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Abstract: We employ the holographic quench technique to drive Einstein-Maxwell-scalar
(EMs) black holes out of equilibrium and study the real-time dynamics therein. From the
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of scalarized black holes, where the dominant mode migrates toward the imaginary axis with
increasing quench strength. In addition, due to the Z2-symmetry preserved by the model,
the ground state is degenerate. We find that there exists a threshold for the quench strength
that induces a dynamical transition of the gravitational system from one degenerate ground
state to the other. Near the threshold, the gravitational system is attracted to an excited
state, that is, a RN-AdS black hole with dynamical instability.
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1 Introduction

As a toy model, the EMs theory has been extensively studied in gravity and holography.
Different from the well-known holographic superconducting or superfluid models [1–3],
where the charged scalar field is minimally coupled with the Maxwell field, the EMs models
contain a neutral scalar field that interacts with the Maxwell field through a non-minimal
coupling function [4]. According to the properties of the coupling function, whether it
allows the RN black hole of electrovacuum to solve the given model, these EMs models can
generally be divided into two categories.

For the case where there is a linear term of the scalar field in the coupling function, which
prohibits the existence of RN black holes of electrovacuum, the corresponding models are
generally referred to as the EM-dilaton models with the scalar field, ususlly also called the
dilaton field, describing the dilaton behavior of extra dimensions along the four-dimensional
spacetime [5–7]. Although there are no RN black hole solutions, such models allow the
existence of new charged black holes with a non-trivial scalar field configuration, which
exhibit some characteristics different from RN black holes, such as the charge-to-mass ratio
that can exceed unity [8–10]. At the linear level, these black holes endowed with scalar hair
are verified to be dynamically stable for generic values of the dilaton coupling [11–17]. At
the nonlinear level, the real-time dynamics of individual black holes under disturbance were
numerically studied [18, 19], where the perturbed scalar field exhibits oscillation behavior
with damping amplitude. On the other hand, the fully nonlinear dynamical simulations of
binary black hole mergers were implemented [20], revealing that the differences with respect
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to waveforms in General Relativity and EM-dilaton are only significant for large charges.
To study the dynamics of binary black holes with arbitrary mass ratios, the post-Newtonian
approximation was also used [21, 22]. In asymptotically AdS spacetime, due to the rich
phase structure, the EM-dilaton models have been widely used in holography to probe the
physical properties of QCD [23–30].

On the other hand, for the models to allow the existence of RN black holes of electrovac-
uum, the coupling function must be dominated by the higher order terms of the scalar field.
In this case, in addition to the RN black hole solutions with a trivial scalar field, there still
exists a series of charged black holes with scalar hair. Furthermore, these states in equilib-
rium exhibit distinct dynamical properties depending on the specific form of the coupling
funtion. For the case where the coupling function is dominated by a quadratic term, the RN
black hole with a near-extremal configuration is dynamically unstable [31–33] and undergoes
a dynamical transition under arbitrarily small perturbations, spontaneously evolving into
a thermodynamically favored scalarized black hole [34–39]. Such a similar spontaneous
scalarization phenomenon can also be triggered by the geometric invariant source such
as the Gauss-Bonnet invariant [40–46]. More generally, the spontaneous scalarization of
compact objects in gravity has also been revealed [47–49].

In stark contrast to the above, the RN black holes are always stable at the linear level
in the models with quartic coupling. Interestingly, in this case, there are two branches
of scalarized black holes with diametrically opposite dynamical properties, one of which
is linearly stable and the other possesses a single unstable mode [50, 51]. For such a
gravitational system, the two linearly stable black holes are in two local ground states and
the other dynamically unstable black hole is in an excited state. Through the fully nonlinear
accretion mechanism of the scalar field, the two local ground states can be dynamically
interconverted by crossing the excited state acting as a dynamical barrier [52–55]. To trigger
the dynamical transition, the accretion strength needs to exceed a threshold, near which
a class of critical phenomena occurs, analogous to the critical gravitational collapse [56–
60]. Similar critical scalarization and descalarization phenomena also occur in the case of
non-minimal high-order coupling of the scalar field to gravity [61].

For the models of quadratic coupling, the triggering mechanism of the spontaneous
scalarization in the current research work is limited to the spatial perturbations of the
scalar field configuration, which naturally excites the unstable modes of the RN black
holes with dynamical instability. In asymptotically AdS spacetime, there exists a class of
holographic techniques that drives the system out of equilibrium, the quantum or thermal
quench, which can be regarded as a disturbance based on time domain. Such a quench
mechanism has been widely used to study the dynamical behaviors of holographic systems
away from equilibrium, such as thermalization [62–66], symmetry breaking [67–74] and
periodic driving [75, 76]. In this paper, through the fully nonlinear dynamical simulations,
we study the real-time dynamics of spontaneous scalarization induced by a thermal quench,
revealing the relationship between the scalarization rate and the quench strength for the
RN-AdS black holes with a single unstable mode. On the other hand, we investigate the
response of the scalarized black holes with dynamical stability to the thermal quench.
Since the quench opens the closed AdS gravitational system and injects energy into it, the
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descalarization phenomenon occurs after a quench of sufficient strength. Such a transition
is analogous to the holographic superfluid phase transition from a superfluid state to a
normal state under a thermal quench [67]. In addition, the dynamical phase diagram of the
scalarized black hole is also revealed, which contains three regions that completely resemble
a holographic superfluid, implying the potential connection between the EMs scalarized
black hole and the holographic superfluid.

