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Plasma balls are droplets of deconfined plasma surrounded by a confining vacuum. We present the first

holographic simulation of their real-time evolution via the dynamics of localized, finite-energy black holes
in the five-dimensional anti—de Sitter (AdS) soliton background. The dual gauge theory is four-dimensional
N =4 super Yang-Mills theory compactified on a circle with supersymmetry-breaking boundary
conditions. We consider horizonless initial data sourced by a massless scalar field. Prompt scalar field
collapse produces an excited black hole at the bottom of the geometry together with gravitational and scalar
radiation. The radiation disperses to infinity in the noncompact directions and corresponds to particle

production in the dual gauge theory. The black hole evolves toward the dual of an equilibrium plasma ball
on a time scale longer than naively expected. This feature is a direct consequence of confinement and is
caused by long-lived, periodic disturbances bouncing between the bottom of the AdS soliton and the AdS

boundary.

DOI: 10.1103/PhysRevLett.124.191601

Introduction.—Holography [1-3] maps the quantum
dynamics of hot, strongly coupled, non-Abelian plasmas
to the classical dynamics of black hole horizons in asymp-
totically anti—de Sitter (AdS) spacetimes. This has provided
interesting insights potentially relevant for the far-from-
equilibrium properties of the quark-gluon plasma created
in heavy ion collision (HIC) experiments (see, e.g., [4] for a
review). The first examples [5-20] considered gravity models
dual to conformal field theories (CFTs). Subsequent work
extended the analysis to nonconformal theories [21-24] and
to theories with phase transitions [25-31]. Despite this
progress, all these studies fail to incorporate one essential
feature of quantum chromodynamics (QCD): confinement.
In particular, the gauge theories considered in those models
lack a gapped and discrete spectrum of asymptotic states like
the one expected in a confining theory.

The possibility of modeling a confining gauge theory
with a gravity dual was initiated by [32], and the AdS
soliton geometry [33] provides a concrete realization of
such a gravity dual. This geometry consists of AdS space
compactified on a circle that shrinks to zero size at a region
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called the infrared (IR) bottom, smoothly capping off the
spacetime there. The dual gauge theory is also compactified
on a circle whose inverse size sets the confinement scale A.
The AdS soliton is the preferred homogeneous phase at
temperatures below the deconfinement temperature
T.= A. Above T, the preferred homogeneous phase is
a translationally invariant black brane dual to an infinitely
extended deconfined plasma. Homogeneous gravitational
collapse in the AdS soliton that leads to black brane
configurations was studied in [34].

It was conjectured, in [35], that localized, finite-energy
black hole solutions also exist in the AdS soliton back-
ground and that they should be dual to stable, mixed-phase
configurations in the gauge theory known as plasma balls:
finite-size droplets of deconfined plasma surrounded by
the confining vacuum. Subsequent work, see, for example,
[36-43], confirmed this picture. In particular, [42] numeri-
cally constructed static solutions of finite-energy black
holes localized at the IR bottom of the AdS soliton. It was
found that small black holes of this type are well described
by spherically symmetric Schwarzschild solutions that
have T > T, whereas large black holes resemble “pan-
cakes” with T = T, and are well approximated by the AdS
black brane solution at points away from the interface with
the surrounding vacuum.

In a set of articles, we are initiating a new program to
study the far-from-equilibrium physics of confining gauge
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theories with gravity duals. In these theories, any collision
with sufficiently high but finite energy is expected to result
in the formation of an excited plasma ball. Such collisions
were analyzed in the approximation of linearized gravity in
[44]. Although this captures the expected set of asymptotic
states, the linear approximation is unable to describe the
formation of a black hole horizon and its subsequent time
evolution.

In this first Letter, we present the first fully nonlinear
evolution of finite-energy black holes in a confining
geometry. Specifically, we consider gravity in five space-
time dimensions with a negative cosmological constant
coupled to a massless scalar field and solve for spacetimes
with AdS soliton asymptotics. This gravity model is firmly
embedded in string theory, since it is dual to a confining
gauge theory [32] in four dimensions obtained by com-
pactifying N =4, SU(N.) super Yang-Mills (SYM)
theory on a circle with supersymmetry-breaking boundary
conditions.

Throughout the Letter, we relegate several technical
details to the Supplemental Material [45].

Numerical Scheme.—The results presented in this Letter
are obtained with a numerical code that solves the gener-
alized harmonic form of the Finstein field equations. We
obtain solutions g,, = g,, + h,,, where the deformation
hy,, is not small and the background metric g, is that of the
AdS soliton

497
f(p)

~

—dt* + dp? + dx3 + dx3 —|—f(/))d92> ,

(1)

with f(p) = 1 — (1 — p?)*. We have set the AdS radius and
the location of the AdS boundary to unity, so all coor-
dinates are effectively dimensionless. However, we
reinstate dimensions whenever we quote specific values
below. In these coordinates, the IR bottom is at p = 0 and
the boundary directions —oo < ¢, x7, X, < 00 are noncom-
pact. There are only three of these boundary directions,
reflecting the fact that four-dimensional SYM theory
compactified on a circle behaves effectively as a three-
dimensional theory at distances longer than the size of the
circle.

