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Topological reflected entropy in Chern-Simons theories
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We study the reflected entropy between two spatial regions in (2 + 1)-dimensional Chern-Simons theories.
Taking advantage of its replica trick formulation, the reflected entropy is computed using the edge theory
approach and the surgery method. Both approaches yield identical results. In all cases considered in this paper,
we find that the reflected entropy coincides with the mutual information, even though their Rényi versions differ
in general. We also compute the odd entropy with the edge theory method. The reflected entropy and the odd
entropy both possess a simple holographic dual interpretation in terms of entanglement wedge cross-section. We
show that in (2 + 1)-dimensional Chern-Simons theories, both quantities are related in a similar manner as in
two-dimensional holographic conformal field theories (CFTs), up to a classical Shannon piece.
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I. INTRODUCTION

Quantum information has established new perspectives to
investigate various areas of physics, such as quantum field the-
ory, condensed matter physics, and quantum gravity. Central
to these developments is the concept of quantum entangle-
ment, which has proven to be a formidable tool to characterize
quantum many-body systems. This is particularly true for
topological states of matter which cannot be identified via
conventional local order parameters or correlations functions.
The topological entanglement entropy [1,2] encodes informa-
tion about the topological order of ground states of gapped
systems. This quantity arises as a universal finite contribution
in the entanglement entropy of two-dimensional spatial sub-
regions for such states.

The entanglement entropy is, however, only a proper mea-
sure of entanglement for pure quantum states, and does not
give a meaningful picture of correlations for more general
states. Other information-theoretic quantities then have to be
considered for mixed states, and the literature abounds with
such measures of correlations [3-5]. Most of them, with a
notable exception being the logarithmic negativity [6-9], are
defined through optimization procedures, making them, at
best, computationally challenging in a quantum field theory
setting.

Recently, a quantum information quantity for mixed states,
dubbed reflected entropy, was introduced in Ref. [10] and
can be expressed simply as follows. A quantum state psp
on a bipartite Hilbert space H4 ® Hp can be canonically
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purified' as the pure state [./pag) in a doubled Hilbert space
(Ha ® Hp) ® (Ha» ® Hp+). The reflected entropy Sg(A : B)
is then defined as the von Neumann (entanglement) en-
tropy associated to the reduced density matrix psa+ = Trpp-
(I/paB){s/Pagl). Fortunately, a replica formulation of the
reflected entropy was put forward in Ref. [10], giving a prac-
tical handle for computations. This replica trick involves two
replica indices, m and n. The latter represents the usual Rényi
index while the former generalizes the purification |/pag) to
|p2"£2), with m € 2Z7, such that? TrA*B*(|p2"l§2) (p:‘"ézD = pits.
One then defines p!") by tracing out over Hp ® Hp+ in the
purified state | ,ozqéz), and generalizes the reflected entropy
with the replica index n in a similar manner as the Rényi
entropies,

Tr(p4s)"
SY(A : B) = lim ——In (o ),l.
(TYPX%)

m—11—n
The (von Neumann) reflected entropy is recovered by taking
the n — 1 limit

Sk(A : B) = lim SY(A : B). )

ey

The reflected entropy satisfies interesting properties, some of
which we list below.

(1) For a pure state psp, the reflected entropy reduces to
twice the entanglement entropy,

Sr(A : B) =2S8(A) = 25(B),  pap pure. 3)

(2) For a factorized state, the reflected entropy vanishes,

SrR(A:B)=0, pap=pa® pp. 4)

'The archetypal example of such construction is the thermofield
double state, which is the canonical purification of the thermal state.

2Note that | ,0%2) is not normalized here.
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(3) The reflected entropy is bounded from above and be-
low:

I(A : B) < Sg(A : B) < 2min{S(A), S(B)}. 5)

(4) For a tripartite pure state, the reflected entropy satisfies
a polygamy inequality:

Sk(A : B) + Sg(A : C) > Sk(A : BC). (©6)

In the holographic context, the reflected entropy was sug-
gested [10] as a quantity that computes the (minimal) area of
the entanglement wedge cross-section [11-13], which can be
thought of as a generalization of the Ryu-Takayanagi surface
[14,15]. Most of the literature available on the reflected en-
tropy thus concerns (holographic) CFTs in two dimensions,
see, e.g., Refs. [16-20]. For further developments, we refer the
reader to Refs. [21-25], while for candidates of multipartite
reflected entropy, see Refs. [26-28].

The main purpose of this paper is then to study the reflected
entropy in (2 + 1)-dimensional Chern-Simons field theories,
and determine what topological data it encodes. We focus on
mixed states that are simple to construct from a (pure) ground
state, but which are still expected to reflect the essential fea-
tures of generic mixed states. We start with a system in a pure
state p, divided into three nonoverlapping regions: regions A
and B, and the rest of the system, C. We then consider the
reduced density matrix on A U B, psap = Tre p, which is in
general that of a mixed state. The entanglement structure of
such mixed states of topologically ordered systems have been
investigated through the lens of logarithmic negativity in, e.g.,
Refs. [29-32]. The mutual information between two subsys-
tems, being a measure of total correlations, is also a useful
probe of the topological nature of systems, and was studied
in Ref. [29] for tripartite ground states in 3d Chern-Simons
theories.

Additionally in this paper, we compute the odd entropy
[33] in (2 4+ 1)-dimensional Chern-Simons field theories as
well. Mainly introduced as an information-theoretic quan-
tity that captures the entanglement wedge cross-section in
two-dimensional holographic CFTs, the odd entropy has only
recently been studied for itself in Refs. [18,19,34,35] for
conformal and Lifshitz field theories. The reflected entropy
and the odd entropy are thus related to each others in 2d
holographic CFTs. We compare the two quantities in 3d
Chern-Simons theories.

Our paper is organized as follows. In Sec. II, we start
by briefly reviewing the edge theory approach in 3d Chern-
Simons theories. We then show how to construct a canonical

purification mapping the density operator pj, to a purified

state |p%2) in a doubled Hilbert space (Ha @ Hp) @ (Ha+ ®
‘Hp-) within the edge theory framework. We subsequently
compute the (Rényi) reflected entropy for Chern-Simons the-
ories defined on spheres and tori. We study various bipartite
mixed states obtained from tripartitions of the sphere and the
torus by tracing over one of the regions. In all cases under
consideration, we find that the reflected entropy agrees with
the corresponding mutual information, though we note that
their Rényi versions do not coincide in general. We then
proceed in Sec. III to calculate the reflected entropy using
surgery techniques, and find perfect agreement with the results

obtained with the edge theory approach. Section IV presents
our results on the odd entropy and its “regulated” form. Our
main motivation for considering the latter comes from its
holographic dual as the entanglement wedge cross-section,
similar to the reflected entropy. We discuss our results in
Sec. V, and give an outlook on future research directions. Two
appendices complete this work: Appendix A contains details
about the mutual information, while Appendix B displays
figures related to the calculation of reflected entropy using the
surgery method.

II. REFLECTED ENTROPY VIA THE EDGE
THEORY APPROACH

Within the bulk-edge correspondence [36-42] in topo-
logical quantum fields theories (TQFTs), boundary states in
(1 + 1)-dimensional CFTs can be used to describe the re-
duced density matrices of (2 4 1)-dimensional topologically
ordered phases. This duality can be understood from the
equivalence of the modular Hamiltonian of the bulk theory
with the Hamiltonian of the chiral CFT living on the boundary
(e.g., the entangling surface). Consider a topological state on
the 2-sphere with an entangling cut along the equator. In the
“cut-and-glue” picture of Ref. [40], one treats the entangling
surface as a physical cut, which splits the sphere into two
hemispheres A (left) and B (right) that possess edge states
of opposite chirality propagating at their boundaries. Now,
turning on a small enough (RG-relevant) coupling between the
two gapless edge modes will gap out and heal the cut without
affecting the gapped bulk states. One can then show that the
entanglement properties between the subsystems A and B is
reduced to those between the left and right moving edge
modes. Tracing out the degrees of freedom in, e.g., subsystem
B, therefore amounts to tracing out the right moving modes.

