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1 Introduction

The AdS/CFT duality has shed light on some important, and hardly accessible otherwise,
features of strongly coupled, out-of-equilibrium quantum systems. Particularly, a very
relevant field of application has been the Heavy Ion Collision program, where the collision
of high energy shockwaves in AdS are used as a proxy for colliding ions in a particle
accelerator and collider. Several studies have been carried out in this direction, from the
study of particular aspects of the collision dynamics [1-11] to simplified modelling of the
full collision [12, 13]. Moreover, fully numerical simulations of shockwave collisions were
done in pure AdSs [14-22], and in non-conformal quantum field theories [23, 24] including
those with thermal phase transitions [25]. Additionally, a non-vanishing baryonic density
was included in [26].

While the numerical simulation of these gravitational phenomena is very much possi-
ble, general shockwave collisions are computationally expensive as they imply numerically
solving FEinstein’s equations, ideally with a 441 dependence, with no symmetry assump-
tions. A first simplification to be done is to reduce the number of dynamical dimensions,
such as the collision of planar shocks [14], which is justified by the high Lorentz contraction
of rapidly moving ions. This reduces the problem to 241 dimensions and has proved to be



useful to gain insight into the collision dynamics. Going a bit beyond, [21] has recently pro-
posed to perform an expansion in gradients transverse to the collision direction. This has
revealed that even the first nontrivial order is able to capture a surprisingly high amount
of physics involved in a full AdSs; shockwave collision [16]. By means of this approach, a
collision with a more realistic model for the energy distribution inside the nuclei was first
performed in [22].

Here we propose to tackle the problem with a different kind of approximation by
taking the limit of a very large number of spacetime dimensions, which is known as the
large D limit of General Relativity [27] (see [28] for a review). In this limit, the horizon
dynamics gets decoupled from the region far from the horizon and, as a result, gravitational
waves are decoupled from the dynamics of the horizon [29, 30]. The resulting effective
description represents a major simplification [31] with respect to Einstein’s equations at
finite dimension D. Such a limit has been already useful in studying many properties of
black holes [32-35] and the effective theory has been widely used to understand the classical
dynamics of horizons: instabilities, turbulent behavior and even violation of the Weak
Cosmic Censorship conjecture in both asymptotically flat and AdS spacetimes [36-47].

In the present work will we will focus on 4+1-dimensional holographic collisions of
blobs in Einstein-Maxwell theory, which adds a non-vanishing baryonic number density
on the boundary theory [38]. Recall that 4+1 holographic collisions are dual to 3+1-
dimensional collisions in the boundary conformal quantum field theory. This means that
we will take only 4 spatial dimensions out of the infinite number of them to be non passive.
The effect of the spectator dimensions is to dilute the gravitational field, strongly focusing
it near the horizon. The resulting effective description is non-relativistic, it has different
transport coefficients, and the background horizon temperature only differs from that of
the blobs by 1/D corrections. This last point, which is possibly the most relevant, implies
that dissipation of the initial blobs cannot be arbitrarily suppressed.

However, the simplification of the description means that the computational cost of
evolving its equations of motion is small. This fact allows us to scan over parameters
in order to obtain a qualitative picture of the possible differences that arise during the
collisions. Questions about the importance of the baryonic density, and the dependency of
the results on the impact parameter can be therefore addressed. Additionally, we are able
of reaching further in time during collisions than in the past [16].

In particular, we are interested in studying the production of entropy during the colli-
sions. In the past, linear growths in time of the total entropy were observed in the context
of AdSs shock collisions, see e.g. [18, 20]. We wonder if such behavior will be captured by
the large D effective theory and if, as it was claimed in [20], we can link the growth rate
to Lyapunov exponents. We will see that scanning over different initial data setups we can
stablish the possible sensitivity of the growth rate to such details in order to determine
whether there is a connection with chaotic behavior.

The paper is organized as follows: in section 2 we introduce the large D effective
equations of motion and the setup. We then give an overview of the collisions in section 3,
including how the evolution changes with the impact parameter, and to what extent the
baryonic charge plays a role. We then focus on the entropy growth in section 4, for both
vanishing and non-vanishing charge density. We finally conclude in section 5.



2 The large D effective equations

Let us consider a gravitational theory dual to a conformal theory with the addition of a
U(1) global symmetry playing the role of a baryon number. The action of such theory reads

I= /d%\/?g (R — %FQ — 2A) : (2.1)

with A = —n(n — 1)/2 the cosmological constant, n = D — 1 and F},,, the Maxwell field
strength tensor. Throughout the paper we will be working in units in which 167G = Q"*1,
the area of the n + 1-dimensional unit sphere.

