);; =0 mod N. If N is a prime number, this function becomes as
1
Zna(r) = 20" + (N = 1)TnZ(7)
1 =+
N
= oz + v - Z(NT)—l-jZ%Z( - ) L (212)

This prime N case is indicated in [52].
We will newly derive the representation of this partition function in terms of Hecke
operators in subsection 6.1.

3 Twist operators

A basic and powerful way to calculate the entanglement entropy in two-dimensional CFTs is
to employ the replica method [33, 34]. The n-th Renyi entropy for subsystem A is defined by

1

—n

S5 = = log Tr((p4)"), (3.1)

where p4 is the reduced density matrix obtained by tracing out the complement of A for
a given quantum state. In the Euclidean path-integral, the quantity Tr[(pa)"] is equal to
the partition function on an n-sheeted Riemann surface where the cuts are introduced on
the subsystem A as sketched in figure 1. This partition function can be computed as a
correlation function of twist operators, denoted by o, and &,, inserted on the boundaries
OA. When the subsystem A is a union of s intervals [£1,m1] U [§2,m2] - - - U [€s,1s], then we
find that Tr[(pa)"] is given by the 2s point function:

Tr[(pa)"] = (on(§1)Tn(m) - - 00 (Es)Tn(ns))- (3.2)

Here the correlation function in the right-hand side is normalized such that (1) = 1 and
this corresponds to the normalization of density matrix Trps = 1.

The twist operator o, (§) creates a cut at z = £ such that a 27 rotation around z = &
reaches the next sheet. In other words, the periodicity around z = £ is 2nn. The other
twist operator 7, (&) has the opposite winding such that it absorbs the cut created by oy,.
In this section below, we would like to study the properties of the twist operators in the
Dirac fermion CFT and its cyclic orbifolds.

3.1 Twist operators in Dirac fermion CFT

For the free massless Dirac fermion CFT with ¢ = 1, we can find an explicit formula of twist
operators [37, 53]. This can be generalized to the cyclic orbifold CFTs as we explain below.
Consider a free massless Dirac fermion on a complex plane whose coordinate is expressed
as (z,%). We write the Dirac fermion field as (1.(2),41(z)) for the left-moving mode and
(Yr(2),¥r(2)) for the right-moving mode. They satisfy the OPE relation

VL) ~ S YR()IR(0) ~ 3. (33)

z



Trl(p A=

L

Figure 1. The replica method calculation of Tr[(p4)"]. We set s = 2 and n = 5.

In the replica calculation, we write n replicas of the Dirac fermion as ¢y o) (a =1,2,--- ,n)
(and similarly in the right-moving sector). If the fermion goes around a point (simply we
choose z = 0) where the twist operator is inserted, the fermion will go back to the original
sheet after 2mn rotation. However, in this 27rn rotation, the fermion will get the extra phase
—(—=1)". This can be found by conformally mapping from the n-sheeted surface described
by z coordinate into a single plane described by w via w = z!/™. The fermion transforms
as ¥r(z) = 2 Y, (w). Since in the w-plane there is no holonomy, we obtain the phase
e™'" each time Y1, (z) goes around z = 0. Therefore under the 27 rotation, the fermion
transforms as follows:

(1—n
U [a] = €M(T)¢L,[a+1]- (3.4)

Now we perform the discrete Fourier transformation
_ 1 & a
’Q][)L’q et _26_27”” ,(JZ}L,[G,] (35)
\/ﬁ a=1

By introducing ¢ by shifting p as p = ¢+ 1_7", under the 27 rotation z — ze*™, the fermion

transformation reads

Vrp = TN, (3.6)
n

We can choose p to be p = —"5=, —%3, e ,”T_l. Note that p takes integer values (or

half-integer values) when n is odd (or even), respectively. Finally, the twist operator inserted
at a point z = 2, can be explicitly written in the form!® [37]:

2
On (24, 26) = H e_i%@flm(z*)_@&p(g*))’ (3.7)
n—1

p=="5
where @1, g is the massless free scalar field obtained from the bosonization
Q/ZL(Z) — eisf’L(Z)’ JL(Z) — e_i¢L(Z)7
Da(z) = €980 ijp(z) = e7on (), (38)

n—1 R _ ~ _ _
'Equivalently we can choose [ % ,_, i (PLp(=)+oR 5 (3) by replacing ¢ r with ¢ r and vice versa.
p=_n=1




The OPE looks like
or(2)pr(0) ~ —logz,  ¢r(2)¢r(0) ~ —log z. (3.9)
To see why the form of the twist operator (3.7) makes sense, note that the OPE
Dr(2)emPLE) o (2 = )R - (1R eL () (3.10)
leads to the desired monodromy under the rotation (3.6).

3.2 Relation between second Renyi entropy and torus partition function

For n = 2, we know the following remarkable relation between the partition function of a
general CFT with central charge ¢ defined on a 2-sheeted Riemann surface and that on a
torus [36, 54| as depicted in figure 2:

Tr(p?] = (62(0)62()62(1)62(00)) = (2%2(1 — 2)) 717 - Ziorus(7), (3.11)

where 7 is the moduli of the torus and we assume it is rectangular i.e. 7 = 7. The twist
operator &9 at each location should be chosen appropriately among several candidates as
we will explain below. The moduli is related to z via

o= (2] 1o [0

In our Dirac fermion CFT we have ¢ = 1 and there are two types of twist operators:

(3.12)

o9 = ei(¢L*%_¢Rv%) . e_£(¢L’*%_¢Rv*%)
9
T9 = eii((’aL,%i@R,%) .ei(‘ﬁL,—%ﬂz’R,—%)_ (3'13)

We get the following three different partition functions depending on the different
choices of the order of twist operators:

(72(0)2(2)02(1)7a(00)) = g = a7 H (1= 2) 74,
2

& Trns(g"°g™) = 6;’((:))

(020)72()(Dax(ox)) = gt =41 — )},
2

o Tras(-1) o) =20
(020)72()(Ds(ox) = 22 = w3(1 — ),

o T ( Lo =Lo _ 92(7—) 2

rr(qg°q) () (3.14)

Note that the sector Trg(—1)F simply vanishes and thus is absent in the above. Our conven-
tions of theta functions and eta function, used in the above, are summarized in appendix A.



Trl(o W%

=]

Figure 2. Equivalence between Tr[(p4)?] and a torus partition function in two-dimensional CFTs.

The above identification (3.14) can be understood by examining the holonomy along
the two cycles of the torus which correspond to the circle which surrounds z =0 and z =z
and the one which does z = x and z = 1. When the two twist operators surrounded by each
circle have the same (or different) sign, then the circle follows the R (or NS) sector boundary
condition. This analysis also reveals that our previous choice of the twist operator (3.7)
corresponds to the NS sector. In this paper, we will focus on the NS sector contribution below.

3.3 Twist operators in Zy cyclic orbifold CFT

Now we would like to turn to the cyclic orbifold CFT constructed from N Dirac fermions,
denoted by 97 5 and V) p (j=1,2,--,N) by the Zy orbifold action:

9 (W gVl g) = WL, vl iR)- (3.15)

We can diagonalize again by taking the discrete Fourier transformation

- 1 X &

J=1

so that the Zy action simply multiplies the phase factor g : zZ;(Lkgz — 27”*@& . For the

n

calculation of Tr(p,)
denoted by

in the cyclic orbifold CFT, we consider the rephcated fermions,

1,[(1] (Z)’ 1/_}%',,[@] (Z)7 1/];'{7[@} (2)7 1/_]?'%7[(1}(5); (317)

where j =1,2,--- N and a =1,2,--- ,n. After we perform the discrete Fourier transfor-
mations (3.5) and (3.16) with respect to j and a, we obtain

T(k ~(k T(k) ,— (k) ,—
W), o), dWE), D), (3.18)
where £ =0,1,2,--- ,N —1 andp:—”T_l,~-- ,”T_l.

The partition functions in NS sector look like (from (2.10))

s- Xl |y H]
1=0 V=
2
1 N—lN-1 wk 12 ‘93 ( lT|7‘)
= , (3.19)
Nu':o kl;[o n(7)




where [ = 0,1,--- , N — 1 is the label of the twisted sectors such that [ = 0 is the untwisted
sector and the summation over I’ realizes the Zy projection. We can easily confirm the
invariance under the S transformation 7 — —1/7.

In order to calculate the entanglement entropy, we again need to examine the twist
operator o, in the replica of the orbifold CFT. By bosonizing the Nn fermions

(k) - (k) /=
P(e) = P, i (z) = e, (3.20)

the twist operator at z = z, can be explicitly written as in the N =1 case (3.7):

3
—

_ B YT 260 = )
Un(z*az*): H H@n Lpt™r Rp\ & s
p:_L—l k=0

2

_ . = 2™ -l (2,)
On(2xy 25) = H He P 2 (3.21)

__le 0

Note that the Zy cyclic orbifold action shifts the scalar as follows:

ORGSO N LLIN( 2rk

g PrLp 7 PLpT N PRp w%; + N (3.22)

It is obvious that the twist operator (3.21) is invariant under this Zx action and also that
it provides the correct Zy twist of the Dirac fermions.

3.4 Twist operator in N = 2 cyclic/symmetric orbifold CFT

As the simplest example among non-trivial cyclic orbifolds, we consider the N = 2 cyclic
orbifold. This can also be regarded as the N = 2 symmetric orbifold CFT. In this case, the
NS sector partition function takes the form:

b5(r)[* (!93(7)I2 +104() ] + ’92(7)’2> . (3.23)

ZNS _
22 n(r) 2/n(r)|?

