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ABSTRACT: We introduce a pseudo entropy extension of topological entanglement entropy
called topological pseudo entropy. Various examples of the topological pseudo entropies
are examined in three-dimensional Chern-Simons gauge theory with Wilson loop insertions.
Partition functions with knotted Wilson loops are directly related to topological pseudo
(Rényi) entropies. We also show that the pseudo entropy in a certain setup is equivalent
to the interface entropy in two-dimensional conformal field theories (CFTs), and leverage
the equivalence to calculate the pseudo entropies in particular examples. Furthermore, we
define a pseudo entropy extension of the left-right entanglement entropy in two-dimensional
boundary CFTs and derive a universal formula for a pair of arbitrary boundary states.
As a byproduct, we find that the topological interface entropy for rational CFTs has a
contribution identical to the topological entanglement entropy on a torus.

KEYWORDS: Chern-Simons Theories, Conformal Field Theory, Topological Field Theories

ARX1v EPRINT: 2107.01797

OPEN AccESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP09(2021)015

RBAFEFHERY LS b

Kyoto University Research Information Ref

il


mailto:tatsuma.nishioka@yukawa.kyoto-u.ac.jp
mailto:takayana@yukawa.kyoto-u.ac.jp
mailto:yusuke.taki@yukawa.kyoto-u.ac.jp
https://arxiv.org/abs/2107.01797
https://doi.org/10.1007/JHEP09(2021)015

A Self-archived copy in

Kyoto University Research Information Repository TTERIA L %I
y |
https://repository.kulib.kyoto-u.ac.jp tg,He,ngmNﬁmln!ww

)
KYOTO UNIVERSITY

Contents
1 Introduction 1
2 Topological pseudo entropy in Chern-Simons gauge theory 3
2.1 Replica trick 3
2.2 Chern-Simons theory and modular S-matrix 4
2.3 Computation of partition functions in Chern-Simons gauge theory 6
2.4 Topological entanglement entropy on S? with two excitations 7
2.5 Topological pseudo entropy on S? with four excitations 9
2.5.1 Case 1: j and j in A, the others in B 10
2.5.2 Case 2: two j’s in A, the others in B 11
2.6 Geometrical interpretation 16
2.7 Topological pseudo entropy on T? with Wilson loops 17
2.8 Possible definition of boundary states in Chern-Simons theory 19
3 Pseudo entropy in CFT 21
3.1 Conformal map 22
3.2 Chern-Simons calculation revisited 23
3.2.1 Casel 23
3.2.2 Case 2 24
3.3 Relation to interface entropy in two dimensions 26
3.3.1 Compact scalar theory 28
3.3.2  Free fermion 29
3.3.3 Topological interface 30
4 Left-right pseudo entanglement entropy 32
5 Conclusions 34
A Modular properties in SU(2) case 36
B Multi-boundary states in Chern-Simons theory 37

1 Introduction

Entanglement entropy has played an important role as a useful quantum order parameter
in various quantum many-body systems [1-5]. In particular, the topological entanglement
entropy [4, 5] can characterize topologically ordered phases. A prominent example of topo-
logical field theory is a three-dimensional Chern-Simons gauge theory, where the topological
entanglement entropy can be computed by the famous surgery method [6] as first shown
in [7]. Refer to [8-16] for further developments.
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Recently, a quantity called the pseudo entropy was introduced in [17], mainly motivated
by finding a counterpart to a generalization of holographic entanglement entropy [18-22]
to Euclidean time-dependent backgrounds. The pseudo entropy itself is a generalization
of entanglement entropy that depends on both the initial state |1)) and the final state |p),
defined as follows. Let [¢),|p) € Ha ® Hp be unnormalized states satisfying (p|y) # 0.
Define the transition matrix as

e = 10 el 1)
{olv)
and its reduced version as
T}é’“ﬂ =Trp {TW@] . (1.2)
The pseudo Rényi entropy is
m) (e — 1 D\
S (TA ) _71_n10g Tra [(TA ) } ) (1.3)

and we define the pseudo entropy by taking a limit n — 1:
Vo) — 1 Yo\ _ Y| Y|
S(TA('O> :%1_)11115(”) (TA SD) =—Try |:TA¢10gTA ﬂ . (1.4)

Since the transition matrix is not Hermitian in general, the pseudo entropy can take com-
plex values. This guides us to define the following real-valued quantity

AS™) (r41¢) = % (S0 (7419) 4 80 (7517) — s (419) — 50 (759)] . (15)

*
where note the relation S (lew) = 5 (T}f'w) and the fact that the latter two terms
are the standard entanglement Rényi entropy for |¢) and |¢), respectively. In other words,

AS (741%) = lim A (741%) (1.6)

is the difference between the real part of the pseudo entropy and the averaged entanglement
entropy.

In [23, 24], the pseudo entropy was numerically evaluated for the Lifshitz free scalar
field and for Ising and XY spin models. These calculations showed that the difference
AS (TX'“O) always takes non-positive values when [1) and |p) belong to the same phase.
However, it turns out that when the two states are in different quantum phases, the differ-
ence typically takes positive values. This implies that the pseudo entropy can distinguish
two different quantum phases. A heuristic explanation of this interesting behavior was
given in [24] based on holography, where an anti-de Sitter space emerges in the gravity
dual along the interface between two quantum phases, which enhances the pseudo entropy.

Motivated by these, the purpose of the present paper is to introduce a pseudo entropy
extension of topological entanglement entropy, which we call topological pseudo entropy.
We will explicitly evaluate the topological pseudo entropy in various examples in three-
dimensional Chern-Simons gauge theory. We will also point out that the pseudo entropy



A Self-archived copy in

|9y N Kyoto University Research Information Repository KUIRENAL %I
 KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp tg,He,BmgmNoﬁoln!mm

in a class of specific setups is equivalent to the interface entropy [25-33] in conformal field
theories (CFTs). We will also provide and evaluate a pseudo entropy extension of the
left-right entanglement entropy [16, 34, 35] in CFTs.

This paper is organized as follows. In section 2 we calculate the topological pseudo
entropy in various setups of a three-dimensional Chern-Simons gauge theory and provide its
interpretations in the light of quantum entanglement and geometry. In section 3, we explain
how to calculate the pseudo entropy in CFTs via conformal transformations and show that
the pseudo entropy in a special case of CF'Ts is equivalent to the interface entropy. In
section 4, we introduce the pseudo entropy extension of the left-right entanglement entropy.
In section 5, we summarize our conclusions. In the appendix A, we provide explicit values
for the SU(2) Chern-Simons gauge theory. In the appendix B, we evaluate the pseudo
entropy for multi-boundary states in Chern-Simons gauge theory.

2 Topological pseudo entropy in Chern-Simons gauge theory

Consider the three-dimensional Chern-Simons gauge theory with the gauge group SU(N)
at level k. The partition functions of the Chern-Simons theory with Wilson lines can be
calculated from the knowledge of two-dimensional (2d) conformal field theory of Sm) &
Wess-Zumino-Witten (WZW) model [6] as quantum states in the Chern-Simons theory
correspond to the conformal blocks of the 2d CFT. First we explain how to calculate
pseudo entropy in Chern-Simons theory from section 2.1 to section 2.3. Next, we calculate
the entanglement entropy or the pseudo entropy for states on S? with two excitations in
section 2.4 and four excitations in section 2.5, and states on T? in section 2.7. In section 2.6,
we consider the geometric interpretation for pseudo entropy from the above calculations.
Finally in section 2.8, we consider the definition of boundary states in Chern-Simons theory
by analogy with boundary conformal field theory (BCFT) for comparison with the results in
later sections. We investigate another example of multi-boundary states in Chern-Simons
theory in appendix B.

2.1 Replica trick

Before considering the Chern-Simons theory, we review how to compute the pseudo entropy
in quantum field theory. We can compute the pseudo entropy on a spatial region 3 = AUB
as well as the entanglement entropy by using the replica trick. We consider a Euclidean
field theory with an action I[®], where ® is the collection of fields. We prepare the two
states 1) and |¢) by inserting operators O, and O, respectively to the path integral on
the past of X:
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where ®; is a boundary condition of ® on ¥ and |®) is a state on ¥ defined by ®|s; |Bo) =
@ |Pg). The vertical direction in the figure is the imaginary time. The inserted operators
Oy and O, may be collections of line operators like Wilson loops as well as local operators.
The inner product is given by gluing the manifolds for |¢)) and |¢) along ¥ and integrating
over the boundary condition:

(el = [ Do (¢l0) (Bol) = - (23)

We call the resulting manifold M. Then we can interpret (p|¢) as a partition function
on M in the presence of Oy and OJLP, so we denote it by Z [Ml; Oy, OH.