The critical dynamical phenomena discovered so far only exist in the gravity model with
two local ground states [52–55, 61]. For the EMs model with quadratic coupling here, the
scalarized black hole is the only global ground state. However, it is degenerate in the case
where the Z2-symmetry is preserved. We find that the holographic quench is an efficient
mechanism for triggering the dynamical transition of the gravitational system between the
two degenerate ground states. After a quench around a specific strength, the gravitational
system will stay on a critical RN-AdS black hole with dynamical instability as an excited
state for a period of time in the dynamical intermediate process, and then continue to evolve
towards a scalarized black hole with a positive or negative scalar condensation, depending
on whether the actual quench strength is greater than or less than the critical strength.

The organization of the paper is as follows. In section 2, we give a brief description
of the EMs models with quadratic coupling, where the field equations, Ward-Takahashi
identity and phase diagrams are revealed. In section 3, we impose a fast thermal quench
on the gravitational system by specifying a time dependency on the external source of
the scalar field. Under such a quench, the phenomena of spontaneous scalarization of
dynamically unstable RN-AdS black holes and continuous descalarization of dynamically
stable scalarized black holes are revealed, respectively. In addition, the dynamical phase
diagram during the descalarization process is also investigated. In section 4, through the
dichotomy, we keep approaching the critical quench strengths to reveal the critical behaviors
of the gravitational system during the scalarization and descalarization. Finally, in section 5,
we conclude the paper by a summary and an outlook.

2 EMs theory

In this section, we introduce the EMs theory from the setup of the gravity model, the
Ward-Takahashi identity and the phase diagrams respectively.

2.1 Gravity model

The general four-dimensional EMs gravity with a negative cosmological constant is described
by the following action

S = 1
2κ2

4

∫
d4x

√
−g

[
R − 2Λ − 1

4f(ϕ)FµνF µν −∇µϕ∇µϕ − m2ϕ2
]

, (2.1)

where R, Fµν , ϕ represent the Ricci scalar curvature, Maxwell field strength tensor and a
real scalar field, respectively. For convenience, we set the four-dimensional effective Newton
constant κ4 =

√
8πG4 = 1 and work in the units of AdS radius L = 1. In this case, the

negative cosmological constant is fixed to Λ = −3. We consider a massive scalar field with
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the mass squared m2 = −2 to respect the Breitenlohner-Freedman (BF) bound [77]. The
non-minimal coupling function, which describes the interaction between the real scalar
field and the Maxwell field, is assumed to be an exponential dependence dominated by a
quadratic term

f(ϕ) = eαϕ2
, (2.2)

where α is a positive coupling constant. Some other forms of the coupling function, such as
1 + αϕ2, have also been studied, which qualitatively leads to the same conclusions.

From the variation of the action with respect to the metric tensor, one can obtain the
Einstein equation

Rµν − 1
2Rgµν = −Λgµν + T M

µν + T ϕ
µν (2.3)

with the stree-energy tensors of the Maxwell and scalar fields

T M
µν =

(1
2gρσFµρFνσ − 1

8FαβF αβgµν

)
f(ϕ), (2.4a)

T ϕ
µν = ∇µϕ∇νϕ − 1

2
(
∇αϕ∇αϕ + m2ϕ2

)
gµν . (2.4b)

The equations of motion for the scalar and Maxwell fields can also be derived through the
variation of the action with respect to the corresponding matter fields, as follows

∇µ∇µϕ = 1
8

df(ϕ)
dϕ

FµνF µν + m2ϕ, (2.5a)

∇ν [f(ϕ)F νµ] = 0. (2.5b)

Obviously, for the quadratic coupling (2.2), the RN-AdS black holes with the vanishing
scalar field solve the above field equations. From the equation (2.5a), one can observe that
the coupling constant α combined with the Maxwell invariant contributes to the effective
mass of the scalar field. Although the mass squared m2 already satisfies the BF bound
in AdS4 to ensure the stability of the scalar field on the AdS boundary, some specific
structures in the interior of the spacetime may still impose some additional constraints on
the effective mass of the scalar field. For an extremal RN-AdS black hole, such an effective
mass squared at the event horizon is a function of the coupling constant α, the radius of
the event horizon rh and the mass squared of the scalar field m2, namely u2

eff(α, rh, m2).
Since the near-horizon geometry of an extremal RN-AdS black hole with spherical topology
is the direct product of AdS2 with a sphere S2, the near-horizon instability of the scalar
field is induced when the effective mass squared at the event horizon u2

eff(α, rh, m2) violates
the BF bound in AdS2, leading to the emergence of spontaneous scalarization.

