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Abstract

We present the first holographic simulations of non-equilibrium steady state formation in
strongly coupled N' = 4 SYM theory in 3+1 dimensions. We initially join together two
thermal baths at different temperatures and chemical potentials and compare the subsequent
evolution of the combined system to analytic solutions of the corresponding Riemann problem
and to numeric solutions of ideal and viscous hydrodynamics. The time evolution of the energy
density that we obtain holographically is consistent with the combination of a shock and a
rarefaction wave: A shock wave moves towards the cold bath, and a smooth broadening
wave towards the hot bath. Between the two waves emerges a steady state with constant
temperature and flow velocity, both of which are accurately described by a shock-+rarefaction
wave solution of the Riemann problem. In the steady state region, a smooth crossover develops
between two regions of different charge density. This is reminiscent of a contact discontinuity
in the Riemann problem. We also obtain results for the entanglement entropy of regions
crossed by shock and rarefaction waves and find both of them to closely follow the evolution
of the energy density.
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1 Introduction

Describing the far-from-equilibrium dynamics of strongly coupled quantum systems is ex-
tremely challenging. Gauge/gravity duality |[1H3] provides important insights by mapping the
dynamics of certain strongly coupled non-Abelian gauge theories to the dynamics of classical
gravity in higher dimensions. This approach has been successfully applied to study the dy-
namics of the strongly coupled quark-gluon plasma in relativistic heavy ion collisions [4] and
strongly correlated condensed matter systems [5,6]. The picture arises that strongly coupled
far-form-equilibrium states typically evolve extremely fast towards a hydrodynamic regime
before reaching a state of thermal equilibrium after a sufficiently long time. An important
exception to this rule are quantum states on dynamical backgrounds that arise for example
in the context of cosmology [7}8].

Another exception are systems driven by external sources that therefore never reach ther-
mal equilibrium, but instead evolve towards a steady-state with non-vanishing fluxes, but
time independent thermodynamic properties. An important example, which is the subject
of this work, is a cold-hot interface of two identical copies of a quantum critical system at
different temperatures and chemical potentials from which a Non-Equilibrium Steady State
(NESS) emerges between two outgoing waves.

The properties and formation process of NESSs have been studied extensively using various
different approaches. In 141 dimensional conformal field theories (CFT3), the heat and charge
flows of the system considered show universal behaviour [9-H13]. The appearance of the NESS
as well as its properties are insensitive to the details of the initial state and depend only on
fundamental parameters, the central charge and current algebra level, of the CFTs, as well
as on the initial temperatures and chemical potentials of the two copies. More recently, exact
results have also been obtained in TT-deformed CFTy [14].

In [15] it was shown that the NESSs in holographic CFT5 are dual to Lorentz boosted
black brane geometries in the bulk. The Einstein equations for the gravity dual determine the
geometry such that even far-from-equilibrium solutions such as propagating shockwaves are
related by large coordinate transformations to static AdS3. The holographic entanglement
entropy has been studied for the two-dimensional case in [16] using the Hubeny-Rangamani-
Takayanagi prescription [17}/18].

One might ask if these NESSs are a curiosity of integrable CFTy or if they also exist
in more general theories and dimensions higher than two? This question was addressed in
several studies by constructing solutions of the Riemann problem in relativistic hydrodynamics
[1519-22], in holographic CFTj 23], in theories with gravity duals in the limit of large number
of dimensions [24] and in non-relativistic theories with Lifshitz scale symmetry [25]. This led to
the insight that the formation of NESSs does not rely on conformal symmetry or integrability,
but rather is a universal feature of the hydrodynamic description of any fluid, independent of
the underlying equation of state.

However, the details on how a NESS dynamically emerges from the interface depend
crucially on the number of dimensions in which the system lives. In 141 dimensions, the
NESS region emerges between two planar shockwaves travelling at the speed of light outwards
from the interface. In higher dimensions however, this is not the case any more: For entropic
reasons, the wave front moving towards the hot side is a smoothly broadening rarefaction
wave, while the wave front moving towards the cold side is still given by a shockwave [20,21].

One goal of this work is to sharpen the picture of the formation process of NESSs at
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strong coupling in four spacetime dimensions. First, we compare the evolution of both the
stress tensor and the charge density in the strongly coupled field theory to analytic solutions
and numeric approximations of the Riemann problem in ideal and viscous hydrodynamics,
respectively. We confirm that the double-shock solution violates the second law of thermo-
dynamics also in 3+1 dimensions. Also, as we discuss both for the case of two shock waves
as well as for the shock+rarefaction wave combination, the charge density displays a dis-
continuity within the NESS region, for which we plot examples. Then, moving on to the
gravity dual in five dimensions, we numerically evolve the dual gravity problem to obtain
the fully far-from-equilibrium quantum dynamics in principle also beyond the hydrodynamic
regime. In particular, we numerically establish and analyse the gravity dual of the rarefaction
wave. While being entirely smooth, our holographic solutions agree to very good numerical
accuracy with the shock+rarefaction wave scenario. Importantly, our results are in line with
the proposal of [20] that a NESS forms also for the shock+rarefaction case, i.e. the spread-
ing of the rarefaction wave is not so large as to impede the NESS formation. We present a
quantitative study of the deviations between the shock+shock and shock+rarefaction cases,
the hydrodynamic simulation and our holographic solutions. We find them to be generically
small. Nevertheless, our holographic solutions favour the shock+rarefaction scenario.

A further goal is to generalise the holographic entanglement entropy (HEE) calculation
of [16] to four spacetime dimensions. In [16], where two 1+1-dimensional shockwaves and
their gravity dual were considered, the time dependence of the HEE for a strip entangling
region was shown to display universal behaviour and to satisfy a velocity bound. In contrast
to CFT5, where the dual Riemann problem has a closed solution [26], in dimensions larger
than two it is necessary to solve the extremal surface problem for the HEE numerically [27].
We perform a numerical analysis of the HEE for infinite strip regions of different width. In
particular for the shock+rarefaction case, we find that a convenient way to make physical
statements about the HEE time evolution is to compare it to the time evolution of the energy
density. We compare the time evolution of both HEE and energy density during the passing
of the shock and rarefaction waves. We find the time evolution of HEE and energy density
to be very similar, the main difference being that the HEE trails the energy density by a
small amount. This effect is more pronounced in the rarefaction case, where the wave takes
a relatively long time to move through the entangling region.

The paper is structured as follows. Sec. [2|is a review of the Riemann problem in ideal
hydrodynamics. In particular, we recall the derivation of analytic solutions with two shock
waves and solutions with one shock and one rarefaction wave. In Sec. [3] we introduce the
holographic model which is Einstein-Maxwell gravity in five dimensions. In Sec. [4] we discuss
our setup of the HEE computation. In Sec.[5| we present the time evolution of the stress tensor
and charge density obtained from the holographic model and compare them to analytic and
numeric solutions of the corresponding Riemann problem in ideal and viscous hydrodynamics.
We then analyse the holographic entanglement entropy for shock and rarefaction waves. In
Sec. [6] we conclude and point towards a number of interesting future directions. In two
appendices we derive the Rankine-Hugoniot jump conditions and provide numeric evidence
that our results are independent on how we approximate the initial interface of the Riemann
problem on the gravity side.
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2 Riemann problem in ideal hydrodynamics

Prior to discussing the holographic calculation, it is useful to review the Riemann problem in
ideal hydrodynamics in presence of a conserved U(1) charge. We start by defining the stress
tensor and charge current of a relativistic fluid,

T" = (&€ + P)uru” + P, JF=nut, (1)

where &£, P, n and n denote energy density, pressure, charge density and the mostly plus
Minkowski metric, respectively. We are interested in one dimensional relativistic flows for
which the normalised velocity can be written as

b = 7(1,0,6) . ul= uPu = —1. (2)

The Lorentz factor v = 1/v/1 — v? is expressed in terms of the local fluid velocity v. The
equations of motion of the fluid are the conservation laws for the stress tensor and the charge
current

8T =0, 8,J"=0. (3)

These equations need to be closed by an equation of state (EoS) relating pressure to energy

and charge density. In what follows we neglect the dependence of the pressure on the charge
density and assume the fluid to be conformally invariant,
2 2 1

P(E;) = 0557 Cs = g ) (4)

where ¢, is the speed of sound and d the number of spatial dimensions. We can now state

the Riemann problem which is an initial value problem for with piecewise constant initial

conditions at time t = 0 for the energy and charge density with a planar discontinuity at

x =0,
v
£0.0) =450 TS0 = TS0 )
Ex V>0 ng Vx>0

In the following we assume, without loss of generality, o < £p, where subscripts C and H
denote the “cold” and the “hot” side of the system, respectively.

2.1 Double shock solution

One possible solution of the Riemann problem consists of two shock discontinuities moving in
opposite directions. In this case, there are three different regions, for which the stress tensor
is given by

v SC’ 0 v 2 2 v v v gH 0
¢ :<0 cgé’c)’ Tg" = ci&s ((L+ 1/ cuiu” + ™), Ty = 0 c2p)’ (6)

respectively. In this subsection we suppress the d — 1 transverse coordinates for clarity. The
middle region, labelled by subscript S for steady state, is described by a fluid with local
restframe energy density £g moving with velocity vg,

uu:ﬁy(laUS)a 7:1/ 1_%25* (7)
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The charge density can in addition develop a so-called contact discontinuity in the central
region where the pressure and the velocity are continuous. This means that the solution for
the charge density consists of four different regions in general, with local charge densities of
nc, ni, ng and ng such that

1 1 1 1
Jh =nc <0> , S =nyy (Us) , I =nay (US> . Jip=ng <0> ) (8)

Energy-momentum and charge conservation then imply the Rankine-Hugoniot jump condi-
tions (for details see Appendix [A]) for the stress tensor at the left and right moving shock,

vo (T8 — T¢) =T8¢ 1§’ oo (T —T§) = T& — T§"
v (T —TH) =T —TH v (TE — TH) = TS — T, (9)

and correspondingly for the charge densities
ve(Je = J1) =Jg = Jf . vp(Jy—Jy) =J3 — Jg . (10)

These conditions determine the charge densities nq and no, the shock velocities vo and vy,
as well as the boost velocity vg and energy density £g of the NESS region in terms of the
boundary conditions n¢, ng, Ec and &y,

; cs(1—x) ; . 1+ c2x o e c2+x
VI + 20 +X) "V 2+ x A\ T+ 2
1+ c2x x(c2 + x)
Es =\/EcEH ny =ncgy | ——2— ng =ngy | 73" 11
v M@+ ) ity M

where x = \/E¢/Ey. In Fig. we plot the energy and charge density for different values of
x for d = 3. In Fig. [2] (left) we show the velocities as a function of x for d = 3, whereby we
note that 1 > vy > ¢s; and ¢s > vo. We express the solutions as functions of the ratio of the
z-coordinate in which the shocks propagate and time ¢, x/t. Note that on the right of both
plots, the value of the quantities shown is one since £ = €. For special ratios of the initial
charge and energy densities

no _xGtn) (12)

ny 1+ c2x
the contact discontinuity of the charge is absent, implying n; = no. For d = 3 spatial
dimensions and n¢/ny = 1/2, this is the case for x = (v/73 — 1)/12, as also shown in Fig.
For larger values of x the charge density becomes non-monotonic: the difference in the energy
densities generates such a strong flow of charge that charge builds up next to the cold bath.