This cut-and-glue procedure can be interpreted [40] as a
sudden quantum quench scenario which can be solved [43,44]
applying boundary CFT techniques [45,46]. The ground state
of a (1 4+ 1)-dimensional CFT describing the coupled edges
may then be obtained in terms of conformal boundary states.
These conformally invariant boundary states are generically
linear combinations of Ishibashi states |k,)), and are non-
normalizable. A way to regularize their norm is to perform an
Euclidean time evolution by e~<", where ¢ is interpreted as a
UV cutoff. We will thus work with the following regularized
boundary states [29]:

e—eH

NCH

where 1/, is a complex number which depends on the choice
of ground state of the Chern-Simons field theory, and n, is
a normalization factor such that (h,|h,) = 8.». The Ishibashi
states |h,)) are the solution to the conformal boundary con-
dition L,|b) = L_,|b), where L, is the generator of chiral
conformal transformations, and they can be expressed in terms
of the orthonormal bases |h,, N) and |h,, N), usually referred
to as left and right bases, respectively,

1B) =Y Walba),  Iba) = 1ha), (N

ha) =Y 1has N) ® B, N). ®)
N
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Here a labels the primary sector with conformal weight &,
(corresponding to the type of quasiparticle in the TQFT), and
the sum N is over descendants. The Hamiltonian is taken to
be

HeZ (10— < )
e\

where ¢ is the length of the circle on which the state |5)

is defined, e.g., the entangling surface between two spatial

regions, and c is the central charge of the underlying CFT.

Using the fact that Ly|h,, N) = (hy, + N)|hs, N) and h, = hg,
the normalization factor n, is found to be

N, = xn, (¢, (10)

where xj,, are the characters of the highest weight repre-
sentations of the primaries /,. The modular transformation
property of the character x in CFT reads

8115 zt
Zsabxhb ), (1)

with S, being the matrix elements of the modular S matrix.
In the thermodynamic limit £/e€ — oo, using (11), one finds
that only the identity field (labeled by “0”) survives,

8me el
Uhm Xh, ( T) >~ e®e Sy, (12)

A. Left-right entanglement entropy

Before discussing how to compute the reflected entropy
using the edge theory approach, we reproduce here the cal-
culation of the left-right entanglement entropy [47] for the
regularized state (7), as done in Ref. [29]. This corresponds,
for example, to the geometry in Fig. 1(a).

The reduced density matrix associated to the left-moving
sector is

pr = Trg(IB)(BI) = Y 1¥al*pr.as (13)
where we defined

l T E C
Pra= D e T AN N (g, NI (14)

The nth power of the reduced density matrix p; reads

pr =Y 1Val” 0} (15)
with
l JTNE C
ppa=— e T CAN=E b NY (h,, N|. (16)
) nn
a N

Taking the trace of (15), we end up with

Trpp = Y [Val™Trp},

a

t

—sz" x(e” )

—r, a7
(X (e )

(b) (c)

FIG. 1. Different states prepared on the 2-sphere. In each of
them, a Wilson line connecting two conjugate quasiparticles threads
through all interfaces I'; separating the subsystems. (a) Bipartite sys-
tem with one interface I" separating A from B. (b) Tripartite system
with A disconnected from B by C. (c) Tripartite system with adjacent
A and B.

where we have used (10). In the thermodynamic limit £/e —
oo one finds

zeb(l_y n —n
Trp} = %™ ) " [ (Sa0) ™" (18)
The Rényi entropies thus read
1 Tr p}
S(”)(L) ——In oL
I—n (Trpp)

Z |1/fa|2n(8u0)1 "

1+1 ncﬁ+ 1
48 € —n

()"
(19)
and the von Neumann entropy S(L) = lim,_,; S (L) is
2 2 2
S(L) = + YalVa’InSw 3, [YalIn |21ﬂa|
2 e > oVl DAL
+In ) vl (20)

Throughout this paper, we will work with normalized states
such that )" [¢,|> = 1, and the above expressions can be
simplified to

S(")(L)= (1 l)Ef.F

2n 1- n
48 ¢ In Z |wa (SaO)

S(L) = ——+Z|wa| lnsao—Z|wa| |y Q1)

The first term in Eq. (21) obeys the area law, while the third
piece takes the form of the Shannon entropy of the coefficients
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of the choice of state. The last two terms constitute the cele-
brated topological entanglement entropy [1,2], which is finite
and universal, and they depend on the topology of the system
as well as the choice of ground state. It may also be expressed
in terms of the quantum dimensions d, = S,/Soo, and the
total quantum dimension D = 1/Sy = (3, d2)1/ 2,

B. Left-right reflected entropy (bipartite pure state)

To compute the reflected entropy between the chiral and
anti-chiral edge modes using the replica trick, we must ob-
tain the purification |p™/?) of p™ in a doubled Hilbert space
(Hr ® Hr) ® (Hr+ ® Hg+). Note that here p = |B)(B] is al-
ready pure, but the construction of this ‘purification’ is a
necessary exercise for later purpose. The first step is to com-
pute p™/2, with m € 2Z*, which is simply p"/? = p since p
is idempotent, i.e.,

p"* = Zwm 150 (b

Z ZZ =3 (gt N—£)— 2 (hy+N'— &)
« /NNy

N N
X |ha9N>|ha’N><ha’vN/|<ha”N/|‘ (22)

A canonical doubling of the Hilbert space provides the
simplest purification | 0™/?) on H; ® Hg ® Hp ® Hg- as fol-

lows:
VaYa — B (ha+N=57)= 5 (hy +N'= 57)
Z Zze ¢ \ta 24 ¢ 24
«/nana/

a,d N N

| m/2

ha', N')hat, N') - (23)
€ Hyx QH g+

X |hg, N)|ha, N) ®
eH ®Hrg

It is then straightforward to compute the reduced density ma-
trix p%l, ie.,

o) = pL ® pre, (24)

hence

Tr(o)" = (Trpp)’, (25)

where p; is defined in Eq. (13) and Tr o7 is given by (18). The
Rényi reflected entropy is thus given by twice the left-right
Rényi entropy,

SW(L : R) = 28™(L), (26)

as expected for pure states.

C. Sphere

We consider here a Chern-Simons theory which lives on
the 2-sphere. We are interested in the reflected entropy be-
tween the subsystems A and B, as for example depicted in
Fig. 1. We assume that there are two quasiparticles on the
sphere, i.e., one Wilson line threading through the interfaces
I';. In these cases, the boundary state can be expressed as

=> Y é LA)A 27)

with i labeling the M interfaces I'; of length ¢; between the
different subsystems, and

. e—€Hi b
i\ _ i . 28
L) \/1171| al) (28)
o= (i & 29
i — Z_z 0+ 0~ E i ( )
nfl = Xha (e_%)’ (30)

Note that the vacuum state (i.e., no Wilson line) corresponds
to setting ¥, = 8,40.

1. Two disjoint regions

Let us first focus on the situation represented in Fig. 1(b),
where A and B are separated by a third subsystem C. There are
two entangling cuts I'; and I', separating A and C and C and
B, respectively. There is at most one Wilson line that threads
through both interfaces. The boundary state may be expressed
as

=3 valnl)) ® [n2). (31)

from which one obtains the reduced density matrix psp by
tracing over the modes in C, that is

pas =Y 1Val’Paa ® Pp.as (32)
where
pra= 3 ¢ TR, N h, M,
R Ny
pra= 5 3 BN G NL 6)
N N,

Next we compute p A/ for even positive m,

2 2 2
Pk —Zmr"p;;“g ® Pl (34)
where
1 4m*re
2 ha+N
paty = ,,,/ZZ Gt =3, Ny (s N,
(ng)
1 4m"re
2 ha+Ny— 5
Pia = —ura N30 |, N2 (s N . (35)
(n?)
Then, to construct the purification | p%z), we turn the bras
m/2 m/2

in p,’; and pp';” into kets in H4- and Hp-, respectively. The
punﬁed state thus reads

2 2 2
loas?) = § [Wal" | 052) @ | o), (36)
with
2 4lr§ne ]‘,+N _7(7-
P/T{z - m/2 Z E " )

X |ha7N1> ® |ha’Nl),
—
€Ha € Hyx
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m/z —EE (hatN2 = 57)
PBa = m/ZZ A
X |ha, N2) ® |ha, N2) . (37)
—— ——
EHB E’HB*

The reduced density matrix for AA* may then be written as

8mme

23
e = 2 Wl L e ot

O (e =))"

, (38)

8mme

from which follows
Xh[, R ) ) "
87!

