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Entanglement wedge cross section growth during thermalization
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Motivated by exploring the thermalization process in relativistic and nonrelativistic holographic field
theories after a nonlocal quench, we investigate some features in the time evolution of the entanglement
wedge cross section (EWCS). This quantity is a possible holographic dual to some nonlocal information
measures such as entanglement of purification. In particular, we focus on the time dependence of the
EWCS during black hole formation in (D + 2)-dimensional anti—de Sitter spacetime as well as geometries
with Lifshitz and hyperscaling-violating exponents. A combination of analytic and numerical results for
large symmetric strip shaped boundary subregions shows that the scaling of the EWCS at early times only
depends on the Lifshitz exponent. In addition, this early-growth regime is followed by a linear-growth
regime whose velocity depends on the dimensions of spacetime, the Lifshitz exponent, and the

hyperscaling parameter. This velocity is the same as the entanglement velocity and for nontrivial

dynamical exponent depends on the temperature of the final equilibrium state.
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I. INTRODUCTION

The gauge/gravity duality allows us to quantitatively
study surprising new connections between quantum infor-
mation theory and quantum gravity in recent years, e.g., see
reviews [1-3]. In particular, it is now evident that certain
geometric quantities in the bulk geometry can be related to
the information-theoretic measures of the boundary field
theory. In this context, the entanglement entropy (EE)
associated with a spatial boundary subregion A is deter-
mined by the Ryu-Takayanagi (RT) formula [4]

Area(T
in Arealla)

Sy = 1.1
A = 4Gy (1.1)

where I'4 is a bulk minimal hypersurface homologous
to A, i.e., dI'y = 0A. Moreover, the Hubeny-Rangamani-
Takayanagi (HRT) proposal [5] extends this prescription
to time-dependent situations by considering extremal
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hypersurfaces with the same boundary condition. These
proposals have stimulated a wide variety of research
efforts investigating the properties of entanglement and
information measures holographically. An interesting
suggestion in this research program is that the entangle-
ment of mixed states in the boundary theory is encoded in
a certain codimension-two bulk hypersurface which is
called the entanglement wedge cross section (EWCS).
Considering a spatial region A in the boundary theory, the
entanglement wedge is the bulk region corresponding to
the reduced density matrix p, and whose boundary is
A UTy. In particular, when the boundary region is the
union of two disjoint subregions A; and A, the boundary
of the entanglement wedge is A} U Ay U I’y 4,. For small
separations where the connected configuration is favored,
the EWCS is defined to be the minimal cross sectional
area of the entanglement wedge and is given as follows
[6,7] (see e.g., Fig. 1):

Area(ZAlqu)

Ew(A,A,) = ext
w(Ar,Ay) = ex 4Gy

(1.2)

On the other hand, for large separations, the disconnected
configuration is favored and the EWCS vanishes.
Considering the above definition, different proposals that
make connections between the EWCS and boundary
correlation measures can be recapped as follows [6-9]:
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FIG. 1.
configuration where both the HMI and the EWCS are nonzero.

Sr(A1,A;)
2
= So0(A1,A;) = S(A; UA,),

Eyw(A1,Ay) = Ep(A,Ay) =

where Ep, Sg, and S, are entanglement of purification,
reflected entropy, and odd entropy respectively.1 One may
note that although they are not necessarily equivalent for a
generic state, it seems they are the same for holographic
states. Indeed, the EWCS may probe spacetime properties
that are inaccessible from the perspective of holographic
entanglement entropy (HEE). In particular, HEE is not a
measure of quantum entanglement for a mixed state. This
progress has motivated some interesting and extensive
discussions of holographic correlation measures which
have led to a remarkably rich and varied range of new
insights in both holography and field theory, e.g., [12-42].

At the same time, there has been a great deal of interest in
studying quantum quenches to understand whether and how
quantum matter equilibrates. A prime arena for discussions
of holographic quantum quench has been the Vaidya
spacetime and this will also be the case in the present
paper. This bulk geometry describes the gravitational
collapse of a thin shell of matter to form a black hole
which is dual to the evolution of a far from equilibrium
initial state to a steady state in the boundary theory. Such
shock-wave geometries have already been extensively
studied in the context of holographic entanglement mea-
sures, e.g., [43-51]. It was argued in [46] that the evolution
of EE can be captured by the picture of an entanglement
tsunami, i.e., a wave propagating inward from the boundary
of the entangled region. In this setup, one can derive in
detail several universal features in the evolution of nonlocal
measures in quenched holographic systems. In particular,
for large entangling regions, the evolution of EE experi-
ences different regimes of an early-time quadratic growth,

lRecently in [10] it was shown that S; is not monotonically
decreasing under partial trace, and so in general is not a measure
of physical correlations. However, it seems that it is a valid
correlation measure for holographic states as entanglement
wedge nesting suggests [8,11].