As noted in [20,24], a shock wave moving into a region of higher energy density and

pressure violates the entropy condition

8,115“ >0, (13)

1
where s = HTPu“ = kE+EyuM is the entropy density current and k a constant that depends
on the microscopic properties of the theory. Using the entropy currents in the left, central
and right regions

1 1 _1_
one® () =kl ()L s=ker (o). v
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Figure 1: Energy density (left) and charge density (right) of the double shock solution. The energy
plot on the left shows the two heat baths and the NESS region. The charge plot displays the additional
contact discontinuity that is absent for the middle value of x given.

we may evaluate the corresponding jump conditions for the entropy current across the shock

1+ 2y

\/62_:), (15)
s T X

_Jatx
1+e2x )

For the number of spatial dimensions d > 1, these expressions reveal that both shocks violate
the jump condition for the entropy current, i.e. Asc g # 0. However, as shown in Fig.
(right), the right-moving shock (orange curve) gives Asy < 0 and therefore violates also the
entropy condition and is in conflict with the second law of thermodynamics. The entropy

waves,

1 3 2
t t 1+c2 2142 112
ASC =vc (SC' — SS) — (S‘g — Sgy) = k;cng <X2(lvL 5) — X1+ s

2
l—cg
2(1+¢32)

1
Asir = v (5 — sh) — (5 — 57 = kool (X 1

0.8 N\ T _, 0.00
S
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Figure 2: (left) The velocities of the steady state flow (vg), and the left- and right-moving shock

velocities vo and vy in comparison to the sound velocity ¢s for d = 3 according to Eqn. (11)). (right)
Change in entropy across the left and right moving shock waves, as function of x = y/E¢/Ex. ‘Cold’

refers to the left-moving and ‘hot’ to the right-moving shock. The normalization factor is motivated

by .

flow across the right-moving shock is negative and monotonous. In the limit x — 0, it is
bounded by
1
lim Asg = —kc2(Ex)1+3 . (17)
x—0

7



SciPost Physics

The flow across the left-moving shock is completely suppressed in this limit , i.e. lim, g As¢c =
0. Interestingly, for each dimension d the entropy flow across the left mover has a local
maximum at some x; for which the shock produces a maximum amount of entropy. For
d = 2,3,4, the corresponding value of x4 is given by

X5~ 01301, x5~01397, xi~0.1428, .... (18)

2.2 Shock + rarefaction wave solution

A simple way to obtain a physical solution is to replace the unphysical shock wave with a
so-called rarefaction wave [20]. A rarefaction wave is a smooth, self-similar solution that by
construction saturates the entropy condition and depends on x and ¢ only via £ = x/t.
In the £ coordinate, the conservation equations for the stress tensor become

1—}—032}2 d 1+c? 1+c2 _d c2 +0?
e (Fr) ~ae (o150) (o) e (55) - 0o

which can be rearranged to
0) = M %g 20

This system of ordinary differential equations has solutions different from £ = v = 0 if and

only if
detM = (362 = 1) v(€)* =2 (¢} — 1) Ev(&) + & - €2 =0, (21)
which gives a relation for the local velocity in terms of &,
§xcs
= 22

where the plus (minus) sign corresponds to a left (right) moving wave. Next we demand local
entropy conservation d,s* = 0 for the right-moving wave,

1 1
d E 14 d [ vE1+E

de V1 —? :diﬁ V1—v2 (23)

3
From this we can express the energy density of the rarefaction wave as

2
1_Cs

where we fixed the integration constant by £(§ = ¢5) = Eg. Similarly the conservation law
for the charge current

e (o) = ae () @

can be solved for the charge density in the rarefaction region

oy (OO =)\
0= (hire) .
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where we used to express the local velocity and n(§ = ¢;) = ny to fix the integration
constant. By combining and we can express the energy density in the central region
in terms of the flow velocity

2

1+wvg oo
1 —wvg ’

Es=En ( (27)

A similar expression can be derived from the Rankine-Hugoniot jump conditions @ for the
left moving shock wave

1+ 2v? Es(1+ 2)vg Es(1+ A)vg Es(v: + 2
Uc<gcgs 1—22S): (l—v;) e (1—03) = e - (1iv25)’ (28)
S S S S
from which we obtain

e e 203—i—v%—l—cﬁv%ivg(l—i—cg)\/élcg—i— (2 —1)%v? 29)
s =cc ; 29

2¢2(1 —v%)

14c2

— 2cs

v + 2 (1—(1—1}%) (ng) X2>

ve = , (30)

vg(1+¢2)

where the solution with the minus (plus) sign corresponds to a right (left) moving rarefaction
wave. Combining and fixes a unique value for vg which we are only able to determine
numerically. With this in mind, we express the charge densities in terms of vg,

cz+1

2 2 (1- 2¢s v
(v = 1x (Hﬁi) t1+ % (1 + vg)(1 — ¢s) \*/?
, Na=n
(1 (i) et
L—=vg | 1—X <1+v§)

In Fig. [3] we plot some examples for energy and charge density. In contrast to the shock+shock
case the rarefaction wave provides a continuous solution near the hot bath. From the figure
it seems that x = (/73 — 1)/12 again provides a solution without a contact discontinuity,
but in fact a careful numerical comparison shows that ny — ng =~ 0.001092. We also note
that the direction the rarefaction wave travels is solely determined by the presence of the hot
bath, and does not depend on ny being higher or smaller than n¢, which is clear from Fig. [3]
(right). Similarly, the contact discontinuity does not get replaced by a rarefaction wave, as
in the steady state rest frame it is just a connection between two baths of different charge
densities. In practice charge will diffuse from the higher to the lower charge density, but this is
a process that is parametrically slower than the shock and rarefaction waves (see also Section
. All these solutions are now potential physical solutions that satisfy the second law. In the
remainder of this work, we will investigate these further from a microscopic perspective.

ny = nc (31)

3 Riemann problem in holography

3.1 Holographic model

The holographic dual model that we use is five-dimensional Einstein-Maxwell gravity with
negative cosmological constant. This allows us to study the dynamics of the stress tensor and
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Figure 3: Energy density (left) and charge density (middle and right) for the shock+rarefaction wave
solution. The rarefaction wave moving to the hot bath appears on the right. This figure is to be
compared to the two-shock solution displayed in Fig.

a conserved U(1) current in the dual field theory. The action of the gravity system is given
by

1 12 212 1
S = dry/—g R+ = — —— FyyFMN / d*z/ =K + 8., (32
7Gx /M zy/ g( ta g tun + 5 Gn - /=K +Set, (32)

where G is Newton’s constant, L is the asymptotic AdS radius, R is the Ricci scalar of the
bulk geometry on a manifold M with flat boundary M and bulk metric gyn, Fun = A
is the electromagnetic field strength with As the U(1) gauge field in the bulk and the cou-
pling constant e controls the strength of the electromagnetic field. The trace of the extrinsic
curvature K of the induced metric v, and the counter-term [28,29] are to be evaluated at a
radial slice OM, close to the boundary and are necessary to render the variational principle
well-defined and the on-shell action finite.

The action can be viewed as a consistent truncation of the dimensional reduction of
type IIB supergravity on S°. In this case the dual gauge theory is N' = 4 Super Yang-Mills
and the U(1) current arises from the R-symmetry of this theoryﬂ In the context of this work
we see simply as bottom-up model that incorporates the dynamics of the stress tensor
and a conserved U(1) current in the dual gauge theory.

The equations of motion that follow from are

4 e?L? p 1 9
Run + T2IMN = —5 FypFy — EQMNF ; (33a)
VMFEun =0. (33b)

The ground state of the theory is given by a constant gauge field configuration on AdSs,
L2
ds* = 2 (du® + mypdatdz”) , Ay = const. (34)
A general solution of the Maxwell equations near the AdS boundary takes in axial gauge
(A, = 0) the form

Ay(u,zt) = al(f) (z") + u? (al(})(:n“) + ELELI)(:L‘“) log u) +..., (35)

!The full five-dimensional action for this truncation would include a Chern-Simons term (see e.g. [30]), but
this will play no role in our analysis and we have therefore omitted it.

10
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where the coefficient a,go) (z*) is identified as coupling of the global U(1) current J#(z*) in

the quantum field theory. A constant a,(})(w“) is then, by the holographic dictionary (see

e.g. [31]), identified as chemical potential p for a global charge density p

274
_ (0 Tty — _ L 36
= at ’ < > p= 87TGN a’t . ( )

In the following we will be interested in solutions dual to field theory states in the grand
canonical ensemble, i.e., thermodynamic states characterised by fixed chemical potential and
temperature. Such states are dual to Reissner-Nordstrom (RN) black branes,

ds%{N = ij (—f(u)dif2 + f(u)_ldu2 + d:Z‘Q) , Ar(u)=p <1 — Zj) (37a)
h
VS LA VR P B La Lo (37D)

uf ul 302 7
where u = wuy, is the radial location of the horizon defined by f(uy) = 0 and f(0) = 1 fixes
the boundary metric to Minkowski. The temperature of the field theory state dual to the
geometry is given by the Hawking temperature of the horizon. It can be derived by
demanding periodicity S of time circles in the Euclidean continuation of the line element,

1 fllun)  Q*—2

T = — = —_— .
I3 47 2mup (38)

By the Bekenstein-Hawking formula [32,33], the entropy density is proportional to the horizon
area,
L3
4G u;,

The charge density then follows from using (37al) in ,

s (39)

e’ L2y

el 40
87TGNu}21 (40)

RN-geometries with different 7" and p will serve as initial conditions to the left and to
the right of the interface in the Riemann problem and at the same time provide the necessary
boundary conditions at spatial infinity to solve the initial value problem. In the next section
we explain that NESSs emerging from the interface are dual to Lorentz transformed (boosted)
versions of and present the method we use to simulate their formation.