,O(mi |wa 2nm _
i) Z H G (™))™

N el (S0, (39)

wt1+z2(
~ e

where we took the thermodynamic limit ¢;/€ — oo in the
second line. Finally, we obtain the Rényi and von Neumann
reflected entropies

k(A B) = 1}1 Yyl (40)
Sr(A:B) ==Y [Yal* In [,
=I(A : B). (41)

The area-law terms disappear in both S,(e") and Sk, while their
universal parts result only from the fluctuations of the Wilson
line, given in Sk by the Shannon entropy of the classical
probability distribution. Note that for density matrices which
are the mixtures of factorized states, as in Eq. (32), the cor-
responding (Rényi) reflected entropy is alway given as above.
Interestingly, we observe that the reflected entropy coincides
with the mutual information, see (A7) in Appendix A. Note
that formally S3” % I for n > 1, though for the Abelian
Chern-Simons theories the two quantities are equal.

2. Two adjacent regions

For the case of adjacent A and B, as shown in Fig. 1(c), the
ground state is again Eq. (31). The reduced density matrix for
the subsystem A U B reads

2 I
A = E 1Val Pap.o ® Ppas (42)
where
_4me c dre e
r _ = (hatN1—57) =T (ha+N{—37)
Phha= o e e
n(l
N, /

X |hav Nl)lha’ Nl)(haaN“(hav N]/|»

P = S ) (N @)
aN2

As we did in the previous case, to construct the canonical

purification |p%2) of pl,, we first compute pzléz and then flip

the bras to kets for basis in H+ ® Hp+. We then find
m/2 m/2
IOAlé Z [¥al” |'OAB a | ('OB a) )’ (44)

where
e c e /_
ABa Y ZZeiﬁ(hﬁNliﬂ)eiT(hﬁNliﬂ)
ng NN
X |ha9 N1)|has Nl) (2 |hav N{Hhav Nl/)s
e Ha®Hsp € Hax QHps
m/2 HEE (ha+N2—57)
|(pB a) = m/2 Z "
X |ha9 N2> by |has N2) . (45)
EHB GHB*

The reduced density matrix for AA* can be easily calculated,

8mme

2 Xh( fz) r
Pt = Zwa e Ppd (46)
xn (e )
where
_ 8re _cy _8me I_ ¢
a N N

X Iha,N) ® |ha, N')(ha, N| ® (ha, N'|,  (47)

from which follows

8mme

ija o (0" ) (tn (e ))"

8re 8me

(e, (75" a2 )™

~ egil(rn)ejgiz(; nm)Z|wa|2nm(8a0)27n(l+m)’

8mne

Tr p(mz

(48)

where we took the thermodynamic limit ¢;/e — oo in the
second line. Finally, we obtain the Rényi and von Neumann
reflected entropies

SW(A :B)
_ 1\met, 2n 201-n),
_<1+ )24€+ 20 Dl S 49)
Sk(A : B)
/]

y4
== 1+2Z|wa| 1n8ao—2|wa| Infyal.  (50)

We notice that the area-law terms do not cancel in this case.
Furthermore, we find that

SY(A:B)=1"(A:B). (51)

Not only the reflected entropy matches the mutual informa-
tion, but their Rényi generalizations do also.

D. Torus

We consider now a tripartite pure state of a Chern-Simons
theory which lives on the 2-torus. We are interested in the re-
flected entropy between the noncomplementary subsystems A
and B, as for example depicted in Fig. 2. The third subsystem
is denoted by C. A Wilson loop threads through the interfaces

035149-5
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I's

=

Iy Ty 'z Iy

(a) (b)

FIG. 2. Different tripartite states on the 2-torus. Two regions
A and B with complementary noncontractible [(a)—(c)] or con-
tractible (d) region C, and with a longitudinal Wilson loop tunneling
through noncontractible regions only. (a) Two disjoint noncon-
tractible regions, (b) Two adjacent noncontractible regions with a
one component interface, (c) Two disjoint regions with contractible
A and noncontractible B. (d) Two adjacent noncontractible regions
with a two component interface, with contractible C.

I';, and can in general fluctuate among different topological
sectors a with probability |, |%.

1. Two disjoint noncontractible regions

Let us first focus on the situation represented in Fig. 2(a),
where A and B are separated by a third subsystem C. There
are four entangling cuts I} 4 separating A and B from C. A
Wilson loop pierces through all the interfaces. The boundary
state may be expressed as

4
By = "v.(X) |b.))- (52)
a i=1

The reduced density matrix for the subsystem A U B is easily
found to be

PAB = Z |‘/fa|2/0/l;1a W ® IOB a’ (53)

where

I T(haJer*ﬂ)'ha,Nl)(ha’Nl|’

1 _
Paa = n_é Ze 8
'Ozg,za - 2 Z

aNz

(h(I+N2_£j)|hav N2)<hav N2|,

r ha+N:
Pha = 326 BN, Ny (e, N,
a [\]3

Iy §
pB,a - 4

aN4

SN N (e Nal. (54)

Since pap is a classically correlated mixed state, the reduced
density matrix for the subsystem AA* is an ensemble of pure

states [similarly as in Eq. (38)], and the Rényi and von Neu-
mann reflected entropies thus read

SPGB = — In Y 1l (55)
—n
Sk(A: B) ==Y [Wal* In [yl
=1I(A:B). (56)

As for the sphere, in the torus case the reflected entropy equals
the mutual information which was computed in Ref. [29] (see
also (A14) in Appendix A), and only retains the Shannon
entropy arising from the classical distribution {|v,|*}.

2. Two adjacent noncontractible regions

For the geometry depicted in Fig. 2(b), A and B are adjacent
with a one-component interface between them. There are three
entangling cuts I'y, I';, and I'; separating A and C, B and
A, and C and B, respectively, with a Wilson loop threading
through them all. The boundary state may be expressed as

3
=>_Va[0%)- (57)
a i=1

The reduced density matrix psp reads

PAB = Z'wﬂ|2p£la®pABa®pBa’ (58)
a
where
pj\%’,a = n2 ZZ 4‘7;% th-5) _%g(h N —55)
a N2 /
X |hay NoYha, No) (ha, Ny |(ha, N,
1 __8me _c
pX,]a = o1 Ze E (ot 24)|hale)(haa N1|’
ng 4
1 sre ey
Py = 5 N30y N3, N5l (59)

8
e
a ]\]3

Following the procedures discussed in the previous sections,
one can construct the canonical purification |p’"/ ) and com-

pute its associated reduced density matrix pA A* Then one
obtains, by taking the thermodynamic limit,

8mne _ 8mme

2 n
(m) 2nm Xh ( & )) (Xha (e i ))
r(pus [Vl ETING T
) =2 (tn, (e >>2 H (ta, (7))

ne( 1) (1
~ o G—n ) o (i —nm) Z [Vl an(g )2(1 nm)

(60)

The Rényi and von Neumann reflected entropies are expressed
as

1\ et
SO B) = <1 —)E—2+

IHZW/a 2”(8 )2(] il)
(61)

24
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ct
Sk(A: B) = Ef + 2; > 10 Su0 — Z Wl In |9

(62)

The (Rényi) mutual information for the adjacent configu-
ration has been computed in Ref. [29] [see also (A14) in
Appendix A]. We find that

SY(A:B)=1"(A:B), (63)

as on the 2-sphere.