In deforming the full metric away from the AdS soliton,
we take the general form of the metric to be

=

g= gtrdtz + gppdpz + gxlxldx% + gxzxzdx% —+ gHHdez

+ 2(g,,dtdp + g,y dtdx, + g, dtdx,

+ gpxldpdxl + gpxzdpdx2 + gxlxzdxldXZ)' (2)
In other words, we assume no symmetries except for the
U(1) of the circle parametrized by @ which, furthermore, is

assumed to be hypersurface orthogonal. The period A8 of
this circle sets both the confinement scale A and the

deconfinement temperature 7. = 1/A60 = A. Light rays
along the p direction take a boundary time #,gynee ~ 0.8 A~!
to travel from the IR bottom to the AdS boundary and back.
From the near-boundary falloff of the metric, we extract the
gauge theory stress tensor which we multiply by a factor of
2% /N? so that the rescaled quantities are finite in the large-
N, limit. We choose a renormalization scheme in which the
AdS soliton has a vanishing stress tensor which implies that
a translationally invariant black brane has energy density
and pressures

4
(e.P1=P2.Pg) =Z-(BT* + AL T = AV T*43A%).  (3)
We couple gravity to a massless real scalar field ¢. In the
gauge theory, this means that we consider the coupled
dynamics of the stress tensor and a scalar operator dual to
@. For concreteness in this Letter, we will only display the
expectation values of the stress tensor. Since we do not turn
on a source for this field, the equation of state of the dual
gauge theory remains the same as in a CFT, namely T}, = 0.
We construct time-symmetric data on the initial-time slice
by solving the Hamiltonian constraint subject to a freely
chosen initial scalar field profile. We take the latter to be a
superposition of Gaussian lumps of the form

@(p.x1.x2) = (1 = p*)*Agexp [—R(ﬂ,xl,xz)z/ﬁz], (4)

where

R(p,x1,%2)* = (p=pc)* + A*(x; = x10)* + A* (x5 — xa. )%,
(5)

and (p., x1., Xp.) is the center of the lump.

Results.—We dynamically construct localized black holes
via gravitational collapse of a superposition of lumps of the
form (4). We have performed several simulations, including
some that do not result in the formation of a black hole. For
concreteness, in this Letter, we focus on a simulation with
Ay =1.0, 6=0.2, and varying p,., x|, x,. for a super-
position of three Gaussian lumps, but we have verified that
the results that we describe here do not depend on the number
of lumps, or the particular values of Ay, 8, p,., X, X2.. In
order to introduce an initial anisotropy in the x;-x, plane, we
choose the three lumps to be centered at p,. = x|, = 0 butat
different locations along x, given by Ax,. = {-0.1,0,0.1}.
This results in the formation of a single black hole at the IR
bottom whose horizon is initially more extended along x,
than along x;, with a total mass M = 0.226A. The solution is
invariant under x; — —x; and/or x, — —x,, so figures will
only show half of each axis.

Scalar and gravitational waves propagate outward in all
spatial directions as the black hole relaxes to equilibrium.
In this context, the timelike AdS boundary and the IR
bottom play the role of a waveguide: as outgoing waves
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FIG. 1. Snapshots of the scalar field variable @ defined by

@ = (1—-p?)*@p, at multiples of fyounce ~0.8 A~!. The scalar
field ¢ has the source turned off, and thus, in five spacetime
dimensions, falls off as ¢ ~ (1 — p?)* near the boundary p = 1.
The excised region (shown in white) is a proper subset of the
trapped region bounded by an apparent horizon that forms in the
data. The left-hand (right-hand) half of each panel shows the data
at x; =0 for x, <0 (at x, = 0 for x; > 0).

propagate along the boundary directions, these waves
bounce back and forth between the boundary at p =1
and the IR bottom at p = 0 at intervals given by f,ounce-
Figure 1 illustrates these dynamics with several snapshots
of the scalar field variable.

In the vicinity of the black hole in the x;-x, plane, there
is a long-wavelength feature extending in the p direction
that is left behind by waves without enough momentum to
escape in the boundary directions, but whose wavelengths
are too long to be efficiently absorbed by the black hole.
The outgoing wavefronts are evident as the snapshots
progress in time, propagating in the boundary directions.
The initial anisotropy in the x;-x, plane is imprinted in the
outgoing waves as differences in the spatial profiles along
the x; and x, directions, as well as in the shape of the
apparent horizon.