Next, we evaluate Tr4 [(Trp |¢) (¢|)"]. A partial trace over B corresponds to the gluing
only over B, thus the unnormalized version of the reduced transition matrix is

#1° =Tep [19) (el) = [ D{ola) (100) (@ols) =

|l

To compute the n' power of %Z , we prepare n copies of the manifold in (2.4) and glue

them along the subregion A cyclically:

We denote the glued manifold in (2.5) by M,, and the partition function on M, by
Z [Mn; Oy, OH. Finally we obtain the pseudo entropy

Sl

o Z| M0y, 0f] ‘

log Tr 4

n—11—n

(2.6)

=0 %8y (Mi:0,, 0"

2.2 Chern-Simons theory and modular S-matrix

The Chern-Simons theory on a 3d manifold M with gauge group SU(V) is defined by the
action

k 2
ICS[A]:—i—/ tr[A/\dA—I—A/\A/\A], 2.7)
41 J m 3
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where A is a connection one-form and the trace is taken over the Lie algebra associated
with SU(N). A prefactor k, which has to take an integer value for gauge invariance, is
called the level of the Chern-Simons theory. Since the action does not depend on the
metric, Chern-Simons theory is a topological field theory. Topological invariance is such a
strong property that we can obtain a lot of information from the invariance. We will focus
on observables that are also topologically invariant, i.e., Wilson loops, defined by

WalA] = trp P exp </CA> , (2.8)

where the trace is taken over the representation space of a representation R of SU(N), P
means the path ordered integral along a closed loop C.

We can evaluate the partition function of a Chern-Simons theory by using the fact that
there is a duality between Chern-Simons theories and WZW models [6]. Before describing
the duality, we recapitulate several notions about WZW models. Let x;(7) be a character
of a WZW model on a torus with a complex structure 7, where 7 denotes an integrable
representation of an affine Lie algebra Sﬂ) i~ The modular invariance of the theory
amounts to the transformation law for the character:

xi(—1/7) = ZSij X;(7), (2.9)

where S;/ is called modular S-matrix, which is a unitary and symmetric matrix,
j . A ,
Sost(sh) =00, sT=5. (2.10)
!

Moreover, the square of the modular S-matrix is identical to the charge conjugation C:

Yostsi=cf =67, (2.11)
l

where j denotes the charge conjugate representation of j. This leads to the identity S;/ =
=\ * ;
(Sij ) . In particular, we find that the matrix element Sy° = S;° is real valued for any i.

—

For an example of SU(2),, WZW theory, the modular S-matrix can be written as

, 2 m(2i 4+ 1)(25 + 1)
g —
S; g Sln[ 2 ,

(2.12)

—

where the subscripts i, j = 0, ..., k/2 label the integrable representations of SU(2), and 0
denotes the identity representation. Note that S-matrix for S/U\(Q) i is real. We summarize
the properties and several explicit values of SU(2) S-matrix in appendix A.

There is another important relation between the modular S-matrix and the fusion

coefficients N;;*, known as the Verlinde formula [36]:

k
Nt =S 55 (s1), (2.13)
ij = Sol ) .
l
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or equivalently

Skm Sm §.m
N;* =
; J S()m Som S()m

(2.14)

Regarding N;;* as the (j, k)-component of the matrix N;, $;™/So™ in (2.14) is an eigenvalue
of N;. In particular, m = 0 yields the largest eigenvalue

S’

di — a0
So?

(2.15)
called quantum dimension for the representation i. Note that Sp° and S;° are real, so that
the quantum dimensions are also real. The total quantum dimension is defined by

1
D= /Z |d;|2 = 50 (2.16)

The second equality in (2.16) follows from the unitarity condition (2.10).

Finally let us describe the duality between Chern-Simons and WZW theories. Consider
a Chern-Simons theory with Wilson loops and take a spatial submanifold ¥ ~ S?. When
¥ has some intersections with Wilson loops W, [A], the Hilbert space on ¥ is given by

Hs, = Inv (@%) : (2.17)

where Z; denotes the representation space of an integrable representation R;, and “Inv”
means that it takes only the invariant subspace. The subscript ¢ in (2.17) runs over all the
intersections of Wilson lines and X. In particular, if there are no intersections, then the
Hilbert space is one-dimensional.

2.3 Computation of partition functions in Chern-Simons gauge theory

With the input of the modular properties of 2d CFTs, we can evaluate the partition func-
tions in Chern-Simons theory by Witten’s method [6].

We cut a manifold M along a submanifold ¥ ~ S? into two parts M’ and M”. When
> has no intersections with any Wilson loops, the Hilbert space on X is one-dimensional
by (2.17). Therefore we can attach a hemisphere to each of the cross-sections, then we have

Z M) Z M

M=

(2.18)
Figure 1 shows this relation graphically. We can apply this method also to the case where
¥ has two punctures R; and R; because the Hilbert space is one-dimensional. We consider
the case M = S? x S! including two Wilson loops wrapping along S'. Applying the above
method, we obtain

7 [s? x S%R,-,R]} =57 (2.19)
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Figure 1. A manifold can be decomposed into two by cutting it a half and attaching hemispheres
to each of them.

Next, we would like to evaluate a partition function on a sphere S?. This can be
obtained by gluing two solid tori along their common boundary T2. When we glue the two,
we perform the modular transformation for one of the tori as depicted in figure 2. Thus
the partition function on S? without any Wilson loops becomes

Z [Sﬂ =3 &7 [SQ x SI;RZ-] =S (2.20)

Moreover, the S? partition function with a single Wilson loop in a representation R; and
that with two linked Wilson loops in representations R; and R; are given by
Z[$%Ri| = 8o,
, (2.21)
Z 8% L(Ri, Ry)| = S/
Figure 2 shows the calculations for these results.

By using these results and (2.18), we can calculate the partition functions with multiple
disconnected Wilson loops. For example, the S? partition function with two disconnected
Wilson loops in representations R; and R; (see figure 3) is computed as

S Sy

Z[S3;Ri,Rj}_ S0 (2.22)

2.4 Topological entanglement entropy on S? with two excitations

Before we go to our main target of topological pseudo entropy, we would like to start with
the calculation of topological entanglement entropy in a simple setup. Refer to [7] for more
extensive analysis. We consider a setup where a state [¢)) is defined by a path integral
on a hemisphere B? such that on its boundary S?, there are two quasi-particle (i.e. anyon)
excitations one of which is in a representation R; and the other is in R; of Sm) 1:» S0 that
they form a singlet. We choose the subsystem A on the sphere S?, such that A includes
the excitation in R; and its complement B does that in R;.
The entanglement entropy

S(pa) = —Tra[palogpa] , (2.23)
of the reduced density matrix
pa=Trp {m} (2.24)

can be computed via the replica trick we reviewed in section 2.1.
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Figure 2. The modular transformation in Chern-Simons gauge theory and the evaluations of the
partition functions with Wilson loops. The horizontal solid tori have a complex structure 7 while
the vertical ones have —1/7. The dot means the gluing along the torus on the boundaries of two
solid tori.

Figure 3. We can calculate Z [S% R;, R;]| by applying (2.18) and (2.21).

We can construct the state |¢)) by a path integral over B3 inserting a Wilson line
operator ending on the excitations (O, = Wg, in (2.1)). The partial trace over B can be
performed by gluing only the subregion B of S? and the product of two p’s can be done by
gluing the subregion A, then Tr4 [(Trp |t) (1])"] becomes a partition function on S* with
a Wilson loop. Figure 4 shows the calculation of n = 2 case. Divided by the normalization
factor, we obtain

7 [S% R;
Tra[pi] = [ ]

= R (2.25)
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A B B A A B B A
¥) (¥l [¥) (¥l

Figure 4. We can calculate Tr4 [(TrB [1) <¢|)2] by gluing B with the neighboring B, corresponding
to taking the partial trace over B, and A with the neighboring A, corresponding to the product of
pa. The last A is glued to the first A, corresponding to the trace over A.

Tra [(Trp [¢) (¥])?]

Thus, the topological entanglement entropy is given by

S(pa) = log Z [S% Ry
= log S’ (2.26)
= —log D +logd; .

If we do not insert any excitation, we have by simply setting d; = 0,!

S(pa) =log Z |$?|
= log Sp° (2.27)
=—logD .

This vacuum topological entanglement entropy is related to the total quantum dimen-
sion [4, 5] and is expected to measure the degrees of freedom of edge modes, which is
analogous to the area term in the holographic entanglement entropy. When we add an
anyon, the topological entanglement entropy increases by the amount of log of the quan-
tum dimension as in (2.26).