In order to simulate the fully nonlinear dynamical process of a black hole, which
requires us to numerically solve the above time-dependent field equations, the ingoing
Eddington-Finkelstein metric ansatz compatible with spherical symmetry is adopted [78]

ds2 = −2W (t, r)dt2 + 2dtdr + Σ(t, r)2dΩ2
2, (2.6)

where dΩ2
2 represents the line element of a unit radius S2. For the scalar and Maxwell fields,

we require ϕ = ϕ(t, r) and take the gauge Aµdxµ = A(t, r)dt. The corresponding integral

– 4 –



J
H
E
P
1
0
(
2
0
2
3
)
1
7
6

constants required to solve the differential equations can be extracted from the asymptotic
behaviors of the field variables near the AdS boundary

ϕ = ϕ1r−1 + ϕ2r−2 + o(r−3), (2.7a)
A = µ − Qr−1 + o(r−2), (2.7b)

Σ = r + λ − 1
4ϕ2

1r−1 + o(r−2), (2.7c)

W = 1
2(r + λ)2 + 1

2 − 1
4ϕ2

1 − dtλ − Mr−1 + o(r−2). (2.7d)

According to the holographic dictionary [79], the free parameter ϕ1 is the source of the
scalar field, which is used to quench the gravitational system in our work, and the response
ϕ2 cannot be determined by the near-boundary analysis, whose value depends on the bulk
solution. The pure gauge µ is set to zero without loss of generality. The symbols Q and M

represent the electric charge and Arnowitt-Deser-Misner (ADM) mass [80], respectively. The
reparameterization freedom r̄ → r+λ, under which the form of the metric is invariant, allows
us to fix the apparent horizon at a time-independent radial position during a dynamical
process. The area of the apparent horizon of a black hole is defined as

S = 4πΣ2(rh), (2.8)

where rh stands for the radius of apparent horizon. For a black hole in equilibrium, the
temperature can be easily obtained from the surface gravity or Euclidean formalism

T = 1
2π

drW (rh). (2.9)

2.2 Ward-Takahashi identity

From holography, such a gravity model (2.1) is dual to a relevant deformation of strongly
coupled conformal field theory with a scalar operator and a conserved current, residing on
the AdS boundary. In order to effectively describe the boundary theory from the gravity
theory, some boundary terms need to be introduced to renormalize the bulk action [81–83]

2Sreg =
∫

M
dx4√−gL + 2

∫
∂M

dx3√−γK −
∫

∂M
d3x

√
−γ

(
4 + R[γ] + ϕ2

)
, (2.10)

where L is the bulk Lagrangian density, R[γ] is the Ricci scalar associated with the boundary
induced metric γµν and K is the trace of extrinsic curvature Kµν = γσ

µ∇σnν with nν the
outward normal vector field to the boundary. Under the premise that the bulk field equations
are satisfied, the variation of the renormalized on-shell action has the form

δSren =
∫

∂M
d3x

√
−γ(0)

(
−1

2 ⟨Tij⟩ δγij
(0) +

〈
J i

〉
δAi(0) + ⟨O⟩ δϕ(0)

)
, (2.11)

where the subscripts “(0)” denote the external source of the corresponding field variables
on the AdS boundary. Note that we use Latin letters for boundary coordinates and ∇i

for boundary covariant derivative operators. The expectation values {⟨Tij⟩ ,
〈
J i

〉
, ⟨O⟩} of

the field operators of the boundary theory are functions of the asymptotic behaviors (2.7)
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of the bulk fields on the AdS boundary, where the boundary energy-momentum tensor is
defined as

⟨Tij⟩ = lim
r→∞

r

[
R[γ]ij −

1
2R[γ]γij − Kij −

(
2 − K + 1

2ϕ2
)

γij

]
,

=

2M − ϕ1 ⟨O⟩ 0 0
0 M 0
0 0 Msin2θ

 ,

(2.12)

the conserved current and scalar operator yield the following shapes〈
J i

〉
= −1

2 lim
r→∞

r3nµF µi =
(1

2Q, 0, 0
)

, (2.13a)

⟨O⟩ = − lim
r→∞

r2 (ϕ + nµ∇µϕ) = ϕ2 + λϕ1 − dtϕ1, (2.13b)

respectively.
According to the AdS/CFT correspondence, every gauge symmetry of the bulk theory

induces a global symmetry of the boundary theory, resulting in a constraint on the boundary
operators. For example, in the present setting the U(1) gauge invariance

δAi = ∇iΘ, δϕ = 0, (2.14)

gives rise to the source-free conserved current equation

∇i

〈
J i

〉
= 0, (2.15)

indicating that the electric charge Q is conserved in the dynamical process. Without loss
of generality, the electric charge Q is fixed to be 1 in what follows unless otherwise stated.
This is in marked contrast to the case of a charged scalar field with a time-dependent scalar
source, which provides a source for the above equation to induce a change in the electric
charge over time [73]. In order for the electric charge to be conserved under the quench of
the charged scalar field, the time-dependent chemical potential needs to be introduced [67].
On the other hand, the residual diffeomorphism invariance of the form (2.6) of the metric

