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We compute entanglement entropy and differential entropy in inhomogeneous holographic quenches in
AdS;/CFT,. The quenches are arbitrarily inhomogeneous and modeled by an infalling shell of massless
nonrotating matter where the final state is not dual to a static black hole but rather to a black hole with time-
dependent stress-energy tensor modes. We study the entanglement entropy of an interval and differential
entropy of a family of intervals analytically when the inhomogeneities have a perturbative amplitude and
numerically for nonperturbative inhomogeneities. While we are in principle able to study these quantities
for any inhomogeneities, we discuss two concrete examples: an oscillatory quench and a bilocal quench.
Both cases display saturation towards a steady state but do not fully thermalize. Depending on the location
and size of the interval, the entanglement entropy displays a variety of interesting phenomena such as
plateau phases, bumps, and discontinuities in its first derivative with respect to time.
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I. INTRODUCTION

When interacting systems are brought out of equilibrium
they tend to equilibrate to a state that effectively looks
thermal. Exactly how this happens is a central theme of
current research and varies from system to system. In case
of a far-from-equilibrium initial state it is not known in
general how the system evolves to thermal equilibrium.
One way to model the evolution involves quantum
quenches, e.g., [1,2], where a sudden energy injection
effectively brings the system to a highly excited state. By
spontaneous thermalization the system relaxes to equilib-
rium. Quenches are typically implemented by a sudden
change in the Hamiltonian. They have been especially
interesting in d =1+ 1 conformal field theory (CFT)
because of the high degree of analytic control over the
model. Quantum quenches have interesting applications in
physical systems such as Heisenberg spin chains, Luttinger
liquids, as in [3.4] or one-dimensional ultracold atomic
gases, e.g., [5-8]. Most results in conformal field theory
have focused on homogeneous global quenches (where the
quench is spatially translation invariant) and local quenches
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like in [9,10]. Far less is known about thermalization under
inhomogeneous global quenches. Nevertheless, they are
actually the more interesting case because spin chains and
1D gases are typically spatially varying due to a nonuni-
form density or a spatially varying potential. Inhomogeneous
quenches have been studied in limiting cases of d = 1 4 1
CFTs where the inhomogeneities are perturbatively small
compared to an average value [11], in free bosonic field
theories, e.g., [12], and integrable models, e.g., [13]. Two-
dimensional conformal field theories have an infinite number
of conserved charges and it is a fascinating question to what
extent such theories thermalize. Left- and right-moving
modes are decoupled and conserved, so one generically
does not expect a full equilibration.

Ultimately, one would be interested in studying quenches
in a regime of strong interactions. In this paper, we study
d =1+ 1 inhomogeneous quenches directly at large cou-
pling via AdS/CFT, a route which has been considered
before in e.g., [14] in higher dimensions and in, e.g., [15,16]
in AdS;/CFT,. These works treated cases where the scale of
spatial variation is small or focused on particular quench
profiles. We make use of a new type of holographic quench
introduced in [17,18], for any type of quench density profile.
The holographic spacetime is a Vaidya-like geometry with an
inhomogeneous massless shell inserted. Homogeneous
Vaidya has been studied in [19-22] and is dual to a CFT
state formed by a ring of local operators [23]. The inhomo-
geneous Vaidya geometry can be viewed as a limit of a
large number of collapsing massless point particles in AdSs;.
The final geometry after injection of the shell is that of a
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Bafiados-Teitelboim-Zanelli (BTZ) black hole on which
large gauge transformations' are applied and which we call
VBTZ (for Virasoro BTZ). These are black hole solutions
which have a nontrivial (time-dependent) boundary stress-
energy tensor.

As a diagnostic of thermalization we study the dynamics
of holographic entanglement entropy of an arbitrary inter-
val A of size ¢, as given by the Hubeny-Rangamani-
Takayanagi (HRT) formula [27], which is a generalization
to time-dependent situations of the well-known Ryu-
Takayanagi (RT) formula [28] proposed for static setups.
In three dimensions, these prescriptions both state that one
should compute the length of the geodesic with minimal
length that connects to the two end points of the boundary
interval A, and henceforth we will refer to this method as
the HRT prescription. Homogeneous holographic quenches
have shown a monotonic growth of entropy and a saturation
as soon as t = £/2. In this paper we show that inhomo-
geneous holographic quenches also display a smooth
interpolation from AdS to VBTZ, also during the time
interval 0 <t < £/2 as we show in Appendix C. From
t = £/2 onwards the entropy behaves as in eternal VBTZ.
Because this is not a static geometry however, the late time
behavior of the holographic entropy can be very nontrivial.

A second diagnostic is differential entropy [29,30]. This
is the residual entropy of a continuous family of observers
who can each perform measurements on an interval A,
where { parametrizes the family. This quantity is more
broadly interesting for the purpose of bulk reconstruction in
AdS/CFT. One might wonder to what extent the bulk
geometry can be reconstructed from holographic entangle-
ment entropy (as measured by the HRT formula). As we
will review in Sec. III D, the differential entropy reproduces
the length of a closed bulk curve. If all closed bulk curves
can be reproduced from differential entropy, then one might
loosely say that the bulk is reconstructable from entangle-
ment in the boundary CFT. It has been shown in [29] that
some static geometries contain finite bulk regions that
cannot be probed by differential entropy. These regions are
called entanglement shadows. While anti—de Sitter space is
reconstructable from entanglement in this respect, BTZ
black holes have finite entanglement shadows outside the
horizon. In situations where black holes are formed from
collapse, one might ask whether entanglement shadows
are produced dynamically. In this paper we discuss how
they are produced both in homogeneous Vaidya and in the
inhomogeneous shell background.

In Sec. I we review the geometry of a massless
inhomogeneous collapsing shell and the resulting VBTZ
geometry. In Sec. III we review holographic entanglement
entropy and differential entropy. Holographic entanglement

'Proper gauge transformations are gauge transformations that
approach the identity of the asymptotic symmetry algebra, while
large (improper) gauge transformations approach a nontrivial
element of the asymptotic symmetry algebra and these map
physical states into new physical states; see for instance [24-26].

entropy in two-dimensional holographic conformal field
theory follows by studying the length of geodesics in the
gravity dual. We review the construction of geodesics with
equal time end points on the boundary in the following
well-known geometries: global static BTZ, global AdS;
and global Vaidya. Because these are well-known cases, we
will only collect and present formulas that are relevant for
studying the entropy in VBTZ and in the inhomogeneous
shell background. We will first construct geodesic solutions
in static BTZ and in AdS;. Then we will review the
computation of entropy in these two geometries for an
equal time interval on the boundary. After that, we will
compute geodesics and entropy in the Vaidya geometry.
Sections IV and V are devoted to the derivation of
entanglement entropy and differential entropy in the
VBTZ geometry and the inhomogeneous shell. We do this
for perturbatively small inhomogeneities in Sec. IV and
nonperturbative ones in Sec. V. Finally, in Sec. VI we study
the evolution of entropy for two specific profiles of the
shell. In one example, the density profile of the quench is
oscillatory on top of an average density while in the other
example we study the extreme limit of two local spikes in
the energy density on the vacuum, in such a way that the
total energy is above the black hole threshold. We conclude
in Sec. VIL

II. AN INHOMOGENEOUS COLLAPSING
SHELL IN AdS

In this section we describe the construction and proper-
ties of an inhomogeneous thin shell of lightlike matter
collapsing to form a black hole solution. Such a spacetime
is dual to an instantaneous, but not necessarily rotationally
symmetric, quench in the boundary field theory, as
we shortly motivate. As was shown in [17,18], we can
construct such a solution by taking the limit of an infinite
number of massless particles that fall in from the boundary.
We refer to [17,18] for details of this construction and here
we focus instead on the final result. The resulting space-
time can then be formulated in a manner similar to the
homogeneous AdS;-Vaidya spacetime. We define the two
metrics

ds* = —(7* — M)dv* + 2dvdr + 7 dp*,

ds? = —(r* + 1)dv* + 2dvdr + r’dg?, (1)
where the first one is that of a BTZ black hole and the
second one is that of AdS;, both in infalling coordinates.

For later reference, we will also state the metrics in global
time coordinates, given by

-2

d
45 = (P = M)dP + 5=+ Pdg?,  (2)
e —

for the BTZ black hole metric, obtained by the coordinate
transformation dv = d7 + dr/(—M + 7*), and for AdS; we
have
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dr?

2+ 1

ds> = —(r* + 1)de* + + r’dg?, (3)

obtained by the coordinate transformation dv = dt+
dr/(r* + 1). We have for convenience set the AdS radius
to one, which will be the case throughout this paper. The
parameter M sets the mass of the final black hole solution
and the event horizon (of the final black hole spacetime, not
of the full spacetime) is given by ry = v/M. These two
metrics are glued together along the surface 7 = v =10
which defines the massless shell. The reader may note that
this looks exactly like AdS;-Vaidya if the coordinates
(0,7,p) and (v, r,¢) are continuously related across the
shell. However, in our case they are not necessarily
continuous; instead when crossing the shell they are related
by a specific coordinate transformation that reads

r=r/F(g). (4)

The function F' completely specifies the spacetime and
explicitly breaks the rotational symmetry and for this
coordinate transformation to be well defined we demand
that F/ > 0. Note that the coordinate v is continuous across
the shell and therefore we will drop the bar on ¥ from now
on. These solutions are the natural inhomogeneous gener-
alizations of the thin-shell AdS;-Vaidya spacetime. The
coordinate transformation (4) is also consistent in the sense
that the induced metric on the shell at v = 0, which is given
by dsi., = r’dg* and ds% , = F*d@?, is the same from
both sides of the shell, namely ds%, = ds2,. This is a
nontrivial consistency check and is necessary if we e.g.,
want to analyze this solution using the junction formalism
in general relativity [31,32].

In the coordinates (1) it looks like the final spacetime is a
static BTZ black hole. However, this is just an artifact of the
coordinates we are using. In the present coordinate system,
the spacetime is not manifestly asymptotically AdS, and
doing a coordinate transformation to bring it to an asymp-
totically AdS spacetime would require performing a large
gauge transformation which then would change the inter-
pretation of the final state. The final state is instead a
dressed BTZ black hole (VBTZ), or in other words, a BTZ
black hole on which we have applied a large gauge
transformation where the stress-energy tensor modes are
not constant. We expand more on this in Sec. I A.

@ =F(p),

A. Stress-energy tensor of the dual CFT

In this section we compute the stress-energy tensor in the
dual CFT. Part of the material here can also be found in
[18]. Note that the metrics before and after the collapsing
shell are currently given by the metrics in (1). However,
these coordinates are not continuous at the boundary and
thus the spacetime is not asymptotically AdS;. We now
do a coordinate transformation such that the coordinates
become continuous across the shell at the boundary and

the spacetime is everywhere asymptotically AdS;. This is a
large gauge transformation and thus changes the asymptotic
behavior of the metric at the boundary and it is in these
coordinates we should identify the boundary CFT stress-
energy tensor modes, which will in general be nonconstant.
To be more specific, we will find a coordinate trans-
formation from the metric (2) to

ds* = dp* + T (y,.)(dy )* + T_(y-)(dy_)?
+ (e + Ty (y)T-(y-)e)dy, dy_,  (5)

with the requirement that the coordinates above the shell
are continuously connected to the coordinates below the
shell at the boundary. The condition that the coordinates are
continuous at the boundary will uniquely fix the functions
T4 in (5).

The metric (5) describes a class of asymptotically AdS;
solutions of three-dimensional gravity with negative cos-
mological constant with arbitrary boundary stress-energy
tensor modes [33]. We only construct this coordinate
transformation in an asymptotic expansion close to the
boundary. Starting with the metric (2), we first do the
change of variables

to obtain

M
ds> = R72dR* + 7 ((dx,)* + (dx_)?)

