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ABSTRACT: We develop an analytic perturbative expansion to study the propagation
of entanglement entropy for small subsystems after a global quench, in the context of
the AdS/CFT correspondence. Opposite to the large interval limit, in this case the
evolution of the system takes place at timescales that are shorter in comparison to the
local equilibration scale and thus, different physical mechanisms govern the dynamics
and subsequent thermalization. In particular, we show that the heuristic picture in
terms of a “entanglement tsunami” does not apply in this regime. We find two crucial
differences. First, that the instantaneous rate of growth of the entanglement is not
constrained by causality, but rather its time average. And second, that the approach
to saturation is always continuous, regardless the shape of the entangling surface. Our
analytic expansion also enables us to verify some previous numerical results, namely,
that the saturation time is non-monotonic with respect to the chemical potential. All of
our results are pertinent to CFTs with a classical gravity dual formulation.
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1 Introduction

Understanding the generation and spread of entanglement in quantum systems for
generic out-of-equilibrium configurations is a topic of great interest, and currently one of
the most challenging problems connecting quantum information and statistical physics.
If the system is prepared in a pure state, it will remain forever in a pure state due to
unitarity. However, finite subsystems seem to thermalize as a consequence of ergodicity.!
A useful order parameter in these situations is the entanglement entropy S4, which is
defined as follows. We can imagine a Cauchy surface that divides the entire system in
two subsystems, A and its complement B, so that the total Hilbert space factorizes as
Hiotal = Ha @ Hp.2 On the other hand, the state of the system is completely specified
by its density matrix p, a self-adjoint, positive semi-definite, trace class operator. The
entanglement entropy of a region A with its complement B is then defined as the von
Neumann entropy Sa = —tr[palog pa|, where pa = trg|p| is the reduced density matrix
of the subsystem A. Due to its nonlocal character, entanglement entropy could in prin-
ciple reveal quantum correlations not accessible to other observables constructed from
any subset of local operators O;.

The simplest dynamical process in which we could study the spread of entanglement
is a global quench. To describe this process, we can consider the Hamiltonian (or the La-
grangian) of the system, denoted by Hy (or Ly), and add a time-dependent perturbation
of the form

H)\ = HO—F)\(t)(SHA — E,\ :ﬁo—i-)\(t)OA (11)

Here A(t) corresponds to an external (tunable) parameter and Ha (or Oa) represents
a deformation of the theory by an operator of conformal dimension A. Let us now
imagine that the perturbation is sharply peaked, i.e. A(t) ~ §(t), so that the quench
is instantaneous. In this case, the process is effectively described by the injection of
a uniform energy density at ¢ = 0 and the subsequent dynamics is dictated by the
original Hamiltonian Hy. In a remarkable paper [3], Calabrese and Cardy showed that
for (1 + 1)—dimensional CFTs as well as for some lattice models, entanglement entropy
for a large interval of length ¢ = 2R grows linearly in time,

ASA(t) = 2tseq, t<R, (1.2)

and then saturates abruptly at ¢ = tg, = R. Here, AS4(t) denotes the difference of the
entanglement entropy from that of the initial state (which is assumed to be the ground

'If we consider a finite region in a system of infinite size, the number of degrees of freedom outside
the region is much larger than in the inside. Therefore, in a typical excited pure state the reduced
density matrix for the finite region is approximately thermal [1].

2Notice that there can be multiple Cauchy surfaces resulting in the same partitioning of the Hilbert
space. More concretely, this partition is specified by the (future) Cauchy horizon rather than the Cauchy
surface itself [2].



state of Hy), and seq is the thermal entropy density of the final state. As explained in
[3], these results can be easily understood in terms of causality applied to left- and right-
moving EPR pairs of entangled quasiparticles emitted from the initial state. However, it
is not clear if such a simple interpretation could be valid more generally, in particular, in
systems with strong interactions between the pairs, which are ubiquitous in real-world
many body systems.

The discovery of the AdS/CFT (or holographic) correspondence [4-6] opened the
possibility to tackle the problem of entanglement propagation from a fundamental point
of view. This remarkable correspondence has already been very useful in addressing
problems of strongly coupled dynamics in various models, ranging from understanding
aspects of Quantum Chromodynamics (QCD) to condensed matter-inspired systems
[7, 8]. In this context, global quenches (as the ones described above) are commonly
modeled by a collapsing shell of matter in an asymptotically AdS geometry. See [9-11]
for early works on this topic. These gravity solutions have recently been employed to
study the growth of entanglement after a global quench both in (1 4 1)—dimensional
CFTs as well as in higher dimensional theories. For large subsystems, it was found that
the evolution of entanglement exhibits a universal linear regime

ASA(t> = UESquEt, tsat >t> tloc . (13)

In this formula, vg is interpreted as a velocity for entanglement propagation, which
depends on the number of spacetime dimensions d according to

d—1
d [ d—2 \'T
= < .
vr d—2<2(d—1)) =1 (1.4)

and Ay is the area of the entangling region’s boundary ¥ = 0A. The linear growth

(1.3) was first observed numerically in [12, 13] and analytically in [14-16], and was later
generalized to various holographic setups in [17-41]. Generally speaking, ts,; scales like
the characteristic size of the region tg,; ~ ¢ while t,. is a local equilibration scale, which
scales like the inverse of the final temperature tj,c ~ 1/T. In d = 2 one obtains vg = 1
as in [3], so entanglement propagates as if it were carried by a free streaming of particles
moving at the speed of light. This suggests that interactions might not play a crucial role
in the growth of entanglement entropy; however, recent investigations have shown that
this picture fails to reproduce other holographic and CFT results, e.g. the entanglement
entropy for multiple intervals [42—44]. Further evidence comes from the results in higher
dimensional theories. In [45] it was shown that in free streaming models

hee _ L5

PoVvarl
which is smaller than the holographic result (1.4) for d > 3. This implies that the
amount of entanglement generated in these simple models cannot account for the result

(1.5)

in strongly coupled theories, so interactions must play a role.



Figure 1. Pictorial representation of the “entanglement tsunami” for a subsystem A. The
entanglement is carried by a wave that starts from the its boundary ¥ (depicted in red) and
propagates inwards at a constant speed vg. The shaded region has been covered by the tsunami
wavefront (depicted in orange) and is now entangled with the region outside of A. The white
region is currently not entangled but it will become at a later time.

Given the simplicity and universality of equation (1.3), Liu and Suh proposed
a heuristic picture for the spread of entanglement which they called “entanglement
tsunami” [15, 16] (see Figure 1). According to their interpretation, the quench generates
a wave of entanglement that propagates inward from the boundary of the subsystem A,
with the region covered by the wave becoming entangled with the outside B. They
further conjectured that after local equilibration is achieved, t 2 1/7', the instantaneous

rate of growth defined as
1 dSa

R(t) = —
( ) Squz dt

(1.6)

is always bounded by the tsunami velocity, i.e. JR(¢t) < vg. It is important to emphasize
that, in spite of its name, vg is not actually a physical velocity so a priori it is not
obvious that it must be bounded by causality. More recent works have shown that for
large subsystems this is indeed the case [45, 46]. The authors of [45] proved it using
the positivity of mutual information, while [46] used inequalities of relative entropy with
respect to a thermal reference state. Thus, if the conjecture on the maximum rate of
growth is true, we can conclude that max[9i(¢)] < 1.

For small subsystems, the situation is much less understood. In this case £ < 1/T
SO tsat K tioe- The evolution of the subsystem and its thermalization take place before
local equilibration is achieved and it is not clear if the growth of the entanglement should
satisfy a simple law like (1.3). Furthermore, since this linear behavior was one of the
main assumptions of [45, 46], the bound on the maximum rate for the entanglement
growth does not apply in this regime.? Indeed, later in this paper we will show that this

3 Another assumption of [45] that is not valid for small subsystems is the fact that mutual information
with the vacuum part subtracted is not generally positive definite. This can be easily checked from the
analytic result of mutual information for small regions, e.g. [47, 48].



is actually the case: besides the strict large interval limit, max[9R(¢)] is not necessarily
constrained by causality. We will further show that for small subsystems, the linear
regime (1.3) is absent and thus, the heuristic picture in terms of a entanglement tsunami
breaks down. This is indeed expected: in this regime, the characteristic wavelength of
the thermal excitations Ay, ~ 1/T is much larger than the size of the system, so a model
of local interactions within the entangling region cannot possibly account for the growth
of entanglement and its thermalization. Finally, we emphasize that our results for the
growth of entanglement in the limit of small subsystems apply only for instantaneous
global quenches in CFTs with holographic duals. More generally, we expect the precise
growth of entanglement in this regime to be sensitive to the details of the theory and
the quench itself.

This paper is organized as follows. In Section 2 we study the spread of entangle-
ment for large and small intervals based on the analytic result for holographic CFTs
in (1 4+ 1)—dimensions. Along the way, we point out crucial differences in the cor-
responding behaviors and motivate a more systematic study for the propagation of
entanglement for small subsystems in other holographic theories. In Section 3 we in-
troduce the holographic models of global quenches that we employ in the rest of the
paper: non-equilibrium states of CFTs dual to a collapsing AdS-RN-Vaidya geometries
in (d + 1)—dimensions. The motivation for studying these solutions is twofold: on one
hand, it will allow us to analytically explore theories in higher dimensions, so we will be
able to draw more general conclusions. On the other hand, it will give us the possibility
of explaining the behavior reported in [20, 32], namely that for near-thermal quenches
(T > ) the saturation time decreases with increasing chemical potential. As mentioned
in these works, understanding this peculiar behavior may be of great relevance from a
phenomenological perspective, in particular for the physics of the strongly-coupled QGP.
In Section 4 we explain the approximation scheme that we use for small subregions and
we perform an explicit leading-order computation for two representative boundary re-
gions: the strip and the ball. In Section 5 we analyze in detail the different regimes of
thermalization and we compare with the corresponding results for large subregions. We
specialize to three different regimes: an initial quadratic growth, a quasi-linear growth,
and the saturation. In Section 6 we discuss some general properties of the spread of
entanglement for entangling surfaces of arbitrary size, namely, the universality of the
initial growth regime, and a general bound on the average velocity, vi® = (R(t)), which
is obtained from bulk causality. Finally, in Section 7 we give a brief summary of our
main results and close with conclusions.

2 Preliminaries: spread of entanglement in (1 4 1)—dimensions

Remarkably, for holographic CFTs in (1 + 1)—dimensions the result for the evolution of
entanglement entropy after a global quench is known in a closed form [17, 18]. This will



allow us to explore, as a first example, the different regimes of the spread of entanglement
for both, large and small subsystems.