If we compare this with

Zon = [2(7)2 422+ 2 (;) 47z (T‘g 1)] , (3.24)

then we identify (we employ the formulas in appendix A.2)

Z(7) = 9773((:)) ? _ 22/3x—1/6(1 - x)—l/(i’
Z(27) = 94(27') 2 _ 93, 1/3(1 _ 116,

— 24/3 1/6( )71/37

Z<T+1> — 0. (3.25)

~10 -



In terms of the twist operator four-point functions, we find

)
+ <02<0)52(l’)52(1)52(00)>, (3.26)

i ~(0 i ~(0 > i 50 i 0 2
Z@i)l(z*)_l‘»@;)l(z*) —Z‘P(L>_l(z*)+1@§z)—l(z*)
og=e "2 2 e s e
i (1) i) (5 i 5(1) i) (2
iz (Z*)_7§0 (Z*) —ZQ (Z*)“F*(P (Z*)
R e e I
0 5 =(0 _ i (0 ~(0 >
- isoi );(Z*)*ZW;:);(Z*) *i‘P(L),;(Z*Hi‘P;)fl(Z*)
0y =e€e 2 2 "€ e o

B3 (3.27)

Also, &9 and &9 are simply the complex conjugate of oo and &5, respectively. The reason why
we need to introduce extra twist operators &2 and 5 in addition to the original ones (3.21)
is because we need to twist the boundary conditions along the two cycles of the torus in a
way that exchanges the two fermion fields in the N = 2 cyclic orbifold. Indeed, if a fermion
goes around the twist fields &5 and &9, it is not only moved into the other sheet of replica
but also replaced with the other one i.e. @D}J{l] — ii/)%m.

4 Entanglement entropy in cyclic orbifold CFTs on a finite size space at
finite temperature

Here we would like to study the entanglement entropy on a compactified space at finite
temperature for the cyclic orbifolds, as shown in figure 3. In general, we can calculate the
quantity Tr[(pa)"] as the two-point function of twist operators on a torus:

Tr[(pa)"] = (on(21, 21)on(22, 22)) 12, (4.1)

where we introduce the torus coordinate (z, z) such that it is compactified as z ~ z + 1
and z ~ z + 7, where we set 7 = ¢ in terms of the inverse temperature 5. For a single
Dirac fermion CFT i.e. N =1 this was studied in [37]. Refer also to [55] for general CFT
arguments. Below we will generalize this previous calculation to our orbifolds for N > 1.

4.1 Entanglement entropy in cyclic orbifolds

Consider entanglement entropy in the cyclic orbifold CFTs. We can bosonize the twist
operators in terms of free scalars as we have seen in (3.21). Thus, one may think the
Renyi entropy and entanglement entropy can be analytically computed in the cyclic orbifold
CFTs by a straight generalization of the Dirac fermion case. However, if we consider the
summation over all twisted sectors of the cyclic orbifold CFTs, the n replicated fermions

- 11 -
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Figure 3. A sketch of calculation of entanglement entropy on a torus.

can have different boundary conditions on each torus in general. This makes the analytical
computation complicated. Therefore, in this subsection, we focus on the diagonal sectors
where all of the fermions ?/)(ij; for all values of £k = 0,1,2,--- , N — 1 satisfy the same
boundary condition, described by (I,1’), on the torus. Later, we will provide a full analysis
including all non-diagonal sectors by focusing on the simplest case N = 2 and n = 2, i.e.
the second Renyi entropy in the Zg cyclic / Se symmetric orbifold.

4.1.1 Two-point functions in free scalar CFT on torus

In the Zy cyclic orbifold, the twist operators are expressed by (3.21) in terms of scalar
fields. Therefore to calculate the two-point function of twist operators (4.1), we need to
know the two-point functions of scalar fields on a torus.

Consider a massless free scalar field on a torus with the moduli 7 = 71 + i79. It obeys
the twisted boundary condition compactified at radius R:

olz+1,2+1) =p(z,2) + 2rRw + QWR%Z,
o(z+71,24+7) =¢(2,2) + 2rRw’ + QWR%Z,, (4.2)

where w,w’ € Z and [,I' =0,1,2,--- , N — 1. Later we will set R = 2. In this case, we find
Ly 2MNlgiPL and eivr ezm%lei‘pR, which fits nicely with the Zy transformation
of 1[1%% In this interpretation, [ and [’ are the labels of twisted sectors and projections,
respectively. Therefore, we will later fix the value of ,1’, and k and sum over w and w’ in
order to focus on the contribution from a single scalar @gf).

Below we follow the computations in section 12.6 of the textbook [56] and generalize
it to the twisted boundary condition shown above. We consider the two-point function

(Oe;mO—e,—m) on a torus, where

_ ipLer+i
Opm = ePreLtivnen,

e mR e mR
pL_E—'_T’ PR—E—T‘ (4.3)
This has the conformal dimension
1 /e mR\? - 1 /e mR\ 2
hem = 3 <R * 2) o hem =5 <R - 2> - (44)
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We have

Tr(k,l) [gl/ : Oe,m(zla Zl)Ofe,fm(Z% EZ)QHCYH}

= Za k) (Oem(21, 21)O—e,—m(22, 22)) (1,0 k) (4.5)
where Z( 1) is the vacuum partition function with the twisted boundary condition (4.2).

We also introduce z1s 4 iy12 = 212 = 21 — z2. We define ¢ = e2™iT as usual.
This is evaluated in our setup as follows:

Zaw k) (Oem(21,21)O—e,—m(22, 22)) (1,0 k)

— R ) |:az01(0|7'):|2he,m |:az91(0|7—):| 2;L€7m
V2nn(P " L01(ial7) 2 Conal ™)

2
2 2 .\ 2 . 2
Z -3E [(w’—wn—&-%(l'—lﬂ)) +(wt+31) 722] RQQZQ (63“2_””%9”12)
X € e

waw' el

. 2 . 2
(%merWZIR 112) (w'+E1) e {Qge ($1272*y12T1)*W722R (y12T2+Z12T1)} (w+£1)

X e (4.6)

In the above, the first factor FI e arises from the non-zero modes of the free scalar.
By performing the Poisson resummation

/ ; / 1 T (1D 2
e Taw 2 2mibw - efg(w*b) ) (47)
2. Vi

we can rewrite (4.6) as follows:

Zaw gy (Oem(21,21) O, —m(22, 22)) (1,0 k)
1 [azel(oyT)rhe’m {8591(0\%)]2’“””
In(T)* L01(212|7) 01 (Z12|7)

2172 2 — ﬂR =T (er k l) +27riﬂ)(w7'17%(l/fl7'1))

DN

27ri(R—iyngra:lgm)u~)+(27riex1277rmR2y12)(w+%l) ) (48)

X e
In particular, if we set e = m = 0 and R = 2 (free fermion radius), we obtain?

Z(U’,k) ’2 Z 7772 2+2mw(w7—1——(l —lTl)) ) e_QW(w+%l)2q—2

6212
_ Z q%(w+w/2)2§%(w—u~1/2)2 . e—QWiw%(l’—ln) _6747T—lw72 2 le T2 (49)

When @ is even, we introduce the integers r = w + w/2 and s = w — w/2. When 0 is

odd, we introduce the integers r + % =w+w/2 and s — % = w —w/2. In both cases, we

2As we expect from the T-duality, we can get the same result for R = 1. In this case, we need to rescale
k — 2k in order to fit the definition of twisted boundary condition.
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find that (r, s) are any integers that satisfy the constraint 7 — s =0 (mod 2). This leads to
the decomposition into three sectors:

—27rﬁ72
e 2
Zovw = ————— ||Z3]* + | Z4|* + | Zo|? 4.1
wrw = ey [BF + 12 + 1207 (4.10)
where
T3 = Z qr2/26727ri%rl’627ri%lr‘r _ (—kl/ + le‘T)
= N N ’
7y = Zz(l)rqr2/2 —omik el 2772'%[7"7 =0, (]]i;l/ + ]]i;h_h_) 7
re
qu+1/2) /2=2mi el (r4+1/2) 2k l(r+1/2 _ g, (—kl’ le|T> (4.11)
reZ

Since we can flip the sign I’ — —I’, the above result reproduces the vacuum partition
function (3.19) as

NS 1 N—-1 N-1 NS
Znz =+ 2 1 Zuww
11'=0 k=0
1 A=At _on B2 |03 (%l/ + %ZT‘T) |2 (11
= — e N .
2 )
N 2= L )|

where we restrict to the NS sector trace Trys[1].

4.1.2 Two-point function of twist operators in diagonal sectors

Now we would like to turn to the calculation of entanglement entropy. For this purpose we
need to calculate the two-point function of the twist operators (3.21). We can realize the
twist operator &, in terms of O, as

(n=1)/2 N-1

op = HO(()%

p=—(n—

:
,_.
—
~
)
w
o

Off) = e Pro=?ny), (4.13)

for each sector (1,1"). We chose z; = L and z9 = 0 for the subsystem A.

In this subsection, we focus on the diagonal sectors i.e. the fermions for any k respect
the same boundary condition (I,1"). This is simply because the non-diagonal sectors are too
complicated, though we will work out the full expression for N = n = 2 in subsection 4.3.

By using the result (4.8), for fixed values of (I,1’) and the free fermion radius R = 2,
picking up the NS sector result, we obtain

(Z%\zﬁ/)) (o (L)an(0)) a1y
(n=1)/2 N-1 -2r L

=HH

p=—(n—1)/2 k=0

3 [4hp 2

2m(r)” . (4.14)

01(L|T)

7-2

k / k p >
03( Nl + NZT—I— nL|7’

where we introduced h, = 21’? and Z%\ﬁ’,) =TI Z%\ﬁ, k-
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4.1.3 Renyi entropy in diagonal sectors

Now let us calculate the entanglement entropy for a fixed diagonal sector. The n-th Renyi

(n)

entropy S A"(l ) is written as

n 1 o
S, = 1-n [10g<0n(L)‘7n(0)><U/)}

— o)1 (n)2
= Suary TS0 (4.15)

Here, we defined the first term Sggll,) as the 61 contribution:
m1 N 1> ‘ 01(L|T)
n=—1(14—)log|——=],
Saun =7 ( T )8 261 (7)?
where the central charge is given by ¢ = N and we inserted the UV cut-off §. The second

(4.16)

contribution is from the other terms:
(n)2
Saa

1 (n—1)/2 N-1 [ —opkil”

k212
N2

(7)?|

T2

ko, Kk D

=1n Z Zlog

p=—(n—1)/2 k=0

2] B - log |: a, l/)} .

