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ABSTRACT: We study the interior dynamics of a top-down holographic superconductor from
M-theory. The condense of the charged scalar hair necessarily removes the inner Cauchy
horizon and the spacetime ends at a spacelike singularity. Although there is a smooth
superconducting phase transition at the critical temperature, the onset of superconductivity
is accompanied by intricate interior dynamics, including the collapse of the Einstein-Rosen
bridge, the Josephson oscillations of the condensate, and the final Kasner singularity. We
obtain analytically the transformation rule for the alternation of different Kasner epochs.
Thanks to the nonlinear couplings of the top-down theory, there is generically a never-ending
chaotic alternation of Kasner epochs towards the singularity. We compute the holographic
complexity using both the complexity-action and the complexity-volume dualities. In
contrast to the latter, the complexity growth rate from the complexity-action duality has a
discontinuity at the critical temperature, characterizing the sudden change of the internal
structure before and after the superconducting phase transition.
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1 Introduction

Although significant progress has been made toward the black hole interiors, it is still
an open and interesting question to understand the geometry of spacetime inside generic
black holes. It is obvious that the established picture for the exterior of a black hole is in
dramatic contrast with its interior, for which two well-known features inside a black hole
are the spacetime singularity and the inner Cauchy horizon-the boundary of the domain of
dependence for Cauchy data prescribed in the black hole exterior. The asymptotic geometry
near the singularity was studied in the seminal work by Belinski, Khalatnikov and Lifshitz
(BKL) [1-3], and found to be characterized by chaotic oscillations of the Kasner epochs
as approaching the singularity in many cases. The presence of the inner Cauchy horizon
violates the predictability of the classical dynamics even far away from any singularity.
This breakdown of predictability at the Cauchy horizon is prohibited by the strong cosmic
censorship conjecture [4, 5] which itself is still under investigation. Moreover, understanding



the pre-asymptotic regime away from the singularity and the instability of the inner Cauchy
horizon is a rather intricate and interesting question.

Motivated by the holographic duality, the interior structure of black holes with charged
scalar hair has recently attracted much attention [6-8]. The case in asymptotic anti-de
Sitter (AdS) spacetime is relevant to holographic superconductors [9] where the scalar hair is
spontaneously generated below a critical temperature 7, (for review see [10]). It was shown
that the presence of scalar hair generically destroys the inner Cauchy horizon, and thus the
geometry inside the hairy black holes approaches a spacelike singularity. Remarkably, the
onset of the scalar hair outside the event horizon results in significantly intricate dynamics
inside [6]. Slightly below T, the development of the scalar hair triggers an instability of the
Cauchy horizon of the AdS Reissner-Nordstrom (RN) black hole. Inside the superconducting
black hole, the interior evolves through several distinct epochs, including a collapse of the
Einstein-Rosen (ER) bridge, Josephson oscillations of the scalar condensate, and finally the
Kasner singularity. Moreover, those behaviors depend on the nonlinear details of the model
one considers. The presence of the Josephson oscillations might be removed by adding new
couplings [11]. More recently, the generalization to an anisotropic black hole with vector
hair (holographic P-wave superconductor [12, 13]) was investigated in [14] where some new
features were identified.’

In the present work, we are interested in the internal structure of a top-down holographic
superconductor from string/M-theory. Our motivation is two-fold. On the one hand, all
the above studies considered some effective models. In such a bottom-up approach, the
effective theory is chosen to capture some desired features (e.g. the spontaneously U(1)
symmetry breaking for the superconducting phase transition) and sometimes can give new
conceptual insights into the physics we are interested in. Nevertheless, the Lagrangian is
written down by hand and it is not clear whether such a bottom-up model is well-defined
or can be embedded in a UV complete setting. In contrast, in the top-down approach,
one starts with the UV-complete theory, allowing us to beyond the effective theory point
of view. The precise dictionary between the field theory and its dual gravity theory is
known. Moreover, although it is technically much more involved, the interactions and
model parameters in a top-down model are completely fixed. On the other hand, our recent
study [7, 8] suggested that if the scalar potential contains an exponential term,? there
would be some non-trivial impact on the asymptotic geometry near the singularity. Such
an exponential term typically appears in top-down models from the string/M-theory. The
study of holographic superconductors in the top-down approach was initialed by [23, 24]
where the authors obtained the hairy solutions outside the event horizon numerically and
discussed the spontaneous U(1) symmetry breaking associated with the superconducting
transition. The ground state solution at zero temperature was then constructed in [25, 26].

To be specific, we consider the four-dimensional top-down theory from a consistent
truncation of M-theory [24, 25] and study the interior dynamics of the hairy black hole
that describes a superconducting phase from the viewpoint of the dual field theory. We

!See also [15-22] for other recent discussions of the interior of hairy black holes.
*We consider the case in which the kinetic term of a scalar v takes the canonical form, —%(@ﬂ/})?



first consider a generalized theory in Stiickelberg form and give a general proof of no inner
horizon of these black holes, and thus the singularity inside is spacelike. Then we focus on
the top-down holographic superconductor [24, 25]. Near the critical temperature T, we find
the collapse of the ER bridge and the Josephson oscillations of the scalar condensate. At
the end of the Josephson oscillation, the scalar grows logarithmically and the system enters
the era described by a Kasner universe (3.5) with a single parameter « of (3.7) controlling
the Kasner exponents.

In contrast to previous studies where the system with scalar hairs ends up in a stable
Kasner regime, in our case, the geometry enters into an endless number of Kasner regimes.
There is an infinite number of alternations from one Kasner regime to another with new
exponents. Moreover, taking advantage of both numerical and analytical approaches, we
are able to obtain the transformation rule between two Kasner epochs, including the Kasner
inversion and the Kanser transition. In the former, the values of a for two adjacent Kasner
epochs are just the inverse of each other, while in the latter, the sum of two adjacent values
of « is a constant. Interestingly, we find that our transformation law is different from the
usual BKL type rules [2] in four dimensions due to the particular exponential couplings
in the top-down model. There is a chaotic feature of the Kasner exponents for which the
underlying patterns are highly sensitive to initial conditions.

Holography also provides some useful probes to the interior of a black hole. A particularly
interesting probe is the computational complexity. In quantum information, the complexity
is defined by the minimal number of quantum gates of the unitary operator that evolves
the initial states to the final states. There are two well-known holographic proposals of
complexity. The first one is called “complexity-volume (CV) duality” which relates the
size of a “wormhole” to the computational complexity of the dual quantum state [27].
The second is the “complexity-action (CA) duality” which relates the action of the bulk
Wheeler-DeWitt (WdW) patch to the boundary complexity [28-30]. Both of them depend
on the interior geometry of a black hole, thus it is difficult to compute the complexity of a
black hole that does not allow an analytic solution. While there are many investigations
of complexity for analytic solutions in the literature, see, e.g. [31-39], the complexity in
holographic superconductor have been only considered by using the CV conjecture [40] and
sub-region CV conjecture [41]. The study of the holographic superconductor using the CA
conjecture has not been done, as the WdW action relies on the whole internal geometry of
a black hole. More recently, it was argued that the CV complexity generally fails to fully
probe the interior geometry [42]. After knowing the interior structure clearly, we study the
complexity of the top-down holographic superconductor using both the CA duality and the
CV duality. Compared with the CV case, the complexity growth rate by CA conjecture is
sensitive to the change of the inner structure of a black hole and could be a good probe to
the black hole’s interior dynamics.

The structure of this paper is as follows. In section 2, we introduce the model. In
particular, we generalize the no inner Cauchy horizon theorem to the theory with Stiickelberg
form. Section 3 is devoted to discussing the interior dynamics of the superconducting black
hole. In section 4, we compute the holographic complexity using the CA conjecture. Finally,
we conclude with some discussions in section 5. More examples of the configuration inside



the hairy black holes are presented in appendix A. Relation to the billiard approach is
discussed in appendix B. The calculation of the complexity growth rate using the CV
conjecture is presented in appendix C.