3. Noncontractible multicomponent interfaces

We can now consider the more general case where A and B
are each composed of an arbitrary number of noncontractible
components with an arbitrary number of shared interfaces
between them. It is convenient to think in terms of these inter-
faces. There are M interfaces ['; in total, of three types: Myp
between A and B, M, between A and C, and Mg between B and
C, where C is the complementary noncontractible subsystem
to A U B. Again, a Wilson loop threads through all interfaces.
The boundary state may then be expressed as

M
B) =Y v, Q) b)), (64)
a i=1
from which one obtains the reduced density matrix psp

,OAB—ZWQ: X ris. Q Paa X Ppa

Ii={Tas} I'j=({Ta} Iy={Ts}

(65)
where we deﬁned
l"i 4’[6(h“+M ) _47{((11 +N’ [-)
pAB,a = ZZ *
n, N N
X |ha, Ni)|ha, Ni) (ha, N/|{(ha, N[,
r. 1 — 8 (ha+Nj—57)
Prlpa =7 2¢O T E e N ha Nyl (66)
ng

Note that the Ishibashi basis vectors appearing in the expres-
sion of pX}B,a may be either right or left, depending on the
convention, which has no influence on the result. From the
previous cases, the trace of the nth power of the reduced den-
sity matrix p A'Al for the purification in Hy ® Hp @ Har @ Hp-
is straightforward to compute,

pf,’j) ZW |2 1—[ (Xha(e ))

={Tas} (

(e

(e 7))
< [l ——=4
j=raurs) (xa, (e )

et Te(ba+0g)
~e 24/E“-?(——rz) 7;‘ B (% —nm)

X Z |wa|2nm(SaO)MAB(Z(lfn)fn(lfm))JrMn(l,m)’

a

(67)

where €45 and €45y represent the total length of the inter-
faces shared between A and B, and between A(B) and C,

respectively. Finally, we obtain the Rényi and von Neumann
reflected entropies as

SY(A : B)
1\ 7clap 2 Mys(1=n)
=<1+_>ﬁ7+ 1n2|¢a (Sa0)™M
(68)
Sg(A : B)
JTCEAB

=5 +2MABZ|m| lnsao—Dw In [

(69)

We thus find that the (Renyi) reflected entropy depends in
general on both the choice of ground state and the elements
S0 of the modular S matrix. For Myp = 0 and Mg = 1, we
recover the results of the previous sections, that is for A and
B disjoints ({45 = 0) and when A shares only one interface
with B, respectively. We note that for A and B disjoint with
an arbitrary number of components, the (Rényi) reflected en-
tropy only depends on the choice of ground state through the
Shannon entropy term.

Let us now compare our results with the (Rényi) mutual
information between A and B, which is found to be [see (A14)
in Appendix A]

1 7TC€AB
I™A:B) =1
“:B) (+ )246

1 Zu |¢a|2”(800)(MAB+MA)(1*”)

T 10 P (S g
1
1 ; 2n S, (MAB"!‘MB)(I_”)’ 70

+1_n“2a:“”'(°) (70)

I(A: B)
ncZAB

- +2MABZ|%| lnsao—2|wa| In [ al?,
= Sg(A : B). (71)

We observe that the reflected entropy agrees with the mutual
information. This is not the case in general for their Rényi
n > 1 versions. Only for My = Mp = Myp the Rényi reflected
entropy equals the Rényi mutual information.

4. Two disjoint regions with contractible A and noncontractible B

So far, we have only considered noncontractible regions
on the 2-torus. Let us now compute the reflected entropy of
two disjoint regions with A contractible and B noncontractible,
with a noncontractible complementary region C. The geom-
etry can be seen in Fig. 2(c). A Wilson loop threads only
through the interfaces between B and C, i.e. through I'; and
I';. The boundary state may thus be expressed as

= [0 ® D vlvz)) @ [62), (72)

where [ is the identity topological sector. The reduced density
matrix pap then reads

pas = Py ® Z Wal* 5%, ® P (73)
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where
Sne hy 4N,
PX,IIZ 12 NIy Ny (g, N
I N
. 1 _?f*th N—L) T
Poa =72 e T g Ny (e N (T4)
a N,

The purification |/0A3 ) € Ha @ Hp @ Har ® Hp« and its as-
sociated reduced density matrix for the subsystem AA* are
obtained through the same procedure as before. One gets

Tr(pgy))"
G
2

_ bl ) [ o T 2l }
gu B [Vl e
(Xh,( b Z 11_2[’% (Xln,( i ))

n
Te(p++E3)  n _ —
ST e <Z|wa|2’”(sao)2“ m>) :
a

(75)

The (Rényi) reflected entropy thus identically vanishes,
S1(en)(A : B) = 0. This should have been expected since psp is a
factorized state. One can easily show that the Rényi mutual in-
formation for the configuration in Fig. 2(c) also vanishes [see
(A18) in Appendix A], hence SW (A : B) =0 =I"(A : B).

5. Two adjacent noncontractible regions with contractible C

Our last case of interest is that of two adjacent noncon-
tractible regions A and B with a contractible region C, as
shown in Fig. 2(d). A Wilson loop threads only through the
interfaces between A and B, i.e., '3 and I'4. Similar to the
previous case, the boundary state may be expressed as

=) @)@y vdui)elb). 76

where [ is the identity topological sector. It is straightforward
to check that

PAB = ,0/1;'1 ® ,0 7 ® Z%

Ll(l

Difba | @ [oa))be |

(77)

where

Se (h+Ni— 5
pay = lZe N30y Ny Gy, NG

ph= s e E O ) L (8)

11\/2

The by-now familiar procedure to construct the purification

m/2> (m)

|o4p ) and the reduced density matrix p, .. yields

2 erme 8mne

(x i e '
Tr(os) =] 17— == nle ) Z |Vl 2"1_[ S
i=1 (Xhl( fi Jj=3 (Xh (e ¢ ))

n(((1+/62)(,,
~ e 48¢

we(y3+ey) 1
n111)e$(;—n)

2
x S§3<1m>(2 |1/fa|2”<8¢,o)2<‘—">) : (79)

The Rényi and von Neumann reflected entropies then read

SY(A : B)

1\ mcl;+ 4y 2 2 21—
=14+ )5+ —— ) [%al”(Sua) ™",
(+n>24 e T ow)

(80)
Sr(A : B)
mwcls+ ¢
= FA WP S =23 Il In [yl

(81)

The mutual information corresponding to the configura-
tion in Fig. 2(d) can be found in Ref. [29] [see (A21) in
Appendix A]. We have that SY (A : B) = [")(A : B). No-
tice that setting C empty does not change the reflected
entropy/mutual information which actually corresponds to
twice the bipartite entanglement entropy.

III. REFLECTED ENTROPY VIA SURGERY

In this section, we compute the topological reflected en-
tropy from a bulk perspective using the surgery method
[30,36,48,49]. We adopt the approach of Ref. [49] which uses
a formal description of TQFT, and therefore only computes
(universal) finite corrections to the area-law terms. The eval-
uation of partition functions on various three-manifolds can
be achieved systematically by surgery operations [36]. These
partition functions are related to certain elements of the mod-
ular matrix S. For example, the Chern-Simons partition func-
tion on S3 with a Wilson loop in representation R, is given by

Z(S°, Ry) = Saw, (82)

while on §? x S!, i.e., two solid tori D, x §' glued along
their boundaries with Wilson loops in representation R, and
R, respectively, the partition function reads

Z(S* x S', Ry, Rp) = 8ap. (83)

We will also rely on the basic result that applies to a
three-manifold M which is the connected sum of two
three-manifolds M and M, joined along an S? [36]:

Z(M) x Z(§3) = Z(M)) x Z(M,). (84)

The relation (84) extends straightforwardly to M| and M,
joined along n §%’s, i.e.,

Z(M1) x Z(M3)
Z(S3)” :

It is noted that in our discussions, a spatial manifold is two-
dimensional and can be viewed as the boundary of the three-
dimensional space-time manifold where the state is defined.
To compute the reflected entropy between two subsystems
A and B, we use the replica trick and proceed as follows.
First, we choose our bulk ground state |¢) and compute
the (reduced) density matrix psp. Next, we glue m/2 copies
of pap together and construct the purification | ,0%2) by a
canonical duplication of the Hilbert space. We then compute

p/({A* TrBB*(|pm/2)(le1§2|) and glue n copies of pﬁ) as to
obtain Tr(p\"™))".