(4.17)

We are interested in the difference between the Renyi entropy for the total system L =1—¢
and that for the infinitesimally small subsystem L = ¢ with the limit ¢ — O:

lim {S(n& l,)(l —0)— SEQ%J/)(U)}

n n)2
= hm [S&l& l’)( —0)— S}%&’l,)(a)}

(n-1)/2 N-1 —on k22, 2
1 NZ k k P
=—— > Y1 g (=2 + 2+ £
1- koog{\ (7] ?’(N*N”n“)]

" = (n—1)/2

L (b2 N- _zﬂ%TQ 1 1 2
-1 > D log - 103 (—Nl’ + NZT|T> . (4.18)
_np:—(n 1)/2 k=0 ’
We would like to argue
ZNS (nT)
i [gm (n) _ 1 (Lnl)
lim [S50)1y(1 = 0) = S50 (0)] = = log 255, (" (4.19)
where Zgi,)(T) is
Zg,%)(T) =Tr( [gl el }
2,2
N—-1 7271'—7'2 2
k., k
H 163 (—Nl + Nl7'|7') , (4.20)
Ziowy (nT) = Tr [gnl CI”HL@”HR}
k212
N—-1 7271' N2 nro k L 2
J— [ / —
H T 93( an + Nln7'|n7'> (4.21)

k=0
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We can show (4.19) by employing the formula (A.19) to perform the sum over p. Note that
when considering Zgil,)(nﬂ, not only 7 but also the Zy action ¢! get multiplied by n.

We can extend this procedure to the full diagonal Renyi entropy Sﬁféiag. The first
contribution is universal and thus is the same as the one in the fixed diagonal sector:

n 1 _
Sitting = 7 108(0 (L) (0))]
n)l n)2
= .El,ziiag + Sz(él,()iiag;7 (422)

. N 1 01(L|T)
szhag _ Sﬁ;&,m =5 (1 + n) log

2min(r? (4.23)

|

2} . (4.24)

The second contribution is from the other terms:

—1)/2 o k22
)/2 N-1 27rN7'2

sz [ 5 o

1LI'=0 p=—(n—1)/2 k=0

ko, k b
AN (R A &
03( NZ+NZT+n ’T)

k k
- 103 ( —U'+ NZT|T>

Although this equality is somewhat complicated, the following quantity is relatively under-
standable:

ZH

ll’ 0 k=0

-1 N-1 —27rkNl2 ™
1-—

hm [Sz(éxn()ilag( ) - Sj(élyféiag(o-)}

— (n—1)/2 N-1 —27r 27'2 2
1 k k
N 20 p=—m-1)/2 =0 n
1 (n-1)/2 N-1 7%@72 2
1 2 ko, ok
ll’ 0p=—(n—1)/2 k=0

_ 1 . [ & S Lo () } . (4.25)

Lon ¥ Zii—o (Zl\ﬁ/)( ))n

We employ the formula (A.19) again to perform the product over p. As we can see, only
the first terms of Sifgag(l — o) and S%gﬁag(a) contribute.

We should notice again that the above calculation is for the diagonal sectors. It is
necessary to consider off-diagonal sectors — applying different twist-boundary conditions
(labeled by (1,1")) for different replica sheets. Summing over all possible boundary condition
will yield the complete Renyi entropy. However, naive construction of replica-twist operators
cannot formulate the different boundary conditions for arbitrary N and n. If we could
calculate the complete Renyi entropy S’I(L‘n) including contributions from both diagonal and
off-diagonal sectors, then we expect instead of (4.19)

lim [5’1(4 )(1 —0)— 5’1(471)(0)} - log 222;2,

(4.26)

o—0 1—n
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where Z(7) is the full partition function of any given two-dimensional CFT, including both

the cyclic and symmetric orbifolds. Later we will explicitly confirm this relation (4.26) for
N=n=2.

For reference, we perform here the high-temperature expansion of SXZ ) By performing

the modular S transformation to S (3 1y We obtain (we set 7 =if3)

(1 QEL QBWm) <1 7221‘ %,rm)
00 —€ (& —€ (&
S(”& "= % (1—|—1) log %e ﬁLQ sinh ( ) H

n ™

—or
(4.27)
To evaluate 51(4732[/), we employ the following formula:
koo ok v \[
05 (—Nl + NlT + EL T)
2
2n (k' | pL 2,2 2
g E(E) e (v e hre 2| 1
B-e 03 NTZ + Nl+ m_L = (4.28)
This leads to
-t B ()
ALY 71 = o 2 AL
L=n @yt B/
N 2, &(n)2
=55 <1+ )L + S ALY (4.29)

where the contribution S G(r (g ) is evaluated as follows

(n—l)/? N—_1 27Tk22l,2 _ 47rkpl/L
~ 1 N2B ¢~ NnB k k pL|i
I — log | - (l—Hl' >‘
AW ™ Ton (%:1)/2];) In(T)2 S\N'TT'NB '
27rk22l/2 . . 9
e N°B 7
1 ——— |03 l I
Zg P (N*M?Q

(n-1)/2 N-1 -2
1 k k pL k k|
=— g g log[@g (H— —I'— )‘ 03 <l+ — ) ]
17”]):—(71—1)/2 = N ' Np N Npg |

(4.30)

4.1.4 Von-Neumann entanglement entropy in diagonal sectors

Next, we compute the entanglement entropy by taking the von-Neumann limit n = 1 in the
replica method. We again focus on the diagonal sectors. The part of the Renyi entropy
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SXZQZ/) can be explicitly written as

(n-1)/2 N-1

gm2 1 2
Saun =1, Yo D loglFyl%
p=—(n—1)/2 k=0

2mikl kU pL _2n —2mikl k' o pL 2w
N (1—1—@ mikl —omkly omL 2% (m— 1/2)) (1+e ikl ankly —2nPh Z(m 1/2))

Ao =11
k.p < 2mikl _on k! _ 2
m=1

14 o2 27r5€g(m1/2)> (1+6 2mikl om k2% (m— 1/2))

(4.31)

Then we can expand the logarithm as follows

~(n)2 1 (n=1)/2 N-1 oo oo 72(71)§
ALY = 1—n Z Z 208 [Gs,m,p,k - Gs,m,O,k]v

p=—(n—1)/2 k=0 m=1s=1
lks z"

1
27r(zN ) 271'( l%* ﬂJr
Gs,m,p,k =¢€

ks | U'ks _ Lps
+€27r( 1 +NB nB)

(4.32)

By performing the summation over m, we obtain

e _ 1 U (1 'rmh(ﬂés)__
Sia B p—(Enzl)/2s=15'Sinh(7,T6‘s) Smh(%) n‘

[l ) sl B
sinh {mN — Nil,e] sinh [mN 4 mls

By taking the von-Neumann limit n — 1, we find

5,(41()1?1/) - i (_1)(:55) ' rgs oth (W;L) 1}

s=1 §-sinh ( 72
y [sinh{ (mﬁf’,—%ﬁs)} +sinh[ (WZN_’—%E)}] |
sinh {WZN - %5] sinh [mN + %5}

The final expression of the entanglement entropy for the (I,1’) sector is given by

27 L 7m _2nL 2—”m
8 (1 e B e B )(1—6 8 e B > }
log [ smh( )] Z log —i—SS)Q

5 (L)

n
Sary = 3

(4.33)

4.2 Time-like correlation function in cyclic orbifolds

Before we proceed to study entanglement entropy further, we would like to stop here to
explore the periodicity under the time evolution in cyclic orbifolds. First note that in the
k-th fermion, [-th twisted sector is defined by the twisted boundary condition

2mikl
PR+ 1) = R (), (4.34)
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Figure 4. The replica method calculation of second Renyi entropy on a torus for a cyclic orb-
ifold CFT.

for both the left (L) and right (R) moving sectors. Then the quantized fermionic modes
look like

k k
( (L)>_n+ﬁ7 (1/’%))_”_@ (n € Z). (4.35)
N N
Now we set
0(z2,2) = ()l (2) = ¥ =i ), (436)

which has a non-trivial phase under the time translation as

pi2mHt [(Mf))_wg @%ﬂ))—wr%

7

p—2miHt _ 2mi(ntm—2)t [(w )

)—m+%
(4.37)

n—l—% (

We would like to evaluate the two-point function (O(z,2)O(0,0)), by choosing the
time-like separation: (z,z) = (T, —T). Or if we set z12 = x12 + iy12 we set y12 = iT. By
plugging this and (e, m) = (0, 1) into (4.6), we obtain

Zauy - (O(T, =T)0(0,0)) 1,11
2 —kl Kkl
Qg(kl Nk:l T’T) (kl kl —I—T’T)

’9 klr— kl’|7,)‘

(4.38)

The phase factor e~ is consistent with (4.37). Summation over (,1") gives the two-

point function Z - (O(T, —T)0(0,0)). This shows that the periodicity in the time direction
isT ~T+ N forodd N and T ~ T + N/2 for even N.

4.3 Second Renyi entropy at N = 2

To fully evaluate the Renyi entropy including both the diagonal and non-diagonal sectors,
here we analyze the second Renyi entropy in the Zs cyclic orbifold or equally the So
symmetric orbifold, i.e. N = n = 2, as shown in figure 4. In this case, the twisted operators
are found as (3.27). We again write the full partition function at finite temperature g to be
Z(B). When we fully sum over all sectors, the Trp? is written in the form

Z(B) - (02(L)52(0)) = Zy=o(L, T) - Zp=1(L, 7), (4.39)
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where we find the k£ = 0 contributions from our previous calculation as follows:

2

Zjr (L, 7) Z Z le?’l, (4.41)

11,l =012,,=0

1 4

n(m)]*

We can decompose the final part as follows

2mn(T)

Zk O(L T) 91([/’7'

(4.40)

where (11,17) and (l2,15) describe the first and second sheets of replicated partition functions.
The sectors with (I1,12) # (I2,15) are off-diagonal.
It is useful to extract the factor related to 61(L|T) as
1

1/2
n(r Jos (51)

in order to remove the singular behavior in the L — 0 limit.

4

27T77(T)3 : Zk:l (LvT)v (442)

We can again decompose the final part as follows

1 1
Zyer (L, 7) Z 3 ffv’l, . (4.43)

4, 1, =012,15=0

The second Renyi entropy is computed from the two-point function

S = —log(oa(L)52(0)). (4.44)
Thus we find the difference S4 — Sac in the limit where A approaches the total space reads
z©)(27) Zy—1(1,7)
SO =1)=SP(L=0)=—log | S’ | —log | =12 T 4.45
A ( ) A ( ) 0g 7(0) (T)2 0g Zk:l(O,T) > ( )
where Z() () is the vacuum partition function of k = 0 part (i.e. a single Dirac fermion)

O3(7)[?