2

M
+ (R2 + ER_2> dx, dx_. (7)

This is the BTZ black hole metric written in the form (5)
with 7. = M/4. Note that this is not a large gauge
transformation and the spacetime is still interpreted as a
static BTZ black hole. To generate spacetimes with general
stress-energy tensor modes, we now do a change of
coordinates R = R(p, y+), X+ = x4(p,y+) such that the
metric remains on the form (5) but now instead with some
arbitrary functions 7. (y. ). Such coordinate transformation
is a large gauge transformation and the resulting spacetime
is thus not anymore interpreted as a static BTZ black hole.
We will restrict to the case where 7. take the same
functional form, namely 7. (y.)=T(yy) (this corre-
sponds to a shell without angular momentum). When
gluing this spacetime to the AdS; spacetime across the
shell at v = 0, the function 7" will be fixed by enforcing that
the boundary coordinates are continuous when crossing the
shell [recall that the original coordinates are discontinuous
according to (4)]. We only compute this coordinate trans-
formation in an expansion in ¢”. We thus write
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R=RO(y,,y )er + RU(y ,y_ )e? + RE(y, y_)e
o (8)

xy = F(yy) + X[i] (y+,y_)e‘2P + x[i] (y+,y_)g—4ﬂ 4,

©)

where we define x[g =F and all other coefficients are

computed in terms of F. The fact that x[g only depends on

one coordinate, as well as the functional form of R that we
show below, can be immediately deduced by just assuming

that the boundary metric remains flat. Furthermore, the

choice x[i] = F is imposed such as to ensure that the angular

coordinate is continuous on the boundary when crossing
the shell since in the original coordinate system they are
related by (4). A straightforward calculation gives the other
functions in the expansion as

ROV = (F'(y_)F'(y,))™"/2,
R[l] _ F//(y—)F//(y-i-)% i (10)
Fi(y-)F'(y+)

LU= _F ) F(vs)
* 2F'(yz)
" 2
= R s B oopr o). ()

After carrying out this coordinate transformation, the func-
tion T can be easily read off from the metric and equals

" 112

2F AP

(12)

We can thus parametrize the solutions either in terms of 7" or
in terms of F. Notice that T is in fact the CFT stress-energy
tensor up to a factor of 4Gy, so whenever we refer to the
stress-energy tensor in this paper, we really just mean 7.
In later sections we consider computing entanglement
entropies of static intervals, so it is useful to consider how a
static interval is affected by the coordinate transformations
in this section. Note that the correct interpretation is that the
end points of the interval are constant in the coordinates
with metric (5) which are continuously connected to the
coordinates below the shell at the boundary. To be more
explicit the end points of a static interval (¢!, ) at
some time ¢ is given in the coordinates y, in (5) by

YW 4y =200 and y'? +y2) =2@), with y\) — y() =
y? —y@ =21 In the BTZ coordinates (2), which we
use for most of our calculations, the interval end points are

then located at xi) =F (yg?) with i = 1, 2 as can be seen

from (9).

Moreover, when evaluating entanglement entropies in
asymptotically AdS spacetimes it is necessary to introduce
a cutoff close to the AdS boundary. The cutoff will also
transform according to the coordinate transformation (10)
and it is in the coordinates with metric (5) where we will
assume that the cutoff is at a constant radial location p,.
Thus in the coordinate system (2), where we do most of our
computations, the cutoff will not be constant. Note however
that the important point is not that the cutoff is constant in
the coordinate system (5); in principle the cutoff can be
taken to be both time and space dependent also in this
coordinate system. The important point is that we use the
same cutoff when comparing the result from two different
states and that this cutoff is defined in the coordinates (5).
In that case any time and space dependencies of the cutoff
will cancel out. To be more explicit, Eq. (10) together with
the relation (6) between the radial coordinates 7 and R can
be used to relate the cutoff p, to the cutoffs 7<ci) for the two
end points i = 1, 2, and the result is

FIOOF (e + 0(ere).
(13)

where the higher-order terms are irrelevant for the results of
the entanglement entropies computed in the p. — oo limit.

It is also possible to compute the spacetime stress-energy
tensor, as it appears in the right-hand side of Einstein’s
equations, by using the junction formalism [31,32] of
general relativity. This stress-energy tensor is that of an
infinitesimal shell of pressureless lightlike matter, as
expected, with energy density profile proportional to that
of the final VBTZ spacetime (given by (12)) minus the
constant energy density in the initial AdS; spacetime. As
these results are not relevant for us in this paper we will not
go through the procedure here, but instead refer to [17,18]
for more details.

i =RY 4+ 0(e) =

III. REVIEW OF HOLOGRAPHIC
ENTANGLEMENT ENTROPIES
AND GEODESICS

A very useful probe of correlations is the entanglement
entropy. An observer typically only has access to a local
subsystem A and its entanglement entropy measures the
amount of information that can be learned about the
complementary subsystem A by performing measurements
on A, at least when the system is in a pure state. In any case,
the entropy is computed as the von Neumann entropy

S(pa) = =Tr(pslogp,) (14)

of the reduced density matrix p, on A. Entanglement
entropy has been an intensively studied quantity in field
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theory over the past 15 years especially in view of the
holographic duality. In [27,28], it was conjectured that the
von Neumann entropy of the reduced density matrix on a
subsystem A in a holographic field theory is computed by
the area A of an extremal codimension two spatial surface
that ends on the boundary 0A of A and is homologous to A:

_A(4)
4Gy

S(pa) (15)

and we refer to this as the HRT prescription from the names
of the authors of [27]. If many such surfaces exists, the
one with smallest area should be chosen [21]. In gravity in
2 4 1 dimensions the codimension two surfaces are spatial
geodesics.

In this section we review holographic entanglement
entropy in various backgrounds: a static BTZ black hole,
AdS; and AdS;-Vaidya. We will first construct the corre-
sponding geodesics and then compute their lengths when
anchored on an interval of size # on the asymptotic
boundary. Second, we compute differential entropy and
comment on the existence of entanglement shadows in
AdS; and BTZ. We postpone the discussion of differential
entropy in AdS;-Vaidya to Section IV B because we wish
to clearly separate review chapters from new results.

A. Spatial geodesics in the BTZ black hole

In this section we will study spatial boundary anchored
geodesics in the BTZ black hole background. Because the
geodesic length of such a geodesic diverges near the
asymptotic boundary, we will introduce a cutoff surface
which we will assume here to lie at a fixed radius r = r,.
We will need geodesics in the BTZ black hole background
later in this paper for two reasons. Firstly, this background
serves as a zeroth-order version of the VBTZ geometry with
perturbative inhomogeneities. Secondly, we can use the
formulas for geodesics in the BTZ background also for the
study of the nonperturbative VBTZ geometry, because
there exists a coordinate transformation to a metric in
which the VBTZ geometry looks like a static black hole. In
the latter case the cutoff surface would not be at constant
radius in those coordinates, but we will only deal with these
issues later in this paper and just review the standard
construction of geodesics in the static BTZ background
here. The BTZ black hole background in infalling coor-
dinates is given by the metric

ds* = —(r* — r3))dv* + 2dvdr + r*dg*,  (16)

where ry; = /M with M the black hole mass and where ¢
is an angular coordinate with periodicity 2z. The v
coordinate is lightlike. Here we follow the conventions
of [19]. The geodesic equations of motion in BTZ are
obtained by a straightforward variation of the spatial
geodesic action

A
I:/ din/=(P = )i + 20k 4292, (1)
A

where the dot stands for differentiation with respect to the
affine parameter 4. Because of reparametrization invariance
the affine parameter can always be chosen to be the
eigenlength. Under this assumption the geodesic equations
of motion are

. orgd

o= (18)
r

. J21"2

rz—r%_IEz—f—(rz—r%_I)(l— r2H>’ (19)

. rHE+i"

=5, (20)
rr—ry

where E and J are constants of motion that we call energy
and angular momentum. For simplicity of notation we
introduce the constants

A, =J>—(1+E)?, B,=(J+1)?>-E> (21)
Generic solutions to the geodesic equations are
1 e 4 B =it
@(4) = @y + mln (el_ﬂo n B+e_,1ﬂo>, (22)
2
r2(/1) —_ ZH (6/1—/10 + B+e_’1+’10)(el_’10 4 B_e‘“’lo), (23)
1 1) — A—Ao A -4
U(l) — Uo+—ln (r( ) rH)(eA_i + +e_l l) ,
2ry | (r(A) + rg) (et + A_e )
(24)

where 4, is an arbitrary constant that can be viewed as a
shift in the affine parameter. The above solutions solve the
BTZ equations of motion for any complex 4,. However, we
are only interested in solutions for which the coordinates
are real, so here we set 4, to be real and in particular we
choose it to be 4, = 0. Boundary anchored geodesics have
end points at 4; = —1, — —oo. The two integration con-
stants ¢, v and the constants of motion E, J are easily
obtained by demanding that the geodesic has end points on
the boundary at v(4,) = 1\, v(4,) = t®, (1) = ¢ and
@(4,) = @® with ¢ the global boundary time. The inte-
gration constants are fixed by

Al

1
) = (20 +mln Al 12 = Vg,
1 B
1 = —In[=—= 2 = g, 25
o =0t n(3+>’ ) = o (25)
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For given boundary end points the geodesic is completely
fixed. This fixes the constants of motion E and J in terms of
the boundary coordinates in the eternal BTZ spacetime. We
will later see that £ and J are different in the presence of a
shell. In Sec. IIC1 we will derive the holographic
entanglement entropy in the static BTZ background.

B. Spatial geodesics in AdS;

Geodesics in global AdS; in infalling coordinates,

ds> = —(r* + 1)dv* + 2dvdr + r*dg?, (26)
can be computed similarly to the ones in BTZ by integrating
the geodesic equations of motion, but it is even simpler to
recognize AdS; as an analytic continuation of the BTZ
geometry in the complex ry plane. AdS; is retrieved at
ry = —i and analogously a continuation of the constants of
motion E = iE,gg and J =i/ .45 1S needed to have real

constants of motion in the AdS; geometry. The equations of
motion (18)—(20) are analytically continued to

J
; :7’:2“, (27)
JZ
}Z_Eids‘f’(rz‘f'l)(l_ I:SS)v (28)
. Epgs +7
potan it (29)

The geodesic solutions are then analytical continuations of
(22)—(24). Again we are only interested in real solutions. In
particular, the radial coordinate r should be real after analytic
continuation. This is only possible if we set

@A) = @y — arctan(

e =14 J34s =

= @0 — sgn(J ags) arccos

() =

e

v(4) = vy + arctan(r) — g - arctan<

n
= vg + arctan(r) — 3

— sgn(Epgs) arccos

d = i%l, (30)
for which the geodesic solutions are
|
2J ads )
EXas
e’ =1+ J/Zxds - E2AdS
\/(9% =1+ Jh4s — Exas)® +42as
[e* +2(JRgs — Eags — 1) + (1 = Jgs + Exgs)” + 4J3as)e .
2Epas )
e — Eids + Jids +1
e’ +1 +J3xds _Eids (31)

The formulas using arctan are only valid for —z/2 < ¢ <
/2 while the formulas using arccos are valid for
—r < ¢ < z. The integration constants vy, ¢, and con-
stants of motion Eg4g, Jaqg are again fixed by demanding
that the geodesics have end points on the boundary at
(A = 400) =12, p(d = —0) =11, @A - +0)=
¢ and ¢(4 — —o0) = ¢!!). We thus have that

2J pas )

M = p, — A
P\ =@y arctan(
J?\ds 1 E%Ads

2E
t<1) = Vo — arctan <%> s
JAdS +1- EAdS
o? =@, and 1@ =y, (32)

We will study the length of these geodesics in Sec. III C 2.

\/(‘32i + 1+ Jags — Eags)® +4ERas

|
C. Holographic entanglement entropies

In this section we will use the formulas of Secs. III A
and III B to compute the holographic entanglement entropy
in static global BTZ and in global AdS;. We will then
also review how geodesics are computed in a dynamical
spacetime, namely the homogeneous thin-shell Vaidya
spacetime. We will not present a detailed derivation of
geodesics in global Vaidya but rather present a qualitative
discussion and refer to [20,21] for a detailed computation.
The global Vaidya serves as the zeroth-order background of
a perturbatively inhomogeneous shell geometry, so we will
include the formulas that are relevant to us in Sec. III C 3.

