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We investigate several hydrodynamization times for an ensemble of different far-from-equilibrium
solutions of the strongly coupled N = 4 supersymmetric Yang-Mills plasma undergoing Bjorken flow. For
the ensemble of initial data analyzed in the present work, we find that, with typical tolerances between 3%
to 5%, the average hydrodynamization time associated with the late time convergence of the pressure
anisotropy to the corresponding Borel resummed hydrodynamic attractor is approximately equal to the
average hydrodynamization time associated with the Navier-Stokes result, while both are shorter than the
average hydrodynamization time associated with second-order hydrodynamics. On the other hand, we find
that the entropy density of the different solutions coalesces to second-order hydrodynamics long before
entering in the Navier-Stokes regime. A clear hierarchy between the different average hydrodynamization
times of the Bjorken expanding fluid is established for the set of analyzed initial data, comprising also some
solutions which, whilst satisfying the dominant and the weak energy conditions at the initial time, evolve
such as to transiently violate one or both conditions when the fluid is still far from equilibrium. In
particular, solutions violating the weak energy condition are generally found to take a longer time to enter
in the hydrodynamic regime than the other solutions.
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I. INTRODUCTION

The holographic gauge/gravity correspondence [1-4]
provides a unique way to perform a first-principles
analysis of the real time dynamics of far-from-equilibrium
strongly coupled quantum fluids. Since the pioneering
work by Chesler and Yaffe on the numerical analysis of
the homogeneous isotropization dynamics of the strongly
coupled N =4 supersymmetric Yang-Mills (SYM)
plasma in Ref. [5], many other works have been developed
addressing different aspects concerning the far-from-
equilibrium dynamics of holographic models, see e.g.,
Refs. [6-30].

The first numerical analysis of Bjorken flow [31] in a
holographic SYM plasma was performed in Ref. [6], with
further developments regarding the numerical formalism
being presented in Refs. [8,9,12,13]. Additionally, a high
statistics analysis of the holographic Bjorken flow of the
SYM plasma was presented in Ref. [14]. It was observed in
those early works that the onset of hydrodynamic behavior,
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in the sense of the effective applicability of late time
constitutive relations such as those defined by Navier-
Stokes (NS) or the second-order gradient expansion
[32,33],' generically happens in the SYM plasma when
the system is still far from equilibrium, as inferred from a
sizable pressure anisotropy at the hydrodynamization time.
Such a result was initially surprising because it seems to
contradict the usual notion that hydrodynamic behavior
only emerges when there small deviations from local
equilibrium. However, a broader notion of hydrodynamics
was proposed in Ref. [37] as the late time emergence of
universal behavior for observables such as the pressure
anisotropy, which is dictated by the decay of the non-
hydrodynamic quasinormal modes (QNM) of the system
[21,22,37,38].

It was proposed in [37] that the Borel resummation of
the divergent asymptotic gradient series [39-42] defines
a hydrodynamic attractor, to which different far-from-
equilibrium solutions would coalesce before converging

'In this context, note that we distinguish the asymprotic results
obtained using the gradient expansion from different dynamical
approaches to hydrodynamics pursued by Miiller-Israel-Stewart
[34-36], which include an extended set of dynamical variables.
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to the corresponding limits associated with finite order
truncations of the hydrodynamic gradient expansion, such
as Navier-Stokes theory or the second or higher order
hydrodynamic constitutive relations. More recently, it was
shown in Refs. [24,28] that this is not a generic feature
because, even though one may find solutions that do
coalesce earlier to the Borel resummed attractor, when
considering more generic initial conditions the Borel
attractor does not provide a significantly earlier effective
description of hydrodynamics when compared to the
Navier-Stokes result, at least in the case of a holographic
SYM plasma undergoing Bjorken flow.

Concerning the entropy of the SYM plasma out of
equilibrium, it was argued in Ref. [43] that this quantity
should be associated with the area of the apparent horizon
of a black hole within the higher dimensional bulk (instead
of the event horizon, to which the apparent horizon
converges only at asymptotic times, close to local equilib-
rium). In this context, Refs. [8,14] analyzed the difference
between the final and initial entropies as a function of the
initial entropy for the different initial conditions consid-
ered. However, in those works it was not explicitly
presented the calculation of the nonequilibrium entropy
density as function of time.

In the present work we focus on the analysis of the
hydrodynamization properties of a SYM plasma under-
going Bjorken flow [31]. More specifically, we investigate
how the pressure anisotropy and the nonequilibrium
entropy density of the fluid converge to the hydrodynamic
regime at late times for an ensemble of initial data
originally studied in Ref. [44].

For the analyzed ensemble of initial conditions we find
that on average, under typical relative tolerances between
3% to 5%,” the Borel resummed attractor for the pressure
anisotropy does not provide a significantly earlier descrip-
tion of the putative far-from-equilibrium hydrodynamic
universal behavior than the corresponding Navier-Stokes
result. More specifically, by analyzing how each of the
different initial conditions approach the Navier-Stokes
regime, second-order hydrodynamics, and the Borel
resummed attractors within the aforementioned tolerances,
we notice that different initial conditions can converge first
to different attractors. By averaging over all the initial data
considered, we find that the average hydrodynamization
time associated with the Borel attractor is approximately
equal to the average hydrodynamization time associated
with convergence to the NS regime, with both being shorter
than the average hydrodynamization time associated with
the second-order hydrodynamic truncation of the pressure
anisotropy. The Borel resummed attractor only provides a
clearly better description of the hydrodynamization process

*We choose some different values for the tolerance in order to
illustrate how the hydrodynamization times of the system can
vary depending on such a choice.

than the NS result if one considers just very small relative
tolerances in the long time regime.

On the other hand, we find that the nonequilibrium
entropy density of the different solutions always coalesces
to the second-order hydrodynamic truncation long before it
converges to the corresponding NS regime. Moreover,
the average hydrodynamization time for the entropy
density associated with second-order hydrodynamics is
also considerably smaller than the different average hydro-
dynamization times related to the pressure anisotropy.
Consequently, the time scales at which the fluid approaches
local equilibrium may be rather different depending on
which physical observable one considers to probe the
evolution of the medium, and we clearly identify a
hierarchy between the different average hydrodynamization
times of the Bjorken expanding fluid.

The ensemble of initial data studied in the present work
was first considered in [44], where a class of numerical
solutions was found in Bjorken flow that transiently
violates the dominant energy condition or even the weak
energy condition at early times when the system is still far
from equilibrium. Such violations are not present in the
initial state and, thus, they are indeed generated by the
subsequent evolution of the plasma.

This work is organized as follows. In Sec. II we review in
detail the main steps required for the holographic
calculation of dynamics of the SYM plasma undergoing
Bjorken flow using the characteristic formulation of gen-
eral relativity—although these results are not new, we are
not aware of any previous work in the literature that
provides such a detailed account of the step-by-step
procedure, which can be very useful when trying to
reproduce the results discussed here and in some other
works in the literature. In Sec. III we present our main
results, consisting in the analysis of the pressure anisotropy,
the nonequilibrium entropy density and their associated
hydrodynamization times for the ensemble of initial data
originally investigated in [44]. Our main conclusions are
summarized in Sec. IV. In Appendix A we present further
details regarding the numerics of our work and in
Appendix B we present a brief discussion on the perfor-
mance of our numerical code.

We use in this work a mostly plus metric signature and
natural units 2 =c = kg = 1.

II. HOLOGRAPHIC SYM PLASMA UNDERGOING
BJORKEN FLOW

Bjorken flow [31] corresponds to a rapidly expanding
inhomogeneous relativistic fluid that possesses the follow-
ing set of symmetries: there is boost invariance in the single
spatial direction z along which the fluid expands at the
speed of light, plus translation and O(2) rotation invariance
in the transverse xy plane (also, Z, invariance is imposed
along the spatial rapidity direction [45]). This setting is
usually taken as a first (and crude) approximation to the
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expanding quark-gluon plasma formed in high-energy
heavy-ion collisions [46—50] near mid-rapidity, i.e., close
to the collision axis (the transverse expansion to the
collision axis is completely neglected in this simple model).

Bjorken symmetry is more easily handled by changing
from Cartesian coordinates (¢, x, y, z) to the so-called Milne
coordinates (z,&,x,y), where 7 and ¢ are the proper-time
and the spacetime rapidity, respectively, defined as follows:

r=\P2 -2, 5:1n<’+—z>, (1)

r—z

in terms of which the metric of the 4D Minkowski
spacetime where the fluid is defined reads,

ds%‘m) = —d7* + 72 dE* + dx* + dy. (2)

The holographic gauge/gravity modeling of the Bjorken
flow of a relativistic and strongly coupled quantum fluid
can be implemented by considering that the 4D flat
spacetime (2), where the fluid is defined, is (up to a global
conformal factor) the boundary of a 5D curved spacetime
that is asymptotically anti—de Sitter (AdSs5) by the standards
of the holographic dictionary [1-4], which in turn requires
that the classical gravity action for the higher dimensional
bulk has a negative cosmological constant. The extra
holographic direction is related to a geometrization of
the renormalization group flow [51] of the quantum field
theory describing the fluid living at the boundary of the
higher dimensional bulk spacetime.