ZO(r) = B5(r)I” (4.46)
In(7)[?

Indeed, the first term in the right-hand side of (4.45) is equal to the 2nd Renyi thermal
entropy of the k = 0 part of the N = 2 cyclic orbifold CFT, which is identical to the single
Dirac fermion CFT. We would like to argue that the second term coincides with the 2nd
Renyi thermal entropy of the k = 1 part as follows:

Zkzl(l,T) B Z(l)(QT)
Z—1(0,7) - ZW(r)?’

(4.47)

where Z()(7) is the vacuum partition function of k = 1 part (i.e. a Zy orbifolded fermion)

|05()[* + 162(7)]* + |04 () |
2[n(7)?

This relation between the difference of the Renyi entropy and the thermal entropy is

ZW(7) = (4.48)

physically obvious as L = 1 means that the subsystem A coincides with the total system.
However, its explicit derivation is non-trivial as we will present below.
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4.3.1 Diagonal parts
We already computed the diagonal case i.e. Iy = la(=1) and I} = I5(=1"), which leads to

n(hrg et (5eg o)

Z{)(L,7) = e R (4.49)
In the limit L — 0, we obtain
Zgmion =100 20 0.n = L
Z{90,7) = ’f;((:))‘f, Z{110,7) =0. (4.50)
In the limit L — 1, we obtain
258017) = 24930, = D
Ziyga,r) = |‘9§((22:))|’22, Ziy)(1,7) =0. (4.51)
4.3.2 Off-diagonal parts
The off-diagonal partition functions are new. First, note the symmetry
28 (Lym) = Z{p (L, 7). (4.52)

Let us start with (I1,7]) = (0,0) and (l2,15) = (1,0). In this case, the fermion follows
the boundary condition in the real z-direction:

3Pz +1) =9 (2),
dW+1) =90 (2). (4.53)

Therefore, in the £k = 1 sector, the periodicity in the Rez direction gets doubled as
1[J$ )(z +2) = @Z)(il )(z), which makes the moduli of the torus halved i.e. 5. Therefore
Z((? ’8))(L,T) is computed by the four-point function rather than a square of two-point
functions:

(0,0) -
= (3P4 (D=3l (L) 16170~ 560y (4.54)
This is evaluated as follows
1

3|1 r\3 |71 \3
200 y_ 1 [2m(3) 21 (3) 210 (3)"| o (T\[ 55
(0,0)( 7) In(Z)|? Lt L+1|T 11 *\2 (4.55)

@ o (513)] o (5213)] |6 (313)

Here the final factor |62 (%) |2 comes from the winding mode summation.
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This leads to

T
2

1
700 oy 1 T L T)‘
Z§oLm) = oo [ G) GGl (4.56)

By adding the diagonal projection I} =I5 = 1 to the above result, we obtain

(i | ) e (51)

Next consider the asymmetric projection case (I1,1}) = (0,0) and (I2,15) = (0,1). In

5(1,1) 1 : :

Zigy) (L, ) = = 0. (4.57)

this case, the imaginary direction Imz gets doubled due to the twisted boundary condition
30 +7) =90 (2),
P+ =39 ). (4.58)

Therefore the moduli of the torus is given by 27.

1 1 1
3|2 3 |71 3|2
(0,1) 1 27 (27) 27 (27) 27 (271) 9
Z L = 2 . 4.
0o B = e G @ | |G @ | |6 reny| P@OF (459)
This leads to
1
~(0,1) 1 7 L ) 3
2o (L) = e s 2m) o <2 27 )|
1
(1,1) 1 7 L 2
Z(l,()) (L7T) - ‘77(7—)’4 ’52 (27—)|2 e? (2 ‘27') ) (460)

where in the latter we added a diagonal twist in Rez direction.
Finally we consider the case (I1,1]) = (1,0) and (I2,15) = (0,1). In this case, the both
Rez and Imz for k = 1 are twisted as

oz +1) =40 (2),
Pz + 1) =08 (2). (4.61)

Since 1;551 )(z +7+1) = &g )(z), we can regard the torus as defined by the identification

z~z+2and z ~z4 7+ 1. Therefore the moduli is given by TTH This is evaluated as

follows
ri1)\3 1 re1\3 |71 13T
200 (L, 1) 1 27”7( ) ) 2mn {5 27m( 3 ) 0 <T+1> 2
1,0\ 1) = - - - - 2
(1,0) |77< J2r1> 2|6 (%’ erl) o, (L;rl 21) 0, (%| ;1) 2
(4.62)
This leads to
7 1
(1,1) 1 T+1>’2 <L T+1> 2
007 = Lo 1< 2 22 0
7 1
(0,1) 1 T+1>'2 (L T+1> 2
Z L,7)= — 4.
(170)( ?7_) ’7’](7)‘4 92( 9 02 2‘ 9 ( 63)
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If we take the limit L — 0, we obtain

~(1,0) |02(7)03(7)|? ~(0,1) |05(7)04(7)[?
709 7y = P2 70D 7y = BIRTT
0000 =0 0007 =y
S(1,1) _ 5 _ 51 _ ~(0,1) _02(7)04(7)?
Zi51(0,7) = Z{115)(0,7) = Z{g)p) (0,7) =0, Z{3)(0,7) = e (4.64)
In the limit L — 1, we obtain
(1,0) =(1,1) ~(0,1) 0427
Zioo (L) = ZgH(L,T) =0, Z{gyl(1,7) = T
2800 = 200, = 280, = 0. (4.65)

These results (4.50), (4.64), (4.51), and (4.65) confirm the identity (4.47) we wanted
to show.

5 Entanglement entropy in cyclic orbifold CFTs under quantum quenches

An excited state produced by a global quantum quench can be modeled by a regularized
boundary state [41]:
|W(t)) = Ne et | By, (5.1)
where |B) is a boundary state (or Cardy state) in a given CFT. In this section, we would
like to study the evolution of entanglement entropy for such excited states in the cyclic
orbifold CFT on a circle. At N = 1 i.e. the ¢ = 1 Dirac fermion CFT, this was studied
in [40] and we will closely follow the convention in that paper below. We write the complex
coordinate of the cylinder by (y,y) = (7 + io, 7 — ic), where the spacial coordinate o is
compactified as 0 ~ g + 2. We choose subsystem A to be an interval with length o at the
real-time ¢ as depicted in figure 5. The endpoints of A, denoted by (y1,¥1) and (y2,y2), are
given by
(y1,91) = (e +it,e+it), (y2,y2) = (e+ it +io, e +it —io). (5.2)
The entanglement entropy can be computed from the partition function of n sheeted
cylinder

Z" = (Bulon(yr, 11)0n(y2, U2)| Bn), (5.3)
where |B,,) is the boundary state of the n folded CFT.

5.1 Boundary state of a single fermion CFT

Consider the N =1 case, i.e. the ¢ = 1 free Dirac fermion. We can bosonize the fermion
into a scalar and this leads to the following expression of boundary state

IBY o1 = N - € 2onet nOL—nOR - S w), (5.4)

wezZ

where oy, , and ag,, are the left and right-moving parts of the oscillators in the scalar field
& =¢r(y) + @r(y). They satisfy the familiar commutation relation

[aL,na aL,m] = [aR,ny O5R,m] = n5n+m,0- (55)
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Figure 5. A sketch of the calculation of entanglement entropy on a cylinder.

The two-point functions of typical primary fields can be computed as follows (note that
we set 7 = 2 and that we have kg = —k, for winding modes) [40]:

<BIG*QEHGUCL(@L(yl)*SbR(gl))e*ikL(@L(?JZ)*@R(ZE)) |B)

2
R 1 ()6, (u) 0, (%) )
= ;6 A ew? | n(r) ’ o (y227_ri/1> 0, (y22;;1> 0, (y12-7|—r;1) o, (yé;?) (5.6)

We choose the free fermion radius i.e. R = 2 as before. Then the summation over w leads
to the NS sector partition function

S e e’ — gy(r). (5.7)

To calculate Tr(pa)"™, we choose k, = £ and take the product as follows

n—1
N
Tr[(pa)"] = <Bn|€—26H6i%(@L(yl)—¢R(@1))e—i%(s?’L(yz)—@R(zﬁz))|Bn>' (5.8)
p=—"5+
n—1
ince we have >~ 2 | _, 21y 1 , we find the n-th Renyi entropy is given by [47]:
S h p2_ Z 12 n
==z

n 8 "
51(4) — _a—nlogTr[(PA) ]

o 2 5775757- 2
1 ( 1)1 101 (5 17)] \01(; 7) 59)

T T G gl ()]

n
T T
where we inserted the infinitesimally small parameter 6 as the UV cut-off, which is a

standard prescription in the CFT calculation of entanglement entropy (e.g. see [34]). This
time evolution of entanglement entropy has the periodicity by 7 as

St +m0)=8M(t, o). (5.10)
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Figure 6. The plot of entanglement entropy as a function of time ¢ for the ¢ = 1 Dirac fermion
CFT under quantum quenches. We set n = 2 (2nd Renyi entropy), e = 0.2 and 6 = 1. The blue
T ®™ 31w

(bottom), orange, green, and red (top) curves describe the entanglement entropy for o = 7, 5, <]

and 7, respectively.

Refer to the numerical plot shown in figure 6. We find the linear growth until ¢ = & and

then the plateau later until ¢ = m — § as the usual evolution of entanglement entropy
in quantum quenches [41], which can be explained by the propagation of entangled pairs

created by the quench at ¢ = 0.

5.2 Entanglement entropy in cyclic orbifold CFTs

Next, we calculate entanglement entropy in the cyclic orbifolds using the boundary state
formalism. The boundary state in the Zy cyclic orbifold can be written in the form

NZIN-] 2mial
By =N S [ ¥ B0y, (5.11)
=0 k=0

where a = 0,1,--- , N — 1 labels the type of the boundary state, so-called the fractional
branes [57-61]. Also, the state |B(*)(1)) is the boundary state for the fermion @/;(Lk}% and

z,Z(Lk;% in the [-th twisted sector in terms of their bosonized scalar fields.