1. Entanglement entropy in BTZ

Because the asymptotic boundary is located at r — oo,
geodesic lengths are infinite and need to be regularized.
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We introduce an IR bulk cutoff » = r,. and assume that the
boundary points are reached at the cutoff surface and
simply by inverting (23) and evaluating it on the cutoff
surface we arrive at

4r2
2 2 2\2 2 )" (33)
(=1 +E> = J?)? —4J

The holographic entanglement entropy follows by applying
the HRT formula (15). When restricting to a static interval

Eziz—i] :ln(

at time 7 with end points at (1) = ¢ and ¢ = ¢ + ¢ the
energy E vanishes and from (25) we find that
1
_ 34
tanh(’”f) (34)

The holographic entanglement entropy consequently
reduces to

L 1 <2r (er)>
=——=——In|—sinh .
4Gy 2Gy ry 2

The entanglement entropy scales linearly with c=3/(2Gy)
and is cutoff dependent, so formally it diverges as the IR
cutoff is taken to infinity. Note that the entanglement
entropy only depends on ¢ but not on the end points
separately. The holographic entanglement entropy is con-
stant through time and, although we are working with

spatially periodic BTZ, the entropy agrees with that in a
thermal CFT on a line [34].

(35)

2. Entanglement entropy in AdS;

Analogously to the BTZ case, one needs to introduce a
fixed cutoff radius r = r, to regulate the geodesic length in
AdS;. By inverting the radial component of (31) and
evaluating it on the cutoff surface, the geodesic length is

found to be
4 2
e > (36)

J?\dS + E12\dS)2

In the specml case of an equal time interval on the boundary

at ) = ¢ and ¢ = ¢ + ¢, the corresponding geodesic
has E ads = 0. The complete geodesic lies on a fixed time
slice and from (32) we find that its angular momentum is

1

M. (37)

Jags =

Correspondingly the holographic entanglement entropy
reduces to the well-known

L 1 . (f
= =——In|(2r.sin|l =) |,
4GN 2Gy 2

which is the entanglement entropy of a CFT vacuum
state [34-36].

(38)

3. Entanglement entropy in AdS;-Vaidya

The geometries that have been constructed are static and
dual to the vacuum (AdS) and thermal (BTZ) state of the
dual CFT. These are both equilibrium states. In this paper
we are mainly interested in studying thermalization, an
inherently nonequilibrium process.

A holographic model that captures a surprisingly large
number of phenomena of thermalization is the thin-shell
Vaidya model [19-22]. The idea is to model thermalization
holographically by the infall of an infinitely thin shell of
null dust. As the shell falls deeper into the bulk, the
geometry becomes that of a black hole. In fact, the Vaidya
geometry is that of a BTZ black hole spacetime at v > 0
glued to vacuum AdS; for v < 0 along the » = 0 lightlike
surface. The metric is

ds* = —g(r)dv* + 2dvdr + r’dg?, (39)
with
+1 whenv <0,
o ={7 7 (40)
r*—ry when v > 0.

We will restrict attention to global Vaidya with periodic
identifications ¢ ~ ¢ + 2z. It models a homogeneous
infalling shell. Local observables such as the stress-energy
tensor are known to instantly thermalize in the Vaidya
quench, since they take vacuum expectation values for r <0
and thermal expectation values for # > 0 (where ¢ is the
time that corresponds with » on the boundary). Correlation
functions and entanglement entropies on the other hand do
not thermalize instantly, because they are not local” and are
holographically modeled by extended geometric objects
like geodesics. Three different cases can be distinguished.
Either the geodesic lies completely in the AdS part of the
geometry and the dual correlation function or entanglement
entropy will be that of the vacuum. This is the case for
boundary times ¢ < 0, before the shell has been injected.
Secondly, it could lie entirely in the BTZ spacetime in
which case the dual quantity takes its thermal value. This
happens for times ¢ > £/2 for boundary intervals of size £.
Thirdly, the geodesic can cross the shell and have parts in
both patches of the spacetime. It will have two legs in the
BTZ spacetime and a leg in the AdS; part of the spacetime
that connects the two legs in BTZ. This is the regime that
has been associated with thermalization in the CFT and
occurs while 0 <t < /2. We review the construction of
geodesics that have end points at equal times on the
boundary. We use the homogeneous thin-shell Vaidya as
a zeroth-order approximation when the shell is only
perturbatively inhomogeneous (see Sec. IV B).

*This is in the sense that they depend on multiple boundary
points.
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The geodesic action in Vaidya is given by

A
7- / din/=g(r)i + 20 4122
A

j'.Y
_ / diJ—(r = )i + 20 4R
A

A’Y7
+/ LAl (P 4 D)i? 420 F 4127
2

S1

A
+/ diJ=(r = )i + 20 k%% (41)
A

59

where we have explicitly split the action into the action of
the three legs separately and where 4, and 4, denote the
values of the affine parameter where the geodesic crosses
the shell. When » < 0 (i.e., /lsl <A< 152) the equations of
motion are those of AdS and correspondingly the geodesic
satisfies (31). When v >0 (ie., 4, 24 or 4, <) the
geodesic solutions are those of the BTZ patch (22)-(24). In
total there are 12 integration constants of which four are
fixed by the boundary conditions. These are (4 - +o0) =
+£/2 and v(A - £oo0) = t for equal time intervals and by
rotational symmetry the turning point of the geodesic can
be located at ¢ = 0. At each shell crossing point there are
another four constraints to determine the remaining inte-
gration constants. Two of the constraints just express
continuity across the shell. We introduce the notation
r=r, and ¢ = ¢, for the second crossing point. The
other two are refraction conditions derived by demanding
extremality of the geodesic in the full spacetime, not just
in the two patches separately. To ensure this, we demand
that the variation of the action under angular and radial
variations on the v = 0 surface vanishes, which results in
the following refraction conditions that are also derived in
Appendix B:

DgTz = VAdS, > (42)
PBTZ = PAads,- (43)

Continuity of v turns into a condition relating E to Egg
and the angular component turns into continuity of J.
Unlike static BTZ or AdS;, the integration constants
cannot be explicitly solved for in terms of the boundary
coordinates, but they can be parametrized as a function of
the shell crossing radius r, which can then be found
numerically in terms of the boundary coordinates. We will
briefly outline the computation here, but refer to, e.g., [21]
for a detailed computation. Note that by symmetry, it is
enough to consider one crossing point, and we denote the

integration constants on the second BTZ piece [which is
attached to the boundary points (v = t,¢ = £/2)] by E, J,
vo and ¢, and the integration constants for the AdS; piece
by Eagss Jadss Vo.ads and @ aqgs- The integration constants
vy and ¢, can be immediately fixed to vy =t and @, =
Z/2 and by reflection symmetry around the midpoint we
have E,4g = 0. Moreover, from the angular equation in
(43) and the definitions of J and J,4g in (18) and (27) it
follows that ryJ = Jaqs. Note however that E # 0, and
thus the geodesic does not lie on a constant time slice.
From the geodesic solutions in the AdS; part (31), one can
determine the geodesic length of the part in AdS;, and the
angle where it crosses the shell ¢, in terms of J 54qg and the
shell crossing radius r,. The refraction condition for » can
now be used to write E as a function of J and r, (see [21]),
and the result is

r%,—f—l r?—r%,]z

E=- .
T 2, |2+

(44)

By evaluating the AdS; geodesic solutions on the shell,
one can also determine ¥ and ¢, on the shell as a function
of r, and J. At the second crossing point we have

L= J?
V=—y 5
rg P2+l

1 [ri—ryJ?
@, = arctan (— Is Tl , (46)

(45)

J r2+1

and at the first crossing point they would have the opposite
sign. Equation (45) is easy to obtain from (28) and (29)
using Exgs = 0. Equation (46) is obtained by first deter-
mining the radius r,,,;, at the turning point, where » = 0, by
using (28) and (29), and we have r,;;, = Jaqs- From (31) we
then obtain e*nn = 1 + J3 ;5, and by imposing that ¢ = 0
at A = Ay, We obtain ¢ ags = arctan(1/Jxgs). Now we
can use (31) to solve for 4 at the shell where r = r,, and
then plugging this value into the expression for ¢ in (31)
gives (46).

We can now look at the geodesic in the BTZ part.
By setting r(4,,) = r, and using (23) we can solve for 4, in
terms of E, J and r,. After that, we can use Eq. (44) and
v(4,,) = 0 [where v(4) is given by (24)] to solve for E and
J as a function of r,. The calculations are quite involved,
and we refer to [21] for details, but the end result is

(rig + 1) (ry = r,T)

E - ’
"H TQr2+ 714+ 1) =2ryr,

(47)

r \/Tzrjg + 4’]'21”%{1”% - 4’Z'r,3r_1rs + 2’]'27”%{ +4Tryry +T% - 4;%,

rHJ:

Try +27r2 =2ryr, T '

(48)
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with 7 = tanh (ry¢). The angular geodesic solution with
the above E and J evaluated at the shell, which should be
equal to (46), then implies a constraint from which one
would like to solve r,. The constraint is [21]

2(VH—rsT)]

f = arctan + iarctanh #
2 S

ry 1—r%_1+2rerT ’

(49)

where

S= \/—4r%{—4rH(r%{—1)rsT+(1 iy (2+4r)) T
(50)

Unfortunately, we cannot solve (49) analytically for r, as a
function of £ and . So one should solve it numerically.
Finally, by inverting the radial geodesic solution evaluated
at the boundary, one finds the geodesic length of a geodesic
that crosses the shell in Vaidya [21]:

£=2In(2r,)+2In (

I (ry + )T
("%1 + )T +4r(r, T —ry))’

(ry, + DT + 2ry(r, T—rH))
ra(ry + 1)V1 -T2

(51)

Entanglement entropy in homogeneous Vaidya starts out at
its vacuum value (38), grows because of the homogeneous
quench and at t = #/2 saturates at its thermal value (35).
This behavior is often interpreted as a sign of thermal-
ization in the CFT.

For a fixed opening interval on the boundary, we wish to
follow the time evolution of a geodesic. At ¢ <0 the
geodesic is completely inside AdS;. As soon as ¢ > 0 it
starts crossing the shell. From ¢ = #/2 onwards the
geodesic lies completely inside the BTZ part of the
spacetime. For early times a unique geodesic is associated
to each boundary interval. At a particular time

ry r%,+2>

52
rH—|—1 (52)

1
Teusp = " arctanh(
H

the £ = x geodesic acquires angular momentum and a new
branch of solutions emerges [21]. Extra long geodesics split
off from this branch and eventually saturate, rendering
multiple solutions that wind the black hole. The infinite
number of winding geodesics that are known to exist in
static BTZ are formed dynamically in Vaidya.

D. Differential entropy

A second measure of correlation in field theory that we
will study in this paper is the differential entropy introduced
in [29]. It measures the residual entropy of a family of

observers and is specifically interesting from the point of
view of bulk reconstruction. In holographic systems it
namely computes the length of a closed bulk curve, a
feature that we review in the AdS; geometry in Sec. I[IID 1
and in the BTZ geometry in Sec. III D 2.

Imagine a set of 2K equally spaced observers that each
have access to an interval /;. The residual entropy & of this
family of observers is

2K

E=_[SU;)=S(I;n1I;,)].

Jj=1

(53)

Suppose the state is rotationally symmetric and each
interval is centered at an angle { on the boundary and
has width #({). If the intervals are shifted an amount A{
compared to one another, then the residual entropy of the
family of observers is

&= Z S(Z(¢) — Af)). (54)
In the continuum limit, this boils down to
2r ds
£ / i@ (55)
0 da Jop)

which explains the terminology “differential entropy” for &.

The concept of differential entropy can be generalized to
nonequal time intervals and nonuniform families [30]. Start
from a continuous family of observers parametrized by a
parameter ¢, which could be a general parameter but we
will take it to be the boundary angle. Each observer has
access to an interval® A with coordinates of the left end
point y; ({) and coordinates of the right end point y({).
The differential entropy of this family is defined as

05(r.(£), 7r(&")
£= ja{dg 5 L

(56)

Now assume that every observer has an entropy measured
by the HRT formula, so there exists a minimal curve
(2, ¢) with end points y; ({) and yz({) on the boundary.
Here I'* parametrizes the coordinates along the curve. The
authors of [30] have shown that the differential entropy
then reduces to

1
£= 1o AT U On 080, (67

*In fact each observer has access to a causal diamond DI[A;],
which is the region in the boundary through which every
inextendible causal curve that intersects it necessarily inter-
sects the interval A, as well. This is because the algebra of
observables on A, should be Lorentz invariant and thus naturally
associated to D[A;].
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with p, the canonically conjugate momentum to I'#, 15 a
value of the affine parameter along the HRT surface in the
bulk and where the prime stands for the derivative with
respect to {. By using the definition of canonical momen-
tum in a Lagrangian system where the Lagrangian is the
length functional of a geodesic, the differential entropy is
shown to equal the length of a closed curve [29,30].
By considering different families of observers, different
curves can be reproduced. When all closed curves of a
given geometry can be reproduced as a differential entropy,
one could say the geometry has completely been recon-
structed from entanglement entropy. This would add
evidence for the current credo that holographic geometry
might emerge from entanglement in the boundary. As we
review here, this seems to work in AdS; but in BTZ there
exists a finite region outside the horizon wherein lengths of
closed curves cannot be considered as a differential
entropy. This region is dubbed the entanglement shadow.