ZM) = (85)
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'm/2
PAaB =

m/2 _

xXm

X m/2

pAA“‘

xm—2

FIG. 3. Surgery: pure bipartite state on the 2-sphere. The density matrix pap is two 3-balls. The gluing of m/2 density matrices results in

two 3-balls and m/2 — 1 §*’s. The canonical purification |,02”[§2) is obtained by interpreting the second 3-ball in p/':é

(m)> (m)

Finally, from |p,

A. Sphere

We begin with the simplest case in which the spatial man-
ifold is a 2-sphere S2. In all configurations we study, there
are two conjugate quasiparticles on the sphere, one in each
regions A and B, connected by a Wilson line in a definite rep-
resentation R, that thread through all interfaces. One should
thus set |,|> = 8, in the formulas obtained using the edge
theory approach.

1. Pure state

For pedagogical purpose, let us first consider the topologi-
cal reflected entropy of a bipartite pure state, which we know
should be twice the topological entanglement entropy. The
wave function |{) under consideration is a 3-ball depicted
in Fig. 3. The density matrix psp = |¥)({| is two 3-balls
with conjugate punctures (there is no partial trace to be taken

here). To define | ,0%2) who lives in the doubled Hilbert space

(Ha ® Hp) ® (Har ® Hg-), we need to compute p4”, where

m € 2Z*. This is achieved by gluing the region A’ (B') in
the i-th copy of psp to the region A (B) in the (i + 1)-th
copy, for i=1,...,m/2 — 1. We are left with two 3-balls
from the first and m/2-th copies of the density matrix, and
m/2 — 1 three-spheres S* from sewing the copies together.
Then ,02"1;2 on H4 ® Hp is interpreted as the pure state | ,0%2)
on Ha Q@ Hp @ Ha  Hp- as suggested in Fig. 3, i.e., we
consider that the second 3-ball in ,oAB lives on Hax Q@ Hp-.
Next, we construct the reduced density matrix p AAE by tracing
over the regions B and B*, which is shown in Flg 3 Finally,
we can compute Tr(p{"))". We take n copies of pAA* and glue
the region A (A*) in the jth copy to the region A (B) in the
(j + 1)-th (mod n) copy. The resulting manifold is composed
of nm + 2(1 — n) independent S*’s. We thus have

Tr(pﬁl) Z(SB, Ra)Z(]—nH—nm
(Trpg)" Z(S3, Ry
= Z(83, R, = SHIm, (86)

2 as living on Ha+ ® Hpe.

one gets the reduced density matrix p,,. by tracing out BB*.

from which we obtain the (Rényi) topological reflected en-
tropy

S('l)

R,topo

(A:B)=2InS, = 2500, (A). (87)
in agreement with (21) and (26).

2. Two disjoint regions

We now consider the more interesting case of a tripartite
spatial manifold S? with A and B separated by C, as shown’
in Fig. 4. First, the wave function manifold is deformed into
a topologically equivalent one, that is two 3-balls connected
by a tube, as depicted in Fig. 4. The reduced density matrix
pap can then be obtained by tracing over C, see again Fig. 4.
Next, we glue m/2 reduced density matrices psp and define
the purification |p/'f£2) analogous to the previous case, that is
by interpreting the region A’ (B’) in the m/2-th copy of pap as
A* (B*). After that we get ,OAZ* by tracing over B and B*. Fi-

nally, taking n copies of pﬁ) and gluing the regions A and A*

of each copies cyclically, we obtain Tr(p'™))". The resulting
manifold is 2n S3’s connected by nm tubes, as illustrated for
m =4 and n = 2 in Fig. 4. By cutting each tubes and using
(84), we find

Tr(og)" _ Z(8°. R
(Trpgy)  Z(S3, Ry@m ~ (88)

The topological reflected entropy thus vanishes for two dis-
joint regions, as expected from (41) since ¥, = &, here.

3. Two adjacent regions

Finally, we discuss the situation of two adjacent regions
A and B on the 2-sphere, depicted in Fig. 5. As we did for
the disjoint configuration, we start by deforming the three-
manifold into two 3-balls connected by a tube. The reduced
density matrix is equivalent to three 3-balls connected by two

3All the figures of the surgery operations subsequently referred to
are gathered in Appendix B.
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tubes, and the procedure yielding the purification |,02Z2) and

the corresponding reduced density matrix o\ is the same as

for the previous cases. Then, gluing together n copies of o™,

we obtain Tr(p(ml )'. As illustrated in Fig. 5 for m = 4 and
n = 2, the resulting manifold is 2 4+ n(m — 1) S3°s connected
by nm tubes. After surgically removing the tubes, we obtain
Tr(ogh)"  Z(S*, R)*™"
(Trpg)" © Z(S% R,

=Z(S Ry =85 (89)

and we recover (50), remembering that the surgery was car-
ried out for a ground state with a Wilson line in a definite
topological sector a such that ¥, = §,, in Eq. (50).

B. Torus

We now focus on a manifold with nonvanishing genus,
namely the 2-torus with a Wilson loop in representation R,
present along its center. A solid torus can be thought of as
D, x S', and two copies glued together is an §? x S'.

1. Pure state

As a warm-up, we first consider a bipartite slicing of the
torus into noncontractible A and B regions, as illustrated in
Fig. 6. For this pure state configuration, the topological re-
flected entropy should be twice the topological entanglement
entropy. In a similar manner as done for the sphere, to com-
pute the reflected entropy on the torus, one may deform the
manifold into topological equivalent ones which are easier to
handle during the surgery procedures. It is convenient to think
of the solid torus as two 3-balls connected by two tubes, as
shown in Fig. 6. To obtain the purified state in the doubled
Hilbert space and compute the moments of the associated
reduced density matrix Tr(,o(’"z )", we follow the procedure
described in the previous section, see also Fig. 6. We find that
Tr(,o(ml)n is composed of n(m — 2) §? x S’s and two pairs of
§%’s joined along 2n tubes. Note that Tr p%% is m independent
§% x S'’s. We thus have

Tr(pir!)" _ Z(S% R Z(S? x S', Ry, R)" ™
(TI' p{’&)n Z(SZ x S! ) Ra’ Ra)nm

4(1—n
= 54, (90)

where we have used the fact that Z(S> x S', R,, R,) = 1. It
is then straightforward to show that for a general ground
state where the Wilson loop is in a superposition of different
representations R, (i.e., no longer in a definite topological
sector a), the above generalizes to

Te(ofR)" _ (CalveP S )
(Trof)" (Calwal)™

such that the topological (Rényi) reflected entropy is twice
the topological (Rényi) entanglement entropy computed in

Ref. [49], S;:zopo(A :B)= 2St(£0(A), as expected for a pure
state.

2. Two disjoint noncontractible regions

For two noncontractible disjoint regions on the torus, the
manifold is equivalent to four 3-balls connected by four tubes
as depicted in Fig. 7. Tracing over C, we obtain the reduced
density matrix psp as four 3-balls joined by five tubes. Then
we compute p:‘"léz and canonically duplicate the Hilbert space
to obtain the purified state |,oZ’£2) and the associated reduced
density matrix p};gi. The calculation of Tr(p/g'zl)n results in
a manifold of 4n $3’s connected by 4nm tubes, which after
surgically removing the tubes yields

Tr(pyn))"  Z(S?, Ry)* (=

- =1 (92)
(TI')OA”B) Z(S3’ Ra)4n(l—m)

The manifold corresponding to Tr(p(ml Y form=4and n =

2 is depicted in Fig. 7. For a general state in a nondefinite
topological sector, the above generalizes to

Tr(pirt)” X Yl (Sag)" =
(Trpm)" (X 1Wal?(SayH1=—m)"’

and we recover the reflected entropy (55).