To find the entanglement entropy we need to compute the replicated partition function
which is written in terms of a two-point function of twist operators on a cylinder (5.3).
For example, when we consider the second Renyi entropy n = 2, this is given by a
summation over the twisted sectors of the boundary states as depicted in figure 7. For
general N, it looks quite difficult to calculate each contribution and perform the summation.
However, it is straightforward to calculate the entanglement entropy for the diagonal sectors
li=my=1ls=mg="---=1, =myu(=1) as we did in the finite temperature case. In this
case, the zero mode of the winding mode is shifted by w — w + % Since the winding
mode summation just gives an overall factor that does not depend on t and o, the final
entanglement entropy is simply N times that of the single fermion result (5.9) i.e.

101 (1) [on (<2it)7) [
(st gl (3 - £l

N 1

S,(qn)|diagonal = E ( + E

(5.12)

i 21

@)
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Figure 7. The replica method calculation of second Renyi entropy on a cylinder for the Zy
orbifold CFT.

Note that this is again periodic under the time translation with the same periodicity, given
by (5.10). Its profile is identical to figure 6.

However, if we add all sectors including off-diagonal ones, we expect that the periodicity
gets N times longer such that S4(t + Nm) = Sa(¢). This is because the twisted sector,
which describes long strings, is equivalent to an N folded string i.e. the spatial coordinate
has a larger periodicity: ¢ ~ o 4+ 27 N. In the next subsection, we will confirm this in the
N = 2 case by an explicit calculation.

5.3 Full analysis in N = n = 2 case

We can explicitly evaluate the replicated partition function (5.3) for the second Renyi
entropy of N = 2 cyclic orbifold. In this NV = n = 2 case, the two-point function of twist
operators is written as follows
Y - _ 1 ! !
(Bl or(yr.;)oa(ye. )| B@) = ;> Cimi(o.b). (5.13)
l1,l2,m1,m2=0

First, we note the symmetry which exchanges the two replicas:

CLPm) (o, 1) = Ol (0, 1), (5.14)

(I1,m1) (l2,m2)

The k = 0 fermion 1[11()0) follows the untwisted boundary condition. Thus for any values
of (I1,m) and (l2, m2) of the summation depicted in figure 7, the k£ = 0 partition function is

05(7) |2
n(7)

in the [ = 1 sector, while it is untwisted in the [ = 0 sector.
Let us start with the diagonal cases. When (I1,m1) = (I3, m2) = (0,0), the partition
function can be computed as the square of (5.6):

. The k =1 fermion @Z;I()l) follows the Zo twisted boundary condition

1
2ic)|” g, o 9, (etit _ o *
C((g”g)) ()= 07?((7) ’n ( ) ‘|91< 7”|T+ T@ Tze—l—ztl (>7’Z = T)’ : (5.15)

When (I3, m1) = (I2,m2) = (1,1), the k = 1 sector is twisted leading to the k = 1 partition

2
function 9772(( )) By combining with the k£ = 0 part we obtain
2i€ 6 e+zt e—i—zt o 4
oD o gy O3(7) |* |02(7 ‘77( ) ‘01 ( i |T) ‘9 ( ?h)‘
11) (o,t) = . (5.16)
@ n(T) n(T)

1 (5:17) \91 (v
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In the off-diagonal case (I3, m1) = (0,0) and (l2,m2) = (1,1), the periodicity of the Imy

direction gets doubled y ~ y + 47i due to the twisted boundary condition ¥y’ (y 4 27mi) =

@Z)g )(y) Therefore the two-point function should be regarded as a four-point function on a
cylinder as we have already seen in (4.54). In the end, we obtain the following expression

I ()I° |01 (S + &1r) | |on (52 - 1)) :
01 (& 17)[? [on (<£it)r) [

1
| e e e () 0 (S #l5) 0 (52 - 51) |7
100 (13)702 013)% 00 (552415) 02 (55 + 213) 02 (552 — £213)

03(7)302(7) '
n(r)

(1,1) _
Clop) (o:t) =

We can also obtain the result for (I1,m;) = (1,0) and (l2,m2) = (0,1) by performing
transformation o = 27 — o

0,1 1,1

Clol(o.t) =yl @r — o). (5.18)

All other components of C((llf:f)) (0,t) are vanishing.
The total partition function takes the form

(B(a)|e™*H oy (y1, 41)72(y2, Y2)| B(a))
1
— [C((OO))(O' t)+C(( ))(cr £) +2C((1 1))(0 t)+20((1 0))( )].

(5.19)

It is easy to confirm

hm c O)(O' t) = lim C((gg))( 1) =

o—0 (0,0 o—21

lim C" )(a t) = lim C((1 1))( ) =

o—0 (1, 1) o—21
03(7)%02(7) |
n(r)*
0,1
lim C )(a t) = lim C((1 0))( ,t) =0,

o—2m (o, O) o—0

03(’7’)292(7') )
n(7) 01 (3=17)

where we employed the identities in appendix A. Thus we obtain

hm C((O 0))( t) =

=
b
w
N

(5.20)

)

lim C((lo))( t) =

o—21

lim (B(a)|e > o3 (y1,51)52(y2, 2)| B(a))

o—0

= lim (B(a)le > oy (y1, 91)72(y2, §2)| B(a))

o o—21
03(7) + 02(7) |
2n(7)

n(r)” _|? (5.21)

_ . 0(7)? _
01 (5I7)

n(7)?
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This result is consistent with the fact that the partition function should be factorized into
the product of two cylinder partition functions in the limit ¢ — 0 and o — 27. Indeed, the
final term is a square of cylinder amplitudes of the N = 2 cyclic orbifold CFT in the NS

sector: 03(7) 03(7) + 0a(7)
+ Oa(T
ZN=2 () = | 2| BT 5.22
0= | >:22)
Thus the final expression of the second Renyi entropy reads
2 B(a)le > aa(ys, §1 02 y273?2 B(a)) - 67
eyl

where we again inserted the UV cut-off § dependence. It is clear that the periodicity in the
time direction is now doubled:

S (ot +2m) = SV (0, 1), (5.24)
as we argued in the last subsection. We can also confirm the pure state identity
S (o,t) = SP (21 — 0,1). (5.25)

In the small o limit, we reproduced the well-known behavior [34] (at the central charge
c=N=2)

Sf) (0,t) ~ (5.26)

N | —
0
> Q

Refer to figure 8 for numerical plots.

For general N, we cannot explicitly evaluate the entanglement entropy because the
detailed form the twist operator o is not available for N > 2. However, it is quite natural
to expect that the periodicity of the time evolution of the entanglement entropy becomes
N ie.

SP(o,t+ Nr) = SP(0,1), (5.27)

for the Zy cyclic orbifold CFT, due to the non-diagonal contributions.

6 Connection to symmetric orbifold CFTs

In this section, we examine the extension of results in cyclic orbifolds to symmetric orbifolds.
We start with re-analyzing their partition functions, in terms of Hecke operators. By
introducing deformed Hecke operators (we named square-free Hecke operators), we can
relate these partition functions. In addition to the connection in partition functions, by
studying the structure of twisted sectors in detail, we can calculate quantities in symmetric
orbifold CF'Ts through cyclic ones.

6.1 Cyclic orbifold CFT revisited: connection to symmetric orbifold

Recall that the N-th symmetric orbifold CFT Cy g has a partition function of the following
form

Ins(t)= > H i (T2 ), (6.1)

partition of N k= 1
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Figure 8. The plot of entanglement entropy as a function of time ¢ for the N = 2 orbifolded
Dirac fermion CFT under quantum quenches. We set n = 2 (2nd Renyi entropy), ¢ = 0.2 and
d = 1. The blue (bottom), orange, green, and red (top) curves describe the entanglement entropy

foro=7%,7%, %T and m, respectively.
N
where the partition of N runs over (Np,..., Ny) s.t. Z kN, = N and T}, is the Hecke
k=1
operator,
ToZ (7) 1Z§Z(k7+j> (6.2)
T)=— —+=). .
b k 2

ilk j=0

In this subsection, we focus on these Hecke operators in detail. By introducing deformed
Hecke operators (we named square-free Hecke operators), we can relate these partition
functions.

6.1.1 Hecke operators and square-free Hecke operators

Firstly we study Hecke operators. Hecke operators, which map modular forms into them-
selves,? are used in mathematics, especially in number theories. For some modular invariant
function Z (7), the k-th Hecke operator T} is defined to be (i runs over the divisors of k),

i—1 .
TkZ(T):;ZZZ(Z——FZ). (6.3)

ilk j=0

For the case k is prime (k = p), this definition can be simplified into

p—1 .
TpZ(T):; Z(pT)+ZZ(T“) : (6.4)

i=0 p

In order to write down the cyclic orbifold partition function in terms of Hecke operators,
we need to introduce a new type of Hecke operator, which we call square-free Hecke operators.
As one can observe in appendix B, if k has some square divisors (we take a? for example),

3In this paper we focus on only modular forms with weight zero.
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the k-th Hecke operator includes terms that constitute a% times a%—th Hecke operator.?

This suggests that a generic Hecke operator is not minimally modular invariant, in other
words, we can divide a Hecke operator into multiple parts which are independently modular
invariant. Since it is useful for our purpose to specify the minimally modular invariant
part(s) in each Hecke operator, we introduce the k-th square-free Hecke operator T,jf as the
minimally modular invariant part of Ty. We can write down the definition recursively:

T Z(r) =TuZ(r)— > ST% Z(7). (6.5)

a€Z>1 a
a?|k

This definition coincides with the ordinary Hecke operator (6.3) if k£ has no square factors.
One can explicitly check that some specific term, %Z (k1) for example, runs every term
in T$!Z(7) by acting modular-S and/or T transformations and accordingly T5fZ(7) is
minimally modular invariant.

Hecke operators are used in mathematics, especially in number theories. These operators

are helpful for us to organize symmetric/cyclic orbifold CFT partition functions, and to
reveal the connection between them. We prepare some examples in appendix B.

