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Abstract The odd entanglement entropy (OEE) for bipar-
tite states in a class of (1+1)-dimensional Galilean conformal
field theories (GC FT141) is obtained through an appropri-
ate replica technique. In this context our results are com-
pared with the entanglement wedge cross section (EWCS)
for (2 + 1)-dimensional asymptotically flat geometries dual
to the GC F T4 in the framework of flat holography. We
find that our results are consistent with the duality of the dif-
ference between the odd entanglement entropy and the entan-
glement entropy of bipartite states, with the bulk EWCS for
flat holographic scenarios.
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1 Introduction

Characterization of quantum entanglement has emerged as
a central issue for the investigation of diverse phenomena
from condensed matter physics to issues of quantum grav-
ity. In quantum information theory the entanglement entropy
(EE) defined as the von Neumann entropy of the reduced
density matrix appropriately characterizes the entanglement
for bipartite pure states. Although this measure is relatively
simple to compute for quantum systems with finite number
of degrees of freedom it is usually intractable for extended
quantum many body systems. Remarkably the entanglement
entropy for bipartite states in (1 4 1)-dimensional confor-
mal field theories (C FT141s) could be obtained through a
replica technique described in [1-3]. For bipartite mixed
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states however the entanglement entropy receives contribu-
tions from irrelevant classical and quantum correlations and
is hence an unsuitable entanglement measure for such states.
Several mixed state entanglement and correlation measures
have been proposed in quantum information theory although
some of these involve optimization over local operations and
classical communication (LOCC) protocols and are hence
not easily computable. Some of these computable measures
described in the literature include the entanglement nega-
tivity [4,5] and the reflected entropy [6,7]. Another novel
computable measure for characterizing mixed state entan-
glement termed as the odd entanglement entropy (OEE) has
been recently proposed in [8]. The OEE may be loosely inter-
preted as the von Neumann entropy of the partially trans-
posed reduced density matrix for the subsystem under con-
sideration.! The authors in [8] also obtained the OEE for the
bipartite mixed state of two disjoint intervals in a CF T4
through an appropriate replica technique. Furthermore it has
been shown in [8] that the holographic dual of the differ-
ence between the OEE and the EE is described by the bulk
entanglement wedge cross section (EWCS) for the bipartite
state in question.” It should also be noted here that the bulk
EWCS has also been proposed as a holographic dual for
several other correlation measures, for example the entan-
glement of purification [15], the reflected entropy [6, 16] and
the balanced partial entanglement [17].

On a separate note in the past a class of (1 + 1)-
dimensional Galilean conformal field theories (GC F T1415)
was described in [18—20] utilizing an In6nii-Wigner contrac-
tion of the symmetry algebra for relativistic C F' T1415s. Inter-
estingly the EE for bipartite states in these GC F T141s could
be also computed through an appropriate replica technique
described in [21]. In subsequent works, the authors in [22—
25] established a holographic construction to obtain the EE
in the context of flat space holography [26,27].

As described earlier, the EE fails to be a viable entangle-
ment measure for bipartite mixed states. In this context, the
issue of characterizing mixed state entanglement for bipar-
tite states of these GC F T1.11s assumes a critical significance.
Addressing this issue, in [28] the authors had obtained the
entanglement negativity for bipartite states through a replica
technique. A holographic characterization of the entangle-
ment negativity in the flat holographic framework was also
recently described in [29]. The authors utilized the alge-
braic sums of the lengths of extremal curves for the dual
bulk asymptotically flat geometries, homologous to certain
combinations of the intervals relevant to the mixed state con-
figuration in the GC F T141. These constructions were moti-

! The OEE is not exactly the von Neumann entropy as the (partially
transposed) density matrix utilized does not correspond to any physical
state and may have negative eigenvalues.

2 See [9-14] for further developments on the OEE.
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vated by earlier constructions in the literature for the usual
AdS3/CFT, scenario [30-32]. Furthermore the authors in
[33] obtained the bulk EWCS for bipartite states in dual
GCFTi41s through a novel geometric construction in the
context of flat holography. Recently, the holographic dual-
ity between the bulk EWCS and the balanced partial entan-
glement [17] was investigated and verified in [34,35]. Also
the authors in [36] obtained the reflected entropy for bipar-
tite states in GCFT141s and compared their results with
the EWCS to verify the duality between the EWCS and the
reflected entropy described in [6] (see also [37]).

The above developments naturally lead to the interesting
issue of the computation for the OEE of bipartite states in
GCFTi41 dual to bulk asymptotically flat geometries and
explicitly verify the holographic duality of the bulk EWCS
with the difference between the OEE and the EE in the context
of flat holography. In this article we address this significant
issue and construct an appropriate replica technique to com-
pute the OEE for bipartite states in GC F T141s. To this end
we first obtain the OEE for bipartite pure and mixed states in
C FTy41s which are missing in the literature. Subsequently,
using a replica technique, we obtain the OEE for bipartite
states involving a single, two adjacent and two disjoint inter-
vals in GC FTy41s at zero and finite temperatures and for
finite sized systems. For the case of the two disjoint inter-
vals we implement a geometric monodromy analysis [38]
for the corresponding four point twist field correlator in the
GC FTi4 to obtain the relevant dominant Galilean confor-
mal block in the large central charge limit. Furthermore we
compare our results to the bulk EWCS computed in [33] and
explicitly verify the holographic duality with the difference
between the OEE and the EE in flat holographic scenarios.

The rest of the article is organized as follows. In Sect. 2
we describe the OEE and briefly review the corresponding
replica technique for bipartite states in the context of the usual
relativistic C FTi4+1. We also utilize this replica technique
to compute the OEE for certain bipartite states at zero and
finite temperatures and in finite sized systems described by
C FTy41s which were missing in the literature. Subsequently,
in Sect. 3, after a brief review of the (14 1)-dimensional non-
relativistic Galilean conformal field theories, we establish a
replica technique to compute the OEE for various bipartite
states in GC FTy41s and compare our results with the bulk
EWCS. In Sect. 4 we present a summary of our work and the
conclusions. Finally in Appendix A we provide a limiting
analysis where we show that our result of the OEE for the
bipartite mixed state of two disjoint interval is consistent with
the appropriate non-relativistic limit of the corresponding
CF T4 result.
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2 OEE in conformal field theories
2.1 Odd entanglement entropy

We begin with a brief review of the odd entanglement entropy
(OEE), introduced in [8] as a correlation measures between
the two subsystems of a bipartite mixed state. It can roughly
be described as the von Neumann entropy of the partially
transposed reduced density matrix of the given subsystem
(cf. footnote 1). In this context, one starts with a tripartite
pure state composed of the subsystems A, A and B. Sub-
sequently the subsystem B is traced out to obtain the bipar-
tite mixed state for the subsystem A = A; U A, with the
reduced density matrix p4,a, defined on the Hilbert space
H = Ha, ® Ha,. The partial transposition of the reduced
density matrix pa,4, Wwith respect to the subsystem A is
defined as

Tay | (D) <2>>

e n,@ Do
(et )e; )|:0A1A2|ek e = (e e/ 1paras ey )eﬁ' N

where |el.(1)) and |e§2)) are the bases for the Hilbert spaces
H 4, and 'H 4, respectively. Further we define the Rényi gen-
eralization of the OEE for the partially transposed density
matrix as follows

S0 (Ay 1 A) =

T
log [Trr(0,473,)" | 2.2)

1—n,
where 7, is an odd integer.’ The odd entanglement entropy
S, for the given mixed state p4,4, may finally be obtained
through the analytic continuation of the odd integer n, — 1
in the above expression as follows* [8]

So(A1 : Ay) = lim [S9) (A : Ap)]. (2.3)
no—1
In [9], the authors numerically confirmed the following
quantum information properties which ensures that the OEE
is a well-defined bipartite mixed state measure:

e S,(A : B) > 0 (positive semi-definite)

e So(A: BBy > S,(A : By) (monotonic)

o So(A: BiBy) < Sy(A: B) + So(A : By) (polygamy
relation)

o So(A1Az : BiB2) = Syp(A1 : By) + Sp(Az @ By) (break-
ing of strong super additivity).

However, a general analytic proof of these properties remain
an open issue.

3 The partially transposed density matrix raised to an even power leads
to another mixed state entanglement measure termed the entanglement
negativity [4].

