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We investigate the dynamical transition processes of an Einstein-Maxwell-scalar gravitational system
between two local ground states and an excited state in the anti—de Sitter spacetime. From the linear
perturbation theory, only the excited state possesses a single unstable mode, indicating the dynamical
instability. Such an instability is associated with the tachyonic instability due to the presence of an effective
potential well near the event horizon. From the nonlinear dynamics simulation, through the scalar field
accretion mechanism, the critical phenomena in the transition process of the gravitational system between
the two local ground states are revealed. The threshold of the accretion strength indicates the existence of a
dynamical barrier in this transition process, which depends on the coupling strength between the scalar and
Maxwell fields. On the other hand, for the unstable excited state, there exists a special kind of critical
dynamics with a zero threshold for the perturbation strength. The perturbations of different signs push the
gravitational system to fall into different local ground states. Interestingly, in an extended parameter space,
there exist specific parameters such that the perturbations of nonzero amplitude fail to trigger the single

unstable mode of the excited state.
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I. INTRODUCTION

The no-hair theorem is crucial to characterize the proper-
ties of steady-state black holes [1,2], but the conditions
under which it holds have been controversial [3]. In
particular, due to the nonminimal coupling between the
scalar field and the spacetime curvature [4—10] or other
matter fields [11-16], such as the Maxwell field, the no-hair
theorem does not apply, which ensures the possibility of the
existence of scalarized black holes. Such a nonminimal
coupling provides the scalar field with an effective tachyonic
mass, which can induce the tachyonic instability leading to
the spontaneous scalarization. Under a perturbation, a black
hole with the tachyonic instability will undergo a strong
gravity phase transition, resulting in a hairy black hole. The
spontaneous scalarization can significantly affect the prop-
erties of compact objects while passing the weak-field tests,
and thus has attracted much attention recently [17-28],

*chenqian 192 @mails.ucas.ac.cn
"hingzhuan17 @ mails.ucas.ac.cn
%ytian@ucas.ac.cn
Swang_b@sjtu.edu.cn
”zhangcy@email.jnu.edu.cn

2470-0010/2023/108(8)/084016(24)

084016-1

especially for the Einstein-scalar-Gauss-Bonnet (EsGB)
theory. Whether the hairy black hole is energetically
favorable over the general relativity solution depends on
the coupling function and the range of parameters in the
theory. The linear stability of the hairy black hole has been
discussed in many works [29-36].

To disclose the details of the nonlinear dynamics of
spontaneous scalarization, the fully nonlinear evolution has
been done in the EsGB theory. Moreover, the imprint of the
scalar hair in the gravitational radiation and the dynamical
descalarization were studied in binary black hole mergers
[37-39]. For its sibling theory, the Einstein-dilaton-Gauss-
Bonnet (EdGB) theory, the study of gravitational collapse
found tentative evidence that black holes endowed with
scalar hair form [40]. The nonlinear evolution of black
holes under perturbations also shows that a hairy black hole
indeed forms as the end state of scalarization [41-43]. The
equations of motion may not be well posed in the EsGB or
EdGB theory such that these works are limited to small
parameter regions of these theories. In the Einstein-
Maxwell-scalar (EMs) theory, the equations of motion
are always well posed and allow the nonlinear study of
large couplings. The nonlinear dynamics of a single black
hole in the EMs theory shows that a hairy black hole forms

© 2023 American Physical Society
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at the end [12,16-18,44-46]. Differences with general
relativity in binary black hole mergers are only significant
for large charge [47].

In addition to the above tachyonic instability that provides
the dynamical mechanism of scalarizing black holes, the
nonlinear instability of black holes has also been discovered
recently [48-51], suggesting a new scalarization mechanism.
Whether the source of the scalar field is provided by the
spacetime curvature in the ESGB theory or the electromag-
netic field in the EMs theory, a class of critical scalarization
phenomena occurs through the nonlinear accretion of a scalar
field into a central black hole if the coupling function in the
scalar source is dominated by a quartic term. In the dynamical
intermediate process, an unstable critical state that acts as a
dynamical barrier emerges, separating the final bald and
hairy black holes [52]. For the EMs theory in asymptotically
flat spacetime, the finally stable and intermediately unstable
hairy black holes in such a critical scalarization process are
expected to be exactly the hot and cold scalarized black holes
found in [13,14].

However, in the asymptotically anti—de Sitter (AdS)
spacetime, the complete phase diagram structure of the
case where the coupling function is dominated by a quartic
term in the EMs theory is still unknown, although the
related dynamical process indicates that there should be
two branches of hairy black holes. From the AdS/CFT
point of view, the answer to this question will be of great
significance for probing the properties of the holographic
QCD phase diagram. Due to the strong interaction of QCD
matter, the holographic dual [55-58] provides an efficient
research tool by mapping a strongly coupled quantum
system to a classical gravitational system with an extra
dimension. From lattice QCD data, the holographic models
with and without a chemical potential are bottom-up
constructed respectively [59-70], in which a black hole
with a nontrivial scalar field is used to describe a QCD
state. The stability and dynamics of AdS black holes in
such models are crucial for phenomenologically under-
standing the dynamical properties of QCD matter. In this
work, we take the EMs model with a quartic coupling as an
example to systematically study the physical properties of
the black holes in it, from the equilibrium state to the near-
equilibrium state and finally to the far-from-equilibrium
state. These results are expected to shed light on the
research of holographic QCD to a certain extent.

On the other hand, although it can be deduced from the
critical phenomena that the intermediate critical state has
only one unstable mode, direct evidence is still lacking
since the spectrum of the quasinormal modes has not been
revealed. Most importantly, at present, by fine-tuning a
single parameter of the initial value, the critical state can
only briefly appear in the middle of the dynamical process,
and the nonlinear evolution with it as the initial configu-
ration is still pending. Since this model allows for two
stable local ground states (the hot hairy and bald black

holes), the final fate of unstable cold hairy black holes
cannot be predicted until nonlinear evolution is imple-
mented. These questions have motivated us to investigate
further.

In this paper, we study the real-time dynamics on the
local ground and excited states in spherically symmetric
AdS spacetime in the EMs theory, which contains a
nonminimal coupling function between the scalar and
Maxwell fields dominated by a quartic term. By numeri-
cally solving the static field equations, the phase structure
of the model is revealed, which shows that the domain of
existence for black hole solutions consists of two branches
of hairy black holes and one branch of Reissner-Nordstrom
(RN)-AdS black holes. From the linear perturbation theory,
one branch of hairy black holes (hot hairy black holes) is
linearly stable like RN-AdS black holes, while the other
branch of hairy black holes (cold hairy black holes) with a
single unstable mode is linearly dynamically unstable. For
a gravitational system with fixed energy, the hot hairy and
RN-AdS black holes serve as two local ground states and
the cold hairy black hole acts as an excited state. Through
fully nonlinear numerical simulations, the real-time dynam-
ics based on these states is revealed, and critical phenomena
emerge. For the case where the initial value is a stable local
ground state, we find that a scalar field accretion process of
sufficient strength can induce a dynamical transition from
one local ground state to the other. The occurrence of such a
transition requires the gravitational system to overcome a
dynamical barrier, leading to the existence of a threshold
for the accretion strength. Near the threshold, the system is
excited to an unstable excited state. For the case where the
initial value is an unstable excited state, on the other hand,
the system will fall into one of the two local ground states
under arbitrarily small perturbations. The selection of the
final state of the evolution depends on the specific form of
the perturbation. Scanning the parameter space of the
perturbation, the two local ground states occupy different
regions in the spectrum of the final state with the excited
state as the boundary.

The organization of the paper is as follows. In Sec. II we
give a brief introduction to the EMs model. In Sec. III we
numerically solve the static solutions of the field equations
to obtain the phase diagram structure of the model. In
Sec. IV we reveal the effective potentials and quasinormal
mode spectrums of the three classes of thermal phases. In
Sec. V we study the dynamical transition process of a
gravitational system from one of the two local ground states
to the other by crossing an excited state. In Sec. VI the real-
time dynamics during the transition from an excited state to
a local ground state is further revealed. Finally, we
conclude the paper in Sec. VIIL.

II. EMs MODEL

We consider four-dimensional EMs gravity with a
negative cosmological constant described by the action
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where R, F W,q’) are the Ricci scalar curvature, Maxwell
field-strength tensor, and a real scalar field, respectively.
For convenience, the cosmological constant is set to be
A = =3 to work in units of the AdS radius. In what follows,
we take the mass squared of the scalar field m?> = -2 to
respect the Breitenlohner-Freedman bound [71] for defi-
niteness. The interaction between the real scalar field and
the electromagnetic field is governed by a nonminimal
coupling function f(¢).

In this model, the variation of the action (1) with respect
to the metric tensor g,, gives rise to the following Einstein
equation:

1
R;w - _Rg/w = _Ag/w + T% + TZbl/’ (2)

2

where the stress-energy tensors of the Maxwell and scalar
fields have the forms

1 1
T% = (Zg/mFy/)Fuo’ _SFrlﬁF(lﬂguv>f(¢)7 (38')

1
T8, =V, Vb - 5 (VadVih +m2¢)g,,.  (30)

On the other hand, the equations of motion for the Maxwell
and scalar fields can be obtained by varying the action (1)
with respect to the corresponding matter fields as follows:

V., [f(¢)F*] =0, (4a)
ViV, = %%?FWFW + m2g. (4b)

In such an EMs theory, the phase diagram structure and
the dynamical properties of the black hole solutions depend
on the specific form of the coupling function. By perform-
ing a small-¢p expansion of the coupling function,

f(@) =14 f1o + f2? + f0° + fad* + 0(@°),  (5)

one can observe from Eq. (4b) that the nonzero coefficient
f1 prohibits the RN-AdS black hole of electrovacuum
solving the above field equations. The corresponding
model, usually referred to as the EM-dilaton model, only
contains solutions for black holes with scalar hair. In this
paper, we expect to reveal the transition process of the
gravitational system between two local ground states, and
so we set f; = 0. On the other hand, the coefficient f,
contributes to the effective mass of the scalar field, which

can trigger the horizon instability of a near-extremal
RN-AdS black hole leading to spontaneous scalarization.
Such a scalarization process can be induced by an arbi-
trarily small perturbation, which can be viewed as a process
from an excited state to a ground state. The coefficients of
higher-order terms, such as f5 and f,, have no effect on the
stability of RN-AdS black holes at the linear level. In this
case, the RN-AdS black hole with linear dynamical stability
is in a local ground state. Requiring that the Z, symmetry
¢ — —¢ is preserved, we consider a coupling function
dominated by the quartic term. For simplicity and conven-
ience of numerical calculation due to the existence of the
df

term 775 in the field equations, the coupling function is

assumed to be an exponential dependence,

flg) = e, (6)

with a positive coupling constant @, which has a global
minimum for ¢ = 0. A simpler form, such as f(¢) =
1 + a¢*, does not qualitatively change the conclusion of
the paper.

In order to solve the above time-dependent field equa-
tions numerically with the characteristic formulation [72],
which has been widely used to study the nonequilibrium
dynamics of black holes [54,73-82], the ingoing Eddington-
Finkelstein metric ansatz compatible with spherical sym-
metry is adopted,

ds* = =2W(t, r)dt* + 2dtdr + £(t,r)2dQ3,  (7)

where dQ3 represents the line element of a unit radius S and
t is a null coordinate. Such a form of the metric ansatz is
invariant to the following shift transformations in the radial
coordinate:

r—r+ A1), (8a)
W = W+ dAt), (8b)
DI I (8c)

This allows us to fix the radial position of the apparent
horizon during the dynamics. For the Maxwell field, we take
the gauge A, dx* = A(t, r)dt.