There are infinitely many different holographic models
that can be constructed under such assumptions, each one
of them supposedly describing a different kind of strongly
coupled quantum field theory at the boundary. The simplest
and better-known top-down holographic construction that
can be considered in this regard corresponds to the
conformal and strongly coupled SYM plasma, whose dual
bulk action is given simply by the 5D Einstein-Hilbert
action with a negative cosmological constant,

1
S = 72
2K5 Ms

dx\/=g[R = 2A,]. (3)
where k2 = 87Gs is the 5D gravitational Newton’s con-
stant, which is holographically related to the number of
colors N, of the SYM theory as x% =4z?/N2, A, =
—6/L? is the negative cosmological constant associated
with the asymptotically AdSs spacetime, and L is the
asymptotic AdSs radius (which we set to unity here). The
bulk action (3) is supplemented by boundary terms which
do not contribute to the bulk equations of motion but are
necessary for the holographic computation of some observ-
ables, such as the Green’s functions of the dual boundary
quantum field theory. They comprise the Gibbons-
Hawking-York action [52,53], needed for the well

posedness of the boundary value problem, and the counter-
term action associated with holographic renormalization
[54-58] of the bulk action.

The ansatz for the 5D bulk metric field compatible with
diffeomorphism invariance and Bjorken symmetry can be
written using infalling Eddington-Finkelstein (EF) coor-
dinates as follows [6,12],

ds* = 2dz[dr — A(z, r)dr] + X(z, r)*[e 2B(=) dE2
+ B (dx? + dy?)), (4)

where r is the radial holographic direction, in terms of
which the boundary lies at » — oo (the EF time 7 reduces to
the propertime of the gauge theory fluid at the boundary).
In the EF coordinates infalling radial null geodesics satisfy
7 = constant, while outgoing radial null geodesics satisfy
dr = A(z, r)dz. By foliating the bulk spacetime in slices of
constant 7, which in the EF coordinates correspond to null
hypersurfaces, and then evolving the equations of motion in
the EF time, one implements a time evolution of the system
according to the so-called characteristic formulation of
general relativity, which for asymptotically AdS space-
times in the context of holography is reviewed in detail in
Ref. [12] (for the original formulation involving asymp-
totically flat spacetimes see Refs. [59,60]).

The holographic Bjorken flow for the SYM plasma is
therefore formulated on the gravity side of the correspon-
dence in terms of the three bulk metric coefficients A(z, r),
B(z,r), and X(z, r), which are functions of two variables;
the holographic direction r and the EF time z. The line
element (4) still has a residual diffeomorphism invariance
under radial shifts of the form r+— r+ A(r), with A(7)
being an arbitrary function of time. One major technical
difficult of the characteristic formulation of general rela-
tivity concerns the possible breakdown of the numerical
evolution of the system in regions with strong curvatures
due to the formation of caustics [12]. In order to integrate
the equations of motion of the system in the radial direction
one must consider the entire portion of the bulk geometry
causally connected to the boundary. When there is an
apparent horizon within the bulk,’ this condition is met if
one performs the radial integration from the horizon to the
boundary. However, in general, the radial position of the
apparent horizon (when it exists) can widely fluctuate
between the different time slices. If one adopts a fixed
infrared (IR) radial cutoff in the interior of the bulk to start
the integration of the equations of motion in the radial
direction on every time slice, then some different possibil-
ities may happen. One of them is the following; in some
time slices this fixed IR radial position in the interior of the
bulk may be behind the apparent horizon, and in this case
we are sure that we are covering the region of the bulk

*We are going to discuss this in more detail in Sec. II B.
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causally connected to the boundary. However, it may be
that in some of these time slices the chosen fixed IR radial
cutoff penetrates too deep into the horizon and eventually
reaches a caustic, and in this case the numerical simulation
breaks down.

On the other hand, if one chooses some fixed IR radial
position which does not penetrate too far within the bulk,
the numerical simulations will probably never find a caustic
and proceed without breaking down, but it may be that at
some time slices this fixed IR radial cutoff lies beyond the
apparent horizon, and in this case we may lose information
of part of the bulk geometry causally connected to the
boundary, which may lead to physically inaccurate results.
A possible way, discussed in detail in Ref. [12] to deal with
this issue, is to use the aforementioned residual diffeo-
morphism invariance and fix different values for the
function A(7) on the different time slices by requiring that
the radial position of the apparent horizon remains fixed for
all time slices. We will discuss an implementation of this
scheme in Sec. 1 B.

At the boundary of the bulk spacetime the metric
coefficients must satisfy boundary conditions such that
for r — oo one recovers from the 5D line element (4) the
4D metric (2), up to the global conformal factor > of AdSs.
This is accomplished by imposing the following boundary
conditions associated with holographic Bjorken flow,

r? 21
A(r—)oo,r)NE, B(r - o0,7) ~ — r;(r)’
(r = o0,7) ~7'/3r. (5)

In fact, by substituting (5) into Eq. (4) one recovers the
AdSs metric near the boundary in the EF coordinates,

— ds?

ds?| (ads,) = 2dvdr + r?dsly, . (6)

r—00 (4D)

Einstein’s equations for the metric field can be worked
out to give the following set of coupled (1 + 1)-partial
differential equations (PDEs) for the metric coefficients
A(r.7), B(r.7), and 2(r, 7)*

ZBIZ
Y+ =0, (7a)
2
25'd. ¥
(d,Z) + dy —25 =0, (7b)
3(B'd, X +Xd,B
X(d,B) + (B'd, 2+ + >:0, (7¢)

*We remark that the metric coefficient A(r,7) defined in
Eq. (4) and also in Ref. [12] corresponds to half of the
corresponding function as defined in Ref. [6].

4+3Bd,B-12(¥d,%)/2?

A"+ 5 0, (7d)
>(d, B)?
d,(d.X)+ % -Ad.x2=0, (7e)

where /= 0, is the directional derivative along infalling
radial null geodesics (with 7 = constant) and d, =0, +
A(r,7)0, is the directional derivative along outgoing radial
null geodesics (with dr/dr = A(r,7)). Equation (7) is the
so-called Hamiltonian constraint. Equation (7e) is a con-
straint that can be used in order to check the accuracy of the
numerical solutions obtained by solving the nested
Egs. (7a)—(7d).

In fact, the nested or hierarchical structure observed in
Eqgs. (7a)—(7d) is a common feature of the characteristic
formulation of general relativity. In view of this structure,
one can devise the following general ordered steps in
order to solve Einstein’s equations in the characteristic
formulation:

(i) One must choose some initial profile for the metric
anisotropy B(r,7,) specified over the null hyper-
surface corresponding to the initial time 105 ;

(i) Next, one radially solves the Hamiltonian constraint
(7a) to obtain X(r,7);

(iii) Then, one radially solves Eq. (7b) to ob-
tain d X(r,79);
(iv) Next, one radially solves Eq. (7c) to ob-

tain d, B(r,79);
(v) Then, one radially solves Eq. (7d) to obtain A(r, 7,);

(vi) Atthis point, we already know B(r, 7y), A(r, 79), and
d,B(r,7y) and, thus, we can determine the time
derivative of the metric anisotropy function evalu-
ated on the initial time slice, 0, B(r, 7y), by using that
d+B(r, T()) = 8,B(r, To) + A(r, To)a,B(r, To). With
{B(r,7).0.B(r.7p)} at hand, one can evolve the
metric anisotropy to the next time slice 7y + Az
(notice that in the characteristic formulation the
relevant PDEs to be solved are always first-order
in the time derivatives);

(vii) Steps i—vi are then repeated until reaching the final
time of the numerical simulation.

A. UV expansions and renormalized
one-point functions

Before going through some details of the numerics
involved in the actual implementation of the aforemen-
tioned algorithm, let us first review some important
results regarding the ultraviolet (UV) near-boundary expan-
sions of the metric coefficients and their relation to the

>Alternatively, one could also choose to specify X(r,7p) as an
initial data and then solve Eq. (7a) for B(r, 7); however, in such
case one would need to solve a nonlinear equation instead of a
linear one.
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holographically renormalized one-point Green’s function of
the energy-momentum tensor of the boundary SYM gauge
theory, from which we are going to extract the energy density
and the longitudinal and transverse pressures of the strongly
coupled quantum fluid under consideration.