Schematic configuration for computing HMI (left) and the EWCS (right). Here we just demonstrate the connected

an intermediate linear growth, and a late-time saturation.
Further, employing the same picture, the nonequilibrium
evolution of other measures such as mutual and tripartite
information has been considered in [50,51]. Related studies
attempting to better understand the evolution of entangle-
ment measures in more general time-dependent bulk geom-
etries have also appeared in [48,49].

In [52], we investigated the holographic proposals con-
cerning the EWCS for Vaidya geometries describing a thin
shell of null matter collapsing into the (d + 1)-anti—de Sitter
(AdS,. ;) vacuum to form a one-sided black brane. We
considered a symmetric configuration consisting of two
disjoint strips with equal width. A surprising result we
found was that for large entangling regions, the evolution of
the EWCS experiences the same scaling regimes as EE and
the rate of growth of Eyy is equal to S4. In 2 + 1 dimensions,
we presented a combination of numerical and analytic
results which support this behavior. Moreover, in higher-
dimensional cases we provided a numerical treatment and
examine the various regimes in the growth of the EWCS.
Despite numerical results for the time dependence of this
quantity, the question of full time evolution and in particular
the rate of growth at intermediate times has not been
thoroughly investigated. Hence, in the present paper, we
employ an analytic treatment to study the full time evolution
of EWCS in higher-dimensional Vaidya geometries. While
this analysis can be done for a generic asymptotically AdS
spacetime, in order to gain better insight into the properties
of Ey,, we generalize our study to specific nonrelativistic
boundary theories, in particular, those with Lifshitz and
hyperscaling violating exponents.

It is worthwhile to mention that as previously noted
in [48,49], a nontrivial dynamical exponent can affect the
rate of entanglement growth and hence the corresponding
saturation time. We will confirm that (up to a time shift) the
qualitative behavior of HEE and boundary measures dual to
the EWCS is similar even in these nonconformal theories.
Nevertheless, there are some challenges associated with
studying holographic duality in nonrelativistic back-
grounds, see e.g., [53,54]. In particular, the validity of
HRT prescription and the ability to construct a well-defined
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entanglement wedge in the Lifshitz background is ques-
tionable [54]. In the present paper, we naively assume that
the standard prescriptions for computing holographic
entanglement entropy and the definition of the entangle-
ment wedge are valid even in Lifshitz geometry.

This paper is structured as follows: In Sec. II we introduce
the required preliminaries. We briefly review the Vaidya
background with Lifshitz and hyperscaling violating expo-
nents and then we carefully examine the general form of the
EWCS functional in this geometry. Then, in Sec. III we
study in detail the evolution of the EWCS in the formation
of a black brane modeled by the time-dependent geometry
for a null shell collapsing into the AdS vacuum spacetime.
Throughout this section, we consider the large subregion
limit, where analytic formulas for different information
measures can be found. Afterwards, in Sec. IV we focus
on the case where the boundary theory is nonrelativistic and
we apply the same prescription to compute the evolution of
the EWCS. We present an analytic derivation of the effect of
Lifshitz and hyperscaling-violating exponents on entangle-
ment velocity and the early and late-time behavior of the
EWCS. Finally, we discuss some implications of our results,
as well as possible future directions, in Sec. V.

II. SETUP

We are interested in the time evolution of the EWCS in
the presence of an infalling thin null shell in a background
with Lifshitz and hyperscaling-violating exponents. In this
section, we review the background metric and then obtain
the EWCS profile for two disjoint strip regions in the
connected phase (see Fig. 1).