2.5 Topological pseudo entropy on S? with four excitations

We consider the case that the spatial region is S?, which is divided to two subregions A
and B as the figures show in (2.28) and there are four excitations. For simplicity, we only
consider fundamental (called j) or anti-fundamental (called j) excitations. For the total
charge to vanish, two of the four excitations must be fundamental and the others must be
anti-fundamental. There are then two possible cases: 1) a pair of j and j in A and the
other pair in B, and 2) two j’s in A and two j’s in B. We prepare these states by the
path integral. The excitations will be the edges of Wilson lines. There are many ways to
connect the excitations so that the Wilson lines make some knots. In what follows we will
show they give rise to nontrivial contributions to the pseudo or entanglement entropies.

'In d = 3 dimensions, the pseudo entropy can have an area law UV divergent term. In the Chern-Simons
theory calculation, however, the partition function is a topological invariant, i.e., independent of any scale,
after renormalizing the UV divergence in an appropriate scheme [6]. Hence in this case the pseudo entropy
is free from the area law term and becomes scale independent.
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2.5.1 Case 1: j and j in A, the others in B

In this case, there are two configurations of Wilson lines which end on one j and one j.
We set |¢) and |p) as

A B A B

) = e = (2.28)

We first calculate the entanglement entropies of |¢)) and |¢). For |[¢), Tra [(ﬁﬁ)n}

equals to the partition function on S? that includes 2n Wilson loops in the representation
R;. Thus

(v ISR 2
Tra [(pA> } B (Z S5 R /Z [S3]>n

_ g [Sﬂ 1-n (2.29)
_ (Soo)lfn
Since Sy° = D!, we have
S (pﬁ) = —logD . (2.30)

For |p), Tra [(5%)"] equals to the partition function on S? that includes two Wilson loops:

Z[8% R)]* /2 [8)
(zs% R /2 [89)"

Tra [(09)"] =

L (2.31)
RGO
=75 )
Therefore, we have
S (p%) = —logD + 2logd, . (2.32)
Next, we calculate the pseudo entropy of the reduced transition matrix:
vlp %) (w}
. { . (2.33)
4 (pl)

Tra [(ﬁé}lw)"} equals to the partition function on S?* with n Wilson loop, so

ny Z[S%R™ /7 [$3"
()] 2

= (s0) "

~10 -
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Therefore, the pseudo entropy is
S (74¥) = ~logD . (2.35)
In this case the difference of the pseudo entropy from the entanglement entropy is negative:
AS = —logd; <0 . (2.36)

The results (2.30), (2.32), and (2.35) are easily interpreted as follows. |¢) is not
entangled since no Wilson lines connect A and B, so that S (pﬁ) has no non-topological
contributions. On the other hand, S (p%) has the term 2logd; because |¢) is entangled
due to the Wilson lines connecting the two points A and B. As shown in [17], the pseudo
entropy is zero when either state has no entanglement. Now [¢) has no entanglement, so
S (Tjﬁ'w) has no terms other than the topological term.

2.5.2 Case 2: two j’s in A, the others in B
We define states [1),) (a € Z) as follows. First we define at a =0

[vo) = ‘ (2.37)

Then we define [1,) (a € Z4) by twisting the region B a times:

N ‘ N ‘ R

On the other hand, we define [¢,) (a € Z_) by twisting the region B |a| times in the
opposite direction:

‘ ‘ “. (2‘39)

In other words, [¢,) is a state which has |a| crossings. We would like to calculate the
pseudo entropy of the transition matrix:

alb — |%a) (¥l

l) (2.40)

KURENAI #1
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The unnormalized reduced transition matrix %Z'b = Trp||[ta) (¥p]] is

J |a—b| crossings j

: (2.41)

which has the crossing number |a — b|. In the figure, A means the conjugation of A.
n
Therefore Tr 4 {(%Z'b) } has one or two Wilson loops with n|a — b| crossings.?

Here let us pause to compute the partition function on S with a crossing number m.
We call such a manifold as X,,. In this case, we also use a technique introduced in [6]. We
cut along a two-dimensional submanifold that intersects with Wilson lines for four times,
and we perform a twisting transformation on the cross section. Then we obtain three states
with different links. Since the Hilbert space on the cross section is two-dimensional due
to (2.17), these three states are linearly dependent, giving the skein relation:

aZz [Xm] +B8Z [mel] +vZ [meZ] =0, (2'42)

where we call S? including m-crossing Wilson lines X,,. Since now our gauge group is

SU(N) and Wilson loops are in the fundamental representation, the coefficients are?
a=—q%, B=qi-q i, y=q %, (2.43)
where we define ¢ = ¢2™/(N+k)  Then we obtain the recursion relation
Z[Xn) 447 % Z[ Xl =q 7 (Z[Xmal 4077 Z[Xmoa]) - (2.44)

Solving this relation with the initial conditions Z[Xo] = 8§°d? and Z[X1] = S,"d;
we have

Z(Xm] ; _x-1ym [N +1][N] _niiym [N][N = 1]
st Ty ) Ty e
where
[2] = 7(1? — qf : (2.46)
q2 — q 2

and the quantum dimension is d; = [N]. This is what we have wanted to obtain.

*When n|a — b is even, there are two Wilson loops while there is one Wilson loop when n|a — b| is odd.

3In fact, those coefficients depend on the choice of the “framing”. The framing of Wilson lines in S® can
be chosen to be canonical in the sense that the self-interaction numbers of the links are zero. The result
Z | Xm] /Z [X1]™ does not depend on the choice of the framing.

- 12 —
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It follows from (2.45)

Toy [(r49)" _ Z|Xieim
(o o

1\ la=bln pry g _1\la=bln 1n_q (2.47)
o0 (@)t (aE)T T
= (8" [V]) - e
1\ la=bl [y 1) _1\la=bl [n_q
(¢%) o+ (—a77) 2]
When a = b,
a\n 0ran2\ "

Tra [(p%)"] = (So° IVP?) (248)
where we have defined p% = Tzla and used the relation [N] = [I\E U4+ UE 1. Then the
entanglement entropy becomes independent of a:

S (p%) = —logD + 2log [N] . (2.49)

We are now ready to calculate the difference AS of the pseudo entropy from the
averaged entanglement entropy, defined by

soo 1 2, Tl ] ()]

2 On Tra [(p%)"] Tra {@%)”}

Here the argument of the logarithm is

trea [(74")] e [(5°)]
Tra [(p4)"] Tra [(0%)"]
[N + 112+ [N = 12 4+ 2 (= 1)lebm cos (2t ) [V 1] [NV — 1]
[N+ 1024+ [V = 112 + 2 (=)=t cos (2 ) [N + 1] [N —1]] "
(2.51)

(2.50)

n=1

= (V] 21"V

Now we analytically continue n in (2.47) or (2.51) to real numbers. However we
have to be careful because the phase factor (—1)I*~%" depends on the way of analytic

continuation. In the followings we compute S (TZ'“O) and AS in two different prescriptions

la—bln _— eiﬂ'|a—b|n and

of analytic continuations: (1) a naive prescription by deforming (—1)
(2) restricting n to odd numbers and then analytically continuing to real numbers, which

is similar to the replica method for the logarithmic negativity [37].

(1) A naive prescription. When |a — b| is even, (—1)l*~%" = 1 for any integer n.
Therefore there is no ambiguity due to the choice of the prescriptions. Thus the pseudo
entropy takes the form:

S (Tf\\b) = —logD + log H];ﬂ + log [qa2b [N +1] + q—@ [N —1]

la—b] la—b|

Tla—blq¢g 2z [N+1]—q 2
[a—b] [a—b]
NHk % [N +1]4¢ 7 [N -

(2.52)
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and AS becomes

AS = —log ([N][2]) + % log [[N+ 112+ [N — 1) 4 2 cos (W) [N 4+ 1][N —1]
27 |a — b sin (QTEJi;bl) [N+ 1] [N —1]
NAE [N412+ [N =12 +2 cos () N+ 1] [N - 1]

(2.53)

im |a—b|

When |a — b] is odd, the factor (—1)/*~%I" remains. Deforming it to e ", the pseudo

entropy results in

S (Tj‘b) = —1logD + log HJZ]] + log [qa2b [N +1] — qf‘agb‘ [N — 1]]
mla—bl g T N1+ (- N = k) T N - 1) (2:54)
Ntk g N N
and AS becomes
AS = —log ([N][2]) + % log [[N + 1> + [N —1)* — 2 cos (W) [N+ 1] [N — 1]]
(2= N —k)r|a—b| sin(QmEb‘)[NH] [N —1]
N+k [N+ 12+ [N = 1]2 = 2 cos (52 ) [N + 1] [V —1]

(2.55)