1. Differential entropy in AdS;

Consider a static family of observers in AdS; with
70(0) = (1.0) and yx(¢) = (1.0 +£) for ¢ € [0,2a] and
¢ fixed. The holographic entanglement entropy is given by
(38), so by (56) the corresponding differential entropy
equals

2z oS 2w 27TJAdS
E = d _— = = . 58
A ¢ o¢  4AGytan(5) 4Gy (58)

There exists a shortcut to see that differential entropy has to
be proportional to the angular momentum. One could namely
evaluate the angular equation of motion (27) at the turning
pointat r = J 545 where clearly ¢ = (dA/dg)™" = J3Ls. We
take the affine parameter the proper length so at the turning
point A = £/2. Similarly by rotational symmetry, the turning
point should be located at ¢ = /2. Because of this
symmetry, a change in length due to moving the boundary
angle should be equivalent to the change in length due to
moving the angular location of the turning point. This implies
that dA/dp = dL/d¢ = J yqs Which proves that differential
entropy is proportional to angular momentum. By the same
arguments one can also see this from (57). Equation (58)
shows that the differential entropy computes the length of
a closed bulk curve, which in this case is a circle at
radius r = Jzqs.

By continuously changing 7, circles of all circumfer-
ences are reproduced. Specifically at £ = # the size of the
circle shrinks to a point at the origin of AdS;. The complete
time slice and by time translation invariance all of the
geometry can be reconstructed from differential entropy;
hence there is no entanglement shadow in AdS;.

2. Differential entropy in BTZ

Differential entropy in BTZ is analyzed in a similar
fashion. Consider again a static equal time family of

observers doing measurements at time 7 on an interval of
size £ with one end point at (£,{) and the other at
(1, + £). Geodesics with end points separated an angular
distance ¢ at time t have E = 0 and angular momentum
given by (34). Evaluating (33) for such geodesics leads to

- 27T}"H
4G tanh("45)

27TT"HJ
= . 59
4Gy (59)

The same shortcut as in AdS; can be applied to see that
differential entropy computes the circumference of a circle
of radius ryJ in BTZ. While £ can become arbitrarily big,
it cannot reproduce all circles. Due to the nontrivial
homology constraint in BTZ, the HRT formula only
computes entanglement entropy on A via a connected
geodesic anchored on 0A as long as £ < £;; with [37]

ral it tanh (zry)
tanh = .
an ( 2 ) 2 —tanh (7ry) (60)

For ¢ > 7 the contributing surface is disconnected and
consists of the geodesic that wraps the horizon and the
geodesic anchored on OA but homologous to A. The critical
interval size ¢ is always bigger than z. So the minimal
circle that can be reproduced is the one associated to a family
of boundary intervals of size Z; and has radius

2 —tanh (zry)

tanh (zry) (61)

Teit = T'H

For all black holes this is bigger than the horizon radius;
hence an entanglement shadow exists in BTZ. The entan-
glement shadow cannot be probed by minimal geodesics
but can be probed by winding geodesics, whose length is
given by (33) with an opening size analytically continued
to £ > 2xk and k the winding number of the geodesic. That
winding geodesics probe the entanglement shadow can be
immediately inferred from the fact that their turning point
lies at r < rq;, namely r = ryJ, where J is given by (34)
with £ > 2zk. The question whether or not spacelike
extremal surfaces connected to the boundary can probe
the entire spacetime has also been studied in higher
dimensions; see for instance [38].

IV. PERTURBATIVE ANALYSIS

We now turn our attention to the inhomogeneous shell
background. When the inhomogeneities in the stress-energy
tensor are small, perturbation theory around the homo-
geneous thin Vaidya shell can be used. In Sec. IVA we
will first analyze entanglement and differential entropy in
the final state assuming that the geometry is VBTZ for all
times. In Sec. IVB we treat the perturbatively inhomo-
geneous shell. We model the asymptotic coordinate trans-
formation (4) as
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F(p) = ¢ +ef(), (62)

with e the small parameter that controls the strength of
inhomogeneities. The perturbative boundary stress-energy
tensor found from (12) is

M
T~—+

s (M=), (63)

[NSRINO)

where the approximation is up to higher orders in €. In
contrast to typical hydrodynamical expansions such as [14]
we do not assume anything about the scale of spatial
variation. Asymptotically close to the boundary, coordinates
(7,7, @) are linearly related to (¢, r, @) by

F=reor+ 0@ mr=2(f o+ 1)+ lp-1).
(64)

p=9+ep+ () xp+5(Flo+1)+flp-1).
(65)

T=14edt+ 0(2) zt+§(f((p+t) —flo—1). (66)

where (7,7, ) are the coordinates in which the metric at
v > 0 takes the form (2) and (¢, r, ¢) are those in which the
metric at v < 0 is (3). An advantage of the perturbative
approach is that we can obtain analytic results for the
entanglement entropy and differential entropy. Both in the
final state and in the shell background entanglement entropy
will be obtained by a straightforward perturbation of the
geodesic action.

A. Final state

In this section we analytically compute entanglement
entropy and differential entropy in the final state VBTZ
geometry. As it turns out, the first-order entanglement
entropy is a linear combination of left and right movers and
agrees with the CFT result in an inhomogeneous quench
[11]. The differential entropy does not receive first-order
corrections and is time independent.

1. Entanglement entropy

We are interested in the first-order perturbed entangle-
ment entropy in VBTZ which by a coordinate transforma-
tion can be brought to the standard BTZ. As such the equal
time entropy in VBTZ could be computed from the length
of a nonequal time geodesic in BTZ similar to (33). The
energy and angular momentum would again be fixed by the
boundary conditions (25), but now the boundary coordi-
nates in (25) would be the (7, ¢) coordinates and would thus
not be at equal times. Moreover, the cutoff radius would be
position dependent. As we have discussed in Sec. II, the

choice we make here is that the cutoff is constant in the
(1, r, @) coordinates and therefore position dependent in the
(7,7, ) coordinates. We could then perturbatively expand
the geodesic length in the inhomogeneities to find the first-
order perturbed entropy.

While the above method is possible in the final state
geometry, such a method is much more difficult when a
shell is included, because we cannot analytically solve for
E and J in terms of the boundary coordinates. For that
reason, we apply a different method that can be used both in
the final state and in the inhomogeneous shell background.
In this section we apply our method to the eternal VBTZ
geometry. We start from the on-shell action

A
7= / \ /gﬂb)'c/‘)'c”d/l,
A

where we have defined A to be the proper length of the
unperturbed geodesic. To first order in the inhomogeneities
we can write the entanglement entropy in VBTZ as S =
SO + 88 + O(e?) with SO the entropy of a static BTZ
and where we have explicitly brought out the small
parameter € from the perturbation. The entropy is related
to the on-shell action by S = Z/4G). In general, the action
acquires perturbations both from the metric and from the
geodesic solutions x#(4), which are expanded as

(67)

x = xOF 1 edx* + O(€2), (68)

G (¥) = 912 (x) + €89, (x) + O(?)
= ,(,(,)) (x(0>) + eaagg,i) (x<0) )0x* +€bg,, (x<0)) +0(€?),
(69)

where xO¥ and gf,(i) are the coordinates and metric in the

unperturbed static BTZ. By using the lowest-order geodesic
equations of motion, the first-order perturbed action
reduces to

1 A
6T =5 / 69, KOO d) + [gfp) KO
A

(70)
This expression is fully covariant and can be evaluated in
any coordinate system. We choose to work in the (7, 7, )
coordinate system defined by (2) where the geometry is
again that of a static BTZ. This simplifies 6Z considerably,
because it is the frame in which 6g,, = 0. Instead, the
perturbations 6x* of the boundary end points of the
geodesic are not zero but are given by Egs. (64)—(60).
For ease of notation, we will drop the label “(0)” on the
unperturbed quantities whenever we use an explicit coor-
dinate system. The first-order entropy becomes a boundary
term. The linear relations between the barred and nonbarred
coordinate sets (64)—(66) imply that
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A—Kr—MﬁMﬁ+V%&M? (71)

P —

51_{ or ]42 2

Remember that to zeroth order the barred and nonbarred
coordinates are the same. We will restrict to equal time
intervals in the (7, r, @) coordinates such that the unper-
turbed geodesic has # = 0. Likewise the zeroth-order BTZ
equations of motion tell us that r*¢ = ryJ and

4 0(%%), (72)

in a near boundary expansion. We use (64) and (65) to
express 6 and or in terms of f. The first-order perturbation
of entanglement entropy of an interval of size £ starting at
an angle ¢ and at time ¢ becomes

[ ior ]12:: 8r(dy) + 8r(Ar)

2
r-—mM A e

4Gy3S = 3 |f(C+E+ 0+ P E+E =)+ FE+)

PP+ e 4 pC 4 -
~FE+ )= F 1) (73)

It is a simple linear combination of left and right movers.
We only needed the zeroth-order solutions for an equal time
geodesic in the BTZ background and the coordinate
transformation from VBTZ to a static BTZ to first order
at the boundary. It can be checked that explicitly solving for
the geodesic to first order and computing its length gives
the same result. Remarkably the same expression has been
found in [11] for the late time entropy after a perturbative
inhomogeneous quench in d =141 CFT. First-order
inhomogeneous corrections to entanglement entropy there-
fore seem to be governed by conformal symmetry. When
the perturbation of the action is written using the (z, r, @)
metric instead, one retrieves a first-law-like formula for the
entanglement entropy, namely as an integral over the stress-
energy tensor perturbations, which after performing the
integral over 4, of course, gives the same result as (73). For
completeness, since we use it in Figs. 3 and 4, we also
quote the second-order result here, which is

r2

4GNS =~ gty =1y U1+ 0)
—f(=t+CH )P+ (f(t+0) = f(1++7))?)
P LR P LR P (1L 42

+f(t+C+2)%). (74)

This can be obtained by expanding the exact formula (98),
which is derived in Sec. V, to second order in €.