2 The setup

We begin with writing a general bulk theory describing the holographic superconductor in
the generalized Stiickelberg form [43, 44]:

Z(¥)

- = Fw ", (2.1)

£ = 2 (@u0)” ~ F)(@46 — 04,) ~ V(¥)
where ¢ and 6 are two real scalars, and A, is the U(1) gauge field with its strength
F., =0,A,—0,A,. F,V and Z are general functions of real scalar v that takes in general
any real value. One demands F and Z to be positive to ensure positivity of the kinetic
term for § and A, respectively. The charged scalar action [6-8] can be written into the
above Stiickelberg form by ¥ = te?®. Nevertheless, in this generalized class of theories, the
two real degrees of freedom 1 and 8 are not necessarily associated with the magnitude and
phase of a complex scalar, respectively.

2.1 No smooth inner horizon for hairy black holes

Before going to a specific model, we now show that a hairy black hole of the following form

cannot have a smooth inner horizon.
2 1 —x(2) 7142 dz? 2

ds® = 2 —f(z)e™X¥dt® + ) +d¥5 1kl P = 1(2), A= Ay(2)dt.

(2.2)

where dEz_Lk denotes the standard metric of unit sphere (k = 1), planar (k = 0) or unit

hyperbolic plane (k = —1). For black hole solutions with a regular event horizon at zp,

we have f(zpy) = 0 and all the functions are continuous near the horizon. The Hawking

temperature is given by
e_X(ZH)/Qf/(ZH)

' o (2.3)
The equations of motion are given as follows.
0 =0,
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where the prime denotes the derivative with respect to the radial coordinate z and Z are
general functions of real scalar ¢ in (2.1). Without loss of generality, we shall choose 6 = 0.

Following [7], we can obtain from the equations of motion (2.4) that there is a radially
conserved quantity given by

Q(z) = 221X/ [272(fe ™) — ZA A} + 2k(d - 2) / Tyl xXW)/2qy (2.5)
i.e. @'(z) = 0. For the planar case (k = 0), this conserved quantity is the Noether charge
associated with a particular scaling symmetry. In contrast, there is no symmetry associated
with & = +1. Nevertheless, we have found an interesting way to obtain the above radially
conserved quantity using the geometrical construction [45].3

Besides the event horizon at zy with f(zg) = 0 and f/(zy) < 0, we now assume an
inner horizon located at z = z; > zy for which f(z;) = 0 and f’(27) > 0. Moreover, the
smoothness of a horizon demands A; to be vanishing at both horizons for the black hole
with non-vanishing scalar hair. By evaluating Q at both horizons, we then obtain

—x(em)/2 Xn)/2 1 .
Qz) — Qar) = - flew) _ ¢ FGD a9 / LX)/ gy,

zj‘fl_l z?_l ZH (2 6)

We have the following two cases.

e For k =0 and k = 1, the right-hand side of the above equation is negative, while the
left-hand side is vanishing since Q is conserved. This is a contradiction.

o For the hyperbolic case (k = —1), both sides of (2.6) have the same sign, so we are
not able to rule out the inner horizon. Nevertheless, as discussed in our previous
work [8], the inner horizon of the hyperbolic case can be removed if considering the
null energy condition.

Therefore, most hairy black holes (2.2) do not have Cauchy horizons in the generalized
Stiickelberg theory (2.1).

2.2 Holographic superconductor from M-theory

Many top-down models from consistent truncation of supergravity and superstring the-
ories take the above Stiickelberg form. As concrete examples, we show two holographic
superconductor models obtained from the top-down approach as follows.

The five-dimensional model is given by [23]*

. 12 2
Ly = —5(8,”#) - (8,40 — TA“ + 72 cosh 5(5 — cosh ) — EFWFu ,

(2.7)

3The geometrical construction for a radially conserved quantity is valid for general static spacetimes,
see [45] for more details.

4To have a standard normalization for the kinetic term of U(1) sector, we have rescaled A, — 2—‘/L§AM
of [23]. We also redefined n = .



which can be lifted to a class of solutions of type IIB supergravity, based on D3-branes at
the tip of a Calabi-Yau cone. The four-dimensional one reads [24]°

sinh? ¢
2

Ly 21 5 1 "
aﬁ_f " —i—ﬁcosh 5(7—cosh1/1)—1 wFH (2.8)

ﬁg) = —%((%1/})2—
derived as a consistent truncation of M-theory with F'A F' = 0. In addition to ensuring
a consistent underlying quantum theory and its dual, one particular advantage of a top-
down model is that all parameters are fixed. The planar hairy black hole solutions that
are holographically dual to superconductors for the above two top-down theories were
constructed in [23, 24]. There are also zero-temperature domain wall solutions of these
supergravity theories, interpolating between two copies of AdS space, one of which preserves
an U(1) gauge symmetry while the other breaks it [25, 26].
In the present work, we focus on the second model (2.8) and study the interior dynamics
of the superconducting black holes. Therefore, we consider the planar black hole, k£ = 0,
and set L = 1 without loss of generality. The equations of motion are given as follows.

1 W 1 A? 1 e /2
1" / . t . .
P = — (z + h) - 3 sinh 2t 212 + 3 ShL? (sinh2y — 6sinhv), (2.9)
A
(e247) = s Sinh? v, (2.10)
I 2 A? s 12
2x =z + 22 sinh® ¢, (2.11)
, e_X/2 ]. 12
h = —5 [_2241}2(1 + cosh ) (7 — cosh ) + ieXAt . (2.12)

Here we have introduced h = z~3e X/2f for the later convenience.

To solve these coupled equations of motion, we need to impose appropriate boundary
conditions both at the horizon, z = zg, and the UV boundary, z = 0. To break the U(1)
symmetry spontaneously, we require no deformation of the boundary system by the operator
O dual to 1, i.e. near the AdS boundary®

Y(z) = 22O + ..., (2.13)

where the expectation value (O) is the order parameter for the superconducting phase. The
gauge potential A; for small z is given by

A(z)=p—pz+..., (2.14)

with p and p the chemical potential and the charge density, respectively. Moreover, in order
to fix the normalization of the boundary time coordinate, we demand x(z = 0) = 0, for which

The original paper [24] used a different form of Lagrangian from (2.8). The notation of [24] is related to
ours by A1 = A and § = v2¢ tanh %

5We have considered the so-called standard quantization for which the leading source term of a bulk
field is identified to be the source of the dual operator in the boundary theory. The UV expansion (2.13)
means there is no explicit source for the scalar operator O and thus the breaking of the U(1) symmetry
is spontaneously.
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Figure 1. The configuration of the charge black holes with scalar hair from the event horizon,
z = zg, to the AdS boundary, z = 0, at different temperatures. We have fixed the chemical
potential = 1.

the temperature at the UV boundary is equal to the standard Hawking temperature (2.3).
At the black hole horizon z = zj7, we require the smoothness of the geometry, in particular,
Ay(z = zg) = 0. We shall work in the grand canonical ensemble with the chemical potential
w fixed.

At high temperatures, the charged black hole of (2.9)—(2.12) does not have scalar hair
and is given by the AdS RN solution:

1 1 2 z
2 2y + 423 (z = 2n), t=H ( ZH> ( )

with ¥(z) = x(z) = 0. Besides the event horizon, there is an inner Cauchy horizon at
z = zr > zp. At a temperature below T, there are charged black hole solutions with non-
trivial scalar hair. Some hairy black hole solutions at different temperatures are presented
in figure 1, using the numerical techniques described in [9]. We show the condensate (O) as
a function of the temperature in figure 2. One can find that (O) develops smoothly and
increases monotonically as the temperature is decreased. This corresponds to a second-order
phase transition from the normal phase (RN black hole) to the superconducting phase
(hairy black hole), known as the holographic superconductor.
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Figure 2. The superconducting condensate (O) as a function of temperature. Below T, =
0.0208y, (O) appears spontaneously from a second order phase transition. We work in the grand
canonical ensemble.

3 Interior dynamical epochs

After knowing the exterior configuration, we proceed to study the interior dynamics of
the top-down holographic superconductor (2.8). The interior geometry can be obtained
straightforwardly by numerically solving the equations of motion (2.9)—(2.12) inside the
event horizon towards the spacelike singularity.”