We will consider the entanglement entropy of a boundary segment of length ¢ = 2R,
and introduce dimensionless variables

t=2nTt, [=271TR, (2.1)

where T is the final temperature after the quench. In the final state, entanglement
entropy in a (1 + 1)—dimensional CFT is given by [49]

inh [
SA = glOg <E> + g lOg (Sln[ ) = Svac + ASA? (22)
€

where c¢ is the central charge of the theory and € is a UV regulator. Notice that we
have isolated two contributions: the entanglement entropy in the vacuum, S,,., and the
difference of entanglement entropy between the thermal state and the vacuum, AS,. It
is also useful to study the large and small interval limit of AS4. For [ > 1 we obtain

[
ASA = % = SquAa (23)
where seq is the thermal entropy density,
T
Seq = % 5 (24)

and V4 = £ = 2R is the “volume” of the region A. In this limit, entanglement entropy
reduces to thermal entropy and thus, satisfies the first law of thermodynamics

d(AE,)

Do) 2.5
A254)), 29
where AE4 = £V is the energy contained in region A, and
T2
£ = WCG (2.6)

is the energy density of the (1 + 1)—dimensional CFT. Importantly, in this limit the
entanglement entropy is an extensive quantity since it scales with the volume of the
system V4. On the other hand, for small intervals, | < 1, we have
cl?  en?T??

18 18

In this limit the entanglement entropy also satisfies a first law like relation for excited
states [50, 51],*

— Llent (28)

4Such a law is not expected to apply for generic time-dependent configurations, but it is likely to
hold if the system evolves adiabatically.



where, again AE, = EVy, and Ty is the so called “entanglement temperature”. For
(1 + 1)—dimensional theories T¢y is given by

3
Tont = — . 2.9
t Tl (2.9)
Since 1.y is independent of the temperature, we can formally write
AEy EVy
AS, = = —— =5.,Va4. 2.10
4 Tent Tent i A ( )

Here, we have defined s.q = AS4/Va = € /Ty in analogy to (2.3). However, notice that
in the limit of small subregions s., is not expected to be equal to the thermal entropy
density. In particular, since Tey (and therefore se,) depend on ¢, the entanglement
entropy is not extensive in this case.

Let us now study the time dependent setup. The evolution of the entanglement
entropy after a global quench can be written as follows [17, 18]

SA(t) = Syac + ASA(f) , (2.11)
where Sy, is the entanglement entropy in the vacuum and
c sinh t
ASA(H) = =1 Sm— 2.12
At = gtog (). (2.12)

is the change in entanglement entropy following the quench. The function s([, t) is given
implicitly by

. V1 — 52 N 1 o (2(1 +1 —82)p? 4+ 2sp — V1 —32> (2.13)
pS 5 %8 201 +vV1—52)p2 —2sp—/1—-52/) '
with
1 1 1 1—+1—s2
p==cotht+ =] ——o + ° (2.14)
2 2\ sinh“t  1++1-—s2
Equation (2.12) applies for any given [ as long as
t<ta =1 (2.15)
At t = t,, one finds that s = 1, p = coth [, and
ASA(tsat) = ASeq = SquA . (216)

For t > tgi, AS4 remains AS.. Unfortunately, equation (2.13) cannot be inverted
analytically, so in order to extract the explicit time dependence of AS4(t) for t < tg
and fixed [ one must proceed numerically. Before doing so, let us make some important
remarks. For any given [ we can easily compute the time-averaged entanglement velocity:

1 ASy I seqVa R
VB _ (1) — _ cald _ T 1. 2.17
UE < ( ) SquZ At SquE tsat tsat ( )




Since the maximum growth of entanglement is bounded by its average, max[R(t)] > v%®,
one might wonder if this inequality is strictly saturated so that max[9R(t)] = 1 for any
value of [ or, instead, max[9R(t)] > 1 exceeding the speed of light.> Indeed, we will argue
below that the maximum growth of entanglement generally exceeds the speed of light
and it is only in the limit [ — oo that one finds max[9R(t)] — 1.

In order to prove this claim, it suffices to focus on the early growth regime (for a
fixed value of [). In the limit t < 5, one finds [16]

1 t t/1 t
R T, A e E 21
A TR [(t 2" ) (2.18)
and
ct? 4 9

Therefore, at early times the instantaneous rate of growth increases linearly,

2wEL
= +

Seq

R(t) (2.20)
Since in this regime PR (t) < 1 it is clear that the maximum rate should satisfy max[9(t)] >
1 in order to have an average vy® = 1. This is true for any finite value of . The strict
limit [ — oo is peculiar; in this case, most part of the evolution is linear and $R(¢) is effec-
tively constant 98 ~ 1. We can understand this as follows: as explained in [15, 16], one
of the relevant scales that govern the regimes of thermalization is the local equilibration
scale, toc ~ 1/T. For t < t),. the growth of entanglement is quadratic but for ¢ 2 ¢,
(once the system has reached local equilibrium) the evolution is indeed approximately
linear. Moreover, in (1 4+ 1)—dimensions this linear behavior persists all the way to the
saturation time, where the entanglement equilibrates discontinuously. Altogether, the
non-trivial dynamics of the system takes place over the time span t € [0, s = R] or,
equivalently, © = t/ts € [0,1]. In the strict limit [ — o0, t, — oo and therefore
Tloe = tioc/tsat — 0. Thus, in this limit the entire evolution is effectively linear. For
small intervals [ < 1 and tg,; < i S0 a linear approximation fails.

To add further evidence in support of these statements, we can explore numerically
(2.13) and study the evolution of entanglement entropy in the appropriate regimes. In
Figure 2 we show the results for AS,(t) and PR(¢) in the large interval limit. For the
plots we chose TR = 10% so that Tjoc = tioe/tsas = 1072 < 1. As we can observe, the
evolution in this case is well approximated by a straight line, and the instantaneous rate
of growth P(t) approaches vy® = 1. However R(t) marginally exceeds this value for
Tloe < = € [0.015,0.858] so the conjectured bound on max[R(¢)] is violated for large but
finite intervals. We also observe that as we increase the size of the region, $3(¢) becomes
discontinuous both at t = 0 and ¢ = t4, in the strict limit [ — oco. This agrees with the

SWe emphasize that P(t) is not actually a velocity, so it is not obvious that it must obey causality.
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Figure 2. (a) Evolution of entanglement entropy for TR = 102. For this choice of parameters
Tloe = toe/tsast = 1072 < 1 and the growth of entanglement is approximately linear. (b)
Instantaneous rate of growth for TR = 102. We observe that %R(t) > 1 for z1o. < = €
[0.015,0.858] which contradicts the conjectured bound on max[9R(¢)]. However, in the strict
limit [ — oo, R(0 < t < t5at) — 1 (and becomes discontinuous at both ¢ = 0 and ¢t = tgy).

results of [15, 16] which show that, for large intervals, the approach to saturation exhibits
a critical behavior akin to a first order phase transition. In Figure 3 we consider the small
interval limit. Here we chose TR = 1072 so that t¢/tsas = 10* > 1. The evolution in this
case deviates from a linear behavior, which suggests that the heuristic picture in terms
of a “entanglement tsunami” fails in this regime. The instantaneous rate of growth ()
clearly exceeds the average v3® in a good portion of the evolution: it starts off at zero,
reaches a maximum max[9R(¢)] > 1, and goes back to zero at t = tg. This indicates
that the approach to saturation is generally a second order transition, rather than a
first order transition, and it is only in the limit [ — oo that the discontinuous behavior
manifests. Our numerical results suggest a maximum growth of max[9R(t)] = 3/2.

3 Holographic models of global quenches in higher dimensions

3.1 Action and equations of motion

Given the previous evidence, it is natural to ask if a similar behavior is also present
in global quenches in higher dimensions. Here, we will consider specific models in
the context of AdSy.;/CFT,; where CFT evolves from the vacuum of the theory to
a state at finite temperature and/or chemical potential. The starting point is the
(d+ 1)—dimensional Einstein-Hilbert action with a negative cosmological constant cou-
pled to a Maxwell field and an external source,

S = So + KSext » (3.1)

6Regrettably, we were not able to extract this value directly from (2.12)-(2.13). However, we will
show in Section 5.2 that this is indeed the exact value for the maximum growth in d = 2 dimensions.
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Figure 3. (a) Evolution of entanglement entropy for TR = 10~2. For this choice of parameters
Tloe = toe/tsat = 10? > 1 and the growth of entanglement deviates from a linear behavior. (b)
Instantaneous rate of growth for TR = 1072, Our numerical results suggest a maximum rate
of max[R(t)] = 3/2.

where Sy is given by

SO ; <1/dd+1x /_—g(R—QA)—i/derlI /—ng,F“V> , (32)

a 87TG§\U7H1) 2
and A = —d(;L}l).7 In the above k is a constant and Sy is the action of the external

source, which we do not specify. This action leads to the following equations of motion

1 a 1 a d+1 ex
R = 5 (R=28) g = g™ FypiFoy + 79,0 F* Fag = 167G TS (33)

py
0 [V=99""9"" Fu] = 87TG§\(?+1)/£J(§;¢ . (3.4)

We are interested in dynamical solutions that interpolate between pure AdS and a
charged AdS black hole. However, before presenting these solutions we will first study
the static black hole solutions that are dual to the final state of the quench.

3.2 Static solutions: AdS-RN

7. = 0) there is a family of two-parameter black
hole solutions to (3.3)-(3.4) known as the AdS-Reissner-Nordstrom black holes [52, 53].
For d > 3 the solutions are the following:

In the absence of sources (T* = 0, Jg

1 dz? L
d82 = ; (—f(z)dt2 + ?ZZ) + d!L‘2> s
2
fl2)=1—- M2+ %zﬂd_l) ) (3.5)

A= Qe =277,

"From here on we will set the AdS radius to unity L = 1. It can be easily restored via dimensional
analysis whenever necessary.