2. Differential entropy

We will consider the differential entropy in VBTZ of a
family of intervals of size £ at time ¢, parametrized by angle
¢ [so that the two end points of an interval are given by
(1,{) and (¢, + £)]. Tt can be perturbed to first order as

E=ED +es€, (75)

with £ the differential entropy of the unperturbed static
BTZ given by (59) and

)
55—%&:%(45%). (76)

To compute 6€ we plug (34) into (73) and differentiate 6S
with respect to £. We find

088 1
4GNW: —5[ "CHC+1)+ [+ -1)]

+%[ "CHE+ )+ f(E+C 1)

ry dJ
7%[f(é'+f+t)+f(5+f—f)

—fE+0)—-fE -] (77)

The first two terms in this expression vanish when
integrating over { because they only involve total deriv-
atives in { and because f is necessarily periodic with period
2z. Integration over ¢ involves the whole period of f. Using
this, the four contributions to the last term vanish two by
two. So the differential entropy does not receive first-order
corrections in VBTZ and equals

271'}"].1

= G @) +0(e?). (78)

B. Inhomogeneous shell

When an inhomogeneous shell of massless matter is
injected at r = 0 on the boundary, the geometry is VBTZ
when » > 0 and AdS; when » < 0. In this section we
analyze the entanglement entropy and differential entropy
when the shell is only perturbatively inhomogeneous. The
procedure that we will follow is completely analogous to
Sec. IVA but the presence of the shell makes a lot of
formulas more tedious. In this case the entanglement
entropy does not agree with [11], but we do not expect
agreement during the quench since the setups are different
(we only expect agreement for the final state which is
governed by conformal symmetry). In particular this means
that the holographic entropy is not reproduced by a
quasiparticle picture. The differential entropy to lowest
order monotonically interpolates between its result in AdS;
and in BTZ and does not receive first-order corrections
from the inhomogeneities.
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1. Entanglement entropy

As in Sec. IVA, a first-order correction to the homo-
geneous entanglement entropy can be analytically obtained
from a perturbation of the geodesic action. The procedure is
the same; namely we start with the zeroth-order solution
which is the geodesic in the presence of a homogeneous
shell which is constructed in Sec. III C 3. We then consider
small perturbations of this geodesic such that it solves the
equations of motion for a geodesic in the presence of an
inhomogeneous shell where the inhomogeneities are small.
However, just as in Sec. IVA, in order to obtain the
perturbative correction to the action (and thus the entan-
glement entropy) it is not necessary to obtain the explicit
solutions for the geodesic. Note that for boundary times
t < 0 the geodesic is trivially equal to that of AdS;, and for
t > £/2 the solutions are those obtained in Sec. IVA. We
will thus here only consider the nontrivial time interval
0 <t < ¢/2, where the geodesic intersects the shell (see
Appendix C) and thus consists of two pieces in the VBTZ
spacetime and one piece in the AdS; spacetime, and these
are all glued together across the shell at v = 0. The total
geodesic action can thus be written as

A Ag
7= / o aidl + / g di
A A
Ao e
+ / \/ G X! X0 dA,
j'.xl

with 4; the boundary values of the affine parameter and 4,
the values of the affine parameter where the geodesic hits
the shell at v = 0. The notation “>" means above the shell
(in the VBTZ geometry) and “<” means below the shell (in
the AdS; geometry). Perturbations to the action will again
arise due to perturbations of either the metric or the
geodesic solution. To lowest order the action describes a
geodesic in homogeneous global Vaidya described in
[20,21] and in Sec. III C 3. Since all final VBTZ solutions
are related by a coordinate transformation to the static BTZ
black hole, we can choose coordinates such that the final
spacetime is a BTZ black hole and thus g, = 0. In these
coordinates, all effects of the perturbations are coming from
the perturbation of the geodesic. Writing the perturbation of
the geodesic as 6x* and the zeroth-order solution of
homogeneous Vaidya as x(©%, the perturbation of the
action, after using the equations of motion, reduces to a
sum of boundary terms as

(79)

5T = g~ *O6x )2, + g~ X OW5n ]

+ (g "5 Oror 2. (80)
From here on we will drop the (0) labels on the unperturbed
quantities, and the unperturbed coordinates will for v > 0
represent the static BTZ coordinates (v, 7, ) and for v < 0

we choose the AdS; coordinates (v, r, ¢). Note that the
trade-off of choosing coordinates where the final spacetime
is a static BTZ black hole is that instead the boundary
points of the geodesic are affected by the perturbation,
namely 6x#(4;) # 0. To obtain the perturbation to the
action, we thus need both the perturbations of the geodesic
at the boundary and at the shell. At the boundary they
are given by (64)—(66), since this is the asymptotic
(linearized) coordinate transformation that maps the
VBTZ solution to the static BTZ solution. At the shell,
we first have that the shell crossing radius and shell
crossing angles will receive perturbative corrections com-
pared to their homogeneous values. On top of that, the
barred coordinates are related to the nonbarred ones by the
coordinate transformation (4) on the shell, which, together
with (62), gives the following relations:

r(Ag) =ry + €5r§[>, (81)
F(2) = ry +e@r) —rof (o)), (82)
9() = @V + sl (83)
51 — 0 4 e(s0ol? (i) 34
(ﬂ< sz) Ps +€( Ps +f((ﬂs ))7 ( )

where r; and gogi) are the homogeneous shell crossing

radius and angles and 5r§[) and 5(,0@ are the perturbations
at the crossing points i = 1, 2. The shell is always located
at v = 0 so the » component of the perturbation on the
shell vanishes. Using continuity of # and ¢ along the shell
given by the homogeneous refraction conditions (43) and
plugging the perturbations (81)—(84) into (80) yields
the contribution to the action from the shell crossing
points as

T gpert = 15[057 1 (087) = 65V £ (V)]

2 1

=l (F(@7) = F ). (85)
Now let us denote the end points of the geodesic by ¢(!) = ¢
and p®) = ¢ + #. To lowest order the shell crossing angle
can then be taken to lie at (p§1> ={+7/2—¢, and
o =C+¢/2+ ¢, where @, is given by (46). The
angular momentum J is that of a geodesic in homogeneous
Vaidya. From Eq. (45) we know o on the shell as a function
of ry at A = Ay At A = A, one would have opposite sign.

Now let us consider the contributions from the boundary to
(80). The contribution from the boundary, after changing
from the coordinates (v, 7, ) to (7,7, @), is given by

ror ) ) . y)
5I|b0unda1’y = |:r2 — M:| - [(rZ - M)tét]}j + [I’z(pé(phf-
A4

(86)
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The calculation here is similar to that of Sec. IV A but the
lowest-order geodesic is not that of static BTZ but of
homogeneous Vaidya, which means the geodesics are not
equal time but have an energy E that can be determined as a
function of r; which is given by (48). The perturbative

|

relation between the barred and unbarred coordinates is
given by (64)—(66) from which we obtain expression for
ox*, and from (18)—(20) we have that (r> — M)t = ryE,
r’¢p=ryJ and i = +r + O(1), where the minus (plus) sign
corresponds to 4; (4,). Using these results, (86) becomes

1
5I|boundary :_E[ l(¢(2)+t)+fl(¢( _t)+fl( +t)+f/( t)]
FILF 1)+ £ 1) = £ + 1) = o) = )
E
L0 = 1)+ foV =1) = (@) + 1) = fo +1)] (87)
By adding all contributions we find the total entanglement entropy for the interval (p'!), ) = (¢, + £) to be
S= S(O> + €5S‘shell + €5S|boundary
= SO g 0+ [ E =)+ [ E )+ /(0]
ut
FeTB(f(C 1)+ S+ E =)= (E 1) = f(E 1)
N
+€@[f(é"+f—t)+f( =f(C+1)=f(C+E+1)]
e [rP=ryJ* [, ,
G| e () <o (s4s- ﬂ
eryd 4 4
~ G, <f<c+§+cos> <c+§—<ps>) (88)

The first-order entanglement entropy is again a linear
combination of left and right movers, up to the nontrivial
time dependence of E, J, r; and ¢;.

2. Differential entropy

The differential entropy can be readily computed from
entanglement entropy. In fact the differential entropy has not
been considered yet for homogeneous Vaidya. In this section
we analyze the differential entropy to first order in €.

Homogeneous Vaidya.—The differential entropy in a
homogeneous Vaidya background can be computed with
a similar logic as the shortcut described in Sec. III D 1. This
immediately gives

271'7'[.]]

£0) — ,
4Gy

(89)

where we choose conventions such that ryJ = Jagg the
angular momentum along the geodesic. In contrast with the
static geometries, the angular momentum is time dependent
in Vaidya and given by (48). As explained before, we do

|

not have an analytic formula for r; but can compute it
numerically by inverting (49). Once r(¢,¢) is known
numerically, the differential entropy can be plotted for
any fixed # as a function of 7. As an example, we have
plotted its behavior through time for £ = 2z/3 in Fig. 1(a).
& starts out at its AdS; value and from 7 > 0 onwards
monotonically grows until it saturates at its BTZ value
at t = £/2. From that time on it will be constant. From
Fig. 1(a) it would seem the saturation is rather abrupt, but
one can show by expanding (48) in (£/2 —1) that the
transition is smooth.

For intervals of size £ = n the differential entropy is
zero for times smaller than the cusp time (52). Before that
time the corresponding geodesic has angular momentum
zero and goes through the origin at r = 0. Since this
geodesic is the minimal surface that probes deepest into
the bulk, the growth of differential entropy from 7.,
onwards signals the dynamical formation of an entangle-
ment shadow in Vaidya. To probe inside the entanglement
shadow one needs to resort to the long geodesics that are
formed dynamically from 7.,s, onwards. Due to numerical
difficulties we cannot plot the exact formation of the
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FIG. 1.
size £ = n —0.002. In both figures ry = 1.

entanglement shadow but we can plot the differential
entropy infinitesimally close to £ = . The result is
depicted in Fig. 1(b). Because of the trivial homology
constraint in Vaidya, the disconnected geodesic configu-
ration does not contribute to entanglement entropy nor to
the differential entropy.

Perturbatively inhomogeneous shell —Differential entropy
in the inhomogeneous shell background can be computed
from (88) in a first-order approximation in inhomogene-
ities. We use the definition (75) together with (76) and
compute the derivative of 65 with respect to #. With an
argument similar to that of Sec. IVA 2 we can show that

5E =0. (90)

This proves that the differential entropy does not receive
first-order corrections in the inhomogeneities and equals

_277,'1’[.1‘] o
£ =S+ 0@, (91)

V. NONPERTURBATIVE ANALYSIS

When the inhomogeneities are nonperturbative it is still
possible to treat the entanglement entropy of VBTZ
analytically, although in the presence of the shell analytic
formulas are difficult to obtain and the parameters for the
geodesics, such as the energies and angular momenta,
cannot be obtained analytically in terms of the boundary
coordinates and must be obtained numerically. In this
section we discuss entanglement and differential entropy
both in the final state and in the inhomogeneous shell
background. We derive refraction conditions on the shell
and present the numerical algorithm that we implement to
compute the entropy.

t
(b)

Differential entropy up to O(e?) as a function of time. (a) plots &€ for an interval of size £ = 2x/3. (b) plots & for an interval of

A. Final state

In this section we obtain analytical results for entangle-
ment entropy and differential entropy. In particular we see
that also nonperturbatively the differential entropy is time
independent.

1. Entanglement entropy

Recall that VBTZ can be transformed to static BTZ
in coordinates (v, 7, ). Because the geodesic length is
diffeomorphism invariant, the holographic entanglement
entropy formula should be given by (33) but with position-
dependent cutoffs, such that

o)
Ezln(z A 2). (92)
1/ (=1 + E* = J?)? —4J

The constants of motion £ and J are again related to the
boundary coordinates by (25) but in this relation one has to
use the barred coordinates (7, ). Remember that the end
points (1), 71) and (¢®,7?) in the static BTZ coor-
dinate system are not at equal times and are related to
(@M, 1) = (£.1) and (9. 17)) = (L + ¢.1) by

P = L (F(+0) + F(-1+0)).

1) = L(F(+0) = F(-140))

P =3 (F+C+ )+ F-t 4L +0)),

72 :%(F(t+g“+f) CF(—t 4+ 2)). (93)

So after using the coordinate transformation to the (7, )
boundary coordinates (because it is these coordinates in
which the interval is at equal times), the energy and angular
momentum of the geodesic are constrained by
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1 J—(14+E)? 1
N T (ZEr 2
+F(—t+{+7)]

Ty [F(t+8)—F(=t+{)=F(t+{+7¢)

a, (94)

1 (J=1)2-E* 1
—Nn-————=—
2ry (J+1)2—E* 2

—F(=t+(+0)|=b, (95)

[F(t+{)+F(-14+) - F(t+{+7)

where we have denoted the right-hand side of (94) by a and
the right-hand side of (95) by b for ease of notation. With a
bit of algebra these equations can be solved for E and J as

leHa -1
(erH(a—b) + 1)(erH(a+b) + 1)

B sinh(rya)
~ cosh(rya) + cosh(ryb)’

Eﬂ::

(96)

(1+Ey)* —e*mi(1 - E,)?
Ji = 1— leHa

B F sinh(ryb)
~ cosh(rya) % cosh(ryb)’

(97)

By (13) the uniform bulk IR cutoff r. is related to the

position-dependent cutoffs r(cl) and r(cz). When we plug

them into (92) the geodesic length in VBTZ is fixed to
4r2(cosh(rya) & cosh(ryb))

in N (C+OF ((-0)F C+E+0)F (C+6—1)
(98)

By demanding that we retrieve the integration constants of
static BTZ when F (@) = ¢ it becomes clear that we need to
use the lower sign in the above expressions.