A. Vaidya geometry with Lifshitz and hyperscaling
exponents

In this paper, we consider the following metric which
describes collapsing of a null shell and the formation of a
black brane in the vacuum background with Lifshitz scaling
z and hyperscaling-violating exponent

D , 2
ds? = r 2% (_f(r v) dv? _?dvdr—kdxlz)),
r

f(m)z{;(r) o dm=1=(5)7 e

where we employ the Eddington-Finkelstein-like coordi-
nate, i.e., dv = dt — r<! d—f’. One may note that inside the
shell (v < 0) the spacetime is given by hyperscaling-
violation Lifshitz (HSL) metric while the outside region
(v > 0) is an asymptotically HSL black brane. As we
mentioned it may model a sort of global quench in the dual
boundary theory. This metric reduces to the relativistic
AdS-Vaidya geometry for z =1 and € = 0. We assume
that this Vaidya-type metric is a solution to Einstein’s

theory with some suitable matter fields. For example,
it was shown that the Einstein-Maxwell-dilaton theory
admits such solution [55]

1

1
I=- dP*2x | R — = (0¢p) + Ver?
16erN/ x[ 5 (09)" + Voe

12
—ZZE’WF%} .

It is appropriate to define an effective dimension

d=D-0+1

that for & = 0 reduces to the dimension of dual boun-

At late times, the bulk metric (2.1) describes a black
brane with a horizon at r,. The temperature, thermal
entropy density associated with the horizon, and energy
density [56] are

q_dtz-1 1 d-1 1
T odary 0 T 4G T 16aGy pT
(2.3)

In what follows we assume that z > 1 and d > 1. It ensures
that the null energy condition is satisfied and the black-
brane solution is thermodynamically stable. Also in this
case the zero-temperature entanglement entropy is consis-
tent with the previous results [57].

B. EWCS in Vaidya background

We are interested in the time evolution of the EWCS
associated with two identical long strips (A; and A,) on the
boundary (see Fig. 1). We will take them to be of width 2,
length [ and are separated by distant 2. The EWCS is given
by Eq. (1.2) and we assume that h < ¢, ensures the
entanglement wedge is connected and the EWCS does
not vanish. In this configuration, the entanglement wedge
is bounded by two extremal hypersurfaces anchored to
boundary strips with size 2 + h and h. In Fig. 1 we denote
these hypersurfaces by I,.,, and I',, respectively.
Moreover, we denote the turning points of I',,,, and I},
by r, and r, respectively. The EWCS can be parametrized
as v = v(r) and due to the reflection symmetry about x = 0
the induced metric on X, 4, simplified as follows:

dr?
2 -1 2
—(f(r,v)v"” 4+ 2r71) 22 +dxp_ |-

~2(D-0)

2
dsiq =710

(2.4)

Now using Eq. (1.2) the Ey, which is proportional to the
extremal area of the corresponding codimension-2 hyper-
surface is given by the following functional
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[P-1 & 20 f(r,v)v?
EW 4G /dr gi: \/— rz_l —ﬁ. (25)

Extremizing the above expression yields the equation of
motion for v(r)

0 (rz‘l + f(r, v)v’) 0 of 2.6)

a_r pd+2:-3 o pdt2e3 5% :

To obtain the extremal hypersurface we need to solve the
above equation by assuming certain boundary conditions

U(rd) = Vg, U(ru) = Uy, (27)
where r; and r, are the turning points of hypersurfaces ',
and I'), »,, respectively. Note that for v # 0, % = 0 and we

have a conserved quantity as follows:

T froo)y  Q

pd+2z2-3 £ rg+z—2 ’

(2.8)

Using this fact, we can solve Eq. (2.6) for v/(r) to get

— rz—l Q(r/ro)d+z—2
vy = 7 (1 T >

A = \/f + QZ(V/VO)2<(1+Z_2).

(2.9)

One may note that Q — —Q implies v, — v, so in what
follows without loss of generality, we only consider the v_
branch. Discontinuity of f(r, v) requires studying Q in the
HSL region (v < 0) and black-brane region (v > 0) sep-
arately and then matching the results at the point where
the null shell and the EWCS intersect. Note that in the
following we will use the subscripts a and b to refer to
quantities on the HSL and black-brane side, respectively.

1. HSL region (v < 0)

In this case f(r,v) = 1 and Eq. (2.9) reduces to
d+z-2
)

T (2.10)

where Q_rd™?:=Q and A_:= A(Q_rg+z_2,r)|f,l.

Therefore, the proﬁle of the EWCS becomes .

v_(r)=c_ T F(r),

- (2.11)

where

rQ_pAt23gy g2 ,»Z/ﬁ
- == = ﬁ 1+ 4, -
/ A z o * ?