— 10 —



where M is the mass of the black hole and @) is the charge. Here, zy denotes the location
of the horizon which is given by the smallest real root of f(z) = 0. The dual theory is
a CF'T that lives in d spacetime dimensions and is characterized by a thermal density
matrix in the grand canonical ensemble, p = e #H =19 where ¢ is the total charge. The
temperature of the dual theory can be identified as the Hawking temperature of the

black hole,
1 d d (d —2)2Q*23 ™Y
T=——— = 1— .
iy dzf<z)‘ZH A2y ( d(d—1) ’ (3.6)
while the chemical potential is given by
— 1 _ ().d-2
p=lim A (z) = Q2 (3.7)
For d = 2 the solution takes the following form:
1 dz?
ds* = = [ — dt? dz?
o= (s i ra)

f(2) =1—M2*+Q*2*log 2,
A= Qlog (zn/z) -

Charged solutions in d = 2 (as the one above) have peculiar properties: the fall-off of the
fields is slower than the standard case and identification of the source and the VEV are
subtle [54] (see [55] for a different proposal, based on alternative boundary conditions).
To avoid these issues we will only focus on charged solutions in d > 3 and consider the
neutral case in d = 2.

It is convenient to write down the metric (3.5) in the following form®

fz)=1—-¢ (i)d F(e—1) (i)wl) , (3.10)

where zy denotes the position of the horizon and ¢ is a constant proportional to the
energy density £ [48]. In this parametrization, the temperature and chemical potential
are given by

2(d — 1) — (d — 2)e 1 [@-1

)

T =

= (e—1), (3.11)

and can be inverted to obtain

2d 2
2 = : e=a— . (3.12)
AxT {1 + \/1 + (;—i>|

8Notice that (3.10) also includes the BTZ black hole, which is found by setting d = 2 and € = 1.

— 11 —



Here, a and b are constants that depend only on spacetime dimensions:

2(d — 1) d
a= 73 b:m. (3.13)

We will also define an effective temperature Teg(T, ), which will play a crucial role:

2 [
1 1 —
* \/ i 2m2ab <T2)

From the definition it follows that T.g interpolates between Tog o< T and Tog o< u as one

d
Teg =
ff drzy 2

(3.14)

goes from p/T < 1 to u/T > 1, so it effectively serves as a measure of the dominant
scale in the theory. Specifically, for ©/T" < 1 we have that

d? ,u2 “4
Teﬂ—T |:1+m (ﬁ) +O(ﬁ>:| . (315)

In the opposite limit we find
T2
o). e

Finally, we can express the various thermodynamic quantities solely in terms of T,g

pd(d — 2) 2 a (T
T = 1+ =" [ (=) +
2m/2d(d — 1) d—2V 20\ p
and €. For instance, the temperature and chemical potential can be now written as

T = (2(d_ D v (d= 2)5) T, p= \/8:2 (e —1) (47TdTef’f) . (3.17)

Similarly, the energy, entropy and charge densities are given by

(d—1e [4AnT.q5\*
= 167G\ d ) (3.18)
1 ArToe\
* T @D ( d ) ’ (319)
N

and

d—2 d—1 4rTg\ !
S = ICs RS

respectively. Together, they satisfy the first law of thermodynamics d€ = T'ds + udp.

- 12 —



3.3 Collapsing solutions: AdS-RN-Vaidya

Time-dependent solutions to (3.3)-(3.4) describing the formation of a charged black hole
have been studied in a number of works, e.g. [20, 21]. The metric in this case is given
by the AdS-RN-Vaidya solution®

1
ds* = = (= f(z,v)dv® — 2dvdz + dZ*) , (3.21)

22

f(z,v) =1—m(v)2? + wzz(d_l) for d>3, (3.22)

(d—1) ’

and is sourced by a (d+ 1)—dimensional infalling shell of charged null dust, T3 ~ k,k,
with k% = 0. The explicit form of the vector field A,(v) will not play any role in our
discussion, so we will not transcribe it here. The metric (3.21) is written in terms
of Eddington-Finkelstein coordinates, so that v labels ingoing null trajectories. This
variable is related to the standard ¢-coordinate through

dz
f(z,v)°

The mass m(v) and charge ¢(v) are two functions that capture the information of the

dv = dt — (3.23)

black hole formation. On physical grounds, m(v) and ¢(v) should interpolate between
zero in the limit v — —oo (corresponding to pure AdS) and a constant value in the
limit v — oo (corresponding to an RN-AdS black hole). The final values should not give
rise to a naked singularity but, other than that, the mass and charge functions are in
principle arbitrary.'?

One might wonder whether such a solution could be obtained from an actual collapse
in asymptotically AdS space, i.e. for a specific source S.. Indeed, interesting steps in
this direction were given in [56]. In this paper, the authors studied a collapse of a massless
scalar field in the so-called “weak field expansion”. For fast quenches, and at the leading
order in the perturbation, the solutions they found take the form of a Vaidya geometry
(3.21), with a particular form of the metric that depends on the scalar profile. In the
dual field theory, this corresponds to a global quench by a marginal operator, where the
corresponding coupling is the small parameter in which the perturbation is carried out.
Thus, at least in this approximation, the results of [56] validate the phenomenological
studies based on Vaidya backgrounds from a first principle computation. This approach
was employed in [32], to the case of scalar collapse coupled to a Maxwell field.!!

9The AdS-RN-Vaidya solution in d = 2 have the same issues as the static AdS-RN, hence we will
only consider charged solutions in d > 3. The form of (3.22) is valid in d = 2 provided that ¢(v) = 0.

0However, there are stronger constrains on m(v) and q(v) if we want to respect strong subadditivity
in the boundary theory [21].

1Tt is also worth emphasizing that thin-shell limit of the Vaidya solution is in perfect agreement with
numerical simulations of scalar collapse [57, 58].

— 13 —



Before proceeding further, let us parametrize the solution in a slightly different way.
Instead of using the functions m(v) and ¢(v) we will rewrite f(z,v) in terms of the
apparent horizon zy(v) and an auxiliary function €(v) according to

Flz0) =1 — £(v) (sz@))d +(e(v) = 1) (zHZ(U))Q(d_l) | (3.24)

This expression is the equivalent of (3.10) now in the time dependent scenario, assuming

that we upgrade ' — T'(v) and u — u(v). Here we are defining the function T'(v) as

~2(d—1)—(d—2)e(v)
- rrrrn . (3.25)

However, strictly speaking the function 7'(v) can only be identified with the physical
temperature in the limits v —+ —oo0 and v — oo, which correspond to the initial and
final states, respectively. Away from this two limits the system is out-of-equilibrium and
the thermodynamics is not well defined. Similarly, the function p(v) is defined as

1(v) = \/ EZ - ;; (c(v) 1) . (3.26)

We can identify two special cases:

1. Thermal quench: in this case p(v) = 0 which means £(v) = 1.

2(d-1) 12
d—2 -

2. Extremal quench: in this case T'(v) = 0, which implies £(v) =

It will also prove useful to define the function

1+ \/1 + Q:;b (;((?;)] 7 (3.27)

which interpolates between the initial and the final effective temperature (3.14).

Talv) = = o )

3.3.1 Instantaneous quenches: thin shell limit

We will work in the limit where the mass and charge functions change instantaneously:
m(v) = M 6(v) and q(v) = Q 0(v), respectively. This can be achieved by considering an
infalling shell of null dust with infinitesimal thickness, which is referred to as the thin
shell limit. Naively, one might think that a thin shell would lead to an instantaneous
thermalization of the field theory observables, since in this case T'(v) = T 6(v) and
w(v) = pé(v). This statement is true for one-point functions of local operators, e.g.
one finds that (T}, (t)) ~ (T2"*) 6(t). On the other hand, non-local observables such as

12This case is often referred to as an electromagnetic quench [13]. For d = 3, due to the electric-
magnetic duality, this is equivalent to turn on a magnetic field in the dual CFT.
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two-point functions and entanglement entropies actually take finite time before reaching
equilibrium so they provide a more complete information of the thermalization process.
In the thin shell limit the function f(z,v) acquire the general form

2\ ¢ o\ 2D
fen=1-0wa) . g =c(Z) —e-n(Z) L e
ZH ZH
where zpy and ¢ are related to the final temperature and chemical potential according to
(3.12). It will be useful to expand (3.28) and define the following two kind of quenches:

1. Near-thermal quenches (T > p):

(d— 2)d2u2) (4&)6’ (d - 2)d2p? (47TT2)2(‘“)+O <u4

g(z) = (1+

1672772 d ) 16m2(d—1)T2\ d T*
(3.29)
2. Near-extremal quenches (T' < p):
2(d — 2)4! 2rnd'/?T p
Y= =y U ) )

(d — 2)3 Am(d — 1)'T T? (3.50)

- =i 1+ ——— ) )"V +0 (=] .
di=2(d — 1)d—1 d\/2y, e

In both cases we have only kept the leading order corrections to the thermal and extremal
quenches, respectively. Physically, the main difference between these two processes is
the nature of the relevant excitations: in the first case the evolution of the system is
dominated by thermal fluctuations, while in the second case it is driven by quantum
fluctuations.

4 Evolution of entanglement entropy

4.1 General considerations for AdS-RN-Vaidya

We are interested in computing entanglement entropy in the boundary CF'T. In the con-
text of the AdS/CFT correspondence, entanglement entropy of a region A is computed
by means of the Ryu-Takayanagi prescription [59], according to which:

Sa min [Area (I'4)] , (4.1)

pEGs

where G%H) is the bulk Newton’s constant and I' 4 is a (d—1)-dimensional surface in the
bulk such that 0I'y = 0A = X. This proposal has been generalized to time dependent
backgrounds in [60]. In this case,

1
SA = Wext [Area (FA)] s (42)
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where the condition for minimal surfaces is now replaced by extremal surfaces.
We will compute the entanglement entropy for two representative boundary regions:

e A (d — 1)—dimensional strip of width ¢, specified by

- 0 ool
r=2x € [—5, §:| , T; € |:—?, 7:| , t=2,...,d—2 (43)

with ¢, — oo. The corresponding extremal surface I"4 is invariant under trans-
lations in the transverse directions, Z,. Therefore, without loss of generality, we
can parameterize it with two functions, x(z) and v(z), satisfying the following
boundary conditions:

z(0) = ig, v(0) =t. (4.4)

The area of this surface is given by the following functional:

Area(T4) = A(t) = / * dz L, = %\/x’z — (v, 202 — 20, (4.5)
0

where Ay, = 261‘2 is area of two (d — 2)—dimensional hyperplanes. The constant
2, here is defined through z(z,) = 0.

e A (d — 1)—dimensional ball of radius R, specified by

’I“QEZ!B?SR. (4.6)

In this case it is convenient to write the d7? in (3.21) in spherical coordinates:
dz® = dr* + r2dQ3 . (4.7)

The corresponding extremal surface I'4 is invariant under rotations. Therefore,
without loss of generality, we can parameterize it with two functions, r(z) and
v(z), satisfying the following boundary conditions:

r0) =R, w(0)=t. (4.8)

The area of this surface is given by the following functional:

Ay = [ azz, ¢ AZTH\//2 7oy 4.9
()—0 2z W”’_f@%)@_va (4.9)

where Ay = QW%RCI*Q/F[%] is area of a (d — 2)-dimensional spherical cap of
radius R. The constant z, here is defined through r(z,) = 0.
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(a) (b)
Figure 4. Extremal area surfaces in a thin shell Vaidya geometry for two different geometries:
(a) the strip and (b) the ball. The shell (depicted in red) moves at the speed of light and
eventually collapses into a black hole. The entanglement entropy of region A grows as time

A T4 T AdS 4 I'4 AdS
I, AN
v = (K SN

evolves until the corresponding extremal surface I'4 grazes the shell at v = 0. From this point
on the whole surface lies entirely in the AdS-RN portion of the geometry so the entanglement
entropy saturates to its final value.