2. Differential entropy

From the entanglement entropy one can derive a formula
for differential entropy from the usual definition

2r oS
&= A dg . (99)

The entanglement entropy of VBTZ is given by (98), which
together with (96) and (97) results in

F'(C+¢—1) da
Fleri—n oz

s 05 _ 1[FC+e+)
Noe— 2|F(C+¢+1)

0 0
—2—In|en@b) — 1| =2 ZIn|e"nlath) —1]|.
57 ne | =25 1nle |

(100)

After integration over , the first two terms vanish since
they are total derivatives and F’ is periodic. Moreover, note
that F(0) = 0, F(2z) = 2z and F’ is periodic. This means
that F' can be written as F(¢) = ¢ + F(¢p), where F is
periodic. Using this fact and the expression for a given
by (94) it is easy to show that the third term vanishes as
well upon integration over ¢. Thus the differential entropy
becomes

15 2
AGyE = — d¢ In |ern(@=b) —
N aLﬂA {Inle |

0 2
— In|em@tb) — 1], (101
g [ demlenen —1. ion)

From (94) and (95), we have a—b=F(-t+{+7¢) -
F(—t+¢{) and a+b=F(t+{)—F(t+{+¢). These
are both periodic functions of { since the linear dependence
on { in F cancels. Moreover, a — b is a function of { — ¢
and a + b is a function of { + . Thus, since they are both
periodic in {, we can shift the integration variable { by
{— ¢+ tor{ — ¢ —tintheintegrals in (101) to get rid of
the time dependence. Note also thata—b>0anda + b < 0
due to the monotonicity of F. Putting all this together we
obtain

4GNE = o /Zﬂ d¢1n (erH(F(§+f)—F(C)) -1)
0

ot
0

2z
deIn (1 = e (F(Q)-F(+2))
+8fA CIn(l—e )

22 [ acmson (U 0O
0

ot 2
(102)

which in particular shows that the differential entropy is
time independent, so in some sense the integration over {
averages out the variations in 9,S.

B. Inhomogeneous shell

In this section we explain how to numerically compute
entanglement entropy and differential entropy in the
presence of an inhomogeneous shell of arbitrary energy
density.

Geodesics in the shell background satisfy the AdS;
equations of motion when v < 0 and the YVBTZ ones when
v > 0. As we have emphasized many times in this article,
there exists a coordinate transform from (v,r,¢) to
(v, 7, ) that locally maps VBTZ into a static BTZ and
accordingly the geodesic solutions at » > 0 are locally
those of static BTZ. Each geodesic consists of a connected
AdS; piece with two end points on the shell and two pieces
in the BTZ part each connecting a point on the shell with a
point on the asymptotic boundary. The end points on the
boundary in static BTZ coordinates are again determined in
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terms of the (¢, 7) boundary coordinates by (93). To fix the
geodesic completely one needs to know how the three
pieces are connected to each other. First of all, we demand
that the geodesic is continuous across the shell. The
coordinate derivatives are then fixed by refraction con-
ditions which follow from extremizing the geodesic action
with respect to the shell crossing points. The resulting
refraction conditions are

Dygrz = bAdS3F/(§0)v (103)

r 2¢AdS =r 2¢VBTZ =-r bVBTZM
-* ()

(104)
and are derived in Appendix B. For ease of notation we
have suppressed indices, but one should keep in mind that
these conditions are only valid at the two shell crossing
points. These conditions ensure that the geodesic is
extremal in the whole spacetime and not just in the two
patches separately.

We now want to construct a geodesic which is anchored
at the boundary points (¢(),7%)). The two pieces of
geodesic in the BTZ part (v > 0) have free parameters
Ey, Ji, @o1,v01 and E,, Jy, g2, voo, respectively (see
Sec. IIT A), while that in the AdS part (v < 0) has free
parameters Eaqgs, Jags> ©0.ads» and vg aqs (see Sec. 111 B).
To construct such a geodesic, we start with a guess for £,
and Jy, while ¢, and v, are fixed by demanding the

geodesic to be anchored at (p(!), f(l)). By using continuity
and the refraction conditions (103) and (104) at the
crossing point where this geodesic intersects the shell
at v = 0, we can determine all free parameters E 45, Jads>
@o.ads> and vy ags for the AdS piece. By then enforcing
continuity and the refraction conditions (103) and (104)
again at the second crossing point, we can determine all
free parameters E,, J,, ¢, and v, for the second BTZ
piece. We now want the second BTZ geodesic to reach the
boundary at the point (),7?), and we need to choose
E, and J| appropriately such that this is the case. Since it
seems difficult to solve this analytically for £y and J;, we
employ a numerical root finding algorithm to tune £, and
J such that the second geodesic reaches the boundary at
the point (), 7). This is done at every time ¢ we are
interested in and as an initial guess to this root finding
algorithm we can use the E| and J; found at a previous
time ¢ — At. The initial guess at times close to zero can be
obtained by approximating E a4 and Jqg by their values
for v < 0 (which can be found analytically; see Sec. I1I B)
and then using the refraction conditions to obtain an initial
guess for E; and J,. This will be used in the beginning of
the procedure (the first time we run the root finding
algorithm) where no previous values for E; and J; are
available.

1. Entanglement entropy

Once the geodesic solution is known, its length is easily
found by summing the length of the two legs in BTZ and
the leg in AdS;. By the HRT prescription, the holographic
entanglement entropy follows as the regularized length of
the geodesic. We will discuss its behavior over time in more
detail in Sec. VI for specific profiles of the stress-energy
tensor.

2. Differential entropy

Entanglement entropy is only known numerically for a
given opening size #. To compute differential entropy from
the definition (56) one needs to know the derivative of S
with respect to . This can be done numerically but is time
consuming. Instead we apply the equivalent definition (57).
In [30] it was shown that (57) is constant along the
geodesic, so we choose to evaluate it at the end point
A = 5. In BTZ coordinates then (57) reduces to
dp®  drl?
a2t ar

@ ,
E(¢,1) = 7{ dc {‘Z E,+ ).

7 (105)
For any given 7 the energy and angular momentum can be
determined and the asymptotic boundary transform allows
one to compute the derivatives of 72 and ? with respect
to Z. Furthermore by using (13) and the BTZ equation of
motion it can be shown that the term proportional to 7
vanishes after integration over {. This way &£ can be
computed in a more efficient way than by numerically
differentiating S with respect to . The integration over ¢
still needs to be performed numerically.4

VI. EXAMPLES

Given any holographic CFT stress-energy tensor satisfy-
ing T4 (y+) = T(y+), we can use the machinery explained
in this paper to compute the entanglement entropy for any
interval on the boundary. The behavior of the entanglement
entropy depends quite a lot on the profile of the stress-
energy tensor; hence we restrict ourselves to discussing its
behavior in two particular examples. One is an oscillatory
stress-energy tensor that could be interesting for quenches
in e.g., trapped cold atom systems, but the main motivation
for this example is to have some generic inhomogeneity on
top of a homogeneous quench so that in particular we can
compare the perturbative results to the nonperturbative
results. The other is a bilocal quench formed by two delta
function peaks in the stress-energy tensor, and we will also
consider a smooth version of this setup where the delta
functions have a finite width. We will use these examples to

*We use a trapezoidal routine to perform the integration, which
means that we determine a vector of values for the integrand and
then compute the integral as a sum involving the elements in this
vector.
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F T

0.04

FIG. 2. The function F’ as given by (106) with ¢ = 0.05, the
corresponding stress-energy tensor 7 and the entanglement
entropy of an arbitrary interval located at (—0.4,0.4) in the
eternal VBTZ spacetime. The plotted range is (-7, x) but all three
plots should be continued periodically.

extract some generic features of entanglement entropy in
inhomogeneous quenches and to point out interesting
behavior that can show up, but we will not perform an
in-depth study to extract all possible features.

A. Oscillatory quench

In this section we will consider a quench where the
inhomogeneous part of the function F is composed of some
trigonometric functions with the aim of studying properties
of a quench with some generic inhomogeneities added on
top of a homogeneous background. The particular profile
for F we will choose is

F(p) = ¢ + e(sin(2¢) + cos(4¢)), (106)
but the exact profile in this case is not very important. The
parameter ¢ determines the strength of the inhomogeneity
and we can compare small e results with our perturbative
results. The corresponding boundary stress-energy tensor 7
is then given by (12) and is shown in Fig. 2. For v < 0 the
stress-energy tensor is that of AdS;, namely 7' = —1/4.
The entanglement entropy, compared with the perturba-
tive result, is given in Figs. 3 and 4 for different values of .
Generically, the entanglement entropy starts out at its value
in AdS; at = 0 and smoothly transitions to the late time
solution. The saturation time ., which is the time until the
geodesic no longer intersects the shell, is equal to /2 as we
show in Appendix C. This timescale is unrelated to any
timescales associated with the time dependence of the
stress-energy tensor. After saturation at 7= ¢/2, the
entanglement entropy equals that of VBTZ. The final

0.20 , ,
NS — Full result
\ ---- 2nd order
----- 1st order
0.15] Oth order ||

0.05

0.00 Lt . . . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIG. 3. The dynamical evolution of the entanglement entropy
of the interval (—0.4,0.4) after a global quench with inhomo-
geneity given by (106) with e = 0.05, comparing the full
numerical result with perturbation theory. The entanglement
entropy smoothly interpolates from the value in AdS; to the
late time VBTZ result. Entanglement entropy in the eternal VBTZ
solution is shown with thinner lines while entanglement entropy
with the shell is shown with thicker lines. The second-order result
is only shown for eternal VBTZ.

entropy, as illustrated in Fig. 2, is clearly not constant
but oscillates over time. The absence of dissipation in
d =1+ 1 CFTs prohibits the entanglement entropy from
thermalizing. Instead we should interpret the result as the

0.4

0.3

0.2

S— Sa,ds

____________

oaf - =

g Full result
OO L —am - 4
--=- 2nd order
P 1st order
,,,,,,,,, - - Oth order
-0.1 ‘ s s ‘ ‘
0.0 0.1 0.2 0.3 0.4 0.5 0.6

t

FIG. 4. The dynamical evolution of the entanglement entropy
of the interval (—0.3,0.5) after a global quench with inhomo-
geneity given by (106) with € = 0.15, comparing the full
numerical result with perturbation theory. The entanglement
entropy smoothly interpolates from the value in AdS; to the
late time VBTZ result. Entanglement entropy in the eternal VBTZ
solution is shown with thinner lines while entanglement entropy
with the shell is shown with thicker lines. The second-order result
is only shown for eternal VBTZ.
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t
FIG. 5. &(t) of the oscillatory quench background (blue, short-

dashed line). We have also plotted the vacuum differential
entropy (red, solid line) and in VBTZ (yellow, long-dashed line).
The vacuum differential entropy is plotted for times 0 < ¢t < £/2,
while the &g is plotted until £ = £/2 + 0.1. The interval size
here is ¢ = z/10.

entropy of a steady state. Although it is not clear at this
stage how it comes about from the microscopics, we view
the smooth transition from vacuum to VBTZ as a pre-
thermalization. By prethermalization we loosely mean here
the “fast” relaxation towards a steady state, in line with
other definitions [39,40]. Note that, in Fig. 4, the entropy
first decreases from its AdS; value. Whether the entropy
increases or decreases during the prethermalization phase
depends on the strength and shape of the inhomogeneity as
well as the location and size of the interval. Figures 3 and 4
also show the entanglement entropy perturbatively in e
around the homogeneous shell background compared to the
exact numerical result. To zeroth order the entropy grows
until it saturates at = /2 and is then constant. The first-
order corrections do not coincide well with the numerical
result, because at late times they only get contributions
from the odd part of F'. In Fig. 3, we see that to second order
in e the late time entropy agrees quite well with the
numerical result. In Fig. 4, where ¢ is larger, the second-
order correction is not very accurate either.

1. Differential entropy

The differential entropy £(¢) behaves analogously to the
homogeneous shell background. It starts out at its vacuum
value and smoothly grows until it saturates at r = £/2 at its
value in VBTZ. From then onwards the differential entropy
is constant, as we have analytically shown in Sec. VA.
Figure 5 plots £(t) for £ = x/10. It saturates at t = £/2 ~
0.15 and then evolves according to the VBTZ differential
entropy which is constant. For larger intervals, the behavior
of differential entropy is qualitatively similar but the

vacuum value is pushed downwards towards &(7) = 0.
In the limit of £ = =z it becomes hard to numerically solve
for the geodesics, so we cannot study the formation of the
entanglement shadow. Nevertheless we suspect an entan-
glement shadow will form because of the similarity with the
homogeneous quench for all intervals that we can plot.
Secondly, for perturbative inhomogeneities the entangle-
ment shadow is that of homogeneous Vaidya, at least to first
order in e.