In figures. 3 and 4, we present the behaviors of h and A; at different temperatures behind
the event horizon, which can be regarded as a holographic flow triggered spontaneously
by the charged scalar hair. The flow interpolates from a UV radial scaling to a timelike
scaling towards a late-time singularity inside the black hole. One can find some interesting
behaviors in the presence of scalar hair. In particular, no matter how small the scalar hair
is, it has a strong non-linear effect closed to the would-be inner Cauchy horizon of the
AdS RN black hole. Moreover, in the deep interior towards the singularity, there are many
alternations of plateaus that, as we will show, correspond to different Kasner epochs. See
appendix A for more examples.

3.1 ER collapse and Josephson oscillation

We first check if the dynamical epochs associated with the instability of the inner Cauchy
horizon persist in this top-down model, including the ER collapse and the Josephson
oscillations of the scalar condensate. Recently, it has been shown that the latter might be
sensitive to the couplings [11].

The ER collapse is characterized by the quick decrease of gy which, behind the event
horizon, is the measure for the spatial ¢ coordinate that runs along the wormhole connecting

"One may worry about that the coordinate patch of (2.2) cannot cover both the exterior and interior
of the hairy black holes. This issue can be fixed by simply switching to the ingoing coordinates by using
v=1t-— fz eX(®)/2/ f(s)ds instead of t (see (4.4) below), for which the equations of motion (2.9)—(2.12) do
not change.
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Figure 3. The behaviors of A in function of z/zg inside the event horizon for the hairy black holes.
There are strong non-linear effects at the near-horizon regimes below 7. (left) and a sequence of
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Figure 4. The dynamics of A; with respect to z/zg inside the hairy black holes at different
temperatures. Towards the singularity, A; decreases monotonically with many alternations of
plateaus in the deep interior.

the two exteriors of the black hole. As shown in figure 5, slightly below T, there is a rapid
collapse of gy to an exponentially small value in the vicinity of z; &~ 1.1667zy (the location
of the inner horizon of the AdS RN black hole at T.). The collapse becomes stronger as
the temperature approaches T, from below (for which the scalar itself is vanishing small),
revealing the highly nonlinear nature of this rapid transition.

In the aftermath of the ER collapse, we observe the oscillation of the scalar condensate
which starts in the collapse of the ER bridge epoch and propagate continuously into the
interior, see the left panel of figure 6. The oscillation becomes faster as close to T, meanwhile
its amplitude decreases. This Josephson oscillation epoch can be understood as follows. We
find numerically that e X(®) becomes quite small due to the ER collapse. Therefore, we can
drop the last term of (2.9).

2

" 1w\, 1. A;
W _<Z+h>¢ —§s1nh21/1 (3.1)

26h2°

Moreover, the charge term on the right-hand side of the Maxwell equation (2.10) can
be neglected, from which we obtain A} ~ e X/2. By combining with the equation of
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Figure 6. Interior dynamics in the Josephson oscillation epoch at different temperatures. Left:
The scalar oscillation as a function of z/zy. Right: The behavior of A;/h in function of z/zy.
After a short period of growth, A;/h quickly saturates to a constant.

motion (2.12), one can easily find that, after the ER collapse, A;/h is approximately a
constant (see the right panel of figure 6).
Thus, the equation (3.1) at small ¢ becomes

1 A?
;(ZW), = —ﬁw, (3.2)

which can be solved explicitly in terms of Bessel functions.

A A
7,/) = CJJO (W) + CyY() (W> R (3.3)

with ¢y and cy integration constants. The analytical approximation (3.3) is compared with
the numerical data for the scalar field in figure 7. One can find that the analytical description
(red dashed line) for the Josephson oscillation epoch is in good agreement (z/zp S 3) with
the numerical solution (as T' — T, for which 1) is small). Due to the existence of sinh(21))
term, the approximation in (3.1) will fail when ¢ becomes large. That’s why the scalar
oscillation behavior is only observed when the temperature is sufficiently closed to 7.

~10 -
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Figure 7. A comparison of the numerical solutions (solid blue curve) and the analytical descrip-
tion (3.3) (red dashed curve) for Josephson oscillations. The approximation is in excellent agreement
to the numerical solution when v is small (z/zg < 3), and loses its effectiveness at large z for which
9 is not small. We choose T' = 0.99857, with p = 1.

Moreover, note that the amplitude of 1 increases as z is increased, thus the analytical
approximation (3.3) will fail when z is large enough (see figure 7 at large z).

Both the collapse of the ER bridge and the Josephson oscillations are similar to the
free charge scalar model of [6]. We will show that this will no longer be the case for the
Kanser region we discuss below.

3.2 Kasner behavior

At the end of the Josephson oscillations, our numerics suggest a logarithmic growth of v,
which indicates the onset of a Kasner regime. As is evidence from figures. 17 and 18 in
appendix A, the large z behaviors of 2¢; \/zx” and /1 — zg},/ g yield a number of plateaus.
In each plateau, many terms in the equations of motion (2.9)—(2.12) are negligible, which
is first confirmed by numerical solutions and will be checked by comparing the resulting
analytic solutions to the full numerical one.

After dropping those terms, the equations of motion (2.9)—(2.12) can be simplified to be

1

'~ —;1//, X2 Al ~ Cy, 2y ~ 22, h ~ %e_’(ﬂ, (3.4)

where Cj is an integration constant. The above equations can be solved explicitly yielding

1
———dz” +d¥3,

he?tT (3.5)

o2

¥(z) ~ aln(z), A~z T

ds® = 1 h z3—%dt2 -
=5 |hs

w

at large z. Here « is a free constant and hg is the value of || in this plateau.

- 11 -



One finds that all metric components are power laws of z and the scalar field is

a2
logarithmic. By the coordinate transformation to the proper time 7 ~ 2~ G+ 2 we obtain
ds? = —dr? + ¢r2Pedt® + CSTQPSdZ%O ,
(3.6)
(1) ~ =V2py In(7),
with
a2
| 2 V2a
1
bt = ) DPs = 3 Dy = . 3.7
2 +3 I -EE YT ey (3.7)

Here ¢; and ¢, are two positive constants. One can see that the above exponents satisfy the

following relation.

pet+20s=1,  pi+2p2+p5=1. (3.8)

So, the geometry takes a Kasner form. The Kasner exponents are determined by the
parameter « that can be only obtained by solving the full equations of motion. Note that
inside the event horizon t becomes a spatial coordinate and runs along the ER bridge. As
time evolves (with 7 = 0 corresponding to z — 00), the ER bridge grows when |a| < 2 and
contracts when |a| > 2.

For a certain class of black holes with charge scalar hair, it was recently argued that [22]
the interior dynamics falls within the scope of the “cosmological billiard” description and the
corresponding hyperbolic billiard region has infinite volume so that the system ultimately
settles down to a final Kasner regime. Interestingly, as we will show below, in the top-down
model we consider, the final dynamic behavior can not settle down to a Kasner regime to
the singularity at z — oo.

3.3 Alternation of Kasner epochs

From the numerical results, one has found that there exist many alternations between

different Kasner epochs (see figures. 3 and 4). It is obvious that the approximation

obtaining (3.4) fails in the alternation region between adjacent Kasner epochs. To understand

those alternations, we need to consider the sub-leading terms (which are neglected during

a single Kasner region) in the equations of motion (2.9)—(2.12). We find the following
two cases.

o Case 1: |a| > 2. In this case, we need to consider the term Q—Esmjﬁw in (2.9), because

its order could be larger than the order of the term 1)'/z. Meanwhile, the term h'/h

is still not important compared to 1/z since e~X/2 is much smaller than 1/z and h is

bounded. We shall call this case “Kasner transition”.