3.2 Holographic steady states
The holographic duality maps NESSs in the field theory to boosted black brane geometries
on the gravity side [15],

2
ds¥pss = % [dqu(u)*l — f(u) (dt coshn — dzsinhn)? + (dz coshn — d¢sinhn)? + dxi] ,
(41)
where the rapidity 7 is related to the fluid velocity v, in the steady state by n = tanh™! v,. At
this point it is important to emphasise that explicit relations between the temperature, fluid

11
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velocity, etc. of the holographic steady state and the properties of the hot and cold reservoirs
are only known in d = 2 [20]. The temperatures of the cold and the hot reservoir (T )
depend on the corresponding chemical potentials by (e, ) and radial horizon positions

(un(c,m))s

QQC,H -2 N%},Huh(C,H) 672 1

Ton = - :
27T’uh(c7H) 671'2 LQ QWUh(C,H)

)

(42)
The dual geometry for the steady state regime can be approximated as

dsinc if 2z Swvet,
ds* = ds¥psg if wvot Sz Sopt, (43)
dsiny if z2Zomt,

where ds%{N’C (ds%{NyH) is for T'=Tc(Ty) and p = po(pm). In the hydrodynamic limit,
the left (veo) and right (vgy) moving wave velocities are well approximated by with
evaluated for £ = ¢s. It is important to note that if y is not close to unity we expect more
complicated solutions that in particular include the rarefaction waves introduced in Sec.
Similarly we can arrive at approximate expressions for the gauge field using the formulae
in Sec. This is only an approximate solution, because the precise form of the metric
in the vicinity of the left and right moving waves is not available in closed form. In Sec.
we present numeric evidence that the expressions for temperature, fluid velocity and charge
density derived for the shock+rarefaction solution in Sec. |2] are, at sufficiently late time, in
excellent agreement with the results of the holographic simulation. In contrast to Sec. [2]
where we denote the spatial coordinate in which the waves propagate by x, we denote the
corresponding coordinate here and in the following by z.

To study the Riemann problem in full detail we construct the solution numerically. This
will allow us to analyse the precise shapes of the propagating waves, how they change in time
and how they compare to the analytically constructed shock and rarefaction wave solution in
ideal hydrodynamics. For this we make the simplifying assumption that the strength of the
electromagnetic field is small, i.e. e L < 1. In this limit the backreaction of the gauge field to
the metric is subleading and the right hand side of vanishes. This means our charged
results are leading order results in a small e L expansion.

For the metric and the gauge field we follow [34-37] and use the ansétze

dshp = —Cdt? + 2drdt + 2Gdzdt + S% (ePdx? + e?Pd2?) , (44a)
Ay = Agdt + A dz, (44b)

where all functions depend on the Eddington—Finkelstein like time coordinate ¢, the longitu-
dinal coordinate z and the AdS bulk coordinate r, but not on the two transverse coordinates
x . The explicit form of the corresponding equations of motion for the metric can for example
be found in [34,[38]. The Maxwell equations with as ansatz for the gauge field can be

12
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written as
S3F!, = — 2B (F (s (21% - G’) + S) + SFTZ> _382F,8 (45a)
S3F], %52( ~28(Fi+ Fy: (CB + 2B+ C') + 2B (GFy + F)
+CF/, + FuG') + ' (=CF,, + 10GF,; — 2F;;) — 28F,.)
+e2B@ (F (5 (21§ - G’) + S) + Sﬁm) , (45b)
ASE,, = — 28 (—Frt +F,. <CB’ Y 2B+ C’) 2B (G + Fy) + FTtG’>
— S (CFy, + 2GF, + 2F;,) — 2SF,,, (45c¢)

953 Fy =28 (S (20 (2BFM + Fﬁ) L ABFy, + CE.y + 2GFy + 2@) +
Fro (25 (CB+C+G) +C8) 425 (GFu + i) ) — 68°5F,,  (454)

where h = 9;h + %C’h’ and h = ,h — GR'. Once F,, is specified the first three equations can
be used to respectively solve for F¢, Fy, and FTZ, after which it is possible to obtain the time
derivative of Fj.,. The last equation is a constraint equation and can be used to monitor the
accuracy of the numerical evolution. Close to the boundary, the solution for the metric and
the gauge field can be expressed as power series in the radial coordinate,

Orcy — daey

_ 2 C4 -4
C(r, t, z) = (r+a) —20a+ 2 + 53 +0(r7), (46a)
by 150uby + 20 f1 — 60, »
B(r, t, z) = at 155 +0(r %), (46b)
40, _
S(r,t, z)=r+a— W+O(r 5, (46c)
4 ey — 1 )
Glr, t, 2) = Bya + % 4 Wga T 0=ca 7 100gs 1 —ay (46d)
72 5r3
2
20,05 — 2
Al 6 2) = T+ SR 007, (160)
2 —6aass — Dars + 30, B
Aulrt,2) = 5 BRGS0, (act)

where the function «(t, z) is a residual gauge freedom of the ansatz which we used to
fix the horizon at r = 1. The functions c4(t, ), ba(t, 2), ga(t, 2), ar2(t,z) and a,2(t,2) are
not determined by the near boundary analysis, but need to be extracted from a full bulk
solution. The charge density and the holographic stress tensor in the field theory are then
given by [364[38}39]

7 E S 0 0
Lt |7 1 S P, 0 0
py Hvy l
() arGy O] (") 4arGy O 0 P 0 |7 (47)
0 0 0 0 P

where we defined the reduced variables for charge density (p), charge flow (&), energy density
(£), pressure in longitudinal (P)) and transverse (P ) directions and momentum flux (S) ﬂ

2We note that in this section we switched to the z-coordinate to describe the boundary direction, to make
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These quantities are related to the expansion coeflicients as follows

1 1 3 1 1
pP=ga2, T=g50:2, &=—vas, Py=-ga4—2by, PL=-7ai+b, S=-fs.

2 4
(48)
For N'= 4 SU(N,) SYM we have Gy = 7/2N?2.

For the metric ansatz consistent initial conditions can be obtained by specifying
B(r, 0, 2), as well as the functions a4 (0, 2), f1(0, z) and a(z) that determine the stress-energy
tensor at initial time ¢ = 0. The initial conditions for the electromagnetic field strength
can be parametrised by Fyy(r, 0, 2) = 0,A, and the normalisable mode of A;, which we
call a;2(t, z). The initial conditions B(r, 0, z) and F,(r, 0, z) can be used to start with a
far-from-equilibrium state, which then relaxes in a time of order 1/T, where T is the local
temperature at the moment at which hydrodynamics becomes a good description (hydrody-
namisation) [40]. In this work, however, we are interested in much longer time scales and
we therefore set the initial values of these two functions to zero, i.e., their values in thermal
equilibrium. The initial conditions for the cold and hot bath are then solely determined by
the corresponding energy and charge densities, for which we choose

g(z) =&+ (EH - EC) Q(Z - izmax) 9(%Zmax - Z) ) (498.)
p(Z) =pc + (pH - PC) 9(2 - %Zmax) 0(%Zmax - Z) ) (491))
where we define 6(z) = %(1 + tanh %x) to be a smooth step function and zpyax denotes

the size of the computational domain in z-direction. Since we neglect the back-reaction of
the gauge field to the geometry our results are conformally invariant and the ratio of the
energy densities of the hot and cold baths simply equals the fourth root of the ratio of the

corresponding temperatures % =4 % To make the scale invariance of our results manifest

we multiply axis labels and legends by appropriate powers of m = T, with T = (%5};)1/ 4
being the temperature of the cold bath.

We close this section with some comments on the numerical scheme we use to solve the
dual gravity problem. We impose periodic boundary conditions at z = 0 = zpax. In the
longitudinal direction we use a Fourier decomposition with 1500 grid points, whereas in the
holographic direction we use a pseudo-spectral representation with 28 grid points. Our longest
simulations use zmax = 807 and run from ¢ = 0 till £ = 80 with a time step of 6t = 0.0012. In
all our plots we shift one of the hot/cold transitions to the origin and make sure to only show
times where the periodic boundary conditions do not yet affect the results. At every time
step we apply low-pass filters to the time derivatives, whereby for the holographic direction
we interpolate on a grid with 2/3 of the original grid points and subsequently interpolate back
to main grid (see [36]). For the longitudinal direction we keep the lowest 30% of the Fourier
modes used. Using Mathematica 11 with the scheme presented in [38] this gives a runtime on
a standard laptop of about one week for each of the runs presented.

it explicit that we work in a 3+1D boundary field theory. Also note that in Section [2] £ referred to the energy
density in the local restframe, whereas to be consistent with previous literature we here use £ for the energy
density in the lab frame. For the hot and cold bath the lab frame is the local restframe, but for the steady
state and rarefaction waves it is necessary to compare to 7 in .
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4 Holographic entanglement entropy

We consider entanglement entropy as a measure for the entanglement of states associated to
different spatial subregions R in quantum field theory [41],

Sr = —Trrprlogpr, (50)

where pr = Trzp denotes the reduced density matrix obtained by performing on the full
density matrix p a partial trace over the degrees of freedom outside R. For simplicity we will
assume spatial subregions that are adapted to the symmetries of the Riemann problem. This
means we choose for R at every constant time-slice (¢ = tg) spatial stripes of finite width £ in
z-direction and assume very large extend ¢; >> ¢ in the two other spatial directions xi and
22,

Rie={t=ty, L£/2<2FAz<L)2, |z} | = |23 <L}, (51)

In practice we assume ¢; — oo and define two different regions R centered at a distance
+Az to the left and to the right of the initial location z = 0 of the interface in the Riemann
problem. In Fig. [d] we show a typical arrangement of entangling regions that we use in our
numeric simulations. The two entangling regions with ¢ = 1 are, shown in blue and red,
are centered at Az = £4. We also show a typical initial (solid black) and late time (dashed
black) profile of the energy density. Our motivation for this specific placement of the two

3.0t
— mit=2
2.5¢

----- mt=40 -
2.0/ /
< Pl
E 15 e

= 1.5¢
%)
1.0t 7/

0.5}
0.0r

-30 -20 -10 0 10 20 30
mz

Figure 4: Entangling regions: blue and red stripes are typical arrangements of entangling regions of
size £ = 1 that initially reside entirely within the cold and hot bath, respectively. Black solid and black
dashed lines are the spatial distributions of the energy density at early (¢ = 2) and late (¢ = 40) time
in units of m = 7T¢.

regions is that both regions reside initially entirely within either the cold or the hot bath,
whereas at late time they both reside entirely within the NESS region. This will allow us to
independently monitor the propagation of entanglement by the shock wave in the left region
and the propagation of entanglement by the rarefaction wave in the right region and compare
the results.

In the limit £ — oo the entangling region covers an entire spacelike slice of Minkowski
space and for thermal equilibrium states equals the von Neumann entropy of the full
density matrix pg = p, i.e., the thermodynamic entropy of a quantum state in thermal
equilibrium. For the NESS system the situation is more subtle since at finite ¢ the NESS is
still of finite size. The expectation, however, is that after taking ¢ — oo first it is possible to
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take the large size limit ¢ — oo with the region falling entirely in the NESS regime. In that
case it should be possible to identify the entanglement entropy with the thermal entropy of
the boosted thermal state.