We now follow the same steps from [38] to obtain the large D effective equations. We
start by observing that, as n increases, the speed of sound scales as ¢cs = 1/v/n — 1, and so
the theory will become non-relativistic. In order to capture the arising physics we need to
focus on velocities and distances of O(1/4/n), so we rescale our spatial coordinates and g;;
by 1/4/n in order to work with order one quantities.! A general AdS black brane geometry
in ingoing Eddington-Finkelstein coordinates reads, under these rescalings,

9 1 o
ds® = r? (—Adt2 — ﬁCidtdac’ + nGijdedx]> — 2dtdr, (2.2)

where r is the holographic coordinate and x; are the rescaled, order one coordinates along
the horizon with ¢ = 1,2...,n — 1. The factors of 1/n result from the rescalings. Further-
more, if we want the gauge field to backreact on the metric at leading order in 1/n we need
to take A; = O(1) and A; = O(1/n). Upon substitution in Einstein’s equations, one can
solve them as a series expansion in 1/n. To leading order, the result is,

n 2n
A=1-pt) (2) +awar (7).

G =it (%) (1 — (0, (°)> , (2.3

G = 5 + % lw ~ log (1 —p-(t,7) (m)n) i (MN ’

po(t,7) p(t, &

where 7 indicates the position of the unperturbed, neutral horizon (corresponding to p =1
and ¢ = p; = 0). The remaining variables, p = p/n, ¢ = q/n and p’ = p’/n are the mass,
charge and momentum densities respectively. From now on, we will set 7 = 1 which fixes
the units in which we will work. The quantities p+ are defined as,

pt+ = % (p +4/p? — 2q2> : (2.4)

'We will write the physical quantities with boldface while the rescaled ones in regular typography, e.g.

vt =v'/\/n and &' = 2" /\/n.




and the horizon is located at r™ = p,. To next order in the 1/n expansion, one obtains
the equations of motion for the new variables,

Op— ;0" p+ 0;p' =0,
o (PO

Orp; — 8j(9jpi +0ip+ & [pjf] +p- (0112 + aj];iﬂ =0.

Notice that, in order for p+ to be real, we need to have p < v/2¢, where the extremal limit
saturates the inequality. The extremal solution should get rid of the high normal gradients
(T = 0), and so we expect the effective theory to break down and the equations to cease
being valid. The ratio v/2¢/p, ranging from 0 to 1, will be later used as a measure of
extremality. We can obtain the thermodynamic quantities in the usual manner, as

T —p-
L _PrTp [ q (2.6)

S s TP+ n 47Tp+ ;

oy

For illustration purposes, a more familiar set of equations can be obtained by performing
the change of variables p; = 0;p + pv;, by which the equations of motion take the form

Op + 0; (pvi) =0,
dhq+ 8ij° =0, (2.7)
A (pvt) + 0j (pvivj + Tij) =0,

where
ji = qu' — pd; <q> :
o)

Tij = pdij — 2p4:0v;) — (p+ — p-) 9i0;log p.

(2.8)

These are simply continuity equations for the mass, charge and momentum of a compress-
ible fluid up to first order in derivatives together with the addition of a single second order
term. The transport coefficients that follow from them are,

2
P="P=p n:n=i, (=0, ffq=’:f:i:(?> : (2.9)
These are the shear viscosity 1, bulk viscosity ¢ and heat conductivity 4. In terms of our
rescaled coordinates we have c; = 1, which explains the relation between the pressure and
the (rescaled) mass density.

As opposed to a hydrodynamic theory these equations capture all the physics in the
regime where k/T ~ 1/4/n instead of order by order in a series expansion. In other words,
this theory corresponds to a hydrodynamic theory in which all the transport coefficients
but a handful of them identically vanish.

Furthermore, we require some notion of an out-of-equilibrium entropy in order to
study its time evolution in the collisions. In gravity, a direct candidate for it is simply the



apparent horizon area. For the charged case we have that the entropy in (2.6) does indeed
satisfy the second law,

Bys + Oy (svi + mq%ai <§ﬁ)) >0, (2.10)

which is purely originated by the diffusion of charge. Additionally, one can identify a notion
of entropy density at first order in 1/n which can be written solely in terms of quantities
at leading order in n [46],

1 , 1 ,
s = —47w (vaivz + o ;00" p + plogp) : (2.11)
p

For in-equilibrium configurations, only the logarithmic term survives and p is just a con-
stant. This means that this entropy scales with the volume, as it should. The second law
that it satisfies is,

Ors1 + 05 (slvi — 47 (vaij|q:0 + 8jp8jvi)) >0, (2.12)

where 7%|,—0 is the shear stress tensor (2.8) with the charge density set to zero. The origin
of entropy generation in this case is associated to viscous dissipation. The total entropy is
then given by the combination

1 1
Stot =8+ —51+0 <2> , (2.13)
n n

which implies that viscous dissipation is 1/n suppressed with respect to charge diffusion.
In the neutral case, s = 47wp becomes a constant and all entropy variations come from
viscous dissipation, sj.

From now on we will focus on equations (2.5) as they turn out to be better behaved

2 we choose to work with non-

numerically. In order to obtain a 4+1-dimensional collision,
trivial dependence along three of the n — 1 horizon directions. The whole set of simulations
where done using the code Chihuahua [48], written in the Julia language. It can use both
pseudospectral FFT differentiation and finite differences for the spatial derivatives, with
a fixed time step RK4 time evolution algorithm. In all simulations in this paper, we use
single-domain FFT differentiation. We chose L, = L, = L, = 100, with N, = N, = 50 and
N, = 150, and the time step is taken to be At = 0.1 in all cases. Running each simulation
up to teng = 30 took about 20 minutes on a single Intel Core i7-10750H at 2.60GHz CPU,
a short time compared to the typical AdSs shock collision simulations, allowing for a scan
over possible different scenarios. The reduced computational cost also allowed us to follow
the collision to later times than in previous 4-+1-dimensional collisions. Testing for the

code is provided in appendices A and B, using pseudospectral differentiation.