4 The author in [8], instead used the Tsallis entropy to obtain the OEE.
However note that, in the replica limit n, — 1 both the Rényi gener-
alization of the OEE in Eq. (2.2) and the Tsallis entropy considered in
[8] matches and gives the same expression for the OEE.

B Aq B A B

u (% ug V2
I la

Fig. 1 Two disjoint intervals A| and A,

2.1.1 OEE in holographic C FT11

In this subsection, we review the replica technique utilized
for the computation of the OEE in (1 + 1)-dimensional con-
formal field theories (C FT)41s) as described in [8]. For
the C FTi41s, the trace Try (p}:i\z)"” in Eq. (2.2) may be
expressed as a twist field correlator corresponding to the
mixed state in question. We consider a generic tripartite
pure state in a C F'T14+1 which is described by the intervals
Al =[uy,v1], Ap = [uz, vz]and B = (A; U A»)¢ as shown
in Fig. 1. For the bipartite mixed state of A; U A, obtained
by tracing out the degrees of freedom corresponding to the

T,
subsystem B, the trace Try (o A?iz)”’) may be expressed as
a four-point twist field correlator on the complex plane as
follows [8,39]

Trp(py )" = (T, )T, () T, ) T, (02)). (24)

Here 7, and 7,, are the twist and anti-twist field operators
in C FT141 respectively with the following weights,

i - c 1
where c is the central charge. The four point twist correlator
in Eq. (2.4) was utilized in [8] to obtain the OEE for the
bipartite mixed state of two disjoint intervals ina C F T141 at
zero temperature. In this article, we further utilize the above
replica technique to obtain the OEE for the bipartite states of
two disjoint intervals at a finite temperature and for a finite
sized system. We also obtain the OEE for two adjacent and a
single interval at zero and finite temperatures and for a finite
sized system in C F T11s.

In contextof the Ad S5/ C F T, correspondence, the authors
in [8] have also proposed a holographic duality for the dif-
ference of the OEE and the EE in terms of the bulk minimal
entanglement wedge cross section (EWCS) corresponding to
the bipartite state under consideration as follows

(2.5)

So(A1: Az) = S(A1 U Az) = Ew(Ar @ A2), (2.6)

where S(A; U Aj) denotes the EE and Ew (A : Ay) denotes
the minimal EWCS for the subsystem A U Aj.

2.2 OEE for two disjoint intervals
In the following subsections we first review the OEE for

two disjoint intervals at zero temperature as computed in [8].
Subsequently we compute the OEE for the bipartite mixed

@ Springer
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state configuration of two disjoint intervals in a finite sized
system and at a finite temperature using the replica technique
described earlier.

2.2.1 Two disjoint intervals at zero temperature

For this case, consider the mixed state configuration of two
disjoint intervals Ay = [u, v1] and Ay = [u2, v3] in the
vacuum state of the C F' T1.1. This configuration is described
by the four point twist correlator given in Eq. (2.4) which may
be expanded in terms of the conformal blocks in the #-channel
as [8]

(T )Ty (v1) 75 (u2) T, (v2)>
n l])

(Jur = vallor — u2) 6
=Y by Flc.hg, hp, 1 —x) Fle,hg hy 1 =),

2.7)
where x = % is the cross ratio, b, is the OPE
coefficient® and F and F are the Virasoro conformal blocks
corresponding to the exchange of the primary operator with
the dimension / j,. In the -channel, the dominant contribution
arises from the twist field operator Tz with the weight . )
h1,, . The conformal block for this case may be expressed as

[8,40]

log F (¢, hg,, ) 1= x) =

1+\/7c].

T(2> log [l Y
(2.8)

Using the above expression and Egs. (2.7) and (2.3), one may
obtain the OEE for the mixed state of two disjoint intervals
in the C FT14 as follows [8]

)

(2.9)

So(A1:A2) =S(A1UA2) + — 10g [1 - \/_}

7

where ellipsis denote subsequent terms which are sub-
leading in the large central charge limit. The first term in the
above expression denotes the EE for the subsystem A; U Aj
given as

c lup — v2|
S(A{UAy) = = log [ —=
3 a

+£10g<w)+...,
3 a

where a isa UV cutoff of the C F T 4. Itis straightforward to
check that in the large central charge limit, Eq. (2.9) satisfies

(2.10)

5 The contribution due to the OPE coefficient is negligible in the large
central charge limit as it is independent of the position of the primary
operators [8].

@ Springer

the duality in Eq. (2.6) as the second term matches exactly
with the corresponding EWCS obtained in [15].

2.2.2 Two disjoint intervals in a finite size system

For this case, we consider the mixed state configuration of
two disjoint intervals A and A, of lengths /1 and /> respec-
tively, in a C FT141 described on a cylinder with circumfer-
ence L. To obtain the OEE for the given mixed state under
consideration, it is necessary to compute the corresponding
four point twist correlator in Eq. (2.4) on the cylinder. This
may be done by utilizing the following conformal map which
maps the complex plane to a cylinder [3,39]

iL
7 — w=—logz, (2.11)
2

where z describe the coordinates on the complex plane and
w describe the coordinates on the cylinder. Under this con-
formal map, the cross-ratio modifies as

l Tl
sin ( L‘) sin ( LZ)
c(ZUHD Y i (Tt
sin ( s ) sin ( 2L )

where [; represents the length of the region sandwiched
between the two intervals A; and A;. Now, utilizing Eqs.
(2.9),(2.11) and (2.12), we may obtain the OEE for the mixed
state of two disjoint intervals in question as

w(ly+ 1 +ls)>

X =

(2.12)

c L
So(A1: Ap) = = log (— sin
3 ma

(2.13)

where a is a UV cut-off. Note that the first two terms in the
above expression denote the EE S(A; U Aj3) for the subsys-
tem A1 UAj. The corresponding bulk EWCS for this bipartite
state may be obtained easily by utilizing Eq. (2.11). On com-
puting the bulk EWCS we observe that it matches exactly
with the last term in the above expression for the OEE. This
provides substantiation to our computations as Eq. (2.13) is
consistent with the holographic duality described in Eq. (2.6).

2.2.3 Two disjoint intervals at a finite temperature

We now turn our attention to the mixed state configuration of
two disjoint intervals at a finite temperature. To this end, we
consider two disjoint intervals A and A, of lengths /{ and /5
respectively, in a C F T4 at a finite temperature defined on
a thermal cylinder with circumference given by the inverse
temperature S. To obtain the OEE for this case, it is required
to obtain the four point twist correlator in Eq. (2.4) on the
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thermal cylinder. We may employ the following conformal
map to transform the complex plane to the thermal cylinder
(3,39]

7= w=—logz, (2.14)

2

where z denote the coordinates on the complex plane and w
denotes the coordinates on the thermal cylinder. The CFT
cross-ratio modifies under this transformation as

. 7l o 7l
s1nh</3 )51nh<ﬁ>

. a1+ o b+’
smh( B )smh( B )

X =

(2.15)

where, similar to the previous case, /; is the length of the
region sandwiched between the disjoint intervals A and A».
Now using Egs. (2.14), (2.15) and (2.9) we may obtain the
OEE for the mixed state of two disjoint intervals at a finite
temperature as

L+ +1
S,(Ay : Ay) = Elog ﬁ Sinhm
3 Ta B

(2.16)

Again note that the first two terms correspond to the EE for
the mixed state A1 U A, and the last term matches exactly
with the corresponding bulk EWCS obtained in [15] which
is consistent with the holographic duality (2.6).

2.3 OEE for adjacent intervals

Having computed the OEE for the various bipartite state con-
figurations of two disjoint intervals, we now turn our attention
to the OEE for the mixed states described by two adjacent
intervals.