6.1.2 Cyclic orbifold partition function with Hecke operators
Recall that the N-th cyclic orbifold partition function is, G = Zy version of (2.4),

N-1 N U
ZN,Z(T) _ TI‘(Z) <lezvlg qHL(jHR>

Tr (gl qHLq_HR) :
where ¢ is one of the generators of Zy and [ labels the (un)twisted sectors as we have

seen in 2.3. We newly derived the representation of this partition function in terms of
(square-free) Hecke operators. The N-th cyclic orbifold partition function Zy z(7) can be

4Actually we can check this fact explicitly: in the definition of the k-th Hecke operator, if we restrict 4 in
the summation to be a times divisors of k/a® and j to be multiple of a, we get

i—1
1 koL
12 () =553 7 (74 )
ilk j=0
1 = 2 k aj’
il 7z 4
> ((ai’)QTJr ai/)
i!| L5 3'=0
i'—1
11 kja®> 4
S ZZz( T

i k. j'=0
q ‘a2

where we set (i,4) = (ai’,aj’). The last line is exactly the k/a?-th Hecke operator multiplied by 1/a?.
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written in terms of square-free Hecke operators,®

N
Zng(r) = kzzzl ng&V’ k)T% (Z(T)gcd(N,k))
_ (#k (1 <k <N) s.t. ng(N’k):d)T?vf Z2(r)d
AN d 7( ) )
= 3 XD st (77 6.6
> 3 (2(n7). (6.6)

where ¢ is the Euler function. We provide the proof of this construction in appendix C.
N = 8 case for example, the number of k£ (k = 1,...,8) which satisfies

e ged(8,k) =8is1 (k=8),

o gcd(8,k)=4is1 (k=4),

o gcd(8,k) =21is 2 (k= 2,6),

e ged(8,k) =1is4 (k=1,35,7).

Thus we get

Zualr) = ST (26)°) +

1
1

3t (2(n)") + ;Tff (2(1)?) +

4 st

T (2(n)Y). (6.7)
More examples are provided in appendix B. If N is a prime number, this function becomes
as follows (for prime N the N-th square-free Hecke operator is the same as the normal

Hecke operator);

1
Zng(T) = NZ(T)N + (N = 1)TnZ(7). (6.8)
This prime N case is indicated in [52].

6.2 Detailed investigation of the Dirac fermion symmetric orbifold CFT

We consider Dirac fermion symmetric orbifold CFT in this section. Let us analyze the
partition function and proceed to calculate the diagonal Renyi entropy. (Full Renyi entropy
is too complicated to determine: N = n = 2 case is already considered in 4.3. Note that for
N = 2 the cyclic orbifold is identical to the symmetric orbifold.)

®We can compare this equation (6.6) to the result discussed in [51] (we already referred to in 2.3). By
equating each expression of Zy z, fixing d, and restricting the range of r and s to be (N, r,s) = d, we get

(# of k < N s.t. ged(N, k) =d), . N (N,r) { (N,7) ¢
7 T%f (Z(T) ) = — NZ (N (dT+I<L(T, s))> .

One can explicitly verify this equation for a small N case.
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6.2.1 Partition function

For the case of Dirac fermion, the i-th cyclic orbifold partition function is of the form

Lo e [0, (4 )
Zialr) = i Z,ZZ:Okl_[Oa 2,3,4 2 n(r) (6.9)
_7llz:1k1_[0a;’)4 2 n(r) (6.10)
Especially its NS sector partition function is
Nsiry = L s T et | (5 + 1) 2
Zig(T) = ilmz=:1/~cl:[()€ ¢ () , (6.11)

which was explained in section 4. By comparing these two equations, we can identify each
sector:

212 (r—7)

o(i/d), ! e
=T (2(0)) = = Ly H >
ll’—l k=0a=2,3,4
(i,1,1")=d

0, (le, + %T‘T) ? 6.12)
n(T) ‘ ‘

In this subsection, what we want to do is to write down the NS partition function of
the Dirac fermion symmetric orbifold CFT in terms of theta functions. Recall that the
partition function of the N-th symmetric theory can be written in terms of the normal
Hecke operators,

Zns(T) = ()N (6.13)

partition of N i¢= 1

Here, by definition, we can reconstruct the normal Hecke operator by square-free ones,

T,Z(r)=T3'Z(r)+ Y. Ql/a (1) (6.14)
a€Z>1
2|l
aegﬁo

NS
a = 1 case. As we see above, we can identify the NS sector of T Z(7), (TffZ(T)) to be

NS 1 Ty 03 (kl + k—-lT\T) ’
sf — Gl o T—T) i i
(Ti Z(T>) - (1) l,l’—zl,..,ikl_l()e 2 () (6.16)

This identification is from the i-th cyclic orbifold, d = 1 case of (6.12).
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a > 1 case. If i has some square-factors, we must add 7 ia »Z(T) to reconstruct T;Z(7).

Considering the i/a?-th cyclic orbifold, d = a? case of (6.12), we can evaluate Tis/fa2 Z (1) to be

2_ a2kl | a2kl 2
NS a? ol 2 25 |93 (T + TT|T)
z Sf 2 T = ———C E | I e i2 T) 617
( ia* ( )) ig(i/a?) LU=1,...;i/a* k=0 n(r) (047

(l,l’,i):l

This form seems to include only i/a? fermions. However, by applying the identity (A.21),
this product can be interpreted as the product of i twisted Dirac fermions in NS sector.’
Substituting the following equation

a2kl 2 2
a2k:2l2( ) 03 ( ki 4 e Z»kl’l"T)
2

n(7)
al el Kk o akl! | (XA, akl 2
~ ] H im(228)% (r—7) 05 (5 + 4+ (3 + %) 7lr)
A i n(r)
- - 2
we get
NS
(7,22(7))
2.y ol KU | (A akl 2
_ a2 Z z/al_Il H H akl 2(77{_) 03 (g-{-aT-f-(a—l—a >T|7')
ey .
Z¢(Z/(I )ll’ 1,. z/a2 k=0 jp=—azl 1)\——“ L 77(’7')
(4 z/a )=
(6.18)
If we set a = 1, this equation reproduces the result in the previous paragraph.
Combining (6.16) and (6.18), we obtain
1 1 ija?—1 Lt 5
NS
(Ti2 (7)™ = B Z o(i/a?) Z H H H
a€Z>0 LU=1,.. ,z/a2 k=0 p=—al x=—
a?li Ll i)a2)=
2
K akl! A akl
X eiﬂ(§+aTl-€l)2(T—7t) 03 <a + ¢ + (a + )T‘T) (619)
n(7)

This contains ¢ twisted Dirac fermions in each twisted sector. By summing this TiNS over
the partition of IV, we obtain the NS partition function of the symmetric orbifold.
6.2.2 Diagonal Renyi entropy

Now we can extend our calculation to the diagonal Renyi entropy in the NS sector of Dirac
fermion symmetric orbifold CFT.

5Obviously, if we want to calculate only the partition function, the equation (6.17) is sufficient and there
is no need to apply the identity (A.21) and interpret each 6 to be a? fermions. We will use this interpretation
in the next subsubsection.
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As we have seen in (4.14), the bosonization and replica method changes each twisted

fermion as
imB2(rT—7) 0 (a + BT’T) ?
n(7)
(n—1)/2 3 |4hyp » 2
. 12 6 nL
SO e HWZ]L(lT >) 3 (a +| B(T)j' il (6.20)
p=—(n=1)/2 HET n
where hy, = 2 o—. Now let us calculate the entanglement entropy for a fixed diagonal sector.

As we expected, the universal 81 part factorizes:

2mn(7)?
01(L|7)

4h,,> N

x (L)aa(0)));" (6.21)
partition of N i= 1

(n—1)/2
ZNS(”TL(L)&?%(O)) = ( H
p=—(n—1)/2

a—1

i/a?—1 5

(L) ()i = ¢ .}) > I 1II f[ f[

> LI'=1,.. ,2/(12 k=0 r=—azl 1y—_a= 1p
¢ Ll )=

93(§+M+(3+%“)T+§L|7) ?

K3 a

n(7)

(6.22)

By iterating the procedure in 4.1.3, we can calculate the diagonal Renyi entropy ng()ﬁag.

For example, we can derive an equation similar to (4.25), thermal diagonal Renyi entropy:

lim [S00 (1= 8) = ST, (0]

N; 7
Zpartmon of N Hz 1 (]\}Z ( ZGGZ‘>0 ¢(z/a2) Zl J=1,.. z/a2 Z(z a,l,nl’) (TLT))
(84 ,2) 1

N;
Zpartltlon of N Hz 1 (]\}Z ( Za€Z>O & z/a2 Zl J'=1,...,i/a? Z(Z a,l,l’)( )n)

a?li v ,z)_l

(6.23)
where we introduced Z( L) for shorthand:
2_ a—1 a=1 P ’ 2
ifa®=1 3 2 +akl (r—7) 03 (E_'_al;l +(%+a’kl)7'|7'>
Z a,l,l ) H H (T)
k=0 j—_a=l A*_GTI n
a—1 2

ija®?—-1 “5=

Ll
Z%\Z a,l,nl’ H H H +akl (n7=n7)

koﬁialkial

03 (M~I—M+(A+“m) n7'|n7-)

a 3 a

n(nT)

(6.24)
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NS
(,a,l,nl’

Calculating the full Renyi entropy is one of the future problems.

Note that when considering Z )(nr), not only 7 but also I’ and x get multiplied by n.

7 Towards holographic CFTs: periodicity and BTZ black hole

Our results of two-point functions in the Z; cyclic orbifold presented in section 4.2 and those
of the Renyi entropy for Zs cyclic orbifold in section 5.3, strongly imply that the real-time
periodicity of the Z; orbifold CFT based on the free Dirac fermions is ¢ times that of the
seed CFT i.e. ¢ =1 free Dirac fermion CFT. Recall that the Sy symmetric orbifold theory
includes the Z; orbifolded sector (or 7; sector) for all 1 <i < N. One way to understand
this behavior is the fact that the twisted sector describes the long string where the spacial
coordinate gets folded by 7 times [62, 63]. This suggests that the real-time periodicity in
symmetric orbifold CEFT under the time evolution is LCM([1, ..., N] times that of the seed
CFT. Here, LCM]a, b, - - -] denotes the least common multiple of a,b, - -.