By taking a Taylor expansion of the field equations near
the AdS boundary, the asymptotic behaviors of the field
variables can be obtained as follows:

b =dir + par 4 0(r7), (9a)

A=pu—0r'+o(r?), (9b)

S=r+i- %qﬁ%r—l +o(r 2), (9¢)

Wzl(r+/1)2+1—1¢2—d/l—Mr‘1+0(r‘2) (9d)
2 2 470 ’
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where the constants Q and M are the electric charge and
Arnowitt-Deser-Misner (ADM) mass [83], respectively.
Since we only focus on the properties of the system in
the microcanonical ensemble, without loss of generality,
the electric charge Q is fixed to be 1 in what follows unless
otherwise stated. The parameter y, which is set to zero in
our work, is a pure gauge whose difference from the value
of the Maxwell field at the horizon A(r),) is the chemical
potential. From holography, such a gravity theory is dual to
a strongly coupled conformal field theory on the AdS
boundary. The free parameter ¢, is the source of the scalar
field on the AdS boundary, which is set to zero to work with
the source-free boundary condition. The response of the
scalar field ¢,, whose value can only be determined after
solving the bulk, is proportional to the expectation value of
the scalar operator of the boundary conformal field theory.
The energy density of the boundary system can be extracted
from the Brown-York tensor [81,84-88], which describes
the expectation value of the energy-momentum tensor of
the boundary theory, and the entropy density is defined as
the area element of the horizon. Setting the effective
Newton constant as units k3 = 1 for convenience and
integrating over the angular coordinates, the energy and
entropy of the gravitational system are denoted as

E = 8zM, S = 8x22%(rp), (10)
respectively, where r;, stands for the radius of the apparent
horizon. On the other hand, in order to describe the
quasilocal mass, we introduce the rescaled Misner-Sharp
(MS) mass [89,90], defined as

1 1
Mys = §Z<—§A22 +1- gﬂvaﬂzayz), (11)

which tends to the ADM mass on the AdS boundary. For a
static solution, the temperature is extracted as

T :%d,W(rh). (12)

With these boundary conditions in hand, the field equations
can be easily solved numerically. For more details on the
numerical procedures for the static solutions and dynamical
evolution, we refer readers to Sec. III A and the Appendix,
respectively.

III. STATIC SOLUTIONS

In this section, we reveal the complete phase structure of
this model with the coupling function (6) by numerically
solving the static field equations. The results show that the
domain of existence of solutions is composed of three
branches: hot hairy black holes, cold hairy black holes, and
RN-AdS black holes.

A. Numerical procedure

In order to describe the relationship between the physical
quantities of the equilibrium phases, we need to seek out
the static solutions to the field equations. By eliminating the
time dependence in the field equations, the static field
configuration X = {X, W,A, ¢} is determined by the
following independent ordinary differential equations:

Z”
0:2§+¢/2, (13a)
o1
0=W'+ 2W’E—ZA’2f —$* -3, (13b)
1 o dinf
0=-A"+A =+ ¢¢ , 13
SA"+ <Z+¢¢ d¢2> (13¢)

0= (W¢') + 2W¢’§+ GA’Z 571; + 1>¢, (13d)

where a prime stands for a derivative with respect to
the radial coordinate r. The above system of equations
E(X) =0 can be efficiently solved by the Newton-
Raphson iteration algorithm, which can be thought of as
a linear algebra problem of finding the value of X, viaits
value in the previous step X;,

X =X; -M ' (X)E(X), (14)

where M = g—)E( is the Jacobian matrix. The procedure is
iterated until the difference Xy — Xy_; is small enough,
which is the condition for X to be considered a static
solution. In addition, the boundary conditions (9) must be
maintained throughout the process.

In order to implement the iteration numerically, we make
a coordinate compactification z = r~! such that the radial
direction is bounded in z€[0,1]. Note that the radial
position of the horizon is fixed at r, =1 using the
reparametrization freedom (8). Discretizing the z coordi-
nate with Chebyshev-Gauss-Lobatto grid points and
replacing the radial derivative with the corresponding
differentiation matrix, Eq. (14) is converted into a series
of algebraic operations, which is conveniently implemented
with a code library such as NumPy.

B. Phase diagram

Due to the confining AdS boundary that restricts the
escape of matter, the electric charge and energy of the
system are conserved during evolution, indicating that such
a dynamics essentially occurs in the microcanonical
ensemble. In this case, the relevant thermodynamic poten-
tial describing the competitive relationship between the
several thermal phases in equilibrium is the entropy, and the
dominant thermal phase is the one with the largest entropy.
Therefore, to a certain extent, the microcanonical phase
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diagram is a key factor in judging the stability of thermal
phases in the asymptotically AdS spacetime.

In this model, the microcanonical phase diagrams with
different values of the coupling constant @ are shown in
Fig. 1 as the energy dependence of physical quantities. As
we can see from Fig. 1(a), in addition to RN-AdS black
hole solutions with a trivial scalar field, for a sufficiently
large value of the coupling constant a, there is also a branch
of black hole solutions whose horizon surface is attached
to scalar condensation, which connects to the branch of
RN-AdS black holes at point A representing the extremal
RN-AdS black hole. Fixing a general value of the coupling
constant a, one can observe that the branch of hairy black
holes possesses a turning point B, which represents the

hairy BH, a=100
hairy BH, a=300
hairy BH, =500
RN-AdS BH

0.5 1

0.4

0.3 A

=
<
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T T T T T T T T
4.0m 487 5.6m 6.47 12% 8.0m 8.87 9.67
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1a —— hairy BH, a=100
~——— hairy BH, a=300
—— hairy BH, a=500
121 —— RN-AdSBH
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487 5.6 6.47 727 8.0m 8.87 9.6m
E
(c)
FIG. 1.

S/(4aT?)

maximum value of energy of hairy black hole solutions and
depends on the coupling constant a. Such a turning point
divides the branch of hairy black holes into two parts. On
the one hand, the AB region directly connected to the
extremal RN-AdS black hole with zero temperature,
usually referred to as the branch of cold hairy black holes,
has not only less scalar condensation, but also a lower
temperature than the other part, as shown in Fig. 1(b). On
the other hand, the region extending from the turning point
B to the over-extremal region with decreasing energy is
called the branch of hot hairy black holes due to the higher
temperature. With the increase of the coupling constant «,
both branches of hairy black holes exhibit the same
decreasing behavior in terms of scalar condensation.
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Value of the scalar field at the horizon (a), the temperature (b), and the difference between the entropy of hairy black holes and

RN-AdS black holes (c) as a function of energy. The black curve represents the branch of RN-AdS black holes. Other curves of different
colors represent branches of hairy black holes with different values of the coupling constant . (d) Equation of state (solid line) and the
radius of the horizon (dotted line) for hairy black holes with coupling constant @ = 500. The blue and orange curves represent the hot

and cold hairy black holes, respectively.
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However, for the temperature, the branch of hot hairy black
holes increases while the branch of cold hairy black holes
decreases as the coupling constant « increases.

In Fig. 1(c), we would like to reveal the competitive
relationship between the above three thermal phases in the
microcanonical ensemble. To make the diagram clearer, on
the vertical axis we actually plot the difference between the
entropy of hairy black holes and RN-AdS black holes. As
we can see, the three branches of solutions form the shape
of a swallowtail, among which the entropy of the branch of
cold hairy black holes is always the smallest. Due to the
second law of black hole mechanics, which requires that
the entropy never decreases during the dynamical process,
the cold hairy black hole, as an excited state of the system,
is expected to be dynamically unstable and spontaneously
evolve to a ground state with greater entropy under
perturbations. For a system with fixed energy, both the
RN-AdS black hole state and hot hairy black hole state
meet the criteria of being the ground state. In a low-energy
region, the state of a hot hairy black hole has the largest
entropy and thus acts as the dominant phase. However, the
entropy of the RN-AdS black hole state gradually exceeds
that of the hot hairy black hole state as the energy of the
system exceeds a critical value, becoming the global
ground state. In fact, both of these local ground states
(RN-AdS black hole and hot hairy black hole) can serve as
the final fate of a dynamically unstable excited state (cold
hairy black hole), independent of which is the dominant
state with maximum entropy. This will be verified from the
perspective of nonlinear dynamics in Sec. VI. In addition,
for an ensemble with a fixed energy, the entropy gap
between the hot and cold hairy black holes increases
significantly with the increase of the coupling constant
a, indicating that the dynamical barrier in the excitation
process of the hot hairy black hole increases with the
parameter a. Interestingly, the entropy gap between the RN-
AdS black hole and the cold hairy black hole decreases as
the coupling constant a increases, indicating that the RN-
AdS black hole is more likely to be excited under the strong
coupling condition. These conclusions are consistent with
the numerical simulation results presented in Sec. V.

In order to compare with the current research on holo-
graphic QCD, we show the equation of state for hairy black
holes with coupling constant & = 500 in Fig. 1(d). Since
the cold hairy black hole is verified to be dynamically
unstable in the next section, the hot hairy black hole with
linear dynamical stability is more suitable to describe a
QCD state. Interestingly, one can find that there exists a
minimum temperature 7, below which no hot hairy black
hole exists. Such a minimum temperature divides the
branch of hot hairy black holes into two parts. The hot
hairy black holes with larger horizon radii reside in the
upper half, and conversely, those with smaller horizon radii
live in the lower half. In addition, the large hot hairy black
holes have a positive specific heat and are therefore

thermodynamically stable, whereas the small hot hairy
black holes are thermodynamically unstable due to the
negative specific heat. Such results are similar to the case of
improved holographic QCD [60,61,67], revealing the
potential application of the EMs models in holographic
QCD. Actually, there is a small region near point B in
which the large hot hairy black holes have a negative
specific heat, and this region becomes more pronounced for
the case of weak coupling.

IV. STABILITY

In this section, we further investigate the linear stability
of the thermal phases obtained in the previous section by
the linear perturbation theory. The corresponding quasi-
normal mode spectra are numerically calculated, which
show that the hot hairy black hole as the local ground state
is linearly stable while the cold hairy black hole as the
excited state is dynamically unstable.

For RN-AdS black holes, the superradiance and near-
horizon instabilities are two important mechanisms leading
to the dynamical transition to hairy black holes. For the
case of a real scalar field in our work, which cannot extract
electric charge from the black hole, the superradiant
instability is suppressed. The near-horizon instability is
quite universal and occurs for black holes with extremal
configurations, which can be triggered by both charged and
neutral scalar fields. For our model here, such an instability
is only possible for a near-extremal RN-AdS black hole in
the large black hole limit r;, — oo, which is not within our
consideration. In what follows, we focus on the linear
stability of hot and cold hairy black holes.

A. Effective potential

From quantum mechanics [91,92], the effective potential
is an important mechanism to characterize the stability of
the system. The emergence of instability requires that the
effective potential be negative in some regions. In this
subsection, we reveal the effective potential of the black
hole solutions in this model along the radial direction to
preliminarily judge their stability. To this end, we take the
following metric ansatz for convenience:

- N 1
ds®> = —=N(t,r)e”?20Nd? + ———dr’ + r2dQ3.  (15)
N(t,r)

Considering a time-dependent linear perturbation with
spherical symmetry, the corresponding metric and scalar
fields are assumed to be of the form

N(t,r) = N(r) + edN(r)e™", (16a)
A(t,r) = A(r) + edA(r)e~", (16b)
d(t.r) = p(r) + edp(r)e". (16¢)
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The Maxwell field is determined by Eq. (4b) as 9,A(t, r) =
e—A
o)
the infinitesimal expansion, and the complex frequency
® = wp + iw;, also known as the quasinormal mode,
corresponds to the eigenvalue of the perturbative eigenstate
{6N,S5A,5¢}. The configuration of the leading terms
{N,A, ¢} is the static background solution of the field
equations. For a mode with a positive imaginary part
w; > 0, one can observe from the ansatz (16) that the
time-dependent solution {N, A, ¢} will exponentially leave
the static field configuration in the form e“/’. Such a mode
is dynamically unstable. Conversely, a mode with a
negative imaginary part @; < 0 decays exponentially,

failing to trigger instability in the system.

Substituting the ansatz (16) into the equations of motion
for the metric (2) and scalar (4b) fields, the leading order of
the expansion equations gives rise to the following static
field equations:

Here the symbol ¢ stands for the control parameter of

/ Ry p Q% df
=(N¢') +2r 'N¢' += rN¢‘+2¢+ g (17a)
1 _ Q2
O:N’—i-ErNgb’z—i—r IN—r¢?=3r—r! —i——f (17b)
1
0= &'+ rg” (17¢)

where a prime stands for a derivative with respect to the
radial coordinate r. Obviously, hot hairy black holes, cold
hairy black holes, and bald black holes solve the above
equations. At the subleading order, one can find that the
perturbations of the metric fields can be expressed by the
perturbation of the scalar field as

0 = 6N + rN¢'5¢, (18a)

0 =6A"+r¢'d¢/, (18b)
indicating that the linear-order Klein-Gordon equation is
decoupled from the perturbation of the metric fields.
Introducing the tortoise coordinate dr, = e*N~'dr and
defining a new radial function 6¢p = ¥, one can extract a
Schrodinger-like equation for the perturbation of the scalar
field from the subleading order of the Klein-Gordon
equation,

d?

0=
dr?