δγij = £ξγij , δAi = £ξAi, δϕ = £ξϕ, (2.16)

where £ξ is the Lie derivative with respect to an arbitrary vector field ξi tangent to the
boundary, gives the Ward-Takahashi identity

∇j ⟨Tij⟩ = Fij

〈
J j

〉
+ ⟨O⟩∇iϕ1. (2.17)

The response of the energy density ϵ = ⟨Ttt⟩ of the boundary system to the scalar source
can be extracted from the only non-trivial t-component of the above vector identity

dtϵ = −⟨O⟩ dtϕ1, (2.18)

from which one can observe that the energy of the AdS system is conserved during the
dynamical process in the absence of a time-dependent external source.
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Figure 1. The expectation value of the scalar operator (a), the temperature (b) and the difference
in the area of the horizon between RN-AdS black holes and scalarized black holes (c) as a function
of energy density. The black curve represents the branch of RN-AdS black holes. Other curves of
different colors represent branches of scalarized black holes with different values of the coupling
constant α. Note that the physical quantities are expressed in the units of AdS radius.

2.3 Phase diagrams

In order to reveal the properties of the black hole solutions in equilibrium in this model
with the coupling (2.2), we first eliminate the time dependence in the field equations to
convert the problem to finding the solutions to a system of ordinary differential equations,
which is then numerically solved using the Newton-Raphson iteration algorithm with the
pseudo-spectral discretization under the source-free boundary condition ϕ1 = 0.

The resulting phase diagrams are shown in figure 1 as the energy density dependence
of physical quantities. As we can see from figure 1(a), in addition to the RN-AdS black
holes of electrovacuum, for a sufficiently large coupling constant α, there exists a branch of
scalarized black holes with the non-trivial scalar condensation in the domain of existence of
solutions, which intersects with the branch of RN-AdS black holes at point B, depending
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on the coupling constant α, and extends to the over-extremal region. The ratio of charge
to mass of scalarized black holes in the over-extremal region exceeds the limit of RN-AdS
black holes, and the temperature is always positive and has a minimum value, as shown in
figure 1(b). Such a branch of scalarized black holes divides the branch of RN-AdS black holes
into two regions, the near-extremal region AB and the far-extremal region with an energy
density higher than that of point B, which exhibit distinct dynamical characteristics. The
RN-AdS black holes in the near-extremal region are dynamically unstable as excited states,
and can spontaneously evolve into a thermodynamically favored scalarized black hole with
a larger event horizon area, as shown in figure 1(c), under arbitrarily small perturbations
involving any one of the unstable modes. However, for a gravitational system whose energy
density is in the far-extremal region, the RN-AdS black hole with dynamical stability is the
global ground state and the only solution. Thus, if there exists a mechanism that can inject
enough energy into a scalarized black hole, then the descalarization phenomenon will occur
when the energy density of the gravitational system exceeds that represented by point B.
In what follows, we demonstrate that the holographic quench mechanism is up to the task
through fully nonlinear dynamics.

3 Quench dynamics

In this section, in order to numerically simulate the spontaneous scalarization and continuous
descalarization processes induced by a thermal quench, we assign a time dependency to
the external source of the scalar field on the static background of a RN-AdS black hole
and a scalarized black hole, respectively. The energy density of the initial gravitational
system is set to ϵ = 1.6, at this time the RN-AdS black hole is in the near-extremal region
and possesses only a single unstable mode. The coupling constant is fixed to α = 20.
Requiring that the final state after a quench is in the phase diagram of the previous section,
a Gaussian-type quench with mixed frequencies is employed without loss of generality

ϕ1 = pe−
1
υ

(t−tc)2
, (3.1)

which rapidly decays to zero at later times. The symbols tc and υ represent the moment of
the peak and the time scale, and are set to tc = 5 and υ = 0.5, respectively. The amplitude
p characterizes the quench strength.

3.1 Spontaneous scalarization

Due to the dynamical instability of the RN-AdS black hole, the spontaneous scalarization
can be triggered by arbitrarily small perturbations. The resulting real-time dynamics are
shown in figure 2, where the quench strengths are set to p = {e−10, e−15, e−20, e−25, e−30},
respectively. As shown in figure 2(a), the quench induces a drastic change in the gravity
configuration accompanied by spontaneous generation of the scalar condensation. After
exponential growth, the scalar condensation with oscillatory behavior converges exponentially
to a constant, indicating the formation of a scalarized black hole. By analyzing the dominant
mode in the dynamical process, the entire evolution process can be divided into three stages,
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Figure 2. The expectation value of the scalar operator (a), the value of ln|dt ⟨O⟩ | (b) and the area
of the apparent horizon (c) as a function of time in the case where the quench strength p is close
to zero. (d): the time τ required for the quenched system to converge to the final scalarized black
hole with respect to ln|p|. All the curves and points of the same color in the figure correspond to
each other.