2.3.1 Adjacent intervals at zero temperature

For the zero temperature case we consider two adjacent inter-
vals Ay = [—/1,0] and Ay = [0, [5] in the CFTy41. This
configuration may be obtained by taking the limit vy — u; in
T
Eq. (2.4). The trace Tr(p A?ilz )" may then be obtained by the
following three point twist correlator on the complex plane
T -
Tr(o, 3" = (T, (VT O T, (). 2.17)
Using the usual form of a three point correlatorina C F T4,

we may obtain the OEE for the mixed state in question by
using Eq. (2.3) as follows

c I c I +1
So(Ay : Az) = —log 1—22 + —log T2,
6 a 6 a

(2.18)

where a is again a UV cut off for the C FTi11. Note that
the above expression matches exactly with the correspond-
ing OEE computed in [9] in the context of 1-dimensional
harmonic spin chain and in [14] for the gravitational path
integral computation based on fixed area states.® We may
also rewrite the above expression as follows

c Ll

So(A1: A7) — S(A1 U Ay = =1 _ cee,

0(A1: Ar) (Ay 2) ; 0g<a(11+lz)>+
(2.19)

where S(A; U Ay) denotes the EE for the corresponding
mixed state A1 U A, given as

I +1
S(A1UA2)=§log( s 2)+~-~
a

We observe here that the right-hand-side of Eq. (2.19)
matches with the corresponding EWCS [41] apart from an
additive constant which is contained in the OPE coefficient of
the corresponding three point twist correlator in Eq. (2.17).
We would also like to note here that the adjacent inter-
vals configuration under consideration can also be obtained
through an appropriate adjacent limit vi — uy of the dis-
joint intervals configuration discussed in Sect. 2.2.1, and our
results in Eqs. (2.9) and (2.18) are consistent with this limit-
ing behaviour.

(2.20)

2.3.2 Adjacent intervals in a finite size system

We now proceed to the mixed state of two adjacent intervals
in a finite size system. For this case we consider the bipartite
configuration involving two adjacent intervals A; and A of
lengths /1 and [, respectively, ina C F T} 41 defined on a cylin-
der with circumference L. We again employ the conformal
transformation in Eq. (2.11), which maps the complex plane
to the required cylinder of circumference L. We may now
obtain the OEE for the mixed state configuration in question
by using Eqgs. (2.11) and (2.18) as follows

So(Ay @ Ap)
:—log — ) sin| — |)sin| —
6 Ta L L
(i +12)
()

where a is a UV cut-off. Again, the above result can also be
obtained through the appropriate adjacent limit vi — u3 in

2.21)

© Note that in [14], the OEE has been termed as the “partially transposed
entropy” due to the loose interpretation of the OEE being the analogue
of the EE for the partially transposed density matrix.

@ Springer
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the disjoint intervals result given in Eq. 2.13. This serves as
a yet another consistency check for our computations.
We may rewrite the above expression in the following way

So(A1: A2) — S(A1 U A2)

e o, [ L) ()]
— — og JE— cee
6 Ta s (mi+Dh)

(2.22)

where S(A; U Ajy) is the EE for the corresponding mixed
state A1 U A; given as

L I +1
S(A; U Ay) = glog [% sin (%)} +

(2.23)

Similar to the Sect. 2.2.2, we obtain the corresponding bulk
EWCS for this case by utilizing Eq. (2.11) and find that it
matches with the right-hand-side of Eq. (2.22), modulo a
constant contained in the undetermined OPE coefficient of
the corresponding three point twist correlator.

2.3.3 Adjacent intervals at a finite temperature

For this case, we consider the mixed state configuration of
two adjacent intervals A and A of lengths /1 and I, respec-
tively, in a C FT14 at a finite temperature 7 = 1/ defined
on a thermal cylinder with circumference f. Similar to the
finite size case in the previous subsection, we may compute
the corresponding three point twist correlator given in Eq.
(2.17) on the thermal cylinder using the conformal map in
Eq. (2.14). Finally we may obtain the OEE for the two adja-
cent intervals at a finite temperature using Eq. (2.3) to be

So(Ar: Ay) = =1 B sion (T sinn (72
0(Aq: 2)—60g (E) S1n! (?>sm (7)

. ﬂ(11+lz)>]
p(EO TN
X Sin < /3

where a is a UV cut off. We again note that the present bipar-
tite configuration under consideration may also be obtained
through an appropriate adjacent limit of the disjoint inter-
vals configuration in Sect. 2.2.3, and our result in the above
expression conforms to this limiting behaviour.

We may rewrite Eq. (2.24) in the following way

(2.24)

So(A1: Az) — S(A1 U Ap)
c B sinh (%1) sinh (7%2)
=—log | —
Ta  nh (n(11ﬂ+lz))

6
where S(Aj U Ajy) is the EE for the bipartite state A1 U A»
given as

S(Ar U Az)zglog [% sinh (@)}4_ .

Lo, (225)

(2.26)

@ Springer

Similar to the previous cases, the expression for the corre-
sponding EWCS is not present in the literature. However we
expect that the above equation is consistent with the duality
(2.6) and the right-hand-side denotes the EWCS apart from
the an additive constant arising from the OPE coefficient of
the corresponding three point twist correlator. We again leave
the explicit computation of the EWCS and the verification of
our claim to future prospects.

2.4 OEE for a single interval

Having discussed the bipartite configurations involving two
disjoint and adjacent intervals, we finally turn our attention
to the OEE for bipartite pure and mixed states involving a
single interval in C FT111s.

2.4.1 Single interval at zero temperature

In this subsection, we consider the pure state of a single
interval A; = [u1, vi]oflengthl = |u;—v;|inthe CFTi41,
which may be obtained through the limit uo — v; and v —
u1 in Eq. (2.4). For this case A} U A, describes the full
system with B as a null set. In this limit the four point twist
correlator in Eq. (2.4) reduces to the following two point twist
correlator:

Trr(o5,)" = (T2 T2 ). 2.27)

Here the twist field operator 7:120 connects the n,-th sheet

with the (n,, + 2)-th sheet and have dimensions h%l =hr, -
As described in [39], the above two point twist correlator
is different for the even and the odd exponents of the trace
Try (,0/?1‘2;‘2)”. For the present case where we have n = n,
odd, the twist field operator ’2:120 in the above two point
twist correlator simply results in the reorganization of the
n, replica sheets but does not change the structure of the n,,-
sheeted Riemann manifold’ and hence we have the following
[39]

Try(py )" = (To, )T, (0)) = Trz(pa,)"™.
The OEE for the single interval in question may now be
obtained using Egs. (2.2) and (2.3) as

(2.28)

So(Ar: Ap) = glog (M> + const., (2.29)
a

where a is a UV cut-off and the constant is due to the nor-

malization of the two point twist correlator. As can be clearly

seen, for the pure state configuration of the single interval

in question, the OEE matches exactly with the EWCS [15]

7 Interestingly for even integers n = n,, the n.-sheeted Riemannian
manifold decouples into two independent (7. /2)-sheeted Riemann sur-
faces.
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which is identically equal to the the EE [1,3]. This is in accor-
dance with the expectation [8] that for a pure state the OEE
should reduce to the EE of the interval A and the duality in
Eq. (2.6) as the entropy S(A; U A3) vanishes for the state
A1 U Aj describing the complete system.

2.4.2 Single interval in a finite size system

In this subsection we now focus on the configuration of a sin-
gle interval in a finite sized system. To this end, we consider
an interval A of length [ with A, describing the rest of the
system in a finite sized C FT141 of length L with periodic
boundary condition. In this instance, the two point twist cor-
relator in Eq. (2.28) is required to be computed on a cylinder
of circumference L. This is done by utilizing the conformal
map given in Eq. (2.11). The OEE may then be obtained
for the single interval in the finite sized system through Eqgs.
(2.28), (2.2) and (2.3) as

c ( L . wl )
So(A1:Ay) = -log| —sin— ) +---. (2.30)

3 Ta L
Similar to the previous case, we observe that the OEE for
the single interval in question matches exactly with the cor-
responding EE for the interval A; [1,3]. This is again in
accordance with the duality (2.6) as for this pure state con-
figuration, S(A; U Ay) = 0 and the EWCS reduces to the EE
for Ay [15].