(2.12)

and 4 :=
v_(r,) = v, we can fix the integration constant as

m. By imposing the boundary condition

Z
c_:vu+%+f(ru). (2.13)

Note that for d =2 and z =1 the above expressions
precisely match with the previous results reported in [52].

2. Black-brane region (v > 0)

Now, let us consider the profile in the black-brane region
where f(r,v) = g(r). In this case using Eq. (2.9), one
derives the profile of EWCS in v > 0 region as follows:

d+2z-3

vi() = ¢, = Gr) - Q.75 /__dm

where A, =

G(r) ==/%—F2F1<1 B+, (O)W), (2.15)

where # := y—

A(Q,,7)|;—, and G is defined as

+ 7~ Once again using the boundary condition
v, (ry) = v, one can obtain the integration constant

cy =vg+G(ry). (2.16)

3. Matching at v=0

By integrating Eq. (2.6) across the null shell at
v(r,) = 0, we obtain the corresponding matching condition

B 1 rfv
+ 2 rgﬂ_l '

Solving the above condition, we get the relation between the
conserved quantities, i.e., O_ and Q, as follows:

dr
dv|_

dr

- (2.17)

(rﬁ,“_l - 2r§+z_1) Q_+r,A_(r,)
+ .

27'0

Q, = (2.18)

Without loss of generality in the rest of the paper, we take
the positive sign. On the other hand, the continuity of the

EWCS profile at the intersection point, i.e., v,(r,) =0 =
vy(r,,) implies
rZ rZ
v, +—+F(r,) ——=F(r,) =0, (2.19a)
z b4
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FIG. 2. Schematic configurations for HRT and EWCS hypersurfaces corresponding to the connected phase where the separation
between the boundary entangling regions is small. Outside the collapsing shell (indicated in dashed purple), i.e., v > 0, the
hypersurfaces propagate in an AdS black-brane spacetime. On the other hand, in v < 0 region, they propagate in a pure AdS geometry.
Left: At early times the null shell lies near the boundary of the spacetime and X does not intersect the shell. Middle: During intermediate
stages of evolution X crosses the null shell. Right: At the late-time X lies entirely in black-brane geometry.

x d+2z-3
v+ G(ra) = G(ry) = Qqr A’“ du—— = 0. (2.19b)

Note that when r,; is located in the black-brane region
where v, > 0 one can use df = dv + r*~! ‘L—’ and t = vy +

G(ry) to express the boundary time in terms of other
parameters as follows:

N

t—g(rw)—f-QJrré/% dum

(2.20)
These conditions are sufficient to obtain the EWCS in terms
of v,, v,, as well as r,, which are related to the boundary
parameters £, h, and ¢, respectively. So in principle, by
using them one may obtain the contribution to the EWCS in
both regions

. ro rl=ddr
Ey = _ 2.21a
w . A_ ( )
- 1 [2=u'ddu
= 2.21
o fu AL (2.21b)

o

where we have defined Ey, := % Eyy for simplicity. Finally
using these equations we can read Ey, as

Ew = Ey, + Ey;. (2.22)
In the next sections following [58], we will study the time
evolution of Eyy in three different scaling regimes. Before

we proceed further, let us comment on an assumption that
greatly simplifies the calculation.

C. Notes on @_ and @,

In what follows we mainly consider a specific limit
where the characteristic size of the boundary entangling
regions is large compared to the inverse temperature, i.e.,
£T'% > hT'% > 1. Indeed, we will argue that Q_ ~ 0 in
this limit. It leads to a great simplification in the

semianalytic results for Ey. To show this, first, note the
relation between r, and r.. These quantities indicate
positions where the null shell intersects X, 4, and
I'>4.,, respectively (see Fig. 2). It is easy to show that
ré = zv, + ry which simplifies Eq. (2.19a) as follows:

ré, —ri=zF(r,) —zF(ry,).