In this calculation, we used the relation —1 = e'™. However, more generally it satisfies
—1 = l@mth)m (m € Z), which corresponds to choosing a branch of logarithm such that
(2m —1)m < Im[log z] < (2m + 1)7. The pseudo entropy and AS depend on which branch
we choose because of differentiating (—1)1%=1" with respect to n. While the usual entan-
glement entropy also depends on the branch, it does not affect the real part. Therefore, it
seems to be unnatural that the real part of the pseudo entropy, and AS, depends on the
branch. To avoid this obstruction, we have to use a prescription that does not include the
derivative of (—1)le~tIn,

(2) Restricting n to odd numbers. In the previous calculation, the obstruction is the
existence of (—1)I*~%I", Here we restrict n to odd so that (—1)4=" reduces to (—1)l*—*

and after that analytically continue n to real numbers.? In this case,

S (Tj‘b) = —log D +log [[[NQ]]] + log [qazb [N +1] 4 (=1)le= q*‘agb‘ [N —1]
i 7T|CL — b| q‘ag“ [N + 1] _ (_1)|a7b| q—@ [N ] (256)

—b| _ |a—b|

-1
N+k qu[N+1]+(—1)|a*b|q 2 [N—l,

]

*A similar method was used for the calculation of the entanglement entropy for Dirac fields [38]. Also

the logarithmic negativity calculation [37] employs the analytic continuation of even n. Here we simply
assume odd n in continuing to n = 1 as the (pseudo) Rényi entropy goes to the (pseudo) entanglement
entropy in the limit.
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la—b=3

k
600 800 1000

la—b=3

la—bl=1

Figure 5. The difference AS of the pseudo entropy from the averaged entanglement entropy as a
function of the levels kK when N = 5. The left panel shows AS of the form (2.57) by the second
prescription (2) of analytic continuation. The blue, orange, green and red curves represent the cases
with |a — b| = 1,2, 3,4 respectively. For comparison, the right panel shows AS of the form (2.50)
by a naive prescription (1) when |a — b| is odd. For even |a — b|, AS takes the same values as the
left panel.

and
AS=—log (V] [2))+ 5 log| [N+1]2 + [N -1 + 2 (-1 cos<2]7:,"‘+_]f‘> [N+ 1] [N_u}
. (_1)\a—b\ 27;\1@ —b| sin (27;\}121;\) [N +1] [i\f —_bl] ‘
R N2 4 [N=1]2 4 2(=1) o cos (2RAH) [V 4 1] [N - 1]

(2.57)

AS depends on a and b only through the difference |a — b| and highly depends on

whether |a — b| is even or odd through the sign factor (—1)l*=tl.

The left panel of figure 5
shows the difference AS for several choices of the level kK when N =5 (For comparison the
right panel shows AS calculated by the previous prescription only for odd |a — b| in the
right panel). The four curves represent the cases of |a — b| = 1,...,4. The figure shows
that AS can be positive only when |a — b| is even.

In the classical limit k£ — oo, [z] reduces to z, so

la — 0| : even

0
AS — (2.58)
—log N |a—b|:odd

Refer also to appendix B for the SU(2) case. This can also be seen in figure 5. We can
interpret this behavior as follows. Whether a is even or odd determines the pairs of the
excitations connected by Wilson lines in [i),) (see figures in (2.37)—(2.39)). Therefore if
la — b| is even, the pairs of excitations connected in |1),) and those in [¢3) are same, but
those are different if |a — b| is odd. Eq. (2.58) shows that the links of Wilson lines do not
contribute to the pseudo entropy in the classical limit. When |a — b| is even, AS goes to
zero because we can regard |¢,) and [¢}) as the same states in the classical limit. When
la —b| is odd, AS has a contribution from the difference of the pairs of excitations. In [17],
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n = odd n = even

—log D + log d; —log D + 2log d;

Figure 6. The partition function for the pseudo entropy with n odd and even and their values. In
the odd case, we can interpret that the two states are related by the entanglement swapping. In
the even case, it can be regarded as two copies of entangled pairs.

it was shown in multi-qubit systems that if [¢)) and |p) are related by an entanglement
swapping, then AS < 0. Moreover in the case of odd |a — b|, the result (2.58) can be
understood as a consequence of entanglement swapping (see figure 6).

Furthermore, it is also important that AS is non-positive in the classical limit. We can
see that AS can be positive (for a —b even) only when the quantum effect from the links of
Wilson loops give a huge contribution to the pseudo entropy. This is also consistent with
the results in the transverse Ising model [23] and the XY model [24]. In such situations,
AS plays a role of the order parameter diagnosing whether the two states |1)) and |p), used
in the definition of the transition matrix, are in the same phase or not. The transverse
Ising model, for example, has the paramagnetic and ferromagnetic phase, which are called
quantum phases because those phases are emergent only in quantum systems. Therefore,
we may conclude that AS captures the quantum-theoretic difference between the two states

[¥) and |p).

2.6 Geometrical interpretation

Motivated by the geometric formula of holographic entanglement entropy [18-20, 22], we ex-
plore a possible geometric interpretation of topological pseudo entropy in the Chern-Simons
gauge theory. Consider Wilson loops on S? and divide the sphere into two hemispheres.
The surface of each hemisphere is S? and we separate S? into two regions A and B along
a curve I'(= 0A = 0B).

When there are no Wilson loops, it is clear that the topological entanglement entropy
is simply given by

S (pa) = —n(T) log D, (2.59)

where n(I") is the number of connected components of T

If T is connected, i.e., n(I') = 1 and the I" intersects with only one Wilson line in the
fundamental representation (see the left of figure 7), it is easy to evaluate the topological
pseudo entropy:

S (1a) =logd; —logD . (2.60)
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Wilson loop W

Figure 7. The intersections between the entangling surface I' and the Wilson loops. The left panel
describes the setup with n(I' U W) = 1. In the right panel, we count it as n(I' UW) = 2.

However, it is not straightforward to find a simple formula in more general cases. Thus,
we focus on the semi-classical limit & — oco. In this limit, if I" is connected, we can find
the following simple result:

=Y ni(DNW)logd; —logD . (2.61)
J

We defined nj(I' N W) to be the number of the Wilson loops W in the representation R;
which wrap on T') as illustrated in figure 7. We may regard n(I' N W) as the number
of entangled pairs given by the Wilson lines. This is qualitatively similar to the holo-
graphic entanglement entropy, where the entanglement entropy is proportional to the area
of codimension-two surface like I". The holographic entanglement entropy suggests a heuris-
tic picture of emergent spacetime from quantum entanglement in that a Bell pair per Planck
unit area is expected to be penetrated on the codimension-two surface. Indeed in our topo-
logical entropy, the Wilson loop is linked with I'; which gives the contribution proportional
to logd;. On the other hand, the term proportional to —log D is analogous to the gravity
edge mode contribution.

2.7 Topological pseudo entropy on T? with Wilson loops

We move onto the case where the subsystem A is a cylinder on a torus T? and where there
is a Wilson loop in the interior of T? winding handle. This is depicted as the vertical
subsystem in the upper figure 8.

By the same calculations as [7], we have

Tra[(Trg [|R:) (R ])"] = Z {Sg;Rir(l_n)

— (50

5ij
’ (2.62)

7,) 2(1-n) 5

where |R;) is a state including a Wilson loop in the representation denoted by j. For
general unnormalized states

V) =D i), o) =D wilRi) (2.63)
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Figure 8. Topological entanglement entropy of states on a solid torus with a Wilson loop insertion.
There are two ways to choose the subsystem A on the surface; the vertical subsystem [Above| and
horizontal subsystem [Below].

the trace of the n'" power of the reduced transition matrix is

Tra [(Trp [¥) ( Z piti- it Tra[(Trp [|R) (Ril])"]

=waww)

- (2.64)

Thus

Y\ (i)™ (Soi)Q(l_”)
Try {(TA ) }: (X, o))" . -

This leads to the pseudo entropy given by

S (747%) = log |3 tvs

;i
(s0')°

When we consider the topological entanglement entropy for the Wilson line R; we have

Z pi; log (2.66)

S (pa) = 21og S’

(2.67)
= —2logD + 2logd; .

The difference AS' of the pseudo entropy from the average of entanglement entropy is
calculated by

| (ol 7
VW) (ele) i WP

oY
(s0')°
1 |l il

1
+3 sz:’%\zlog( ) +Z ‘<P |2Z‘ o Og(50>

AS =log

Z pir; log

(2.68)
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On the other hand, if we consider the horizontal subsystem in figure 8, the topological
entanglement entropy is found as follows. First, the replica method gives

Zo
Tral(pa)"] = ( Z2;n
= Z NE‘]lN’L]l‘jQN;]Q]B e Ngj2n74j2n73Nij2n_3i
JiseesJ2n—3 (2.69)
.12n
S;?