3 Collisions

In this section we present the result of colliding two Gaussian blobs of mass that follow the
equations of motion (2.5). The initial data for the mass, charge and momentum density

2Notice that we are actually solving a 3+1-dimensional PDE system, because the radial direction has
already been integrated when deriving equations (2.5).



Initial data configurations
(oL, or) (or,0r)2 | qo dq ox 0z
spherical (10, 10) (10,10) | 0 | (0, 6, 10) 0 10
neutral oblate (10, 50) (10, 50) 0 0 (0,2,5,8,10) | 10
charged oblate (10, 50) (10, 50) 0 6 (0, 2, 5, 8,10) | 10
unequal (4, 4) (10, 50) 0 6 0 10
quasi-spherical (30, 50/+/3) | (30,50/v/3) | 0 6 2 15
charged background (10, 50) (10, 50) 0.3 6 2 10

Table 1. Symmary of parameters in inital data configurations. All of them share §p = 20, ip = 60.
Through the text we will refer to the different collisions by the names given in this table.

profiles is given by,

—0x)% 42 —62)2 2., .2 2
p(o,f):1+5p{exp [_(w éz) +y°  (2—62) +exp (z40x)*+y? (2402) 1}’
oT1 or1 o792 oo
— 2 2 N 2 9 9 5
Q(va)quJr(Sq{exp [_(:B 6x) 4y~ (2—6%2) tex (z+or)’+y? (2+02) }’
ar gLl o2 oL
— 2 2 - 2 9 9 9
pz(o,f):(;p{_exp l_(a: dofty” (=02 | (@Hda) 4yt (2462) }
ar grL1 oT2 oL
P2(0,&) =py(0,7) =0, (3.1)

where the axes are oriented in such a way that the center of the blobs is contained in the
(x, z)-plane and the direction of the collision is z. oy, is the squared width of the Gaussian
in the direction of collision while o7 corresponds to the squared width in the transverse
directions.

All collisions were done choosing dp = 20, dp = 60. The rest of parameters were varied.
We set the background charge density as gg = 0 in all cases but one, in which we use ¢y > 0
in order to allow for charge propagation via the sound mode. We considered several kinds
of initial data, as listed in table 1. The values of o7, and o7 in the gquasi-spherical blobs
are chosen so that the total mass is the same as in the charged oblate case, which will be
relevant when studying entropy growth.

Contrary to what happens at finite D, we cannot parametrically suppress the back-
ground horizon with respect to the amplitude of the Gaussian blobs. Therefore, the dissipa-
tion of the blobs cannot be reduced arbitrarily. Wider Gaussians (at fixed amplitude) lead
to longer lived blobs, but require a larger domain, which increases the computational cost.
We found that the values of (o1, 07) chosen for oblates in table 1 are a good compromise.

3.1 Overview of collisions

In figure 1 one can find snapshots corresponding to the collision of charged oblate blobs
with dx = 2. Initially, the blobs approach each other until they collide at ¢t = ¢, ~ 3.11



to form a blob of mass that is highly compressed in the direction of the collision, z. We
define the collision time, t., as the time in which the mass density reaches is maximum
value. After the collision, the resulting blob of mass expands and the mass density at the
collision site decreases. The shape of the expanding blob is far from symmetric, as shown
in figure 1, the mass density is flowing outwards in a roughly elliptical shape. The minor
axis of such ellipse coincides with the line joining the initial blobs. Up to ¢t ~ 10, both the
mass density and the charge profile follow similar evolution patterns. However, at later
times the charge density will simply follow a diffusion pattern, while the mass density will
continue to propagate away from the collision site leaving a depleted region in its middle.
The reason behind such a difference is that the background metric is neutral, so charge
density propagation modes cannot be excited and only diffusion takes place. On the other
hand, the mass density diffuses but it also propagates.® After t., a high dissipation stage
takes place. While the mass and charge density have barely decreased until ¢ ~ 4, they
both fall down by an order of magnitude by ¢ ~ 9.

Figure 2 shows the charge density in a charged background collision. In this case, charge
can both diffuse and propagate on the background horizon, and so its evolution very much
resembles that of the mass density in figure 1. We see that the charge blob resulting from
the collision ends up fragmenting in a similar fashion to the mass density.

In figure 3 one can find a head-on (dx = 0) collision of spherical blobs. As one might
have expected, dissipation of the blobs during the early stage in which they approach each
other is higher in this case, due to the smaller size of the blobs. In fact, by ¢ ~ 4, the
mass density has dropped to half of its original value. As in the charged oblate case, the
blob resulting from the collision is elliptical in shape, which ends up fragmenting into two
lumps of mass that travel along the major axis of the ellipse.