Note that the null shell intersects the EWCS at r,, and in
general r,, # r. but one may expect that r. =~ r,. Indeed,
our numerical results confirm this expectation see, e.g.,
Fig. 3. Based on this figure, when the connected configu-
ration is always favored for any boundary time, these
quantities precisely match at early and intermediate times.
On the other hand, when the disconnected configuration is
favored at late times, although at early times r. matches
with r,, the deviation between them becomes more pro-
nounced as time evolves. Further, by expanding the hyper-
geometric function in Eq. (2.12), it is easy to show that

) Pn Pn
T rs _Lr =y
w_ ¢ __ § an Q%n+17
Z Z Pn

n=0
pp=2n(d-1)+d+2(z=1)(n+1), (2.23)

where C,® = T'(1/2)/T(n+ 1)I(1/2 = n). So for r,~
r, < r, this equation requires Q_ — 0. Then from
Eq. (2.18) we get

Q ~0 and Q, ~-— (r, <r,). (2.24)

rW
2r, 0 ’
In the following sections, we will employ these relations
to study the scaling of Ey during the early and inter-
mediate stages of time evolution.

However, when r, ~ r,, we cannot assume Q_ = 0.
Indeed, in this situation, @, ~ 0 and Q_ # 0. To see this,
note that as r,, — r, the I, settles down to its final static
configuration as it lies in the black-brane geometry and
hence ¢ = v, + G(r,). On the other hand, the latter should
be consistent with Eq. (2.20) upon substituting r,, =~ r,

106014-5



KOMEIL BABAEI VELNI et al.

PHYS. REV. D 107, 106014 (2023)

rd, Iw, u, I'e

0.5

O.OT“"H‘\““\“"\““\“H\“‘:

FIG. 3.

Time evolution of r,, r,, r,, and r, for z = 1. Clearly, at the early time we have r, ~ r. and the deviation between

them becomes more pronounced near the saturation time. Left: d =2, h = 1, and £ = 4.5. Right: d =3, h = 0.4, and £ = 1.18. Here

we set rg = 1.

Tu 23

Uy +g(ru) = g(ru) + Q+r8/:;dug(u)/l+.

(2.25)

Now, we note that v, = v(r, — r,,) ~ 0 and then the above
equation implies @, — 0. In this situation, by solving
Eq. (2.18) for Q. = 0 one obtains

2 ra
Q- x and

9
4r(t)i+z—l (rg+z—l _ rcul+z—l)

Q+z0’

(2.26)

(r, = r1,).

As we will argue, this result allows us to explore the
saturation of Ey, as the EWCS lies entirely in the black-
brane region.

III. EWCS IN AdS BLACKBRANE (z =1,0 =0,d > 2)

We shall now discuss the time evolution of the EWCS in
the various regimes with a collapsing shell of matter in
asymptotic AdS spacetime which describes a relativistic
quantum quench. As we explained in the previous section,
we are interested in the connected configuration where
EWCS is nontrivial. We also focus on the regime where
the null shell intersects the EWCS (see Fig. 2). In such
circumstances, we investigate three different regimes:
(1) Early growth describes the behavior of Ey, immediately
after the null shell passes through the 7. So in this regime,
we should assume r; < r,,; (ii) Linear growth characterizes
situation where r, > r,, > r,; (iii) Saturation which
shows how the Ey, reaches to its equilibrium value.

We remind the reader that a similar study for d = 2 has
been done in [52], thus here we just focus on d > 3.
Moreover, in the next section, we discuss the effects of z
and 0 on the EWCS evolution by exploring the HSL
background.

A. Early growth

As we just mentioned, the collapsing shell does not
intersect X at very early time (see Fig. 2). Although, the
entanglement entropy starts its early growth during this
period of time [58], the EWCS does not change and is given
by Ey. So here, by early growth, we mean the time
evolution of the EWCS right after the null shell intersects
2. To compute the time dependence of Eyy at early time, we
suppose ry < r,, and ry < rg < r,. It allows us to consider
r, =rq,+0 where 6 < r; <ry. Moreover, the large
interval ry < r, lets to use Eq. (2.24) in order to expand
Eq. (2.21b) up to the first order that depends on r

g0 (d=1)8> &> +2r,0 & srat!
W 2 4rd rdT gl )

(3.1)

On the other hand, we may obtain E7, piece by applying
Q_ =01in Eq. (2.21a)

3 1 1
En = -
V" d=2)rd"r (d=2)r

d-2
— O(Q":‘). (3.2)
Further, Eq. (3.1) suggests that one should expand Ey,
around r,, = r; + 6 up to O(&°)

1 1 5 d-1é&

(d-2)ri2 S (d-2)r rd! 2
+0() +0( ).

Ey =
(3.3)

Now we are equipped with all we need to calculate the early
growth of the EWCS in terms of 0 as follows:

P 1 & +2r,d
VU d-2)rt? d-2)ri T ard

+ 08, r9).