¥ +w lP Vefflp (19)

with the effective potential

Ne—2A
Vet =

[(1 +3r)(1-r’¢?)—N
+m?r? <%r2¢2¢’2 +2repg’ —%tﬁz + 1)

0? L df df _(df\?
_W<1_r2¢2+fd¢2 Fdp~ (fd¢> ﬂ
(20)

+2rd

One can observe that such an effective potential vanishes
at both the event horizon and the AdS boundary in the case
of m?> = =2, whereas it diverges at the AdS boundary for
the case of a massless scalar field.

The resulting effective potentials for the cold hairy black
holes, hot hairy black holes, and RN-AdS black holes are
shown in Figs. 2(a)-2(c), respectively. Since the RN-AdS
black hole solutions have a positive-definite effective
potential, they are free from radial instability. However,
for the hairy black hole solutions, it turns out that
the effective potential always has a negative region. The
difference is where the negative region exists. On the one
hand, for solutions in the cold branch, such a negative
region comes into play near the event horizon and gradually
intensifies along the direction of the cold branch from the
connection point with the branch of RN-AdS black holes
(point A representing the extremal RN-AdS black hole) to
the bifurcation point of the branch of hairy black holes
(point B), that is, the direction in which the energy
increases. As the bifurcation point is approached, a positive
region develops near the event horizon. On the other hand,
as the configuration smoothly transitions from the cold
branch to the hot branch through the bifurcation point, the
positive region near the event horizon gradually grows.
Along the direction of the hot branch away from the
bifurcation point, such a positive region is significantly
enlarged and gradually plays a dominant role as the energy
of the system decreases. The negative region can only move
away from the event horizon towards the AdS boundary. As
a result, near the event horizon, a hot hairy black hole
exhibits a potential barrier while a cold hairy black hole
possesses a potential well.

According to the results of quantum mechanics [91], for
a one-dimensional potential, the existence of bound states
capable of triggering instability requires that the integral of
the effective potential over the entire space is negative. To
this end, we introduce the rescaled effective potential
defined as

Vetr = rpz 2e N~ Wy, (21)

such that [+ V gdr, = [} V.dz. Without loss of gen-
erality, taking the ensemble with energy E = 7.2z as an
example, the profiles of the corresponding rescaled effec-
tive potential of the three types of black holes are shown in
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FIG. 2. Effective potentials of cold hairy black holes (a), hot hairy black holes (b), and RN-AdS black holes (c) with different energy
densities as a function of the rescaled radial compactified coordinate Z = r;,/r, where r), represents the radius of the event horizon. The
coupling constant is fixed to @ = 500. (d) Rescaled effective potentials of the cold hairy black hole, hot hairy black hole, and RN-AdS

black hole with energy E = 7.27.

Fig. 2(d). It turns out that only the integral of the effective
potential of a cold hairy black hole is negative, and thus is
expected to be dynamically unstable. We have verified that
such an integral is negative for the entire branch of cold
hairy black holes. However, these qualitative analyses still
cannot give definitive evidence of instability. To this end,
one needs to obtain the eigenvalue @ of the linear
perturbation to determine whether there is an unstable
mode with a positive imaginary part.

B. Quasinormal modes

In this subsection, we numerically solve the quasinormal
spectrum to give direct quantitative evidence of instability.
Since the configurations of hairy black holes are obtained

by numerical methods, the generalized eigenvalue method
[93] is used, which is simple and efficient for this case. By
discretizing the field configurations of the static back-
ground solution with a pseudospectrum, this method
converts the solving process of Eq. (19) into a generalized
eigenvalue problem. The complex frequency @ to be
calculated is the corresponding eigenvalue.

The resulting spectra of the quasinormal modes for the cold
and hot hairy black holes are shown in Figs. 3(a) and 3(b),
respectively. The purple dots represent the AdS modes, which
dominate in the small black hole limit r;, — 0. The blue and
orange dots represent the zero-damped modes, which con-
verge at the origin of the complex plane as a branch point in
the case of an extremal RN-AdS black hole [94-96]. For the
branch of RN-AdS black holes, all of the modes are located on
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FIG. 3.

Trajectories of the first four AdS modes (purple) and the first (blue) and second (orange) zero-damped modes along the

branches of cold (a) and hot (b) hairy black holes. (a) Arrows indicate the direction from the connection point (point A) between the
branches of hairy and RN-AdS black holes to the bifurcation point (point B) of the branch of hairy black holes. (b) Arrows indicate
the direction of decreasing energy from the bifurcation point (point B) to the extremal region. (c) Imaginary part of the unstable zero-
damped mode of the cold branch as a function of the energy of the system.

or below the real axis, indicating dynamical linear stability.
However, along the branch of cold hairy black holes from the
connection point A representing the extremal RN-AdS black
hole to the bifurcation point B, one of the zero-damped modes
gradually climbs upward along the imaginary axis from the
origin, while the others move down to the lower half of the
imaginary axis. Such a mode with a positive imaginary part
represents the occurrence of dynamical linear instability.
After the imaginary part of the single unstable mode reaches a
maximum value, the linear instability of the system gradually
weakens as it decreases. Until the bifurcation point B is
reached, the imaginary part of this single unstable mode
returns to the origin, indicating that the instability completely
disappears. We reveal more clearly in Fig. 3(c) that the

positive imaginary part of the single unstable mode varies
with the energy in this process. Along the branch of hot hairy
black holes from the bifurcation point B to the over-extremal
region, on the other hand, the dominant mode initially moves
downwards from the origin along the imaginary axis, and then
gradually approaches the real axis again after reaching a
turning point, accompanied by the growth of the real part.
With the approach of the extremal configuration with zero
horizon area, this mode gradually converges to the real axis.
Therefore, from the above results, we can conclude that
only the cold hairy black holes are dynamically linearly
unstable, and there is only a single unstable mode without a
real part. Since we only calculate the quasinormal modes
under the spherical symmetry perturbation, the conclusions

084016-9



CHEN, NING, TIAN, WANG, and ZHANG

PHYS. REV. D 108, 084016 (2023)

on dynamical stability for the RN-AdS black holes and hot
hairy black holes are not complete. To rigorously verify the
stability, the quasinormal modes with nonzero angular
numbers need to be further calculated.

V. DYNAMICS OF THE LOCAL
GROUND STATE

From the results of the linear perturbation theory in the
previous section, the RN-AdS black holes and hot hairy
black holes are dynamically linearly stable, acting as two
local ground states. In this section, by numerically solving
the time-dependent field equations, we simulate the fully
nonlinear accretion process of a scalar field to a central
black hole to reveal the real-time dynamics during the
excitation process of the ground state, where the scalariza-
tion or descalarization phenomenon occurs depending on
the central black hole. The corresponding schematic dia-
gram of such a continuous accretion process is shown in
Fig. 4. Due to the linear stability of the RN-AdS and hot
hairy black holes, the disturbance of the accretion process
of small strength, which can only increase the energy of the
system without changing its essential properties, gradually
dissipates in the background spacetime. Until the accretion
strength exceeds a threshold, the RN-AdS and hot hairy
black holes with nonlinear instability are dynamically
interconverted by crossing a cold hairy black hole with
linear instability. From the microcanonical phase diagram
in Fig. 1, it can be seen that the branch of hot hairy black
holes ends at point B, indicating that the accretion process
with sufficient strength, which brings in enough energy,
can always make the system converge to the state of an
RN-AdS black hole. The real-time dynamics of the above
physical processes will be revealed in detail in the follow-
ing and the corresponding numerical procedure for the
dynamical evolution with gravitational backreaction can be
found in the Appendix.

RN-AdS BH Hairy BH RN-AdS BH
0 Pcs Pca p

cold hairy BH
O @ -
Pcd

RN-AdS BH
FIG. 4. Schematic diagram of the continuous accretion process
of the scalar field to a central black hole (BH). The accretion
strength is denoted by the symbol p. The values p., and p.,
correspond to the critical scalarization and critical descalarization
processes, respectively.

hot hairy BH

Among them, it is particularly important to emphasize
the critical dynamics at the strength threshold, near which
the evolved system tends to converge to a certain critical
state in the dynamical intermediate process. In particular, if
such a critical state has only one unstable mode, then we
can obtain it by parametrizing the initial value with a single
parameter and fine-tuning the characteristic parameter to
reach a critical value. At the late time of critical evolution,
the system will enter the linear region of the critical
solution, which can be effectively approximated by

p(t.r)m ¢.(r) + (p = p.)e™ ™ '5¢p(r)
+ decaying modes. (22)

Here ¢, (r) represents the static configuration of the critical
state and 5¢(r) is the only unstable eigenmode associated
with the eigenvalue w,, which has a positive imaginary
part. On the one hand, for the case where the parameter p is
exactly equal to the critical value p., the only unstable
mode cannot be triggered, causing the system to perma-
nently stay in the critical state. However, on the other hand,
for the case when the parameter p is slightly away from the
critical value p,, such an unstable mode will grow
exponentially in the later stage of evolution and push the
system away from the critical state to reach the final stable
state. Interestingly, when the parameter p leaves the critical
value p, in different directions, the final state often has
distinct essential properties. Furthermore, the time that the
system stays on the critical state during the dynamical
intermediate process satisfies

TX _Im[w*]_l 1n(|p - p*|)’ (23)

where Im[w,] stands for the imaginary part of the eigen-
value w,. Such a relationship is obtained by requiring that
the coefficient of the unstable mode in Eq. (22) grows to a
finite size, |(p — p,)e~®7| ~ O(1), which represents the
end point of the linear region of the intermediate critical
solution.

A. Critical scalarization

In this subsection, we focus on the dynamical accretion
process of a scalar field towards a central RN-AdS black
hole with coupling constant & = 500, that is, the physical
process near the critical point p,, in Fig. 4. Without loss of
generality, we choose a seed RN-AdS black hole with
energy E = 6.4z as the initial configuration and impose a
scalar field perturbation of the form

o = p(1 = z)2ew), (24)
with the radial compactified coordinate z = r~!. The width

and center position of the Gaussian function are fixed as
w = 50 and z, = 0.5. Since the apparent horizon is fixed at
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the radial position z;, = 1 by using the reparametrization
freedom (8), this form of perturbation characterizes a
Gaussian-type scalar field distributed outside the central
black hole. The energy of the system increases with the
increase of the perturbation amplitude p, so this process
can be regarded as the accretion process of the scalar field
to a central black hole, with the accretion strength p.
The evolution of the scalar field configuration and the
MS mass during the dynamical accretion process is shown
in Fig. 5. In the early stages of evolution, the system
exhibits similar dynamical behaviors for accretion proc-
esses of different strengths. In the first stage (¢ < 0.5), the
outgoing scalar field carrying energy propagates towards
the AdS boundary, resulting in a decrease in the local mass
at the position of the wave packet at the initial moment, as
shown in Figs. 5(b) and 5(d). Note that the value of the MS
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0.00 -
—_
~
<= —0.02 4
g 00
~0.04
~0.06
10° 10' 10° 10°
r
(a)
0.10
0.05
0.00
~0.05
= -0.10
<
~0.15
-0.20 1 — 1=00
—— =05
~0.25 — =10
— =13
~0.30 =30
10° 10' 10° 10°
r
(c)
FIG. 5.

mass at the radial coordinate r represents the integral of the
energy within radius r. Since the local mass change in
the dynamical process is not significant compared to the
overall energy, we show the difference between the MS
mass at different times and the initial time so that the
energy flow is more obvious. The MS mass at any time
converges to a constant on the AdS boundary, which is
equal to the ADM mass, indicating that the total mass of the
system in the asymptotically AdS spacetime is conserved
during the dynamical process. Then, in the second stage
(0.5 < t < 1), due to the gravitational potential of the AdS
spacetime, the outwardly propagating scalar field is
bounced and clustered around the horizon of the central
black hole, resulting in a significant increase in the local
mass near the horizon. Interestingly, the subsequent fate of
the scalar field depends on the specific accretion strength.
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Profile of the scalar field [(a) and (c)] and the MS mass [(b) and (d)] at different times. The upper and lower panels correspond

to the cases of small disturbance p = 0.5 and large disturbance p = 1.5, respectively. In order to describe the variation of the quasilocal
mass more clearly, we actually show the difference of the MS mass at different moments from the initial moment, where the MS mass

distribution of the initial data is shown in the inset.
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On the one hand, for a weak accretion strength, such as the
accretion process of p = 0.5 shown in Figs. 5(a) and 5(b),
the scalar field is gradually absorbed by the central black
hole in the later stages of evolution (1 < ¢), leaving a bald
black hole with greater energy. Since the energy carried by
the initial scalar field enters the interior of the central black
hole, the value of the MS mass is most significantly
improved at the horizon compared with the initial value,
and then rapidly decreases at the original wave packet of
the scalar field. Obviously, for a radial position outside the
original wave packet, the MS mass of the initial and final
states remains the same. On the other hand, for a strong
accretion strength p = 1.5, as shown in Figs. 5(c) and 5(d),
the scalar field eventually converges to a nontrivial con-
figuration, leading to the appearance of a black hole with
the scalar condensation attached at the horizon. Such a final
black hole is exactly the hot hairy black hole obtained in
Sec. III B, and it has been proved to be linearly dynamically
stable in Sec. IV B. That is to say, a scalar field accretion
process of sufficient intensity can induce a dynamical
transition from a linearly stable RN-AdS black hole to a
hot hairy black hole. From the distribution of the MS mass
of the final state in Fig. 5(d), it can be seen that most of the
energy still enters the interior of the central black hole,
resulting in a significant increase in the value of the MS
mass at the horizon. The scalar hair also carries part of the
energy, distributed in the bulk.