Explicit solutions for entanglement entropy are only available in exceptional cases such as
free QFTs [42] or for 141 dimenstional CFTs in time-independent [43] and time dependent
settings [44]. The holographic duality replaces the field theory computation of entanglement
entropy by a much simpler extremisation problem for the area Agr of a codimension two
surface in the bulk [1§],

4Gy

We emphasise that this was originally proposed in a static setting [17], where the extremisation
reduces to a minimal surface problem, but was later extended to the time-dependent setting
we use here. The relevant surface shares its boundary with the entangling region R in the
field theory and extremises the area functional in the bulk theory

Sr (52)

Ag|X] = / d\/Det (0. XM3pXNgyrn), st OX = OR. (53)

In general the surface embedding X = XM (5) is parametrised by three intrinsic coordinates
c® In our context, it is convenient to switch from (44a)) to the inverse radial coordinate

u = 1/r for which the boundary is located at u = 0,

2dudt
w2

ds* = gy nde™dzN = —Cdt? — + 2Gdzdt + S? (eBdXi + e_QBdZQ) , (54)

with {C, G, S, B} depend on {u,t,z}. The entangling regions do not break translation
symmetry in xf—directions of the line element , hence also not of the Riemann problem
in the boundary theory. Since we neglect the backreaction of the gauge field to the geometry,
it does not enter in the calculation of the entanglement entropy. Analogously to |45] we can
parametrise the bulk surface as follows,

XM(o,2],2%) = {X%(0),2],27}, X%(0)={U(0),T(0),Z(0)}. (55)

This choice simplifies the area functional considerably, because the integration over the per-
pendicular directions xf can be performed explicitly and gives an overall factor

0./2

/ / 7, = 2 . (56)

—£1/2

The remaining expression takes the form of a geodesic action,

dXodxs
do do

Ar[X] =12 /da\/gag(U(a),T(a), Z(0)) s.t. X90) ={0,t0,££/2}, (57)

where the metric g, is related by a conformal factor to a three dimensional subspace («a, 8 =
{u,t,z}) of the bulk metric (44al)

ds® = Jopda®da® = S(u,t, z)4e?B@H) g sda®da? . (58)
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The equations of motion that follow from d Ax = 0 are given by the geodesic equation

d?xe _ dXfdxv  dX@
+ B = J 5
dr2 Y dr dr dr

(59)

where ng is the Levi-Civita connection associated to g,s and is meant to be evaluated at
the location of the surface X O‘( ); the viscous friction term on the right hand side includes

the Jacobian J = d a U) / ) that originates from transforming from the affine parameter 7

a B
defined by dX ( )dXdT(T)gaﬁ = 1 to the non-affine parameter o. For numerical convenience,

we choose a parametrisation that leads to the following Jacobian (for details see [46])

—510 + 14503 — 2050° + 159067 — 6507 + 1101t

I(o) = 2-02)(1-02)(3 302+ a¥)(1 — a2 + o)

(60)

The area functional for the stripe region suffers from two kinds of infinities. The
first one is due to the infinite overall factor £2 due to the infinitely long sides of the stripe
in transverse direction. Since this factor contains no dynamical information we tame this
infinity by considering in practice the entanglement entropy per transverse area Sg /¢ . The
second one is less trivial and due to the fact that extremal surfaces in the HRT-prescription of
the holographic entanglement entropy (HEE) extend all the way to the asymptotic boundary,
which has infinite distance from any point in the interior. To regularise the entanglement
entropy we subtract the vacuum value, i.e., the area of surfaces in Poincaré patch AdS;4q
with appropriate conformal pre-factor,

Jsg = gggdxadxﬁ = @y (dt* — 2dtdu + d2?) . (61)
The solution for the extremal surface embedding of stripe regions can be expressed in closed
form

Up(0) = us(1 — o?), (62a)
¢ Up(o)* g (U(@)\**Y
Zo(o) = sgn(o) (‘2 + dud—1 2% %a 2(dd_1)7 %725 U, ) (62b)
To(o) =to — Uo(0), (62c)
where the u, = \Q/»F ( ) /T ( 5d— 1)> is the location of the turning point of the surface
in radial direction. The correspondmg cut-off regularised surface area is given by
o X — .
At = gdL—Q/ do = \/—Tg — 20Ty + 23, (63)

0

where the cutoff at fixed radial location u = ey is realized by the following bounds on the

non-affine parameter
oy =+, /1 2eut (64)
U

Together with the cut-off regularised expression for the gravity dual of the Riemann problem

o+ . .. .. .
At = g2 / doS?eP \/ —AT? — %UT +2FTZ + S2e—2B 72 (65)
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we can express the finite vacuum subtracted entanglement entropy per transverse area as

Acut _ Acut

Sren = 720
e\t

In practice, we solve using a relaxation algorithm using a cut-off ucyy = 0.075 and
verified this value is small enough to not affect the results presented.

(66)

5 Results

5.1 Energy and charge density

In this section we present our results for the evolution of energy and charge density obtained
from the holographic calculation. The global features of the evolution are similar to those of
the analytic shock+rarefaction wave solution of the Riemann problem obtained in Sec.
In Fig. |5| we plot the time evolution of the energy and charge density for an initial cold/hot
ratio of x = \/Ec/Ex = \/nc/nm = 9/16 for both the energy and charge density. In the plot

&/m* p/m’

Figure 5: Time evolution of the energy density (left) and charge density (right) for x = 9/16 and
nc/ng = x2. A steady state region forms between the shock (moving towards the cold bath) and the
rarefaction wave (moving towards the hot bath). Two regions with constant charge density can be
identified within the steady state region.

for the energy density (left) we clearly see a NESS region emerging briefly after ¢ = 0 between
two wave fronts that propagate from z = 0 towards z = £oo. In the plot on the right we show
the evolution of the charge density. Two regions with constant but different charge densities
emerge inside the NESS region, which indicates the formation of a contact discontinuity.

It is interesting to compare the result of the holographic simulation to the solution of the
corresponding Riemann problem in ideal hydrodynamics. For this we show in Fig. [6] profiles
of the energy density and charge density of the holographic result at various times together
with the (unphysical) shock+shock and (physical) shock+rarefaction solutions presented in
Sec. In addition we include a numerical solution obtained from an ideal hydrodynamic
simulation with smooth initial conditions for the energy density

E(z) = fo+&n + n —&c tanh <ZI;8X sin 2mz > ) (67)

2 2 Zmax

The factor 20 in the denominator of @ is a convenient numerical choice for realizing the
initial conditions. The shapes of the shock and the rarefaction wave in the ideal hydro
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Figure 6: Evolution of the energy density (top) and charge density (bottom). Coloured lines are
snapshots at various different times of the holographic simulation. For comparison we show in the
upper panel results of the analytic shock+shock (black dotted) and shock+rarefaction (black dashed)
solution as well as a numeric solution of the ideal hydrodynamics equations with smooth initial data
(black solid).
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simulation depend on the initial details of the transition region. However, we have checked
that the energy density in the steady state region is insensitive to this choice. In Appendix
we verify that also the properties of the NESS region in the holographic system do not
depend on how the initial conditions are set up.

Although the initial conditions of the hydrodynamic simulation are perfectly smooth,
the wave traveling towards the cold side steepens significantly as time progresses until the
applicability of ideal hydrodynamics and eventually also the numerical evolution breaks down.
The formation of shocks from smooth initial data is a well known phenomenon in non-viscous
hydrodynamics and faithful simulations require shock-capturing methods which we did not
attempt to implement. The wave that moves towards the hot side on the other hand remains
smooth and becomes wider with time. Coloured lines present snapshots of the holographic
result, which at early times resemble the hydrodynamic solution, but at late times become
closer to the shock+rarefaction solution. The energy density in the NESS steady state region
agrees accurately with the result from the ideal hydrodynamic calculation, but differs slightly
from the analytic shock+shock (dotted) solution. To be precise, using we find &5 =
625/432 ~ 1.44676, £s ~ 1.4450 and Es =~ 1.446 for the shock+shock, shock+rarefaction
and ideal hydrodynamics case respectively and s ~ 1.4435 in the holographic simulation.
By varying the z-location of the probe point we estimate the numerical accuracy of the
holographic result to be 0.001, which means that within numerical accuracy the holographic
result agrees with the shock+rarefaction solution as presented in Section

In the bottom panel of Fig. [6] we plot profiles of the charge density in the holographic
result (solid coloured lines) at various times together with two dashed lines for times ¢ = 40
and 80, which have p; = 19/16 = 1.1875 and p2 = 43/27 ~ 1.5926 obtained from the analytic
double shock solution as well as two dotted lines at p; ~ 1.1866 and ps ~ 1.5866 of
the shock+rarefaction solution . We evaluate the full holographic values of p; 2 at the
point where the z-derivative of p is minimised, which at ¢ = 80 happens at z = —41.29 and
z = 10.26, where p; ~ 1.1845 and p; ~ 1.5823 respectively. In contrast to the analytic solution
the contact discontinuity (see Sec. |2 and also [20]) manifests in the holographic model as a
smooth crossover region that progressively broadens with time.

Fig. [7] shows the local fluid velocity, as determined by diagonalising the full stress-energy
tensor (solid), as well as the velocity of the charge as defined by veharge = J./J¢ (dashed).
As expected from a solution that is locally in equilibrium the two velocities are virtually
indistinguishable. In particular this implies that in the rest frame of the steady state the
charge is almost at rest throughout the contact discontinuity. Nevertheless, due to diffusion
the charge does smooth out, and a small velocity profile is visible (Fig. [7| bottom, see also
Appendix .

The time evolution of the charge and energy density and in particular the rarefaction
wave can be better understood by showing the profiles as a function of the scaled coordinate
¢ = z/t, as shown in Fig. Since the width of the shock is approximately constant in
time, in the scaled coordinates the shock indeed resembles more closely a true shock (i.e. a
discontinuity), both for the energy and charge density. Also the rarefaction wave resembles
the analytical rarefaction wave from Section [2 more closely at later times, but with the limited
time span available it is not clear if it would converge to the analytic result in the late time
limit. The charge density again clearly shows the two plateaus at late times, and also here
it is clear that the diffusion at the contact discontinuity becomes a true discontinuity in the
late time limit in these scaled coordinates (see Appendix .

As explained in Sec. [2] the profile of the charge density depends on both the ratio of the
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Figure 7: Snapshots of the local fluid velocity (solid) and charge velocity (dashed) at four different
times for the same evolution as in Fig. b} The bottom panel shows a magnification of the upper panel,
where the velocity profile of the charge diffusion at the contact discontinuity of the two charge plateaus
is clearly visible.

2.5 S —mt=10 ;| 25 -—mt=10
f _mt=20 yy f—mt=20
t=40 | mt=40
20 §_$t:so y 20 f_mt=80
< 5 7). 9 é
g ¢ — shock+raref. : IS : — shocke+raref.
15 o | 315 :
1'OI 1
030  os 0.0 05 10 %o os 0.0 05 10
=1zt E=zit

Figure 8: Time evolution of the energy density (left) and charge density (right) as a function of £ = z/%.
At the latest time we managed to obtain (mt = 80) the solution closely resembles the shock+rarefaction
solution found in Section [2}
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Figure 9: We show a snapshot of the charge density at ¢ = 40 for a temperature ratio of y = 16/9
and three different ratios of the charge density, with ny/nc being 256/81, 64/27 and 1 for the blue,
red and green curves respectively. In general there are two regions of constant charged, determined
solely by x and ng /nc. These two regions almost coincide for the 64/27 ratio, but are different for the

red and green evolutions. For comparison we again show the analytical shock+rarefaction solutions of
Section [2| (dashed).

x as well as n¢/ny. In Fig. [9 we show charge densities at ¢t = 40 for n¢/ny equal to 256/81
(blue, same as Fig. , 64/27 (red) and 1 (green). The ratio 64/27 equals x~3/2, which implies
that the third root of the charge density has the same ratio as the fourth root of the energy
density, as suggested by dimensional analysis. Indeed this ratio approximately leads to a
charge profile with only one constant charge region, as opposed to the other two solutions,
where two separate charged regions are present. Even if the charge densities in the hot and
cold bath are equal (nc = ny) there is still a non-trivial charge flow and density, as driven
by the steady state of the energy density.