2.4.3 Single interval at a finite temperature

For this case, we consider a single interval A = [—/, 0] in
a CFTyy at a finite temperature T defined on a thermal
cylinder with circumference § = 1/T. As described in [42]
in the context of the entanglement negativity and in [43] in
the context of the reflected entropy, it is necessary to consider
two large but finite auxiliary intervals B; = [—L, —[], B, =
[0, L] placed on either side of the interval A in question. The
OEE for the given single interval may then be obtained by
utilizing the following four point twist correlator,

So(A = B)

= lim lim
L—oon,—1

log

— Ny

x [(%(—Lﬁio(—lﬁfo <0>?HO<L>)ﬁ] . 23D
where the subscript 8 denotes that the twist correlator is being
evaluated on the thermal cylinder with circumference . Note
that the bipartite limit B = By U B, — A€ (L — 00) has
to be applied after the replica limit n, — 1 in the above
equation as described in [42]. On the complex plane, the four
point twist correlator described in Eq. (2.31) can be expressed

as [42]

(70, @D T, @ T2 )T, )

- kn,, fnn (x) (2.32)
-, W@ @ :
Wy “"Tng x"Tno
214 3

where k,, is a constant, x = 2?—22 is the cross ratio and
Fn,(x) is an arbitrary non universal function of the cross
ratio. This non universal function in the limits x — 1 and

x — 0 may be given as [42]

Fo,(1) =1, Fp,(0)=C,,, (2.33)

where C,, is a non universal constant which depends on
the full operator content of the field theory. The four point
twist correlator in Eq. (2.31) on the thermal cylinder may be
obtained by utilizing the transformation in Eq. (2.14). The
OEE for the mixed state configuration of the single interval
in question may then be obtained using Egs. (2.2) and (2.3)
as

. c B . 2nL
So(A: B) = Llimw |:§ log (— sinh 5 ):|

! I
+ Stog (Lo ginn Ty — T
Ta 38

)

(2.34)

where a is a UV cut-off for the C F T} and the non-universal
function f (x) = limy,,—1 In [F,, (x)]. Note that in the above
expression first divergent term denotes the entanglement
entropy S(A U B) of total thermal system A U B where the
bipartite limit By U B, — A€ has been taken. The finite part
of the OEE may be extracted by subtracting this divergent
EE as follows

So(A: B)— S(AUB)

= %log(—sinh%) — 7;—;1 f( 7%> +
(2.35)
It is instructive to express the above equation as
So(A: B) — S(AU A9)
= S(A) — S™(A) + f (e*%) Foee, (2.36)

where S(A) in the EE of the interval A and S™(A) denotes
the thermal entropy. We note here that the OEE evaluated in
Eq. (2.35) matches exactly with the corresponding EWCS in
[44] in the large central charge limit. It is also worth pointing
out that our result in Eq. (2.35) matches with the correspond-
ing expressions for the OEE obtained in certain limits of
the inverse temperature § in [8]. These serve as consistency
checks for our computations.

@ Springer
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3 OEE in Galilean conformal field theories

Having discussed the computation of the OEE for various
bipartite states in relativistic C F' T1418, in this section we now
proceed to the analysis of the OEE in (1 4 1)-dimensional
Galilean conformal field theories (GC F T4 1s). We start with
a short review of the GC F T4 1s and subsequently compute
the OEE for bipartite states involving two disjoint, two adja-
cent and a single interval in GC FT141s.

3.1 Review of GCF T4

In this subsection, we briefly review certain essential features
of GCFTi4; as described in [18-20]. The Galilean con-
formal algebra (GC A1) for GC FTy4+1s may be obtained
through a parametric Indnii-Wigner contraction of the usual
Virasoro algebra which involves the rescaling of the space
and the time coordinates as follows

t—t,

3.

Xj —> €Xj,

with € — 0 which implies a vanishing velocity limit v; ~ €.
The action of a generic Galilean conformal transformation
on the coordinates is equivalent to diffeomorphisms and #-
dependent shifts respectively as follows

(3.2)

t— ft), x— ffOx+gQ).

The generators of the GC A4 in the plane representation
are given as [19]

Ly=t"""9, +m+D"xd,, M,=t""5,. (33

The corresponding Lie algebra for the generators are then
expressed as follows

CL 3
[Lp, L]l = (m — n)Ln+m + E(n - n)5n+m,07
Cu
(L M) = (m = m)Mygn + =5 (1% = 0)840. 3.4
[an Mm] = 07

where we have different central extensions for each sector
involving the central charges Cy and Cys for the GCFTi41.
The reduction of the Lorentz invariance to a Galilean invari-
ance for the GC F T4 results in two separate components
for the energy-momentum tensor [38] and are given as

M=T, = ZM,, tfnfz,
n

LZET”:Z[L rm+2)t M,,] "2

n

(3.5)

where the GCA generators M,, and L, are defined in Eq.
(3.3). The non-relativistic Ward identities for these two com-

@ Springer

ponents M and L are given as [38]

V(s 1))

‘Z[ hgi 1
(z—t,)2 — 1

(M, HVi(x1, 1) ..

8)(,:| Vi, 1) Ve, 1))

(LG, )Vi(x1, 1) - Vi (e, 1))
< hpi 1 2hpi(x — x;)
_igl:[(f—ti)z t—fiati+ (t—1;)3
Al 1% ...V, f
+m x,:|< l(xlv l) l’l(-xl’la l’l))v

(3.6)

where V;sare GC FTy4 primaries and (hz, ;, hp ;) are their
corresponding weights.

The usual form of a two point correlator of primary fields
Vi(x;, t;) may be obtained by utilizing the Galilean confor-
mal symmetry as follows [18]

(Vi(x1, 1) Va(x2, 1))

_ (2 —2hp 1 X12
=C (ShL.th,z‘ShM,th,ztlz €xp ZhMlz

3.7

where x;; = x; —x,t;; = t;—t; and C® is the normalization
constant. In a similar manner the three point correlator of the
primary fields could be expressed as [18]

Vi(x1, 1) Va(x2, 1) V3(x3, 13))

(3) (hL \+hpo—hp3) ,—(hp2+hp3—hp 1)
=C I3
¢ (hL,1+hL,3 hi.2)
13
X
X €Xp [ —(hma+hmp— hM’3)t_12 (3.8)
12

X23
—(hmp2+hms —hMl)T

—(hm1 +hms —hwu 2)—]
13
where C? is the OPE coefficient. Utilizing the Galilean sym-
metry, one may also express the four point correlator for pri-
mary fields V; (x;, t;) as [18,28]

4
<n Vi(xi, fi)>
i=1

4
_ t% k=t hek—hri—hr,;
= | | o

I<i<j<4

. ’;tj/ ( 22=1hM1k7hM,i*hM,j)g <T’ i) s (39)

T
where G(T, %) is a non universal function which depend
on the specific operator content of the GC F T . The non-
relativistic cross-ratios X and % of the GCF T4 are given
as
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Fig. 2 Boosted intervals A and Ay ina GC FTj4 plane
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In the following subsections, we will now obtain the OEE
for various bipartite states in GC F T141s involving two dis-
joint, two adjacent and a single interval.

3.2 OEE for two disjoint intervals

As the GC FTy41 lacks the Lorentz invariance the OEE will
be necessarily frame dependent and hence we need to con-
sider Galilean boosted intervals henceforth. Similar to the
relativistic case, the trace Try (o A?i‘z)"“ required to obtain
the OEE, can be computed through a replica technique and
may be expressed as a twist correlator inthe GC F T1+1. Now
let us consider the mixed state configuration of two disjoint
boosted intervals Ay = [uy, vi] and Ay = [uy, vp] with B
describing the rest of the system as shown in Fig. 2. Here
up = (x1,4), v = (x2,0),u2 = (x3,13), v2 = (X4, 14)
are the end points of the intervals A and A, respectively.
Similar to the case described in [28,29] where the trace
of the partially transposed density matrix is raised to an even

T, .
exponent, the trace Try(p A?ixz)”o with an odd exponent n,
may be expressed as

Tx
Try (,OA ) ?42)"0

= (@, U1 D, (V1) Pp, (u2) Pp, (v2)), (3.11)

where @, and ®_,, are the twist and anti-twist operators in
the GC FT141, respectively with the corresponding weights

given as
C 1 C 1
(€] L (1 M
W=l n) e =S ()
o o
(3.12)

The four point twist correlator of Eq. (3.11) is expected to
exponentiate in the large central charge limit [29], similar
to the relativistic case discussed in Sect. 2.2. The dominant
contribution to the four point twist correlator may thus be
extracted through the geometric monodromy analysis as dis-
cussed in [24,29]. To this end, in the large Cr, Cjps limit we
may express the four point twist correlator in Eq. (3.11) in
terms of the Galilean conformal block F,, corresponding to
the 7-channel (T — 1, X — 0) as follows

(cha (x1, 1) Dy, (x2,12) Py, (x3,13) Dy, (x4, t4))

—2ntV _optM X x
=1, F 6y b exp [-2h§ﬂ}ﬁ—2h(”ﬁ}

114 M 13
X
Fa T,? .

The dominant conformal block F, is an arbitrary function
of the cross-ratios X and T and depends on the full operator
content of the GCFTy4.