We could go on and derive the equations of motion coming from (4.5) and (4.9). However,
these equations are generally highly non-linear so in practice one must proceed numer-
ically. Our goal here will be to develop perturbative techniques in order to extract the
explicit time dependence in various regimes of interest.

Before doing so, let us discuss the thin shell regime, where f(v, z) is given in terms of
a step function as in (3.28). The shell itself is located at v = 0 and is moving towards the
interior of the bulk. The regions v < 0 and v > 0 correspond to a pure AdS geometry and
an AdS-RN black hole, respectively. A pictorial representation of the situation is given
in Figure 4. One way to proceed is to consider the regions v < 0 and v > 0 independently
and then match the solutions across the shell, see e.g. [15, 16]. However, the analytical
solution for v > 0 is not known exactly so in practice one ends up expanding the solutions
and picking up the relevant leading contributions. In particular, the work of [15, 16]
focused on the limit of large subsystems, where the main contribution comes from the
near horizon portion of the geometry. Here, we will consider a different approximation
technique that is valid in the opposite regime, namely, for small subsystems.

4.2 Perturbative expansion for small subsystems

Besides the theoretical motivation presented in Section 2, understanding the different
analytical corners of the thermalization process is also interesting from a phenomeno-
logical point of view. One practical motivation is to shed light on the fast equilibration
of the Quark Gluon Plasma (QGP), produced at ultra-relativistic heavy-ion collision
experiments such as RHIC and LHC. In [20, 32] it was noticed that in the limit of small
subsystems, for near-thermal quenches (7" > ) the saturation time decreases with in-
creasing chemical potential and thus the systems thermalizes faster. On the other hand,
as we increase the size of the entangling region (in comparison to 1/7") this behavior
becomes less pronounced and eventually the saturation time starts increasing with the
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increase of chemical potential indicating that different physics take place at the two
regimes of thermalization. Of course, these conclusions were based entirely on numeri-
cal calculations. We would like to understand this behavior better, using an appropriate
approximation scheme.

In order to compute the leading behavior of the entanglement entropy we proceed
in the following way. Consider the functional L£[¢(2); A] for the extremal surfaces, where
¢(z) denote collectively the set of embedding functions, {z(z),v(z)} for the strip or
{r(z),v(z)} for the ball, and A is a dimensionless parameter in which the perturbation
will be carried out, i.e. A < 1. We can expand both £ and ¢(z) as follows:

Llp(2): Al = LO[o(2)] + ALV [p(2)] + O(N?),
3(2) = ¢0(2) + 2!V (2) + O(N?).

In principle, the functions ¢(™(z) could be obtained by solving the equations of motion

(4.10)

order by order in A. However, these equations are in general highly non-linear so in
practice it is very difficult (and in most cases impossible) to obtain analytic results. The
key observation is that at first order in \,'3

Aonshen[0(2)] = /dz £© [gzﬁ(o)(z)} + )\/dz E(l)[gzﬁ(o)(z)]

[ 4oL _oeem .
—|—)\/d o ( ){W a(ﬁi(Z)Ls(O)—i_

Therefore, we only need ¢(*)(z) to obtain the first correction to the area. In our particular

case, the expansion parameter is taken to be A ~ (T,gf)™ (for some n > 1), where ¢ is the
characteristic length of the entangling region. Now, according to the UV/IR connection
[62-64], the bulk coordinate z maps into a length scale in the boundary theory. In
particular, since the extremal surface reach a maximum depth of z,, then its natural to
assume that ¢ ~ z,. On the other hand, the effective temperature is related to the inverse
of the apparent horizon Tog ~ 1/zg so, from the bulk perspective, having Togl < 1 is
equivalent to z,./zy < 1. Fortunately, in order to study this limit we just need the near
boundary region, which is nothing but AdS plus small corrections. In the exact limit
A — 0 we expect to recover the embedding in pure AdS, which is known analytically.

4.3 Explicit computation at leading order

4.3.1 The strip

Let us now make the above derivation more explicit. Since z, is actually the upper limit
of integration in (4.11), we can first change to a new radial coordinate y = z/z, € [0, 1].
The combination z,/zy appears only in f(v, z), which can now be expanded as

Fo,y) =1 — 0(v) e y? (ﬁ)d +0 (ﬁ)w—l) . (4.12)

ZH ZH

13To our knowledge, this observation was first made in [61].
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At zeroth order in z,/zy we get f(v,z) = 1 and the spacetime is pure AdS, as expected.
The leading correction is of order (z,/zy)? so in the field theory we expect corrections
in A ~ (T.gf)?. Expanding the area functional for the strip (4.5), and going back to the
original z variable, it follows that

12
1321 2 — 2 — 20, 5(1) — EAdE ~v (9(1}) )
20— ZZH 2 — 2

£0 = (4.13)

We also need the embedding functions at zeroth order {z(z),v(2)}. For f(v,z) =1 the
spacetime is static so all extremal surfaces lie on a constant-t slice, t(z) = t. Equation
(3.23) then yields

v(iz)=t—=z. (4.14)
Plugging (4.14) back into £(® we obtain the standard area functional in empty AdS,
which has the known solution [65]

(2) = g N Z?; (zi*)dQFl E 2(dd— 1) Q?EZ - i)’ <§*)2<dl>] ! (4.15)

_%ﬁﬂm%#*
B p[;]

2(d—1)

with
14

(4.16)

The zeroth order contribution to the area is time-independent and includes all UV
divergences. Here we are interested in the time-dependent part only, so we will focus on

the quantity
AA(t) 1
ASat) = 4G§f,l+1) - 4GS\C,H1)

where AA(t) = A(t) — Aaqs and the dots denote higher order terms in A.'* Note that
with this subtraction AS,(t) naturally starts from zero in the infinite past. Evaluating
the leading order term of (4.17) on shell leads to

—_ = dz0(t — 2)z24/1 — (2/2,)2d-1) | 4.18
el Ll )2y/1 - (2/2) (4.18)

/ dz LO[O ()] + -, (4.17)

AS4(t) =

In order to evaluate this integral it is convenient to define a new variable £ =t —z. With
this substitution, the integral in (4.18) becomes

= [ asa@e -y i-le-g)mpen. (1.19)

Let us consider the following three cases, (i) t <0, (i7) 0 < t < z, and (4i1) 2z, < t:
(¢) Since both limits are negative and 6(§ < 0) = 0, then

1=0. (4.20)

4In Appendix A we compute the first sub-leading term in this expansion.
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(77) The lower limit is negative so we can replace it by zero:

I = /0 de (t — g)\/1 —[(t = &) /z]2dD) = /O dzz\/l — (2/2,)2@D) | (4.21)
2 N g—1 {11 d e\
T d+1 \/1_(2) gk §’d—1’d—1’<z_*) ] (4.22)

(i73) Since both limits are positive and §(§ > 0) = 1, we get:

o R \/_F[C%] z
! :/0 21— 3/ = 2d+ DIE] 429)

M

Notice that this last expression is independent of time, so in this approximation the
saturation time is given by

Il

2/l [5tg)

Altogether, the leading correction to the entanglement entropy can be expressed as

(4.24)

tsat = 24 =

ASA(t) = ASeq{[0(t) — O(t — tea) ] F(t/tea) + 0t — tear) } (4.25)

where AS, is the final value of the entropy,

ASeq = T (4.26)
16(d + 1) [5525124GV
and F is given by:
F(x) 2F[ (d+1 )].Z'Q |: 1_ $2(d71) + EQFl (l 1 d x?(d*l))] (4 27)
T il 2 20 d—1 d—1° : :
VL[]

By definition the function F satisfies that F(0) = 0 and F(1) = 1, so in this range its
average rate of change is (dF(z)/dx) = 1. With this result, we can now compute the
instantaneous rate of entanglement growth,?

1 d(ASy) Vi dF  20d+ DD ]Fb(‘ffﬁ)] 5
M= Aot do R y— 2V 1 — 221 (4.28)

15 A comment on the normalization of (4.28) is in order: similar to (2.10), here Seq = ASeq/Va refers

to the equilibrium entanglement entropy (rather than thermal entropy) after the quench in a volume
V4. For small subsystems, the entanglement entropy of excited states obeys a first-law like relation
AE, = Tont AS 4, where Top is the so-called entanglement temperature [50, 51]. Therefore, in this limit
Seq = Seq/Va = enté’ where £ is the energy density of the final state.
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where x = t/ts, and the time-averaged entanglement velocity:

/

1, d=2,
av V. Villsts] 05991, d=3,
VEE = (R(t)) = S ;‘ - 2( DL (4.29)
sitsat Fre=y 04312, d=4,
0, d—

\

In the above, we have used the expressions for the strip, V4 = Ei’Qﬁ and Ay = 261’2.

Before analyzing in detail the different regimes of (4.25), let us first briefly comment
on some generalities. In Figure 5 (a) we plot the evolution of entanglement entropy
for some sample parameters. In general, we observe a qualitatively similar behavior for
the entanglement entropy as the numerical results of [20, 32]. However, at this level of
approximation tg,; ~ £ so it is clear that our result does not capture the non-monotonic
behavior with respect to p/T obtained in these references. In particular, for our plots
we have chosen to keep (1. = fixed so it is clear that the change in saturation time
is entirely due to the variation of T.s as we increase p/T', which is always monotonic.
We will come back to this point in Section 5.3, where we explicitly compute the leading
corrections to the tg,. In particular, we will show that the first correction is enough to
observe the expected behavior reported in [20, 32]. In (b) we plot the instantaneous rate
of growth (4.28) as a function of z = ¢ /. For d = 2 we get exactly the same curve
as in Figure 3, with a maximum of max[9R(t)] = 3/2, so we can view it as a consistency
check of our perturbative method. For d > 3 the maximum rate is always below the
speed of light and decreases monotonically as we increase the number of dimensions. We
will discuss this point in more detail in Section 5.2.