Given the boundary conditions (5) of holographic
Bjorken flow, the UV near-boundary expansions of the
bulk metric coefficients assume the following form [6,25]

_ (r+4(0)? ~a,(7)
Mmpf—y—-wm+;,ﬂ,@@
Br.e) = - 20y 500 (8b)
2(r,7) =7'3r + i": s,,r(nr) . (8¢)

n=0

By substituting the above UV expansions (truncated
e.g., at eighth order) back into the equations of motion
and solving the resulting algebraic equations order by order
in r, one can fix the values of the UV coefficients
{a,(7),b,(1),s,(7)} as functions of 7, A(z), and the single
dynamical UV coefficient which remains undetermined in
such UV analysis, a,(7), and its derivatives. In fact, as we
are going to discuss, the value of the UV coefficient a,(z)
at the initial time 7, together with the initial profile for the
metric anisotropy, B(r, 7y), are the initial data that must be
chosen on the gravity side of the gauge/gravity duality to
generate different solutions of Einstein’s equations corre-
sponding to different evolutions of the far-from-equilibrium
SYM plasma.6 Explicitly, the first few UV coefficients so
obtained are shown below

(rt ) j(’))z ~ 9,(x) + “Zr(j) +0(). (%)
2In(z) 2 1+27A(7)
_2In(z) i

A(r,7) =

B(r,7) = 3 i

2+ 674(t) + 67222(7)
B 9373
N 6 + 247A(z) + 36724%(7) + 247323 (7)
3647t
367%a, () + 277070, a,(7)
- 3647t

+O(r ™), (9b)

14 37A(7) 1
3023 9r/3
5+97A(r) 10+ 307A(7) +27724%(7)
8172083 243731173

(r,7)=17"r+

+0O(r ),

(%)

®Actually, since we are going to consider A(z) # 0, also A(z,)
needs to be specified as an initial data.

132 (14 37A(7))r
d, 2(r,7) = 7 3273
1 —27A(z) — 37%2%(7) 10
B 67°/3 81r78/3
—25 = 307A(7) 4 2437%a,(7) _3
2437271173 O,
(9d)
1 1 147i7)
A B(rt)=—— g o)
+B(r.7) 3t 3r?2 317
2 + 47A(1) + 27222 (1) + 127%ay(7) 4+ 97°0,a,(7)
+ 3.4
6r°t
+O(r ). (%)

As discussed in detail e.g., in Ref. [23], the holographic
renormalization of the model provides formulas relating the
one-point function of the boundary energy-momentum
tensor with the UV coefficients of the bulk fields, generally
written in Fefferman-Graham (FG) coordinates. Then, in
order to use these formulas one must first find a relation
between the holographic radial direction r in EF coordi-
nates and the holographic radial direction p in FG coor-
dinates. This relation reads,

12), (10)

dr
[ ==

which may be perturbatively solved close to the boundary
using the UV expansion of the metric coefficient A(r, 7),
which gives

1 ay(0)p? 0,a5(2)p?
V(,O):—— 2( )ﬂ _ 2( )P
VP 4 10

By substituting the result above into the UV expansions
of the bulk fields (9a)-(9e), one identifies the relevant
UV coefficients in FG coordinates entering the holo-
graphic renormalization formula for the one-point
function of the energy-momentum tensor of the
boundary quantum gauge theory [23]. The final results
are given by (251

+0p?).  (11)

&(r) =kHT,,) = —3ay(1), (12a)
pr(e) = RHTY) = ~302() = S 0raa(e),  (120)
pr(r) = K§<T§> = 3a,(7) + 370,a5(7), (12¢)

"We remark that our definition of the normalized
one-point function of the boundary energy-momentum tensor,

(T,,) =x3(T,,) = (42*/N?)(T,,), corresponds to twice the

value of the definition used in Ref. [6].
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where &(z), pr(z), and p;(z) are, respectively, the
(normalized) energy density, the transverse pressure, and
the longitudinal pressure of the SYM plasma.8 From
Egs. (12a)—(12c) we see that once we determine the time
evolution of the dynamical UV coefficient a,(7), we have
also the dynamical evolution of these physical observables
at the boundary. We also see from Eq. (9a) that a,(7) is a
subleading UV coefficient of the metric coefficient A(r, 7)
close to the boundary r — oo. In order to better extract it
from the numerical solution for A(r,7), we may define
subtracted fields to get rid of the leading terms in the UV
expansions of the metric coefficients, which are associated
with the boundary conditions (5), and also get rid of the
factor of r=2 multiplying a,(z) in Eq. (9a).

In order to do so, and also with a view on the numerics to
discussed next, we first define a new holographic radial
variable (which, as discussed before, goes from some fixed
IR radial cutoff, which should lie behind the apparent
horizon, to the boundary located at r — o),

(13)

1
u=-.
r
Now we define subtracted fields as follows, u?X(u,z) =
X(u,7) — Xyy(u,7), where X generically denotes any of
the metric coefficients, p is an integer, and Xyjy is some UV
truncation of X. Using this reasoning and looking at
Egs. (92)-(9e), we define

1/1 2
u?A(u,7) = A(u, 1) -3 (——i—/l(r)) + 0.A(z), (14a)
u
2In(z) 2u
‘B =B —
u*Bg(u,7) (u,7) + 3 + %
1+ 21%2(1'))142 . (2 + 67A(7) +3672/12(T))u3 C (14v)
37 97
713 14 37A(x) u
w3 (u,7) =Z(u, 1) — o 328 + TR
(5 + 974(z))u?
BT (14c)
713 1+437A(z)
uz(d+2)s(u,r) = d+2(u,7) _TL[Z_W
1-2 —372)2 1
A7) = 37%A*(7) Ou (14d)

675/3 81783

u (14 7i(2))u?
TR e
(14e)

u3(d,B),(u,7) =d, B(u,1)

8Note that from Egs. (12a)—(12c) the trace anomaly 1=
g;‘:D)(T”J = —2+ p; + 2py vanishes for the SYM plasma, as
expected from conformal invariance.

Then, the boundary values of the subtracted fields are
simply given by

A(u=0.7) = ax(z), (150)
318,51 T 1
Bs(u = O,T) = —az(r) _+<) +@
21(1‘) 22 (1) 243 (7.')
1
tag 2 T (15b)
10 + 307A(z) + 272%4%(7)
Z(u=07) =~ 24371173 . (15¢)
25+ 3074(7)
(dy2),(u=0.7)=7" a,(7) 2437113 (15d)
3 1
(dB),(u=0,7) =2ay(r) + 310:a5(7) +3a
2 37
2A(r)  2%(r)
: 15
37 372 (15e)

Therefore, in terms of the subtracted fields, the dynamical
UV coefficient a,(7) entering in the holographic formulas
(12a)-(12c¢) can be simply obtained as the boundary value
of the subtracted field A (u,7). In order to solve the
equations of motions for the subtracted fields, one must
rewrite Egs. (7a)—(7d) in terms of the new radial direction u
and also use Egs. (14a)—(14e) to express the original fields
in terms of the subtracted ones.

B. The apparent horizon

As mentioned before, for the radial integration of
Einstein’s equations of motion one needs to consider the
entire region of the bulk geometry causally connected to
the boundary. For this sake, we need first to briefly discuss
the event and apparent horizons of a black hole within the
bulk geometry.

The event horizon of a black hole within the asymptoti-
cally AdSs bulk is the surface where the congruence of null
geodesics bifurcates, with some geodesics escaping up to
the boundary and some plunging deep into the bulk.
Consequently, light rays inside the event horizon can never
leave the interior of the black hole, and the portion of the
bulk geometry within the black hole event horizon is,
therefore, causally disconnected from observers at the
boundary. Thus, when there is an event horizon within
the bulk, in order to integrate the radial part of the equations
of motion without losing physical information about the
bulk geometry, one should integrate from the event horizon
(or from some radial position inside it, which adds no extra
physical information) to the boundary. The radial location
of the event horizon is determined by the solution of the
outgoing radial null geodesics equation subjected to the
condition that at asymptotically large times it is given by a
zero of the metric coefficient A(r, 1),
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d”H(T)
dr

= A(ru(2).7)|ru(t — o) = rf”,  (16)

where rsq) is the largest simple root of equation

A(r,7 = o) = 0, corresponding to the radial position of
the event horizon in equilibrium. It is clear from Eq. (16)
that the event horizon in a far-from-equilibrium setup is a
global feature of the bulk geometry which can be only
determined by determining first the entire time evolution of
the metric coefficient A(r, 7).

The aforementioned fact makes it technically inconven-
ient to use the event horizon as the infrared cutoff of the
radial domain of integration, since we do not know its
position at the beginning of the numerical simulations. One
possibility to deal with this issue is to adopt a fixed IR
radial cutoff for all time slices, and then check afterwards
whether the event horizon was in fact beyond the chosen
value radial cutoff on top of each time slice considered. If
this was not the case, then the simulations should be run
again with a new tentative value for the fixed IR radial
cutoff. There is, however, a much easier and convenient
way to handle this question, which involves the consid-
eration of the radial position of the apparent horizon on
each time slice, instead of the event horizon.