In the following subsections we obtain the expression of
the block F, in the large central charge limit by utilizing
a geometric monodromy analysis [29,38] for each of the
two components of the energy-momentum tensor M and £
described in Eq. (3.5).

(3.13)

3.2.1 Monodromy of M

In this subsection, through the geometric monodromy analy-
sis [29,38] of the energy-momentum tensor component M,
we will obtain a partial expression for the Galilean confor-
mal block Fy in Eq. (3.13). In this context, utilizing the Ward
identities described in Eq. (3.6), we obtain the expectation
value of the M as

) 4 hM,i Cu ¢
Muis (x,0) =) -2 6=l
i=1

(3.14)

where u; are the points in the GC FT plane where the twist
operators @, are located and the auxiliary parameters c; are
given by

6
¢ = C_ax,- 10g(¢'n,,(ul) q>7n,, (u2) cI>7n(, (u3) q)n,, (“4)) .
M
(3.15)

Note that for a four point correlator, the Galilean conformal
symmetry is not sufficient to fix the structure of the correlator
and hence some on the auxiliary parameters ¢; remain unde-
termined. By utilizing a Galilean transformation, we locate
the twist operators at tj = 0, 13 = 1, t4 = oo and leave
to = T free. We may express three of the auxiliary param-
eters in terms of the fourth by utilizing the facts that the
expectation value of M scale as M(T; 1) ~ t~*ast — 00

@ Springer
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and the conformal dimension /1y ; = hg}l) of the light opera-
tor @, vanishes in the replica limitn, — 1. The expectation
value of M may now be written in terms of the only unknown
auxiliary parameter c; as follows [29]

T—1+ 1 T
t t—T t—1

6
—MT;t)=c2 [ } . (3.16)
Cyu
Under a generic Galilean transformation given in Eq. (3.2)
the energy-momentum tensor M transforms as [38]

M2y = (f)2 M1, x) + Cl—’g S(f0), 3.17)
where S(f,t) is the Schwarzian derivative for the coordi-
nate transformation + — f(¢). For the ground state of the
GCFT4, the expectation value M (u;; (x, t)) vanishes on
the GCFT complex plane which constrains the Schwarzian
derivative to have the following form

A F ) L (3.18)
SR t—T t—1]"° '

It is possible to express the above in the form of a differential
equation as [29]

0= h"(r) + %S(f, 0 h(o)

=h"@t)+ iM(T, 1) h(r), (3.19)
‘M

where f = hj/hy with h1 and h; as the two solutions of
the differential equation. By utilizing the monodromy of the
solutions /| and A5 by circling around the light operators at
t = 1, T and using the monodromy condition for the three
point twist correlator described in [29], we may obtain the
auxiliary parameter c; as

1
) =€———, (3.20)
“VT(T =1
where €, = %h M.« 1s the rescaled weight of the corre-

sponding conformal block F,. We may now obtain the con-
formal block F, for the four-point function in Eq. (3.13)
as

C
Fo = €xp [?M/ cde:|

X -
—exp | Mo (———— ) | F(D).
eXp[ M (ﬁ(T—l)ﬂf( )

Note that the complete form of the conformal block is still
not known and we have an unknown function F (T) of the
coordinate T in the above expression. The form of this func-
tion will be determined through the geometric monodromy
analysis for the other component of the energy-momentum
tensor L in the proceeding subsection.

(3.21)

@ Springer

3.2.2 Monodromy of L

Similar to the Monodromy of M in the previous subsection,
we may express the expectation value of £ by utilizing the
Galilean Ward identities in Eq. (3.6) as follows

4

6 di L
a[,(u,', (x,1)) = Z [m T —l‘idi

i=1
4 X — X
¢l,
t—n)?"
where §; = % hp i€ = % h i, the auxiliary parameters

¢; are defined in Eq. (3.15) and the auxiliary parameters d;
are given as [38]

2€;i(x — x;)
(t—1)?

(3.22)

6
di = v 3; 1og (@, (1) @y, (U2) Py, (3) Py, (ug)) -
M
(3.23)

By utilizing a Galilean conformal map, we locate the twist
operators at t; = 0, = T,13 = 1,14 = oo and
x1 = 0,x = X, x3 = 0and x4 = 0. Again three of
the four auxiliary parameters d; may be obtained in terms of
the remaining one by utilizing the scaling £(T, 1) — ¢~
with + — oo. We may now rewrite Eq. (3.22) in terms of the
undetermined auxiliary parameter d; as follows

6
aﬁ(uiv (X, t))

_C2X +dr(T — 1) — 26, n X +dyT — 261

t t—1
cix  c(x—X) c3X
2 -T 2 -1 2
t (t ) -1 (3.24)
d2 ZXGL (SL
t—T 13 12
oL 3L
Tamn T uory
2¢r (x — X) 2xer,
(t—T)3 t—1)3"
where §; = %hg) and ¢ = %h;}[) are the rescaled

weights of the twist operator ®,,,. We note here that the aux-
iliary parameters c¢; appearing in the above expression are as
obtained in the preceding Sect. 3.2.1.

As in [24,29], now we consider the following combina-
tion of the expectation values of the two components of the
energy-momentum tensor,

Luis (x, 1) = [Luis (x,0) + X M (u;; (x,1)]. (3.25)

By choosing an ansatz g(t) = f/(r)Y(¢) in the generic
Galilean transformation Eq. (3.2), we get a differential equa-
tion of the following form,

6 ~ 1
f=—-

— 3.26
o > (3:26)

6 6
Y -2y — M —-y—M.
Cy Cu
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Similar to previous subsection, through the monodromy of
the solutions of the above differential equation by circling
around the light operators at t = 1, T, we may determine
the auxiliary parameter d> as

(1 =3T)Xeq +2(T — DTS,
2T — 12732 ’

dy = (3.27)
where €,, 64 = CM hp o are the rescaled weight of 7. The

complete form of the Galilean conformal block F, may now
be obtained by using Eqgs. (3.21) and (3.23) to be

hi .«
() e )]

Now utilizing the above expression of the Galilean con-
formal block, we will obtain the OEE for the bipartite mixed
states involving two disjoint intervals in GC F T141s at zero
and finite temperature and for a finite sized system.

3.2.3 Two disjoint intervals at zero temperature

In this subsection we compute the OEE for the bipartite mixed
state of two disjoint intervals described by A; and A3 in a
GCFTi4 at zero temperature. To this end, we utilize the
t-channel T — 1, X — 0 result in the large Cyps, Cr limit
for the Galilean conformal blocks F, in Eq. (3.28). In par-
ticular, the dominant conformal block for the four point twist
correlator in Eq. (3.13) in the ¢-channel is described by the
primary twist field operator CI>2 with the weights h(z) h(Ll)
and hfl) = hg}[) where h(L]), hg&) are as given in Eq. (3.12).
Utilizing the expression for the Galilean conformal block
in Eq. (3.28), we may obtain the OEE for the two disjoint
intervals under consideration as follows

c L4t c 1+ VT
So(A1 1 Ay) = 6L log (%) + S log <i>

12 1-T

Cy (X14 x23 Cu X 1
+ 6 <t14+t23>+12ﬁ(1—T>
+ e (3.29)

where X and T are the non relativistic cross ratios given in
Eq. (3.10). The first and third term in the above expression
denote the EE S(A; U Aj3) for the subsystem A; U Aj. The
above expression may then be rearranged to obtain

CL 1+\/T
tA)) — S(AJUA)) = —1o
2) (Aq 2) 2 g(l—ﬁ)
Cu X

1
+Wﬁ(m)+“"

where the right-hand-side of the above expression matches
exactly with the corresponding EWCS [33] in the context
of flat holography. This verifies the duality described in Eq.
(2.6) for flat holographic scenarios as well.