= Z 2n—2

7 |so’]

where Zs, is the partition function on S' x S? with n Wilson lines R; and n Wilson lines
R} winding around S!. Finally, we find the entanglement entropy

12

Sy
‘2 . (2.70)

Sa=—3"|s7[ 10g =
j ‘50]

We will see later that this coincides with a finite term of the topological interface entropy
in (3.44). We can also get (2.70) by setting ¥; = p; = Si/.

2.8 Possible definition of boundary states in Chern-Simons theory

Consider a path integral on a three-dimensional hemisphere or a ball in Chern-Simons the-
ory. We divide its boundary given by S? into A and B, such that they are two dimensional
hemispheres.

Now we can define the Ishibashi-type state |I;)) as the path integral on the three-
dimensional hemisphere B? with an open Wilson line with the representation R; such that
one of its end points is on A and the other is on B (see figure 9).> Obviously, they satisfy
the same relation as the Ishibashi-type states in boundary CFTs:

(Lil1;) = 6i5 So” - (2.71)

It is also straightforward to calculate the entanglement entropy S4 of |I;)) via the replica
trick and this leads to

Sy =logSy' = —logD + logd; . (2.72)
If we consider the linear combination state
W) =D i L),

2.73
) = willi) =

The TIshibashi-like state |I;)) we define in 3d Chern-Simons theory is different from the Ishibashi state
|i)) in 2d BCFT used in section 4.
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| Ishibashi-like state | Cardy-like state

Inner boundary
labeled by a

Figure 9. Analogues of boundary states in Chern-Simons theory. The Ishibashi-like state is defined
as a state on the surface (S?) of a ball where a pair of excitations is located across the common
boundary of the two regions A and B [Left]. On the other hand the Cardy-like state is defined as
a state on the surface of a ball with the inner boundary surface with a specific boundary condition
corresponding to (2.77) [Right].

then the transition matrix looks like
dlo _ Tra 1) (el] _ Sitvn Tra (1) (L]

. (2.74)
4 (plo) i 05 Si°
We can calculate the pseudo entropy
n (¥ inSiO
Ty ()] = 2SS (2.75)
(3 (ervn) s°)
leading to the expression
050 Si° log (i)
S (7419) =1og [ 05 ;i SiO] _ZivihiSi AL (2.76)
() =tos 32 il S
Next, we introduce the Cardy-type state byS (refer to figure 9)
S,
1Ba) =Y —= L) - (2.77)
R 50Z
It is easy to show that the Cardy-type states are orthogonal to each other
<Ba|Bb> = dab - (278)

Even though in physical two-dimensional CFTs, the Cardy-type state satisfied the open-
closed duality, the above result corresponds to the truncation to the lowest energy mode
of open string. If we calculate the topological entanglement entropy for |B,) we get
from (2.76)

N 2 (‘Sai)2
Sa==(S') log s (2.79)

7

SWhile the Cardy-like state |B,) satisfies the same relation (4.13) as the Cardy state |a) in 2d BCFT
they are different states.
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This is the same as the finite part of the left-right entanglement entropy (4.17) of the
Cardy state characterized by the boundary condition a in 2d boundary CFT examined in
section 4.

We can also evaluate the partition function on the hemisphere B3 with the boundary
condition of | By):

7 [B% Bu] = (10| Ba) = 8°/&° (2:80)

We define the g-function by

Ga = <<j0’Ba> = Saoa (2.81)
where |Iy)) = —— |Io)) is the normalized vacuum state. Then we have
So°
Z [1333;34 =1/8° ga . (2.82)

Note that the partition functions we have obtained above satisfy

78} =%z [15%3;34*2 B B,] , (2.83)

which can be regarded as a completeness relation for |B,).

Finally, we calculate the entanglement entropy of the vacuum state on a disk D? with
the Cardy-type boundary condition. By (2.82), the resulting entanglement entropy takes
the form

1
log Z [BS;BG} = ilogZ [Sﬂ +log g, - (2.84)
The second term is analogous to the boundary entropy in BCFT. Indeed, the form
1
log Z [B; B,| — 5log Z ] (2.85)

is proposed to be a candidate for a C-function in 3d [39] and 4d [40], and it was shown in
d-dimensional BCFT that the boundary entropy is defined by Spqy = S (BCFT) _ g(CFT) /2
equals to (2.85) up to a UV divergence [41].

3 Pseudo entropy in CFT

We switch gears and move to examining the pseudo entropy for a simple choice of the en-
tangling region in CFT. In section 3.1 we review the Casini-Huerta-Myers (CHM) map for
a spherical entangling surface on R?, and describe the pseudo entropy as the path integral
on S' x H?!. In section 3.2 we illustrate the application of the CHM map by showing
the calculation of the pseudo entropy in the three-dimensional Chern-Simons theory, re-
producing the results in section 2.5 from a slightly different viewpoint. We then expand on
the relation between the pseudo entropy and interface entropy in CFTy, which allows us
to read off the pseudo entropies of non-topological theories from their interface entropies
in section 3.3.
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[¥)

Figure 10. The spherical entangling surface ¥ = JA at a time slice (¢ = 0) in flat space R%.

3.1 Conformal map

We begin with reviewing the CHM map [42] that equates the entanglement entropy across
a sphere in CFTy to the calculation of the partition function on S% or S! x H?~1,

In what follows, we bipartite a constant time slice into two regions A and its comple-
ment B in flat space R¢ with the metric:

dsdy,, = dt? + dr? +r2dQ2 ,, (3.1)
and let the entangling surface I' = 9 A be spherical (see figure 10):
'={t=0,r=R}. (3.2)
The flat space is conformally equivalent to S' x HY ! with the metric
dsfryp = dr° + du® +sinh® udQj ,, (0<7<2m 0<u<o0), (3.3)

by the CHM map [42]

sinT sinh u
=R——M—, r=R——— . (3.4)
cosh u + cos T coshu + cos T
Indeed, the two spaces are related by
dsty,, = QF,, ds? Qnyp = R (3.5)
Flat Hyp =“Hyp - YP o coshu +cosT '

In the latter geometry, the replica geometry can be given simply by scaling the periodicity
of 7 by n. The entangling region A (and its complement B) is mapped to the time slice at
7 =0 (and at 7 = 7) and I is pushed to the infinity of the hyperbolic space (see figure 11):

F={r=0,u=o00}. (3.6)

Now let us turn to the pseudo entropy between two states |¢) and |p). To prepare

the transition matrix TZW we use the Euclidean path integral where the ket state |¢) is
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u =00 u = 0o
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Figure 11. The Euclidean configuration for the pseudo entropy across the spherical entangling

surface after the CHM map [Left] and the path integral representation of the transition matrix ijlcﬁ
[Right].
represented as a path integral from ¢ = —oo to ¢ = 0 while the bra state (¢| represented

as a path integral from t = 0o to ¢t = 0 in the flat space. After the CHM map, each state
covers half of the cylinder as in figure 11:

(p|: T7€][0,7], [): T € [m,2n] . (3.7)

With this in mind the n'" pseudo Rényi entropy defined by (1.3) is calculable from the
path integral representation of the replica partition function:

Tr 4 [(TZJI@)”} = (ZZ((S))H, Z(1) = (plv) . (3.8)

3.2 Chern-Simons calculation revisited

To illustrate the application of the CHM map, we revisit the pseudo entropy in the three-
dimensional Chern-Simons theory considered in section 2.5. Hence, we focus on states with
two excitations in the entangling region A and the other two excitations in the complement
in the Chern-Simons theory. Corresponding to the two cases studied in section 2.5 there
are two configurations depending on whether the two excitations in A are in the same
representation or not as shown in figure 12.

3.2.1 Casel

We begin with the case with two excitations in the fundamental representation R; inside
A and two excitations in the anti-fundamental representation R;. The two states [¢), [p)
given by (2.28) are conformally equivalent to the configuration in figure 13.

The replica partition function can be given by gluing n copies of the transition matrix
cyclically along 7, resulting in a cylinder of circumference 2n (times H?) with n disjoint
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/> |

Figure 12. The spherical entangling region with two excitations inside and the other two outside.

There are two configurations: (1) two excitations in A are in the same representation [Left], (2)
two excitations in A are in the conjugate representation to each other [Right].

7— . —

il

Figure 13. The path integral representation of the transition matrix TXJW for the case with two
excitations in the fundamental representation inside A. We draw only the two-dimensional space
parametrized by the coordinates 7 and wu.

Wilson loops inserted. The replica manifold is topologically S?, so we find

Z(n) = Z [$%RE"| (3.9)

One can simplify the right hand side to a product of the partition functions on S* with one
Wilson loop insertion using the relation (2.18):

Z [S% R;]"
Z [S3]
Hence we find the pseudo entropy of this configuration:
S (741%) = log Z [
(74) = og 2[§] (3.11)

=—logD,
which reproduces the previous result (2.35).