4.3.2 The ball

The computation for the ball is very similar to the case of the strip, so we will only
sketch the main few steps. Expanding the area functional (4.9) it follows that
Agﬂ"d_2

d—2,,/2
LO=— 22\ 2 o oo A erTRROw)
Rd=2zd=1 2Rd—2zg{ "2 — 2 — 9y

(4.30)

We also need the embedding functions {r(z),v(z)} in pure AdS. For the case of the ball
v(z) is still given by (4.14) but r(z) now takes the form of a spherical cap [65]

r(z) = /22— 22, R=z,. (4.31)

Again, we are interested in the difference of entanglement with respect to pure AdS, so
we focus on the £(M) piece only. Evaluating this term on shell leads to:

d—1

/0 Tt - 2)2 [1— (2/2)7]'T (4.32)

sAgzd*Z
8GWTY Rd-2,4,

ASa(t) =
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Figure 5. (a) Evolution of entanglement entropy for a strip in d = 3 and u/T = {0,2,5,10}
from bottom to top, respectively. For the plots we have fixed ¢Teg = 10~! so that the ap-
proximation is valid and we have set the overall factor Ay / 4G§\‘?+1) = 1. According to (4.24),
the saturation time scales as tgy¢ ~ £ which, for our particular choice of parameters, translates
into tsat ~ 1/Tog. Both, the differences in final entropies and saturation times become more
pronounced as we increase the number of dimensions, but the behavior is qualitatively similar.
In (b) we plot the instantaneous rate of growth for R(z) for d = {2,3,4,5} from top to bot-
tom, respectively. We observe that the maximum rate growth only exceed the speed of light
for d = 2, and decreases as we increase the number of dimensions.

which resembles (4.18) and can be evaluated in a similar way. The upshot of the calcu-

lation is
ASA(t) = ASeq{[0(t) — 0(t — teat)]G(t/tsar) + Ot — tear) } (4.33)
where
toat = 2 = R, (4.34)
ZA
AS, = A (4.35)

8(d + 1)24, G

and G is given by:

da+1

Glz)=1-(1-2%)? (4.36)

We can also compute the instantaneous rate of change of the entanglement growth,

Vi dF  (d+1) oL
- i 1—a2)7 .
Asto dr (d—l)x( z)

R(t) (4.37)
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Figure 6. (a) Evolution of entanglement entropy for a ball in d = 3 and p/T = {0,2,5,10}
from bottom to top, respectively. For the plots we have set RT.g = 10~ " and 142/46?]\6,[Jrl =1.
In (b) we plot the instantaneous rate of growth for R(x) for d = {2,3,4,5} from top to bottom,
respectively. Again, the maximum rate growth only exceed the speed of light for d = 2.

where x = t/ts, and the time-averaged entanglement velocity:

~

1, d=2,
1
Vi 1 =, d=3,

e — = ={2 4.38
BT At d—1 )1 i (4.38)
37 - X

L0, d— o0.

In the above, we have used the expressions for the ball, V4 = QW%Rd_I/F[%](d -1)
and Ay, = 277 R42 /T[4,

The behavior of these observables is qualitatively similar to the case of the strip.
In Figure 6 we plot the entanglement growth and the instantaneous rate of change for
some sample parameters. For the entanglement growth curves in (a) we have keep RT g
fixed so the saturation time is monotonic in /7. We will compute the first correction
to tsat in Section 5.3. From the curves in (b) we observe that: i) the instantaneous rate
of growth does not exceed the speed of light for d > 3 and i) )8 — 0 as  — 1 so the
approach to saturation is continuous. All these behaviors are likely to hold for more
general entangling surfaces.

5 Regimes of thermalization

Let us now analyze in more detail our results for the strip (4.25) and the ball (4.33)
specializing to the different regimes of thermalization. Specifically, we will focus on
three distinct regimes: the initial quadratic growth, an intermediate quasi-linear growth
and the saturation.
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5.1 Initial quadratic growth

The initial growth regime is dominated by the behavior of F(x) or G(z) for z < 1.
Expanding these functions we get

(d+1)P[555]

Fla) = A2 4 O (5.1)
VT[]
and 1
G(z) = §(d + 1)z + O(z%), (5.2)
respectively. In both cases, the early time growth of the entanglement is given by
AES
ASA(t) = ———t* .- . (5.3)
1624, Gl

The fact that equation (5.3) applies for both, the strip and the ball, suggests a universal
behavior at early times; we will comment more on this below. We can also express
this result in terms of the physical data T and pu. The general expression is a little
cumbersome so, for the sake of simplicity, we will only consider the following two limits:

1. Near-thermal quenches (T > p):

As AT\ d*(d —2) /p\2 5
ASA(t)_mG%H)( - ) (HW(:ﬂ +--~)t e (5.4)

2. Near-extremal quenches (T' < pu):

As  2(d—2)pd 2rd'/? T
ASA(t) = s (d—2)""p <1 (Wd

el |F A I .
16GS$+1) di2(d — 1)4/2-1 d—1)172 p T ) + (5.5)

This last result includes the extremal case, for which 7" = 0.

We can also verify that our results agree with the ones presented in [15, 16] for large
subsystems. This is another clear indication that in the early growth regime the evo-
lution of entanglement is independent of the size and shape of the entangling region
as long as t < tg. Furthermore, the absence of additional geometric quantities such
as £ or R in the expression (5.3) (besides Ay itself) implies that the quadratic growth
behavior AS4(t) ~ t? may be entirely fixed by symmetries (more specifically, conformal
symmetry). We will confirm these claims explicitly in Section 6.1.

5.2 Quasi-linear growth

For large regions, entanglement entropy exhibits a universal intermediate regime [15, 16]

ASA(t) = UESquEt, tsat >t> tloc s (56)
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where se, is the entropy density of the final state, s¢q = ASeq/Va, and vg is the so
called “tsunami velocity”. The local equilibrium scale ). is given by the position of
the horizon t,. ~ zg, which can be rewritten as tj,c ~ 1/Teg. Of course, in this limit
the physics differs drastically from the regime we are focusing on: entanglement entropy
approaches the thermodynamic entropy and the main contribution to the extremal sur-
faces comes from the interior of the bulk geometry. Another crucial difference is that for
small subsystems we cannot really talk about “local equilibrium” before the entangle-
ment entropy reaches saturation. We will, nevertheless, attempt to make a comparison
between the two regimes and point out the main similarities and differences.

Let us begin by reviewing more explicitly the results of [15, 16] for the charged case.
In these papers the authors found that for large subsystems

2(d—1) 1
d du \ T AmzyT T
S - —(1- = -
BTV a2 <( 2(d — 1)) ( “)> Y=g . O

The parameter u lies in the range 0 < u < 1 and decreases monotonically from its

Schwarzschild value u = 1 to u = 0, as the p/T is increased from zero to infinity. Given
the dependence of (5.7) on w this implies that turning on a nonzero chemical potential
always slows down the evolution. Let us study more closely the small-; /T and large-p /T
limits of (5.7). For small /T we get that, at leading order

.

1, d=2,
d d—9 \ T 0.6874, d=3,
d=2\2(d-1) 0.6204, d=4,
\1/2, d — oo,
while for large /T (and d > 3) we get
2r (T
”E_d—2<ﬁ>_>0‘ (5.9)

The fact that vg — 0 when the quench approaches extremality implies that the linear
growth regime no longer exists. This was indeed observed numerically in [13]. In this
case, the linear growth regime is replaced by a logarithmic growth regime.

Let us now go back to the case of small subsystems. Our results for the strip
(4.25) and the ball (4.33) indicate that in this case the evolution is non-universal. More
precisely, since the normalized rate of change $R(t) is different in these two cases, we can
conclude that the equilibration process for small subsystems strongly depends on the
shape of the entangling region. Moreover, since the growth of entanglement is not strictly
linear in either case so we cannot define a velocity in the sense of (5.6). Instead, we will
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define a quasi-linear regime based on the maximum rate of growth of the entanglement
entropy:
1 d(ASa)

Ugax = max[fﬁ(t)] = m dt
eq

(5.10)
t=tmax

A few comments are in order. First note that this would be natural way to define an
analogue of the tsunami velocity vg since at t = t,.x

ASA(t) — ASs(tmax) = VB 86qAs(t — tmax) + Ot — tmax)® (5.11)

so the quadratic corrections to the rate of change of the entanglement entropy vanish.
However, since this linear behavior is instantaneous we argue that the heuristic picture
for the entanglement growth in terms of a wave propagating inwards from the boundary
3 does not hold in this regime. This is indeed expected, since for small subsystems the
spread of entanglement takes place at timescales that are shorter in comparison to the

max

local equilibration scale #),.. Second, the value of v}7** generally depends on the shape
of the entangling region, so the equation (5.11) is non-universal. For the strip, and at
leading order in (T, we find that

¢ dF

= — 5.12
e 2tsat dx ’ ( )

T=Tmax

where F(z) is given in (4.27). The first derivative of F is given by

dF  2(d+ DI5E]
de \/%F[d—il]

It first increases linearly, reach a maximum at some ., and then decreases all the way

Ty 1 — g2d-1) (5.13)

to zero, at x = 1. The maximum is attained at:

d? 1
—]2: =0 — Trnax = —, (5.14)
dx d2@T
and is given by
d 4(d 1)3/2[3d=1
F _ )75 2(d— 1)] . (5.15)

d_ 2(d=1)
X T=Tmax ﬁd2(d D F[m]
The expression for tg, is given in (4.24). Putting all together we find that for the strip

(3
- d=2
27 )
4(d — 1)*PT [ 5t ] 0.9464 , d=3,
T (5.16)
d2<d*1>F[2( 710 [7] 0.7046 , d=4,
w/d—0, d — oo
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We can follow similar same steps for the case of the ball. At the end of the computation,
we find that in this case

(3
= =2
27 d Y

ey (T4 d)(d—1)7" ] 0.7698, d=3,

Vg - Edm L (5.17)
0.5413 d=14,
k1/\/51l—>0, d— oo,

giving a lower maximum rate in comparison to the strip. On the other hand, it is
interesting that for small subsystems the maximum velocity v5** (and more generally,
the instantaneous rate 2R(t)) is independent of T" and u, contrary to the large interval
result (5.7). Thus, we can say that vH* is independent of the state, whereas vg is
independent of the entangling region. Comparing the two quantities, we can also observe
that the maximum rate of change of entanglement entropy can be faster in the UV for
d < 4 (d < 3 for the ball) as long as u/T < 1, but it is generally slower in higher
dimensions. For p/7 > 1 the maximum rate is always faster in the UV.