Finally, figure 4 shows the snapshots of unequal blobs collision. The result of such
a collision is completely different to the previous ones. Its appearance is similar to the
propagation of a single blob, perturbed by the collision with a smaller blob. As time runs,
the blob diffuses leaving the usual depletion of mass behind it and the shape of the front
relaxes to the shape that a freely moving blob would have.

3.2 Impact parameter dependence

In order to better assess the differences that arise from different impact parameters, in
figure 5 we show the result of all charged oblate collisions. In the top panels we observe
that, as dx grows, the maximum mass and charge densities reached during the collision
decrease. This is to be expected, since a bigger separation in the z-axis causes the effective
overlap between the blobs to be smaller. In other words, the collision is less violent as the
impact parameter grows. The collision time t. is almost insensitive to the value of dz.

It is instructive to compare the mass and charge profiles at the origin, normalized by
their maximum, as a function of time. The result is shown in the bottom panel of figure 5.
All the curves with dz < 8 are very close to each other, while some major discrepancies are

3These notions apply strictly in the linear regime of small perturbations, but the nonlinear physics
involved in the collisions seems to retain some of these features.
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Figure 1. Mass density (top row), charge density (middle row) and fluid velocity (bottom row)
at the collision plane for a 441-dimensional charged oblate blob collision with dz = 2 from table 1.
The snapshots correspond to ¢t = (0,4, 9, 15).
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Figure 2. Charge density at the collision plane at t = (0,4,9,15) for the charged background
collision from table 1.



0.75 1.00 1.25 1.50 1.75 2.00 09 10 1.1 12 13

-40 -20 0 20 40 —40 -20 0 20 40  -20 20 40 -20
x T x :c

Figure 3. Mass density at the collision plane at ¢t = (0,4, 8,12). The collision corresponds to the
head-on spherical blob collision from table 1.
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Figure 4. Mass density at the collision plane at ¢t = (0,3,7,13). The collision corresponds to the
unequal blob collision from table 1.

observed for the largest impact parameter: dxr = 10. Therefore, collisions whose impact
parameter does not surpass the blob transverse width (/o) can be approximately seen
as rescaled versions of one another.

3.3 Isotropization and hydrodynamization

Due to the large flow of mass in the direction of collision, large anisotropies are present.
As the product of the collision approaches equilibrium, two events take place during the
evolution: isotropization and hydrodynamization. The former is simply a consequence of
the fact that equilibrium states are isotropic. The latter comes from the expectation that
interacting systems whose departure from equilibrium is small can be well characterized
by hydrodynamics.

An easy way of testing to what extent a system has isotropized and hydrodynamized
is by looking into the evolution of the three different pressures in the system. By three
pressures we mean the diagonal components, P, = 74z, Py = T,y and P, = 7., of the stress
tensor in (2.8). Discrepancies among these pressures are a sign of anisotropy. Also, once
the system has hydrodynamized, the hydrodynamic constitutive relations should be a good
approximation of 7;;. The way in which we will define hydrodynamization is by comparing
the full pressures in the system (7;) to the viscous hydrodynamic ones (P}). We define P
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Figure 5. Top: mass and charge densities at the origin as a function of time for charged oblate
collisions with different impact parameters. Bottom: mass and charge densities normalized by their
the maximum, as a function of the elapsed time since the collision.

as the expressions for 7;; in (2.8) without the inclusion of second order derivative terms,

Pi = p—2py Oivi — (py — p-) 0} log p, (52)

P) = p—2ps Oivi. '
The large D effective theory can be seen as a hydrodynamic theory up to second order in
gradients. Hence, the theory is always in a hydrodynamic regime, but our hydrodynamiza-
tion time is then a measure of the required time for second order gradients to become
negligible. Let us emphasize that we are not performing the time evolution of viscous hy-
drodynamics. We are instead using the data of the full solutions to evaluate P}, and then
comparing it point-wise to P;. The charge current has no second order derivative terms,
so it is always well captured by first-order hydrodynamics.

In figure 6 we show the pressures as a function of time at the collision spot, for charged
oblate blob collisions (with dz = 2,8) in the top panels, and for an unequal blob collision
in the bottom one. Continuous lines refer to P;, while the dashed lines correspond to
the viscous hydrodynamic pressures, PZV. We focus on the collision point, where largest
gradients are expected.

~10 -
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Figure 6. Pressures along the three active directions as a function of time at the spatial origin.
The solid lines represent the full pressures (P;), while the dashed lines show by the first order
hydrodynamic pressures (P)). Top: Charged oblate blob collision with impact parameter dz = (2, 8)
for the right and left panels respectively. Bottom: Unequal blob collision.

The top panel of figure 6 illustrates the large anisotropies reached during the collision,
with a ratio of longitudinal to transverse pressures that can get slightly over 3. Also,
viscous hydrodynamics fails to describe the system at times around t., especially along the
axis of collision. For lower impact parameter collisions, a greater anysotropy is produced
and viscous hydrodynamics further departs from the actual value for P;. Furthermore, the
bigger dx gets, the more the x «— y symmetry is broken, so the difference between P,
and P, gets accentuated. For éx larger than the blob width, the anysotropy in the z —y
plane will presumably decrease.