3.2.2 Case 2

Next we move to the second case with two excitations, one in the fundamental represen-
tation and the other in the anti-fundamental representation inside A, and take the two
states 1), |p) as in figure 14. This configuration corresponds to the choice of the states

|1} = |1o) and |p) = |11) in section 2.5.2.
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2w

Figure 14. The path integral representation of the transition matrix TZW’ for the case with two
excitations, one in the fundamental representation and the other in the anti-fundamental represen-
tation inside A.

In this case, the replica partition function falls into two classes depending on whether
n is even or not.

n: even. When n is even the replica manifold is topologically equivalent to S? with two
Wilson loops inserted with linking number n/2:
Z(n) = Z [$% R?|
[N] [ _(N=Dn _ (N+Dn }
=— N+1 N -1
P | IV T 1))

where we use (2.45) in the last line. If we analytically continue even n to a real number

n/2 link:|
(3.12)

and calculate the pseudo entropy from the above partition function, we find

S(TXW) = —logD + log {[[J;TH + log [q% [N+1]+q7% [N - 1]}
o gz [N+1]—q 2 [N —1] '
N4k g3 [N+1]+¢ 2 [N—1]

n: odd. When n is odd the replica manifold is topologically equivalent to S? with one

(3.13)

Wilson loop inserted with n crossings (self-intersection at n points):
Z(n)=2 [83;Rj|
[N] |:(N1)n _ (N+D)n :|
= N +1] - N -1
AR T A | B

where we use again (2.45) in the last line. By analytically continuing n to a real number,

n crossing}

(3.14)

the pseudo entropy is calculated to be

S(TXW’) = —logD + log {[[J;ﬂ + log [q§ [N +1] —qz [N — 1”
T @z [N+1]+q¢2[N-1]
N+kgs[N+1—q2[N-1]

which reproduces (2.56) for |a — b| = 1 derived with the odd n analytic continuation.

[

(3.15)
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4”0 OCR > cr CR

V.
conformal map

Figure 15. The pseudo entropy for an interval in CFTs [Left] and the conformal transformation
to the cylinder [Right].

3.3 Relation to interface entropy in two dimensions

The argument for the CHM map slightly differs in two dimensions from the one given in
the previous section. To be concrete, we consider an interval A = [u,v] on R at time slice
t = 0 and prepare two different states (¢| and |¢)) in the Euclidean path integral. Using a
transformation

w Z—U
= 3.16

the original space (parametrized by the complex coordinates z) can be mapped to a cylinder
of circumference 7 ~ 7+ 27 with the coordinates w = o +i7 as in figure 15. This is indeed
a conformal map as seen from the transformation of the metric:

v—Uu

2
4 sinh(w/2) sinh(zb/Q))

dzdz = ( dwdw . (3.17)
Note that the left and right boundaries correspond to the boundaries of the disks
around the endpoints of A which play a role of the UV cutoff in calculation of the partition
function. Then Z(n) is given by the partition function on the replica manifold which can
be constructed straightforwardly by gluing n copies of the strip as in figure 16.
It is sometimes useful to make a further map from the cylinder to a sphere by the
following coordinate transformation:

1
sin? ¢

dwdw = do? + dr? = |dg? +sin® g dr?] | (3.18)

where o = logtan(¢/2) with ¢ € [0,7]. Combining the two transformations, we find the
map from the original space to the sphere:

v—u
2(1 — cosTsing)

dzdz = Q(¢, 7)2 [dqs? + sin? ¢d¢2} . Q (3.19)

A closely related measure to the pseudo entropy is the entanglement entropy across
a conformal interface, also known as interface entropy. We here consider a restricted case
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Figure 16. The replica partition function Z(n) for the pseudo entropy.
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Figure 17. The entanglement entropy across a conformal interface Z (interface entropy) in two
dimensions [Left]. The entangling region A is taken to be a half line right to the interface Z. The
configuration can be mapped to the cylinder by a conformal transformation [Right].

where two different states |¢)) and |p) in CFTy are glued along an interface Z at the origin
of a time slice as in figure 17. The interface entropy is the entanglement entropy for the
entangling region A extending from the origin to the right, which quantifies the difference
between the two states [25].

Using a canonical conformal map from flat space to a cylinder and gluing n copies
along the entangling surface one obtains the replica manifold as a cylinder of circumference
T T + 27n with n interfaces inserted at specific locations (see figure 18):

I:{r—(%;m, (i—1,2,---,2n)} . (3.20)

Compared with figure 16 this is the same replica manifold as the pseudo entropy in the
previous subsection with 7 shifted by /2. Hence, we establish the equality between the
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Figure 18. The replica partition function for the interface entropy.

(5 12 (4

0 (¢

¥

Pseudo entropy Interface entropy

Figure 19. The pseudo entropy and interface entropy across a hyperplane. Their replica manifolds
are the same up to the 7 shift by 7 /2.

pseudo entropy and interface entropy in CFTs:
T .
S (T:f:‘fnterval) = SA: half-line mn CFTQ . (321)

More generally, taking the entangling surface to be a hyperplane in flat space the
pseudo entropy equals to the interface entropy in any QFT in d > 2 dimensions:

S (ijltp> =52 for T=0A:{z"=2'=0}. (3.22)

This is clear from figure 19 where one sees the replica manifold of the former is obtained
by rotating that of the latter by 7/2 degree.

3.3.1 Compact scalar theory

We calculate the pseudo entropy between ground states of massless compact bosons of
different radii Ry and Ry in two dimensions. When the entangling region is an interval it
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amounts to the entanglement entropy across an interface between the two compact boson
theories as we saw in section 3.3.

There are four types of conformal interfaces I,itl k, 1abeled by & and their conjugates,
which act as intertwiners from one side of a free boson theory to the other. The pair of
relatively prime numbers (ki, k2) can be interpreted as the winding numbers of D-brane
along the two cycles of the torus parametrized by two compact bosons.

We focus on the case with I,jl k, and read off the pseudo entropy from the result of [25]
for the interface entropy by translating the parameters appropriately:

+ L
§%is (7419) = g, (|sin(20..)]) log () ~log [kika|, (3.23)
€
where L = v—u, € are the lengths of the interval and the UV cutoff for the pseudo entropy,
respectively. The parameter 6, defined through the relation

koRo

22 3.24
R (3.24)

tanfy =
controls the transmittance of the interface. The function og(x) defined by

+ g + % [(z+1)log(z+ 1) logx + (x — 1) Lia(1 — x) + (z + 1) Lia(—x)] ,
(3.25)

D=

os(z) =

interpolates between o4(0) = 0 and 04(1) = 1/3 monotonically.

3.3.2 Free fermion

The entanglement entropy across a conformal interface in the Ising model in two dimen-
sions was investigated in [28]. Interfaces in the Ising model can be described as boundary
conditions in either the Zs-orbifold theory of a free boson or the real Majorana fermion
theory. In the latter description, there is an independent set of interfaces: NS, R, and neu-
tral interfaces, labeled by a parameter ¢ controlling their transmittance. It follows from
the result of [28] the pseudo entropy for the NS interface becomes

L
$ (7417) = o (| sin26) 1os (7 ) (3.26)
€
where the function o¢(z) defined by
-1 1
of(x) = ? 6 T [(x+1)log(z+1) logz + (x — 1) Lia(1 — z) + (z + 1) Lia(—2)] ,

(3.27)

interpolates between o¢(0) = 0 and (1) = 1/6 monotonically. The pseudo entropies for
the R and neutral interfaces are also given by

SR (TZI«J) _ gNs (T;‘W) ’

Sneutral (TZJW) _ SNS (lew) “log?2 . (328)
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3.3.3 Topological interface

Suppose we are given two CF'Ts glued along a straight line C. To preserve a part of the
conformal symmetry, the energy flow perpendicular to C has to be continuous:

T _ 70|, = 7@ _ F@)|, | (3.29)

The gluing line C may be seen as an defect operator Z intertwining the Hilbert space H(!)
of one theory with the other H(?). The condition (3.29) implies that such an operator
satisfies the commutation relations:

(L - T=7 (L@ - L) . (3.30)

Finding solutions to these relations is a hard problem, but it simplifies if the defects satisfy
stronger conditions:

tWz=zr®  LWz=1L? . (3.31)

Since they commute with all the Virasoro generators, their locations can be moved freely,
and hence 7 becomes topological.