(3.4)
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However, we are interested in the explicit dependence of
the EWCS on boundary time. Therefore we expand
Eq. (2.20) to get ¢ in the terms of ¢

t=68+ry+ O ri-16%). (3.5)
Substituting the above result into Eq. (3.4) we obtain the
time scaling of Ey in this regime as

2 2
r—=ry

Ey~ E;V(rd, r.) + (3.6)

d
4rg

The first term describes the Ey, in the static AdS space and
so one may call it the vacuum contribution. By subtracting
it we obtain one of our main results

nli=2€ <t2 : h_2>

d—1 )’
where the energy density of the boundary state £ is defined
in Eq. (2.3). We also use h =~ ¢r, to fully express the final
result in terms of the boundary quantities.2 The above result
shows that the early growth of Ey, starts at ¢ ~ A, in contrast
to entanglement entropy where its early growth begins at

t = 0. Moreover, as one may expect, for 47 — 0 this result
matches with the early growth of entanglement entropy [58].

AEy ~ (3.7)

B. Linear growth and saturation

Here we survey regime corresponds to h < ry K t K ¢
where r,, < r,. First, let us recall Egs. (2.21b) and (2.20) as

Tw 1-d
= 1 [ wdu
W= a2 [ )
o % A+(u’ uw)

ud—ldu

t=G(r,) + Q+ro/:_g g(w) A (u,u,)’

where A, depends on u,, via Eq. (2.18). Now let us suppose
that there is a minimum for 4, at %, and so
0, Ay (u)], = 0. Moreover, we also assume that at u =
wy thereisau,, = @, such that A, (#,,, #,) = 0. Indeed,
our numerical results confirm these assumptions see e.g.,
Fig. 4. Based on this figure, we see that during the evolution,
r,, approaches r;, corresponds to the linear-growth regime.

(3.9)

*For rg < ry (low temperature limit A7'/? < 1)

Nh X Nz F(%) B\ d+z-1
l’d~;< _(d+Z)0d+Z F(z(ddtzl)) (a) >,
o)
1

k)

€ =

In this plot, we consider the values of £ and A such that
the disconnected configuration is favored at late times.
Hence the saturation is discontinuous and the corresponding
extremal hypersurface jumps at some saturation time where
each curve stops. Moreover, it is clear that, as ¢ increases,
also the linear regime increases. Based on these observa-
tions the dominant part of the integrals in Eq. (3.9) comes
from the region near z, and w«,. It is similar to what
happens in the time evolution of HEE as discussed in [58].
Existence of z, implies Q% = Q_ |, . Thus, by expanding
A, about u = %, and @, (or Q ), we get

m)? +¢2(Q1 - Q4),

A ~e(u—wu (3.10)

where

1
1= 5 azA-&-'um,u. ’

€ = _6Q+ A+

Unp,U,’

Using Eq. (3.10) we estimate the integral of Ey, as

(d-2)d

Q= umm,

o d
Um [ QU (3.11)

On the other hand, inserting Eq. (3.10) in Eq. (3.9) and
simplify the resultant equation yields
Qtrgund™! (% du

t—t, (3.12)

9(znm)

where ¢, := G(r},). The above results imply the linear
growth of Ey, in this regime

AEy = 19728,V (t—t,), (3.13)
where AEy, = Ey — Ey(r},, r,) and then the velocity Vyy
is given by

() d-2 \7 | d
VW = m = .
Ot 1,22 2(d-1) d-2

One may note that the linear behavior is similar to the
growth of entanglement entropy. In addition, the expression
for Vy, is the same as the entanglement velocity defined
in [58].

As the null shell approaches the turning point r,, the
EWCS falls into the balk brane region. So the value of Ey,
should reduce to that in the static black-brane geometry. In
other words, the EWCS saturates its equilibrium value
which is the same as Ey; at the thermal state. To see this,
note that Eq. (2.21a) shows Ey — 0 as r, —r, In
addition, we recall Eq. (2.26) in this regime and by

(3.14)
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1.3} ]
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rof ]
80 85 90 95 100 105
Ty
FIG. 4. (r,(1),r,(1)) for different values of ¢ with h = 2.1 and

z = 1. During the evolution, r,, approaches r}, corresponds to the
linear-growth regime. For these values of # and & the discon-
nected configuration is favored at late times and the extremal
hypersurface jumps at some saturation time where each curve
stops. Here we set ry = 1.

employing @, = 0 in Eq. (2.21b) we get the Ey, for the
black-brane geometry [13]

lD—l

Ty rl_ddr

Ey=—
V4G el

(3.15)

It is worthwhile mentioning that the above analysis works
when the connected configuration is always favored for any
boundary time during the thermalization and the resultant
Ey continuously saturates to the final equilibrium value
given by Eq. (3.15). However, we should also remark that
when the disconnected configuration is favored, the late-
time behavior of the EWCS changes such that it displays a
discontinuous transition and immediately saturates to zero.