The results suggest that, after t ~ 7, the system becomes very isotropic and well de-
scribed by viscous hydrodynamics, roughly at the same time. This result differs from the
findings in finite D collisions, where hydrodynamization takes place earlier than isotropiza-
tion [14-16]. Since the conclusions extend to the rest of collisions in table 1, we relate the
discrepancy we found to the large D limit and not to the addition of charge.

The results for an unequal blob collision, as shown in the bottom panel of figure 6,
differ from the rest. Throughout the whole process, viscous hydrodynamics approximates

- 11 -
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Figure 7. Mass, charge density, charge density normalized by d¢ and the ratio v/2¢/p at the spatial
origin for the head-on spherical blob collisions of table 1.

better the physics, and it gives an overestimation of the pressure (in opposition to the rest of
collisions). The level of anysotropy that is reached is smaller than for equal shock collisions.

3.4 Charge influence

In this subsection we compare the results of collisions with different values for the charge
of the blobs to study its influence on the dynamics. In figure 7 we display the mass,
charge density, charge density normalized by the blob charge ¢ and the ratio v/2q/p at
the spatial origin for the spherical blob collisions, with d¢ = (0,6,10). The behavior of
the charge density is qualitatively similar, approximately proportional to dq, see figure 7
bottom-left. Surprisingly, even though the maximum charge density is around a third of
the maximum mass density (v/2q/p gets up to 1/2) the effect of charge on the mass density
is small. The biggest difference takes place at the collision time (¢.), where larger values
of the mass density are achieved for larger charge. For At = 2 after the collision time, the
mass density follows the same evolution as in the neutral collision. The time it takes to the
mass density to follow the neutral collision profile is shorter than the isotropization and
hydrodynamization timescales.

Figure 8 shows the time evolution of the pressure along all three directions at the colli-
sion location. The maximum pressure achieved does also increase with the blob charge dq,

- 12 —
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Figure 8. Pressures along the three active directions (7;;) at the spatial origin for head-on spherical
blob collisions from table 1.

and the pressures follow very closely the result of the neutral collision soon after t., although
P is more sensitive to the presence of charge than any of the previously studied quantities.

Our results therefore suggest that charge does not greatly affect the collision dynam-
ics. Similarly, [26] found that charge does not greatly affect other observables in planar
shockwave collisions at finite D. Due to technical difficulties, we could not go beyond the
maximum charge value presented here, so it is still unknown to us if our conclusions would
change for larger dq.

4 Entropy growth

We now present the details of entropy evolution during collisions. As mentioned earlier, the
leading entropy production comes from charge diffusion, while viscous dissipation is 1/n
suppressed. Therefore, for charged collisions we will focus on the entropy defined in (2.6),
while for neutral collisions we take the entropy in (2.11). The results that we present here
correspond to the charged oblate and neutral oblate collisions in table 1.

~13 -
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Figure 9. Average entropy density as a function of time for a charged oblate blob collision with
d0x = 2. The vertical gray line indicates the collision time t. = 3.11. The dashed lines are linear
fits, whose slopes are (8.39-1074,3.29 - 107%).

4.1 Charged collisions

We begin by analyzing the charged oblate blob collisions. In figure 9 we show the average
entropy density (integrated entropy over the three non passive directions and divided by
the volume) for the collision with dx = 2. We can clearly distinguish between three different
stages in the collision dynamics. First, we observe a linear growth at early times, before
the collision has happened. This growth corresponds to the diffusion of the moving blobs.
More details about it will be given below. At ., marked by a vertical gray line, the slope
of the linear growth becomes smaller. In this second stage, lasting for At ~ 15, the system
continues producing entropy in a linear fashion. This time, however, on top of the linear
growth, there is now a slight oscillation. Notice that both the hydrodynamization and
isotropization times fall inside this post-collision stage. At late times, ¢t > 20, the entropy
clearly departs from the linear growth and its rate of production slows down once again.
This last stage is likely to be the longest since the equilibrium value for the entropy is
Sfinal ~ 13.0082, which means that half of the total entropy jump is still to be produced,
but at a lower rate. An analogous linear entropy growth was observed in planar-shockwave
collisions at finite D in [20]. The end time of our simulations is large enough to observe
the eventual departure from linearity that could not be observed there. = The general
qualitative features observed in figure 9, including the linear growths and the presence of
three stages, can be identified in most collisions with charge.

A comparison of the entropy time dependence for the charged oblate collisions is shown
in figure 10. As a reference, we have included twice the entropy of a single moving charged
oblate blob. At early times, before t. ~ 3.11, all the curves coincide. This fact proves that
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Figure 10. Average entropy density as a function of time for charged oblate blob collision with
several different impact parameters dz. The vertical gray line indicates the collision time, t. ~ 3.11.
As a reference, the entropy for the motion of two non-colliding charged oblate blobs is included.

the pre-collision entropy growth can be understood as coming from the diffusion of two
freely moving charged oblate blobs on the background horizon. For times near t., differences
start to arise. For small values of the impact parameter, dx < 5, we can still identify a
second stage of linear entropy growth. The values we measured for the slopes are 3.22-1074,
3.29-10~* and 3.56- 10~ for 6z = 0,2 and 5 respectively. The similarity among the values
suggests a possible insensitivity to the initial data details and a dependence only on the
final, equilibrium state. As dx is increased, the length of the second stage decreases until it
fully disappears. As expected, higher impact parameters exhibit an entropy behavior that
is more similar to that of two freely moving blobs.