The above real-time dynamical processes indicate that
there should be a critical value for the accretion strength p
between 0.5 and 1.5 to distinguish two different final states.
A natural question is what kind of dynamical behavior the
system exhibits near the critical value of the accretion
strength p.,. By dichotomy, we keep approaching the
critical value and show the numerical results in Fig. 6.
The evolution of the scalar condensation at the horizon and
the entropy are presented in Figs. 6(a) and 6(b), respec-
tively, from which it can be seen that a critical state appears
in the dynamical intermediate process. All initial values
parametrized by the accretion strength p close to the critical
value p,_, are attracted to a critical black hole with scalar
hair, manifested by the convergence of the scalar field to a
static nontrivial configuration. At the same time, the
entropy of the system also stops growing and presents a
plateau. Subsequently, for the dynamical process with the
accretion strength greater than the critical value p,,, the
scalar condensation continues to grow and eventually
converges to another static configuration. The entropy also
increases significantly to another constant. The stable final
state of the process is a hot hairy black hole. The fast
oscillating behavior of the scalar condensation in the later
stages of evolution is caused by the nonzero real part of the
stable dominant mode of the hot hairy black hole. On the
contrary, for the dynamical process with the accretion
strength less than the critical value p,,, the corresponding
scalar condensation decays rapidly after leaving the critical

configuration, indicating that the system eventually evolves
into an RN-AdS black hole. These dynamical processes are
accompanied by a small increase in entropy, which is
guaranteed by the second law of black hole mechanics.
Furthermore, one can observe that the closer the accretion
strength is to the critical value p.,, the longer the system
stays in the critical state during the dynamical intermediate
process. Therefore, it can be inferred that the critical
accretion strength p.., just corresponds to the critical black
hole. After verification, such a critical black hole is exactly
the linearly unstable cold black hole obtained in Sec. III B.
In order to reveal the behavior of the dominant mode in
the dynamical process, we show the evolution of the value
of In |9,¢p(r;,)| over time in Fig. 6(c). One can observe that
the whole dynamical process can be divided into three
stages. The short-lived first stage describes the process
where the initial values are attracted to a critical black hole,
depending on the form of the disturbance. After that, the
evolution system enters the linear region of the critical
state, at which point it can be approximated by Eq. (22). At
the beginning of the second stage, the dynamical process is
dominated by the decay modes of the critical black hole.
Due to the deviation between the actual accretion strength
and the critical value, the unstable mode will grow
exponentially at later times and gradually takes over the
evolution process, pushing the system away from the
critical state. The growth exponent can be extracted from
the slope in Fig. 6(c), which is equal to the imaginary part
of the unstable mode. In the third stage, the intermediate
solution converges to the RN-AdS black hole in the case of
a subcritical accretion strength and to a hot hairy black hole
in the case of a supercritical accretion strength. From the
quasinormal modes of hot hairy black holes shown in
Fig. 3(b), the dominant stable mode has a small imaginary
part, implying a slow decay rate. Since the critical black
hole (cold hairy black hole) emerging in the dynamical
intermediate process possesses a single unstable mode
shown in Fig. 3(a), the relationship (23) is checked in
Fig. 6(d), where the slope of the red line is exactly the
reciprocal of the imaginary part of the unstable mode.
From the microcanonical phase diagram shown in
Fig. 1(c), due to the reduced entropy gap between the
RN-AdS and cold hairy black holes, one can deduce that
the dynamical barrier for the transition from an RN-AdS
black hole to a hot hairy black hole gradually decreases
with the increase of the coupling constant a. We show in
Fig. 7 the critical accretion strength p,., required to trigger
the dynamical transition of the central RN-AdS black hole
for different values of the coupling constant «, where the
monotonically decreasing behavior of the critical accretion
strength verifies the inference from the phase diagram.
The energy of the gravitational system increases con-
tinuously with the further accretion of the scalar field,
showing a monotonically increasing behavior with the
accretion strength p, as shown in Fig. 8(a). At the first
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FIG. 6. Value of the scalar field at the horizon (a), the entropy (b), and the value of In |9,¢p(r;,)| (c) as a function of time in the case
where the accretion strength p is close to the critical value p,,. (d) Time 7 of the intermediate solution that stays near the cold hairy black
hole with respect to In|p — p,|. All of the curves and points of the same color in the figure correspond to each other.

threshold of the accretion strength p .., the value of the final
scalar field at the horizon jumps, as shown in Fig. 8(c),
indicating a dynamical transition from an RN-AdS black
hole to a hot hairy black hole. Subsequently, such a value
gradually decreases with the increase of the accretion
strength, which is consistent with the result shown in
Fig. 1(a) that the scalar condensation attached to the event
horizon of the hot hairy black hole decreases with the
increase of the energy of the system. Since the branch of hot
hairy black holes ends at the bifurcation point B, the system
must return to the branch of RN-AdS black holes when the
energy exceeds that of point B. Interestingly, from the
dynamical results in Fig. 8(c), instead of passing through
the whole branch of hot hairy black holes, the gravitational
system evolves to the branch of RN-AdS black holes
through a critical dynamical transition in advance,

manifested by another jump in the value of ¢(r,) at the
second threshold of the accretion strength p.. The energy
corresponding to this threshold p. is between those
corresponding to the first threshold and the bifurcation
point. The real-time dynamics near the second threshold is
similar to the scalar field accretion process towards a hot
hairy black hole, which will be revealed in detail in the next
subsection.

As a conclusion, the accretion process of a scalar field to
a central RN-AdS black hole can trigger its nonlinear
instability. There is a threshold of the accretion strength that
induces the dynamical transition from one local ground
state (RN-AdS black hole) to the other (hot hairy black
hole). Near the threshold, the system stays in an excited
state (cold hairy black hole), which acts as a dynamical
barrier for the transition process. Such a dynamical barrier
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FIG. 7. Ceritical value of the accretion strength p,., as a function
of the coupling constant @. The energy of the central RN-AdS
black hole is fixed to be E = 6.4x.

decreases monotonically with the increase of the coupling
constant . With the continuous accretion of the scalar
field, due to the upper limit of the energy for the domain of
existence of the hot hairy black holes, a second threshold of
the accretion strength appears, beyond which the gravita-
tional system undergoes a critical dynamical transition and
returns to the state of RN-AdS black hole.

B. Critical descalarization

The dynamical simulation results in the previous sub-
section show that even if a gravitational system is dynami-
cally stable at the linear level, it can still transition to
another linearly stable local ground state under a suffi-
ciently large disturbance. In this subsection, by simulating

the dynamical accretion process of a scalar field to a central
hot hairy black hole, we reveal that the transition process
between local ground states is bidirectional. Without loss of
generality, we take the hot hairy black hole under the same
ensemble with energy E = 6.4z as the initial value and
impose the same form of disturbance (24).

The evolution of the value of the scalar field at the
apparent horizon is shown in Fig. 9(a). It turns out that there
is a threshold p,, for the accretion strength to distinguish
two different stable final states. For the accretion process
whose strength is less than the critical value, the final state
of the evolution is still a hot hairy black hole but with more
energy. On the other hand, for the case where the accretion
strength is greater than the critical value, a dynamical
transition occurs, leading to the descalarization phenome-
non. That is to say, the accretion process of sufficient
strength can also induce the excitation process from the
ground state of the hot hairy black hole to the ground state
of the RN-AdS black hole. Near the threshold p_,, similar
to the critical scalarization phenomenon, the scalar field
gradually converges to a static critical configuration after a
short period of drastic changes. This critical state is a cold
hairy black hole with linear dynamical instability. Similarly,
the time that the critical state exists in the dynamical
intermediate process depends on the difference between the
accretion strength p and the critical value p,.;. The
relationship (23) still holds, as shown in Fig. 9(b).

Different from the dynamical transition from an RN-AdS
black hole to a hot hairy black hole, from the phase diagram
in Fig. 1(c), it can be seen that the entropy gap between the
hot and cold hairy black holes increases with the coupling
constant @. That is to say, the dynamical barrier for the
transition from a hot hairy black hole to an RN-AdS
black hole gradually increases with the coupling constant a.
This is consistent with the numerical simulation results
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FIG. 8. Energy (a) and the value of the scalar field at the horizon (b) of the final state of the evolution as a function of the accretion
strength.
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presented in Fig. 10, which describe the monotonically
increasing behavior of the accretion strength threshold with
the coupling constant a.

Through the above real-time dynamics, we realize the
bidirectional dynamical transition process of a gravitational
system between two local ground states. By fine-tuning the
parameter p that characterizes the disturbance strength, the
gravitational system will stay in a critical excited state with
linear instability in the dynamical intermediate process,
exhibiting critical dynamics. In fact, such critical dynamics
is universal and independent of the disturbance parameters.
That is to say, for the disturbance form described by (24),
by fixing an appropriate value of the parameter p, a similar
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FIG. 10. Critical value of the accretion strength p.; as a

function of the coupling constant a. The energy of the central
hot hairy black hole is fixed to be E = 6.4x.

critical dynamical process can also be triggered by fine-
tuning the parameter w or z.. In addition, the critical
dynamics is universal to the disturbance form, as long as it
can make the system cross the corresponding dynamical
barrier.

VI. DYNAMICS OF THE EXCITED STATE

In the previous section, we revealed the real-time
dynamics in the case where the initial central black hole
is a linearly stable local ground state, where novel critical
phenomena emerge. In this section, we further investigate
the dynamics in the case where the initial central black hole
is an excited state with linear dynamical instability, in
which the gravitational system exhibits a more interesting
critical behavior. For consistency, we take the cold hairy
black hole in the ensemble with energy E = 6.4x as the
initial configuration, in this case the hot hairy black hole
with maximum entropy as the dominant thermal phase, and
then impose the scalar field perturbation described by (24).

Due to the linear instability of the initial gravitational
system, the dynamical transition can occur under arbitrarily
small perturbations. Interestingly, there are two local
ground states with linear dynamical stability that can serve
as the final state of the dynamical evolution. In the
microcanonical ensemble, the entropy of the system
describes the competitive relationship between thermal
phases in equilibrium. From a thermodynamic point of
view, the system tends to reside in the state of maximum
entropy, that is, the hot hairy black hole. However, from the
dynamics, it turns out that the system does not show a
preference according to the entropy of the state. From the
numerical results in Fig. 11(a), which show the evolution of
the value of the scalar field at the apparent horizon, it can be
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(a) Value of the scalar field at the horizon as a function of time in the case where the accretion strength p is close to zero.

(b) Time 7 of the intermediate solution that stays near the cold hairy black hole with respect to In | p|. All of the curves and points of the

same color in the figure correspond to each other.

seen that different values of the perturbation amplitude can
still induce the system to evolve into two different stable
final states. We find that the final fate of the dynamical
process corresponding to the positive perturbation ampli-
tude is an RN-AdS black hole; on the other hand, the
negative perturbation amplitude pushes the evolved system
to a hot hairy black hole. Such a result indicates that the
gravitational system undergoes a special class of critical
dynamics with a perturbation strength threshold of zero
p. = 0. That is to say, in this case the critical state in the
critical dynamical process is the initial state itself. The
corresponding dynamical barrier for the transition is zero.
Similarly, the smaller the perturbation strength, the longer
the system will remain in the unstable initial state. In this
process, the relationship (23) holds, as shown in Fig. 11(b).
Due to numerical errors, even with a perturbation amplitude
that is strictly zero, a dynamical transition still occurs after
long-term evolution, resulting in the values of 7 corre-
sponding to the scalarization and descalarization processes
lying on two parallel lines, respectively. Obviously, the
slope of these two lines is equal to the reciprocal of the
imaginary part of the single unstable mode of the initial
cold hairy black hole. The evolution of the dominant mode
in the dynamical intermediate process is similar to that in
Fig. 6(c), with the difference being the lack of the
first stage.