It is remarkable that v* can in some cases exceed the value of the tsunami velocity
vg, which had been previously proposed as an upper bound for the rate of change of the
entanglement entropy [15, 16]. However, we should bear in mind that the physics in these
two scenarios is completely different. Specifically, the bound proposed in [15, 16] seems
to apply specifically to the growth of entanglement after local equilibration has been
achieved, in the strict limit of large subsystems. More recently, the authors of [45, 46]
showed that vg is actually bounded by the speed of light, i.e. vg < 1, even though vg
is not actually a physical velocity. Here, we argue that v** (and more generally 93(t))
is not constrained by this bound, even though for holographic models the violation only
appears for (1 + 1)—dimensional theories. On the other hand, it seems reasonable to
assume that for general d, the total equilibration time tg, must be at least the light-
crossing time of region A, so the average entanglement velocity v%*® must be bounded by
the speed of light, v%® < 1. For the case of small subsystems this bound holds for both,
the strip (4.29) and the ball (4.38). For large subsystems it is valid in general, given that

g

in this limit vy < vE® <1 (e.g. for a strip vp = v5® and the inequality is saturated,

but for a ball vy < vy*®). We believe that v ® represents a more honest comparison
between entangling regions of different sizes. Indeed, if we compare the results of vy*
for small subsystems (4.29), (4.38) with those for large subsystems (5.8), (5.9) we can
reach a more universal conclusion for the process of thermalization: in average the UV
degrees of freedom equilibrate at a slower rate than the IR degrees of freedom when
the evolution is governed by thermal fluctuations (u/T < 1) but at a faster rate if the
evolution is driven by quantum fluctuations (u/7" > 1). This conclusion is more robust
than the one reached for vH®* because it is independent of the number of dimensions

and the shape of the entangling region A.
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5.3 Approach to saturation

For large subsystems, the authors of [15, 16] found that the equilibration of the en-
tanglement entropy depends quite generally on the shape of the entangling region, the
spacetime dimension d, and the final state. For the strip, in particular, it was found
that for general d > 3 the transition is quite abrupt: the first derivative of AS,(t) is
generally discontinuous at t = tg,, in analogy to a first-order phase transition. For small
subregions, this stage can be studied by expanding F(z) or G(x) around = = 1. For the
strip we find that the saturation resembles that of a continuous (second-order) phase
transition with 5

ASA() — Suq o (tat — 1), =13 (5.18)

However, it differs from the mean-field behavior v = 2 of standard thermodynamic tran-
sitions. It is worth emphasizing that the phase transition observed for large subregions
is due to an abrupt exchange of dominance of extremal surfaces at ¢t = tg,;. The origin
of this feature is well understood since the earlier numerical studies of [17, 18]: it is
due to the multi-valuedness of z,(¢) near the saturation time, which in turn leads to
a swallow-tail behavior of the entanglement entropy. For small regions, however, the
leading contributions come from the pure AdS embedding, which has a unique value of
z.(0), regardless of the temporal evolution. We expect this multi-valuedness to appear
at some point once we include higher order corrections in ¢7.g.

The case of the ball is a little more subtle. In [15, 16] it was found that, for RT.z > 1,
the same discontinuous behavior also appears for d = 3 as long as /T > 1. On the other
hand, for general d > 4 the approach to saturation is continuous, and is characterized
by a nontrivial scaling exponent

Cd+1
-

The same exponent applies for d = 2, while for d = 3 and p/T < 1 it was found that
ASA(t) = Seq X (tsar — t)?log(tsay — t), marginally avoiding the mean-field exponent
v = 2.16 Surprisingly, for RT.z < 1 we find that the formula (5.19) applies for all values
of d and p/T! Similar to the case of the strip, the fact that the saturation is continuous

ASA() — Suq o (taas — 1), (5.19)

is just a consequence of the fact that for RT.g < 1, z, is uniquely determined from the
AdS embedding, and this is true regardless of the shape of the entangling surface. The
curious feature here is the increasing value of v with respect to the number of dimensions
d, e.g. the second derivative of AS4(t) becomes continuous for d > 4 and so on. This
behavior can already be observed from the plots in Figure 6 (b).

Another feature of our result concerns to the saturation time tg, itself. At the
leading order of approximation, we find that t,; = 2, is independent of the temperature
T and chemical potential p. This is indeed expected because these results have been

6For the cases in which the saturation is continuous, the authors of [15, 16] referred to the stage
prior to saturation as the “memory loss” regime.
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derived with the zeroth order embedding, which does not contain information about the
state. However, as we will show below, the first correction to the saturation time is
enough to verify the numerical behavior observed in [20, 32].

Before doing so, let us comment on the case of large subsystems. For the case of
the strip the saturation is discontinuous and the linear growth behavior (5.6) persists
all the way to ts:. In this case one finds that

Ve !
AZtsat B 2tsat

Vg +O°). (5.20)
Inverting equation (5.20) gives the following expression for the saturation time at leading
order:

14
boat = —— ). 21
(=5, O (5:21)

The fact that vg decreases monotonically in p/T" leads always to an increase in tg,;. In
order to study its explicit dependence with respect to x = p/7" it is convenient to define

Ho) = Tim tae(X) | (5.22)
x—0

and normalize the result for tg, in units of téﬁi [20, 32]. Let us consider the small p/T

limit. In this case we find that

z?—g =1+ 0(d) (%)2 +0 (%)4 , (5.23)

sat

where

o(d) = d<1dﬁ;22) [(2&__21))(1 — 1] >0. (5.24)

So, the saturation time increases with increasing 1u/T', as expected. For the case of the
ball (whenever the saturation is continuous) it is found that [15, 16]

. R d—2 0 . 27TZHT
bsat = o AnT log R+ O(R), e =\ 1 (5.25)

At leading order we find a similar expression as in (5.23) (with a subleading term of
order O(log R/R) — 0) where in this case
d(d —2)?
d)=————>0. 5.26
o) = =) (5:26)
Again, the saturation time is found to increase with increasing chemical potential.
Let us now go back to the case of small subsystems. In the thin shell approximation,
the saturation time tg,; is given by the time at which the vacuum extremal surface grazes
the shell at v = 0 (see Figure 4). This observation is intuitive: for ¢t > ¢z the whole
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extremal surface lies entirely in the portion of the geometry described by an AdS-RN
black hole and, therefore, the entanglement entropy has reached equilibrium. At the
leading order in (T (or RT,.z) we have that v = ¢ — z so v = 0 implies t = z. This is
the origin of the 0(¢ — z) function appearing in (4.18) and (4.32). The integrals are then
evaluated from 0 to z, so at the end of the computation one naturally obtains ts.; = 2.,
independent of 7" or . There are two corrections that have to be taken into account
at the next order. One one hand, the translation between the Eddington-Finkelstein
coordinate v, the boundary time ¢ and z receives corrections of order O(24*!). These
corrections can be directly computed from (3.23). On the other hand, z, as a function of
¢ (or R) is modified as one consider corrections to the embedding above pure AdS. The
full computation is explicitly carried out in Appendix B. For the strip, the final result

reads:'” , N2 i
lsat _ o d 2d-1)) (£ L
o= (sl Te) + 0 (1) (T) +O (T) , (5.27)
where
Kv(d) B (d o 2)2d—571-(d—4)/2r[2(d1_1)]d (F[g(j_l)]r[d;fl] - QF[Q&JF_—ll)]F[Q(dd_l)]) S0 (528)

(d—i—l)dd*QF[ ]d+1r[ d+1 ]

2(d—1)

2(d—1)

Together with equation (5.23), this result confirms the numerical findings of [20, 32],
namely that for small regions and small values of ;/T" the saturation time decreases as
we increase p/T while, for large intervals, the saturation is delayed as we increase p/T.

6 Observations for entangling surfaces of arbitrary size

6.1 Universality of the quadratic growth regime

The fact that the initial growth regime (5.3) shows no dependence with the size or shape
of the entangling region suggests that this behavior may be universal. Via dimensional
analysis, we can infer that in a quadratic growth regime, the coefficient of the t? must
be given by the area of 3, Ay, times a dimensionless coefficient that may depend on the
shape of 3. It is easy to see that this coefficient is indeed independent of . For ¢ < tg,
the shell is very close to the boundary so the relevant contribution comes from the near
boundary portion of the geometry. Since, all extremal surfaces intersect the boundary
of AdS at right angle (regardless of the shape of 3), the leading contribution at early
times for the change in AA(t) is simply Ay X z.(t) (where z.(t) is the position of the
shell at time ¢) times a conformal factor that may only depend on z.(t). This proves
that Ay, is the only dependence of ¥ in the early time regime. In addition, since the
leading correction from AdS near the boundary has a factor of z;ld ~ T.g? ~ & then, by
dimensional analysis, it follows that the time dependence in this regime must be * (see
Figure 7).

"In Appendix B we discuss some subtleties in the computation for case of the ball.
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Figure 7. Computation of the entanglement entropy growth at early times. All extremal
surfaces intersect the boundary of AdS at right angle (regardless of the size or shape of X),
so the leading contribution is simply Ax, X z.(t) (where z.(t) is the position of the shell at
time t) times a conformal factor that may only depend on z.(t). The leading correction to the
geometry near the boundary comes with a factor of z;ld ~ Tog? ~ €. Via dimensional analysis,
this fixes the initial time dependence to be t2.

A direct calculation of the early-time growth for a general ¥ was done in [16] and
the final formula can be written in terms of the energy density as follows:

AS4(t) = %EAELLZ S (6.1)

Indeed, we can verify that with our formula for the energy density (3.18) and the high
and low effective temperature expansions (3.15)-(3.16) we can recover the appropriate
early time growth for near-thermal and near-extremal quenches (5.4)-(5.5).