as shown in figure 2(b). Among them, the first stage is the quench process with a time-
dependent scalar source, which slightly changes the energy of the gravitational system and
imposes a perturbation on its configuration. After that, the perturbation excites the single
unstable mode of the initial RN-AdS black hole, which grows exponentially, pushing the
gravitational system away from the RN-AdS black hole in the second stage. The slope of
the parallel lines in the figure is equal to the imaginary part of the unstable mode. Finally,
in the third stage, the evolving system is captured by a stable scalarized black hole into
its linear region, where the non-vanishing real part of the dominant decay mode leads to
the oscillatory phenomenon of the scalar condensation at the end of evolution. In such a
scalarization process, the numerical results in figure 2(c) show that the area of the apparent
horizon increases monotonically with time.
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Interestingly, we find that the time required for the gravitational system to leave the
initial RN-AdS black hole and enter the final scalarized black hole depends on the quench
strength, satisfying τ ∝ −ln|p| as shown in figure 2(d). The derivation of this relation is as
follows. The quench causes a deviation in the field configuration δϕ. Due to the sufficiently
small quench strength, the quenched gravitational system is stil in the linear region of the
initial RN-AdS black hole, so that the perturbation can be linearly expanded based on the
eigenmodes of the RN-AdS black hole, as follows

δϕp(t, r) = f(p)e−iw∗tδϕ∗(r) + decaying modes, (3.2)

where δϕ∗(r) is the only unstable eigenmode associated with the eigenvalue w∗ with a
positive imaginary part. Since the unstable mode is forever silent for p = 0, the Taylor
expansion of the coefficient funtion f(p) lacks the constant term. Assuming f(p) ∼ fnpn,
the sign that the system is far from equilibrium is that the coefficient of the unstable mode
grows to a finite value

fnpne−iw∗τ ∼ O(1). (3.3)

Taking the logarithm on both sides of the above equation, one can obtain

τ = − n

Im[w∗]
ln|p| + C, (3.4)

where C is a constant. We observe that the slope of the straight line in figure 2(d) is
reciprocal to that in the second stage in figure 2(b), indicating n = 1. As a result, for a
RN-AdS black hole with a single unstable mode, the time required for the scalarization
satisfies the relation (3.4) with n = 1 under the quench (3.1).

3.2 Continuous descalarization

From figure 1(a), one can observe that the scalar condensation of the scalarized black hole
decreases with the increase of the energy density. Therefore, the key to descalarization
is whether enough energy can be injected into the black hole. Not surprisingly, it turns
out that the spatial disturbance of the scalar field, which is converted into energy after
being absorbed by the central black hole, is able to descalarize the scalarized black hole [53].
A natural question is whether the holographic quench can inject enough energy into the
scalarized black hole to trigger the descalarization. To this end, the quench (3.1) is imposed
on the scalarized black hole with energy density ϵ = 1.6.

The resulting real-time dynamics is shown in figure 3 as the evolution of the scalar field
configuration over time. One can observe that during the quench stage, the external source
on the AdS boundary pulls the entire profile of the scalar field, rising with increasing source
and falling with decreasing source. In later stages of evolution, the dynamical behavior of
the gravitational system depends on the specific quench strength. For a weak quench with
a strength of p = 0.2 as shown in figure 3(a), the scalar field accompanied by the oscillatory
behavior gradually converges to a non-trivial configuration, leading to the formation of
a scalarized black hole with more energy density but less scalar condensation. On the
other hand, for a strongth quench with a strength of p = 1.2 as shown in figure 3(b),
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(a) (b)

Figure 3. The configuration of the scalar field as a function of time during the quench process
with quench strength p = 0.2 (a) and p = 1.2 (b), respectively. The compactification coordinate
z = r−1 is introduced to constrain the radial direction to be finite. The apparent horizon and the
AdS boundary are located at z = 1 and z = 0, respectively.

the scalar field decays smoothly and exponentially, leaving a bald black hole with the
vanishing scalar field. At this time, the energy density of the gravitational system exceeds
that represented by point B in figure 1, indicating that it enters the far-extremal region
and can only reside on a RN-AdS black hole with dynamical stability. As a result, the
holographic quench mechanism in the EMs theory can inject enough energy into a black
hole to trigger the transition from a scalarized black hole to a RN-AdS black hole, resulting
in the descalarization phenomenon.