So(Al

(3.30)

3.2.4 Two disjoint intervals in a finite size system

Here we compute the OEE for the bipartite configuration of
two disjoint intervals in a finite sized GC F' T} defined on a
cylinder of circumference L. In this context we consider the
two disjoint intervals to be given as A = [(&1, p1), (&2, p2)]
and Ay = [(&3, p3), (&4, p4)]. Similar to the relativistic case
in Sect. 2.2.2, it is required to calculate the four point twist
correlator in Eq. (3.13) on the given cylinder. We utilize the
following conformal map to transform from the GC FT com-
plex plane to the cylinder [28,29]

2rik; 2mwip; 2w
ti=e L, Xj=—F—¢e L,

2 (3.31)

where the coordinates on the complex plane are denoted by
(x;, t;) and the coordinates on the cylinder are denoted by
(&, pi)- The transformation of a GC FTy4+ primary field
@ (x, t) under this map is given as [27,28]

LN\ i
D, p) = (2 l> T ERLPII @ (i 1), (3.32)

We may also obtain the non-relativistic cross-ratios on the
cylinder by using Eq. (3.31) as

sin (”512> sin (”&4)
N sin ("&3) sin (”%4) ’

LLIEI. w12 LT &34
L L L L
_ToB 813\ w2 cot &4 . (3.33b)

L L L L

Now utilizing Egs. (3.31) and (3.33) in Eq. 3.29 we may
obtain the OEE for the bipartite mixed state configuration of
two disjoint intervals under consideration as

CL . LN\* . (7més) . (7
= — 108 —_— sSImm{ —— |)sm|{ ——
6 Ta L L
LGy (1 +VT ) e
og . =M
2125 e
LT &4 . €23
L L L L
Cu X ( 1 )
+——F—=\—=)+
12 JF\1-1
where again the first and the third term denote the EE S(A; U

Aj) for the mixed state A U A,. This allows to rewrite the
above expression as follows

C 1 T
— S(Aj UAy) = —L10g <i)
12 1T

@ Springer
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(3.33a)

~| b

So(A1 : A2)

(3.34)

So(A1 : A2)
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Cu X 1
+ B ﬁ(l—f”)+ (3.35)
We note here that as earlier, the right-hand-side of the above
expression matches exactly with the corresponding EWCS
[33] in the context of flat holography. This is once again con-
sistent with the duality (2.6) and provides strong substantia-
tion for our computations.

3.2.5 Two disjoint intervals at a finite temperature

Next we proceed to the computation of the OEE for two
disjoint intervals in a GC FTj4; described on a thermal
cylinder with circumference equal to the inverse tempera-
ture B = 1/T. We again employ the following conformal
map to transform to the thermal cylinder [27]

2§y 2mwp; 27
=e7, xi=—ﬂleﬂ,

where (x;, t;) denotes the coordinates on the complex plane
and (&;, p;) denotes the coordinates on the thermal cylinder.
Again the GC FT primaries transform under the above con-
formal map as follows [27]

(3.36)

1)

. ML g (D)
b, p) = (ﬁ) T, (337)
2w
and the GC FT cross-ratios get modified as follows
R sinh (%) sinh (%)
T = , 3.38
sinh <@> sinh (ﬁ) ( Y
B B
X
X_m2 (77512) PRI (71534)
T B B B B
_TPE e (71513) _ TP <@> '
B B B B
(3.38b)

Utilizing Eqs. (3.36) and (3.38) in Eq. 3.29 we may now
obtain the OEE for the bipartite configuration in question to

be
2
CL1og [(ﬂ) sinh (—”5‘4) sinh (—”523 )}
6 Ta B B

Cr (1+ﬁ)
+ —log

So(Ay 1 Ag) =

1-VT

[ (1) 2 (2
Ccu X 1

v ()

Similar to the previous subsections the first and the last term
in the above equation denotes the EE of the mixed state A1 U

@ Springer

Fig. 3 Two adjacent intervals in a GC F Ty plane

A; and we may express the above equation as
cL, (1+VT
So(A1 1 A2) —S(A1U Ap) = 0 log <—A)
1=VT
Cu X 1
+ 2= (—) +
12 /f\1-1

(3.40)

We again note that the quantity on the right-hand-side of the
above expression matches exactly with the corresponding
EWCS [33] which is in accordance with the duality Eq. (2.6)
in the context of flat holography. This once again provides a
consistency check for our construction.

3.3 OEE for adjacent intervals

Having computed the OEE for bipartite configurations
involving two disjoint intervals, we now turn our attention
to the mixed state configurations of two adjacent intervals in
GCFTiqs.

3.3.1 Adjacent intervals at zero temperature

For this case, we consider two adjacent intervals in a
GCFTi4 in its ground state. In particular we consider the
two adjacent intervals to be described as A} = [uy, uz],
Ay = [up, v2] in GC F T4+ which may be obtained by tak-
ing the limit v; — w7 in disjoint intervals configuration
considered in Sect. 3.2. In this limit, Eq. (3.11) reduces to

the following three point twist correlator (Fig. 3),
T,
Te(py ) = <q>,10 (ul)qﬁno(uz)cbna(uz)) . (3.41)

Using the usual form of a GC F T; 4 three point correlator
in Eq. (3.8) for Eq. (3.41), we may obtain the OEE for the
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mixed state of two adjacent intervals under consideration as

Cp 112123113
So(A: Ap) = Elog( 3 )

C X X X
+_M<£+i3+ﬁ)+... . (3.42)
12 \t12 13 113

where a is the UV cut-off. The above expression may also

be rewritten as

So(A1: Ay) — S(A1 U Ap)

CLl 12123
= — Og
12 ats
C X X X
+_M<;2+2_£)+...,
12 \t1p 13 43

where we have subtracted the EE for the state A; U A, which

is given as
S(A1 U Ay) = L 1og <“—3) 4 Cu <xﬁ) .

6 a 6 13
Note that we may obtain the result in Eq. (3.42) by taking
an appropriate adjacent limit (x, ) — (x3, t3) of the cor-
responding disjoint intervals result in Eq. (3.29). We also
observe that the expression for the difference of the OEE
and the entropy in Eq. (3.43) matches with the correspond-
ing EWCS in [33] apart from an additive constant which is
contained in the undetermined OPE coefficient of the corre-
sponding three point twist correlator in Eq. (3.41). This is in
accordance with the duality in Eq. (2.6). These observations
serve as consistency checks for our results.

(3.43)

(3.44)

3.3.2 Adjacent intervals in a finite size system

For this case, we consider the bipartite mixed state con-
figuration of two adjacent intervals described by A; =
[(&1, p1), (&2, p2)] and Ay = [(&2, p2), (&3, p3)] in a finite
sized GC F Ty described on a cylinder of circumference
L. It is again necessary here to compute the corresponding
three point twist correlator on the cylinder. To this end, we
employ the conformal map in Eq. (3.31) and the transforma-
tion of the GC F'T141 primaries given in Eq. (3.32) to obtain

(®n, €1, P02, @2 02)Ps, (63, 3)

L\~ =y i
Tl 1 2 1
= <%> exp [T(Slh(L) —l—%'zh(L) +§3h(L)

1 2 1
+ mhﬁ} + pzhgw) + ,03h§\4>>]

x (@0, ()2, 2@, (1)) (3.45)

where the three point twist correlator on the right-hand-side
isdefined onthe GC F T complex plane. Utilizing Eqgs. (3.45)
and (3.8) in Egs. (2.2) and (2.3) we may now obtain the OEE

for the mixed state under consideration as follows

c L\®
S,(Ay: Ay) = l—é‘log [(E) sin (%)
. (71523> . (Hémﬂ
XSm|{——|Ssmf| ——
L L
12| L L

7023 wé3 TO13 wé13
t t
L °°(L>+ L C°<L)}+

It is instructive to rewrite the above result as

(3.46)

So(A1: A2) — S(A1 U A)

(3.47)

where the EE S(A; U Aj) for the mixed state A; U A, is
given as

c L
S(A U Ay) = ?L log [— sin("513 ]
wa

-

(&
LMo (@) +..- (3.48)

6 L L

Similar to the previous case, by the application of an appro-
priate adjacent limit in the disjoint intervals result given in Eq.
(3.34) we may reproduce the above adjacent intervals result
in Eq. (3.46). Also note that the right-hand-side of Eq. (3.47)
matches with the corresponding EWCS obtained in [33] up to
an additive constant which is contained in the undetermined
OPE coefficient of the corresponding three point twist cor-
relator.