6.2 Bound on the saturation time

In this section we will provide a bound on tg,; in different corners of the space of pa-
rameters, specializing to the case of the strip. In order to obtain the bound we compute
the time ¢

.+ at which there is a solution which lies fully in the back hole region. If the

*

saturation is continuous then t?,, = ts but for discontinuous saturation one finds that

tr . < tsat [15, 16], so it provides a lower bound. From equation (3.23) it follows that
Zx dz
o= —. 6.2
e o

We also need the function z,(¢). Fortunately, at ¢ = ¢}

sat

in a static AdS-RN background, so the problem is time-independent. In order to obtain

the entire surface lies entirely

z.(¢) we use the fact that for the strip we have a conservation equation (since the area
functional does not depend explicitly on x):

"(2) = 1 ) .
C) = G =] 63)

Therefore, from the boundary condition (4.4) it follows that'®

(6.4)

Zx dz
(=2 .
/0 VF@)(z:/2)2@D — 1]

18For the ball we do not have a conservation equation, so we cannot use the same methodology.
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This last equation must be solved and inverted to obtain z,(¢). Now, following [66] we
can formally write (6.2) as double sum:

k gn— k( 1)kr[n+ 1] 2, nd+k(d—2)
faar = ZZ 1+nd+ d )Tk + [0 — k+ 1] (5) - (65)

nOkO

Similarly from [48], we can write (6.4) as

2(d—1)

(6.6)

o n_ gnk(e — 1)kT [2n2+1}r[d(n+k+1)*2k] . nd+k(d—2)
] 2

d(n+k —2k—
T[1+n— Kk|T[k + 1T [%

In the following we will use these expansion to compute the saturation time in various
regimes.

Small subsystems

For (T, < 1 we expect continuous saturation. In this case

- L\ ¢ L\ 2d-1)

1+ gtk (ﬁ)d +0 (ﬁ>2(d_l) (6.8)
2(d + DI 375 ats) \ 2 ZH

*
tsat - tsat = Z*

while

(= I

1
2(d71)]

This last equation can be inverted perturbatively to obtain:

2y = F[ﬁ]ﬂ 1— T (d1 1)]d+1 <£>d +0 (£>2(d_1)
NG 2141 (d + D) 2T (5 5 U (5t 14 \ 2 2H
(6.9)
Therefore, at the leading order we obtain,
. (T3 1>] [1+ emi (d)((Tep)? + O(UTog) X4~ V] | (6.10)
2Vl (5551
where, 71(d) is the following numerical factor
I (AN L R
ri(d) = — 1 ok <0. (6.11)
d (d + 1)F[2(d_1)] \/_F[Q(d—l)]

Let us now consider different regimes of the above saturation time. In the limit

wu/T < 1 we obtain
| {1 + 7 (d)(eT)" (1 v % (%)2) +} , (6.12)

_ Ml
sat —  ——r 1 1
2\/EF[2(dd_l)

t
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which can be rewritten as

ay| - ]
(0) a (P2 (0) 2(d—1)
tsat = taar |1 N (=) +---1, bt = — = 6.13
' ' { HAET) (j > ] ' 2/l [2(dd,1)] ( )

The constant x(d) is given in (5.28) and is positive. Therefore, the saturation time
decreases with the increase of chemical potential.

A similar result can also be obtained in the limit /7" > 1. From (6.10) it follows
that, for T' = 0:

o Tl 2(d— 1)r(d) [ dV*(d—2) \*
0) _ (d-1) d
tsat - 2\/7_TF[2(dd_1)] []- + (d — 2) (47T(d _ 1)1/2) (/"L€> . (614)

Now, for /T > 1 we obtain

o = [1 iy (i) 0o (5)

Since 7(d) is negative, the saturation time increases with the increase of temperature.

(6.15)

Large subsystems

The limit ¢T,g > 1 corresponds to z, — zy. In this case the saturation can be discon-

tinuous in some cases so t} . provides a lower bound for the actual saturation time tg,;

sat

[15, 16]. It is easy to check that in this limit both ¢ and ¢}, diverge. However, we can

sat

define a combination of ¢ and ¢’ ., which is finite as we let z, — zpy:

sat

c A= o 2(d - 1) 1
o g\/ 2(d —2)6 /0 ! [f(z) (d—2)5¢f<z)[(z*/z)2<d—1>—1}]’ (610

where

2(d — 1)
(d—2)

Before we proceed, a few comments are in order: the right hand side of (6.16) is finite

5:

—c. (6.17)

in the limit z, — 2z and hence we can write

. (d—1) 72(d,0) d
tsat - f ( 2<d . 2)(5 + 47TTeff€ ) ) (618)

where,

[ ; 1 [2(d-1) 1
Tz(d,5)—/0 d [f(sz) (d—2)5 \/f(C(]ZH)[(l/QT)2(d_1)—1]] : (6.19)
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Secondly, the limit § — 0 (or 7" = 0) appears to be singular. Indeed, in this case t},, is
no longer linear in ¢ and is expected to grow at a faster rate [13]; we will consider this

case separately. Before doing so, let us consider the case u/T < 1. For y = 0 we have

o Tl (1)] o

Now, for p1/T < 1 we obtain

. d(d—2)* [u\2? 1 A
() ~ =
Fsat = Toat {1 MY (T) TO\ag) O (T) ’ (6:21)

which increases with the chemical potential. Notice that (6.21) is the result that we
obtained for the case of the ball (5.26). This suggests that (6.21) gives the actual
saturation time for all shapes, provided that the saturation is continuous.'® Also note
that equation (6.21) is different from the actual saturation time (5.23), which tells us
that the saturation is discontinuous for strips of length ¢ > 1/T.4.

Finally, let us consider the T = 0 case. Assuming that z, = zy(1 —€) with e < 1,
it is easy to show that in this case

g d 1 (3d —5)loge+3
W 4Ty | d(d — 1)e 3(1 —d)d

*

N Tg<d>} , (6.22)

where 73(d) is the finite integral

B 1x 1 3d(z — 1) — 5z + 2
TS(CZ)—/O d [f(sz)+ 3(d—1)d(a:—1)2L:0' (6.23)

Similarly, in this limit one can also show

V2 N V2
(d—1)Vdye (1—d)Wd

2
C AnTeg

+7u(d)]| (6.24)

where 74(d) is another finite integral

! 1 1
7'4(d> = A dx [\/f(ZEZH>[<1/J7>2(d_1) _ 1] N \/ﬁ(d — 1)(1 _ ZE)3/2] o . (625)
Therefore, at the leading order

d
€ = 27T2(d — 1)2£2Teﬁ2 (626)

(0)

19Tet us assume that ¢, is known for a specific shape. Since the first correction in 41/7" is independent

sat
of ¢, the result at this order should be independent of the precise definition of ¢, i.e. it can be taken as

a characteristic length scale of the subsystem.
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and hence

. m(d—VTwgt? (d—2)\/7(d—1)d pl?
tsat = 2 = 3d . (627)

*

» .« increases with the chemical potential. Our result (6.27) is also

Therefore, in this limit ¢
consistent with the numerical results of [13] regarding the fast growth of the saturation

time with respect to the length /.

6.3 Bound on the average velocity from bulk causality

Let us now discuss the average velocity in more generality. In Section 5.2 we showed
that v® is a better quantity to consider when comparing results between entangling
regions of different sizes. We further conjectured that, even though vE** can exceed
the speed of light, v5*® should be constrained by causality. In the limit of large regions
vp = v5® so the bound derived in [45, 46] is directly applicable. For small regions the

bound seems to be satisfied at least for the strip and the ball so it is very likely that

ve® <1 (6.28)
holds more generally. Here, we argue that such a bound is a direct consequence of bulk
causality. To see this, consider the formula for the average velocity:

av VA
vEE = (6.29)
For the case of the strip, the ratio Vy/As = £/2 = tjigns is equal to the light-crossing

time from X to the interior of the region A. So, in order to decide if (6.28) is satisfied

or not we have to compute g and compare it with #jign:. Quite generally, we find that

= dz =
tsat = loay = —_— > dz = zy > Hient - 6.30
2t [ (630

The first part of this equation comes from the definition of ¢

*
sat

(6.2) which gives us a
bound on the saturation time ¢z At t = ¢, there is an extremal surface which lies
fully in the back hole region, for which v > 0. The shell is located at v = 0 and is
moving at the speed of light; however, due to the redshift factor f(z) < 1, we obtain
that t%,, > z.. The last part of equation (6.30) comes from a comparison of the extremal
surface I'4 and the causal wedge =, associated to A [67]. In this paper it was found
that the causal wedge =4 always lies closer to the boundary than the extremal surface
L4, 80 2, > 25 > tignt- Putting everything together, then, we conclude that for the
strip v’5® < 1. For other geometries (6.30) is still true but the ratio V4/Ax may vary.
For finite subsystem, the volume-to-area ratio is maximized for the case of the ball, for
which V4 /Ay, = R/(d — 1) = tiigni/(d — 1).?° Therefore, v5® < 1 still holds. For convex
strips the volume-to-area ratio is maximized for the case of the rectangular strip, which
we already consider. Finally, for concave strips the ratio can be higher but these are
considered as large subsystems so, again, vy ® < 1. This conclude our proof of (6.28).

20This is a consequence of the isoperimetric inequality, see e.g. [68].
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7 Conclusions

In this paper we developed new analytical tools to study the thermalization of entangle-
ment entropy after a global quench in the context of the AdS/CFT correspondence. We
focused on the limit of small subsystems, for which no previous technique was available
in the literature, and found some surprising results.

In Section 2 we began our investigation by exploring the known analytical results
for (1+ 1)—dimensional holographic CFTs, focusing on the different regimes of interest.
We pointed out that the conjectured bound on the maximum rate of growth for the
entanglement entropy only holds in the strict limit of large intervals, but is violated
otherwise. In particular, we found that max[R(¢)] — 1 as we let [ — oo but it generally
exceeds the speed of light for intervals of finite size. We also observed that the linear
growth regime is smoothed out as we reduce the size of the system, suggesting that the
interpretation in terms of a “entanglement tsunami” is no longer valid. In Section 3
we introduced holographic models of global quenches in higher dimensions: CF'T states
dual to a collapsing AdS-RN-Vaidya geometry. We specialized to the thin shell regime,
which is valid for instantaneous quenches. In Section 4 we computed perturbatively the
evolution of entanglement entropy after the quench focusing on two different entangling
surfaces: the strip and the ball. At this point it became clear that: i) the violation of
the inequality max[R(¢)] < 1 is only present in (1 + 1) dimensions i) the initial and
final stages of the evolution are always smooth and #i7) the evolution in the intermediate
regime depends on the shape of the entangling region but is insensitive to the final state
of the quench.