The apparent horizon corresponds to the outermost
trapped null surface within the event horizon, which
separates a region of the spacetime where the geodesics
are directed outward with light rays moving outward and a
region where the light rays along the same geodesics move
inward. Therefore, within an apparent horizon all light rays
move inward. A very nice and clear illustration of such state
of affairs is depicted in Fig. 2 of Ref. [6]. The apparent
horizon converges to the event horizon at late times,
therefore, they coincide in equilibrium. Notice that, since
in a far-from-equilibrium setting the apparent horizon lies
within the event horizon, by taking the fixed IR radial
cutoff to lie at or within the apparent horizon, one
automatically guarantees that the radial domain of the bulk
geometry causally connected to the boundary is being
properly taken into account and no physical information is
being lost.

The main technical advantage of considering the appar-
ent horizon instead of the event horizon is that the former is
local in time and its radial position can be fully determined
at each individual time slice without requiring knowledge
about the entire time evolution of the system. In the
holographic Bjorken flow of the SYM plasma the radial
position of the apparent horizon significantly varies
between the different time slices, which could make it
unfeasible to be used as a fixed IR radial cutoff to start the
integration of the equations of motion. However, one can
use the residual diffeomorphism invariance discussed
before to conveniently choose the value of the function
A(7) on top of each time slice so that the radial position of
the apparent horizon is held fixed at all times.

For any metric satisfying an ansatz of the form given in
Eq. (4), the radial position of the apparent horizon, when
taken as a constant in time, ray, may be determined by
finding the value of the radial coordinate which solves the
following equation [12],

d X(rpg.7) = 0. (17)

The requirements that 9,7 (7) = 0 and that Eq. (17) holds
at all times imply that 0,d, X(ray, 7) = 0, which in turn
implies that d,(d X)(rap,7) = A0,d 2(rap, 7). Using
this condition into the constraint Eq. (7e), and then
combining the obtained result with the other components
of Einstein’s equations, one can show that the aforemen-
tioned requirements are realized by the following condition
(already written in the radial coordinate u = 1/r),

A(upn, 7) = =2Z(upn, 7)[3(d; B(uan, 7)) *Z(uan, 7)
+ 6uz A’ (uan, 7)d Z(upn. 7))/
24(uz X (uan, 7)d, Z(uan, 7) + * (uan, 7))]
= —(d,B(uan.7))*/4, (18)

where above / = 0, and we used Eq. (17) in the last step,
d, X(upay,7) = 0. Then, one can use Eq. (14a) to obtain,

1 Az)  2%(7)
D:A(7) = uzyA,(uan.7) + 22, + . t—

_A(”AH7T)v (19)

where A (uay,7) is the numerical solution for the sub-
tracted metric coefficient A, (u, 7) evaluated at the apparent
horizon and A(uuy, 7) is given by Eq. (18). Then, once it is
chosen a value for A(z,) on the initial time slice 7, A(7) can
be evolved to the next time slice using Eq. (19) such that the
radial position of the apparent horizon remains fixed during
this time evolution. For this purpose, we set the initial
condition A(zy) = 0 and solve Eq. (17) using Eq. (14d) and
the Newton-Raphson algorithm. In general, the value of
uy does not coincide with any of the collocation points (to
be discussed in Sec. II C), and we find such a value with
good precision, given by the tolerance (or the number of
iterations) of the method. For the initial data considered in
the present work, we typically find that the radial position
of the event horizon is held fixed within ~107%.
Alternatively, we also considered an approximation to
calculate the radial position of the apparent horizon con-
sisting in the following procedure: first we set the function
A(r) = 0 and integrate the equations of motion for a short
period of time and then evaluate the radial position of the
apparent horizon at the initial time slice on top of numeri-
cally interpolated results. Next, we search for the point u,
within the radial grid (to be discussed in Sec. II C) which is
closest to the radial position of the apparent horizon uay
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at the initial time 7, and take u, (instead of wuup) to
determine an approximation for Eq. (19). In this case, we
take A(zg) = 0 as the initial condition for evolving A(7) in
time. Within the aforementioned approximation, the radial
position of the apparent horizon for the different initial
conditions considered was held fixed within ~1072%.

For all the initial data considered in the present work the
apparent horizon calculated using both approaches dis-
cussed above was always found within the chosen radial
domain of integration, u € [0, ur], where we took ur = 1
as the fixed IR radial cutoff (for the different initial
conditions considered in this work, we obtained apparent
horizons between u ~ 0.7-0.99). Although the precision in
the calculation of the radial position of the apparent horizon
for the two approaches discussed above is different, the
results for the physical observables analyzed in the present
work (namely, the pressure anisotropy, and the nonequili-
brium entropy density) are indistinguishable by eye.

In fact, we also considered a third way of evolving the
system, where we simply set the function A(z) =0 and let
the radial position of the apparent horizon to freely
fluctuate between the time slices. This approach is more
difficult to handle in practice because we had to choose
different values of the fixed IR radial cutoff uy for different
initial conditions. Moreover, it is also more limited in the
sense that in order to avoid the breakdown of the numerical
simulations due to the caustics in the deep interior of the
bulk, the chosen values of u, contrary to what happens in
the method with fixed apparent horizon, are not guaranteed
to cover the radial domain where the apparent horizon u g
lies within for every time slice—in fact, at large enough
times, depending on the chosen initial conditions, we could
not find the apparent horizon within the radial domain of
integration [0, urr] in this method with fluctuating apparent
horizon without resorting to numerical extrapolations,
which may be physically unreliable. However, for the time
intervals where it was possible to run the numerical code
using A(r) =0, the results obtained for the pressure
anisotropy and the nonequilibrium entropy density
coincide with the ones obtained with fixed apparent horizon
and nontrivial A(z). Such an observation is consistent with
the fact that A(7) may be freely chosen since it is associated
with a residual diffeomorphism invariance of the system, as
discussed before.

C. Numerics and initial data

In order to ensure the reproducibility of our results, in
this section we give the details behind our numerical work.

We numerically integrate the equations of motion using a
discretization of both the radial and time directions. Let us
first briefly discuss the discretization of the radial domain
of integration of the PDEs. This is implemented here using
the pseudospectral or collocation method [61], where the
discrete radial points are described by the Chebyshev-
Gauss-Lobatto grid,

k
uk—u%[l—l—cos(Nfl

)] k=0,...N—-1, (20)

where N is the number of grid points (also known as
collocation points) and uyy is the fixed infrared radial cutoff
in the interior of the bulk, from which one must radially
integrate the equations of motion up to the boundary at
u = 0. As discussed previously, for the present work we
take UR = 1.

The main reasoning involved in the use of the pseudo-
spectral method consists in radially expanding the bulk
fields in the basis of Chebyshev polynomials of the first
kind on each point of the Chebyshev-Gauss-Lobato radial
grid (20). The expansion coefficients so obtained are called
the spectral coefficients of the Chebyshev expansion. The
expansion is truncated at the same order of the number of
collocation points used in the discrete radial grid, therefore,
in principle, the larger the number of collocation points the
more accurate the numerical results should be. One major
numerical advantage of the pseudospectral method over
alternative methods, such as finite differences, is that the
convergence of the Chebyshev expansion is expected to be
exponential (rather than polynomial) in the number of
collocation points.

As discussed in detail e.g., in section V. 4 of Ref. [23], by
discretizing the radial part of the continuum differential
equations of motion using the pseudospectral method, one
is left with a linear algebra eigenvalue problem essentially
consisting in the inversion of a diagonal (N — 1) x (N — 1)
matrix for each of the bulk fields. These matrices are given
by the homogeneous paurt9 of the discretized differential
equations of motion evaluated at each radial grid
point, excluding the point corresponding to the boundary.
Indeed, at the boundary grid point one must impose the
boundary conditions (15a)—(15e) for the (subtracted) bulk
fields. Then, in practice, one simply joins to the (N — 1)-
dimensional eigenvectors obtained as solutions of the
aforementioned eigenvalue problem the values of the
respective bulk fields determined at the boundary grid
point by the corresponding boundary conditions. With this,
one constructs the complete N-dimensional eigenvectors
corresponding to the numerical solutions of the radial part
of the Einstein’s equations of motion (the components of
the N-dimensional eigenvectors are the values of the bulk
fields on each of the N collocation points of the discrete
radial grid).

At the initial time slice 7, the value of a,(zy) =A,(u =0,
7o) must be specified. Therefore, as mentioned before, the
initial value of the dynamical UV coefficient a,(z;) is one
of the initial conditions which must be specified on the
gravity side of the gauge/gravity duality (the other initial

The multiplication of these inverse matrices by the column
vectors corresponding to the inhomogeneous part of the equa-
tions of motion gives the numerical solutions for the bulk fields.
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condition being the initial profile of the bulk metric
anisotropy, B, (u,7y))."