The results also show that the collision dynamics slows down the entropy generation
with respect to the diffusion of freely moving blobs. Contrary to what we expected, the
highest entropy generation rate does not happen for head-on collisions. Higher impact
parameters imply higher entropy rates during the second stage. In particular, freely moving
blobs generate entropy faster than the complicated dynamics in collisions (for the time
window presented here).

In order to decide whether the measured rates in figure 10 are insensitive to all the
details of the initial data, in figure 11 we compare the entropy of a charged oblate blob
collision with a quasi-spherical blob collision, both with dz = 2. Both setups also have
identical total mass and charge values, which means that the final equilibrium state is the
same. The only difference is on the initial blob shapes. The measured rates are 3.29 - 10~%
for the charged oblate blob collision, and 2.86 - 10~4 for the quasi-spherical blob one. We
observe a bigger discrepancy between their values than for collisions of identical blobs with
different impact parameters.
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Figure 11. Total entropy normalized by the volume as a function of time for a charged oblate with
ox = 2 and quasi-spherical blob collisions. The width of the initial blobs is chosen in such a way
that the end state is the same. The measured slopes are (3.29 - 107%,2.86 - 10™%).

The linear growth rate in the post-collision stage is not independent of the details of
the initial data. Interestingly, at later times both curves behave in a similar way, which
seems to indicate that the details of the initial data have been forgotten. We also studied
the time evolution of the entropy for blobs with different values of the charge dq, and
observed that the qualitative behavior of the entropy is maintained, and all three stages
can be identified for small enough impact parameters.

4.2 Neutral collisions

In figure 12 we show the full evolution of the entropy in a neutral oblate blob collision with
dx = 2. In this case, we can identify four different stages of entropy growth, one more
than in charged collisions. At early times, we find a linear growth of the entropy which
is related to the dissipation of the blobs before they collide. At around t ~ 1.5, before
te ~ 3.11 (vertical dashed line), the system enters a second stage of faster linear growth.
This phase is completely absent in the charged case. By looking into the mass density
at t ~ 1.5, we can relate this early change in the rate to the instant in which the blobs
start to considerably overlap with each other, as shown in figure 13. Indeed, at t ~ 1.5,
the mass density at the origin is about half the maximum of the blobs. This stage lasts
from t = 1.5 to t., and its entropy growth rate is the fastest of the whole evolution. The
fact that this second stage is missing in the evolution for charged blobs indicates that the
entropy (2.11) is more sensitive to the presence of new dynamical regimes. After t., the
entropy enters even a new regime of linear growth, this time with a smaller slope. This
stage is analogous to the second regime of linear growth found in figure 9, but with about a
third of the duration (At ~ 5). At ¢t ~ 10, the entropy production stops following a linear
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Figure 12. Total entropy normalized by the volume as a function of time for an neutral
oblate blob collision with dx = 2. The dashed lines correspond to linear fits, whose slopes are

(0.1541,0.4945, 0.0660). The first change in the slope takes place at ¢ ~ 1.5, while the vertical gray
marks the collision time ¢, ~ 3.11.
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Figure 13. Mass density at ¢ = 1.5 at the collision plane. At this instant the two blobs start to
considerably overlap each other and the collision process starts.
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Figure 14. Total entropy normalized by the volume as a function of time for identical initial data
with different impact parameters. The vertical gray line indicates the collision time. As a reference,
the entropy for the motion of two non-colliding blobs is included.

trend and its growth rate decreases. Contrary to the charged case, most of the expected
entropy increment has already taken place. In fact, by the end of our simulation at ¢ = 30,
the total increase in the entropy has been of around sgpal — Sinitial & 1.9, about 90% of the
expected total jump.

Finally, in figure 14 we show the entropy of neutral oblate blob collisions. We also add
the entropy produced by two freely diffusing blobs. As the impact parameter is increased,
the curves resemble more the non-colliding blobs, just as expected. More intuitively than
in the charged setup, the collision accelerates the entropy growth thanks to the second
stage, which is absent in charged collisions.

We conclude that the first stage of linear growth is due to the diffusion of the blobs be-
fore they get into contact, while the second stage clearly depends on the impact parameter.
This is seen in the slope values of 0.5233, 0.4945 and 0.3731 when taking impact parameters
of dx = 0, 2 and 5 respectively. Regarding the slope of the linear entropy production after
t., we measured clear dependence on the impact parameter, with slopes of 0.0627, 0.0660
and 0.0777 for dx = 0, 2 and 5. The results therefore show that the second and third linear
growth rates do depend on the impact parameter.