In fact, during the quench stage, the process of injecting energy is not going well,
manifested in the non-monotonic increase of the energy density as shown in figure 4(a).
From the Ward-Takahashi identity (2.18), the trend of the evolution of the energy density
is reversed as the sign of the quench amplitude changes. However, the appearance of the
final states with more energy in figure 4(a) indicates that the quench with an amplitude of
either positive or negative sign corresponds to the process of injecting energy. We have also
checked other forms of quench that require both initial and final values to be zero but fail to
find the dynamical process for energy extraction from AdS spacetime. This is different from
the case of quenching a charged scalar field [73], where the process of energy extraction can
be triggered by the superradiance [84], which in our case is suppressed by the real scalar field.
Although the energy density can increase or decrease during the quench process, depending
on the time dependence of the scalar source, the area of the apparent horizon always
increases monotonically with time, indicating that the second law of black hole mechanics
holds even in the case of the time-dependent scalar source, as shown in figure 4(b).

In figure 5, we show that the energy density and the expectation value of the scalar
operator for the final state of the quenched system vary with the quench strength. One can
observe that the energy density of the gravitational system increases monotonically with the
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Figure 4. The energy density (a) and the area of the apparent horizon (b) of the gravitational
system as a function of time during the quench process. The blue and orange lines represent the
cases where the quench strength is p = 0.2 and p = −0.2, respectively.
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Figure 5. The energy density (a) and the expectation value of the scalar operator (b) of the final
state after quenching as a function of quench strength. The red point represents the critical quench
strength pc required for the transition from the initial scalarized black hole to the RN-AdS black
hole with the energy density represented by point B in figure 1.

increase of the quench strength. There exists a critical quench strength pc corresponding
to the energy density represented by point B in figure 1, separating the scalarized black
holes and RN-AdS black holes. For the subcritical strengths, the quench smoothly reduces
the scalar condensation carried by the initial scalarized black hole without changing its
essential properties. On the other hand, the quench with a supercritical strength will trigger
a transition, descalarizing the initial scalarized black hole and resulting in the emergence
of a RN-AdS black hole residing in the far-extremal region. In addition to the mechanism
of injecting energy, the descalarization phenomenon can also be achieved by quenching
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a charged scalar field, which induces a loss of charge [73]. Different from the continuous
descalarization here, the oscillatory behavior of the charge with the quench strength leads to
the appearance of the repeated scalarization and repeated descalarization phenomena. For
a sufficiently large quench strength, the charge of the gravitational system is completely lost,
leaving a Schwarzschild-AdS black hole instead of the RN-AdS black hole with more energy.

3.3 Dynamical phase diagram

From figure 3, one can observe that the dynamical behavior of the scalar condensation at
late times shows a significant difference, oscillating or not, for the two cases where the final
state is a scalarized black hole or a RN-AdS black hole. Actually, before the transition
from the scalarized black hole to a RN-AdS black hole occurs, such a dynamical transition
from oscillating to non-oscillating has already appeared. As shown in figure 6, the real-time
dynamics of the quenched scalarized black hole can be divided into three cases. For a
quench with a weaker strength, the scalar condensation decays exponentially to a slightly
smaller constant at late times, accompanied by a strongly oscillatory behavior. The period
of such oscillation becomes longer as the quench strength increases. Until the quench
strength exceeds a critical value p∗, which is smaller than pc, the oscillatory behavior in the
late evolution completely disappears. The scalar condensation decays exponentially to a
non-trivial value directly. As the quench strength continues to increase to approache pc,
the expectation value of the scalar operator of the final state gradually converges to zero.
After that, the gravitational system always settles down to a RN-AdS black hole without
oscillation in the late stage.

Such an oscillatory behavior depends on the dominant quasi-normal mode of the final
state. In the later stage of evolution, the gravitational system enters the linear region of
the dynamically stable final state, which can be approximated as

⟨O(t)⟩ ≈ ⟨O⟩f + Ae−iwt, (3.5)

where ⟨O⟩f and w represent the expectation value of the scalar operator and the eigenvalue
of the dominant mode of the final state, respectively. A is an amplitude prefactor. Due to
the real configuration of the scalar field, the quasi-normal spectrums necessarily possess the
following symmetry

w → −w∗, (3.6)

as shown in figure 7. For the dynamically stable modes with a negative imaginary part, the
real part characterizes the oscillation and the imaginary part corresponds to decay. Among
them, the mode with the smallest absolute value of the imaginary part has the slowest
decay rate, which is called the dominant mode. As shown in figure 7(a), for the scalarized
black holes, as the quench strength gradually increases and reaches p∗, the dominant mode
pair migrates towards the imaginary axis and finally meet on it, indicating the disappearing
real part. Then as the quench strength approaches from p∗ to pc, one of them climbs up
along the imaginary axis to approach the origin, while the other moves down sharply. At
p = pc, the zero mode appears, accompanied by the transition to a RN-AdS black hole.
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Figure 6. The expectation value of the scalar operator (left panels) and the value of ln|dt ⟨O⟩ |
(right panels) as a function of time for different quench strengths. The dynamics of later times
exhibits three types. For p = 0.2, one can observe an oscillatory decay towards ⟨O⟩ ̸= 0. For p = 1.0,
the oscillatory behavior disappears and the scalar condensation decays directly towards ⟨O⟩ ̸= 0.
For p = 1.2, it converges towards ⟨O⟩ = 0 without oscillation.
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Figure 7. The trajectories of the quasi-normal modes of the final states, scalarized black holes
(a) and RN-AdS black holes (b), with respect to the quench strength. On each trajectory, the
arrow indicates the direction of increasing energy density. The blue and orange dots represent the
dominant modes, and the purple dots represent other modes. (c, d) The real and imaginary parts of
the dominant mode represented by the blue dot as a function of energy density.