3.3.3 Adjacent intervals at a finite temperature

We now proceed to the case of two adjacent intervals at a finite
temperature 7 in a GC FT141. To this end, we consider the
bipartite mixed state described by A} = [(§1, p1), (&2, p2)]
and Ay = [(&, p2). (&3, p3)] in a GCFT)4+ defined on a
thermal cylinder with the circumference given by the inverse
temperature B = 1/T. Similar to the previous subsection,
we need to compute the three point twist correlator in Eq.
(3.41) on the thermal cylinder. This is done by utilizing the
map (3.36) and the transformation of GC FT primaries in

@ Springer
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Eq. (3.37) to obtain

(@0 €1, G0, p2) 01, &, 9

B\ Ton
(O] ) (1)
= hy,” +&h;" +&h
(27_[) eXp|: B (&1 L & L &3 L

+ p1hy) + pahly) + pshﬁ?)]
X (@0, @2, (2) B, (02))

(3.49)

Here the subscript 8 on the left denotes that the correlator is
described on the thermal cylinder and the three point twist
correlator on the right-hand-side is described on the GCFT
complex plane. Now utilizing Egs. (3.49) and (3.8) we may
obtain the OEE for the mixed states of two adjacent intervals
at a finite temperature to be

3
s Sl () ()
x sinh (%) sinh (%)}
Cu | p12 230 023 éx
* E[Tcoth< Fi >+ 5 coth( 5 )

+%coth(%>]+m,

where a is a UV cut off of the GCFT1;. We may again
rearrange the above expression to obtain

(3.50)

So(A1: Az) — S(A1 U A2)

Cy |: B sinh (%) sinh (%)}
= —log | —

S 12 Plra g (=)
C

L G T2 b w12
121 8 B

+ 77/;23 coth (n.§23> — 5 coth (%) ] +oe,

B
(3.51)

where the EE S(A1 U A») for the subsystem A U Aj is given
as

S(A U Ay) = %log[ p Uik ]

E Slnh(T)

Cum mp13 <JT§13>
pEMIOB o (T3 ) 4
6 B B

Again we note that through the appropriate adjacent limit
in the corresponding disjoint intervals result in Eq. (3.40)
we may obtain the result for the OEE for the mixed state
configuration of two adjacent intervals in Eq. (3.50). We also

(3.52)

@ Springer

observe that the right-hand-side of Eq. (3.51) matches with
the corresponding EWCS computed in the context of flat
space holography in [33] apart from an additive constant
which is contained in the undetermined OPE coefficient of
the corresponding three point twist correlator. These serve as
consistency checks for our computations.

3.4 OEE for a single interval

Having computed the OEE for the mixed states of two dis-
joint and two adjacent intervals, finally, in this subsection
we proceed to the computation of the OEE for bipartite pure
and mixed state configurations involving a single interval in
GCFTiy1s.

3.4.1 Single interval at zero temperature

For this case, we consider a single boosted interval A; =
[(x1, 1), (x2,12)] at zero temperature which describes a
bipartite pure state in a GC F T1+1. We may obtain this con-
figuration through the limit u, — v; and vy — wu; in the
disjoint intervals construction described in Sect. 3.2. Here
the interval A = A U A; describes the full system with B as
anull set and consequently the state described by the density
matrix py4 is a pure state. In this limit the four point twist
correlator in Eq. (3.11) reduces to the following two point
twist correlator,

Tr(o,")" = (@3, ) @2, ). (3.53)

where the twist operators @,zlo and @%no have the weights
h(Lz) = h(Ll) and hﬁ) = hg}l). Now utilizing the usual form
of a GCFT two point correlator given in Eq. (3.7) for the
above twist correlator, we may obtain the OEE for the given
pure state of a single interval as follows

C t C X
So(Al:AZ)Z?LIOg(iTZ)—I——M(ﬁ)—F---,

6 t12
(3.54)

where a is a UV cut-off for the GC FT141. We observe here
that the OEE obtained above matches exactly with the cor-
responding EWCS [33] and with the EE [22] for the single
interval Aj. This is in conformity with the quantum informa-
tion theory expectation that for a pure state the OEE should
reduce to the EE for the single interval describing the bipar-
tite state [8].

3.4.2 Single interval in a finite size system

In this subsection, we focus on the computation of the
OEE for the pure state of a single interval in a finite sized
GCFTi4. To this end, we consider a single interval A in a
GC F T4 defined on cylinder with circumference L. Using
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Eq. (3.32) in Eq. (3.7), we may obtain the corresponding two
point twist correlator on this cylinder as follows

2 2 L . (7 -2
<d>,m &1, @2, (&2, ,02)> = [— sin <—)i|
b4 L
().
L

where (&;, p;) are the endpoints of the interval A on the cylin-
der. Now by using Eq. (3.55) and Egs. (2.2) and (2.3), we may
obtain the OEE for the single interval in a finite sized system
as

b
_op@ T2

W (3.55)

xexp|:

C L
Sy(Aq : Ap) = ?L log <— sin 71512)

Ta L
Cymprz  mép
ST cot == ., .
6 L €0 L (3.56)

We again observe the consistent behaviour of the OEE
obtained above to match exactly with the EE and the EWCS
for the corresponding single interval [29]. These matchings
serve as a consistency checks for our result.

3.4.3 Single interval at a finite temperature

For this final case, we consider a single interval A =
[(—&, —p), (0,0)]ina GC F Ty 4 defined on a thermal cylin-
der whose circumference is equal to the inverse temperature
B. Similar to the relativistic case discussed in Sect. 2.4.3, it
is necessary to consider the single interval in question to be
sandwiched between two large but finite auxiliary intervals
By =[(—L, —y), (=§, —p)land B, = [(0, 0), (L, y)] adja-
cent on either side.® The OEE is then computed with finite
auxiliary intervals and finally the bipartite limit described
B = By UBy; - A€ or L — oo is taken to restore the
original configuration.

With the presence of two auxiliary intervals, the OEE may
then be obtained by computing the following four twist cor-
relator on the thermal cylinder,

So(A: B) = lim lim In
L—oon,—~11—n,
x [(d>,10(—L, —) B2, (—£, —p) 2. (0,0) b_, (L, y)>ﬁ] .

(3.57)

8 In [28,36], the authors found that a similar construction was required
to appropriately compute the entanglement negativity and the reflected
entropy for the same configuration of a single interval at a finite tem-
perature ina GCFTy4.

The above four point twist correlator on a GCFT complex
plane is given by [28]

(@, (x101) @2, (22, 12) 2, (33, 13) P, 53, 10)

kn, T, (T 7)

- tlz‘l:L tzzglL The (3.58)
X
X exp [ by g, B hM—},
4 13 T

where 12,10 is a constant, X and T are the GC F T4 cross-
ratios given in Eq. (3.10), iy = h(L]) = h(Lz), hy = hg}l) =
h;&l) and F,, is a non-universal function of the cross-ratios
and depend on the full operator content of the theory. In the
limits 7 — 1 and T — 0, the non-universal function 7,
have the following behaviour [28]

X
Fno(1,0) =1, F, (0, ?) = Cy,, (3.59)

where C,, is a constant that depends on the full operator
content of the theory.