93)

3. Two adjacent noncontractible regions

Next, we consider two noncontractible adjacent regions on
the torus, which is topologically equivalent to three 3-balls
connected by three tubes, see Fig. 8. The reduced density
matrix p4p is four 3-balls joined by five tubes. We may then
proceed as previously to compute Tr(p™))", finding that the
resulting manifold is 2 4+ nm S*’s joined by 3nm tubes. We
thus obtain

Tr(o!)"  Z(S?, R,)>1 "™

= =S5 " 98
(Trply)" — Z(S% Raytiom =70

The manifold corresponding to Tr(,o/yzl ) is quite intricate, as

illustrated in Fig. 8 for m = 4 and n = 2. For a general ground
state, one has

Tr(pin)" Y Wl (Sa0)* ™

T = o0 95)
(Tr pyp) (X4 [Wal?"(Sa0)21=m)

which gives the Rényi reflected entropy (61).

4. Two disjoint regions with contractible A and noncontractible B

When one of the two disjoint regions is contractible, say
A as shown in Fig. 9, the solid torus is deformed into three
3-balls connected by three tubes with a Wilson loop that
threads only through regions B and C. Following the same
procedure as before, the calculation of Tr(p'"))" by surgery
yields 3n S*’s joined along 3nm tubes. Note however that the
Wilson lines do not thread through every three-spheres and
tubes. Indeed, as illustrated in Fig. 9 for m =4 and n = 2,
there are n S3’s connected by nm tubes that do not contain any
Wilson lines, while n pairs of $*’s joined along 2m tubes (for
each pair) contain some. A three-sphere with no Wilson line
threading through it contributes a Z(S*) = Z(S?, Ry) after the
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surgery. Removing the tubes and applying (84) we thus obtain

Tr(pxi) Z(S3 )2=m) Z (g3 =m) . o0
(Trpgy)"  Z(S3, Ry a-mz(s3yi-m

For a general ground state, the result becomes

Tr(p)"_ (S Wil S ™) oo
(TrpAB) (Za |wa|2m(Sao)z(lim)(S()())lfm)n '

Hence SI(Q”)(A : B) = 0 in agreement the with edge theory cal-
culation.

5. Two adjacent noncontractible regions with contractible C

Finally, we consider two noncontractible adjacent regions
A and B on the 2-torus with a contractible region C. The mani-
fold is first deformed into four 3-balls connected by four tubes,
as one can see in Fig. 10, where the Wilson loop only pierces
through the interfaces between A and B. Then following the
famlhar canomcal purification procedure, the surgery yields
Tr(p{"))" as a manifold of 2n(m — 1) + 4 $*’s joined along
4nm tubes. The different three-spheres and tubes are arranged
in a complex way, as one may appreciate for m = 4 and
n =2 in Fig. 10. There are Wilson loops threading through
2n(m — 2) $3’s connected to 2n(m — 2) tubes (represented as
red tubes in Fig. 10) as well as through two pairs of $*’s joined
along 2n tubes each. The remaining 2n S’s and 2nm tubes do
not contain any Wilson loops. We thus obtain

Tr(pxl) Z(S3, Rq)4(1—n)z(s3)2n(l—m)
(Tr )OAB) Z(S3 )Zn(l—m)

= (Sa0)* M. (98)

For a general state, the above generalizes to

Tr(pf(xrgi) ( 2 2(1— )2
— 2 = [V (Sa0)* ™ ] (99)
(Tr AB) Za: ’

which gives the same Rényi reflected entropy (80) as with the
edge theory approach.

IV. ODD ENTROPY

The odd entropy of a bipartite state psp, introduced in
Ref. [33], involves an analytic continuation of the odd se-
quence at n, — 1 of the moments of the partial transpose
density matrix,

S,(A:B) = lim

n,—~11—mn,

InTr(p5)", (100)
where - indicates the partial transposition in Hg. The quan-
tity suggested in Ref. [33] as a dual of the entanglement wedge
cross-section is actually a “regulated” form of the odd entropy,
denoted hereafter &£,, which is the difference between odd
entropy and entanglement entropy,

ENA:B)=S,(A:B)—SAUB). (101)

As mentioned in the introduction, another correlation measure
that possesses a simple holographic dual interpretation as
(twice) the entanglement wedge cross-section is the reflected

entropy [10]. It is thus interesting to see whether reflected
entropy and odd entropy are related to each other in Chern-
Simons theories,

Sr(A : B) ; 28,(A : B). (102)

For pure states, we can already observe that the relation above
holds since the odd entropy reduces to the entanglement en-
tropy, hence £,(A : B) = S,(A : B) = S(A) = (1/2)Sg(A : B).

A. Sphere
1. Two disjoint regions

For two disjoint regions on the 2-sphere [see Fig. 1(b)], the
reduced density matrix is given in Eq. (32) and is invariant
under partial transposition, Tr(,of%)n = Tr p}, which imme-
diately leads to

S,(A:B)=S(AUB), (103)

where S(A U B) can be found in Eq. (A5) by taking the n — 1
limit. This yields

E,(A:B)=0. (104)

Note that the invariance under partial transposition of the
reduced density matrix implies (103) in general. The reflected
entropy has been computed in Eq. (41). Although &, is trivial,
in anticipation of the adjacent case we may write

Sr(A:B) =28,A:B) =Y Wl In|yal’, (105

with Sg(A : B) = 2E,(A : B) = 0 for a Wilson line in a defi-

nite topological sector.

2. Two adjacent regions

The reduced density matrix, see (42), corresponding to
this configuration is not invariant under partial transposition,
therefore Tr(pz‘g )n depends on whether n is even or odd. For
n = n, odd, one finds that

_ 8unge _ 8unge

n(, 2n Xha ( K ) Xhy, (6 2 )
r(o4 |Val p e
AB Z a (Xh”( 8(] ))Vlu (Xha (e_ 8¢2 ))n{,

e L+

e TG Y g P (Su0) ! T (106)
The odd entropy then easily follows:
wcl) + 4o
So(A:B) == +2; [Wal® In Sao
(107)

D R

The reflected entropy can be found in Eq. (62), and the entan-
glement entropy S(A U B) is of the form (21); we thus find the
following relation:

Sr(A:B) =2E,A:B)— Y Yl In|yal’,  (108)

where

E,(A: B) = ”Cﬁl +Z|¢a| InSo.  (109)
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Proportional to the length of the interface shared between A
and B, the first term in Eq. (109) satisfies the area law. The sec-
ond term constitutes the topological part of the regulated odd
entropy. For an Abelian Chern-Simons theory (d, = 1 such
that S,9 = 1/D for each topological sector a), the topological
term does not depend on the choice of ground state, while
for a nonAbelian Chern-Simons theory (d, > 1 such that
S0 # 1/D for at least one topological sector), the topological
part does depend on the choice of ground state. The regulated
odd entropy thus allows us a to distinguish an Abelian theory
from a nonAbelian one. Another quantity that can characterize
the abelianity of a Chern-Simons theory is the logarithmic
negativity [29,30] which, interestingly, also involves a partial
transposition in its definition. In characterizing topological
phases of matter, the partial transposition thus emerges as a
crucial tool* (see also [50] for another interesting example).

B. Torus
1. Noncontractible multicomponent interfaces

For a general configuration on the 2-torus, with noncon-
tractible multicomponent A, B and C, the reduced density
matrix is given in Eq. (65). The odd moments of the partial
transpose of pap are easily found to be

i Xh, (6782’/?6)
/OAB n” Z [Val 2”" 1_[ H#M
1 (xn(e” 7))

~ 62‘[; M(Vll{} —n,) Z |1pg|2n0(8a0)M(1_n0)’
a

(110)

where we recall that M = M, + Mg + Myp is the total num-
ber of interfaces, and 45 and £4(p) represent the total length
of the interfaces shared between A and B, and between A(B)
and C, respectively. The odd entropy can then be expressed as

JTCKA-FEB-{-EAB 2
- M a 1 a
N - ;W n Ss0

So(A:B) =

= ) 1l In Y] (111)
Using (69) and (A13), we again obtain the relation
Sk(A:B) =26,A:B) = Y [WulInlyu,  (112)
where
£ By =T M D e (1)

€

Again, we observe that the topological term in Eq. (113)
depends on the choice of ground state for nonAbelian theories,
but does not for Abelian ones.