One crucial feature of the NESS is that in particular the shock is a far-from-equilibrium
effect that cannot be described by hydrodynamics. To quantify this we show in Fig. (left)
the transverse pressure over the energy density in the local restframe (again determined by
diagonalising the stress-energy tensor). In ideal hydrodynamics of a conformal theory this
ratio Pr/&oe = 1/3, however in particular near the shock region significant deviations are
visible (see also solid lines in Fig. [10| (right)). Using the hydrodynamic constituent equations
and our determined local energy density, fluid velocity as well as the ratio /s = 1/4m, we also
compare the transverse pressure with the transverse pressure as determined from first order
viscous hydrodynamics, as shown as dashed lines in Fig. [10| (right). Indeed the evolution of
the rarefaction wave can be entirely described using viscous hydrodynamics, however for the
shock there are significant differences.

Numerically it is more challenging to evolve profiles with y < 9/16. However, we were able
to evolve some shorter runs stably, albeit on smaller grids and with a shorter evolution time.
Results for the energy density and the hydrodynamic comparison at ¢t = 12 are shown in Fig.[T]]
for values of x of 9/16 (blue, as in Fig. [5]), 4/9 (red) and 16/49 (green). Interestingly, also for
these larger ratios the rarefaction wave is always well described by hydrodynamics, though
with larger viscous corrections as is apparent from the comparison with ideal hydrodynamics.
For the shock region deviations from viscous hydrodynamics become larger as one increases
the ratio between the hot and cold baths.
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Figure 10: (left) For the evolution of Fig. |§| we show the ratio of the transverse pressure over the
energy density in the local restframe together with the shock velocities (black, dashed) computed
from Eqn. (11). Most of the evolution is close to thermal equilibrium (Pr = /3, in green in
the colour coding), but around the shocks there are significant deviations. (right) For several times
we present the deviations with respect to ideal hydro (solid) and first order viscous hydrodynamics
(dashed), normalised to the transverse pressure itself. The entire evolution can be described by viscous
hydrodynamics with better than 1% accuracy.
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Figure 11: (top) Energy density for different heat bath temperature ratios together with the
shock+rarefaction from Section [2| (dashed). (bottom) Comparison with ideal (solid) and viscous
(dashed) hydrodynamics. For larger ratios ideal hydrodynamics becomes a worse description for the
rarefaction wave, though viscous hydrodynamics is applicable. The shock region has increasingly large
deviations from viscous hydrodynamics as the ratio is increased.
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5.2 Shock evolution and entropy production

One of the main motivations in studying the NESS in holography is a complete description of
its dynamics beyond the hydrodynamic limit, which is particularly relevant for the evolution of
the shocks. References [15,20] showed that at intermediate times the shock widens diffusively
as governed by viscous hydrodynamics, with characteristic width wgnoek < V. At some time,
however, the entropy production within hydrodynamics is not large enough to be consistent
with the total entropy production and the shock cannot continue to diffuse. The typical
timescale for this transition was estimated to be equal to

taiff < #, (68)

where 6 = Ty /T — 1 is assumed to be small. After this time it is unknown if the shock
settles down to a soliton-like object of constant width, or if it continues to widen at a smaller
rate. In Fig. (left) we show snapshots of the time derivative of the energy density for the
evolution of the shocks in Fig. |5 (which has § = 1/3). In the right plot we show the full-width
at half-maximum of the shocks shown in the left plot as a function of time. Indeed, at early
times the width grows diffusively (red dashed, with a small off-set that is subleading, but can
also be partly explained by the initial profile). Around t ~ 20 the width starts growing more
slowly, in qualitative agreement with the estimate provided in (68) (note that T'=m/x). All
our numerical data points indicate that this width keeps growing logarithmically in time, but
we note that it is nevertheless also possible to fit a function of the form C + ae™%, which
would settle down to the soliton-like object as conjectured in [20].
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Figure 12: We show the change in shape of the outgoing waves from the time derivative of the energy
density. Colours from yellow to red correspond to snapshots of the energy density profile from early
to late times. Both, the left moving and the right moving waves disperse. On the right we show the
time evolution of the full-width at half-maximum together with different numerical fits, corresponding
to diffusive growth (red dashed), logarithmic growth (blue solid), or a possible exponential decay to a
shock of constant width at late times (green dotted).

As discussed in section[2] solutions to the Riemann problem in ideal hydrodynamics are not
unique and physically sensible solutions need to be selected by imposing additional constraints,
such as the entropy condition . Solutions to the holographic Riemann problem are unique
and conditions such as are encoded in the equations of motion of the dual gravity problem
[47]. In Fig. 13| we show snapshots of the divergence of the entropy current as a function of
time, where s* = %u“ , with u* the local fluid velocity and &o. the energy density in the
local restframe. The entropy production is negligible in the NESS region, but a significant
amount of entropy is produced by the outgoing waves. Fig. (right) shows the integral of
the divergence of the entropy current over the waves that travel towards the cold (blue dots)
and the hot side (red dots). The entropy produced by the wave moving towards the cold
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Figure 13: We show the divergence of the entropy current for several times (left) as well as the integral
over the left (shock, blue) and right (rarefaction, red) regions (right). The entropy production in the
shock settles down to a constant value, whereas for the rarefaction wave the entropy production decays
to zero in a power-law fashion.

bath slowly decays to a constant value, similar to a shock wave, and can be compared to the
analytic solution , which for xy = 9/16 gives

/ RECES \/gm?) (x‘”‘* - W) ~ 0.00610. (69)
z<

At the end of the simulation we find an entropy production of about 0.007, which is still higher
than the value obtained from the shock+shock solution of the Riemann problem cited above,
but the extrapolation shown in Fig. predicts for ¢ — oo a significantly smaller final value
of about 0.0037. On the other hand, the entropy production of the wave moving towards the
hot side (red dots in Fig. (right)) decays to zero with a power law indicating that this
wave indeed becomes at late time a rarefaction wave which has zero entropy production per
definition.

Lastly, we can compare the total entropy production directly with the holographic dual
by evaluating the area density of the apparent horizon A as shown in Fig. [L4] (left), whereby
we use that Sayg = A/4Gy, and in analogy with we show sqg = §/4nGy. In Fig.
(right) we show the spatial integral of the time derivative of the apparent horizon density and
it can be seen that the time evolution matches well with the sum of the entropy production
of the shock and rarefaction waves from the hydrodynamic results shown in Fig.

SAH{m3 50
= . —— Apparent horizon
2.5 -
20 L 4.07 + (mggﬁ
S
- ~ 20
1.5 N
1.0 -
g
©
2 10
750 5 10 50 100
80 mt

Figure 14: We show the entropy density as determined from the area of the apparent horizon (left) as
well as time derivative of the spatial integral (right). The entropy production is to a good approximation
given by the sum of the entropy production of the shock and rarefaction waves as derived in Fig. and
also the late time value (4.07, from the red dashed fit on the right) matches well with the hydrodynamic
result shown in Fig. [13] (3.77).
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5.3 Extremal surfaces and entanglement entropy

Let us now discuss our numerical results for the entanglement entropy in the NESS system.
It is useful to first analyse some features of extremal surfaces from which we compute the
entanglement entropy. Fig. shows a typical family of such surfaces together with the
radial position of the apparent horizon in a gauge where & = 0. In the top (bottom) row,
we display the results for entangling regions of width ¢ = 2 (¢ = 1.5) centered at z = —4
(z = +4) corresponding to the blue (red) region in Fig. 4l Surfaces with small ¢ (not shown
here) reside mostly in the asymptotic AdS part of the geometry which explains the universal
(state-independent) UV scaling of entanglement entropy. Surfaces with large ¢ reach deep into
the bulk and are therefore sensitive to the geometry close to the horizon and lead to state-
dependent contributions in the IR scaling of the entanglement entropy (see similar discussion
in [48]).

In static and boosted AdS black brane geometries, extremal surfaces that are connected
to the boundary cannot enter the region beyond the horizon [49]. However, in time-dependent
geometries such as the one considered here, the situation is different and there are examples
known, where extremal surfaces cross the apparent horizon and therefore also the event horizon
in regions where the spacetime changes rapidly in time [50]. The holographic NESS system in
our work is similar to a system of colliding shock waves [45], where geodesics dual to two-point
functions could cross the horizon, but no such extremal surfaces were found. While we have
not attempted to construct examples for such geodesics, we expect the situation to be similar
in the holographic dual of the NESS system.

A further effect is the warping of surfaces close to the apparent horizon in the boosted
part of the geometry, i.e. in the part that corresponds to the NESS in the boundary theory.
This effect is clearly visible in our example with ¢ = 2 (less pronounced for £ = 1.5) in the
plots in the middle of Fig. in which we zoom into the region close to the horizon where
the geometry transitions from the static to the boosted black brane geometry.

In addition, we show in the right panel of Fig. [L5| cross-sections of surfaces in the u-z plane
at early (¢ = 2) and late time (¢ = 40), i.e., surfaces that reside entirely in the static and
in the boosted black brane geometry, respectively. At early times, when the surfaces reside
entirely in the static part of the geometry, the embedding function is symmetric with respect
to the center of the entangling region (located at z = 4+4). At late times this symmetry is
clearly broken by velocity of the steady state.

In Fig. [16| we show the renormalised entanglement entropy as a function of time at these
locations for several different lengths of the interval, ranging from ¢ = 0.6 till £ = 2.0, together
with the energy density as also shown in Fig. [f] The renormalised entropy is computed as
a difference to its vacuum value, for which we use a cut-off in the holographic coordinate at
Ueut = 0.075, in a gauge where o = 0 (see also Sec. |3| and [45]). Since the entanglement
entropy of the infinite strip region has both UV and IR divergences, we choose to show a
linear transformation such that its renormalised version S,e, agrees with the energy density
in both the black brane and the steady state regime: aSien, + b = &£, which in particular
means the curves are insensitive to our choice of regularisation. The plots in Fig. hence
compare the shape of the entanglement entropy with the shape of the energy density both
during the passing of the shock and rarefaction waves. From the insets it is clear that the
entanglement entropy is slightly delayed as compared to the energy density, in particular
for shorter intervals. This delay is expected, as the surfaces probe into the past geometry
(Fig. , even though for larger intervals we note that the entangling geometry starts to feel
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Figure 15: Cross-sections of extremal surfaces for entangling regions of size £ = 2 centered at z = —4

(top, cold region) and of size £ = 1.5 centered at z = 4 (bottom, hot region) in the geometry with
X = VEc/Ew = 9/16. The plots on the left show surfaces at various different boundary times and
their position relative to the apparent horizon whose radial position is shown in black and regions
beyond the horizon are shown in gray. In the middle, we zoom into the transition region close to the
horizon between static and boosted black brane. On the right, we show cross-sections of surfaces in
the u-z plane at early (¢ = 2) and late time (¢ = 40).

the wave earlier, since the region is bounded by z + ¢/2.