IV. EWCS IN HLS BLACK BRANE (z #1, 0 #0)

In this section, we generalize our studies to holographic
theories with general dynamical critical exponent z and
hyperscaling violation exponent . Employing the analysis

we have outlined in the previous section we will be able to
explore a variety of scaling regimes in the time evolution of
EWCS. As we will see its behavior is qualitatively similar
to HEE previously discussed in [48,49].

A. Early growth

As we explain in the previous section for z = 1, at early
times we expect that r,, ~ r... Indeed, our numerical results
show that this behavior holds even in the nonrelativistic
case, see e.g., Fig. 5. In this case, r,, always coincides with
r. for any boundary time. Interestingly, comparing these
results with the results depicted in Fig. 3, we see that r,, and
r. will be in complete agreement if we choose larger values
of z. Recall that at early times, i.e., < rj, the shell does
not reach X which lies entirely in HLS geometry, and thus
the EWCS is a fixed constant given by the vacuum value.
Let us start from Eq. (2.21a) and expand it up to the first
term that depends on r

1 z+1 C%_d 5"
(d=2)r12 d =242

(rd +5)z+1 _ rfj—&-l
2(z+ 1)rg+z_1
(4.1)

Ej ~

’

where C}! denotes the binomial coefficient. It suggests that
one should expand Eq. (2.21b) around r,, = r; + 6 up to
O(5z+2)

Hl 2-d g
- C 1) 1
Ey =~ & - . 4.2
v Z;d—24”4 (d-2)ri? 4-2)
Now, using £y, = Ey, + E}, we get
5 N r,+ 6 z+1 _ rz+1
By By (rgr) + DI (4

2(z+ 1)rgt=!

To obtain § as a function of time we employ Eq. (2.20) for
{ra,rn} < {r,, ro} and assume r,, = r, + & to read

5k ] T T T T
\ 1 20k 1
4r T 1 1
Id ] ]
¢: 3l . ] © 1.5 1
N K 1
SR S e E ]
3 oL ] 3 1.0+ 1
1'/ ] 0.5f ]
4
/ ]
ot { L L L L L L = 0.0t L L L |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0

FIG. 5.

Evolution of r,4, r,, r,, and r, for z = 2. Clearly, r,, always coincides with r. for any boundary time. Left: d =2, h = 1, and
¢ =4.5. Right: d =3, h =0.4, and £ = 1.18. Here we set ry = 1.
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s~ (z1): — ry. (4.4)

It allows us to express the time evolution as

S (e (B, s

where ¢ is defined in Eq. (3.8). For z = 1, this result reduces
to that for Vaidya-AdS Eq. (3.7). Moreover, one may note
that the scaling at the early time just depends on the Lifshitz
exponent z and is independent of the hyperscaling-violating
exponent 6. It is worth noting that in 4 — 0 limit, it reduces
to HEE [48,49].

AEy =

B. Linear growth and saturation

Here we follow the same steps as in Sec. IIIB to
figure out time scaling of EWCS for h < ry < t'/* < ¢
where {r,,r.} < r,. Again, in the presence of € and z
we consider A, that has a minimum at z, and
A(wy,,) =0. Our numerical results confirm these
assumptions see e.g., Fig. 6. We see that during the
evolution, r,, approaches r}, in the linear-growth regime.
Using the same expansion as Eq. (3.10) one finds

_ ((d+z=2)\z=
um_<d+z—3> :
Vd+z-3)(d+z-1)

2(d+z-2)

Qi - _um

(4.6)

Once again, these assumptions simplify expressions for
E}, and 1 —t, as follows:

L A0 L AP P S AP
1.20F ‘\ W T W
tst | o |

2 — =4 |
110k ——— =45 |]
— =5 |

1.05F T =85 ]

80 85 60 95 100 105

ry

FIG. 6. (r,(t),r,()) for different values of # with 7 = 2.1 and

z = 2. Similar to the relativistic case r,, coincides with r}, in the
linear-growth regime. The saturation at late times is discontinu-
ous. Here we set ry = 1.