In order to exclude the influence of the thermodynamic
potential of the local ground state on the conclusion, the
real-time dynamics of the cold hairy black hole in the
ensemble with energy E = 8.8z, in which the RN-AdS
black hole possesses the maximum entropy, is also studied.
Similar critical dynamical phenomena occur. The unstable
cold hairy black hole maintains its static configuration in

the absence of perturbation, and evolves to a stable state
through a nonequilibrium process with any small pertur-
bation. The specific configuration of the final state depends
on the sign of the perturbation amplitude. The selection of
the final state is consistent with the case of energy
E = 6.4x: the plus sign corresponds to an RN-AdS black
hole and the minus sign corresponds to a hot hairy black
hole. Such results indicate that the dynamical transition
mechanism from an excited state to a local ground state is
independent of the thermodynamic potential between the
local ground states.

For the case where the initial configuration is unstable, a
zero threshold of the perturbation strength for the critical
dynamics is reasonable. However, the relationship between
the sign of the perturbation amplitude and the final state of
evolution is somewhat puzzling. In fact, we find that such a
correspondence is related to the parameter z. in the
perturbation (24), which characterizes the distance of the
perturbation from the horizon. For the cases of perturba-
tions near the horizon and far away from the horizon, the
corresponding relationship between the sign of the pertur-
bation amplitude and the final state of the evolution is
exactly opposite. Fixing the perturbation amplitude p =
+0.01 without loss of generality, we show the evolution of
the scalar field configuration with time for the cases of
z. = 0.9 and z. = 0.95 in Figs. 12(a) and 12(b), respec-
tively. It turns out that a near-horizon perturbation with a
positive sign leads to the formation of a hot hairy black hole
instead of an RN-AdS black hole. Such a result on the one
hand shows that the selection of the final state is not only
determined by the perturbation amplitude but also depends
on the specific form of the perturbation, and on the other
hand indicates that there should be a critical value for the
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parameter z. such that the gravitational system undergoes
critical dynamics. The critical value z}, which is a function
of perturbation amplitude p, is obtained by dichotomy,
near which the system exhibits critical behaviors. From
Fig. 12(c), which shows the evolution of the value of the
scalar field at the horizon, it can be seen that the time of the
intermediate solution that stays near the critical black hole
depends on the difference between the parameter z,. and the
critical value z;. Such a dependency satisfies (23), as shown
in Fig. 12(d). Note that in this case the critical black hole
that emerges in the dynamical intermediate process is not
the one in Fig. 11(a), which is exactly the initial state.

With the imposition of a perturbation of nonzero amplitude,
the energy of the gravitational system changes even if the
perturbation amplitude is so small, indicating that the
perturbed system deviates from the original ensemble.
By fine-tuning the perturbation parameter z,., the system
converges to the cold hairy black hole in the new ensemble.
That is to say, such a perturbation is absorbed by the excited
state without triggering its dynamical instability. Certainly,
the energy of the gravitational system is changed. Since the
dynamically unstable excited state can be viewed as a
nonequilibrium configuration at a certain moment in the
evolution process, the realization of the above process
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FIG. 12. (a),(b) Profile of the scalar field as a function of time in the cases of z. = 0.9 and z. = 0.95, respectively. The perturbation

amplitude is fixed as p = +0.01. (c) Value of the scalar field at the horizon as a function of time in the case where the parameter z,. is
close to the critical value z}. (d) Time 7 of the intermediate solution that stays near the cold hairy black hole with respect to In |z, — z:|.
All of the curves and points of the same color in the figure correspond to each other.
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FIG. 13. Final states of evolution in the parameter space (z., p).

Regions of different colors indicate different stable final states,
among which the gray regions represent RN-AdS black holes, the
orange regions represent hot hairy black holes with a positive
scalar field, and the blue region represents hot hairy black holes
with a negative scalar field. The domain walls between different
regions correspond to unstable cold hairy black holes.

shows that the critical dynamics is quite universal to the
initial value. In fact, for any nonequilibrium configuration
in a time-dependent process, the critical phenomena will
also appear by applying appropriate perturbations.

The existence of the critical value z; indicates that
there is another critical value other than zero for the
perturbation amplitude p. Since the combination of param-
eters (z., = zi, p = +0.01) corresponds to a critical
black hole, naturally, fixed the parameter z. = z}, the

0.4 — p=-18
—— p=+18

031

0.2 -

0.1 4

¢(rh)

0.0

—0.1 1

-0.2 1

—0.3

gravitational system will also exhibit critical behaviors
around p = 4+0.01. In other words, p = +0.01 is also a
threshold for the perturbation with parameter z, = zJ. In
order to reveal the dependence of the final state of evolution
on the parameters, we scan the parameter space (z., p) and
display the spectrum of the final state in Fig. 13. It turns out
that the two stable local ground states occupy different
regions of the parameter space, separated by the boundary
representing the excited state. If a one-parameter curve
connects two different local ground states, there must be a
point where it intersects the boundary. This point is the
threshold of critical dynamics. Note that the points on the
boundary p = 0 represent the same state, namely, the initial
excited state. The existence of other boundaries indicates
that for an appropriate form of perturbation, there exists a
series of specific combinations of parameters that fail to
trigger the single unstable mode of the excited state. Such a
perturbation only changes the energy of the unstable
gravitational system without changing its dynamical prop-
erties. Interestingly, there is a region inhabited by the hot
hairy black hole with a negative scalar field, whose
boundary also corresponds to the cold hairy black hole
with a negative scalar field. Although there is degeneracy
among the hot hairy black holes with positive and negative
scalar fields due to the symmetry ¢ — —¢, the dynamical
processes from a cold hairy black hole with a positive scalar
field to these two degenerate states are not the same, as
shown in Fig. 14(a). For the perturbation parameters on the
boundary of the blue region, the corresponding perturba-
tions are absorbed by the original excited state with a
positive scalar field and induce a dynamical transition to the
other degenerate excited state with a negative scalar field,
as shown in Fig. 14(b).

— p=p
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FIG. 14. Value of the scalar field at the horizon as a function of time. The perturbation with parameter z, = 0.5 is imposed at time
t = 10. The blue and orange lines in panel (a) represent the cases where the perturbation amplitude is p = —1.8 and p = +1.8,
respectively, and the line in panel (b) corresponds to the critical value p, on the boundary of the blue region in Fig. 13.
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VII. CONCLUSION

In the EMs theory, the thermodynamic and dynamic
properties of the gravitational system depend heavily on the
interaction between the scalar and Maxwell fields. For the
case of the quadratic nonminimal coupling, the near-
extremal RN-AdS black hole is dynamically unstable and
can spontaneously scalarize to form a hairy black hole. Since
there is only one excited state and one global ground state,
this dynamical transition process is unidirectional and dull.
Different from that, for the case of the nonminimal coupling
function considered in our paper dominated by a quartic
term, the richer phase structure leads to the emergence of
many exciting dynamical processes.

In order to investigate the real-time dynamics, in the first
step, we revealed the phase structure of the model in the
microcanonical ensemble. The related results show that the
domain of existence of solutions consists of a branch of
RN-AdS black holes and two branches of hairy black holes,
which are called hot and cold hairy black holes, respec-
tively. Among them, the branch of cold hairy black holes is
smoothly connected with the branch of RN-AdS black
holes at the extremal RN-AdS black hole and has an upper
limit of energy. The branch of hot hairy black holes extends
from this upper limit of energy to the over-extremal region.
For a gravitational system with fixed energy, the cold hairy
black hole with the minimum entropy is in an excited state,
and the RN-AdS black hole and hot hairy black hole are in
two local ground states due to the larger entropy.

In the second step, we studied the effective potentials and
the quasinormal modes of these three classes of thermal
phases. For both local ground states, the effective potential
exhibits a potential barrier near the event horizon. However,
for the excited state, there is a negative region in the
effective potential near the event horizon. Such a potential
well is generally associated with tachyonic instability.
From the linear perturbation theory, only the excited state
possesses an unstable mode with an imaginary part greater
than zero, indicating dynamical instability. Both local
ground states are dynamically stable at the linear level.

In the third step, the real-time dynamics based on the two
local ground states were revealed. By simulating the fully
nonlinear accretion process of a scalar field to a central
black hole, we discovered that the gravitational system can
dynamically transition between the two local ground states.
Moreover, there is a dynamical barrier in such a transition
process, which is reflected in the existence of a threshold
for the accretion strength p. For the case when the accretion
strength is less than the threshold, the scalar field disturb-
ance is absorbed by the central black hole, increasing the
energy without changing the essential properties. On the
other hand, the accretion process with the strength greater
than the threshold induces a drastic change in the gravi-
tational configuration and triggers the corresponding tran-
sition process. Near the threshold, the gravitational system
is attracted to an excited state in the dynamical intermediate

process, and the time to maintain it increases continuously
as the accretion strength approaches the threshold.
Interestingly, the dynamical barrier that needs to be over-
come to trigger the transition process of RN-AdS black
holes decreases with the increase of the coupling strength
between the scalar and Maxwell fields, which is just the
opposite of the case of hot hairy black holes.

In the final step, we investigated the real-time dynamics
with the excited state as the initial value. On the one hand,
due to the linear dynamical instability, there exists a special
kind of critical dynamics with a zero threshold for the
perturbation strength. The perturbation amplitudes with
different signs push the gravitational system to fall into
different stable local ground states. The specific selection of
the final state of evolution depends on other parameters of
the perturbation. On the other hand, for the perturbation
with a fixed nonzero amplitude, the parameter z,. describing
the position of the perturbation can also induce the critical
phenomenon. Such a result indicates that the perturbation
with the threshold parameters fails to trigger the single
unstable mode of the corresponding excited state, but only
changes its energy after being absorbed by the central
black hole. Further, the spectrum of the final state of
evolution is revealed in the parameter space (z., p). The
two linearly stable local ground states occupy different
regions, bounded by the dynamically unstable excited state.

The research on the dynamics of gravitational systems
has formed a standard framework, from the thermodynamic
properties of the equilibrium state, to the linear stability
analysis of the near-equilibrium state, all the way to the
real-time dynamics simulation of the far-from-equilibrium
state. This paper demonstrated this procedure by taking an
EMs gravitational system in AdS spacetime as an example.
Different from the spontaneous process of the unstable
system, the excitation process of the stable ground state
shown in this paper has more practical significance and
observable effects due to the stability of objects in the real
world. Although the EMs model is unlikely to be relevant
to astrophysics, it has important applications to holography
in the AdS spacetime. In the future, in order to more
accurately mimic the equation of state of QCD, the form of
the coupling function needs to be further revised, and the
self-interaction potential of the scalar field must also be
introduced. As for the critical phenomenon with dynamical
barrier, some related dynamical studies at present have
shown that it exists widely in various gravitational systems,
such as gravitational collapse [97-108], EMs [48,49],
EsGB [50], and holographic first-order phase transition
models [53,54,80]. In addition, one can observe that the
phase structure here has certain resemblances to those
between the vacuum black rings and Myers-Perry black
holes in higher-dimensional spacetimes [109-113], and
thus it is expected that there will be similar critical
dynamics phenomena. On the other hand, for a specific
self-interaction potential of a scalar field, there are
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indications of the existence of multiple local ground states
[114,115], leading to the emergence of critical dynamics.
For astronomical observations, the case of a rotating black
hole with nonminimal coupling to gravity is the most
favorable candidate [7-10], and the dynamical behaviors
during the corresponding critical transition process can be
characterized by gravitational waves.
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APPENDIX: NUMERICAL DETAILS
FOR DYNAMICAL EVOLUTION

In this appendix, we systematically give the numerical
procedure for the dynamical evolution, including the
specific form of the field equations, the field redefinitions,
the initial values, and the evolution scheme.

With the metric ansatz (7), the time-dependent field
equations have the following forms.