Subsequently, the dominant mode shifts down along the imaginary axis with the increase of
the quench strength, as shown in figure 7(b).

That is to say, there are two critical quench strength to distinguish three regimes of
non-equilibrium response, as shown in figures 7(c) and 7(d). The transition from I to II is
marked by the fact that the real part of the dominant mode reaches zero, accompanied by
a turning point in the imaginary part, similar to the case of holographic superfluids under
quantum quenches [67] or even periodic driving [75]. In region I, the scalar condensation
exhibits oscillatory exponential decay with Re(w) ̸= 0 towards ⟨O⟩f ̸= 0, with the decay
rate that increases with the quench strength. However, in region II, the oscillatory behavior
disappears due to Re(w) = 0, and the scalar condensation decays exponentially towards
⟨O⟩f ̸= 0 at a rate that decreases with the increasing quench strength. On the other hand,
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Figure 8. The temperature of the final state as a function of quench strength near p∗ (a) and pc (b).

the transition from II to III occurs when the imaginary part of the dominant mode reaches
zero, accompanied by the disappearance of the scalar condensation. Different from the
case of holographic superfluid, where the real part of the dominant mode in region III is
non-zero, in our case the dominant mode always possesses a zero real part. Nonetheless,
substituting ⟨O⟩f = 0 into (3.5), in both cases, the absolute value of the expectation value
exhibits a similar non-oscillatory exponential decay behavior in the dynamical process. As
a result, from the dynamics of the boundary scalar operator after a thermal quench, a
scalarized black hole in the EMs theory behaves like a holographic superfluid.

In figure 8, we show that the temperature of the final state in the vicinity of the two
transitions varies with the quench strength. One can observe that the temperature increases
monotonically with the quench strength in both cases. Different from the transition from
I to II, where the temperature grows linearly with almost the same rate, in the case of
transition from II to III there is a visible turning point in the change in temperature.

4 Critical behaviors

By continuously increasing the quench strength, we have found two critical strengths to
trigger two different dynamical transitions during the descalarization process. Actually, there
exists another critical quench strength that induces a class of critical dynamical behaviors.
With the coupling function (2.2), the action (2.1) is Z2-invariant under the transformation
ϕ → −ϕ. Such a Z2-symmetry indicates that for a gravitational system with the energy
density in the AB region in figure 1, in addition to the dynamically unstable RN-AdS black
hole in the excited state, there are two degenerate ground states, the scalarized black holes
with positive and negative scalar condensations, respectively. The spontaneous scalarization
simulated in subsection 3.1 describes the spontaneous transition process from the excited
state to a ground state. The choice of the final state depends on the specific sign of the
quench (3.1). For a small quench strength, the positive amplitude corresponds to the ground
state with positive scalar condensation, whereas the negative one causes the system to fall
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Figure 9. The expectation value of the scalar operator (a), the value of ln|dt ⟨O⟩ | (b) and the area
of the apparent horizon (c) as a function of time during the descalarization process. The quench
strength p is close to the threshold pd. (d): the time τ that the quenched system stays near the
critical RN-AdS black hole with respect to ln|p − pd|. All the curves and points of the same color in
the figure correspond to each other.

into the other. Of course, such two time-dependent dynamical processes are degenerate,
with a difference of a negative sign overall. A natural question is whether there exists a
dynamical path connecting the two degenerate ground states. From figure 6(c), one can
observe that the quench of sufficient strength can excite the transition of the gravitational
system from one ground state to the other, whereas the quench of weak strength cannot,
as shown in figure 6(a). Such results suggest the existence of a dynamical barrier in this
transition, manifested as a threshold of the quench strength. It is illuminating to consider
the dynamical behaviors of the gravitational system near the threshold.