. A2 gi . .
o Case 2: |a| < 2. In this case, we can neglect the term h—ﬁsmfﬁw as its order is smaller

than the order of ¢'/z. But the term h’/h becomes important compared to 1/z
because h will have a notable change. For this case, we will call it “Kasner inversion”.
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Kasner transition. According to the analysis above, for |a| > 2, we can obtain the
approximated equation of motion for ¥:

B A?  sinh 2y
2R2L2% 6

To solve this differential equation, it is convenient to write the solution as

@ZJ:/Z ONé(SS)dS. (3.10)

Taking derivative of (3.9) and using (3.10), one obtains that

Ly = (3.9)

a>2: zd"+58 —-28a=0,
o » s (3.11)
a<—2: zd"+5a +2aa=0.
We have also used the fact that A;/h is observed to be nearly constant over the transition
region. This feature is visible in figures. 3 and 4 at low temperautres, T'= 0.327, (blue),
T = 0.4671. (cyan) and T' = 0.567¢. (green), for which there are at least two Kanser
transitions for each temperature. Note also that 1(z) ~ aIn(z) at large z, for which one
has sinh 2¢) ~ e?¥ when a > 2 and sinh 21/ ~ e 2% when a < —2. Moreover, our numerics
shows that @’ < 0 in the transition region (see figures. 17 and 18 in appendix A).
Solving (3.11), one can obtain analytically that

a>2: a=2—+btanh (\/l;lnz/ztr) ,

(3.12)
a<—2: a=-2++dtanh (\/&lnz/ztr) ,

where b and d are integration constants, and z;- denotes the position in the transition region
at which |&| = 2.8 Considering the limit for which z/z;,. < 1, one has

a>2: lim a=2+b,

z/ztr—0

a<—2: lim a=-2-+4d,

z/ztr—0

(3.13)

which corresponds to the value of « in the Kasner epoch before the Kasner transition.
Taking the opposite limit of large z/z, yields

a>2: lim a=2- \/I;,
2/ ztr—00 (3 14)
a< —2: lim a=-2+Vd, .
2/ ztr—>00

which is exactly the value of « in the Kasner epoch after the Kasner transition. There-
fore, we obtain the transformation rule for the Kasner transition between two adjacent

Kasner epochs.

a>2: a+ap=4,
g (3.15)
a<-2: a+ar=-—4,

8The location of 2 is not important in our discussion. Omne can choose a different z; in the
transition region.
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Figure 8. A comparison of the analytical description (3.12) (red dashed curve) and the numerical
one (solid blue curve) for Kasner transitions. We choose T = 0.337, for which there are at least four
Kanser transitions. The approximation (3.12) is in excellent agreement to the numerical solution of
the full equations of motion (2.9)—(2.12).

where o« and «ap are, respectively, the value of z¢’ (3.5) before and after the Kasner
Transition process.

We now check if the analytical solution (3.12) can capture all the important effects
describing the Kasner transition. To fix the free parameters in (3.12), we choose a value
2z = z; in the middle of the first Kasner epoch and compute & and &' at z = z;. In figure 8,
we compare the profile of & = z¢)' from the analytical solution (3.12) with the numerical
one of the full equations of motion. When & is constant away from a transition region,
it describes a Kasner epoch with & = « on the left side and & = ar on the right side.
It is clear from figure 8 that our analytic solution (3.12) describes the Kasner transition
very well.

Kasner inversion. The Kasner inversion behavior was first discussed in [6] for a free
charged scalar and also found in [11, 14]. For |a| < 2, we can obtain the approximate
equation of motion for ¢ and h:

(o)

1 e X2, (3.16)

!/
% (zw/)/ _ —%¢/, h/ —
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We still use the constant variant method (3.10) to solve the differential equations (3.16).
Substituting (3.10) into (3.16), one obtains the following equation for &(z):

428" & — 8262 + @'ad =0, (3.17)

where we have used the fact that eX/ 2 A} is approximately a constant during the Kasner
inversion. The analytic solutions will be compared to the full numerical ones later.

Let us consider the case with 0 < a < 2 in the Kasner epoch before the alternation.
Solving the equation (3.17) yields

2c1 — @

_a e
Vg —1 2¢/c2 —1

-1
— 9 arctanh |- ,
c?—1 c?—1

where ¢; > 1 is an integration constant and zj, denotes the position in the inversion region

In(z/zn) +

1 4 — 4deia + G2
Cin(a/2) - L [W]

tanh
arctan [ 8 8er

(3.18)

at which & = 2. Considering the limit for which z/z, < 1, & approaches a constant that is
nothing but the value of o in the Kasner epoch before the Kasner inversion. Under the
limit z/zj, — 0, one obtains from (3.18) that

li =2 — 2_1). 3.19
P o

Taking the opposite limit z/z, — oo, & should go to a constant that corresponds to the
Kasner epoch after the Kasner inversion. Therefore, one has

lim &=2 <c1 n \/0%7—> . (3.20)

2/ zin—>00

We then obtain the transformation rule for the Kasner inversion between two adjacent
Kasner epochs.
aar=4, 0<a<2, (3.21)

where o and «j are, respectively, the value of 21’ (3.5) before and after the Kasner inversion
process. Using a similar discussion, we find that the transformation rule for the case
—2 < a < 0 is the same as (3.21).

In figure 9, we compare the analytical solution (3.18) with the numerical solution of the
full equations of motion for T' = 0.717.. Away from the inversion region, the configuration
corresponds to a Kasner epoch with & = a = 0.7292 on the left side and & = ay ~ 5.4936
on the right side. The analytical solution fits the numerical one quite well. Moreover,
aar =~ 4.0059 agrees with (3.21) excellently.

To summarize, we obtain the following transformation rule for the alternation of different
Kasner epochs:

Kasner Transition : o+ apr = 4, a > 2,
Kasner Inversion : aar=4, 0<]of <2, (3.22)
Kasner Transition: a+ar=—-4, o< —2.
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Figure 9. A comparison of the analytical description (3.18) (dashed blue curve) and the full
numerical solutions (solid red curve) for Kasner inversion. We choose T' = 0.717, and show the
value of o = z¢’ for each Kanser epoch. The approximation (3.12) is in good agreement to the

numerical solution of the full equations of motion.

Let us first check the validity of the transformation rule (3.22). The case for T' = 0.717, is
presented in figure 10 where we label the value of « in each Kasner epoch by fitting the
numerical solution of the full equations of motion. There are two Kasner inversions and two
Kasner transitions in figure 10. For the first Kasner epoch, a; =~ 3.2702 > 2 for which there
should be a Kanser transition according to (3.22). One finds the value « of the second
epoch is ag &~ 0.7292. So one has ag + ag =~ 3.9994 which agrees with (3.22) very well. Since
ag & 0.7292 < 2, the rule (3.22) suggests a Kasner inversion with as ag = 4. We obtain
from our numerics that ag =~ 5.4936 from which we have as ag &~ 4.0059. Then, there is a
Kasner transition since ag > 2, and the value of « for the fourth Kasner epoch is found to
be ay &~ —1.4936 from which ag + a4 =~ 4.0000. After that, the fifth Kasner epoch develops
from a Kasner inversion as |ay| < 2. The predicted value of a5 = 4/as ~ —2.6781 agrees
perfectly with the numerical one as ~ —2.6734. According to (3.22), one then has the sixth
Kasner epoch with ag = —4 — a5 =~ —6.6734 due to a Kasner inversion. In order to see
more alternations of Kasner epochs, one needs to solve the equations of motion (2.9)-(2.12)
to the far interior. Due to the limitation of computing power, we are not able to obtain
the numerical solutions for sufficiently large z. Nevertheless, we have checked various
numerical examples with a sequence of alternation of Kasner epochs, all of which agree with
our transformation rule (3.22). We emphasize that the presence of an exponential form
of couplings (sinh v, coshv)) plays important role in triggering the alternation of Kasner
epochs with the transformation rule (3.22). Instead of a monotonic Kasner behavior all the
way to the singularity z — oo, our transformation rule (3.22) suggests that there would be
generically a never-ending alternation of Kasner epochs towards the singularity. Once giving
the value of « in the first Kanser epoch, one can easily obtain all the Kasner exponents for
the next series of Kasner epochs. Indeed, the transformation rule (3.22) yields a chaotic
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Figure 10. Check the validity of the transformation rule for alternation of Kasner epochs. We

choose T' = 0.717, for which two Kanser transitions and two Kasner inversions are shown. The

value of o = 29’ for each Kanser epoch is labeled explicitly. Two horizontal dashed lines correspond
to |a] = 2. The transformation rule (3.22) is confirmed quantitatively.
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Figure 11. The patten of a generated by the transformation rule (3.22) due to the Kanser
transition and the Kanser inversion. The initial value of « is chosen to be ag = 7 — 1.578 (red) and
ag =7 — 1.57801 (blue). It is clear that a slight difference in initial values causes significant changes
after about n = 43 times alternation of Kasner epoches.

behavior of the component « for which the underlying patterns are highly sensitive to
initial conditions. The pattern of o with 220 times of the alternation of Kasner epochs is
presented in figure 11 where the initial conditions for « are changed by 0.00001. As can be
seen from figure 11, even the slightest difference in initial values causes significant changes,
exhibiting sensitive dependence on initial conditions.