5 Discussion

Although the AdS/CFT correspondence transforms problems that are hard to address
within Quantum Field Theory into tractable classical gravity ones, the computational cost
of solving Einstein’s equations without further assumptions is still large. In the present
work we used the large D limit of General Relativity to drastically simplify the problem of
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shockwave collisions, allowing us to scan over different kinds of collision scenarios with full
4+1-dimensional dynamics. We provided an overview of collisions of different blob sizes,
shapes, charges and impact parameters. However, the formalism has its own limitations.
The effective description (2.5) becomes non-relativistic, including the equation of state,
and the transport coefficients differ from those in 4+1 dimensions. Presumably, these have
little effect at the qualitative level. The most important limitation is that the background
horizon temperature cannot be parametrically suppressed while keeping the blob amplitude
fixed, which produces undesired dissipative effects.

In a similar way to what is observed in AdSs collisions, the system produces a large
amount of anisotropy as well as deviations from first-order hydrodynamics. In other words,
the second order gradient in (2.8) plays an important role around the collision time. After
a few units of time, the system relaxes back to a nearly isotropic state which is well
captured by first order hydrodynamic terms. Contrary to what has been observed in AdSs
collisions [14-16], the hydrodynamization and isotropization times approximately coincide
at large D.

As the impact parameter is increased, the maximum mass, charge density and
anisotropty decrease. We found that, for impact parameters below the blobs’ width, the
evolution of the mass and charge densities are the same when normalized by their maxi-
mum value. By colliding blobs of increasing charge values, we conclude that the charge only
plays an important role for the entropy, but not for the rest of variables. A similar weak
effect on the rest of observables was observed in finite D planar shockwave collisions [26].
It is unknown to us if larger values of blob charge would change our conclusions.

We additionally studied the entropy produced during collisions. At large D, entropy
generation by viscous dissipation is 1/D suppressed over charge diffusion. Hence, one has
to consider two different notions of entropy for charged and neutral collisions. For both
kinds of collisions, we observed several regimes of entropy production linear in time.

When the incoming blobs are charged, the entropy grows linearly in time at different
rates before and after the collision. Eventually, a departure from linear growth is observed.
Interestingly, the growth rate after the collision increases with the impact parameter. In
neutral collisions, we find an extra linear growth stage. This stage starts when the blobs
start overlapping with each other and ends at the collision time. The highest rate of en-
tropy production occurs at this stage, although such rate decreases with increasing impact
parameter.

Similar post-collision linear entropy growths were observed at finite D collisions [18, 20].
In [20] a connection between the growing rate and the largest Lyapunov exponent was
suggested through the Kolmogorov-Sinai (KS) entropy. Even if certain notions of entropy
may exhibit regimes of linear growth whose rate is equal to the KS entropy, e.g. [49, 50],
the entropy definitions used here may not. In fact, KS entropy is only sensitive to the end
state, while the rates we observed depend on the initial data. Given that our boundary
theory has a classical gravitational dual, the maximum Lyapunov exponent saturates the
Maldacena-Shenker-Stanford bound A\;, < 27T [51], with T the physical temperature,
which diverges as D — oo. One can presumably recover the bound by working with
appropriately rescaled quantities. We wonder whether the large D limit can simplify the
study of chaos too. Progress in this direction will be reported in [52].
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Linear entropy growths were also observed in the context of holographic collisions of
phase domains in a theory with a first-order thermal phase transition [53]. This corre-
sponds to a completely different type of setup, which suggests that stages of linear entropy
production are a signature in collision dynamics.

It would be interesting to investigate the effects of 1/D corrections, which would allow
us to more precisely observe the deviations that finite D introduce into the results presented
here, even if only perturbatively. The resulting equations would increase in difficulty,
however they would nevertheless still represent a major simplification to AdSs collisions.
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A Quasinormal modes and charged silence

As a first test of the numerical code, we perform an analysis of the large D quasinormal
spectrum of the AdS black branes, focusing on the sound channel. Introducing a Fourier
perturbation to the uniform brane solution in the form

p=po+dp o iwttikjxl
q = qo+0q efiwt+iijj’ (A1)
p = opt o iwttik;al

one obtains an eigenvalue problem for dp, dq and dp’, whose eigenvalues and eigenvectors
we can classify into charge diffusion, shear and sound modes [38]. In order to interpret
the nature of each family of modes, it is illustrative to look at the linear span generated
by the eigenvectors (6p,dq; 6p') of each eigenvalue w. Let us consider a system with 3-+1
dependence, and assume without loss of generality that the 3-vector k is aligned with the
z-axis, Le., k = (0,0, k). Then, we obtain:

e Charge diffusion mode:
w = —ik?,

(A.2)
(6p,6q;6p) = (0, 1; 0, 0, 0).
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Figure 15. Time dependence of the mass density p at the origin, for a sound mode perturbation
with &k = 0.3 and qo/po = 0.7, together with the fitted model of the form (A.8).

e Shear modes:

w = —ia,k?,
(dp,0q;0p) : (0, 0; 1, 0, 0), (A.3)
(0, 0; 0, 1, 0).