As outgoing waves disperse away into the asymptotic
region xi,x, — £oo, the scalar field is expected to be
described by a superposition of the discrete and gapped set
of normal modes of the pure AdS soliton background. Each
mode is characterized by a radial quantum number n with a
corresponding radial profile ¥,(p), a momentum k,, in the
x¢ direction, and an energy w, (k)> = k> + m2. In the gauge
theory, these are precisely the asymptotic states of masses
m, of the confining vacuum. The projections into these
modes are

b, = / i, / dpu(p)p(t. p.x)e" ¥, (p). (6)

where u(p) =2p/(1 —p?) is the measure factor that
ensures unit normalization of the ¥,. At asymptotically

n=1, k
- n=1,kA =2 —- - |
0.2 neo’ K

0 0.8 1.6 2.4 3.2
tA
FIG. 2. Projections ¢, (1) of the bulk scalar field ¢ onto the
normal modes of the AdS soliton according to (6), with
k; = ky = k. Times indicated on the horizontal axis are in
multiples of fyounee & 0.8 AL

late times, we expect the different modes to decouple from
one another and, hence, that ¢, (1) — ¢, ; exp [~iw, (k)1],
where the coefficients ¢,z are time independent and each
mode oscillates with well-defined frequency w, (k).
Figure 2 shows the result of applying (6) to project the
scalar field ¢(z,p, x,) from the fully nonlinear evolution
into some of the lowest-lying modes. Table I lists the
frequencies w, (k) extracted from sinusoidal fits to these
projections within different time windows. On the one
hand, we see that these frequencies approach the known
normal frequencies of a scalar field in the AdS soliton [46]
as time progresses, showing that the late-time behavior can
be approximately interpreted in terms of the expected
asymptotic states. On the other hand, the small discrepan-
cies in the frequencies at the latest time window, and the
fact that the projections shown in Fig. 2 still exhibit
amplitude modulations, suggest that nonlinear mode mix-
ing is still taking place for the evolution times considered
here. In gauge theory language, complete freeze-out has not
yet been reached.

It is illustrative to see the time evolution from the
viewpoint of the boundary stress tensor. Figure 3 shows
a snapshot of the energy density, whose bulk dual is the
finite-energy black hole depicted in the second panel of
Fig. 1. Dispersing waves in the bulk give rise to the ripples
visible in Fig. 3, leaving behind a black hole that is
imprinted on the boundary as a central lump of localized
energy density that oscillates around a nonzero spatial
profile as it settles down to equilibrium. We have checked
that the late-time energy-density profile of this dynamical
plasma ball is approaching the profile of an equilibrium
plasma ball of [42] with a temperature Ty ~ 2.17 . (see
below). This means that, at late times, our plasma balls are
better approximated by small and nearly spherically sym-
metric Schwarzschild black holes than by pancakelike
configurations. The spacelike eigenvalues P;, P,, Py of
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TABLE I.  Frequencies w,(k)/A of some low-lying modes with k; = k, = k extracted from sinusoidal fits to the projections ¢, ()
shown in Fig. 2. The first three entries in each cell correspond to fits within the three time windows A € (0, 1.6), (0.8,2.4), (1.6,3.2),
respectively. The values inside the parentheses correspond to the normal frequencies of the AdS soliton.

k/A =4 k/A =6

k/A =0 k/A =2
n=1 9.6,10.4,10.5 (10.7) 9.8,10.7,10.9 (11.1)
n=2 16.8,17.6,18.4 (18.5) 17.0,17.8,18.6 (18.7)

10.9,11.7,11.8 (12.1)
17.5,18.2,19.0 (19.3)

11.7,13.1,13.6 (13.7)
19.8,20.0,20.2 (20.3)

the boundary stress tensor correspond to the pressures in
the local rest frame. Figure 4 depicts the time dependence
of all the eigenvalues of the stress tensor at the center of the
plasma ball, x; = x, = 0. Each curve in Fig. 4 is periodi-
cally disturbed, first at 1 = f,,unee/2 When waves from the
IR bottom first reach the boundary and, thereafter, in
intervals of Af = f,ounce- 10 emphasize the fact that these
bounces are associated with the AdS soliton geometry in
Fig. 4, we also show the energy density for a simulation that
does not lead to the formation of a black hole.