Our result is different from the result in [22] where the author discussed the interior
dynamical behavior of the metric using the “cosmological billiard” description [46, 47]. Tt
was found that the corresponding hyperbolic billiard region has infinite volume so that
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the system will settle down to a final Kasner regime. As our Lagrangian is different, the
resulting billiard table is different. The study of [22] only considered a massive charged
scalar with a non-minimal term wQFWF”’” . As shown in appendix B, the billiard table
structure of [22] may not apply to our case due to the presence of the exponential form of
couplings sinh ¢ and cosh v in the top-down theory (2.8). It is an interesting question to
see if our result can be obtained from the billiard approach. Moreover, the analysis of the
original BKL paper [2] suggests that the power substitution rule of the adjacent Kasner
epochs is given by

[Pt _, Ps =2l

Pt — :
CT 1 20p © T 1—2lp

(3.23)

One can check explicitly that while the Kasner inversion of (3.22) satisfies this rule, the
Kasner trantiton (3.15) does violate it (3.23).

4 Complexity in CA conjecture

In the previous section, we have proven that there exists no inner horizon for the black
holes with non-trivial charged scalar hair, and the hairy black holes approach a spacelike
singularity. After knowing the interior structure of the hairy black holes, we will proceed
to compute the complexity growth rate of the holographic superconductor. From the field
theory point of view, we consider the thermo-field double (TFD) state

‘TFD) = ZefﬂEim’EﬁL’EﬁR, (4.1)

which is dual to an eternal AdS black hole [48] with 5 the inverse of temperature. We want
to know if this quantum information measure can probe the dynamics inside black holes.

Two well-known holographic proposals for the computation of the complexity are
the CV duality [27] and the CA duality [29]. More recently, it was argued that the CV
complexity generally fails to fully probe the interior geometry [42]. Moreover, an infinite
class of gravitational descriptions of the complexity from volume are proposed [49], while
the complexity from the action of the WdW patch is uniquely defined. In this section, we
focus on the CA conjecture to compute the complexity growth rate. So far, there is no study
on the behavior of complexity of holographic superconductor using the CA conjecture as
this computation requires detailed knowledge of the interior structure of a hairy black hole
that has to be constructed numerically. The complexity of CV is presented in appendix C
and is found to be similar to the free charged scalar case studied in [40].

In the CA conjecture, one needs to compute the on-shell action of the WAW patch
obtained by shooting null rays from a constant-t boundary slice into the bulk, see figure 12.
Note that the dual state depends on two times ¢;, and tr with subscripts L and R representing,
respectively, the left and right boundary times. In the present work, we are interested in
the symmetric configuration with ¢ = t;, = tg. The complexity from CA is then given by

Swaw
= —. 4.2
Ca 7h ( )
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Figure 12. The WdW patch at the boundary time ¢ = 0 (red line) and ¢ > 0 (blue line). The
critical time t. is the time where the null past joint of WAW patch locates exactly at the past
singularity. Left: the case with t. > 0. Right: the case with ¢. < 0.

It is manifest from figure 12 that the WdAW patch can probe the region near the singularity
of a black hole. Therefore, one needs to know the whole structure of the spacetime, in
particular, the geometry near the singularity. Such a difficulty does not appear in the CV
conjecture because the extremal hypersurface will not touch the singularity. Our numerical
results suggest that the spacetime near the singularity takes the Kasner form, which we will
see later is important when computing the Gibbons-Hawking-York (GHY) boundary term
in the action. In the following context, we will use the ingoing and outgoing coordinates

2 ox(5)/2

f(s)

By doing the coordinate transformation to ingoing coordinate v in (4.3), one can obtain

v=t—F(z), u=t+ F(z), F(z)= ds. (4.3)

the metric )

ds® = = <—f(z)e_X(z)d1)2 — 27 2dvdz 4 d¥3 0) ; (4.4)
Z )

where Y o denotes the two-dimensional transverse space.

4.1 Evaluating the action

Based on the analysis of [50], one can directly neglect the Hayward joint terms and the
null boundary terms when the computation only focuses on the growth rate of complexity
since these terms are time-independent. We write the action of the WdW patch in the
following form.

1
167Gy

1 3,/ 2 2
+87TGN </Bd x |h|K+/2/d xﬁa—l—/@d}\d :L‘\ﬁ@ln(fct@)) .

Swaw =

[ o= (m )
M (4.5)
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Here h and o are the induced metrics for the GHY surface and the transverse space of the
null boundary, respectively. K is the trace of the extrinsic curvature of the GHY surface
and a relates the normals on the intersection of the null boundary segments, © = 9, In /¥
is the expansion scalar of the null boundary generators, and /. is an arbitrary length
scale that will be set to be the AdS radius L. The two terms in the first line are the bulk
Einstein-Hilbert term. The three terms in the second line are the GHY term, the null
joint term, and its corresponding counter term sequentially. The counter term is added to
avoid the ambiguity of arbitrary normalization of the normal vectors. We now show how to
compute the growth rate dSwqw /dt.

Bulk contribution. For the top-down theory (2.8), the bulk action reads

1
Spulk =
bulk = 6 Gy

/d4a:\/—g (R + Egl)) . (4.6)
The energy momentum tensor is

scd 1
S —i—fg#,,ﬁgl). (4.7)

T/W = 5gp,l/ 2

Considering the Einstein’s equation, one can derive

1 oL y
Ru = S9wR=Tw = R=g" @%_ £ (4.8)
Therefore, the on-shell action of the bulk term is given by
1 1
allc = dlay/—gI V=g = —eX3)/2 4.
Shulk 167Cn / zy/—gl(z), 9= ¢ ; (4.9)
with
1 4. x(2) A’ ()2 1
I(z) = 5% A(z)” — 5(1 + cosh ¢))(7 — cosh ¢) . (4.10)

GHY surface contribution. Next, we consider the GHY boundary term. The normal
vector of the future singularity is

nt — Z\/ljf <§Z)a . (4.11)

Then, one can obtain the extrinsic curvature

1

K=V, =

2

2
gaz (\/jgnz) — _z4eX/28Z ( p \/—7f> . (4.12)

Therefore, the boundary term action is given by

81G N

e—X/2
Sbay = 8W2N /KdZ S By Y (Zg,\/—*f> (t + F(00) — F(O)) :
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and its time derivative is
ddey

4 (4.14)

-~ (75

Here Q9 is the spatial volume for the transverse space of (4.4).