Einstein equations:

0=%"+ %4)’22, (Ala)
0=(Zd 2)’—1(3+¢2—1f(¢)A/2)22—1 (Alb)
2 4 2’
o=w s M5 L gac tpag-g (a1
0=d,d X2-Wd. X+ % (d, §)*%; (Ald)
Maxwell equations:
0= (f(h)2A"), (A2a)
0= 0,(f(#)Z?A"); (A2b)
Scalar equation:
0= (2d ¢) +¢'d.Z+2p+ %ZA’Z %, (A3)

where a prime represents a derivative with respect to the
radial coordinate r. To decouple the field equations, the
directional derivative along the outgoing null geodesic
d, =0, + Wo, is introduced. With these preliminaries in
hand, the above ordinary differential equations can be
effectively solved sequentially with appropriate boundary
conditions (9). The specific procedure is as follows.

First, in order to eliminate the divergent behaviors of the
field variables on the AdS boundary so as to diminish the
substantial loss of precision, we redefine the field variables
as follows:

¢ =r2p, (Ada)
T=r+1+r7% (A4b)
1 2, 1 -17 3
d,x :E(r—l—/l) totr d,X, (Adc)
dip = —dor~' +r72d. ¢, (Add)
1 , 1
W= (r+ 2P+ 5+ W, (Ade)
1 , 1 —
d.d.x :E(r—i—l) +§(r+/1) +d,d,X.  (A4f)

Note that we do not need to make any adjustments to the
Maxwell field, since the dependence of the field equations
on it can be eliminated directly by solving Eq. (A2),

v=_2_

Tz )
One can immediately observe from Eq. (A2b) that the
electric charge Q is conserved during the dynamical
process. Substituting the field redefinitions (A4) with
Eq. (AS) into the field equations (A1) and (A3), we obtain
five constraint equations on the redefined field variables.

Next, one needs to construct the initial values (the
redefined scalar field g?ﬁ and the reparametrization freedom
A) for the dynamical evolution. For an initial RN-AdS black
hole, the configuration of the scalar field is trivial, namely,
(} = 0. In addition to the electric charge, the RN-AdS black
hole has one remaining physical degree of freedom, which
can be fixed by the outer horizon radius r,. As mentioned
before, the position of the apparent horizon is fixed at the
unit by the shift transformations (8). Hence, the initial
horizon position is r;, = r, — A = 1, from which the value
of A can be extracted. For an initial hairy black hole, on the

other hand, the values of (}5 and A can be obtained from the
static field equations (13).

Once given the data for (27 and A, due to the nested
structure, the remaining unknown redefined field variables
ﬁ, nﬁ m W, and d:d:Z can be obtained by solving
Egs. (Ala)-(Ald) and (A3) in sequence. During the
solution process, two additional boundary conditions are
required. One of them is the horizon condition

d,X(r) =0, (A6)
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which is used to fix the single integration constant in
Eq. (Alb). The other one is the horizon stationarity
condition

(di9)’z

W(rh) = 2(d+2)/ r,,’ (A7)

which provides the single integration constant for solving
the field variable W through Eq. (Alc). Since the field
variables d/J;b and W have been obtained, one can
immediately extract the time derivative of the dynamical
variables ¢ and A from the definition of the auxiliary field

d ¢ and the asymptotic behavior of the field W on the AdS
boundary, respectively,

o = ri(dodp— W), (A8a)
dj=—lim W. (A8D)

By integrating the above equations in time, the dynamical
variables ¢ and A can be pushed to the next time slice and

will be used as new initial values to solve other unknown
field variables in the new time slice by repeating the above
steps. The procedure is iterated until the entire simulation is
completed. So far, one can find that in such a procedure the

field variable d:d:Z is not necessary, making Eq. (Ald)
redundant. Actually, the redundant Eq. (A1d) reduces to the
energy conservation condition d,E = 0 on the AdS boun-
dary, which is used to detect the numerical errors during the
evolution in our work.

For numerical computation, we make a coordinate
compactification z = r~! such that the radial direction is
bounded in z€[0,r;' =1]. Since the computational
domain in the new coordinates is a fixed finite interval,
the compactified coordinate z can be conveniently dis-
cretized with Chebyshev-Gauss-Lobatto grid points.
Replacing the radial derivatives in the equations to be
solved with the corresponding Chebyshev differentiation
matrix, the problem is converted into a series of linear
algebra numerical operations, which can be easily proc-
essed by a computer. For the dynamical evolution
equations (A8a) and (A8b), we integrate over time using
the classic fourth-order Runge-Kutta method.

[1] J.D. Bekenstein, Transcendence of the law of baryon-
number conservation in black hole physics, Phys. Rev.
Lett. 28, 452 (1972).

[2] A.E. Mayo and J. D. Bekenstein, No hair for spherical
black holes: Charged and nonminimally coupled scalar
field with self-interaction, Phys. Rev. D 54, 5059 (1996).

[3] C. A.R. Herdeiro and E. Radu, Asymptotically flat black
holes with scalar hair: A review, Int. J. Mod. Phys. D 24,
1542014 (2015).

[4] D.D. DonevaandS. S. Yazadjiev, New Gauss-Bonnet black
holes with curvature-induced scalarization in extended
scalar-tensor theories, Phys. Rev. Lett. 120, 131103 (2018).

[5] H. O. Silva, J. Sakstein, L. Gualtieri, T. P. Sotiriou, and E.
Berti, Spontaneous scalarization of black holes and com-
pact stars from a Gauss-Bonnet coupling, Phys. Rev. Lett.
120, 131104 (2018).

[6] G. Antoniou, A. Bakopoulos, and P. Kanti, Evasion of no-
hair theorems and novel black-hole solutions in Gauss-
Bonnet theories, Phys. Rev. Lett. 120, 131102 (2018).

[7] P. V.P. Cunha, C. A.R. Herdeiro, and E. Radu, Sponta-
neously scalarized Kerr black holes in extended scalar-
tensor—Gauss-Bonnet gravity, Phys. Rev. Lett. 123,011101
(2019).

[8] A. Dima, E. Barausse, N. Franchini, and T.P. Sotiriou,
Spin-induced black hole spontaneous scalarization, Phys.
Rev. Lett. 125, 231101 (2020).

[9] C. A.R. Herdeiro, E. Radu, H. O. Silva, T. P. Sotiriou, and
N. Yunes, Spin-induced scalarized black holes, Phys. Rev.
Lett. 126, 011103 (2021).

[10] E. Berti, L.G. Collodel, B. Kleihaus, and J. Kunz,
Spin-induced black-hole scalarization in Einstein-scalar-
Gauss-Bonnet theory, Phys. Rev. Lett. 126, 011104
(2021).

[11] V. Cardoso, I. P. Carucci, P. Pani, and T. P. Sotiriou, Black
holes with surrounding matter in scalar-tensor theories,
Phys. Rev. Lett. 111, 111101 (2013).

[12] C. A.R. Herdeiro, E. Radu, N. Sanchis-Gual, and J. A.
Font, Spontaneous scalarization of charged black holes,
Phys. Rev. Lett. 121, 101102 (2018).

[13] J. L. Blazquez-Salcedo, C. A.R. Herdeiro, S. Kahlen, J.
Kunz, A. M. Pombo, and E. Radu, Quasinormal modes of
hot, cold and bald Einstein—-Maxwell-scalar black holes,
Eur. Phys. J. C 81, 155 (2021).

[14] J. L. Blazquez-Salcedo, C. A. R. Herdeiro, J. Kunz, A. M.
Pombo, and E. Radu, Einstein-Maxwell-scalar black holes:
The hot, the cold and the bald, Phys. Lett. B 806, 135493
(2020).

[15] G. Guo, P. Wang, H. Wu, and H. Yang, Scalarized
Einstein—-Maxwell-scalar black holes in anti-de Sitter
spacetime, Eur. Phys. J. C 81, 864 (2021).

[16] C. Zhang, P. Liu, Y. Liu, C. Niu, and B. Wang, Dynamical
charged black hole spontaneous scalarization in anti—
de Sitter spacetimes, Phys. Rev. D 104, 084089 (2021).

[17] P.G.S. Fernandes, C. A.R. Herdeiro, A. M. Pombo, E.
Radu, and N. Sanchis-Gual, Spontaneous scalarisation of
charged black holes: Coupling dependence and dynamical
features, Classical Quantum Gravity 36, 134002 (2019);
37, 049501(E) (2020).

084016-21


https://doi.org/10.1103/PhysRevLett.28.452
https://doi.org/10.1103/PhysRevLett.28.452
https://doi.org/10.1103/PhysRevD.54.5059
https://doi.org/10.1142/S0218271815420146
https://doi.org/10.1142/S0218271815420146
https://doi.org/10.1103/PhysRevLett.120.131103
https://doi.org/10.1103/PhysRevLett.120.131104
https://doi.org/10.1103/PhysRevLett.120.131104
https://doi.org/10.1103/PhysRevLett.120.131102
https://doi.org/10.1103/PhysRevLett.123.011101
https://doi.org/10.1103/PhysRevLett.123.011101
https://doi.org/10.1103/PhysRevLett.125.231101
https://doi.org/10.1103/PhysRevLett.125.231101
https://doi.org/10.1103/PhysRevLett.126.011103
https://doi.org/10.1103/PhysRevLett.126.011103
https://doi.org/10.1103/PhysRevLett.126.011104
https://doi.org/10.1103/PhysRevLett.126.011104
https://doi.org/10.1103/PhysRevLett.111.111101
https://doi.org/10.1103/PhysRevLett.121.101102
https://doi.org/10.1140/epjc/s10052-021-08952-w
https://doi.org/10.1016/j.physletb.2020.135493
https://doi.org/10.1016/j.physletb.2020.135493
https://doi.org/10.1140/epjc/s10052-021-09614-7
https://doi.org/10.1103/PhysRevD.104.084089
https://doi.org/10.1088/1361-6382/ab23a1
https://doi.org/10.1088/1361-6382/ab685c

CHEN, NING, TIAN, WANG, and ZHANG

PHYS. REV. D 108, 084016 (2023)

[18] P.G.S. Fernandes, C. A.R. Herdeiro, A. M. Pombo, E.
Radu, and N. Sanchis-Gual, Charged black holes with
axionic-type couplings: Classes of solutions and dynami-
cal scalarization, Phys. Rev. D 100, 084045 (2019).

[19] J. M. S. Oliveira and A. M. Pombo, Spontaneous vectori-
zation of electrically charged black holes, Phys. Rev. D
103, 044004 (2021).

[20] Y. Brihaye and B. Hartmann, Spontaneous scalarization of
boson stars, J. High Energy Phys. 09 (2019) 049.

[21] Y. Brihaye, C. Herdeiro, and E. Radu, Black hole sponta-
neous scalarisation with a positive cosmological constant,
Phys. Lett. B 802, 135269 (2020).

[22] Y. Peng, Scalarization of compact stars in the scalar-Gauss-
Bonnet gravity, J. High Energy Phys. 12 (2019) 064.

[23] C.F. B. Macedo, J. Sakstein, E. Berti, L. Gualtieri, H. O.
Silva, and T. P. Sotiriou, Self-interactions and spontaneous
black hole scalarization, Phys. Rev. D 99, 104041 (2019).

[24] H. Guo, S. Kiorpelidi, X. Kuang, E. Papantonopoulos, B.
Wang, and J. Wu, Spontaneous holographic scalarization
of black holes in Einstein-scalar-Gauss-Bonnet theories,
Phys. Rev. D 102, 084029 (2020).

[25] D. Astefanesei, C. Herdeiro, A. Pombo, and E. Radu,
Einstein-Maxwell-scalar black holes: Classes of solu-
tions, dyons and extremality, J. High Energy Phys. 10
(2019) 078.

[26] K. Lin, S. Zhang, C. Zhang, X. Zhao, B. Wang, and A.
Wang, No static regular black holes in Einstein-complex-
scalar-Gauss-Bonnet gravity, Phys. Rev. D 102, 024034
(2020).

[27] H. Liu, H. Lu, Z. Tang, and B. Wang, Black hole
scalarization in Gauss-Bonnet extended Starobinsky grav-
ity, Phys. Rev. D 103, 084043 (2021).

[28] H. Guo, X. Kuang, E. Papantonopoulos, and B. Wang,
Horizon curvature and spacetime structure influences on
black hole scalarization, Eur. Phys. J. C 81, 842 (2021).

[29] J. L. Blazquez-Salcedo, D. D. Doneva, J. Kunz, and S. S.
Yazadjiev, Radial perturbations of the scalarized Einstein-
Gauss-Bonnet black holes, Phys. Rev. D 98, 084011
(2018).