Fig. shows the renormalised entanglement entropy as a function of time for intervals
of £ = 1 located at eleven different locations ranging from z = —4 till z = —14 (left figure,
shock region) and from z = 4 till z = 14 (right figure, rarefaction region). Here the same
linear transformation is used as in Fig. 16| for £ = 1. As time progresses the shock (left) or
rarefaction (right) wave passes through the interval, after which the interval settles down to
the steady state regime. The values of the entanglement entropy in the cold, steady state and
hot bath regions are given by 0.466, 0.835 and 1.351 respectively, as can also be analytically
computed . We again find a small delay of the entanglement entropy evolution, which is
more pronounced for the rarefaction case.

The time evolution of the entanglement entropy received some recent attention as a probe
of equilibration towards a thermal state. After perturbing or quenching a quantum state, the
entanglement entropy will saturate to its final value in a time tg that is at least ts > R/vp ,
with R the radius of the largest sphere that can be inscribed in the entangling region and vp
the butterfly velocity that characterises chaotic growth of quantum operators (for our case
of a neutral holographic plasma vg = /d/2(d — 1) in d spacetime dimensions). The start
of this equilibration process, also called entanglement tsunami [53], is characterised by the
entanglement velocity, whereby Sgg(t) = seqAvrt, with seq the equilibrium entropy density,
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A the area of the boundary of the entangling region and where this equation defines the
entanglement velocity vg. For neutral holographic plasmas it was found that [53]

vp = Vd(d—2)"/*7¢)(2fd — 1)1/ (70)

and it was shown that for any theory vg < vp [52].

For the case of the steady state formation, a simple approximation of vg is possible when
the entanglement equilibration is much faster than the timescale of the perturbation of the
state [16]. For the shock/rarefaction regions considered here, this would be the case when the
respective shock and rarefaction velocities are much slower than vg. In that case the time
evolution of the HEE can be approximated by the time evolution of the equilibrium entropy
density, which in the local restframe is just proportional to T%. In this approximation the
analogy of the entanglement velocity is given by [16]

Tem
Vav,C/H = VC/H (1 - cosh(H)Td> ) (71)

where 6 = arctanh(vg) is the boost factor associated to the steady state region. As discussed
for the case of two shock waves in [16], when y — 0 this velocity violates the bound on tg
mentioned above for d > 2 spacetime dimensions. For y — 0 a full holographic calculation is
therefore necessary, extending the results for intermediate values of x shown here in Figs.
and Our small time delay of the HEE compared to the energy density can indeed be
interpreted as the need to study the full HEE instead of the equilibrium entropy density.
Unfortunately in our setting it is numerically difficult to probe small enough x and large
enough entangling regions to truly investigate the butterfly bound tg > R/vp. We leave this
to a future investigation. A promising approach for this is to use membrane theory [52}54].
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Figure 16: We show the energy density at z = —4 (shock regime, left) and z = 4 (rarefaction regime,

right) together with the time evolution of the holographic entanglement entropy Sgg for different
lengths. Since the Sgg is sensitive to UV regularisation and length dependence we apply a linear
transformation such that at early time (hot/cold) and late time (steady state) the entanglement entropy
agrees with the energy density. After this rescaling the curves agree almost exactly, although shorter
lengths that are more sensitive to regions closer to the boundary have a small delay (see insets).

We end this section with an attempt to characterise the differences between shock and
rarefaction waves in the NESS system with a new quantity that is inspired by the entanglement
temperature.

In the limit where the entangling region is small compared to the length scale as given by
the energy density (meaning ¢¢ < £) changes in entanglement entropy and the energy density
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Figure 17: Similarly to Figure for £ = 1 we now show the energy density (solid) as well as the
rescaled HEE (dashed, the rescaling parameters are the same as in Figure [16| for £ = 1) for different
positions of the entangling region, varying from —4 till —14 (left, shock region) and from 4 till 14
(right, rarefaction region). Note that the rescaling is the same for all curves, which reaffirms that the
evolution of the HEE is almost entirely determined by the evolution of the energy density.

satisfy a universal relation that is analogous to the first law of thermodynamics (dE = T'dS5)
and is therefore called first law of entanglement entropy

AE’R = TentAS’Ra (72)

where Ty is the entanglement temperature, ASy is the variation of the entanglement entropy
associated to the region R and AFpg is variation of the integral of the energy density over
R. In this small size limit the entanglement temperature depends only on the theory and the
shape of the chosen subregion, with

Tent = /0, (73)

For stripe shaped subregions and thermal states the constant ¢ can be expressed in closed

form
2
2 1 1 d
2(d” =1 (5 + ﬁ) I <2(d—1)>
c= 5 , (74)
1 1
vaal (2(d—1)) r (ﬂ)
while in the limit £ — oo the entanglement temperature becomes equal to the thermodynamic
temperature Tey = T

Inspired by we define the dynamic entanglement temperature as the ratio of the
renormalised entanglement entropy and the total energy inside the entangling region

Tdyn _ fR dz<Ttt(ta Z)>
ent Sren (t)

(75)

The quantity is well-defined for dynamic states and reduces for static states in the small
£ limit to the entanglement temperature defined by . We compute TS in the NESS with

ent
X = VEc/Er = 9/16 for entangling regions that are passed by shock and rarefaction waves.
It turns out Tfrf;n behaves qualitatively different when either a shock or a rarefaction wave

passes the region. The results for three different sizes (¢ = 0.6, 1, 1.5) of the entangling region
are shown in Fig. For these lengths implies T, = 0.703, 0.422, 0.281 respectively,
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and note that we have To = 1/m =~ 0.318, T ~ 0.367 and Ty = 4/37 ~ 0.424. From the
figure it is clear that for £ = 0.6 the dynamic entanglement temperature is closer to the small
region limit (Eqn. ), whereas for ¢ = 1.5 the result is closer to the large region limit
(the physical temperature), and we see that the dynamic entanglement temperature is always
higher than either of them. One curious feature happens when a rarefaction wave passes a
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Figure 18: Dynamical entanglement temperature for £ = 0.6 (left), £ = 1 (middle) and ¢ = 1.5 (right)
as function of time, all for the the NESS with x = \/Ec/Ex = 9/16.

smaller region, in which case 7T’ Srf'tn can be non-monotonic. One reason is that ngtn for £ = 0.6
is larger at late times for the rarefaction wave, even though the physical temperature has

decreased from the hot temperature towards the lower steady state temperature.

6 Discussion

To the best of our knowledge, our work is the first successful simulation of the dynamic forma-
tion of NESSs in a holographic field theory in four spacetime dimensions. We considered the
evolution of energy and charge densities in particular, as well as the evolution of entanglement
entropy.

Let us recall our main results. Most importantly, our holographic results are consistent
with a solution involving a shock wave travelling towards the cold bath and a rarefaction wave
travelling towards the hot bath, with a steady state region forming in between. The wave
moving towards the cold side approaches a steep, but smooth wave with time independent
profile and finite entropy production at late times. The wave moving towards the hot side
is progressively broadening and approaches a rarefaction wave with zero entropy production
at late times. At sufficiently late time the properties of the NESS region (energy density,
charge density, etc) are numerically very close to those of an analytic shock+rarefaction wave
solution (less close to a shock+shock solution) of the Riemann problem.

For the dynamics of a conserved U(1) charge density, we find that there emerge two
separate plateaus with different charge density inside the NESS region, as expected from the
analogous Riemann problem. In contrast to the Riemann problem however, for which these
plateaus are separated by a discontinuity, in our holographic simulation this transition region
is realised as smooth crossover that broadens in time.

We also investigated the evolution of entanglement entropy of spatial sub-regions re-
gions crossed by our holographic shock and rarefaction waves using the Hubeny-Rangamani-
Takayanagi prescription [18] to determine the HEE in our time dependent setting. Subject
to appropriate normalisation by which the energy density and HEE are chosen to agree in
the NESS and thermal regions, the evolution of the entanglement entropy follows closely the
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evolution of the energy density, except for a small time delay that is more pronounced for the
rarefaction wave than for the shock wave. Inspired by the first law of entanglement, we define
the dynamical entanglement temperature as the ratio of the entanglement entropy and the
spatial integral over the energy density inside the entangling region.

There are many interesting future directions. A logical extension of the current work is
to turn on the back-reaction of the gauge field to the metric [37]. Physically this implies
that the pressure is not a function of the energy density only in the hydrodynamic regime,
but also depends on the charge density. It would be interesting to see how features such as
the contact discontinuity in the charge density change when the back reaction is taken into
account. Including the back-reaction will also allow to study the relation of the null energy
condition in the gravity dual to the dynamics of the stress tensor in the boundary theory
along the lines of [56].

One could introducing a scalar field [57] with non-trivial potential to study the effect
of conformal symmetry breaking on the properties of the NESS. Another possibility is to
investigate the effect of finite coupling corrections with simulations in Gauss—Bonnet gravity
[58,[59]. It would also be interesting to include transverse flow, in the presence of which not
only the charge density, but also the energy density can develop a contact discontinuity [60].
Furthermore, it would be interesting to compare our results against solutions recently obtained
from the equations of relativistic hydrodynamics of non-perfect fluids [61].

It would be very interesting to study the time evolution of HEE in membrane theory, using
[52,54] as a starting point to study the long time and large scale dynamics of the entanglement
entropy. In that case the extremal surface computation reduces to a minimisation problem
that is much easier to study numerically with e.g. the Surface Evolver [62]. The current setting
could be a perfect playground to employ membrane theory in non-homogeneous settings,
as it would be possible to use the analytically available metric in the shock region.
Generally, such a study will provide new information on velocity bounds for the holographic
shock-+rarefaction wave solution.

Moreover, it will also be of interest to make contact with the analysis of [63] which studies
NESS using a quasinormal mode approach, in a rather different setup though that involves a
forced flow across obstacles in which inhomogeneous, but time-independent states form.