2. Two disjoint regions with contractible A and noncontractible B

For the geometry shown in Fig. 2(c), the reduced density
matrix corresponding to AU B [see (73)] is invariant under

“We thank Jonah Kudler-Flam for discussions on this point.

partial transposition, hence the odd entropy coincides with
the entanglement entropy for A U B given in Eq. (A15). This
yields

SgR(A:B)=2E,(A:B)=0. (114)

3. Two adjacent noncontractible regions with contractible C

Given the reduced density matrix p4p in Eq. (77), it is a
straightforward matter to compute

()"

Snn,,e _ 8mnpe
¢

=1_[ X (e s sznol—[m(eT
i=1 Xh, i

n()
=34 8(xn,(e 7))
e%(ﬁ—m St Z a2 (S,0 21
a

(115)

[

The odd entropy can then be expressed as

”Czl 1 l

So(A: B) = +21n S0 +ZZ [¥al* 10 Sa0

—Z|wa|21n|wa|2. (116)

With the entanglement entropy for A U B obtained by taking
the n — 1 limit in Eq. (A20), we get

Sr(A : B) =2&,(A : B). (117)

We note that in this case, the regulated odd entropy depends
on the choice of ground state for both Abelian and nonAbelian
theories.

V. DISCUSSION

We studied the reflected entropy in (2 + 1)-dimensional
Chern-Simons theories for a class of mixed states obtained
by tracing out the degrees of freedom of some subsystem of
a tripartite ground state. We mainly focused on spherical and
toroidal spatial manifolds. Relying on its replica formulation
[10], we employed two different approaches to compute the
reflected entropy. The first one, the edge theory approach [29],
makes use of the bulk-edge correspondence in TQFT, while
with the second method the reflected entropy is computed
directly using surgery techniques [36,48,49]. Both approaches
yield identical results for all cases studied in this work, namely
the reflected entropy coincides with the mutual information,

Sg(A:B)=1I(A:B), (118)

regardless of whether the subsystems A and B are adjacent
or disjoint. We have noted, though, that their Rényi versions
do not agree in general. Such a relation can be observed
in two-dimensional holographic CFTs when the contribu-
tion is universal, as, e.g., for adjacent intervals [10,51]. It
was also reported in Refs. [19,20] for global quenches in
two-dimensional rational and holographic CFTs. Equality
between reflected entropy and mutual information implies
certain structure properties of the tripartite pure states. In a
recent work [52], the authors considered the quantity Sg — I as
a measure of tripartite entanglement (see also Refs. [21] in the
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holographic context). Tripartite pure states that satisfy Sg = I
for pap have been dubbed sum of triangle states in Refs. [52].
Sg # I signals irreducible tripartite entanglement. The equal-
ity puts constraints on the nature of tripartite entanglement in
the states for which it holds, such that, for example, no W -like
entanglement. However, it does not imply a complete lack of
tripartite entanglement in general, as GHZ states do satisfy
Sg=1.

From (118), we observe that both the lower bound (5) and
the polygamy inequality (6) for the reflected entropy are satu-
rated. Also, the monotonicity of mutual information together
with the relation (118) trivially implies the monotonicity of
reflected entropy, Sg(A, BUC) = Sg(A : B), for the type of
mixed states under consideration. It would be interesting to
see if the monotonicity of the reflected entropy holds for
generic mixed states, especially since a Rényi version (n > 1)
of this inequality was proven in generality in Ref. [10].

We also studied the recently introduced odd entropy [33],
motivated by the fact that its proposed holographic dual in-
terpretation is similar to that of the reflected entropy. The
relevant quantity is a “regulated” odd entropy, given by the
difference between the odd entropy and the entanglement en-
tropy, which we denote &,(A : B). We found that the reflected
entropy and twice the regulated odd entropy match, up to a
classical Shannon term,

Sr(A : B) = 2E,(A : B) + aH({Yr)), (119)

where H{y,}) = -3, [Y4]? In |, |? is the Shannon entropy
of the classical probability distribution {|,|?}. The constant o
is zero if A and/or B and/or C is completely contractible such
that there is no Wilson line threading the interface between at
least two of the three regions, otherwise it is equal to one.
Thus, the reflected entropy and the regulated odd entropy
possibly differ only by a Shannon term, coming from a Wil-
son line fluctuating among different topological sectors and
tunneling through the interfaces, whose presence indicates in
our setup that the three subsystems are all noncontractible.
The relation (119) also suggests that the reflected entropy
(or, equivalently, the mutual information) is more sensible to
classical correlations than (twice) the regulated odd entropy,
as their difference, if nonzero, is classical. Additionally, we

J

found that the regulated odd entropy for two adjacent (non-
contractible) regions on the sphere (torus) can be used to
distinguish Abelian Chern-Simons theories from nonAbelian
ones, in a very similar manner as the logarithmic negativity
(see Refs. [29,30]).

There are several future avenues worth exploring. First,
it is not yet clear what the reflected entropy and (regulated)
odd entropy exactly measure in general—see discussions
and recent developments on this issue in Refs. [10,17—
19,21,35,52]—which needs to be further investigated. An in-
teresting direction would be to study the reflected entropy and
the regulated odd entropy for more general mixed states in
3d Chern-Simons theories. Though we believe that the mixed
states considered in the present work reflect the essential
features arising for generic ones, it is an intriguing question
whether the reflected entropy and the mutual information in
3d Chern-Simons theories coincide in general, and whether
the regulated odd entropy is generically related to the reflected
entropy as in Eq. (119). One could also revisit our analysis
of the reflected entropy and the regulated odd entropy in the
context of gapped interfaces in both Abelian and nonAbelian
Chern-Simons theories, see, e.g., Refs. [53,54]. Finally, it
is worth investigating the reflected entropy in other theo-
ries, such as, for example, Lifshitz theories. Lifshitz theories
are critical nonrelativistic quantum field theories exhibiting
anisotropic scaling between space and time [55], and which
are known to display similar entanglement properties as topo-
logical theories [34,56,57]. It would thus be interesting to
compute the reflected entropy in such theories to compare to
the results in this paper.
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APPENDIX A: MUTUAL INFORMATION

For the sake of being self-contained, we compute here the (Rényi) mutual information for the different cases considered in
this paper, most of which can be found in Ref. [29]. The Rényi mutual information I'”(A : B) between two subsystems A and B

is defined as

1A : B)=S"A) + S™(B) — S™(AUB),

where S®(A) is the Rényi entropy for the subsystem A,
1

SMWA) = ——
(A=

—n

(A)

Tr o}
n 9
(Tr pa)"

(A2)

and similarly for B and A U B. The mutual information is obtained in terms of entanglement entropies by taking the n — 1 limit

I(A:B) = liml I™(A : B),

and is a measure of total correlations between A and B.

(A3)
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1. Sphere
a. Two disjoint regions

This case corresponds to the configuration in Fig. 1(b). Clearly, S (A) and S™(B) have the same form, which is given in
Eq. (19) by

1\ mc 51(2) 1 _
(n) _ - 2n 1—n
SY(A(B)) = (1 + n)_48 . +—1 — In Ea [Vl (Sa0) " (A4)

Thus we only have to compute S™(A U B). Actually, we do not need to do much since we have already calculated Tr pffy =
Tr,o(m) in Eq. (39), hence

b+ £ 1 _
WAUB) = (1+-)= I 28,021 A
S™AUB) (+ >48 - +1_n“;"/’“' (Sa0) (AS5)

We obtain the (Rényi) mutual information as

L (S WP Sa0) )
(M)A . — a4
D = Ny W Sy

IA:B) ==Y [Yal*In Y], (A7)

(A6)

b. Two adjacent regions

This case corresponds to the configuration in Fig. 1(c). The Rényi mutual information can be inferred from the previous case.
Indeed, S“™(A) and S” (A U B) have the same form as (19), while S (B) is given by (A5). We immediately get

1\mct,y 1 _
(n) . _ e 2n 2(1—n)
1 (A.B)—<1+ )24€+ _nannm (Sa0)™' ", (A8)
IA:B) = +22|m| 1n8a0—2|1/fa| In ). (A9)
2. Torus

a. Noncontractible multicomponent interfaces

Instead of reproducing the results of Ref. [29] for the mutual information corresponding to the configurations in Figs. 2(a) and
2(b), we compute the (Rényi) mutual information for the more general case where A and B are each composed of an arbitrary
number of components with an arbitrary number of shared interfaces between them. We recall that there are M interfaces I'; in
total, of three types: Mg between A and B, M4 between A and C, and Mp between B and C, where C is the complementary
subsystem to A U B. A Wilson loop threads through all interfaces.

