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Quantum chaos in the presence of nonconformality
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The behavior of a chaotic system and its effect on existing quantum correlation has been
holographically studied in the presence of nonconformality. Keeping in mind the gauge/gravity duality
framework, the nonconformality in the dual field theory has been introduced by considering a
Liouville type dilaton potential for the gravitational theory. The resulting black brane solution is
associated with a parameter # which represents the deviation from conformality. The parameters of
chaos, namely, the Lyapunov exponent and butterfly velocity are computed by following the well-
known shock wave analysis. The obtained results reveal that the presence of nonconformality leads to
suppression of the chaotic nature of a system. Further, for a particular value of the nonconformal
parameter 7, the system achieves Lyapunov stability resulting from the vanishing of both the
Lyapunov exponent as well as butterfly velocity. Interestingly, this particular value of # matches with
the previously given upper bound of # known as Gubser bound in the literature. The effects of chaos
and nonconformality on the existing correlation of a thermofield doublet state have been quantified by
holographically computing the thermomutual information in both the presence and absence of the
shock wave. Furthermore, the entanglement velocity is also computed, and the effect of non-
conformality on it has been observed. Finally, the obtained results for the Lyapunov exponent and the
butterfly velocity have also been computed from the pole-skipping analysis. The results from the two

approaches agree with each other.
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I. INTRODUCTION

The study of various properties of a chaotic system has
always been a matter of great interest both theoretically and
experimentally. For a classical system, the characterization
of chaos is done with help of a parameter known as the
Lyapunov exponent A; which can be defined in the

following way:
1 (3E(0)
ﬂ, N_l ) 1
P “(5&)) W

where 6£(¢) denotes the change in the phase-space trajec-
tory of a classical dynamical system due to a change in the
initial condition 6£;. The above relation also advocates
for the fact that chaos is highly sensitive to the initial
conditions. On the other hand, the study of chaos in case of
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a quantum many body system is quite nontrivial [1].
Traditionally, one characterizes chaos for a nonclassical
system by comparing its energy spectrum to the spectrum
of random matrices [2]. Apart from this approach,
another way to probe quantum chaos is to compute the
double commutator of two generic local Hermitian oper-
ators V(0) and W(x, ). This can be written down in the
following way [3]:

Clx.1) = =(W(x,1). V(0)]?),
=—=(W(x,)V(0)W(x,1)V(0)) 4. (2)
The above quantity C(x, f) measures how much effect the
perturbation V(0) at an earlier time creates on the later
measurement of W(x, t). In other words, one intends to
study at what rate the information gets transferred between
two spacelike separated points. This property leads to the
phenomenon velocity of the butterfly effect or commonly
known as the butterfly velocity [4,5]. The butterfly velocity
is a state dependent quantity and can be understood as the
low energy analog of the Lieb-Robinson velocity [6]. This
implies that it acts as a bound for the rate of transfer of
information for a quantum mechanical system at low
energy scale. For large-N gauge theories, the four-point
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correlator has the following form which stands to be very
crucial for the study of quantum chaos [4,7,8]:

C(x, 1) ~exp [AL (t —t, - M)} , (3)

Up

where 4; is the Lyapunov exponent, and vy is the butterfly
velocity. It is worth noting that in the above relation, 4; is
sometimes said to be the quantum mechanical analog of the
classical Lyapunov exponent [9] which characterizes the
growth of quantum chaos. The Lyapunov exponent satisfies
the well-known MSS (Maldacena-Shenker-Stanford)
bound 4; < % where, f is the inverse of Hawking temper-
ature [10]. The bound is only saturated for maximally
chaotic systems. Furthermore, the relation [given in Eq. (3)]
is true as long as 74, < t < t,, Where, 1, 1s the dissipation
time which controls the late time behavior of C(x,1)
and ¢, is the scrambling time at which C(x,t) becomes
~O(1) [11]. The scrambling time basically denotes the
timescale at which the given perturbation gets distributed
among all the degrees of freedom of the chaotic quantum
mechanical system. From Eq. (3), one can observe that
the spacelike separation between the operators further
delays the scrambling of information in the system. On
the other hand, the butterfly velocity characterizes the

growth of the given perturbation V(0). This motivates one
to define a butterfly effect light cone t—t, = % for the
double commutator given in Eq. (2). Inside the cone
(t—t, > Liﬂ‘), C(x,1)~O(1), and outside the cone
(t—1t, < %‘), C(x,1) ~0.