Finally, it is highly desirable to numerically probe the far-from-equilibrium dynamics of the
system considered in this paper under more extreme conditions, for y < 1. Fig.|L1|represents
our efforts in this direction, but we found it prohibitively hard to numerically achieve stable
time evolution at smaller ratios of the initial energy densities. The question whether the
breakdown of our simulations at small x is just an artefact of our numerical scheme or if it
indicates a physical instability is currently not clear and deserves further investigation.
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A Rankine-Hugoniot jump conditions

In this appendix we review the derivation of the Rankine-Hugoniot jump conditions. We start
with the following Riemann problem

qr, V<0

, 76
qr Vx>0 (76)

Oq(t,x) + 0pf(q(t,x)) =0, ¢q(0,2) = {

where ¢(t, z) is a conserved charge and f(q(t,z)) the associated flux. A discontinuous solution
of can be obtained from the integrated conservation law

z5(t) TR TR
O (/ Q(t,fv)dfﬂr/ o q(t, I)dﬂf) = —/ O:f(q(t,x)), (77)

where xg(t) parametrizes the location of the discontinuity at time ¢ and the integration bounds
are chosen such that x;, < xg(t) < zr. To simplify the expression on the left hand side we
use Leibniz integral rule

b(t) o
o ( / ) g(t,m)dx> = 4(6,b(0)) 5b(1) — gt a(t)) ralt) + ( / X atg@,x)dx) )

This gives

zg(t)—e TR
qres(t) + lim deq(t, x)dx — qra's(t) + 13@/ o Orq(t, x)dr = —(fr = fr). (79)
€ xg €

=0t Jop

where we defined fr/; = f(qr/r). The remaining two integrals vanish when taking the limits
xr — x5(t) — e and zp — wg(t) + e. We arrive at the Rankine-Hugoniot jump condition

vs(qr — qr) = fL — fr, (80)

where vg = 2'(t) is the propagation speed of the shock.

B Sensitivity to initial conditions and diffusion

Numerically it is difficult to initialize the evolution of our coupled heat baths with a truly
discontinuous step function. In practice we approximate the discontinuous interface by a
smooth function of the form tanh(cz), which in the limit ¢ — oo converges to the Heaviside
theta function. In the following we verify that the evolution is insensitive to the choice of
the constant ¢ that determines the steepness of the initial interface. For this we compare in
Fig. [19] two evolutions, where solid lines equal the evolution in Fig. [5| and the dashed lines an
evolution with an 1.5 times smaller value of c¢. At ¢ = 0 the smaller value of ¢ gives a wider
profile, but after a time ¢ 2 4 the two simulations are virtually indistinguishable.

A related but separate problem is the set-up of two baths of charge at different chemical
potential in a space at constant temperature. We simulated this situation by using the
initial condition of Fig. |5, with the sole difference that we made both temperatures equal
to the temperature of the cold bath. This problem is in particular relevant for the contact
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Figure 19: Evolution of the energy density for two different initial profiles: ¢ = % (solid) and ¢ = 1
(dashed). For mt = 4 the evolution is insensitive to the initial condition.
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Figure 20: Left: Diffusion of the charge density in a heat bath with constant temperature. Right:
Evolution of the charge diffusion width Ag;g(t). The blue line is the result extracted form the numeric
simulation and the black line the analytic fit.
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discontinuity that exists in the steady state region as presented in Sec. [2] and elaborated on
in Sec. The results are shown in Fig. Indeed, we find that the diffusion of charge
is qualitatively different as compared to the shock and rarefaction waves. To quantify the
difference we define the (time dependent) charge diffusion width Ag;g(t) as the spatial distance
between the two points where the charge density is at 25% and 75% in between the two baths
with lower and higher charge, respectively. On the right hand side of Fig. [20] we plot the time
evolution of Agig which clearly follows the expected v/t scaling.

References

1]

J. M. Maldacena, The Large N limit of superconformal field theories and su-
pergravity, Int. J. Theor. Phys. 38, 1113 (1999), doi:10.1023/A:1026654312961,
10.4310/ATMP.1998.v2.n2.al, [Adv. Theor. Math. Phys.2,231(1998)], hep-th/9711200.

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2, 253 (1998),
doi:10.4310/ATMP.1998.v2.n2.a2, hep-th/9802150.

S. Gubser, I. R. Klebanov and A. M. Polyakov, Gauge theory correlators from noncrit-
ical string theory, Phys. Lett. B 428, 105 (1998), do0ii10.1016/S0370-2693(98)00377-3,
hep-th/9802109.

W. Busza, K. Rajagopal and W. van der Schee, Heavy Ion Collisions: The Big Picture,
and the Big Questions, Ann. Rev. Nucl. Part. Sci. 68, 339 (2018), doi:10.1146/annurev-
nucl-101917-020852], [1802.04801

S. A. Hartnoll, A. Lucas and S. Sachdev, Holographic quantum matter (2016), 1612.
07324.

H. Liu and J. Sonner, Holographic systems far from equilibrium: a review (2018), 1810.
02367.

A. Buchel, M. P. Heller and R. C. Myers, FEquilibration rates in a strongly cou-
pled nonconformal quark-gluon plasma, Phys. Rev. Lett. 114(25), 251601 (2015),
doi:10.1103 /PhysRevLett.114.251601, 1503.07114.

J. Casalderrey-Solana, C. Ecker, D. Mateos and W. van der Schee, Strong-coupling
dynamics and entanglement in de Sitter space (2020), 2011.08194.

D. Bernard and B. Doyon, Energy flow in non-equilibrium conformal field theory, J.
Phys. A45, 362001 (2012), doi:10.1088/1751-8113/45/36/362001), 1202.0239.

D. Bernard and B. Doyon, Time-reversal symmetry and fluctuation relations in non-
equilibrium quantum steady states, J. Phys. A46, 372001 (2013), doi:10.1088/1751-
8113/46/37/372001, 1306.3900.

D. Bernard and B. Doyon, Non-FEquilibrium Steady States in Conformal Field Theory,
Annales Henri Poincare 16(1), 113 (2015), doi:10.1007/s00023-014-0314-8, 1302.3125.

34


https://doi.org/10.1023/A:1026654312961, 10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1023/A:1026654312961, 10.4310/ATMP.1998.v2.n2.a1
hep-th/9711200
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
hep-th/9802150
https://doi.org/10.1016/S0370-2693(98)00377-3
hep-th/9802109
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1146/annurev-nucl-101917-020852
1802.04801
1612.07324
1612.07324
1810.02367
1810.02367
https://doi.org/10.1103/PhysRevLett.114.251601
1503.07114
2011.08194
https://doi.org/10.1088/1751-8113/45/36/362001
1202.0239
https://doi.org/10.1088/1751-8113/46/37/372001
https://doi.org/10.1088/1751-8113/46/37/372001
1306.3900
https://doi.org/10.1007/s00023-014-0314-8
1302.3125

SciPost Physics

[12]

[13]

[14]

[15]

[16]

D. Bernard and B. Doyon, A hydrodynamic approach to non-equilibrium conformal field
theories, J. Stat. Mech. 1603(3), 033104 (2016), doi;10.1088/1742-5468/2016,/03/033104,
1507.07474.

D. Bernard and B. Doyon, Conformal field theory out of equilibrium: a review, J. Stat.
Mech. 1606(6), 064005 (2016), doii10.1088/1742-5468/2016/06/064005, 1603.07765.

M. Medenjak, G. Policastro and T. Yoshimura, T7T-deformed conformal field theories
out of equilibrium (2020), 2011.05827.

M. J. Bhaseen, B. Doyon, A. Lucas and K. Schalm, Far from equilibrium energy flow
in quantum critical systems (2013), doi:10.1038/nphys3220, [Nature Phys.11,5(2015)],
1311.3655.

J. Erdmenger, D. Fernandez, M. Flory, E. Megias, A.-K. Straub and P. Witkowski, Time
evolution of entanglement for holographic steady state formation, JHEP 10, 034 (2017),
doi:10.1007/JHEP10(2017)034, 1705 .04696.

S. Ryu and T. Takayanagi, Holographic derivation of entanglement entropy from
AdS/CFT, Phys. Rev. Lett. 96, 181602 (2006), doii10.1103/PhysRevLett.96.181602,
hep-th/0603001.

V. E. Hubeny, M. Rangamani and T. Takayanagi, A Covariant holographic entanglement
entropy proposal, JHEP 07, 062 (2007), doi:10.1088/1126-6708/2007/07/062, 0705.
0016.

H.-C. Chang, A. Karch and A. Yarom, An ansatz for one dimensional steady
state configurations, J. Stat. Mech. 1406(6), P06018 (2014), doii10.1088/1742-
5468/2014/06 /P06018,, 1311.2590.

A. Lucas, K. Schalm, B. Doyon and M. J. Bhaseen, Shock waves, rarefaction waves, and
nonequilibrium steady states in quantum critical systems, Phys. Rev. D94(2), 025004
(2016), doi:10.1103/PhysRevD.94.025004, 1512.09037.

M. Spillane and C. P. Herzog, Relativistic Hydrodynamics and Non-Equilibrium Steady
States, J. Stat. Mech. 1610(10), 103208 (2016), doi:10.1088/1742-5468 /2016/10/103208,
1512.09071.

R. Pourhasan, Non-equilibrium steady state in the hydro regime, JHEP 02, 005 (2016),
doi:10.1007/JHEP02(2016)005, 1509.01162.

I. Amado and A. Yarom, Black brane steady states, JHEP 10, 015 (2015),
doi:10.1007/JHEP10(2015)015, 1501.01627.

C. P. Herzog, M. Spillane and A. Yarom, The holographic dual of a Riemann problem
in a large number of dimensions, JHEP 08, 120 (2016), doi:10.1007/JHEP08(2016)120,
1605.01404.

D. Fernandez, A. Rajagopal and L. Thorlacius, Non-equilibrium steady states in quantum
critical systems with Lifshitz scaling (2019), 1909.06377.

35


https://doi.org/10.1088/1742-5468/2016/03/033104
1507.07474
https://doi.org/10.1088/1742-5468/2016/06/064005
1603.07765
2011.05827
https://doi.org/10.1038/nphys3220
1311.3655
https://doi.org/10.1007/JHEP10(2017)034
1705.04696
https://doi.org/10.1103/PhysRevLett.96.181602
hep-th/0603001
https://doi.org/10.1088/1126-6708/2007/07/062
0705.0016
0705.0016
https://doi.org/10.1088/1742-5468/2014/06/P06018
https://doi.org/10.1088/1742-5468/2014/06/P06018
1311.2590
https://doi.org/10.1103/PhysRevD.94.025004
1512.09037
https://doi.org/10.1088/1742-5468/2016/10/103208
1512.09071
https://doi.org/10.1007/JHEP02(2016)005
1509.01162
https://doi.org/10.1007/JHEP10(2015)015
1501.01627
https://doi.org/10.1007/JHEP08(2016)120
1605.01404
1909.06377

SciPost Physics

[26]

C. Ecker, D. Grumiller, W. van der Schee, M. Sheikh-Jabbari and P. Stanzer, Quantum
Null Energy Condition and its (non)saturation in 2d CFTs, SciPost Phys. 6(3), 036
(2019), doi:10.21468/SciPostPhys.6.3.036, 1901 .04499.

C. Ecker, Entanglement Entropy from Numerical Holography, Ph.D. thesis, Vienna,
Tech. U. (2018), 1809.05529.

D. Cassani and D. Martelli, Supersymmetry on curved spaces and superconformal anoma-
lies, JHEP 10, 025 (2013), doi:10.1007/JHEP10(2013)025, 1307 .6567.