The reduced density matrices for the subsystems A, B, and A U B are given by

PAB) = ZWa ® IOABa ® pA(B)a’

I'i={Taz} Ij={Tawm)}
pAB—ZmP ® P ® Phlas (A10)
={la} I'j={I's

where we defined

1 8me _c
I =5 (ha+Ni—53)
PAB).a = n’ Z i % |hg, Ni) (ha, Nil,
N;
T — € (hy+Nj—£) — ¥ (h+N— &) — —
Paba = _jZZe F =3, iTn |huaNj>|huaNj)(ha’N;‘|<ha’N]/‘|~ (A11)
NN
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One can then obtain

8mne

2 Xn(e” 0)  mtamrn L= 2 Maw+Map)(1—
S ST | - ST SR
i=({Ta@) U1} (Xhu (e ! )) a

__ 8mne

TrpXB = Z W/a|2n 1_[ L;)n ~ EM( —n) Z [V |2n(8 )(MA+MB)(1 n) (A12)
a j=maors) (e, (e 7))

Where €45 and £4(p) represent the total length of the interfaces shared between A and B, and between A(B) and C, respectively.
The corresponding Rényi entropies read

1 l l 1
S™(AB)) = (1 + —)—nc AT oAb In Y [ral> (Sap) Mo tHa) 1=,
n

48 € 1 —n
1\ mc EA + EB 1 _
SMWAUB) = 1 3 2n g (Ms+Mp)(1—n) Al3
( ) ( + - >48 c +1_n11%|¢|(5w ; (A13)

based on which the (Rényi) mutual information between A and B follows:

1\ mc lap 1 3 || (Sag)MantMad1=m) 1 )
I"A:B) =1+~ )= In &4 ] 127(S,0) MantM)(1=n)
( : < " n) 24 e " I—n " D a [Wal?(Sa)MatMe)(1=m) + 1—n n; Val ™ (Sa0)

T[C KAB

IA:B)= 2MABZWH| 1nsao—2|wa| In Y. (Al4)

The configurations corresponding to Figs. 2(a) and 2(b) are recovered for Mup = €ap =0, My = Mp =2, and Mup = My =
Mp = 1, respectively.

b. Two disjoint regions with contractible A and noncontractible B

For the geometry shown in Fig. 2(c), we can dlrect(y get S™(B) from (A13) by setting Mz = 2, g = £, + £3 and 3 = 0 =
M. Furthermore, we already obtained Tr p = ,oAA* in Eq. (75), yielding

1\ 7wcly+6+¢ 1
sm@AauB) = (1 +- OOt S0+ In Y [¥al™ (Sa0)* . (A15)
48 P l—n &

Thus we only need to compute S™(A). The boundary state at the interface T’y simply is |B) = |h} ), and the corresponding
reduced density matrix for A reads

1 — T (N = £)
:_2: o hy, N)(h;, N/, Al6
pa=-7 € " lhi, N)(hy, N| (A16)
which gives the following Rényi entropies:

1\ 7c¢
SM(A) = <1+ )%—14-111500 (Al7)

It is then straightforward to check that the (Rényi) mutual information identically vanishes,
I™(A:B)=0. (A18)

¢. Two adjacent noncontractible regions with contractible C

This case, corresponding to the configuration in Fig. 2(d), has been treated in detail in Ref. [29]. Let us report their results for
the Rényi entropies,

1\ 7¢ £y + 3 + £
SOUB) = (14 )bt Erh 10 S0 + - 1n§ [l (S0, (A19)
48 €
1 V4 V4
SM(AUB) = <1+ )Zg L 210 S, (A20)

035149-15



BERTHIERE, CHEN, LIU, AND CHEN PHYSICAL REVIEW B 103, 035149 (2021)

and for the (Rényi) mutual information,

Nmets+0 2
1<">(A:B)=<1+—)”C SRS

1 a2n g 2(1—n)
o oy l_nn202|¢|(50) :

wcls + 4y
IA:B) = "= +4) Wl InSa =23 Wl In Y. (A21)

APPENDIX B: SURGERY MANIFOLDS

We gather here the figures related to the calculation of reflected entropy using the surgery method discussed in Sec. II1.

s NN
w
NEY

FIG. 4. Surgery: two disjoint regions on the 2-sphere. The wave function |y) is deformed into two 3-balls joined by a tube. The reduced
density matrix p,p is obtained by tracing out the region C. After surgery, the manifold corresponding to Tr(p{"))" is displayed for m = 4 and
n = 2. It is composed of S*’s connected by tubes along S>’s.

FIG. 5. Surgery: two adjacent regions on the 2-sphere. The wave function |) is deformed into two 3-balls joined by a tube. The reduced
density matrix p,p is obtained as three 3-balls joined along two tubes. The manifold corresponding to Tr(pY))" is displayed for m = 4 and
n = 2, and it is composed of $*’s connected by tubes along S2’s.
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FIG. 6. Surgery: pure bipartite state on the 2-torus. The wave function |y) is deformed into two 3-balls connected by two tubes. The gluing
of m/2 density matrices results in two pairs of 3-balls joined by two tubes and m/2 — 1 §? x S'’s. The canonical purification |p:\"§2) is obtained
by interpreting the second pair of 3-balls in p%z as living on H,+ ® Hp+. Finally, from |p/§';)) one gets the reduced density matrix o) by

tracing out the regions B and B*.

FIG. 7. Surgery: two disjoint noncontractible regions on the 2-torus. The wave function |¢) is deformed into four 3-balls joined by three
tubes, with a Wilson loop threading through all the regions. The reduced density matrix p4p is obtained as for 3-balls joined by six tubes. The
manifold corresponding to Tr(px‘i )" is displayed for m = 4 and n = 2, and it is composed of $*’s connected by tubes along S’s. We do not

show the Wilson lines since their paths would render the figure illegible.
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//J%‘s

A==
= “«\W%

=

FIG. 8. Surgery: two adjacent noncontractible regions on the 2-torus. The wave function |y) is deformed into three 3-balls joined by three

tubes, with a Wilson loop threading through all the regions. The reduced density matrix p4p is obtained as four 3-balls connected by four tubes.

The manifold corresponding to Tr(pxl )" is displayed for m = 4 and n = 2, and it is composed of S*’s connected by tubes along S2’s.

FIG. 9. Surgery: two disjoint regions on the 2-torus with contractible A and noncontractible B. The wave function |¢) is deformed into

three 3-balls joined by three tubes, with a Wilson loop threading through the regions B and C only. The reduced density matrix p4p is obtained

as three 3-balls joined by four tubes. The manifold corresponding to Tr(pfAA'f’l )" is displayed for m = 4 and n = 2, and it is composed of $*’s
connected by tubes along S%’s.
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Tr(

FIG. 10. Surgery: two adjacent noncontractible regions with contractible C. The wave function |y) is deformed into four 3-balls joined by
four tubes, with a Wilson loop threading through the regions A and B only. The reduced density matrix pup is obtained as six 3-balls connected

(m)

by eight tubes. The manifold corresponding to Tr(p,y.)" is displayed for m = 4 and n = 2, and it is composed of $*’s connected by tubes

along S2’s.
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