Continuously approaching the threshold pd through the dichotomy, the resulting real-
time dynamics is shown in figure 9. Interestingly, after the quench stage, the gravitational
system is attracted to the vicinity of a critical RN-AdS black hole with dynamical instability,
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manifested by the complete disappearance of the scalar condensation in the dynamical
intermediate process for a period of time, as shown in figure 9(a). At the same time, the
area of the apparent horizon stops growing after the drastic increase caused by the quench,
leading to the appearance of a plateau, as shown in figure 9(c). From figure 9(b), one can
observe that during the time the gravitational system stays near the critical RN-AdS black
hole, it goes through two dynamical processes, represented as the second and third stages in
the figure. Firstly, in the second stage, the evolving system is dominated by the stable modes
of the critical RN-AdS black hole, exhibiting an exponential decay behavior. After that, the
single unstable mode of the critical RN-AdS black hole is excited in the third stage, pushing
the system exponentially away from the critical state into the linear region of the final
stable scalarized black hole. Due to the drastic change of the gravitational configuration,
the area of the apparent horizon also starts to grow synchronously. As we mentioned earlier,
for a scalarized black hole, there are two degenerate states. We find that the quench with a
subcritical strength fails to trigger the dynamical transition, corresponding to a scalarized
black hole with a positive scalar condensation as the initial value. Conversely, the quench
with a supercritical strength induces the system to evolve into a scalarized black hole with
a negative scalar condensation. In addition, the time for the gravitational system to stay
on the critical RN-AdS black hole in the dynamical intermediate process depends on the
gap between the actual quench strength and the threshold value, satisfying (3.4), as shown
in figure 9(d), where the slope of the line is equal to the reciprocal of the imaginary part of
the single unstable mode of the critical RN-AdS black hole. From this it can be inferred
that the threshold pd corresponds exactly to the critical RN-AdS black hole with dynamical
instability. As a result, in the EMs theory, the holographic quench mechanism can induce
the dynamical transition of the gravitational system with a specific energy bidirectionlly
between two degenerate ground states by crossing an excited state.

Unexpectedly, a similar dynamical critical phenomenon also appears in the spontaneous
scalarization process with a dynamical unstable RN-AdS black hole as the initial value,
as shown in figure 10. There exists a non-zero threshold ps separating the two degenerate
scalarized black holes, near which the evolving system is attracted to another dynamical
unstable RN-AdS black hole with more energy in the dynamical intermediate process. That
is to say, the quench (3.1) with the strength ps fails to trigger the dynamical instability of
the initial RN-AdS black hole, injecting only energy into it. Such results indicate that the
critical dynamical behavior is quite universal to the initial value.

5 Conclusion

In the EMs theory with a quadratic coupling, the domain of existence of solutions is composed
of a branch of RN-AdS black holes and a branch of degenerate scalarized black holes. In
the energy range where these two kinds of black holes coexist, the dynamically unstable
RN-AdS black hole is in the excited state, and the two degenerate, thermodynamically
favored scalarized black holes are in the two ground states. After a quench, a series of
interesting dynamical transitions will occur in them.
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Figure 10. (a): the expectation value of the scalar operator as a function of time during the
scalarization process. The quench strength p is close to the threshold ps. (b): the time τ that the
quenched system stays near the critical RN-AdS black hole with respect to ln|p− ps|. All the curves
and points of the same color in the figure correspond to each other.
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Figure 11. Dynamical phase diagram of the scalarized black hole showing the expectation value of
the scalar operator as a function of quench strength.

For the excited state, the dynamically unstable RN-AdS black hole will be scalarized
spontaneously and evolve into a ground state under perturbations. In particular, in the
weak quench regime, the time for the scalarization of a RN-AdS black hole with a single
unstable mode satisfies (3.4). When the quench strength continues to increase beyond a
threshold pc, the final fate of the scalarization transitions to the other degenerate ground
state. Near the threshold, a critical RN-AdS black hole with more energy emerges in the
dynamical intermediate process.

On the other hand, for a scalarized black hole, there are three critical quench strengths
that trigger three different dynamical transitions, as shown in figure 11. The first critical
strength pd induces the gravitational system to cross a critical RN-AdS black hole acting as
a dynamical barrier and transition from one ground state to the other degenerate ground
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state. Near the threshold pd, the system is attracted to the excited state and stays there
for a time dependent on the gap between the actual quench strength and the threshold pd.
Such a critical dynamical phenomenon is induced by the Z2-symmetry of the model. Near
the second critical strength p∗, a dynamical transition similar to the case of holographic
superfluid occurs, manifested by the disappearance of the oscillatory behavior during the
decay to the final scalarized black hole. From the perspective of quasi-normal modes, this
occurs when the dominant mode of the final state migrates to the imaginary axis with
increasing quench strength. Until the quench strength exceeds the third critical value
pc, the injection of sufficient energy makes the energy density of the gravitational system
reach the range where only the RN-AdS black hole exists, resulting in the descalarization
phenomenon, analogues to the holographic superfluid phase transition from a superfluid
state to a normal state.

A natural direction in the future is to further investigate the holographic description
of the EMs theory. At present, the holographic dual for the hairy black holes with a real
scalar field is mostly confined to the EM-dilaton models, from the holographic QCD [23–30]
to the holographic superfluids and superconductors [85–90]. The results of this paper
reveal the potential connection between the EMs scalarized black holes and holographic
superfluids, which to a certain extent indicates the holographic applicability of the EMs
models. Another topic worthy of investigation is the quench dynamics in the EMs theory
with higher order coupling, in which there are two non-degenerate local ground states and
one excited state [50, 51, 55]. The quench mechanism is expected to be able to overcome
the dynamical barrier to realize the bidirectional dynamical transition between the two
local ground states.
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