I. Papadimitriou, Supercurrent anomalies in 4d SCFTs, JHEP 07, 038 (2017),
doif10.1007/JTHEP07(2017)038, [1703. 04299,

J. P. Gauntlett and J. B. Gutowski, All  supersymmetric solutions of mini-
mal gauged supergravity in five-dimensions, Phys. Rev. D68, 105009 (2003),
doii10.1103 /PhysRevD.70.089901, 10.1103/PhysRevD.68.105009,  [Erratum: Phys.
Rev.D70,089901(2004)], hep-th/0304064.

E. Kiritsis, String theory in a nutshell, Princeton University Press, USA, ISBN 978-0-
691-15579-1, 978-0-691-18896-6 (2019).

J. D. Bekenstein, Black holes and the second law, Lett. Nuovo Cim. 4, 737 (1972),
doii10.1007/BF02757029.

S. W. Hawking, Particle Creation by Black Holes, Commun. Math. Phys. 43, 199 (1975),
doi:10.1007 /BF02345020, 10.1007/BF01608497.

P. M. Chesler and L. G. Yalffe, Holography and colliding gravitational shock
waves in asymptotically AdSs spacetime,  Phys. Rev. Lett. 106, 021601 (2011),
doi:10.1103 /PhysRevLett.106.021601, 1011 .3562.

J. Casalderrey-Solana, M. P. Heller, D. Mateos and W. van der Schee, From full stopping
to transparency in a holographic model of heavy ion collisions, Phys. Rev. Lett. 111,
181601 (2013), doii10.1103/PhysRevLett.111.181601, 1305.4919.

P. M. Chesler and L. G. Yaffe, Numerical solution of gravitational dynamics in asymp-
totically anti-de Sitter spacetimes, JHEP 07, 086 (2014), doi:10.1007/JHEP07(2014)086,
1309.1439.

J. Casalderrey-Solana, D. Mateos, W. van der Schee and M. Triana, Holographic heavy
ion collisions with baryon charge, JHEP 09, 108 (2016), doi:10.1007/JHEP09(2016)108,
1607.05273.

W. van der Schee, Gravitational collisions and the quark-gluon plasma, Ph.D. thesis,
Utrecht U. (2014), 1407 . 1849

K. Skenderis, Lecture notes on holographic renormalization, Class. Quant. Grav. 19,
5849 (2002), doi:10.1088/0264-9381/19/22/306, hep-th/0209067.

M. P. Heller, R. A. Janik and P. Witaszczyk, The characteristics of thermaliza-
tion of boost-invariant plasma from holography, Phys. Rev. Lett. 108, 201602 (2012),
doi:10.1103 /PhysRevLett.108.201602, 1103.3452.

36


https://doi.org/10.21468/SciPostPhys.6.3.036
1901.04499
1809.05529
https://doi.org/10.1007/JHEP10(2013)025
1307.6567
https://doi.org/10.1007/JHEP07(2017)038
1703.04299
https://doi.org/10.1103/PhysRevD.70.089901, 10.1103/PhysRevD.68.105009
hep-th/0304064
https://doi.org/10.1007/BF02757029
https://doi.org/10.1007/BF02345020, 10.1007/BF01608497
https://doi.org/10.1103/PhysRevLett.106.021601
1011.3562
https://doi.org/10.1103/PhysRevLett.111.181601
1305.4919
https://doi.org/10.1007/JHEP07(2014)086
1309.1439
https://doi.org/10.1007/JHEP09(2016)108
1607.05273
1407.1849
https://doi.org/10.1088/0264-9381/19/22/306
hep-th/0209067
https://doi.org/10.1103/PhysRevLett.108.201602
1103.3452

SciPost Physics

[41]

C. Holzhey, F. Larsen and F. Wilczek, Geometric and renormalized entropy in conformal
field theory, Nucl. Phys. B 424, 443 (1994), doi:10.1016/0550-3213(94)90402-2, hep-th/
9403108l

M. Srednicki, Entropy and area, Phys. Rev. Lett. 71, 666 (1993),
doi:10.1103 /PhysRevLett.71.666, hep-th/9303048.

P. Calabrese and J. L. Cardy, Entanglement entropy and quantum field theory, J. Stat.
Mech. 0406, P06002 (2004), doii10.1088/1742-5468/2004/06/P06002, hep-th/0405152.

P. Calabrese and J. L. Cardy, FEwvolution of entanglement entropy in one-dimensional
systems, J. Stat. Mech. 0504, P04010 (2005), doi:10.1088/1742-5468/2005/04/P04010),
cond-mat/0503393.

C. Ecker, D. Grumiller, P. Stanzer, S. A. Stricker and W. van der Schee, FEz-
ploring nonlocal observables in shock wave collisions, JHEP 11, 054 (2016),
doi:10.1007/JHEP11(2016)054, 1609.03676.

C. Ecker, D. Grumiller and S. A. Stricker, Evolution of holographic entanglement entropy
in an anisotropic system, JHEP 07, 146 (2015), doi:10.1007/JHEPO07(2015)146, 1506.
02658.

C. Eling and Y. Og, Holographic Screens and Transport Coefficients in
the Fluid/Gravity Correspondence, Phys. Rev. Lett. 107, 201602 (2011),
doi:10.1103 /PhysRevLett.107.201602, 1107 .2134.

C. Ecker, D. Grumiller, H. Soltanpanahi and P. Stanzer, QNEC?2 in deformed holographic
CFTs (2020), 2007 .10367.

V. E. Hubeny, Ezxtremal surfaces as bulk probes in AdS/CFT, JHEP 07, 093 (2012),
doi:10.1007/JHEP07(2012)093, 1203. 1044.

J. Abajo-Arrastia, J. Aparicio and E. Lopez, Holographic Evolution of Entanglement
Entropy, JHEP 11, 149 (2010), doi{10.1007/JHEP11(2010)149, [1006.4090.

J. Erdmenger and N. Miekley, Non-local observables at finite temperature in AdS/CFT,
JHEP 03, 034 (2018), doi:10.1007/JHEP03(2018)034, 1709.07016.

M. Mezei and D. Stanford, On entanglement spreading in chaotic systems, JHEP 05,
065 (2017), doi:10.1007/JHEP05(2017)065, |1608.05101.

H. Liu and S. J. Suh, Entanglement Tsunami: Universal Scaling in Holographic Ther-
malization, Phys. Rev. Lett. 112, 011601 (2014), doi:10.1103/PhysRevLett.112.011601,
1305.7244|

A. Nahum, J. Ruhman, S. Vijay and J. Haah, Quantum  Entanglement
Growth Under Random Unitary Dynamics, Phys. Rev. X 7(3), 031016 (2017),
doi:10.1103 /PhysRevX.7.031016, 1608.06950.

J. Bhattacharya, M. Nozaki, T. Takayanagi and T. Ugajin, Thermodynamical Property
of Entanglement Entropy for Excited States, Phys. Rev. Lett. 110(9), 091602 (2013),
doi:10.1103 /PhysRevLett.110.091602, 1212.1164.

37


https://doi.org/10.1016/0550-3213(94)90402-2
hep-th/9403108
hep-th/9403108
https://doi.org/10.1103/PhysRevLett.71.666
hep-th/9303048
https://doi.org/10.1088/1742-5468/2004/06/P06002
hep-th/0405152
https://doi.org/10.1088/1742-5468/2005/04/P04010
cond-mat/0503393
https://doi.org/10.1007/JHEP11(2016)054
1609.03676
https://doi.org/10.1007/JHEP07(2015)146
1506.02658
1506.02658
https://doi.org/10.1103/PhysRevLett.107.201602
1107.2134
2007.10367
https://doi.org/10.1007/JHEP07(2012)093
1203.1044
https://doi.org/10.1007/JHEP11(2010)149
1006.4090
https://doi.org/10.1007/JHEP03(2018)034
1709.07016
https://doi.org/10.1007/JHEP05(2017)065
1608.05101
https://doi.org/10.1103/PhysRevLett.112.011601
1305.7244
https://doi.org/10.1103/PhysRevX.7.031016
1608.06950
https://doi.org/10.1103/PhysRevLett.110.091602
1212.1164

SciPost Physics

[56]

[57]

[58]

[59]

[62]

[63]

A. Almbheiri, A. Milekhin and B. Swingle, Universal Constraints on Energy Flow and
SYK Thermalization (2019), 1912.04912.

M. Attems, J. Casalderrey-Solana, D. Mateos, D. Santos-Olivan, C. F. Sopuerta, M. Tri-
ana and M. Zilhao, Paths to equilibrium in non-conformal collisions, JHEP 06, 154
(2017), doi:10.1007/JHEP06(2017)154, 1703.09681.

S. s. Grozdanov and W. van der Schee, Coupling Constant Corrections in a Holo-
graphic Model of Heavy Ion Collisions, Phys. Rev. Lett. 119(1), 011601 (2017),
doi:10.1103 /PhysRevLett.119.011601, 1610.08976.

A. Folkestad, S. s. Grozdanov, K. Rajagopal and W. van der Schee, Coupling Constant
Corrections in a Holographic Model of Heavy Ion Collisions with Nonzero Baryon Number
Density, JHEP 12, 093 (2019), doii10.1007/JHEP12(2019)093, 1907.13134.

P. Mach, Corrugation instabilities of the Riemann problem in relativistic hydrodynamics,
ATP Conf. Proc. 1458(1), 459 (2012), doi:10.1063/1.4734459, 1104.3751.

M. Chabanov, L. Rezzolla and D. H. Rischke, General-relativistic hydrodynamics of
non-perfect fluids: 3+1 conservative formulation and application to viscous black-hole
accretion (2021), 2102.10419.

M. Mezei and W. van der Schee, Black holes often saturate entanglement entropy the
fastest, Phys. Rev. Lett. 124(20), 201601 (2020), doi:10.1103/PhysRevLett.124.201601,
2001.03172.

J. Sonner and B. Withers, Universal spatial structure of nonequilibrium steady states,
Phys. Rev. Lett. 119(16), 161603 (2017), doi:10.1103/PhysRevLett.119.161603, 1705.
01950.

38


1912.04912
https://doi.org/10.1007/JHEP06(2017)154
1703.09681
https://doi.org/10.1103/PhysRevLett.119.011601
1610.08976
https://doi.org/10.1007/JHEP12(2019)093
1907.13134
https://doi.org/10.1063/1.4734459
1104.3751
2102.10419
https://doi.org/10.1103/PhysRevLett.124.201601
2001.03172
https://doi.org/10.1103/PhysRevLett.119.161603
1705.01950
1705.01950

	1 Introduction
	2 Riemann problem in ideal hydrodynamics
	2.1 Double shock solution
	2.2 Shock + rarefaction wave solution

	3 Riemann problem in holography
	3.1 Holographic model
	3.2 Holographic steady states

	4 Holographic entanglement entropy
	5 Results
	5.1 Energy and charge density
	5.2 Shock evolution and entropy production
	5.3 Extremal surfaces and entanglement entropy

	6 Discussion
	A Rankine–Hugoniot jump conditions
	B Sensitivity to initial conditions and diffusion
	References