[30] J. L. Blazquez-Salcedo, D. D. Doneva, S. Kahlen, J. Kunz,
P. Nedkova, and S. S. Yazadjiev, Polar quasinormal modes
of the scalarized Einstein-Gauss-Bonnet black holes, Phys.
Rev. D 102, 024086 (2020).

[31] J. L. Blazquez-Salcedo, D. D. Doneva, S. Kahlen, J. Kunz,
P. Nedkova, and S. S. Yazadjiev, Axial perturbations of the
scalarized Einstein-Gauss-Bonnet black holes, Phys. Rev.
D 101, 104006 (2020).

[32] H. O. Silva, C. E. B. Macedo, T. P. Sotiriou, L. Gualtieri, J.
Sakstein, and E. Berti, Stability of scalarized black hole
solutions in scalar-Gauss-Bonnet gravity, Phys. Rev. D 99,
064011 (2019).

[33] D. Zou and Y.S. Myung, Radial perturbations of the
scalarized black holes in Einstein-Maxwell-conformally
coupled scalar theory, Phys. Rev. D 102, 064011 (2020).

[34] Y. S. Myung and D. Zou, Stability of scalarized charged
black holes in the Einstein-Maxwell-Scalar theory, Eur.
Phys. J. C 79, 641 (2019).

[35] Y.S. Myung and D. Zou, Instability of Reissner—
Nordstrom black hole in Einstein-Maxwell-scalar theory,
Eur. Phys. J. C 79, 273 (2019).

[36] S. Zhang, B. Wang, A. Wang, and J. F. Saavedra, Object
picture of scalar field perturbation on Kerr black hole in
scalar-Einstein-Gauss-Bonnet theory, Phys. Rev. D 102,
124056 (2020).

[37] W.E. East and J. L. Ripley, Evolution of Einstein-scalar-
Gauss-Bonnet gravity using a modified harmonic formu-
lation, Phys. Rev. D 103, 044040 (2021).

[38] W.E. Eastand J. L. Ripley, Dynamics of spontaneous black
hole scalarization and mergers in Einstein-Scalar-Gauss-
Bonnet gravity, Phys. Rev. Lett. 127, 101102 (2021).

[39] H. O. Silva, H. Witek, M. Elley, and N. Yunes, Dynamical
descalarization in binary black hole mergers, Phys. Rev.
Lett. 127, 031101 (2021).

[40] J.L. Ripley and F. Pretorius, Gravitational collapse in
Einstein dilaton-Gauss—Bonnet gravity, Classical Quantum
Gravity 36, 134001 (2019).

[41] J. L. Ripley and F. Pretorius, Scalarized black hole dy-
namics in Einstein dilaton Gauss-Bonnet gravity, Phys.
Rev. D 101, 044015 (2020).

[42] J. L. Ripley and F. Pretorius, Dynamics of a Z, symmetric
EdGB gravity in spherical symmetry, Classical Quantum
Gravity 37, 155003 (2020).

[43] Y. Liu, C.-Y. Zhang, W.-L. Qian, K. Lin, and B. Wang,
Dynamic generation or removal of a scalar hair, J. High
Energy Phys. 01 (2023) 074.

[44] C. Zhang, P. Liu, Y. Liu, C. Niu, and B. Wang, Evolution
of anti—de Sitter black holes in Einstein-Maxwell-dilaton
theory, Phys. Rev. D 105, 024010 (2022).

[45] C.-Y. Zhang, P. Liu, Y. Liu, C. Niu, and B. Wang,
Dynamical scalarization in Einstein-Maxwell-dilaton
theory, Phys. Rev. D 105, 024073 (2022).

[46] W. Xiong, P. Liu, C. Niu, C.-Y. Zhang, and B. Wang,
Dynamical spontaneous scalarization in Einstein-
Maxwell-scalar theory, Chin. Phys. C 46, 095103 (2022).

[47] E. W. Hirschmann, L. Lehner, S.L. Liebling, and C.
Palenzuela, Black hole dynamics in Einstein-Maxwell-
dilaton theory, Phys. Rev. D 97, 064032 (2018).

[48] C. Zhang, Q. Chen, Y. Liu, W. Luo, Y. Tian, and B. Wang,
Critical phenomena in dynamical scalarization of charged
black holes, Phys. Rev. Lett. 128, 161105 (2022).

[49] C. Zhang, Q. Chen, Y. Liu, W. Luo, Y. Tian, and B. Wang,
Dynamical transitions in scalarization and descalarization
through black hole accretion, Phys. Rev. D 106, L061501
(2022).

[50] Y. Liu, C. Zhang, Q. Chen, Z. Cao, Y. Tian, and B. Wang,
The critical scalarization and descalarization of black holes
in a generalized scalar-tensor theory, Sci. China Phys.
Mech. Astron. 66, 100412 (2023).

[51] J.-Y. Jiang, Q. Chen, Y. Liu, Y. Tian, W. Xiong, C.-Y.
Zhang, and B. Wang, Type I critical dynamical scalariza-
tion and descalarization in Einstein-Maxwell-scalar theory,
arXiv:2306.10371.

[52] Tt is argued [53] in the context of AdS/CFT under the
probe limit that there should be at least one unstable
excited state if there are two local ground states that are
connected in the configuration space, and the unstable
excited state acts as the “lowest” dynamical barrier for the
transition between the two local ground states. This argu-
ment is believed to hold generally in other (gravitational or
nongravitational) systems as well [54].

084016-22


https://doi.org/10.1103/PhysRevD.100.084045
https://doi.org/10.1103/PhysRevD.103.044004
https://doi.org/10.1103/PhysRevD.103.044004
https://doi.org/10.1007/JHEP09(2019)049
https://doi.org/10.1016/j.physletb.2020.135269
https://doi.org/10.1007/JHEP12(2019)064
https://doi.org/10.1103/PhysRevD.99.104041
https://doi.org/10.1103/PhysRevD.102.084029
https://doi.org/10.1007/JHEP10(2019)078
https://doi.org/10.1007/JHEP10(2019)078
https://doi.org/10.1103/PhysRevD.102.024034
https://doi.org/10.1103/PhysRevD.102.024034
https://doi.org/10.1103/PhysRevD.103.084043
https://doi.org/10.1140/epjc/s10052-021-09630-7
https://doi.org/10.1103/PhysRevD.98.084011
https://doi.org/10.1103/PhysRevD.98.084011
https://doi.org/10.1103/PhysRevD.102.024086
https://doi.org/10.1103/PhysRevD.102.024086
https://doi.org/10.1103/PhysRevD.101.104006
https://doi.org/10.1103/PhysRevD.101.104006
https://doi.org/10.1103/PhysRevD.99.064011
https://doi.org/10.1103/PhysRevD.99.064011
https://doi.org/10.1103/PhysRevD.102.064011
https://doi.org/10.1140/epjc/s10052-019-7176-7
https://doi.org/10.1140/epjc/s10052-019-7176-7
https://doi.org/10.1140/epjc/s10052-019-6792-6
https://doi.org/10.1103/PhysRevD.102.124056
https://doi.org/10.1103/PhysRevD.102.124056
https://doi.org/10.1103/PhysRevD.103.044040
https://doi.org/10.1103/PhysRevLett.127.101102
https://doi.org/10.1103/PhysRevLett.127.031101
https://doi.org/10.1103/PhysRevLett.127.031101
https://doi.org/10.1088/1361-6382/ab2416
https://doi.org/10.1088/1361-6382/ab2416
https://doi.org/10.1103/PhysRevD.101.044015
https://doi.org/10.1103/PhysRevD.101.044015
https://doi.org/10.1088/1361-6382/ab9bbb
https://doi.org/10.1088/1361-6382/ab9bbb
https://doi.org/10.1007/JHEP01(2023)074
https://doi.org/10.1007/JHEP01(2023)074
https://doi.org/10.1103/PhysRevD.105.024010
https://doi.org/10.1103/PhysRevD.105.024073
https://doi.org/10.1088/1674-1137/ac70ad
https://doi.org/10.1103/PhysRevD.97.064032
https://doi.org/10.1103/PhysRevLett.128.161105
https://doi.org/10.1103/PhysRevD.106.L061501
https://doi.org/10.1103/PhysRevD.106.L061501
https://doi.org/10.1007/s11433-023-2160-1
https://doi.org/10.1007/s11433-023-2160-1
https://arXiv.org/abs/2306.10371

NONLINEAR DYNAMICS OF HOT, COLD, AND BALD ...

PHYS. REV. D 108, 084016 (2023)

[53] X. Li, Z.-Y. Nie, and Y. Tian, Holographic boiling and
generalized thermodynamic description beyond local equi-
librium, J. High Energy Phys. 09 (2020) 063.

[54] Q. Chen, Y. Liu, Y. Tian, B. Wang, C.-Y. Zhang, and H.
Zhang, Critical dynamics in holographic first-order phase
transition, J. High Energy Phys. 01 (2023) 056.

[55] J. M. Maldacena, The large N limit of superconformal field
theories and supergravity, Adv. Theor. Math. Phys. 2, 231
(1998).

[56] S.S. Gubser, I. R. Klebanov, and A. M. Polyakov, Gauge
theory correlators from noncritical string theory, Phys.
Lett. B 428, 105 (1998).

[57] E. Witten, Anti-de Sitter space and holography, Adv.
Theor. Math. Phys. 2, 253 (1998).

[58] E. Witten, Anti-de Sitter space, thermal phase transition,
and confinement in gauge theories, Adv. Theor. Math.
Phys. 2, 505 (1998).

[59] S.S. Gubser, A. Nellore, S.S. Pufu, and F.D. Rocha,
Thermodynamics and bulk viscosity of approximate black
hole duals to finite temperature quantum chromodynamics,
Phys. Rev. Lett. 101, 131601 (2008).

[60] S.S. Gubser and A. Nellore, Mimicking the QCD equation
of state with a dual black hole, Phys. Rev. D 78, 086007
(2008).

[61] U. Gursoy, E. Kiritsis, L. Mazzanti, and F. Nitti, Decon-
finement and gluon plasma dynamics in improved holo-
graphic QCD, Phys. Rev. Lett. 101, 181601 (2008).

[62] M. Panero, Thermodynamics of the QCD plasma
and the large-N limit, Phys. Rev. Lett. 103, 232001
(2009).

[63] O. DeWolfe, S.S. Gubser, and C. Rosen, A holographic
critical point, Phys. Rev. D 83, 086005 (2011).

[64] O. DeWolfe, S. S. Gubser, and C. Rosen, Dynamic critical
phenomena at a holographic critical point, Phys. Rev. D
84, 126014 (2011).

[65] R.-G. Cai, S. He, and D. Li, A hQCD model and its phase
diagram in Einstein-Maxwell-Dilaton system, J. High
Energy Phys. 03 (2012) 033.

[66] R. A. Janik, J. Jankowski, and H. Soltanpanahi, Non-
equilibrium dynamics and phase transitions in holographic
models, Phys. Rev. Lett. 117, 091603 (2016).

[67] R. A. Janik, J. Jankowski, and H. Soltanpanahi, Quasi-
normal modes and the phase structure of strongly coupled
matter, J. High Energy Phys. 06 (2016) 047.

[68] J. Grefa, J. Noronha, J. Noronha-Hostler, 1. Portillo, C.
Ratti, and R. Rougemont, Hot and dense quark-gluon
plasma thermodynamics from holographic black holes,
Phys. Rev. D 104, 034002 (2021).

[69] S. He, S.-Y. Wu, Y. Yang, and P.-H. Yuan, Phase structure
in a dynamical soft-wall holographic QCD model, J. High
Energy Phys. 04 (2013) 093.

[70] R.-G. Cai, S. He, L. Li, and Y.-X. Wang, Probing QCD
critical point and induced gravitational wave by black hole
physics, Phys. Rev. D 106, L121902 (2022).

[71] P. Breitenlohner and D. Z. Freedman, Stability in gauged
extended supergravity, Ann. Phys. (N.Y.) 144, 249
(1982).

[72] P.M. Chesler and L.G. Yaffe, Numerical solution of
gravitational dynamics in asymptotically anti-de Sitter
spacetimes, J. High Energy Phys. 07 (2014) 086.

[73] P. M. Chesler and L. G. Yaffe, Horizon formation and far-
from-equilibrium isotropization in supersymmetric Yang-
Mills plasma, Phys. Rev. Lett. 102, 211601 (2009).

[74] P.M. Chesler and L. G. Yaffe, Holography and colliding
gravitational shock waves in asymptotically AdSs space-
time, Phys. Rev. Lett. 106, 021601 (2011).