Z=00

We note here that there is a close relationship between the Kasner behavior near the
singularity z — oo and the GHY boundary term of the action. It’s direct to check that the
action growth rate of the boundary term is a finite constant for the Kasner singularity:

diidy = —1622;N (3 + 05) h(0) . (4.15)
Null joint and counter term contribution. The null vectors are given by
eXx/2 oX/2
kr=rc <dt + 75 dz) , kp=c (—dt + & dz) , (4.16)

where we have used /o = 1/z? for the transverse space and c is a constant. Then, the joint
term of action for both past and future joints is

1 1 Qo 9it(2m)
d? In(=-kp -ky)=— 1 . 4.1
8TG N /2 /o (2 R L) 8GN 22, S (4.17)

To deal with the dependence of the normalization factor, we need to add a counter term for

Sjnt =

the joint term. The counter term is given by

1 2
e / dAd%2,/70In O . (4.18)

For our study, we take the parameter to be A = 1/cz, although the result does not depend

Scnt =

on the particular parametrization. Here, we have © = 0, In /o = 2cz. Hence, we can obtain
Q d Q 1
2 [ dz 2 (2 + ln(Qsz)) , (4.19)

— In2cz = —
where B’ means the null hypersurface accompanying the joint. One can see that the

Sent = ——2
cnt 47{'G B’ 23 47TGZT2H

dependence on the normalization factor ¢ precisely cancels.
We denote the past null boundary joint as z,,; and the future null boundary joint as
Zm2 (see figure 12). Both are related to the boundary time by the following equations:

t t
3 + F(0) — F (zm1) =0, 5~ F(0) 4+ F (zm2) =0. (4.20)
Therefore, one can obtain
dz 1 dz 1
d;ﬂ = —igttzgﬂe"ﬂ, T?Q = igttzaneX/Q. (4.21)

Therefore, the time derivative of the action (4.5) from the null joint term and its corre-
sponding counter term for both past and future joints are, respectively,

dsjntl dScntl Q2 [ d (ln gtt) dzml :|
— - 2h(2m1) In(22m1) ]
it T Tar T snGn | dam \ 22, ) ar T 2AGEm) In(Zzm)
ds ds, ¢) d /1 d (4.22)
Jnta cnito 2 1 git Zm?2
— _ — 2h(2m2) IN(22m2) |
T TR e [ Az ( zfn2> at (2m2) In(22 2)}

where we have used g4 and h in those equations for a concise form.
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Figure 13. Relation between the critical time ¢, and the temperature of the superconducting black
hole of (2.8). t. changes sign at T = 0.67,. We have fixed the chemical potential u = 1.

4.2 Complexity growth rate
4.2.1 The shape of WAW patch

Due to the time-reversal symmetry, we only need to calculate the complexity growth rate
for ¢t > 0. First, we should determine the structure of the WAW patch at ¢ = 0 and check
whether it will intersect the singularity or not. To do that, we compute the critical time ¢,
which is the time where the null past joint of the WdW patch locates exactly at the past
singularity. More precisely, it is given by the equation of constant u of (4.3) along the past
null sheet.

1 F(0) = F(oo), (4.23)

which determines the boundary time when the null joint intersects the past singularity.

For some analytical solutions, such as BTZ black hole, the critical time can be evaluated
analytically. While for our numerical background, to obtain ¢., we need to handle the
divergence at the event horizon where h(zp) = 0. Fortunately, the divergence will cancel
each other between exterior and interior by noting that h(z) = h'(zg)(z — zg) near zp. To
see this point more clearly, let us take the small cutoff § near the event horizon. In the
small ¢ limit, one has

/ - 1 d / ) 1 d (4.24)
- Zz >~ — - Z . .
an(1-6) W (zm)(z — zm) 23 zn W(zm)(z — zm)2}

Therefore, one can safely take a small cutoff to calculate the critical time in practice. The
value of ¢, in the function of the temperature of the hairy black holes is presented in figure 13.
One can find that the value of t. will change from negative to positive as the temperature
is decreased. Therefore, we have to consider two kinds of WdW patch corresponding to the
positive critical time (relatively low temperature, left panel of figure 12) and the negative
critical time (relatively high temperature, right panel of figure 12), respectively.
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4.2.2 The complexity evolution

The case of positive critical time. For a given temperature, when the critical time
t. > 0, the WAW patch intersects the singularity at the boundary time ¢t = 0, see the left
panel of figure 12. In this case, at first, the GHY term does not depend on time as the
WdAW patch intersects both the future and the past singularities. It can be easily shown
that the total action growth rate (the complexity growth rate) vanishes until the boundary
time past the critical time, i.e. t > ¢..

After the critical time t., the terms that contribute to the complexity growth rate by
the CA conjecture are the bulk term, the joint term at z,,1, and the corresponding counter
term on the null surface. First, we decompose the bulk region into three portions:

Stk = tome [ e MOP1G) (54 FG) - FO) de,
zZH

167G N 24
4Q, 1 .
St = Torgm |, 1o ) (FO) = (), (4:25)

2Q) zH ] t
I 2 —x(2)/2 ( _F F )
Sbulk ].67TGN /zml ~ e (Z) 2 (Z) + (0) dZ :

Then, we can obtain

dSpuk 22 1 —x(2)/2
T / () X/ (4.26)

le

Considering other contributions from the boundary term, the past joint term and its
corresponding counter term, we can get the total complexity growth rate

. 2
dCx Qo [/Z %[(z)e*X(z)/de _ <3+ a) h(oo)

dt ~ 1672Gy L /)., 2 4 (2
dzm1 221 dt ml mi/|>

where we choose 7 = 1 from now on.
We first discuss the late time limit, where the null joint at z,,1 is extremely close to
the horizon. For z,,1 — zp, we can derive from the equation of motion of h(z) that

(e} 1 [e.e]
' il x()/23, = 1 ! =
ZWP_%H L Z4I(z)e dz = ZT&l_)nle . 2h/(z)dz = 2h(00). (4.28)
We also have
d Ing? \ d 47T
lim ) Sl iy ox/2g = T (4.29)
zm1—2H dzm Z00 dt Zm1—ZH 2%

Moreover, considering the conserved charge (2.5) with Q(oco) = Q(zp), one can obtain

T a?
T = —h(c0) (3 - 4> T (PADloe (4.30)
H
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Figure 14. The complexity growth rate of the superconducting phase for the positive critical time
t. > 0 (left panel). As a comparison, the case for the normal phase at the same temperature is
presented in the right panel. Here I' = 1672G n /2 and pu = 1.

where p = e}/ 2 A} characterizes the charge degrees of freedom behind the surface generating
a nonzero electric flux in the deep interior. As a result, we claim that the growth rate of
complexity is bounded at late time. The late time complexity growth is

I dC4 Oy
1m =
zm1i—zr dt 1672G N

[~4h(00) + (pAy)|so] (4.31)

The complexity growth using the CA conjecture for different temperatures in positive ¢,
case is shown in figure 14. In the normal phase, the complexity growth rate with respect
to time increases monotonically and saturates to a temperature-dependent constant. In
contrast, there is a time range in which the complexity growth rate of the superconducting
phase is decreasing and negative. This feature corresponds to the past joint term z,,; that
begins to probe the deep interior of the hairy black hole we discussed in section 3. As
shown in appendix C, in the superconducting phase, the complexity growth rate from CV
shares a similar behavior as the normal phase, and thus is not able to characterize the
dramatic change of the interior structure of the black hole with scalar hair. We shall leave
the relation between the precise feature of the complexity growth rate and the interior
dynamics to future work.

The case of negative critical time. When the critical time ¢, < 0, the WdW patch of
the superconducting phase has two joints z,,1 and z,,2 at the boundary time ¢ = 0 (see the
right panel of figure 12). This feature is quite different from all known examples with a
spacelike singularity in the literature for which the WdW patch typically has no null joint
term at the boundary time ¢ = 0.

We then find that the terms that contribute to the complexity growth rate by CA
conjecture include the bulk term, the joint terms at z,,; and 2,2, and the corresponding
counter terms on the null surface before z,,2 arriving at the spacelike singularity. As time
evolves, the future joint z,,2 will intersect the future singularity. After that, the terms
contributing to the complexity growth rate are the bulk term, the GHY boundary term,
the joint term at z,,1, and the corresponding counter terms on the null surface. Thus, we
divide the evolution into two periods by the critical time ¢ = —t. where —t. is the time
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when the future joint z,,s intersects the future singularity. In our present case, the late time
complexity growth after the time at which z,,2 intersects the future singularity is similar to
the previous case with positive t.. Nevertheless, the early time growth behavior is different
from the former one.