Topological defects have been extensively studied in a rational CFT (RCFT) whose
Hilbert space takes the form:

H= @ M; Vi ® 1_)3 ) (3.32)

irj
where i and j label (a finite number of) irreducible representations V; and f/j of the Virasoro
algebra in chiral and anti-chiral sectors respectively and M;; is the multiplicity of the pair
representation (i, j) appearing in the spectrum of the theory. In this case, the topological

defects between two RCF'Ts with multiplicity matrices M @)

i and MZ(;) can be written
as [29, 43]

Ix =) dgi P, (3.33)

where K labels types of topological interface and i = (i, j; a, 3) is the index for the projector

P! intertwining between a representation (Vi ® ff;) @ witha=1,--- ,Mi(jl) of one RCFT
-\ (B

to another representation (Vi ® V;)( ) with 6 =1,--- ,MZ.(;) of the other RCFT.

When the two CFTs are isomorphic and hence Mg) = Mg), hence for conformal

defects between the same CFT, the projector P! is given a realization as
P . . - _ (a) . - _ (5)
peied) =3 (jimy @ [j,8) " ((,nl®Fa) (3.34)
n,n

where |i,n)®|j, n) is an orthogonal basis for the representation V; ®]_/3. Clearly T satisfies
the conditions (3.31) which now reduce to the commutation relations with the Virasoro
generators

[Ln,Tx] = [Ln,Ix] =0, (3.35)
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and hence correlation functions depend only on the homotopy class of the contour of
Tk [43]. Defects intertwining between the same theory are called interfaces, so topological
interfaces are the solutions to the conditions (3.35).

The replica partition function for calculating the entanglement entropy across a topo-
logical interface is given by a torus partition function with 2n insertion of interface
operators:

Zg(n) =tr KIK e tH I;( e_tH)n}

= tr KIK I}L()” 6_2tH} 50
= Tr((dgidg+)"] Xi (672nt> X (eant) 7
(i.9)
where H is the Hamiltonian on a cylinder

H:L0+£0—1i2, (3.37)

and we used the commutation relation (3.35) in the second equality. y; is the character in
the V; representation and the parameter ¢ is related to the UV and IR cutoffs ¢, L as

. 272
~log(L/e)

We took a trace Tr with respect to the multiplicity indices «, 8 by regarding d K(ijio,B) 85

(3.38)

a matrix with the notation dK*( Using the modular property of the

7;73;0‘7ﬁ) = d;{(’h_},ﬁ,a)
character, the entanglement entropy becomes [29]

c L e piK
SIK = 6 log z — Z Tr Di log F y (339)
(i.9) i

where piK is a probability distribution characterized by the modular S-matrix as

So* (So’)”
> ) Sof (303 )* Tr [dri dic+]

Pt

dgidgei,  pit =8 (803) Sap - (3.40)

For diagonal theories with multiplicity M;; = 62-3, the CFTs on both sides are the same

theory and topological interfaces are one-to-one correspondence to the primary operators
labeled by a:
St
Io=) 5 P, (3.41)

7

where P? is the projector acting on the representation V; @ V;:

P'=>"li,n)®|i,n) (i,n|® (i,n] . (3.42)

n,n
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Then the probability distribution simplifies to

2 2

pi=S . At =S| (3.43)
and we find [26, 29]
c L 12 Sy'
=_log|=)—2 W' log| =% 44
S1. 60g<€) EZ: Sa'| log| < (3.44)

It would be worthwhile to note that the constant term contributed from the interface
takes the same form as the topological entanglement entropy for any state [¢)) in the
Chern-Simons theory on a torus we considered in section 2.7 (see also section 2.5.2 in [7]):

| (3.45)

i 0

where 1); are coefficients for the state [1)) which is the superposition of a single Wilson loop
in the irreducible representation R;:

) = Z Vi |Ri) . (3.46)

Indeed one can reproduce the finite part of the interface entropy (3.44) by setting ; to a
specific value ¢; = S," (see (2.70)). This coincidence may not be so surprising given the
well-known correspondence between the WZW model and the Chern-Simons theory, but
we are not aware of any direct link between them.

4 Left-right pseudo entanglement entropy

A closely related measure to the interface entropy is the left-right entanglement entropy
(LREE) in BCFTjy [34, 35]. For a boundary state |B) subject to the gluing condition

(Lo = L) 1B) =0, (4.1)
there exists an orthogonal basis spanned by the Ishibashi states |i)) [44]:

i) = _lin) ®li,n) . (4.2)

Note that they are non-normalizable states, but their inner product can be regularized as”
(see e.g. [45])

(il3) = i So” - (4.3)
Hence one can expand any boundary state |¢) by the Ishibashi state as follows:

) =3 wili) (44)

"We can equally normalize the Ishibashi state as ({i|j)) = d;;. This is the normalization employed in [11],
which is equivalent to the rescaling of the coefficient such that ; — ;/1/So".
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The LREE is the von Neumann entropy of the reduced density matrix for the left (holo-
morphic) sector:

2= L T (i) (0] - (4.5)

Now we introduce the transition matrix for two boundary states |¢) and |¢) by

= |1 gy Do) el (4.6)

and define the left-right pseudo entropy (LRPE) as the von Neumann entropy of the transi-
tion matrix. Since the boundary states are non-normalizable we regularize them by slightly
evolving them in the imaginary time direction:

) = e |y) . (4.7)
For a theory on a cylinder of circumference ¢ the Hamiltonian becomes
2 c
H = Lo+ Lo — — 4.8
A ( ot Lo 12) (4.8)

which yields the following expressions:
8me
(¢l 2EH’¢ szSOzXz( Z)v
Trg [e=H|) (| =] = Z Wiy e 8 () fi ) Gi,ml,

" 1 *\ T __ 8men
Trr K g“’) ] - [Zz Vi O xi (6_826)}71 ; (Vi i)" xi (6 ; ) )

Here h; and Ny, are the conformal dimension and the level of the descendant state |, n)

(4.9)

respectively, and x;(q) = try, qLO_i is the character for the representation ¢. Using the
modular transformation

87'ren 4
xi (675 = zsm (e55) (4.10)
and taking the ¢ — 0 limit we find the LRPE:

S (/) = 0. [(71) 1,

mel 35 S} log(vi o) 0

= - + log Si” i p;

24 ¢ > S0k zz: e

This expression is not necessarily real, but when ¢ = ¢ it reduces to the LREE derived
in [35]:

(4.11)

mel ¥ SO il log vl

P 1)) = 24e > SOl

+ log

> s w] L @)

which is real as expected.
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In a diagonal theory, the Cardy states |a) can be written as a superposition of the
Ishibashi states:®

ja) = \E i) - (4.13)
0

As a simple example let us take

) =la)y,  le) =1, (4.14)

then the LRPE becomes

mcl
S (7‘%'@) = 54e +log S;¥ . (4.15)

Interestingly, the LRPE does not depend on the choice of the Cardy state |a) as long as it
overlaps with the Ishibashi state |i))
Next, consider the LREE for the Ishibashi state [i) = |i)). It follows from (4.12) with

Vi = i = 1, Yrt; = Qi = 0 that

. el
SER) () = PR S0 (4.16)

This is the same as the LRPE considered above.
Another example is the LREE for the Cardy state [i) = |a), which is given by substi-

tuting ¥; = @; = Sa'/\/So® to (4.11) [29, 35]

)2
S’(LR) (|a>) = ;Tci — i (SaZ)Q ]og [(%OZ> ‘| ’ (4.17)
which agrees with the topological entanglement entropy (2.79) of the Chern-Simons theory
for the Cardy state. Note that (4.17) is close to but differs from (3.44) by the denominator
in the logarithm. This difference can be accounted for by the fact that both holomorphic
and anti-holomorphic sectors contribute to the interface entropy while there is only the
holomorphic sector in the unfolded theory of BCFT in the LREE. In the latter case the
correspondence between the topological entanglement entropy in the Chern-Simons theory
and the LREE of a boundary state is clear as the left and right moving CF'Ts appear as
the edge modes of the Chern-Simons theory on either side of the entangling surface [35].
It would be interesting to understand the above coincidence between the interface entropy
in 2d and the topological entropy in 3d along the same lines of thought.

5 Conclusions

In this paper, we studied pseudo entropy in quantum field theory, mainly concentrating on
its topological properties.