In order to evolve in time the set of initial data
{ay(7), By(u,7);A(7)}, one also needs to determine the
values of the time derivatives 0,a,(7), 0,By(u,7), and
0.A(7). The latter is calculated by using Eq. (19). Moreover,
having knowledge of the values of a,(z,), B,(u = 0,7y),
and A(zy), which on the initial time slice are simply the

freely chosen initial conditions, one can determine the
value of J,a,(z) at the initial time 7z, using Eq. (15b).

Finally, we also need to determine 0,B(u, 7). This can
be done by using Eq. (14e) to relate the numerical field
(d.B),(u,7) to d,B(u,7)=0.B(u,7)—u*A(u,7)0,B(u,7),
and then expressing in this relation A(u,7) and B(u,7) in
terms of the corresponding subtracted fields as given by
Egs. (14a) and (14b). The resulting equation is solved for
0.B(u,7) giving

(d,B),(u,z) 2 2A,(u,7) 2uA;(u,t) 2u*A (u,7)
O0.B.(u,7) = s - — —
B (u,7) u 37%u 37 372 373
2B B
+4udA (u,7)By(u, 7) + s(.7) + 5(577) +u*Ay(u,7)Bi(u,7)
u

2 duA(u,t) 2u’A,(u, 1)

4B (u.7) — —
+( (%) ur3+ 3z

S uB(u ﬂ)a(f)

7 202 A, (u, 2B/ (u, 1 4
4 (— g = o+ 2B (u,7) = () wB e oy (1 4 Y
37 3t°u

T 373

where B(u,7) = 0,B,(u,7) can be obtained at any con-
stant time slice by simply applying the pseudospectral finite
differentiation matrix [23,61] to the numerical solution
B,(u,7) (which is expressed as a vector field with N
components, as discussed before).

For the time evolution of the gravitational system we
employ here the fourth-order Adams-Bashforth (AB)
integration method. This method requires earlier initializa-
tion by other methods, so in order to evolve the system from
the initial time slice to the next one we use the Euler method
(also known as first-order AB),

X(t+ A7) = X(7) + A0, X (7), (22)
the next time evolution is done with second-order AB,
At
X(t+ A7) =X(7) + > [30.X(7) — 0. X(z — A1)],  (23)
the subsequent time evolution is done with third-order AB,
At
X(z+ A7) = X(7) + B [230.X(7) — 160X (t — A7)
+50.X(7 — 2A7)], (24)

and then, finally, all the next steps corresponding to the
subsequent time slices are done using fourth-order AB,

""We remark that by using A(z) # 0 the initial value A(z,) must
also be specified.

T 2

A (- ) - B )

2 3tu

2&(27) .

)6,/1(1), (21)

[
A
X(r+ At) = X(1) + 2—: 550, (7) — 599,X (1 — A7)
+370,.X(r —2A7) — 90, X (r — 3A7)], (25)

where At is the time step size and X(z) denotes either
ay(7), By(u,7), or A(z). In the present work we used N =
33 collocation points and Az = 12 x 1073, Further numeri-
cal details and an error analysis can be found in
Appendix A.

The form of the initial conditions used in the present
work are similar to the ones chosen in Refs. [25,62],

B (u,79) = cos(y u) +Qytan(y,u) +Qssin(y3u)

5 30
a2 u 2u” u 2u
i S (1) 2
+;ﬁ,u T { 3 n( +To> +9r(3) 3Ta+310:|
(26a)
Mzy) =0, (26b)

with the chosen values for a,(zy), which determine the
initial energy density of the fluid through Eq. (12a),
displayed in Table I. We choose 7, = 0.2 as the initial
time of our numerical simulations. By choosing different
values for the set of parameters {Q;, y;, f;, a} in the initial
metric anisotropy (26a), as depicted in Table I, one
generates very different solutions for the physical observ-
ables of the SYM plasma.
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TABLE L.

Initial conditions (ICs) used in the present work, which were originally considered in [44]. ICs no. 16, no. 21, and no. 22

(the magenta, red, and salmon curves in Figs. 1 and 2, respectively) generate solutions for the pressure anisotropy transiently violating
the dominant energy condition at early times, while ICs no. 23 (which was originally proposed in [62]), no. 24, and no. 25 (the blue,
orange, and purple curves, respectively) also transiently violate the weak energy condition when the fluid is far from equilibrium.

IC no Q 7 Q Y2 Q3 73 Bo B B2 B3 Pa Ps a a, (7o)
1 0 0 0 0 0 0 0.5 -0.5 0.4 0.2 -0.3 0.1 1 -20/3
2 0 0 0 0 0 0 0.2 0.1 -0.1 0.1 0.2 0.5 1.02 -20/3
3 0 0 0 0 0 0 0.1 -0.5 0.5 0 0 0 1 -20/3
4 0 0 0 0 0 0 0.1 0.2 -0.5 0 0 0 1 -20/3
5 0 0 0 0 0 0 -0.1 -0.4 0 0 0 0 1 -20/3
6 0 0 0 0 0 0 -0.2 -0.5 0.3 0.1 -0.2 0.4 1 -20/3
7 0 0 0 0 0 0 0.1 -04 0.3 0 -0.1 0 1 -20/3
8 0 0 0 0 0 0 0 0.2 0 0.4 0 0.1 1 -20/3
9 0 0 0 0 0 0 0.1 -0.2 0.3 0 -04 0.2 1.03 -20/3
10 0 0 0 0 0 0 0.1 -04 0.3 0 -0.1 0 1.01 -20/3
11 1 1 0 0 0 0 0 0 0 0 0 0 1 -20/3
12 0 0 1 1 0 0 0 0 0 0 0 0 1 -20/3
13 0 0 0 0 0 0 0.1 -04 0.4 0 -0.1 0 1 -20/3
14 0 0 0 0 0 0 -0.2 -0.5 0.3 0.1 -0.2 0.3 1.01 -20/3
15 0 0 0 0 0 0 -0.2 -0.3 0 0 0 0 1 -20/3
16 0 0 0 0 0 0 -0.2 -0.5 0 0 0 0 1 -20/3
17 0 0 0 0 0 0 -0.1 -0.3 0 0 0 0 1 -20/3
18 0 0 0 0 0 0 -0.1 -0.2 0 0 0 0 1 -20/3
19 0 0 0 0 0 0 -0.5 0.2 0 0 0 0 1 -20/3
20 0 0 0 0 0 0 -0.2 -04 0 0 0 0 1 -20/3
21 0 0 0 0 0 0 -0.2 -0.6 0 0 0 0 1 -20/3
22 0 0 0 0 0 0 -0.3 -0.5 0 0 0 0 1 -20/3
23 0 0 0 0 1 8 0 0 0 0 0 0 1 -20/3
24 1 8 0 0 0 0 -0.2 -0.5 0 0 0 0 1 =7.75
25 0.5 8 0 0 0 0 -0.2 -0.5 0 0 0 0 1 -7.1

D. Energy conditions

Energy conditions [63,64] are usually postulated in
general relativity to constrain the form of the energy-
momentum tensor of matter used in Einstein’s equations
based on classical expectations related to the positiveness
of energy, even though some quantum effects are known to
violate such energy conditions [65].

The weak energy condition (WEC) states that <Tw> "t >
0 for any timelike vector ##. It was shown in [66] that this
implies the following set of inequalities for the Bjorken
flow of a conformal field theory (as e.g., the SYM plasma),
&(r) 20, 0.8(r) <0, 70, In(é(7)) > —4.  (27)
In face of Eq. (38), the two last inequalities above imply
that —4 < Ap/& < 2. Therefore, one can see that the WEC
leads to direct constraints on the magnitude of the pressure
anisotropy. Also, its violation does not necessarily imply
that the local energy density is negative—that is just one of
the conditions in (27).

We also remark that the strong energy condition
(SEC), which states that (T,,)#*#* > —(T})/2, is trivially
equivalent to the WEC for a conformal fluid, since in this
case (Th) = 0.

The dominant energy condition (DEC) states that for any
future directed timelike vector # (i.e., t* > 0), the vector
X# = —(T")1, must also be a future directed timelike or null
vector. This condition is important to establish causal
propagation of matter [64]. Let us now work in detail the
DEC for Bjorken expanding SYM fluid closely following
the reasoning discussed in Ref. [66], originally used to
derive the WEC. The energy-momentum tensor for a
conformal fluid undergoing Bjorken flow may be written
as follows:

T, =diag(&, pr, pr.7pr)
=diag(8,2+10,2/2,8+10,2/2,-1*e—71°0,8), (28)

where in the last line we made use of Egs. (12a)—(12c). On
the other hand, taking s, v, w € R, the most general timelike
or null 4-vector at the flat boundary is given by

= (Vs + 2w + 201 wow,0) = 1t = —s2<0.