Before the time —t., we decompose the bulk region into three portions:

20 Fm2 ] t
o2 1 @2 t _
Sk = fomere [ e OIE) (5+F@) - FO)d,
4Q, 1,
Stk = Tomg o 1o O LEFO) — Pz, (432)

2Q) ZH 1 t
111 2 —x(2)/2
Spulk = 167G /Zm1 a° XE21(z) (2 — F(2) + F(O)) dz.

Then, we obtain

e X(@/21(2)dz . (4.33)

dSpuk 2o /Z"ﬂl
dt 167Gy J.,, 2%

In addition, considering other two joint terms and the corresponding counter terms, the

total complexity growth rate reads

dCa Qo /Zmz ief’dz)/Ql(z)dz

dt  1672Gy oy 2
Qs d lngtzt dzm1
— 4h(zm1) In(2z, ,
+ 167T2GN [ dzm (Z%ﬂ dt + (z 1) n( Z 1) (4.34)
Qs d lng?t dzmo
_ —4h(zm2) In(22m92) | .
+ 672Cn [ s (Z%ﬁ % (2m2) In(22m2)

It is easy to see that the complexity growth rate equals zero at the starting point ¢ = 0
because of 2,1 = Zma.

Another key situation is when z,,5 approaches the singularity. The complexity growth
rate will diverge for finite z,,1 and infinite z,,o.

. dCy . . a?
Zml;r_r}loo ek finite terms + Zml;r_r}loo <—6 + h(zm2) In(zma) — oo. (4.35)
where we have considered the Kasner behavior of our metric. Using the relation between
the boundary ¢ and z,2 (4.20), it can be seen that this divergence is transient and does not
have any influence when doing the average over the thermal time scale as discussed in [50].

dCa
dt

1 t+v8/2
= — C’,“ at, (4.36)
v; avg 76 t—vB/2 dt

where 7 is some numerical factor of order one. The complexity is still finite even though
its derivative is divergent in this transient short time. It should be pointed out that the
complexity growth rate will have a violently aperiodic alternation due to the chaotic behavior
of o at large z,,2 limit. Note that this situation does not change the late-time behavior.
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Figure 15. The complexity growth rate of the superconducting phase for the negative critical time
t. < 0 (left panel). The case for the normal phase at the same temperature is shown in the right
panel. We choose I' = 1672G n /Q2 and pu = 1.

After this short period in which z,,5 is large and approaches the singularity, the structure of
the WAW patch has a transition, and the behavior of complexity is the same as the first case
after —t.. The complexity growth rate in function of the time ¢ for different temperatures
is shown in figure 15. Compared to the normal solution at the same temperature, the
complexity growth rate of the superconducting phase shows a rich behavior due to the
complicated dynamics inside the hairy black hole we discussed in the last section.

Note that negative t. corresponds to higher temperatures of the superconducting phase
(see figure 13). We then find an interesting feature at the critical temperature 7. Although
the phase transition from the normal phase to the superconducting phase is a smooth one,
the complexity growth rate at late time has a sharp discontinuity at 7. (see the left panel
of figure 16). This discontinuity can be understood as follows.

For the superconducting phase, the late time complexity growth is given by

dCf;C Qo Qs 47T a?
= —4h Ao = —=——|—5——|1+— | I , 4.37
where we have used (4.30). For the normal phase, the late time growth is
dCfN R 1 (z1) B f(zm) D f'(z1) N 47T (4.38)
dt  16m2Gn 22 2%  16m2Gy 22 22| ’

Therefore, the difference in the complexity growth rate between the normal and the
superconducting phases at T, is

dCa Q| f'(21) o? Q  f'(z1)
A = 1+—|h N — 4.39
dt 16m2G N [ 22 T 4 (c0) ’T:TG 16m2Gn 22 ‘T:Tc’ ( )

where have used the fact that the last term is a small value, see figure 3. More precisely, we
have z;/zp = 1.1667 at T, ~ 0.0208y, therefore

/ 3 2 2 2 2 3
f (;’1) _ 3 (ZI> (1 § HET) L BEE (”) = 0.07887,42, (4.40)
27 ZHZT \ZH 4 27 20

This explains the discontinuity near 7, in figure 16.
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Figure 16. The late-time complexity growth rate for the CA duality (left) and the CV duality
(right) as a function of temperature. The blue lines correspond to the behavior for the normal phase,

while the red lines correspond to the superconducting phase. There is a sharp discontinuity at T
for the CA case. We choose I' = 1672G n /€2, A = 10GNL/Qs and p = 1.

It is now manifest that the complexity growth rate computed by the CA conjecture
is sensitive to the change of the inner structure of a black hole and thus could be a good
probe to the black hole interior dynamics. As a comparison, the complexity growth rate by
CV is checked in Appandix C and is found to be continuous across the phase transition at
T,, see the right panel of figure 16.

5 Conclusion and discussion

In the present work, we have investigated the interior dynamics for a class of black holes
with charged scalar hair from a holographic superconductor (2.8) that can be consistently
embedded in the M-theory. After proving the no-inner horizon theorem of the hairy black
holes (2.2) in a generalized Stiickelberg form (2.1), we obtained both the exterior and
interior configuration of the hairy back holes by numerically solving the full equations
of motion (2.9)-(2.12). As the temperature is decreased, the AdS RN solution becomes
unstable to forming scalar hair, yielding a second-order superconducting phase transition at
the critical temperature 7. Just below T, the interior dynamics from the top-down theory
displays several epochs. No matter how small the scalar is, there is a strong non-linear
dynamics near the would-be inner horizon of the RN black hole, characterized by the
collapse of the ER bridge and the Josephson oscillations of the scalar condensate. In the
far interior, one enters the regime with a never-ending alternation of Kasner epochs toward
the spacelike singularity z — oo.

We have found self-consistent analytic approximations for the alternation of Kasner
epochs guided by numerical exploration. Depending on the value of « defined in (3.5), we
are able to predict the new value of « for the next Kasner epoch. The analytic solutions
agree with full numerical one quite well, see figure 8 for the Kasner transition (|a| > 2) and
figure 9 for the Kasner inversion (|a| < 2). The transformation rule (3.22) of the alternation
of Kasner epochs yields that there would be generically a never-ending chaotic sequence of
Kasner epochs towards the singularity. As shown in figure 11, this transformation rule (3.22)
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corresponds to an underlying pattern of « that is highly sensitive to initial conditions. We
have emphasized that the presence of an exponential form of couplings (sinh ), cosh ) in
the top-down theory (2.8) plays the key role in triggering such alternation of Kasner epochs.
It would be extremely interesting to further understand this behavior with either a more
refined numerical approach or more powerful mathematical tools.

We have then considered the CA complexity as a probe to the internal structure of
the hairy black hole. This should be the first work to investigate the complexity growth
rate using CA in holographic superconductors. As shown in figure 12, there are two classes
of WdW patch depending on the critical time t. at which the null past joint of the WdW
patch locates exactly at the past singularity. We have found a sharp discontinuity of the
complexity growth rate at T, where there is a smooth phase transition from the normal
phase to the superconducting phase. This discontinuity was shown to be associated with
the dramatic change of the inner structure. In contrast, the complexity growth rate by
CV was found to be smooth across the phase transition at T¢ (see figure 16). Therefore,
the complexity growth rate by CA conjecture could be a good probe to the black hole
interior dynamics.