In Section 5 we studied more in detail our results for the strip and the ball in
different regimes of the thermalization process. For the early time regime, the evolution
turned out to be independent of the entangling region and in agreement with the results
for large subsystems. This observation led us to conjecture that the evolution in this
regime is universal and completely fixed by symmetries. In the intermediate regime we
found a non-universal quasi-linear growth regime with a maximum rate of growth v3**
that depends on the shape of the entangling region. The maximum rate is found to be
higher for small intervals in d < 4 (strip) or d < 3 (ball) as long as u/T < 1, but is
lower in higher dimensions. For /T > 1 the maximum rate is always higher for small
intervals. We pointed out that the average velocity vy ® is a better parameter if we are
to compare results for entangling regions of different sizes. We found that, in average,
the UV degrees of freedom equilibrate at a slower rate when the evolution is governed by
thermal fluctuations (u/T < 1) but at a faster rate if the evolution is driven by quantum
fluctuations (/T > 1). This conclusion is more robust than the one for vj** because
it is independent of the number of dimensions and the shape of the entangling region.

g

Moreover, as we proved in the last section, vy® is actually constrained by causality.

The approach to saturation is found to be always continuous and is characterized by a
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nontrivial scaling exponent that depends on the number of dimensions and the shape
of the entangling region. We explain this by arguing that, at the leading order, z, is
uniquely determined by the embedding pure AdS. However, for large subsystems z, may
be multi-valued near the saturation time, leading to a discontinuous behavior. We also
computed the leading correction to tg, and confirmed the non-monotonicity with respect
to u/T observed numerically in [20, 32].

In Section 6 we made some general remarks about entangling surfaces of arbitrary
size. We started by giving a simple argument to explain the universality of the initial
quadratic growth regime. The physical picture is the following: all extremal surfaces
intersect the boundary of AdS at right angle (regardless of the size or shape of the
entangling region), so the leading contribution at early times is simply Ay, X z.(t) (where
z.(t) is the position of the shell at time ¢) times a conformal factor that may only
depend on z.(t). The leading correction to the geometry near the boundary comes with
a factor of 2§, ~ &€, which in turn fixes the initial time dependence to be ¢2. Later in the
same section, we gave a simple recipe for computing a bound on the saturation time in
different regimes of interest. Using this method, we were able to study the saturation
time in various limits and to corroborate its non-trivial dependence with respect to the
chemical potential. At the end of the section we provided a proof for a bound on vy®
based on bulk causality. We believe that this bound should hold more generally, as long
as the theory is relativistically invariant.

There are various open questions and a number of possibilities for the extension of
this work. The most urgent one is to investigate possible bounds on v&** and v%® from
the field theory perspective, i.e. generalize the analysis of [45, 46] for entangling regions
of arbitrary size. In particular, the interacting models of [45] seem a good staring
point for this investigation. Another interesting possibility is to consider the case of
(14 1)—dimensional CFTs at large central charge, where the conformal block expansion
has proved to be an efficient tool [44]. Moving to the realm of holography, we can consider
gravity duals of theories with different symmetries. Of particular interest are the non-
relativistic theories with Lifshitz scaling and/or hyperscaling violation [27, 28|, which
have recently gained attention in the context of AdS/CMT. We can also consider CFTs
on a sphere; interestingly, charged solutions in global AdS have been shown to exhibit
a very rich entanglement phase structure [69, 70]. Finally, we can use the techniques
developed here to study the thermalization of other field theory observables after a global
quench, e.g. two-point functions [71], Wilson loops [18], and other entanglement related
quantities such as mutual information [72-74], causal holographic information [22] and

holographic complexity [75]. We hope to return to some of these problems in the near
future [76].
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A Perturbative computation at next-to-leading order

Based on the expansion given in (4.11) we expect that the first correction due to the cor-
rected embedding will appear at order O(\?); this is indeed expected since this correction
arises from the combination of both ¢ and £, which are of order O()\). However,
due to the particular form of the metric (4.12) we can see that the second correction to
the functional £ is actually of order O(A\2~%4) > O()\?) for any finite d. Therefore, at
this order of approximation the correction to the embedding is still negligible and we
can still use the solution for pure AdS!

The computations are very similar to the ones presented in Section 4.3, so we will
only sketch the main few steps, specializing to the two geometries in consideration, the
strip and the ball.

The strip

Expanding the area functional (4.5) to the next-to-leading order we get,

(e—1DAs  2W"%0(v)

2(d—1)

£2-2/d) — _ .
QZH I/Z _ 1}/2 — N

(A1)

Evaluating it on shell, this yields the following contribution to the entanglement entropy:

(8 — l)Ag

8G§\cfl+1)zlzq(df1)

ASI(L‘272/d) () = — /OZ* dz0(t — 2)20! \/1 — (2/)2,)2@d-1) (A.2)

The integral in (A.7) is reminiscent of the one appearing in (4.18) and can be evaluated
in a similar way. The final result can be written as follows:

ASETHD (1) = ASEHDLO(E) — O(t — tat)]F(t/tsa) + O — o) } (A.3)

where AS(gé_Q/ D s given by,

(d - D)y =28 A (e — 1)

ASZ2M = — (A.4)
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The ball

Expanding the area functional (4.9) for the ball we get,

(e —1DAs 217 220(v)

£(2—2/d) - _ )
2Rd—2z?{(d—1) 2 0”2 — oy

(A.6)

Evaluating it on shell leads to the following contribution to the entanglement entropy:

d—1

ey [ a0 -9 - )T )

8GIITY p-2,2(d=1)

ASTHO @) =

Finally, performing the integration we obtain:
ASI(42_2/d) (t) - ASég_Z/d) { [e(t) - Q(t - tsat)]g(t/tsat) + e(t - tsat)} ) (A8)
where in this case

JAT[d R A (e — 1)
Q03[R 2 DD

ASG(?;?/d) - _ , (A.9)

and d..dpr2d+l
~ /s v (e
G(@) ﬁd[r[z'] ]QFl (_dgl’ g? d—52’x2) . (A.10)

B First correction to the saturation time

Let us start by considering equation (3.23). In the black hole portion of the geometry
z 4 z 7\ d 7N\ 2(d-1)
v=1t— —Z/—t—/dz' 1—|—8(Z—> +(’)(z—> ,
o f(#) 0 ZH ZH

e 5 d 5 2(d—1)
1 ) o=

Thus, evaluating at v =0 and z = z, we get

1+ (di 5 (%)dJr O (j—;)z(d_l)] . (B.2)

Let us now compute the corrections to z,. In the following we will specialize to the two

v=t—=z

Lsat = 2«

cases in consideration, namely the strip and the ball.

-39 —



The strip

In order to find the corrections to z.(¢) we have to solve the equations of motion that
come from (4.5) at next-to-leading order. Fortunately, since at ¢ = tg,; the entire surface
lies entirely in the black hole portion of the geometry we can consider solving the problem
in a static AdS-RN geometry. For the strip we have a conservation equation since the
lagrangian does not depend explicitly on x:

¥(z) =+ (2/2)" . (B.3)
NN
The embedding is even with respect to x+ — —x so without loss of generality, we will
consider the (—) sign in (B.3) (this corresponds to the > 0 portion of the embedding).
Evidently, all the corrections over AdS come from the f(z) term so we can expand all
terms as in (4.12). More specifically, we consider

d
Fz)=1-c (—H) ¢+ O(C0D), (B.4)
and
v(2) = 20(2) + 2al2)C" + O (B.5)

and at the end we set ( — 1. Plugging (B.4) and (B.5) back into (B.3) we get the
following equations at leading and next-to-leading order:

Vo (2/2)"
ro(2) = — \/1 — 2/ D ; (B.6)

s e 2\ (gl
Ty(2) = 5 (ZH) S (/o )maD (B.7)

respectively. The solution for z(z) part is given in (B.8), namely

¢ oz 2\ 1 d 3d —2 AN
xO(Z)_ﬁ_E(Z_*) 21 5’2(d—1)’2(d—1)’(z_*) : (B.8)

For now we do not assume any relation between ¢ and z,. Since x(z) already satisfy the

and

boundary condition (4.4), we have to solve (B.7) subject to the constraint z4(0) = 0.
The solution is the following:

gzd-1,2 2\ 24D 1 1 d 2\ 26D
_ = 2 (2 R e — L (2 . (B9
al2) = S \/ (z) 2\ yd—1d-1 (z) (B.9)

Next, imposing that z(z,) = 0 we get the following relation between ¢ and z,:

. 27/l [ty )2 '1 N el 75T (575 ] (ﬁ)d co (ﬁ)w—l)] e

F[—Q(dﬂl)] ] 2(d + 1)F[2é+_11)]F[—2(d{1) Zy Zy
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This equation can be inverted perturbatively to obtain:

ot [ Ay (L)
2v/7T [5] 241 (d + V)2 [5f55 I U 5ty 14 \ 2 Zn

(B.11)
Plugging (B.11) into (B.2) we can easily get the first correction to tg¢. After some
algebra, we finally arrive to (5.27).

The ball

We can repeat the same steps for the case of the ball in order to get the corrections to
z.(R). However, in this case we do not have a conservation law so we have to solve a
second order differential equation. Again, we use (B.4) and expand the embedding as

r(2) = ro(z) + ra(2)¢* + O(CY). (B.12)
At the end we restore ( — 1. At the leading order, the equation of motion is
" (d — 1) / 3 (d — 2) / 2 2(d — 1) / (d — 2)
_ — _ = -/ — =0 B.13
ro(2) > ro(2) 70(2) ro(2) 9, ro(2) ro(2) ) ( )

and the solution is the standard spherical cap (4.31),

ro(z) = /22 — 22. (B.14)

This solution satisfies the IR boundary condition, r¢(z.) = 0. For now we do not assume
any relation between z, and R. The equation of motion for the second term is:

") — (d—1)R? + 222 (2) (d —2)R? (2) = ez%((d — 4)R? + (d + 2)2?)
Tal% 2(R? — 22) Ta\? (R? — zQ)QTd 4= 224 (R2 — 22)3/2

, (B.15)

which has to solved subject to the constraint 74(z.) = 0. The solution is the following:

e 22012 — 2422 4 22)
ri(z) = — . - . B.16
)= ( 2(d +1)4/22 — 22 (319

Finally, imposing that r(0) = R we arrive to

c - d 5 2(d—1)7]
=z |1 = = , B.1
R==z +d+1<2H) +O<ZH> (B.17)
which can be inverted to obtain
i c R d R 2(d—1)]
. = 1-— — — . B.1
z R i1 (ZH> —i—O(ZH) (B.18)

Unfortunately, if we plug (B.18) into (B.2) we find that the leading correction to gy
cancels out, so we have to go even higher order. At the next level, we could not find an
analytic solution for ry_1y(2).
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