It is well-known in number theory that LCM][L,..., N| grows as exp N in the limit
N — oo. This result can be found in several references, e.g. theorem 3.8 of [64].” This fact

mainly follows from the celebrated Prime number theorem, which says that the number of

n
logn*

Thus, the recurrence time for the symmetric orbifold CFT is estimated as eSerb ~ gCorb,

primes less than or equal to n, is approximately given by m(n) ~

where Sy, is the thermal entropy. Note that the central charge cop, of the Sy orbifold
of the free Dirac fermion is V. Interestingly, this qualitatively agrees with the Poincare
recurrence time of holographic two-dimensional CFTs at finite temperature.

8 Conlusions and discussions

In this paper, we developed the methods of calculations in cyclic/symmetric orbifold CFTs
with the Dirac fermion as a seed theory. We started with a bosonization of the Dirac
fermion cyclic theory and constructed replica-twist operators. For the twist operators for
the second Renyi entropy, we confirmed that their four-point functions correctly reproduce
the torus partition function for the Zo cyclic orbifold CF'T, which can also be regarded as
the So symmetric orbifold CFT. In this analysis, we found that we need to modify the
replica-twist operator to calculate the contributions from twisted sectors of the orbifold.
Using these twisted operators, we evaluated the entanglement entropy in the orbifold
CFTs on a torus which describes CFT states at finite temperature in a finite size system. For
general Zy cyclic orbifolds, we calculated the diagonal contributions to the entanglement
entropy and confirmed that their difference (4.19) reproduces a part of thermal entropy.
However, a naive extension of the standard replica method for un-orbifolded fermions does
not yield the complete Renyi entropy: we must take into account different twist-boundary
conditions for different replica sheets. Even though the replica method is difficult for
arbitrary N and n, we succeeded to construct the method to calculate full second Renyi
entropy in the Zy cyclic / Sy symmetric orbifold theory on torus and cylinder. As a result,

"In this reference 9(n) is set to be In[LCM][1,. .., n]]. Theorem 3.8 of [64] says that 1)(n) ~ n at large n.
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we found that the difference of the second thermal Renyi entropy on a torus perfectly agrees
with the expected form —log[Z(27)/Z(7)?], which is the thermal Renyi entropy.

We also studied the time evolution of entanglement entropy under quantum quenches.
This can be computed by evaluating the two-point functions of twist operators on a cylinder.
As in the torus case, we evaluated this for Zy cyclic orbifolds with respect to the diagonal
sectors. Moreover, we found a full expression for N = 2 case, summing over both the
diagonal and non-diagonal sectors. This shows that the real-time periodicity gets doubled,
compared with the ¢ = 1 Dirac fermion CFT. For general IV, we expect that the periodicity
will be N times longer, though we did not explicitly show this due to a technical difficulty.

Apart from the calculations in Dirac fermion, we explicitly constructed the expression of
cyclic orbifold partition functions in terms of Hecke operators. Although the identification
of T,Sf and theta function is specific to Dirac fermion orbifold theory, Hecke operators will
enable us to deal with the problems in more general symmetric orbifold theory from a cyclic
orbifold point of view.®

In the Sy symmetric orbifold, by combining our results, we argued that the real-time
periodicity of generic correlation functions and entanglement entropy is exponential as
~ exp N in the large N limit. This result looks qualitatively consistent with the expected
Poincare recurrence of holographic CF'Ts with the central charge ¢ = N.

To conclude this paper, we clarify some future tasks and open problems.

e Dewveloping the replica method. As we indicated iteratively, the naive replica method
excludes contributions from off-diagonal parts. To be precise, the off-diagonal contri-
butions can be evaluated in principle by applying different twist-boundary conditions
for different replica sheets. This problem can be rephrased: orbifold-twist (not replica-
twist) operators should also be replicated as ordinary excitation e.g. 1(z). Hence,
the key to developing the methods of calculating the off-diagonal parts might be to
consider orbifold-twist operator correlations for arbitrary n.

o Ezxtension to symmetric orbifolds on cylinder. By using the result of the recent research
on boundary states in symmetric orbifolds [26], we can extend our calculations to
arbitrary N symmetric orbifolds on a cylinder. This extension will be one of the
concrete approaches to AdS/BCFT.

e Application to general symmetric orbifold CFTs. We hope to extend our observation
to the case with other seed CFTs. The most straightforward and beneficial extension
will be the orbifold theory with T* (rectangular, R = 2) SCFT as a seed CFT. This
T* orbifold theory is much closer to real holographic CFT than the Dirac fermion
orbifold theory. Marginal deformations to eliminate higher-spin modes and matching
the spectrum to classical supergravity dual should be revisited.

e Heavy operators that contribute to the BTZ black hole. In the Dirac fermion cyclic
orbifolds, we found examples of correlation functions that have a long periodicity.

8The connection between symmetric group and cyclic group is obviously well-understood, but connection
between their orbifold theory has been unclear.
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Although we conjectured that symmetric orbifold CFT has the periodicity exp N, we
did not explicitly specify operators/correlators that show this periodicity, analogous
to the BTZ black hole entropy. Specifying such excitation will be a novel approach to
investigating the structure of black holes.
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A Theta function identities

When to consider the Dirac fermion orbifold theory partition functions, theta function
identities is useful. To share our convention, we have described this section more carefully
than necessary.

A.1 Definitions of theta and eta functions, fundamental formulas

A.1.1 Definitions

We set ¢ = €™ and y = €2™*. The Dedekind eta function is
1 o
n(r)=q¢ [T (1 —q¢™). (A1)

The Jacobi theta functions have two different (but equivalent) representations. In the sum

representation,

7‘2 .
91(2, ’ 7_) — Z q7yre—mr7

reZ+1/2

7,2
a(z|7)= > qzy,

O3(z | 1) = Zwy,

reZ

Os(z | T) = Zq2yemr.

reZ
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In the product representation,

61(z | 7) = 2sin(r2)gs [T 1 —a™) (1 —ya™) (1—y~'a™),

Oa(2 ] 7) = ﬁ (1—q™) (1 g 2) (1-y'gm3).
m=1

We write 6,(7) shorthand for 6,(0|7).

A.1.2 Fundamental formulas
01 satisfies
61(0|7) = 61(7) = 0,
0:01(2|7)| .= = 2mn(7)°.
7 satisfies
20)(7)* = 02(7)03(7)04(7).
The famous Jacobi identity is
01(z|7)* — Ba(2|7) + 03(2|7)* — O4(2|7)* = 0,
or z = 0 version
03(r)* — O2(7)* — 04(7)* = 0.
The modular-S and modular-7" transformation is as follows:

e A e R ()]

O1(z|7 +1) = e T (2|7), 6

93(Z|T+1) :94(Z|7'), 93

B1(z + mr + nfr) =(~ 1™ 5 ™m0, (2]r),
bo(z +mr+nlr) = (1) g5y ™by(2|7),
03(z + mr 4+ n|T) = q_mTQZ/_mOB(ZV),
O4(z +m7 +n|r)= (=1)" q_mT2y_m94(Z|7')>
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i7rz2
<| - ) iV 0 (o),

[%s 'L7r22

Os(z|T + 1) = €e105(2|T), 6o (Z\ — 1) =V —ite = O4(z|T),
i7r22

<Z| - 1) = —ire = O3(z|T),
z 1 — imz?

Ou(2lr +1) = Os(217), O <T| _ ¢> = VT (2.

(A.10)



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 +0 ,
1(z£1/2]7) = +62(z|7) (A11)
03(z £ 1/2|7) = 04(2|7),
O1(z £ 7/2)7) = Lig SyT20,(z|7),
1 1
Os(2 & 7/2 “syT20 ,
p(z7/2lT) = ¢ T 3(z|7) (A12)
Os(z £ 7/2l7) = q 5yT20s(z|7),
04(z £ 7/2)7) = Liq 5yT20,(z|7)

A.2 “Double-angle” formulas

Since we use the “double-angle” formulas repeatedly in this paper, we present this special
case here. There are specific relations in the “double-angle” case, namely

0(27) = (Wym’
men= <W>m’ (A.13)
04(27) = (B5(r)4(r))"/2,
n(2r) = (W)Uz— n(7)? (03(7)04(r)) /7.
In addition, we have
0, (;) — (205(r)05(r) 2
3 (;) — (67 + 02(7)?)"”,
0, (;) — (93(7)2 _ 92(7)2)1/27 (A.14)
1(3) = @) = (o (02(7)293&))1/2’
0 (T31) = ¢ (o),
o (T5) = (i vinae) ",
2 <T+1> = (0a(7)? — ifa() )1/2, (A.15)

+ o
—
N———
|
®
£l
N
—
>
w
—
\]
S~—
3
/\
\_/
~—

U <T 5 12 = egig(r)? <92(T)204(T))1/2.

9The reason we write with quotation marks is that ordinary double-angle (n-tuple angle) formulas in the

context of theta functions refer to 2z (nz). In this subsection and the next subsection, we mainly focus on
the case of multiple 7.
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A.3 “n-tuple-angle” formulas

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 0,(z|7). In order to derive the “n-tuple-angle” formulas, we use the following
factorization formulas.

~1

1— g = nH (1- e%i%q) (A.16)
k=0
n—1 2kt nT_l K

14+¢" = H (1 T q) = H (1 + 627”5(]) (A.17)
k=0 k—_n=1

2

By applying these formulas to the product representations of theta functions, we obtain the
following “n-tuple-angle” formulas:

=

)

O2(nT) _ 13[1 02 (% | T) 0o (%) _ Tﬁem(z)a% (%T | 7')

(%) n(7)

O3(nT) "f[l w 03 (%) ﬁ em(%)zTQ?, (%T | 7')

_= 5 T = 3 A18
anr) AL ) o - M () (A15)
- 2 - 2
n—1
fa(nt) _ ”ﬁl 0 (%17) 0a () _ f[ i) 0 (5717)
nint) 2o () n() e n(r)
2
We can extend these formulas straightforwardly to the nonzero z case as
n— o k T n— k
91(0&’?7,7') — l_f b1 (” * n ’ T) _2.91 (OL|5) — Hl(_z-)eQTri%aem(%)a'el (Oé-f— n’ ‘ T)
n(nt) - n(r) 7 (%) e n(r) ’
n—1
02(0[””7’) _ = 92 (% + % ’ T) 62 (Ct’%) _ o orika mi(E 2T92 (Oé + %T | T>
- ) p= = H e e (n)
ner) o T () (@) i n(T)
2
n—1 o n—1
tanr) T BRI bl sty (1)
nnr) a7 (@) n(7)
=3 -n3
n—1
dafalnr) 0 (5 + A1) O(l) ] pbagn(se (a+5r17)
nnr) iy 1) G e n(T)
(A.19)
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The following enables us to change the range of k.