8Note that this is the same relation as the expression of the interface operator (3.41) if one replaces So'
with (Soi)Q.
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In section 2, we focused on the excited states in Chern-Simons theory. This provides a
class of important examples where pseudo entropy can be analytically computed in quan-
tum field theory. We found non-trivial behavior of the pseudo entropy in the presence of
four excitations on S?. Such excited states are prepared by path integrals with inserting
appropriate Wilson lines. In contrast to topological entanglement entropy, we have seen
that topological (Rényi) pseudo entropies are directly related to partition functions with
knotted Wilson loops. In other words, generic partition functions with Wilson loops should
be interpreted as topological pseudo entropy rather than topological entropy because the
initial state and final state are different. Since the dependence on the crossings vanishes in
the classical limit, we can interpret that the crossings give purely quantum contributions
to pseudo entropy. In particular, it is remarkable that the pseudo entropy may be larger
than the entanglement entropy, i.e., the difference AS defined in (1.6) can be positive. This
contrasts with a standard quantum many-body system or quantum field theory within the
same quantum phase, where AS is always non-positive [23, 24]. This is consistent with
the known fact that the anyonic states created by Wilson loops in Chern-Simons theory
belong to different quantum phases in general. Note that this is the first example in di-
mensions higher than two, where pseudo entropy was explicitly evaluated in non-trivial
topological phases.

We also explored a geometric interpretation of topological pseudo entropy in Chern-
Simons theory. We found a universal result when a single Wilson loop is linked with the
surface I' = A once. Although universal results are not available in more general cases,
we noted that in the semiclassical limit & — oo, the topological pseudo entropy captures
the number of Wilson loops which link with the surface I' = 9A. This is analogous to
the holographic entanglement entropy in the sense that it also measures entanglement or
the number of Bell pairs around an extremal surface I'. The geometrical interpretation
including full quantum effects remains as a future problem.

In section 3, we investigated the properties of the pseudo entropy in CFT. In particular,
we found the close relation between the pseudo entropy and the interface entropy in 2d
CF'T, which can be generalized to any QFT in d > 2 with the restriction to the case where
the subsystem A is a half space, i.e., 94 : {z° = 2! = 0}. The extension of the relation
to a more general A would be challenging and is left as a future problem. We used this
relation to calculate the pseudo entropies in several interface CFTs. The finite term in the
resulting interface entropy coincides with that in Chern-Simons theory on a torus.

The CHM map in section 3.1 can be concatenated by a further conformal map tanh § =
tang to S? with the metric:

dsgph = d6? + cos? 0dr? +sin? dO3_,, <0 <6< 72r> . (5.1)

The resulting map may open the way to evaluate the pseudo entropy in CFT through
the sphere partition function with two states glued alternately along the 7 coordinate.
The same map was applied to the interface entropy to derive a universal relation between
the entropy and sphere free energy [41, 46], but there is a crucial difference between the
pseudo entropy and interface entropy as the number of the interfaces between the two
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states depends on the replica parameter in the former while it is independent in the latter.
Thus, the calculation of the replica partition function is a highly daunting task. While
the exact results of such a partition function are far from our reach in general, it would
become tractable for supersymmetric field theories. Supersymmetries are broken on the
replica manifold due to the conical singularity, but may be maintained by introducing a
sort of chemical potential to the pseudo entropy in a similar manner to the supersymmetric
Rényi entropy [47], resulting in being calculable due to the supersymmetric localization
(see also [48-60] for the generalizations in various dimensions). In particular, it would
be worthwhile to see if the supersymmetric extended pseudo entropy could probe two
difference phases related by duality such as the S-duality wall in A/ = 4 supersymmetric
Yang-Mills theory in four dimensions [61-63].
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A Modular properties in SU(2) case

Here we summarize the explicit partition functions for the SU(2) i.e. N = 2 case.

[ 2 r@i (241
S = k+231n[( k—)k(2 ) . (A1)

The S-matrices are

In particular we have

2 [ ]
So¥ = i
T R
2 [ 27 ]
0 _ i A2
Sé k+281n_k+2_’ (A.2)
1 2 [ 4r
S =V Er2 0 rral
The quantum dimension reads
. [m(2j41)
sin
dj =[2j+1] = [ ’“:2 } (A.3)
S1n [m}
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The partition function Z [X,,] for Wilson loop with n crossing is in general given by

71X _ ( _L)"M (_q—ﬁ)"w (A4)

5" 2] 2 2

where ¢ = 271/ (k+N)

For N = 2 we get explicitly

2 —1 wi(3—n) _ mi(3+n) wi(1—3n) _ mi(143n)
Z[XnJﬂ/m‘(z)'[e B —eT R (m) e R — (=) e TR

(A.5)
In particular, we find
2
(50%)
7 [Xo] = >
So
1 (A.6)
Z [Xl] =802,
Z[Xy) = s%% .
In the k — oo limit we obtain the simple result:
T2 n
Z X, — e B+ (-1)"] . (A.7)

B Multi-boundary states in Chern-Simons theory

In this section we consider the multi-boundary states of spatial regions ¥ = | | T? consisting
of several tori without any Wilson loops. The calculation of the entanglement entropies
of these states is performed in [10], which is easily generalized to pseudo entropy. These
states can be prepared by drilling out the internal region of a subregion ¥ = | | T? from S>.
The resulting state can be expanded by the states |R;) in figure 8:

’¢> = Z Ci1yeesin ‘lea s 7Rjn> ) (B'l)

J1yeedn

where n is the number of tori and |R;,,..., R;,) = |R;j,) ® --- ® |R;,). The coefficients

Cityesiin = <Rj1v s 7RjnW}> (B'Q)

are partition functions on S* with n Wilson loops of representations R;,, ..., R;,.
Here we only consider a simple example of the two tori states ¥ = T2 U T? in U(1)
Chern-Simons theory. In this case, the coefficients turn out to be

2mi
Cjr.g2 = Z [83; leaRj2:| = €xp (k q1 g2 612) ) (Bg)
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where ¢, g2 are the U(1) charges of the two loops and ¢15 is the linking number between
the two loops. We define two states

27i
) ==Y exp (k a1 G2 512) |Rj,) ® |Rj,)

27i
lp) = — Z exp (k q1 92 El12) ‘Rh) ® ‘Rj2> J

with different linking numbers.

We call one of the two tori A, which corresponds to the region including a Wilson loop
with R, and the other B. Let us calculate the entanglement entropies between A and B
following [10]. The reduced density matrix for |¢) is

]_ 27i
ph=Trplle) (Wl = 75 32 RO Ry, (Ry

q1,491,92
Z 77(117% k 612) |Rj1>< ‘/| )
q17Q1

where

1 l12(q1 — q2) =0 mod k
Nq1,q2 (k,l12) = (B.6)
0 flg(ql — QQ) 75 0 mod k .

The Rényi entropy for [¢)) is

; | 1
5™ (o) = T, o8 [k” > Marar (k. 012) "'an,ql(k,ﬁlz)] : (B.7)

q1;---,9n
When we fix 0 < ¢ < k — 1, there are ged(k, £12) values of 0 < go < k — 1 satisfying the
relation £12(q1 — g2) = 0 mod k. Similarly, gs, ..., g, also take ged(k, ¢12) values. Therefore
the summation in the logarithm in (B.7) will be k (ged(k, 12))"~!, so

k
™ (p%) =log | ———— B
s (pA> 8 [gcd(k:,flg)} ’ (B.8)
and the entanglement entropy is clearly
k
S =log | ——F——F—| . B.9
Similarly, the entanglement entropy for |p) is
k
7)) =log | ————1| . B.1
S (65) =108 | i | (8.10)

Next, let us calculate the pseudo entropy. The inner product is

(ply) = 72 Z exp < q1q2 (L2 — f12)>
91,92

1
= %277@12,@'12(611,1?) (B.11)
q1

1
= E ng(ﬁlg — 5/12, ]{7) .
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Figure 20. The difference AS of the pseudo entropy from the average of the entanglement entropies
varying the level k. We set £15 = 2,0}, = 1.

To obtain the third line, we have used the fact that there are ged(¢12 — €15, k) values of
0 < 1 < k—1 satisfying ¢1(f12 — #}5) = 0 mod k. When (15 = #}5, i.e. |{) = |p), the inner
product is 1 since ged(0, k) = k. The reduced transition matrix is

Ylo _ 1 20 (g1 12—q) 04,) a2 /
T = — ek 1412 ‘R><R|
AR ely) MZ,% e
[ (B.12)
= Do o (L1205, k)[R ) (R
od(Fry = By ) o, T (12 120 ) 1) 051

where

_ 1 q1 12 — ¢ €49 = 0 mod k
Nq1,q2 (612,£/127 k) = o (B.13)
0 q1l12 —q1 V9 # 0 mod k .

Let N (12,0}, k) be the number of 0 < ¢} < k— 1 satisfying ¢1 ¢12 — ¢} ¢15 = 0 mod k when
fixing g1, which in fact does not depend on ¢;. Then the pseudo entropy is

n—1
ey e L [ N(l1a, o, k) ]
S (74¥) %8 | ged (s — £, )
1l {gcd(em— '12%)]
N(li2,lho,k) |

(B.14)

Figure 20 shows the difference AS when the linking numbers are ¢12 = 2, ¢}, = 1. We
can see that AS < 0 similar to the other typical examples.
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