[75] A. Adams, P. M. Chesler, and H. Liu, Holographic turbu-
lence, Phys. Rev. Lett. 112, 151602 (2014).

[76] P. M. Chesler, Colliding shock waves and hydrodynamics
in small systems, Phys. Rev. Lett. 115, 241602 (2015).

[77] R. A. Janik, J. Jankowski, and H. Soltanpanahi, Real-time
dynamics and phase separation in a holographic first order
phase transition, Phys. Rev. Lett. 119, 261601 (2017).

[78] P. M. Chesler and D. A. Lowe, Nonlinear evolution of the
AdS, superradiant instability, Phys. Rev. Lett. 122, 181101
(2019).

[79] M. Attems, Y. Bea, J. Casalderrey-Solana, D. Mateos, M.
Triana, and M. Zilhdo, Holographic collisions across a
phase transition, Phys. Rev. Lett. 121, 261601 (2018).

[80] Y. Bea, O.J. C. Dias, T. Giannakopoulos, D. Mateos, M.
Sanchez-Garitaonandia, J.E. Santos, and M. Zilhao,
Crossing a large-N phase transition at finite volume,
J. High Energy Phys. 02 (2021) 061.

[81] Q. Chen, Z. Ning, Y. Tian, B. Wang, and C.-Y. Zhang,
Descalarization by quenching charged hairy black hole in
asymptotically AdS spacetime, J. High Energy Phys. 01
(2023) 062.

[82] Q. Chen, Y. Liu, Y. Tian, X. Wu, and H. Zhang, Quench
dynamics in holographic first-order phase transition,
arXiv:2211.11291.

[83] L.F. Abbott and S. Deser, Stability of gravity with a
cosmological constant, Nucl. Phys. B195, 76 (1982).

[84] J.D. Brown and J. W. York, Jr., Quasilocal energy and
conserved charges derived from the gravitational action,
Phys. Rev. D 47, 1407 (1993).

[85] V. Balasubramanian and P. Kraus, A stress tensor for anti-
de Sitter gravity, Commun. Math. Phys. 208, 413 (1999).

[86] I.R. Klebanov and E. Witten, AdS/CFT correspondence
and symmetry breaking, Nucl. Phys. B556, 89 (1999).

[87] M. Bianchi, D.Z. Freedman, and K. Skenderis, Holo-
graphic renormalization, Nucl. Phys. B631, 159 (2002).

[88] H. Elvang and M. Hadjiantonis, A practical approach to the
Hamilton-Jacobi formulation of holographic renormaliza-
tion, J. High Energy Phys. 06 (2016) 046.

[89] C. W. Misner and D. H. Sharp, Relativistic equations for
adiabatic, spherically symmetric gravitational collapse,
Phys. Rev. 136, B571 (1964).

[90] H. Maeda, Exact dynamical AdS black holes and worm-
holes with a Klein-Gordon field, Phys. Rev. D 86, 044016
(2012).

[91] W.F. Buell and B. Shadwick, Potentials and bound states,
Am. J. Phys. 63, 256 (1995).

[92] K. K. Nandi and A. Islam, On the optical-mechanical
analogy in general relativity, Am. J. Phys. 63, 251 (1995).

[93] A. Jansen, Overdamped modes in Schwarzschild-de Sitter
and a Mathematica package for the numerical computation
of quasinormal modes, Eur. Phys. J. Plus 132, 546
(2017).

[94] H. Yang, F. Zhang, A. Zimmerman, D. A. Nichols, E.
Berti, and Y. Chen, Branching of quasinormal modes for

084016-23


https://doi.org/10.1007/JHEP09(2020)063
https://doi.org/10.1007/JHEP01(2023)056
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.4310/ATMP.1998.v2.n3.a3
https://doi.org/10.4310/ATMP.1998.v2.n3.a3
https://doi.org/10.1103/PhysRevLett.101.131601
https://doi.org/10.1103/PhysRevD.78.086007
https://doi.org/10.1103/PhysRevD.78.086007
https://doi.org/10.1103/PhysRevLett.101.181601
https://doi.org/10.1103/PhysRevLett.103.232001
https://doi.org/10.1103/PhysRevLett.103.232001
https://doi.org/10.1103/PhysRevD.83.086005
https://doi.org/10.1103/PhysRevD.84.126014
https://doi.org/10.1103/PhysRevD.84.126014
https://doi.org/10.1007/JHEP03(2012)033
https://doi.org/10.1007/JHEP03(2012)033
https://doi.org/10.1103/PhysRevLett.117.091603
https://doi.org/10.1007/JHEP06(2016)047
https://doi.org/10.1103/PhysRevD.104.034002
https://doi.org/10.1007/JHEP04(2013)093
https://doi.org/10.1007/JHEP04(2013)093
https://doi.org/10.1103/PhysRevD.106.L121902
https://doi.org/10.1016/0003-4916(82)90116-6
https://doi.org/10.1016/0003-4916(82)90116-6
https://doi.org/10.1007/JHEP07(2014)086
https://doi.org/10.1103/PhysRevLett.102.211601
https://doi.org/10.1103/PhysRevLett.106.021601
https://doi.org/10.1103/PhysRevLett.112.151602
https://doi.org/10.1103/PhysRevLett.115.241602
https://doi.org/10.1103/PhysRevLett.119.261601
https://doi.org/10.1103/PhysRevLett.122.181101
https://doi.org/10.1103/PhysRevLett.122.181101
https://doi.org/10.1103/PhysRevLett.121.261601
https://doi.org/10.1007/JHEP02(2021)061
https://doi.org/10.1007/JHEP01(2023)062
https://doi.org/10.1007/JHEP01(2023)062
https://arXiv.org/abs/2211.11291
https://doi.org/10.1016/0550-3213(82)90049-9
https://doi.org/10.1103/PhysRevD.47.1407
https://doi.org/10.1007/s002200050764
https://doi.org/10.1016/S0550-3213(99)00387-9
https://doi.org/10.1016/S0550-3213(02)00179-7
https://doi.org/10.1007/JHEP06(2016)046
https://doi.org/10.1103/PhysRev.136.B571
https://doi.org/10.1103/PhysRevD.86.044016
https://doi.org/10.1103/PhysRevD.86.044016
https://doi.org/10.1119/1.17935
https://doi.org/10.1119/1.17934
https://doi.org/10.1140/epjp/i2017-11825-9
https://doi.org/10.1140/epjp/i2017-11825-9

CHEN, NING, TIAN, WANG, and ZHANG

PHYS. REV. D 108, 084016 (2023)

nearly extremal Kerr black holes, Phys. Rev. D 87, 041502
(2013).

[95] A. Zimmerman and Z. Mark, Damped and zero-damped
quasinormal modes of charged, nearly extremal black
holes, Phys. Rev. D 93, 044033 (2016); 93, 089905(E)
(2016).

[96] P. Zimmerman, Horizon instability of extremal Reissner-
Nordstrom black holes to charged perturbations, Phys.
Rev. D 95, 124032 (2017).

[97] M. W. Choptuik, Universality and scaling in gravitational
collapse of a massless scalar field, Phys. Rev. Lett. 70, 9
(1993).

[98] A. M. Abrahams and C.R. Evans, Critical behavior and
scaling in vacuum axisymmetric gravitational collapse,
Phys. Rev. Lett. 70, 2980 (1993).

[99] C.R. Evans and J.S. Coleman, Observation of critical
phenomena and self-similarity in the gravitational collapse
of radiation fluid, Phys. Rev. Lett. 72, 1782 (1994).

[100] T. Koike, T. Hara, and S. Adachi, Critical behavior in
gravitational collapse of radiation fluid: A renormalization
group (linear perturbation) analysis, Phys. Rev. Lett. 74,
5170 (1995).

[101] C. Gundlach, The Choptuik space-time as an eigenvalue
problem, Phys. Rev. Lett. 75, 3214 (1995).

[102] S.L. Liebling and M. W. Choptuik, Black hole criticality in
the Brans-Dicke model, Phys. Rev. Lett. 77, 1424 (1996).

[103] M. W. Choptuik, T. Chmaj, and P. Bizon, Critical behavior
in gravitational collapse of a Yang-Mills field, Phys. Rev.
Lett. 77, 424 (1996).

[104] P.R. Brady, C. M. Chambers, and S. M. C. V. Goncalves,
Phases of massive scalar field collapse, Phys. Rev. D 56,
R6057 (1997).

[105] P. Bizon and T. Chmaj, Critical collapse of Skyrmions,
Phys. Rev. D 58, 041501 (1998).

[106] D. Garfinkle and G. C. Duncan, Scaling of curvature in
subcritical gravitational collapse, Phys. Rev. D 58, 064024
(1998).

[107] M. W. Choptuik, E. W. Hirschmann, S.L. Liebling, and
F. Pretorius, Critical collapse of a complex scalar field
with angular momentum, Phys. Rev. Lett. 93, 131101
(2004).

[108] C. Gundlach and J. M. Martin-Garcia, Critical phenomena
in gravitational collapse, Living Rev. Relativity 10, 5
(2007).

[109] R.C. Myers and M.J. Perry, Black holes in higher
dimensional space-times, Ann. Phys. (N.Y.) 172, 304
(1986).

[110] R. Emparan and H.S. Reall, A rotating black ring
solution in five-dimensions, Phys. Rev. Lett. 88, 101101
(2002).

[111] R. Emparan and H.S. Reall, Black rings, Classical
Quantum Gravity 23, R169 (2006).

[112] R. Emparan, T. Harmark, V. Niarchos, N. A. Obers, and
M.J. Rodriguez, The phase structure of higher-dimen-
sional black rings and black holes, J. High Energy Phys. 10
(2007) 110.

[113] R. Emparan and H.S. Reall, Black holes in higher
dimensions, Living Rev. Relativity 11, 6 (2008).

[114] C. A.R. Herdeiro and E. Radu, Spherical electro-vacuum
black holes with resonant, scalar Q-hair, Eur. Phys. J. C 80,
390 (2020).

[115] J.-P. Hong, M. Suzuki, and M. Yamada, Spherically
symmetric scalar hair for charged black holes, Phys.
Rev. Lett. 125, 111104 (2020).

084016-24


https://doi.org/10.1103/PhysRevD.87.041502
https://doi.org/10.1103/PhysRevD.87.041502
https://doi.org/10.1103/PhysRevD.93.044033
https://doi.org/10.1103/PhysRevD.93.089905
https://doi.org/10.1103/PhysRevD.93.089905
https://doi.org/10.1103/PhysRevD.95.124032
https://doi.org/10.1103/PhysRevD.95.124032
https://doi.org/10.1103/PhysRevLett.70.9
https://doi.org/10.1103/PhysRevLett.70.9
https://doi.org/10.1103/PhysRevLett.70.2980
https://doi.org/10.1103/PhysRevLett.72.1782
https://doi.org/10.1103/PhysRevLett.74.5170
https://doi.org/10.1103/PhysRevLett.74.5170
https://doi.org/10.1103/PhysRevLett.75.3214
https://doi.org/10.1103/PhysRevLett.77.1424
https://doi.org/10.1103/PhysRevLett.77.424
https://doi.org/10.1103/PhysRevLett.77.424
https://doi.org/10.1103/PhysRevD.56.R6057
https://doi.org/10.1103/PhysRevD.56.R6057
https://doi.org/10.1103/PhysRevD.58.041501
https://doi.org/10.1103/PhysRevD.58.064024
https://doi.org/10.1103/PhysRevD.58.064024
https://doi.org/10.1103/PhysRevLett.93.131101
https://doi.org/10.1103/PhysRevLett.93.131101
https://doi.org/10.12942/lrr-2007-5
https://doi.org/10.12942/lrr-2007-5
https://doi.org/10.1016/0003-4916(86)90186-7
https://doi.org/10.1016/0003-4916(86)90186-7
https://doi.org/10.1103/PhysRevLett.88.101101
https://doi.org/10.1103/PhysRevLett.88.101101
https://doi.org/10.1088/0264-9381/23/20/R01
https://doi.org/10.1088/0264-9381/23/20/R01
https://doi.org/10.1088/1126-6708/2007/10/110
https://doi.org/10.1088/1126-6708/2007/10/110
https://doi.org/10.12942/lrr-2008-6
https://doi.org/10.1140/epjc/s10052-020-7976-9
https://doi.org/10.1140/epjc/s10052-020-7976-9
https://doi.org/10.1103/PhysRevLett.125.111104
https://doi.org/10.1103/PhysRevLett.125.111104