We may utilize the conformal map (3.36) and transforma-
tion of the GCFT primaries given in Eq. (3.37) to obtain
the required four point twist correlator in Eq. (3.57) on the
thermal cylinder as

(©n,(—L. =) D2, (=, —p) D} (0,0) Doy, (L, y)),

kﬂokrzl P B . L —2hy, g . nE —2h
= “ —sinh [ —— —sinh | —
The | & B T B
2 2w L
X exp [—ﬂ coth (L) 2hy

B B
27 p & X X

Now using the above expression in Eq. (3.57) and taking
the bipartite limit L — oo subsequent to the replica limit
n, — 1, we may obtain the OEE for the mixed state under
consideration to be

(3.60)

So(A: B) = Llim [% log (ﬁ sinh ZJTTL)

—>00 wa

%n(;y) coth hTL]
-I-%l g(%sinh%)

Cump ¢ Crmné Cymp
+f< _% _27[_’0>

) B )
(3.61)
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where a is a UV cut off and the non universal function
f(T, X/T) is defined as [28]

f (T, £> = lim In []'—nu <T, £)i| .
T ne—1 T

Note that the divergent first term inside the parenthesis in Eq.
(3.61) describes the EE of the total thermal system AUB{UB;
with the bipartite limit B = B; U B, — A°. We may extract
the finite part of the OEE for the mixed state of the single
interval under consideration as

(3.62)

So(A:B)—S(AUB) = & log (ﬁ sinh E)
6 mTa B

Cy mp wé

+ — —coth —
6 B B

_nECL wpCy +f(ebf;,_2ﬂ_p) b
6B 6B B

(3.63)

where the divergent total entropy S(A U B) has been sub-
tracted. We observe that the above result may be expressed
in a more instructive way as follows

S,(A:B)— S(AUB) = S(A) — S"(A)

—|—f(e2nﬂ$’_27r_p>+ ,
p

where S(A) denotes the EE for the single interval A [21]
and S(A) denotes the thermal contribution to the EE. The
above expression highlights that the universal part of the OEE
does not include contributions from the thermal correlations.
We note here that the right-hand-side of Eq. (3.63) matches
with the upper bound of the corresponding EWCS obtained
in [33] apart from an additive constant. This extra additive
constant in the EWCS is contained in the non-universal func-
tion (T, X/ T) and may be obtained through a proper large
central charge monodromy analysis of the four point twist
correlator in Eq. (3.57).

(3.64)

4 Summary and conclusions

To summarize, in this article we have obtained the odd entan-
glement entropy for bipartite states in of (1 + 1)-dimensional
holographic relativistic and non-relativistic (Galilean) con-
formal field theories through appropriate replica techniques.
From our results we have verified the proposed duality of the
bulk EWCS with the difference between the OEE and the EE
for bipartite states in holographic C FT111and GCFT141.In
this context we have demonstrated the extension of the above
duality for GCFTi41s dual to bulk (2 + 1)-dimensional
asymptotically flat geometries.

For the relativistic case we have obtained the OEE for
bipartite pure and mixed states at zero and finite temper-
ature and for finite sized system involving two disjoint,

@ Springer

two adjacent and a single interval in C FTj41s through a
replica technique. In this context we have obtained the corre-
sponding results for the various bipartite states in relativistic
CFTi41 which were missing in the literature. Furthermore
we have also verified the holographic duality of the differ-
ence between the OEE and the EE with the corresponding
bulk EWCS for the above mentioned bipartite states. We also
found that our result for the adjacent intervals at zero tem-
perature matches with earlier works in the literature in the
context of 1-dimensional harmonic spin chains and for gravi-
tational path integral computations based on fixed area states.
These serve as consistency checks for our computations.

Subsequent to the above we have investigated non-
relativistic holographic GC F T 1s and established an appro-
priate replica technique to compute the OEE for bipartite
states. In this context have computed the OEE for such bipar-
tite states in GC F T11s involving two disjoint, two adjacent
and a single interval at zero and finite temperatures and for
finite sized systems. Furthermore we have also compared
our results with the corresponding bulk EWCS to verify and
extend its duality with the difference between the OEE and
EE to a flat holographic scenario.

In the above connection we have obtained the OEE for
the mixed state configuration of two disjoint intervals at zero
and a finite temperature and in a finite sized system utilizing
a geometric monodromy technique to obtain the large cen-
tral charge limit of the corresponding four point twist field
correlator in the GC F T141. Interestingly for the all the cases
we observed that the difference between the OEE and the EE
are exactly equal to the corresponding bulk EWCS computed
earlier in the literature, which substantiates our computations
and extends the duality to the framework of flat holography.

Following this we have obtained the OEE for the mixed
state configuration of two adjacent intervals at zero and a
finite temperature and in a finite sized system in GC F T141s.
As a consistency check we have also obtained the above
results from the OEE for disjoint intervals through a suit-
able adjacent limit. Once again we have compared our results
with bulk EWCS computed earlier in the literature in the con-
text of flat holography and observed the matching with the
functional form of the difference between the OEE and the
EE. However we should mention here that the bulk EWCS
for these cases involve an extra additive constant arising from
the undetermined OPE coefficient of the corresponding three
point twist correlator in the dual GCFT14.

Subsequently, we consider the pure state configuration of
a single interval at zero temperature and in a finite sized
system. We have found that the OEE for these pure state
configurations exactly match with the corresponding entan-
glement entropies (EE) as dictated by the quantum informa-
tion theory. Finally for the mixed state of a single interval
at a finite temperature in the GC FT}4s it was required to
utilize a construction involving two large but finite auxil-
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iary intervals adjacent on either sides of the single interval
to correctly compute the corresponding OEE. We mention
here that similar constructions have been employed in the
literature for the computation of entanglement negativity and
reflected entropy for this specific mixed state configuration in
both relativistic and non-relativistic scenarios. Furthermore it
was observed the OEE for this bipartite state involves a diver-
gent part due the EE of the total (infinite) system. However,
on subtraction of this divergent contribution from the univer-
sal part of the OEE, we observe that the finite part matches
with the upper bound of the corresponding bulk EWCS com-
puted earlier for flat space holography. Additionally, in the
appendix A we have also reproduced the expression for the
OEE for two disjoint intervals in a GC F'T14; through an
appropriate non-relativistic limit of the corresponding result
in the usual relativistic C F T11. All of these detailed com-
parisons and matches serve as strong consistency checks for
our computations.

In conclusion we state that the characterization of entan-
glement for bipartite states in conformal field theories and
its relation with space time holography is an extremely rich
field for further investigation and has provided significant
insights into diverse issues in condensed matter theories and
also in quantum gravity and black hole information. There are
exciting open avenues in this context for further investigation
of various other entanglement measures defined in quantum
information theory which is expected to provide further elu-
cidation of crucial issues in the above disciplines. We hope
to return to these fascinating issues in the near future.
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Appendix A: Limiting analysis

In this appendix we perform a limiting analysis and show that
the OEE for a bipartite mixed state ina GC F T141 computed
in Sect. 3 can be obtained from the corresponding relativistic

result in Sect. 2 through an appropriate non-relativistic limit.
In this regard, the parametric Inonii-Wigner contraction given
in Eq. (3.1) may be expressed in terms of the coordinates of
the C FT141 complex plane as
Z—1t—¢€x,

7> t4ex, (A1)

where € — 0. The central charges of the GC A1 may also
be related to those of the parent relativistic theory as [20,33]

Co=c+¢ , Cyu=¢elc—20). (A.2)

For unequal central charges ¢ and ¢ for the holomorphic and
anti-holomorphic sectors, the OEE for the bipartite mixed
state of two disjoint intervals in a C F'T1 41 given in Eq. (2.9)
may be expressed as

C
So(A1: A) = S(A; U Ap) + E1og[

14+ V%
1—-Vx

where the entanglement entropy S(A; U Ajp) is similarly
expressed in terms of the unequal central charges ¢ and c.
Utilizing Eq. (A.1), we may write the C F T4 cross ratios
X, X in terms of the GC F Ty cross ratios X, T as

X _ X
x—=>T|1+e—=]) , x—=>T(1—€e—).
T T

We may now obtain the OEE for the corresponding bipartite
configuration in the GCFTi4; up to linear order in € by
utilizing Egs. (A.4) and (A.1) in Eq. (A.3) to be

CL 114123 Cr 1++/T
S, (A1 : Ar) = —1 —1 _
o(A1 1 A2) 5 og( a2>+12 og(l—ﬁ

C X X
LG <ﬁ N 2)

6 \tiy 13
Cu X ( 1

+Eﬁ —1_T>+O(E).

=

¢
—1 A3
+12 og +oy (A.3)

(A4)

(AS)

It is remarkable that the above expression matches exactly
with the corresponding replica technique result in Eq. (3.29)
up to the leading order which provides a consistency check
for our computations. Similarly, we have checked that this
limiting behaviour of the OEE in GC F T4 also holds for the
other bipartite configurations discussed in this article as well.
We note here that although it is possible to obtain the expres-
sion for the OEE for bipartite subsystems in GC F T1s fol-
lowing the above procedure, however the above limiting anal-
ysis lacks the information about the structure of the replica
manifold which is important in the study of the Rényi gen-
eralization of the OEE and its application in holography.

@ Springer
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