The condition that X* > 0 then implies that &€ > 0, while
X, X" < 0leads to amore restricted condition for Ap/e than
in the WEC, namely, —1 < Ap/& <2. Therefore, the

(29)
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(a) Pressure anisotropy for the ensemble of far-from-equilibrium solutions and the corresponding late time hydrodynamic

attractors (the six full colored thick curves are used to highlight the solutions transiently violating the energy conditions). (b) Zoom of
the late-time region for the pressure anisotropy. (c) Individual hydrodynamization times for the pressure anisotropy of the different
solutions and the corresponding average times (taking into account all the solutions) with 5% tolerance and (d) with 3% tolerance.

dominant energy condition leads to more stringent con-
straints on the pressure anisotropy of the fluid. Given that the
pressure anisotropy (or, equivalently, the shear-stress tensor)
is only nonzero out of equilibrium, the discussion concern-
ing the investigation of energy conditions, and their possible
violations, can be useful to systematically characterize the
far-from-equilibrium dynamics of rapidly expanding
systems.

We remark that it is known that in SYM theory the
weak energy condition can be violated in holographic
shockwave collisions, as shown in [67]. Our results
displayed in Fig. 1(a) show that the DEC and also the
WEC can be violated even in the much simpler holographic
Bjorken flow for the SYM plasma, as originally discussed
in [44]. Therefore, this suggests that the violation of energy
conditions in strongly coupled holographic fluids far from
equilibrium is a common feature of such systems. This
should be contrasted with other approaches commonly used
to investigate the quark-gluon plasma in heavy-ion colli-
sions, such as relativistic kinetic theory [68], where the

positiveness of the distribution function ensures that these
energy conditions cannot be violated [67].

E. Holographic nonequilibrium entropy

Now we discuss the calculation of the holographic
nonequilibrium entropy density. The Bekenstein-Hawking
relation [69,70] associates the thermodynamical entropy of
a black hole in equilibrium with the area of its event
horizon. However, in out-of-equilibrium settings, it was
argued in Ref. [43] that the holographic nonequilibrium
entropy should be associated with the area of the apparent
horizon instead of the area of the event horizon.!' In fact,

"Reference [43] provided a clear example to justify this
argument: in the case of conformal soliton flow [71], which
corresponds to an ideal fluid, entropy production must be
identically zero at all times. While the entropy calculated through
the area of the apparent horizon in this case is in fact constant, the
area of the event horizon diverges showing that it is an inadequate
measure of the nonequilibrium entropy.
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the holographic nonequilibrium entropy has been consid-
ered in many other works [6,8,9,13,14,19,40,72,73] as
being related to the area of the apparent horizon. As
mentioned before, the apparent horizon lies behind the
event horizon and converges to the latter at late times and,
thus, for sufficiently long times the areas of both horizons
coincide giving the same result for the entropy in
equilibrium.

In order to obtain the radial position of the apparent
horizon, usy(7), at each time slice of the numerically
generated background geometries, we look for the largest
root of the transcendental equation (17), which in terms of
the numerically known subtracted field (d %), (u, 7) reads,

10 71/3

(d Z)(uan,7) = — 81uAH78/3

1 + 37A(7)
23

ThHh 4 T 33
2upny  Supyt

1 —274(z) — 37222
| 1=20(0) - 322()

. (30)

2
6usyT

The area of the apparent horizon in holographic Bjorken
flow is given by

AAH(T> = /d3xv_g|u—uAH = /dXdydg\/ _g|u:uAH

= V= lumuA
= [Z(uan. 7)PA, (31)

where V(7) = tA = 7 [ dxdyd¢ is the expanding spatial
volume of the fluid in Milne coordinates (note that the
spacetime rapidity £ is dimensionless).

The Bekenstein-Hawking relation for the nonequili-
brium holographic entropy reads

_ AAH(T) _ 2”|2(”AH, T)PA

S , 32
while the (normalized) entropy density is given by
S 27X ,7)]3
3‘(1’) = KgS(T) _ K_g (T) _ 77"| (uAH T)| (33)

V(r) T '

where X(u,y, 7) can be found in terms of the numerically
known subtracted field X (u, 7) using (14c),

1/3

T Uag
x > -
(Uan, T) = UrpZ,(Uan. 7) +MAH 975/3
14+374(zr) (54 974(7))uiy 24
3723 81753 (34)

In the rest frame of fluid, the flow velocity 4-vector is
u' = (1,0,0,0), while the (normalized) entropy 4-current
density §#(7) is simply given by

§4(7) = 5(z)u* = (5(7),0,0,0). (35)

The entropy production is given by the 4-divergence of the
entropy 4-current density,

1
V, 5 (7) = 0 - S(t)oH*
0) = BT 0"

_ 8(2) n ds(z)  2m dApu(7)
T A dr

T dr

(36)

The covariant form of the second law of thermodynamics
is expressed as the requirement that the entropy production
(36) is non-negative or, equivalently, that the area of the
apparent horizon is nondecreasing,

dAap(7)
T

V5 (1) 20 = >0, (37)
where, in Bjorken flow, the equality should be saturated
when 7 — 0.

III. HOLOGRAPHIC RESULTS AND
HYDRODYNAMIZATION

In the present work we are interested in calculating the
holographic results for the propertime evolution of the
pressure anisotropy and the nonequilibrium entropy density
of the strongly coupled quantum SYM plasma undergoing
Bjorken flow. In a conformal setup, the ratio of the pressure
anisotropy over the energy density is simply given by

Ap _pr—ps

PN

€ £

:2+%w4ma. (38)

For the pressure anisotropy of the SYM plasma, the
corresponding analytical hydrodynamic expressions for the
NS regime, the second-order gradient expansion [21,32],
and the Borel resummation [22,38] of the divergent
gradient expansion [39] are given by, respectively,

AD 2
Pﬁ] - (39a)
€ |ns  Bmwp
AP 2 2(1 = 1In(2
B (39b)
€ | 2ndorder 3”(01\ Iz Wp
Ap —276 + 2530w,
— = 7Y (39¢)
& |gorel 3(120 — 570w + 3975w7%)

where w, (1) = 7T (1) is an effective dimensionless time
measure, with T.(7) being an effective temperature
defined out of equilibrium.

We recall that temperature is actually a thermodynamical
concept which, strictly speaking, is only unambiguously
defined in equilibrium. However, one usually defines in
holographic calculations an out of equilibrium effective
temperature as follows. For the SYM plasma in
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equilibrium, conformal invariance dictates that the relation
between the energy density and the temperature of the fluid
is given by [32],

B 372N?

37 4
Eoq = g =

T =
2k3

(40)

Therefore, in equilibrium, the temperature can be written in
terms of the normalized energy density, &€ = K%E, as follows,
2/3 1/4
r— 37 e’ (41)
7

Notice that Eq. (41) only holds in equilibrium. However,
nothing prevents one to simply define an object, which we
shall call the “out of equilibrium effective temperature,” in
analogy with Eq. (41),

1/4

Toale) = 2 a ) (@2)
which is nothing more than a constant multiplied by the
fourth root of the time-dependent (normalized) energy
density of the medium. More precisely, in holographic
calculations one usually considers in Eq. (42) not the full
numerical result for the energy density, but takes instead
some finite order hydrodynamic truncation of the energy
density.12 Here we use the third-order hydrodynamic
truncation for the energy density of the SYM plasma
[74] to define the effective temperature as in Ref. [38],

A {— 1 -1 +1n(2)
Az)'/3 67(A7)?3  367%(Ar)*3
—21 + 27?4+ 511n(2) — 241n2(2)
194473 (Az)? '

T31d order (T) = (

(43)

where A is an energy scale which depends on the chosen
initial conditions. From Eq. (43) we also see that the ideal
hydrodynamic effective temperature achieved at late times
is given by [6]

A

Tigeal(7) =

In order to fix the value of the energy scale A for each initial
condition, as done in Ref. [25], we consider here the late
time NS result for the energy density (6,25,66]"

(45)

2s(0) 3ﬂ4A4[ 2 }

- 2(AB | 3n(Ar)?3

"2At late times the full numerical energy density is expected to
converge to its analytical hydrodynamic expansion.

We recall again that our definition of the normalized energy

density, & = K%e = (4712 /N %)8, corresponds to twice the value of

the definition used in Ref. [6].

Here we fit to the above analytical expression the late time
result for the full numerical energy density in order to
extract the value of A for each initial condition considered.

The late time expansions for the area of the apparent
horizon of the gravity dual of the Bjorken expanding SYM
plasma [6,43,75,76], give the following results for the NS
and second-order hydrodynamic truncation of the holo-
graphic entropy density (33) divided by the cube of the
asymptotic ideal effective temperature (44)

gNS (T) 4 |: 1 :|
Ti3deal (T) 277(/\7) 2/3
8 1 2 In(2
sm@ O—Ider(r) =274 [1 - 2/3 : 727 : n‘(w)] ., (46Db)
Tiea (7) 2n(A7)?3 " 247%(Az)

from which we also see that the asymptotic ideal hydro-
dynamic limit obtained when 7 — oo for this dimensionless
ratio is given by 2z* which is just the thermodynamic
equilibrium value for the normalized entropy density of the
SYM plasma (see e.g., [77]).