2 aem( ) 0, (a+ kT ‘ 7_) _ _627r2k+7bae7rl(k7n)27—61 ( I k—l—nT ‘ 7_)

n n
27rznoze7rz(%)27'02 (O[-i— ET ‘ 7_) _ 627rik+T"ae7ri(k%)27—02 <a 4 k+n7‘ ‘ 7_>

Z ) o Z (A.20)
27rz"ae7rz( ) 7'93 (a+ . | 7_> _ 2mﬁaeﬂ’z( Jnr") 7'93 <Oé—|— . | 7_>

n

(2rikagmi(k)’rg (a+ Ly T> _ ikt (k) (a LRtn T>
n n

We can derive the ordinary n-tuple-angle formulas by substituting the right-hand side
of (A.19) to the left-hand side,

—1n—1 a k1
01 (al7) Z-n—nQ Ti_[ b Qﬂii(g—&-%)eﬂ'i(%)z‘r 01 (” Tttt | T)

n(7) 0 10 n(7)
n—1 _ k 1
92(a’7> _ - e €2ﬂii(ﬂ+£)eﬂ'i(i)27 92 (% - n + n’ | T)
0(r) i b i
n—1 n—1 k 1 (A‘21)
O3 (c|T) B 13[ ﬁ egmi(%rﬁ)em.(i)zT 03 (% + o+ T ] 7')
n(7) - i n(7) ’
- 2 - 2
o ko 1
O4(a|T) nd 13[ G2k (24k) ri(L)’r 04 (% + ot T 7’)
n(r) ot n(r)
which are analogous to the following trigonometric function identities,
n—1 kn
2sinnz = H 2sin (z—i—)
k=0
n—l (A22>
km
2cosnz = H 2cos |z + —
k=—n= 1

2

B Examples of Hecke operators and orbifold theory partition functions

B.1 Examples of Hecke operators

We repeat the definition of Hecke operators:

ToZ (v —ZZ( j).

i|k =0
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For most simple case, we have

TWZ(t) = Z(1),

T Z(r) = % (Z(27) +Z (;) + Z( ;1)) :
T32(1) = % <Z(37)+Z(;) +Z< ;1) +Z(T;2)> .

For the case k is composite number, we have

1

7 <Z(4T)

T4Z(7') =

Ty 2 (r) = é(Z(Gr)

2(5)

«(5) )<2(%57)
w2 (5) 2 (57) + 2 ()
+Z<T;;3>+Z(T§ )+Z(Té_5)>.

We notice here that the 4-th Hecke operator includes $Z(%F) = $71Z(7). This is because 4
has a square-factor. We can find similar situation in more complicated example,

1 6 67 + 1
TinZ(7) = 35 (Z(127)+Z( ;) +Z< 72 )
47’) <4T+1 47+ 2

2)
e (e (e (7
Jte)

_.I_

)

37+ 1
2
+1

vz

2T
A
vz (5
1

(
(

(5) 12 (%5 7) 2 (%
+Z(27’+3>+Z( T+4 " (7’6 5)
(1) 7 2
(
(
(
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here we notice again that this 12-th Hecke operator includes %T;),Z (1),

iz =5 (2 ()« 2 (F)+2 (52 ) v 2 ().

B.1.1 Examples of square-free Hecke operators

Recall that we introduced square-free Hecke operators as

1
THZ(r) =TuZ(r)— > —T% Z(7),
a€Z>1 a?
a?|k
to specify the minimally modular invariant part of the Hecke operators. As is obvious from
the definition, T}, and T,Sf coincide when k has no square-factor.

T3 Z(r) =T Z(1) = Z(7)

T3 Z (1) = T3.Z(7)

T3 2(r) = Tuz(r) - T3 2(7)
_ Ty2(7) — 32(7)

TS 7 (7) = Ty (r) — éTffZ(T)
= Ty2(r) — 4 2(7)

1
THZ(r) = TwZ(r) - T3 2(7)

— TyZ(r) - ing(T)

1 1 1
7§é2(7)==7§6Z(T)—'17§fZ(T)—*§7TfZ(T)—‘367?f2(7)
1 1 1
=Ts6Z(T) — ZTQZ(T) — §T4Z(7') + %Z(T)

B.1.2 Number of terms in (square-free) Hecke operators

For later convenience, we refer here the number of terms that composes k-th (square-free)
Hecke operators. We assume that k is prime-factorized as

where ps are prime integers and ns are positive integers. It is obvious from the definition that
the number of terms that composes the k-th Hecke operator is the sum of all divisors of k,

)

(# terms of Tj) = H (i: pi’) . (B.2)
1;=0
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In the square-free case, T,ﬁf is constructed via excluding terms from T} corresponding to
square factors of k, thus the following holds;

(# terms of T,Sf) = H (p;“ +p§”_1) . (B.3)

(3

One can explicitly confirm these statements in examples.

B.2 Examples of orbifold CFT partition functions

We present here some examples of orbifold CFT partition functions. We can check that
Za,s = Za g for example. (This is obvious because Sy >~ Z>.)

B.2.1 Symmetric orbifold CFT

Recall that we have well-known formula

L mz)™,

N
ZnNs(T) = Z H

|
partition of N k=1 (Nk)

N
where the partition of N runs over (Ny,..., Ny) s.t. Z kN, = N.
k=1

Z15(1) =T Z(r) = Z(7)

Zy.5(1) = = (T1Z(7))? + ToZ(7)

2!

_ % ((Z(T))2 +Z(21)+2Z (;) +Z (Tg 1))
1
3!

(M Z(r))’ + T Z(r) ToZ(7) + T3 Z(7)

(s 2(3) +2 (751
)2 (57) 2 (57))

B.2.2 Cyclic orbifold CFT

We use the following formula that presented in (6.6),

Znz(r) =Y (WZ/ 9 T (2(r)). (B.4)

dIN
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where ¢ is the Euler function.

Zig(t) =TS Z(1) = Z(7)

Zoa(r) = ST (26)7) + 15 (2(7))

_ % ((Z(T))2 +Z(21)+Z (;) +2 (T; 1))

+2(Z(4r)+2<272+1>+Z<Z>+Z<711>+Z(712>+Z(713)>>

As we can explicitly check in above examples, Zy 7 consists of N 2 terms of Zs, multiplied
by 1/N.

C Construction of cyclic orbifold partition function

In this section, we prove the equation (6.6), which constructs the N-th cyclic orbifold
partition function in terms of square-free Hecke operators. The general construction we

have presented is,

Ina(r) = Z (#k (1 <k <N) Csl.t. ged(N, k) = d)Tsﬂf (Z(T)d) . (1)

AN ¢

The proof of this equation is the goal of this section.

In the first place, we need to calculate G = Zy version of (2.4),

N-1 SN gl
Znz(T ZTr <ZNI qHLQHR>

% > Trg (979" ™),

where g is one of the generators of Zy and [ labels the (un)twisted sectors. The last line
shows that we need to determine N? terms that contributes to the partition function.
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It is easy to determine N terms in the untwisted sector. They have %T periods in the
7 direction if k satisfies gcd(N, k) = d. Thus the untwisted sector consists of

Z(N7) x (#k (1< k < N) s.t. ged(N, k) = 1),
Z (JC\;T)d x (#k (1 <k < N) st. ged(N, k) = d),

d
(d runs over the divisors of N). Distinguishing each Z (%7) from others, these Zs
actually give N terms. Other than Z(7)V, these Zs are NOT modular invariant itself. The

d
minimally modular invariant function that includes Z (%7) is what we introduced in 6.1.1,

the square-free Hecke operator
N

sf d
— T (2(r)%).
N - N st d N_\4
This implies that we need to include 7T% (Z (1) ) for each Z (77) .
d

Here, we have determined the necessary terms to construct the cyclic orbifold partition
function. In other words, we found that Zy z(7) includes terms of the form

(#k (1 <k < N)s.t. gcd(N,k) =d)
2 i

T (Z(T)d) :
AN ¢

Now what remains to do is to prove that this summation is sufficient. As we will see below,
this summation actually consists of totally N? terms, thus is sufficient.

The key to the proof is
o #k (1 <k<N)s.t. ged(N,k) =d,
o # terms in %TEC (Z(T)d).

d

We get the total number of terms by summing their product over all d that divides N.
Before proceeding, we set the prime factorization of N and N’s divisor d as follows:

N=T]p" (C.2)
i=1

a=TI[s" (©.3)
=1

where ps are prime, ns are positive, and ks are non-negative integers. Of course, ks are in
the range of 0 < k; < n;. Firstly, let us evaluate #k (1 <k < N) s.t. ged(N,k) =d. One
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can check that this quantity is qﬁ(%) where ¢ is the Euler function:
N
(#k (1< k < N) s.t. ged(N, k) = d) = ¢ ()

d
n
[T (v
Zl

piF
=1

_ki)
s (1) e

; pi

Next, we evaluate # terms in J75 (Z (T)d). Recall the formula (B.3), we find that
d

=

(# terms in %Ts%f (Z(T)d)> = (p?i_ki +p?i_ki_1(1 — 5ni,ki))

. 1= 6,
o (1 ok k). (C5)

i=1

|

=1

The total number of terms is

(# total terms) = Y (#k (1 <k < N) s.t. ged(N, k) = d)
d|N

X (# terms in %ngf (Z(T)d)>
_ Z lem—ki (1 N 1 - 5m,kz> p?i—ki (1 + 11— 6m,kz)

d‘N’iZl p’L pZ
= ﬁ i p?(ni—ki) (1 _ 1- 57%‘7/%) (1 + 1- 5ni,ki>
(2 . .
i=1k;=0 pi pi

i (e =pm2) + (o2 = p" ) oo (= 1) +1)
1

.
Il

p’i2ni7 (C6)

I
=

<.
Il
—

this is exactly N2. This result proves that the formula (6.6) sufficiently gives N? terms,
thus is the N-th cyclic orbifold partition function.
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