We have focused on static charged black holes with planer horizon topology, it would
be interesting to generalize our study to other horizon topologies and even to stationary
cases. We shall leave the precise relation between the complexity growth rate and the black
hole interior dynamics for future study. While the CA complexity was found to violate
the Lloyd’s bound in some setup [51, 52], it is desirable to check if the Lloyd’s bound will
be violated in the top-down model (2.8) that can be embedded in a UV complete theory.
It seems that the chaotic alternation of Kasner epochs we found in the present work is a
different new type, thus a deep understanding is required. Moreover, it is interesting to
understand the physical consequences of these Kasner epochs in the dual field theory point
of view (see, e.g. [53, 54]). In the present work, we only considered the case in which the
scalar hair develops spontaneously, the main features should apply to the hairy black holes
with explicit sources. So far, we have been limited to the four-dimensional theory (2.8), it is
interesting to consider other top-down theories, in particular, the five-dimensional one (2.7)
from IIB supergravity. We hope to report our results in these directions in the near future.
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A Configuration inside hairy black holes

In this section, we present more examples for the interior dynamics inside the hairy
black holes by numerically solving the full equations of motion (2.9)—(2.12). For a better
illustration, we consider z1', v/2zx” and /1 — 29}, /gy at different temperatures below T.
All of them approach a constant in a Kasner epoch described by (3.5). There are many
alternations of plateaus in figures 17 and 18, characterizing the alternation of Kasner epochs
at large z.

B Relation to billiard approach

In a recent paper [22], the author analyzed the metric behavior near the singularity using
the Hamiltonian phase space formalism which offers a clear way to present the transition
law of Kanser exponents in different Kasner epochs. It was found that the singularity

of a black hole with a massive charged scalar hair or vector hair is of the 4D BKL type

[pe|
1-2[p¢|”

approach” [46, 47]. As our Kasner transition result is different from the BKL type, it is

transformation law p; — This approach is also called the “cosmological billiard
necessary to understand where our model is different from the setup of the paper [22].

The author of [22] considered the theory with a free charged scalar ¢, while our case (2.8)
has non-linear couplings, including sinh? 1A, A* and the potential cosh? %(7 —cosh ). We
now compare our case with the free charged scalar of [22].

For the minimal coupling. The effective scalar potential (rescaled by ,/go) for the free
charged scalar reads [22]

Vi = ¢* Ao g go +m*Tdgo (B1)

where gy is the determinant of the spatial metric. For a Kasner epoch, the geometry in
terms of the proper time is given by

9 2a

ds® = —dr? + 7Pt + 0572p5d22,k7 ¢=—2 3 InT,
4
. (B2)
& -1 2
Pt = —3 ) Ps = — )
T +3 T +3

where the future singularity is at 7 = 0 and is approached from negative values of 7. The

2(

determinant of the spatial metric has gg ~ 72P¢12Ps) = 72 In the asymptotic limit, as A; is

approximately a constant, we see that the potential term is of the form
2 2 s 2 2 2
Vg ~voq”(In7)*r12+ 4+ m=771In(1)", (B3)

with vy a positive constant. It vanishes for 7 — 0 no matter what « is. As the potential term
vanishes asymptotically, it is irrelevant in the asymptotic analysis of the metric behavior
and does not affect the dynamics. So, the wall in the “billiard approach” method from the
scalar potential disappears as close to the singularity.
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For the top-down model. The effective potential of the scalar in the top-down model (2.8)
is given by

. 1

Vi = QA? sinh? g gy — cosh? %(7 —cosh)go, (B4)

with go the determinant of the spatial metric. For a given Kasner epoch, the geometry
reads (3.6)

20

o2

4

ds® = —d7? + 7Pt dt? + 7P dE5,, )~ —

Int, B5
3 (B5)

for which the determinant of the spatial metric is gg ~ 72. If the potential term vanishes
asymptotically, it is irrelevant in the asymptotic analysis of the interior behavior and does
not affect the dynamics. For the first term, from (B4) one can obtain

16(2—|a|)

A? sinh? gty ~ 7 12402 (B6)

where we have used that A; is a constant. So in order for this term to vanish as 7 — 0, we
must have |a| < 2. Moreover, the vanishing of second term, cosh? %(7 —cosh)gop, as 7 — 0
gives the constraint |a| < 2 or |a| > 6. Taking the intersection among them, we find that
when |a| > 2, the effective potential (B4) will diverge in the 7 — 0 limit. Therefore, the
effective potential can no longer be irrelevant in the asymptotic limit for any |a| > 2. This
is where the top-down model (2.8) is different from the model in [22]. Therefore, we find

the billiard table structure is different from the one in [22], this may be the reason why our

|pt]
1—2[p|

study of the transition rules of the top-down model in terms of the billiard approach in

new Kasner transition law does not satisfy the rule p; — . We shall leave a thorough

future work.

C Complexity in CV conjecture

In this appendix, we compute the complexity growth rate using the CV conjecture. The
CV duality is given by the following formula:

(C1)

Cy = max ——
Y maXGNL,

where V is all possible codimension-one surface connecting t7, and tg at two AdS boundaries,
see figure 19. As we will show, the computation of CV complexity is much simpler than
the CA one in the main text, as it does not need to know the structure of the interior at
large z. The computation of the extremal volume of the geometry (4.4) manifestly is a
variational problem. Due to the planar symmetry, we parameterize the extreme slice by
{z =2z(\),v =v(A)}. Then, the maximal volume is obtained by extremizing

1
V=0, / A=/ fexi? — 20312z = 0y / dAL(v, D) | (C2)
z
where the dots represent the derivative with respect to A. As the integrand in the volume
does not depend on v explicitly, one can define the conserved quantity E as
oL 1 fe Xi 4+ e X2
0 2 [ pexi? — 20120z

(C3)
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Figure 19. A representation of the maximal wormhole connecting the symmetric boundary time
tr, and tg. The bridge reaches the maximum distance zy,x inside the event horizon.

Since the extremal volume (C2) is parameterization invariant, one can choose special
parameter A so that the radial volume element is unit, i.e.

1
—\/ —fe X092 — 2e~X/29z =1, (C4)
As a result, the conserved quantity simplifies to
1 s /2
E:$<fe Xv+e X/zz). (Ch)

Combining (C4) and (C5), one can obtain another equation about 2.

E?25eX 1 f = & (C6)
28"

Substituting (C4) and (C6) into (C2), one finds that the extreme volume reads

)% € d € d
7:/(1)\:/ i:/ i , (C7)
200y max £ Jzmax 20€X/2\/E2 + fe~Xz=0
where € is the cutoff near the boundary. The maximum value of z in the extreme slice is
determined by setting Z = 0 in (C6), which means

E?%X + f=0. (C8)

Moreover, the turning point zp,ax is inside the horizon, hence 2 = 0, v > 0 and
f(zmax) < 0. It’s obvious that the conserved quantity F is negative at the maximum radius.
Considering (C5), one can derive from the ingoing coordinate that

€ ) € EeX/2 eX/2
tr— F(0) + F(max) = / dep = / @ <f —— ) . (C9)
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Figure 20. The complexity growth rate of CV conjecture for the normal phase (left) and the
superconducting phase (right) at different temperatures. The complexcity growth rate of the
superconducting phase is smaller than the normal phase below the critical temperature. Here
A=10GNL/Qs and p = 1.

Then the extreme volume (C7) can be written in the following form:

i X2 JETT feXaT  oX/2E
292_ Zmax f f(Z)

) dzE(tRF(O)JrF (zmax)> . (C10)

For simplicity, we consider a particular type of boundary time evolution with t; =tp = %
With the relation tp = t/2 and Cy = V/GnL, by taking derivative of equation (C10) with
respect to time ¢ one can obtain

acy 0
dt  GnL

E. (C11)

Here, we have used (C9) to simplify the contribution from the derivative acting on zpax.

Thus, using the conserved quantity F = —\/ —f (zmax)e—X(zmax)zrﬁgx, we obtain the growth

rate of the complexity
déy Qo

dt ~ GyL

The complexity growth rate using the CV conjecture for different temperatures is shown in

Git(Zmax) Zma - (C12)

figure 20. We find that below T, the complexity growth rate of the superconducting phase is
smaller than the normal case. Moreover, at 1" = T, where the scalar hair is vanishingly small,
the complexity growth rate is continuous from the normal phase to the superconducting
phase, see the right panel of figure 16. This is in contrast to the one by the CA duality in
the main text, for which the complexity growth rate is discontinuous at 7, (the left panel
of figure 16). This is due to the fact that the computation of the CV conjecture is not
sensitive to the detailed structure of the singularity, while, for the CA conjecture, one has
to know the detailed properties of the singularity as the WdW patch touches the singularity
in general.
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