The numerical results for the nonequilibrium entropy
density of the fluid will be presented in terms of the
following dimensionless ratio (which becomes unity in
equilibrium),

S(T> _ AAH(T) _ |Z(MAH9T)|3 (47)
20T (7)) mPAA A2

It is important to remark that in the hydrodynamic regime
of Bjorken flow the entropy density falls as s(z) ~ 77!,
while for the second law of thermodynamics given by
Eq. (37) to be satisfied, the requirement is that the entropy
itself, S(z), or equivalently, the area of the apparent horizon
A (7) is nondecreasing in time. Consequently, the dimen-
sionless ratio in Eq. (47) must be nondecreasing for
solutions satisfying the second law of thermodynamics.
This is the case for all the numerical solutions analyzed in
the present work.

Now that we collected the relevant analytical hydro-
dynamic results for the holographic SYM plasma in
Egs. (39a), (39b), (39¢c), (46a), and (46b), we need to
organize our conventions for the dimensionless time
measure in order to properly compare these results with
the outcomes of our numerical gauge/gravity simulations.

We note that Egs. (39a), (39b), and (39c¢) are written as a
function of the dimensionless time measure, which we take
here to be given by @, = 7734 oraer (7). Then, we interpolate
our numerical results for all the physical observables in
terms of this dimensionless time measure. The comparison
between the full evolution of the pressure anisotropy for the
initial conditions listed in Table I and the analytical
hydrodynamics results of Egs. (39a), (39b), and (39c¢) is
shown in Fig. 1. We see that the full numerical pressure
anisotropy of the gauge/gravity solutions, although highly
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(a) Holographic nonequilibrium entropy density for the ensemble of far-from-equilibrium solutions and the corresponding late

time hydrodynamic attractors (the six full colored thick curves are used to highlight the solutions transiently violating the energy
conditions). (b) Individual hydrodynamization times for the nonequilibrium entropy density of the different solutions and the
corresponding average times (taking into account all the solutions) with 3% tolerance.

dependent on the chosen initial condition at early times,
indeed converges at late times to the corresponding hydro-
dynamic results for all the initial conditions. And, as it is
also well known from previous results in the literature
[6,8,9,14,21,22,24,28,38], we see from Fig. 1 that the
holographic SYM plasma hydrodynamizes, i.e., it acquires
an effective hydrodynamic description while still having a
sizable pressure anisotropy being, thus, far from thermo-
dynamic equilibrium.

In order to investigate in a more quantitative way the
onset of hydrodynamic behavior in the far-from-
equilibrium numerical solutions, for each initial condition
we define the corresponding dimensionless hydrodynam-
ization time measure associated with some specific hydro-
dynamic attractor as the first value of w, for which the
condition bellow is satisfied and such that it keeps being
valid until the final time of the simulations,

|X(wA) - Xaltractor(wA)| < t01|Xaltractor (a)A)|? (48)
where X (w, ) denotes any physical observable of the SYM
plasma at the boundary, X acor(@4) denotes some corre-
sponding hydrodynamic expression (which, for simplicity,
we call as an “attractor”), and ‘tol’ denotes some specified
relative tolerance. In Fig. 1 one can see the different
hydrodynamization times for the pressure anisotropy of
each initial condition in Table I with 5% and 3% relative
tolerances, and also the corresponding average hydro-
dynamization times taking into account all the initial
conditions. One concludes that within the specified relative
tolerances, the pressure anisotropy for different initial data
can converge first either to the hydrodynamic attractor
corresponding to the NS regime (39a), or to the second-
order hydrodynamic truncation (39b), or to the Borel
resummed result (39c), depending on the chosen initial

data. For the ensemble of initial conditions considered here,
the average hydrodynamization time associated with the
Borel resummed attractor is approximately equal to the
corresponding NS result, while both are clearly smaller
than the average hydrodynamization time of the second-
order hydrodynamic truncation for the pressure anisotropy.
One can also notice from Fig. 1(b) that the Borel resummed
attractor only provides a clearly better description of
hydrodynamization than the NS result if one considers
just very small relative tolerances in the long-time regime of
the system.

Concerning the holographic nonequilibrium entropy
density, we notice that the hydrodynamic results given in
Egs. (46a) and (46b) are expressed in terms of
@y = 1Tigea (r) = (A7)?/3, while our interpolations for
the full numerical results were done in terms of
@A = T34 oraer (7), as discussed before. In order to obtain
wo(wy), one just needs to invert the relation w,(wy)
obtained from Eq. (43). This involves considering a third
order algebraic equation, whose roots can be analytically
obtained. Only one of the three roots is real, and this simple
real root gives the desired relation wy(w, ), which can be
plugged into Eqs. (46a) and (46b) to express them as
functions of w,. By doing so, we compared in Fig. 2 the
full numerical results for the entropy density of the different
initial conditions and the corresponding analytical hydro-
dynamic expansions.14

One can see that hydrodynamization process, as seen by
the holographic nonequilibrium entropy density, is rather

M As far as we know, a Borel resummed attractor for the area of
the apparent horizon/nonequilibrium entropy density has not
been derived for the SYM plasma undergoing Bjorken flow. This
is the reason why in Fig. 2 we only plot the corresponding results
for NS and second-order hydrodynamics.
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(a) Average pressure for the ensemble of far-from-equilibrium solutions and the corresponding late time hydrodynamic

attractors (the six full colored thick curves are used to highlight the solutions transiently violating the energy conditions). (b) Individual
hydrodynamization times for the non-equilibrium entropy density of the different solutions and the corresponding average times (taking

into account all the solutions) with 3% tolerance.

different than that seen by the pressure anisotropy. In fact,
although the values of the entropy density of the different
initial conditions are widely spread at early times, they all
coalesce to the second-order hydrodynamics long before
they converge to the corresponding NS regime, in striking
contrast to what happens with the pressure anisotropy.
Moreover, at the level of 3% relative tolerance, the average
second-order hydrodynamization time of the entropy den-
sity is considerably shorter than the different average
hydrodinamization times of the pressure anisotropy.

We recall that the set of initial data analyzed here, as
originally discussed in [44], leads to the solutions shown in
Fig. 1(a) for the pressure anisotropy. This demonstrates that
in spite of satisfying all the energy conditions at the initial
time, some solutions evolve in such a way that the DEC and
even the WEC can be transiently violated in Bjorken
flow at early times when the system is still far from
equilibrium. Moreover, as also discussed in [44], by
comparing Figs. 1(a) and 2(a), one notices that

(i) When there is (multiple or single) transient plateau

formation for §/2z*T3,., far-from-equilibrium, the
normalized entropy density only trespass its last (or
single) plateau around the second-order hydrody-
namization time, which happens if and only if a local
minimum is observed for the normalized pressure
anisotropy with Ap/e < —1 after such a plateau has
been formed; in such cases, a single plateau for the
normalized entropy density (see the magenta, or-
ange, and purple curves) later implies a local
minimum with Ap/e = —1 (boundary to DEC
violation), while the presence of multiple plateaus
(see the red and salmon curves) later implies a local
minimum with Ap/e < —1 (DEC violation);

(i) On the other hand, there are solutions (see the blue

curves) violating DEC and also WEC which display

no transient plateau for §/2z*T3,. . and therefore

such solutions always have nonvanishing entropy
production when the medium is far-from-equilib-
rium—in particular, we found no special features for
the normalized entropy density associated with the
region violating WEC and DEC with Ap/e > 2.

In particular, from Figs. 1 and 2 it is clear that the WEC
violating solutions (namely, IC’s no. 23, no. 24, and no. 25,
which correspond, respectively, to the blue, orange, and
purple curves) generally take a longer time to enter in the
hydrodynamic regime than the other solutions.

It is also interesting to notice that, e.g., for IC no. 16
(corresponding to the magenta curves in Figs. 1 and 2), atand
around the initial time the pressure anisotropy is close to zero,
and also the entropy production is close to zero, since the
normalized entropy density (47) remains almost constant
during a certain period of time at early times. These two
points together may give the false impression that the system
is close to equilibrium. However, this is certainly not the case.
Indeed, because the approximately constant value of the
normalized entropy density during this early period of time is
far from its equilibrium value, the system is out of equilib-
rium, since the entropy needs to converge to its equilibrium
value as 7 — oo. In order to pursue such a convergence,
the system is driven out of an apparent and false “near-
equilibrium state” at the initial time, and the pressure
anisotropy becomes larger before going to the corresponding
hydrodynamic regime, while the entropy production and the
normalized entropy density increase with time.

We close this section by considering the behavior of
another interesting physical observable, namely, the aver-
age pressure,

() =LA (49)
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TABLE IL

Average hydrodynamization time scales of the SYM plasma undergoing Bjorken flow for the ensemble

of initial data considered in the present work with 3% relative tolerances, taking into account different physical

observables and hydrodynamic attractors.