Spatial profiles of the gauge theory energy density are
shown in Fig. 5 at several representative times. As waves
from the IR bottom reach the boundary, which happens
around 1 = fygunee/2, the shorter-wavelength spatial inho-
mogeneities in the IR become more evidently imprinted in
the boundary one-point functions. These short-wavelength
features are subsequently either (i) carried away to the
asymptotic region x;,x, — oo by outgoing waves with
momentum in the boundary directions, or (ii) carried by
radially propagating waves back to the vicinity of the black
hole, where they are efficiently absorbed. Both mechanisms
for shedding short-wavelength features are consistent with
the bulk snapshots in Fig. 1. For comparison, Fig. 5 also
shows the spatial profile of an equilibrium plasma ball with
T =2.1T, [42]. We see that this is close to, but not exactly
on top of, the profile of the latest-time dynamical plasma
ball. This small discrepancy is expected because the
dynamical ball has not yet equilibrated at the time shown.
Moreover, the discrepancy is larger away from the center of

10 -10

FIG. 3. Snapshot of the gauge theory energy density at
t = 1.6A"" % 2tp0unce-

the ball, since there, the oscillations are more pronounced
than at the center.

Discussion.—We have presented the first study of the
real-time evolution for finite-energy black holes in the AdS
soliton background. The black holes are dual to plasma
balls: localized droplets of deconfined matter surrounded
by the confining vacuum. These objects are interesting
because a collision with sufficiently high but finite energy
in a confining theory with a gravity dual will generically
produce an excited plasma ball.

Our results suggest that small excited plasma balls relax
to classically nonlinearly stable configurations with long-
lived excitations. Qualitatively, the radiation emitted during
the relaxation process can be understood as consisting of
two components. The first one disperses away to infinity in
the noncompact directions, and at late times, it has an
interpretation in terms of individual particles. The entropy
carried away by these modes is O(1) and, hence,

0.0 0.5 1.0 15 20 25 30

FIG. 4. Gauge theory energy density and pressures at the center
of the plasma ball, x; = x, = 0. At this point, there is no
difference between the lab frame and the local rest frame. The
energy density ¢, for a simulation that does not produce a black
hole is also shown. Peaks occur in intervals of f,nee &~ 0.8A71,
emphasized by the vertical lines that begin at the first peak and are
separated by fpounce-

191601-4



PHYSICAL REVIEW LETTERS 124, 191601 (2020)

e/A*

90.5 -04 -03 -02 -0.1 00 01 02 03 04 6.5

x2A )ClA

FIG. 5. Gauge theory energy density at several representative
times. The left (right) half of the plot shows the data at x; =0
(x, =0). The T/T, = 2.1 curve corresponds to an equilibrium
plasma ball [42].

subleading with respect to the O(N?2) entropy that remains
in the plasma ball. In other words, in our classical
approximation, the radiated field is a coherent field with
effectively zero entropy. In this approximation, the black
hole and the dual plasma ball eventually settle down to
equilibrium, whereas in a finite-N . theory like QCD, the
black hole would Hawking evaporate and the plasma ball
would hadronize. The second component of the radiation is
associated with long-lived waves bouncing back and forth
between the IR bottom and the AdS boundary at intervals
foounce = 0.8 A1, These waves cause periodic disturbances
of the black hole and lead to an equilibration time longer
than what would be naively expected. For example, an
estimate based on the final temperature would give Afqq, ~
A/Tequii 0.5 for the plasma ball studied here.

Our analysis suggests that these long-lived disturbances
are a robust feature of small, finite-energy black holes in a
confining background, or equivalently, of small plasma
balls in large-N,. gauge theories with a gravity dual. This
feature can be understood as follows. Modes with wave-
lengths much longer than the size of the black hole interact
weakly with it and easily disperse away in the noncompact
directions, and modes with wavelengths much shorter than
the size of the black hole are efficiently absorbed by it.
Meanwhile, modes with wavelengths comparable to the
size of the black hole interact strongly enough to be
attracted to it and, hence, do not disperse away easily,
but at the same time, are not efficiently absorbed by it.
Therefore, these waves can bounce back and forth between
the IR bottom and the AdS boundary.

In the gauge theory, these periodic disturbances corre-
spond to a periodic transfer of energy between IR and
ultraviolet (UV) modes inside the plasma ball, coupled to
oscillations in the shape of the ball. We have seen that they
have an important effect on the dynamics of the plasma ball
that we have considered. Since its mass is M < A, this
plasma ball is not a good model for the fireball created in a
HIC. For this reason, we are currently investigating whether
or not the periodic disturbances persist for large plasma
balls. The obvious next step in our program is the study of
finite-energy black hole collisions, which is a natural
mechanism by which these large plasma balls can be
formed. These will offer new holographic insights on
confinement and finite-size effects in the equilibration of
large-N ., strongly coupled gauge theories. Some aspects of
these theories will certainly differ from those in finite-N,
theories. For example, the final state in these theories at
asymptotically late times will contain an equilibrated
plasma ball that will not hadronize. However, some features
in the evolution may be similar between finite and infinite
N,.. Assessing which ones will require further analyses
beyond this first study.
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