D-1 n
[y 21° g o du
~ d-1 <t [ A,
Un 0 +
* .2 d+2z-3 w
g N e [ du (4.7)
LR . .
g(um) :—g 'A+

Now combining the above two equations yields the
following:

2g(zm) (t

AEy ~ P18
w th _ —
Q*u 2d+2z 4r(z) 1

—1,). (4.8)

Expressing this formula in terms of the boundary quan-
tities yields
AEW ~ lD_]SthVW([ - t*), (49)

where the velocity of the linear growth depends on both z
and 6 (viad =D — 6+ 1) as follows:

v ( 4nT >;'< d+z-3 >% Jd+z-1
YT \d+z-1 2(d+z-2) d+z-3

(4.10)

We note that for z # 1 the above velocity depends on the
temperature of the final equilibrium state. Interestingly it
is just the velocity of the linear growth for entanglement
entropy in the presence of Lifshitz and hyperscaling-
violating exponents [48,49]. Indeed, in these references
the final result for HEE in the linear growth regime was
written in terms of the horizon radius [similar to Eq. (4.8)],
thus the first factor in Eq. (4.10) was neglected.

C. Saturation

As we explained in the previous section for the relativ-
istic case, when the null shell reaches the turning point of
I/, the EWCS in the nonrelativistic background also
saturates its equilibrium value. As far as the connected
configuration is favored, the resultant value of Eyy is given
by Eq. (3.15) while for a disconnected configuration, it
vanishes abruptly. In Fig. 7 we show the evolution of

T T T T

0.0k

FIG. 7. Evolution of the EWCS for different values of z. Here
we set h =2.1, =4, and ry = 1.
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EWCS for different values of the dynamical exponent when
X becomes trivial at late times.

V. CONCLUSIONS AND DISCUSSIONS

In this work, we have studied the evolution of informa-
tion measures dual to the EWCS after a global quantum
quench in holographic theories. In our investigations, we
have been focused on both relativistic boundary theories as
well as non-relativistic ones which has nontrivial Lifshitz
and hyperscaling-violating exponents. We present a com-
bination of analytic and numerical results for symmetric
strip-shaped boundary subregions which enable us to study
different regimes of evolution during the thermalization
process.

In the limit of large entangling regions, we realize that the
time evolution of EWCS in relativistic theories is charac-
terized by three different scaling regimes; an early time
quadratic growth, an intermediate linear growth and a late-
time saturation. We found that as the width of the boundary
region becomes larger, the region with linear growth
becomes more pronounced. Further, in theories with non-
trivial dynamical and hyperscaling-violating exponents,
the general behavior of the EWCS is very similar to the
relativistic case, but in this case, the scaling of the initial
growth is not quadratic and depends on z. More explicitly, in

this regime we found Ey, £t which show that the scaling
of EWCS becomes less pronounced when the dynamical
exponent became large. In particular, in 7z — oo limit we
have a linear growth regime even in early times. On the
other hand, during the intermediate stage of time evolution,
EWCS exhibits a linear scaling whose coefficient depends
on the thermal entropy density of the final equilibrium
state. Motivated by this linear growth and in analogy to the

previous results for HEE and the EWCS [52,58] we define a
rate of growth

1 dEy

Rl =g ar

(5.1)

Using Egs. (4.5) and (4.9) we find that for the HSL
background

2r & 1
() <Ly Kl
Ry (1) = { P S0l s

VW r0<<t<<f

where the entanglement velocity is given by Eq. (4.10).
Specifically, We have shown that in nonrelativistic theories
i.e., z > 1 this velocity depends on the temperature of the

final equilibrium state. Indeed, we observe that Vy, « T
and hence the larger the value of the temperature is, the
faster the EWCS grows in time. Moreover, in the asymptotic
limit z — oo the rate of growth has a linear dependence on
temperature. An interesting question is if either of these
behaviors can be extracted from field theory calculations of
various boundary information quantifiers dual to the EWCS.
Indeed, the time evolution of EE and some other related
measures for nonrelativistic field theories with nontrivial
Lifshitz exponent has been studied in [59-61]. It would be
interesting to figure out what the universal features of
entanglement and information evolution in these theo-
ries are.
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