B. Bilocal quench

In this section we will study a bilocal quench, which
consists of two delta function quenches in the boundary
CFT, and the bulk dual will be that of two point particles
that are created at the boundary which then fall into the
bulk.’ This spacetime was first constructed in [41] where
the particles collide at the center to form a black hole
solution.® This can be formulated in our general framework
by just choosing an appropriate function F(¢) for which
the stress-energy tensor has two delta function singularities.
For times v > 0, the stress-energy tensor consists of right-
and left-moving pointlike excitations emanating from the
location of the bilocal quench. A derivation of the function
F from the original setup in [41], as well as a lightning
review of that setup, is given in Appendix A. The trans-
formation F can be found by integrating

| sinh(@l)

F — VM —cosh(2H) sin(¢)+1 /25 e /2 107
@)= 1 sinh(27) e <in) (107)
\/Mcosh(@) sin(p)+1’ ﬂ/ SQP= 71'/ R

extended periodically to all other angles. The local
quenches are located at ¢ = +/2, which will be the case
throughout this section. We will also choose the energies of
the particles such that the mass of the final black hole
isM=1.

In Fig. 6 we illustrate how entanglement entropy evolves
through time for three different intervals. The qualitative

5Entanglement entropies in the bilocal quench geometry have
already been studied in [16]; however in their work the authors
choose coordinates under the assumption that the final geometry
is a static BTZ black hole. As we have emphasized, the final state
is uniquely given by the time-dependent VBTZ geometry, which
explains the discrepancy between our and their results. We thus
believe that, in the coordinates chosen in [16], the spacetime
before the shell would not be the standard anti—de Sitter space but
rather a dressed AdS; (AdS; on which one has applied a large
gauge transformation and thus has nonconstant boundary stress-
energy tensor modes) which is fine-tuned such that the late time
geometry exactly matches that of a static BTZ black hole.

®Note that the fact that the particles collide, instead of miss
each other, can be seen as a very fine-tuned setup, but since this
happens behind the event horizon anyway we expect that
boundary observables will not change if the particles instead
miss each other.
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behavior depends on the location and size of the interval.
Let us first comment on the final state. Notice that the
entropy of VBTZ contains plateau phases at which it equals
the AdS; entropy. To explain this, recall that, after the
quench, the stress-energy tensor modes will consist of two
left-moving and two right-moving delta function excita-
tions, emerging at the speed of light from the locations of
the two local quenches. Roughly speaking, we see that the
entanglement entropy of an interval is larger if there are
more of these excitations located inside the interval. If there
are no excitations inside the interval, the entropy is
insensitive to the quench and equal to that of the vacuum.
Whenever a delta function excitation crosses the interval,
the entropy changes (continuously, albeit not smoothly).

In the presence of a bilocal quench at v = 0, entangle-
ment entropy generically starts out at its vacuum value and
interpolates monotonically to its value in the VBTZ
spacetime which it acquires at some time 7 < /2. The
phase where the geodesic crosses the shell, where the
entanglement entropy interpolates from the value in AdS;
to the value in VBTZ, is illustrated with black lines in
Fig. 6. During a short initial time phase, the entanglement
entropy is equal to that of AdS; until at least one of the
stress-energy tensor excitations has crossed one of the end
points of the interval. In particular, when none of the
quench locations are inside the interval (as in the lower left
plot of Fig. 6) the entropy immediately connects the value
in vacuum AdS; to that of VBTZ in a trivial way because
both values are equal and the quench is locally trivial. In the
two right plots of Fig. 6 we see a growth of entropy which
interpolates between the AdS; value and the VBTZ value in
two cases where one of the quench locations is inside the
interval. Note that, even though the time when the geodesic
leaves the shell will always be at = £/2 (as we prove in
Appendix C), the entropy can saturate to that of VBTZ at
some time ¢ < /2. This is because the shell in this
example only contains energy density at ¢ = +x/2 and
is empty everywhere else, and the statement that the
geodesic crosses the v = 0 surface does not need to have
any physical meaning.

It is also possible to consider a smoother version of F,
where we replace the kinks in F’ at +z/2 by a smoother
function, and we will use the function

(@) = Alog(cosh(p/c)) + B+ Cp?.  (108)
To be more specific, given some small parameter o, we
replace F’' in the intervals (+z/2—65,+x/2+68) by
O(p F n/2). The parameters A, B and C are then fixed
by matching the values, first and second derivatives at
@ ==xr/2+ 6 and ¢ = £x/2 — 5. The parameter o sets
the width (or smoothness) of the kink. For convenience we
fix 6 = So. The illustrations in Fig. 7 of the stress-energy
tensor function 7, F’ and entanglement entropy for
the final state have ¢ = 0.04. In Fig. 8 we show the full
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FIG. 6. Entanglement entropy in the late time geometry for
three different intervals in the bilocal quench. The energies of the
particles (indicated by the red dots) are all such that the final
black hole mass is M = 1. The topmost interval (green), which is
the interval (0.9,1.67), corresponds to the top-right plot, the right
interval (blue), which is the interval (0.1,0.7), corresponds to the
bottom-left plot and the bottommost interval (yellow), which is
the interval (—z/2 —0.7,—z/2 + 0.3), corresponds to the bot-
tom-right plot. The colored solid lines correspond to the eternal
VBTZ result, while the transition from AdS; to the VBTZ result
in the presence of the shell is shown with black dashed lines, from
t = 0 until the time £/2 where the geodesic no longer intersects
the shell. For other times all the colored solid lines should be
continued periodically.

entanglement entropy for several values of ¢ where we
clearly see that the entanglement entropy becomes
smoother for larger o.

In certain cases there will exist two geodesics that
exchange dominance. The reason for this is that the
infalling particle, which is essentially a lightlike conical
deficit, modifies the spacetime such that two geodesics
connected to the same boundary points can exist at the
same time, where one geodesic goes around the particle and
one does not. This transition is illustrated in Fig. 9 for the
interval (0.9,1.67) and for ¢ = 0, where we plot the values
of E; and J; (energy and angular momentum for the first
BTZ part of the geodesic) as well as the angles where the
geodesic crosses the shell at v = 0. The geodesic that does
not go around the particle is denoted with a prime, and the
currently dominating geodesic (the one with shorter length)
has been marked in bold. The second (primed) geodesic
only exists after 7 ~ 0.215, when the second crossing angle
@,'® of the geodesic equals to /2 (which is the location of
one of the infalling point particles). Similarly, the first
(unprimed) geodesic disappears exactly when its second
crossing angle ¢§2) hits /2 at r =~ 0.365. At t ~0.26 the
second (primed) geodesic becomes the dominant (shorter)
one and should thus be used when computing the
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FIG.7. The function F’, the corresponding stress-energy tensor
T and the entanglement entropy of an arbitrary interval located at
(—0.4,0.4) in the eternal VBTZ spacetime, where F’ is the one
that would result from the two-particle collision process. The
plotted range is (—z, ) but all three plots should be continued
periodically. Note that F’ has been smoothened out according to
Eq. (108) with ¢ = 0.04.

entanglement entropy. The exchange of dominance of these
two geodesics is what causes the nonsmooth evolution of
the entanglement entropy at 7= 0.29 for ¢ = 0 in Fig. 8.
Furthermore, the second geodesic is essentially the same
geodesic as the one we would have in eternal VBTZ and in

0.5

S— Sads

t

FIG. 8. Entanglement entropy for the bilocal quench for the
interval (0.9,1.67), at different widths ¢ as defined by Eq. (108).
The entanglement entropy starts out at the value in AdS; and
interpolates to the value in eternal VBTZ at r = £/2 and equals
that of eternal VBTZ for t > /2. The entanglement entropy for
eternal VBTZ is also shown for all times. Smoother curves
correspond to larger o.

FIG. 9. (a) Angular location of the crossing points of the two
competing geodesics in the bilocal quench geometry, where one
of the competing geodesics is marked with a prime. (b) £, and J,
for the two competing geodesics in the bilocal quench. The thick
lines correspond to the geodesic that at that time has the smallest
length. The interval used here is (0.9,1.67).

particular the values of E| and J, are the same. The fact that
it still crosses the shell until r = #/2 has no physical
significance since the shell is empty there (no energy
density).

VII. SUMMARY AND CONCLUSIONS

In this paper we have examined the entanglement
entropy and differential entropy in inhomogeneous
quenches in d = 1+ 1 holographic CFTs modeled by a
massless shell falling in from the boundary in the dual
spacetime. The shell can be viewed as an infinite number of
collapsing point particles and, by tuning the energy density,
we can study arbitrary spinless stress-energy tensors. The
dual geometry is that of AdS; on one side of the shell, glued
to an inhomogeneous black hole spacetime, VBTZ, which
can be constructed by applying a large gauge transforma-
tion to the BTZ geometry. We have constructed geodesics
in these spacetimes. By using the fact that VBTZ can be
mapped to a static BTZ geometry by a coordinate trans-
formation, these computations essentially reduce to gluing
together geodesics in AdS; and in BTZ via suitable
refraction conditions when crossing the shell.

Perturbatively in the amplitude of the inhomogeneities,
the holographic entanglement entropy can be computed
analytically. In the eternal VBTZ geometry, we can even
treat the entropy analytically for any nonperturbative
inhomogeneity. At first order, the entropy is a linear
combination of left- and right-moving modes. At non-
perturbative inhomogeneity in VBTZ it can be expressed in
terms of a simple function of left and right movers as well.
Because of the absence of dissipation in 2 + 1-dimensional
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gravity, the entropy generically shows nontrivial dynamical
behavior at arbitrary large times. The VBTZ geometry
therefore does not really describe a thermal state but rather
a steady state.

The perturbative entanglement entropy in the final state
agrees with a CFT quench computation of [11]. These
authors have also shown that, when the scale of spatial
variation is small, the entropy can be reproduced from a
quasiparticle picture. We can also show that the perturba-
tive final state entropy can be reproduced as a variation in
the VBTZ frame leading to a formula that resembles a first
law of entanglement entropy.

In the presence of the inhomogeneous shell, we numeri-
cally solve for the geodesics, whose lengths compute the
entanglement entropy of a boundary interval. We distin-
guish three regimes. At ¢t < 0 the entropy is that of the
vacuum and the geodesics are just that of AdS;. Once the
shell is injected from the boundary at ¢ = 0, the geodesics
will contain one piece in the AdS; part of the geometry at
v < 0 and two pieces in the VBTZ part of the geometry.
They cross the shell as long as t < /2 and saturate at
t = ¢/2 in the sense that from that time onwards they lie
completely in the VBTZ part and will henceforth equal that
of the eternal VBTZ spacetime. The shell crossing geo-
desics generically cause the entropy to show a smooth
interpolation between vacuum AdS; and VBTZ. We could
call this a prethermalization, but note that the saturation
value could be smaller than that of the vacuum due to the
possibility of a locally negative energy density.

We have illustrated the behavior of the entanglement
entropy in two different cases. The first case is that of some
generic oscillatory inhomogeneities modeled by some
trigonometric functions, while the second case is that of
a bilocal quench which is dual to a collapse of two point
particles. The oscillatory quench shows a smooth inter-
polation from AdS; to VBTZ and an oscillatory behavior in
the final steady state, and the time it takes to reach the
VBTZ result is given by £/2, where ¢ is the length of the
interval. The final state is reproduced quite well by
perturbation theory to second order when the inhomoge-
neities are small. In the bilocal quench, the entanglement
entropy is mainly governed by the location of the particle
excitations compared to the location of the interval.
Roughly speaking, in the VBTZ spacetime, which is the
late time geometry after the shell, the entropy is larger if
there are more excitations inside the interval and is equal to
that of AdS; if there are no excitations inside the interval.
During the prethermalization phase the entropy interpolates
from that of AdS; to that of VBTZ during a time window
which is at most #/2 but can be smaller since the energy
density is zero on some parts of the shell. Another
interesting feature is that, during the prethermalization
phase, the entanglement entropy is equal to that of AdS;
until at least one of the stress-energy tensor excitations has
crossed one of the end points of the interval. Under specific

circumstances there is also a phase transition in the sense
that two geodesics exchange dominance and the evolution
of the entropy is not smooth.