Ordering Observable/Attractor @y = 1T (7)
1 Entropy/Second-order hydrodynamics 0.3004
2 Energy/Second-order hydrodynamics 0.5060
3 Energy/Navier-Stokes 0.6568
4 Pressure anisotropy/Navier-Stokes 0.8008
5 Pressure anisotropy/Borel resummation 0.8036
6 Pressure anisotropy/Second-order hydrodynamics 0.9568
7 Entropy/Navier-Stokes 0.9728

which tends to z*T},,,,/2 for asymptotically large times in
the SYM plasma. Indeed, its hydrodynamic gradient
expansion up to second order reads [6],"

2<ﬁ>2ndorder - 1= 2 1+ 211](2) (50)
T 3rwy, 187w}

where, as before, wy = Tiqea(7) = (A7)*3, and one must
invert w,(wy) to obtain wy(w,) in order to plot all the
observables in terms of the effective dimensionless
time @, .

Since the SYM plasma is a CFT, it follows immediately
that, 2(p)/z* T, = 28/37%T},.,;, so we are equivalently
considering here the behavior of the normalized energy
density of the fluid. The results for the average pressure of
the ensemble of solutions considered in the present work
and their associated hydrodynamization times are shown
in Fig. 3.

IV. CONCLUSIONS

In the present work we analyzed in a quantitative way the
different hydrodynamization times of the pressure
anisotropy and of the nonequilibrium entropy density for
a given ensemble of far-from-equilibrium solutions describ-
ing the dynamics of the strongly coupled SYM plasma
undergoing Bjorken flow. Some of these solutions evolve in
time such that a transient violation of energy conditions is

“We recall once again that our definition of the normalized
energy-momentum tensor of the boundary theory corresponds to
twice the value of the definition used in [6]. Moreover, we point
out that there are two kinds of typos in Egs. (24) and (25) of [6];
first, the correct numerator in the coefficient C, is 1 + 21n(2),
which can be checked by comparing the energy density in
Eq. (24a) with the result in Eq. (4.21) of [32] (doing the
identification A = 43/8/33/873/2); second, there are missing
factors of 3 which should multiply the coefficients C; and C,
in Egs. (24b) and (24c), as noticed in [62]—in fact, it is
immediate to check that without considering these multiplicative
factors of 3 the trace anomaly of the hydrodynamic expansion in
Egs. (24a—c) of [6] does not vanish, while the SYM plasma is a
CFT and, as such, has zero trace anomaly.

developed at early times when the system is still far from
equilibrium, even though there is no violation in the
initial data.

The main new observation done in the present work
concerns the differences on how the pressure anisotropy
and the holographic nonequilibrium entropy density con-
verge to their respective hydrodynamic regimes. While the
pressure anisotropy can converge first to different hydro-
dynamic attractors (namely, NS, second order hydrody-
namics or Borel resummation) depending on the chosen
initial data (for the considered relative tolerances of 3% to
5%), the average hydrodynamization times found for the
ensemble of initial data analyzed here gives,

_(NS)
A(pressure)

_ (Borel)
A(pressure)

_ (2nd order)
A(pressure)

The Borel resummed attractor can only provide a clearly
better description of hydrodynamization than the NS
constitutive relation if one restricts the analysis to very
small relative tolerances in the long time regime of
the fluid.

On the other hand, concerning the nonequilibrium
entropy density (determined by the apparent horizon), all
the individual solutions converge much earlier to the
second-order hydrodynamics regime than to the NS result.
Moreover, such a convergence is attained much earlier than
any of the characteristic hydrodynamization time scales of
the pressure anisotropy.

By considering also the average hydrodynamization time
scales of the average pressure (or, equivalently, the energy
density) of the medium, we found for the ensemble of
solutions considered in the present paper the hierarchy of
time scales indicated in Table II. It is interesting to notice
that different hydrodynamic attractors may earlier apply to
some observables, while only becoming valid much later
for other ones. In fact, second-order hydrodynamics
describes the behavior of the entropy and energy densities
earlier than the corresponding NS results, while the
opposite happens for the pressure anisotropy.
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Moreover, we also found that the solutions violating the
weak energy condition generally take a longer time to enter
in the hydrodynamic regime than the other solutions.

It would be interesting to work out the same quantitative
analysis of the different hydrodynamization times of the
fluid in other holographic models, especially in phenom-
enologically realistic constructions for the quark-gluon
plasma such as e.g., [78-80], and check whether the above
hierarchy of average time scales is a general feature of
strongly coupled holographic fluids.
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APPENDIX A: NUMERICAL
ERROR ANALYSIS

In this appendix we present further details on the
numerical procedure developed in the present work, with
a focus on error analysis.

In Fig. 4 we show the results for the pressure anisotropy
and for the entropy density regarding a selected initial
data (namely, IC no. 20 in Table 1), as evolved in time
by considering two different time steps Az. For most
of the evolution both results closely agree graphically,
however, one notices a slight reduction on the negative
peak of the pressure anisotropy associated with a

IC #20

— Ar=12x10"*
— Ar=12x1075

02 04 06 08 10
Wp

(@)

reduction of the time step from Ar=12x10"* to
At =12 x 107>, Furthermore, and more importantly,
one notices a spurious violation of the second law
of thermodynamics at early times for this initial data
when considering A7 = 12 x 10™* (which is manifest in
the early decrease of the area of the apparent horizon)—
such a violation is actually a numerical artifact
which is eliminated by considering a smaller time step
of At = 12 x 107>, as shown in the figure. The same issue
related to spurious numerical violations of the second law
of thermodynamics due to an inadequate large time step of
At = 12 x 107 is also observed for ICs no. 15, no. 16,
no. 21, no. 22, no. 23, no. 24, and no. 25 in Table I, with
this spurious numerical artifact being removed by con-
sidering a smaller time step of Az = 12 x 107> (or lower).

We also define an error measure by means of a root mean
square (rms) norm L,,

1 UR 1/2
Ly=<= ..|*d
’ {2A - } |

where |...| is an expected computational zero.

We apply the error measure (Al) to analyze the
time evolution of the error in the constraint Eq. (7e)
for the chosen truncation scheme. In this case |...| = |lhs
of Eq. (7e)|. Figure 5 shows the result for the initial
condition no. 23. This result is quite representative when it
comes to the whole set of initial data considered in
this work.

(A1)

APPENDIX B: TIMING AND PERFORMANCE

We developed a prototype code with Wolfram’s
Mathematica (version 12) and also a serial Fortran code
(from scratch, which uses open source libraries and
compiler) calibrated with the Mathematica’s prototype.
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FIG. 4. Results obtained with different values of the time step Az for (a) the pressure anisotropy and (b) the nonequilibrium entropy

density regarding IC no. 20 in Table 1.
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FIG. 5. Time evolution of the constraint error [Eq. (7e)] for
different truncation orders N, evaluated globally with the norm
(A1) for the IC no. 23 in Table I. Convergence is clearly displayed
for the expected truncation orders. The situation is similar for the
whole set of initial conditions.

For IC no. 20 in Table I with N = 33 and At = 12 x 107>
running from 7y = 0.2 up to 7, = 7.5, and without
considering the postprocessing, the performance is dis-
played in Figs. 6 and 7. We ran both codes on an Intel core
17-9700k@8x4.9 GHz with 64 Gb of memory, under
Ubuntu 18.04 bionic. The timing T for the Mathematica
code goes as ~72,, using the full processor (800% CPU)
and between 0.7% and 1.6% of the total available memory.
We remark that in the simulations performed to evolve the
set of initial data considered in the present work, we used
Tmax = 7.5. The evolution of the system for a single initial
data takes T = 4h20m32s with the Mathematica code.
On the other hand, the timing 7 for the Fortran code goes
as ~Tpax- FOr 7, = 7.5 it takes T = 11.7s (100% CPU
and a negligible use of memory). For this particular setting
the Fortran code largely outperforms the Mathematica code
by reducing the computation time by a factor of ~1, 336.

Mathematica code timing fit:
a=1.61 (1.34%); b=1.96 (0.75%)

25 T T T T
20+ ' .
|
L 15 . B
? ||
=
=10 u .
||
0.5 B
00- 1 1 1 1
0.0 0.5 1.0 15 2.0 2.5
IN(Tmax)

FIG. 6. Timing fit (with the percent error for the fit parameters
informed in the brackets) for the Mathematica code performance;
In(T) = a+ bIn(ry.y). For 7, = 7.5 the Mathematica code
takes 7= 4h20m32s.

Fortran code timing fit:
a=-0.32 (5%) ; b=1.6 (0.19%)
80 T T T T T T T

70 | B
6.0 | | i
5.0 | i
4.0 F || .
3.0 || i
20 || .
10 M i
Y] S

00 10 20 30 40 50 60 7.0 80
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FIG. 7. Timing fit (with the percent error for the fit parameters
informed in the brackets) for the Fortran code performance;
T = a + bty,y. For 7, = 7.5 the Fortran code takes 7 = 11.7s.
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