e Sound modes:

w==ky/1—k2a2 —ia k®, (0p,dq; op) :
(A4)
1—k2a2, L1 k22 41, +1, ia_k1 — k22 + (K%a® — 1 ) ,

where we have defined
1 I 243

A surprising feature of the sound mode frequency is that it becomes purely imaginary for
k > a%, a phenomenon which was given the name of charged silence in [38]. Perturbations
with high wavenumber do not propagate, only diffuse. In the particular case when k = a%,
we can see from (A.4) that the sound mode reduces to a linear combination of shear
modes. Additionally, it is important to notice that charge propagation via the sound
channel will only occur when the background charge qq is different from zero, as shown
in (A.4). Otherwise, the sound mode perturbation will necessarily have d¢ = 0 and only
the charge diffusion mode will be excited in the charge density field. Even though this
effect is seen here at the linear level, it seems that a similar feature is observed at the
nonlinear level, as seen in section 3. As a first test for the numerical code, we will focus
here on the sound channel, which contains a richer phenomenology than the other large D

channels (shear and charge diffusion). In order to test the sound mode in the numerical
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Figure 16. Quasinormal sound ringdown profiles for qo/po = 0.7 at several values of the wavenum-
ber k. The phenomenon of charged silence can be clearly seen, as the modes with k > 1/a_ ~ 2.33
do not propagate and simply decay exponentially.

k Analytical w Fitted w
0.4 | 0.3941 - 0.0913 ¢ | 0.3962 - 0.0907
1.0 | 0.9032 - 0.5707 7 | 0.9041 - 0.5723 ¢
1.5 | 1.1629 - 1.4610 ¢ | 1.1664 - 1.4577 ¢
3.0 - 2.7018 ¢ -2.6991 ¢
4.0 - 3.5476 1 - 3.5334 ¢

Table 2. Comparison between the analytical sound frequencies from (A.4) and the fitted values of
figure 16.

simulations, we will use z-dependent initial data designed to excite the sound mode, of the
form

p(t =0) = po + ecos(zk),

q(t=0)=qo+ (ZO) e cos(zk), (A.6)
0
p(t=0)=0,
and we choose a setup close to extremality (po,q0) = (1,0.7), and € = 0.1. For this

background charge, we expect charged silence to appear at k& 2 2.33. In the particular
case of the quasinormal modes, we will only have dependence on the z direction, so we will
simply choose N, = N, = 2 and N, = 64. Also, testing different values of k requires us to
vary the size of the computational domain, while keeping a sufficiently small time step in
order to make sure that the Courant-Friedrichs-Lewy (CFL) condition is always satisfied.

For this reason, we will take

2
L,= ﬂ, At = 0.01.

- (A7)
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Figure 17. Values of the real (blue) and imaginary (green) parts of the quasinormal sound fre-
quency at go/po = 0.7. The continuous lines correspond to the analytic prediction of (A.4), while
the points mark the numerical values fitted from the code output. The charged silence threshold is
highlighted by the vertical line.

The values of L, and L, are irrelevant in this case. By plotting the value of p at the origin
as a function of time, we can clearly extract the value of w = wg + iwy from the oscillation
frequency and damping rate by numerically fitting a function of the form

p(t) = Ae“t cos(wrt + ). (A.8)

An example of the procedure is depicted in figure 15, for £ = 0.3, showing the character-

istic damped sinusoid profile of quasinormal ringdown. Figure 16 shows the perturbation
decaying in a logarithmic scale, for several values of k. As expected the modes satisfy-
ing k 2 2.33 exhibit charged silence by exponentially decaying without oscillation. The
analytical values of the frequencies, extracted from equation (A.4), are compared to the
numerically fitted values in table 2. A more exhaustive fitting of the quasinormal sound
modes is displayed in figure 17 for values of k between 0 and 4. For values of k£ above the
silence threshold, there exist two different imaginary modes. In the numerical setup we
will observe only the dominant one, with the smallest absolute value.

B Convergence testing

In order to assess the quality of the numerical code, we have performed a self-convergence
test, by comparing solutions with different resolutions. We have done so in the particular
case of an off-centered collision similar to the one in figure 1 but with a box of sizes
L, =L, = L, = 50. By keeping fixed the time step and the number of points in the
normal directions N, = N, = 50, we vary the value of IV, from 38 to 150 at intervals of 8.
We define the quantity oy as(f) as the I norm of the relative error between the values of
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Figure 18. dn_ 150(p) for the z = 0 plane at the collision time ¢t = 3 as a function o the number of

points in the z direction. The gray line is a fit to the first five points, with equation 11.96 ¢=0-196 N=
the grid function f under different number of computational points N and M.
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In our case, we compare the values of p the points in the collision plane, i.e., z = 0 at the
approximate time of collision ¢ = 3. Due to the symmetry of the computational grid, the
points at the collision plane remain fixed when we change NN,, thus allowing us to compare
them without the need of any interpolation. In figure 18 we plot dn, 150(p) in a logarithmic
scale as a function of IV,. In this case we are taking the run with N, = 150 as the most
accurate reference, and comparing the other simulations to this case. From the plot we can
see that the points are approximately lying on a straight line, showing that the code conver-
gence is exponential, as expected for a spectral grid. An exponential fit to the first points
reveals a trend of the form &y, 150(p) = 11.96 e~ %19 M= For N, > 70 the convergence rate
decreases, possibly by truncation error, but does not deviate dramatically from the fitted
line. The fact that there is still convergence at such a high number of spectral points is

concordant with the observation that the simulations still improve at least up to NV, = 150.

Open Access. This article is distributed under the terms of the Creative Commons
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