A second quantity of interest to us has been the
differential entropy. It allows us to diagnose the existence
of an entanglement shadow and the possibility of bulk
reconstruction via holographic entanglement entropy.
We find that both in the homogeneous and in the
inhomogeneous shell an entanglement shadow dynami-
cally appears. Differential entropy smoothly interpolates
between its value in AdS; and that in eternal VBTZ.
In contrast with the entanglement entropy, the late time
differential entropy is constant. The integration over the
family of observers in some sense averages out the effect
of the inhomogeneities.

In static geometries, it is known that long geodesics
penetrate the entanglement shadow. Their length computes
entwinement [42], a field theoretic quantity that has been
associated with the entanglement entropy of a subset of
internal degrees of freedom in [43]. In homogeneous
Vaidya long geodesics appear dynamically [21]. They
probe the entanglement shadow, so it would be interesting
to see if the notion of entwinement could also be applied to
the infalling shell geometry. Moreover, in a string theory
context such as the D1/D5 system thermalization has been
associated with long string formation [44-46]. Long string
formation arises in perturbation theory in the coupling of
the D1/D5 CFT. Intuitively, it is tempting to associate the
dynamical appearance of long geodesics with the entwine-
ment of the long strings and it would be interesting to
explore this analogy further. In the inhomogeneous shell
background, even the existence of long geodesics has not
been studied yet.

We have restricted our study to inhomogeneous shells
that are spinless and have a total mass above the black hole
threshold. It would be interesting to extend this to shells
with spin or to shells below the threshold. Below the
threshold the physically relevant solution would be shells
that bounce back at the center (similar to those in [47])
instead of the more unphysical setup where the shell
collapses to form a conical singularity. Studying entangle-
ment entropies in such spacetimes would definitely be an
interesting problem. Shells with angular momentum would
be interesting since they would result in spacetimes where
the stress-energy tensor modes 7', are two different
functions, but it is not known how to construct such
spacetimes with a coordinate transformation analogous
to (4) or how they can be constructed from a limit of
infalling point particles.
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APPENDIX A: DERIVATION OF F IN THE
TWO-PARTICLE COLLISION
SPACETIME

In this Appendix we will derive the function F, which in
our formulation completely specifies the spacetime, for the
two-particle collision process. We will do this by starting
with the standard formulation of this spacetime found in for
instance [41] and then performing a set of coordinate
transformations.

We will assume that the particles fall in from the
boundary at angles 0 and 7, starting at time ¢ = —z/2.
These particles then collide at time ¢ = O at the center of
AdS;. The two particles’ interaction with gravity is
achieved by cutting out two moving regions connected
to the particles that induce a holonomy around the world-
lines of the particles. We will describe each of these regions
as being bounded by two surfaces wi for particle 1 and w3y
for particle 2. The surface w; is identified with w; via an
isometry of AdS;. The surfaces wi are defined by

wi: tanhjsin(—p £ €) = Fsinesin’, (A1)
wi: tanhysin(—p + € + ) = Fsinesini.  (A2)

The parameter ¢ can be interpreted as the energy of the
particles. After the collision (7 > 0), the resulting space-
time is now instead described by two regions, one region
bounded by wy, = w{ and w{, = wj, and the other region
bounded by wj; =wj; and wy, =wy, and this final
spacetime can be interpreted as a black hole. The surfaces
wfz are described by the equations

tanh 7 sin(—p F '+ x/2) = £ sinCcothésin?  (A3)
and the surfaces wy, by
tanhy sin(—p F ' — z/2) = £sin[cothésin7.  (A4)

The parameter T' is related to € by I' = ¢ — z/2 and the
parameter ¢ is determined by tanh & = —1/tane. We also
introduce a parameter x by tan " = tanh g sinh & where p
will be related to the mass of the final black hole. The
metric of AdS; in these coordinates is given by ds®> =
—cosh? 7di*> + djp? + sinh® 7dp*. These coordinates are
continuously connected to the AdS coordinates before
the collision. We now want to map the late time geometry,

as defined by these identifications, to the standard description
of a black hole geometry given by Eq. (2) and use this to
figure out what the transition function F is when crossing the
lightlike surface on which the particles are located. We will
focus on the second wedge (centered around —r/2); the other
wedge works similarly. We will first make a coordinate
transformation to coordinates ¢, y, ¢ with the same metric,
but such that the wedge takes the form (A4) but with £ = 0,
namely

tanh y cos ¢ =F tanh g sinz. (AS)
The coordinate transformation to achieve this can be found in
[17] and reads

cos7coshy = costcoshy,
sin7coshy = cosh y sintcosh & + sinhy sinh £sin ¢,
sinh 7 cos @ = sinh y cos ¢,

sinhjy sin® = coshy sinh &sinz + sinh y coshésing.  (A6)
The metric in the nontilde coordinates is the same AdS;
metric as the tilde coordinates (in other words, this coordinate
transformation is an isometry). Now we want to bring this to
coordinates o, p, y which are such that the metric takes the
form — —1}rp2 do® + (=1 + p?)dp? + p>dy*. In these coor-
dinates the surfaces wfl will be mapped to surfaces at
constant y. To find this coordinate transformation, note that
for the AdS coordinate system we can use the embedding
equation for AdSs, x3 + x5 — x7 — x3 = 1. The coordinates
t, ¥, @ can be obtained from

0 1

x” = coshysint, x' = sinh y cos ¢,

2

x* = sinh y sin ¢, x3

= coshy cost, (A7)

while the black hole coordinates o, p, y can be obtained from
x% = —cosh Bcosh y, x! = cosh #sinh y,

x% = sinh f cosh o, x> = sinh Bsinho,

(A8)
where p = cosh 5. By comparing these two embeddings we
obtain our coordinate transformation. Itis easy to see now that
the two surfaces wfl correspond to y = +u. We are now
interested in ﬁguring out how the lightlike surface, on which
the particles fall in on, is transformed under this coordinate
transformation. A light ray on this surface can be defined by
anangle ¢ = y and therelation tanh y = — sin 7. Formulating
it in terms of the x’ coordinates, we see that we have

x? + x3 = x3 as well as x' = —x% cosy. Thus we have

p? = x} — x} = x5 = sinh?ysin’y, tanhy = cosy.

(A9)

Furthermore, between the tilde coordinates and the nontilde
AdS coordinates, we obtain the relations
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sinh y cosy = sinh y cos 7,

cosy = cosy
= cosh & 4 sin sinh &’
. sinh & + cosh & sin yr
= . Al10
Sy cosh & + sinh £ sin ( )
From this we can finally obtain
p = —sinh jy(cosh &siny + sinh €),
cos
tanhy = . All
Y cosh & + sinh £ sin ( )

Note that £ < 0. Now it can be shown that if we write y =
H(®) weindeed have p* = r?/(H'($))?* which is required by
consistency in our formalism. The borders of the wedge are
now located at y = 3y, and thus by considering i = 0, —xz
we also have the relation tanh u = 1/ cosh £. Note that we
only worked with one wedge so far, and thus the total range
of the coordinate y is 4u. Thus in the correct rescaled
coordinates where the metric takes the form — M . de* +

(-M +p )dp +p2dy , with M = (4u)?/4x> we have
H'(p) = \/ﬁm Gluing together the two

wedges, the full transition function F is thus given by F(p) =
H(p) for —z <@ <0 [which maps to the interval
(—7/2,7/2)] and F(p) =H(p—n)+x for O<p <=
[which maps to the interval (z/2,37/2)]. Note that the
stress-energy tensor is constant and equal to —1/4 every-
where except at » = 0, # where it has a delta function with
strength — coth & = tan ¢ which comes from the third deriva-
tive of F in the stress-energy tensor, which is in agreement
with the notion that € is a measure of the energy of the point
particles. Note that in Sec. VI B we rotate the setup such that
the particles fall in at +/2 instead. In this case the (derivative
of) the transition function, after also expression & and u in
terms of M, is given by

/M
LM’ -n/2<p < n/2,
F/(¢) _ \/—COSh )CO%
L sinh(%h) <<
\/M—cosh(@)cos((p)-&-l ’ ”/2 S@Q= 371'/2
(A12)

and extended periodically to all other angles.

APPENDIX B: INHOMOGENEOUS
REFRACTION CONDITIONS

The refraction conditions on the inhomogeneous shell
can be derived from a variation of the geodesic action

3 A
- / 'S+ / g dA
j'l ﬂsl
22 . .
+/ \/ G XM X1 dA,
A,

where we have explicitly split the geodesic into its two legs
in the VBTZ geometry at v > 0 and a leg in the AdS;
geometry at v < 0. Upon using the geodesic equations of
motion in each patch, the variation of the action becomes a
sum of boundary terms:

5T = [go i o]} + [gjpicﬂéx”]i: +lgniev]? . (B2)
The variation on the asymptotic boundary is fixed so
5x¥(4;) = 0. Now we pick (r, ¢, v) coordinates on AdS;
and (7, @, v) coordinates on VBTZ which is mapped to
static BTZ by this choice of coordinates. First of all note
that the shell is located at v = 0, so 6v(4,,) = 0. The first-

order action becomes

oL = bBTZ(/l )57(/1 ) ’bAdS3 (lsl)ér(ﬂsl)

+ 2r 90( 51) (0(’1 1) - 2r2¢(’1s1)5¢(/1s1>

T (hy, © Ay): (B3)
The variations of 67 and ¢ are linked to that of ér and d¢
by the coordinate transformation on the shell (4). Then we
use that the variation at 1 = A, is independent from that at
A=A, and that variations in r are independent from
variations of ¢. Given that » = F(¢) on the shell, we will
define the quantity @grz = /F'(¢) evaluated on the shell.
Demanding that the variation of the action should vanish
implies the conditions

67 : . F'(g) :
m = 2(,013TZ”2 - 2rUBTZF,27(q)) - 2’”2€17A(1s3 =0,
(B4)
=—=- =0, BS
5r0)  Fla) N =

both for i = 1, 2 and where all quantities are evaluated at
the shell. When the shell is homogeneous, then F'(¢) = 1
and the refraction conditions reduce to (43). In this
derivation we have assumed that the affine parameter A
is continuous across the shell, and in particular it runs
monotonically along the geodesic. If the affine parameter
instead would change direction when crossing the shell,
one would need to change the signs of either the AdS; or
the BTZ terms in the refraction conditions above.

APPENDIX C: SATURATION TIME

In this Appendix we will prove that the geodesic will
stop intersecting the shell at exactly ¢t = #/2. This will
typically be the saturation time (the time after which the
entanglement entropy will be equal to that of the VBTZ
geometry), but the entropy can also saturate earlier if the
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shell has zero energy density in some regions as is the case
in the bilocal quench in Sec. VIB.

To find the time where the geodesic no longer intersects
the shell, we start with the geodesic in the late time VBTZ
part of the spacetime. We then show that, at t = £/2, the
geodesic will be exactly tangent to the shell at v = 0. From
Egs. (19) and (20) we obtain that » =0 implies that
r = |J|ry. The other possibility, that r = ry, is excluded
since the geodesic lies outside the horizon. It is possible to
express v in terms of r to obtain [19]

r—rHrz—(E—i—l)r%I—i—ri’
r+ryrr+(E=Dr +ri)’

1
U(r) = 79 +m10g

(C1)

Note that, for r = |J|ry, we have i = +|E|ry where the
sign corresponds to the two solutions of 1. However, note

that from (20), for © to vanish, we must require that  has
the opposite sign to E and thus we pick the solution for 4
that satisfies ¥ = —Ery. Using (96) and (97) for E and J we
obtain that the minimum value of v is given by

1
vmin:UO"i_*(a_l_b):

. (F(t+8) = F(=1+{ +0)),

(€2)

N[ =

where we have then used (94) and (95) to express @ and b in
terms of the function F, the boundary time ¢, the location of
the interval ¢ and the interval size #. Now we see that
Vmin = 0 for t = £/2. Moreover, since F' is a monotonically
increasing function, we see that the right-hand side of (C2)
is increasing as well and thus we conclude that the geodesic
does not intersect the shell for # > #/2 and must intersect
the shell for r < £/2.
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