The initial motivation to study chaos in a holographic
setup lies in the understanding that black holes are intrinsi-
cally thermal systems which are characterized by the
Hawking temperature, and it is a well-known fact that
thermal systems are the primary playgrounds for chaos.
Further, it has been noted that for black holes, the MSS
bound is always saturated [4,10] which depicts the fact that
the black holes are always maximally chaotic, or in other
words, they are the fastest scramblers [12,13]. Keeping
this observation in mind along with the gauge/gravity
duality [14-16], one might propose the following. The
holographic description’ of a maximally chaotic finite
temperature large-N gauge theory is possible as long as
the Lyapunov exponent saturates the MSS bound. Another
interesting fact that we would like to mention is the
following. Inclusion of higher-curvature corrections on
the gravity side does not modify the MSS bound; that
is, the bound still remains A; :2’7” [8]. However, the

presence of higher-curvature corrections do change the

'Existence of a one spatial dimension higher gravity solution is
said to be the holographic description of a control field theory in
one spatial dimension less.

QFT,

Right Exterior
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FIG. 1. Dual geometry of the thermofield doublet state.

butterfly velocity [8,17,18]. The conventional approach to
holographically study quantum chaos relies on the dual
description of the thermofield doublet (TFD) state [19,20].
This consists of two completely disjoint quantum mechani-
cal systems Quantum Field Theory (QFT) QFT; and QFTy
along with their energy eigenstates denoted as |n), and
[n)z. In this setup, the TFD state can be defined as

1 PEx
[TFD) = \/—Zzn:e‘T n), ® [n)p. 4)

The holographic description of the TFD state is a two-sided
eternal black hole geometry in anti-de Sitter (AdS)
spacetime where the two black hole geometries are con-
nected with each other by a nontraversable wormhole. The
quantum theories are living on the two asymptotic boun-
daries (left and right) of the black hole spacetimes (a simple
visualization of this setup has been given in Fig. 1). As we
mentioned earlier, the associated geometries of the asymp-
totic boundaries are connected with each other via a
nontraversable wormhole, and this ensures that the quan-
tum theories (living on these boundaries) do not interact
with each other. Entanglement is the sole reason due to
which they are aware of each other. The TFD state implies
that if we consider subsystems, namely, A and B which
belong to the systems QFT; and QFTy respectively then
there exists a nonvanishing local correlation between A
and B. One can quantify this correlation with the help of the
holographic thermomutual information (HTMI) /(A:B)
which has the following definition [21]:

I(A:B) = S(A) + Sw(B) = Sw(AUB),  (5)

where S,,(.) denotes the von Neumann entropy corre-
sponding to the relevant subsystem. The holographic
thermomutual information is the generalization of the
holographic mutual information [22-24] which was first
introduced in [21]. The computation of HTMI requires a
wormhole which connects the asymptotic boundaries of a
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two-sided eternal black hole geometry in AdS. Similar to
HTMI, the HTMI is also UV finite and positive definite
quantity. In the absence of chaos, HTMI is nonzero and
positive which depicts the signature of entanglement
between the subsystems A and B [21,22,24]. In order to
observe the butterfly effect one needs to disrupt the existing
local correlation between the subsystems of two copies of
decoupled quantum systems. In other words, one has to
disrupt the structure of TFD given in Eq. (4). In a holo-
graphic setup, this can be done by adding a small
perturbation to the system in the asymptotic past. From
the bulk perspective, the energy of the small perturbation
(which has been added to the system at an early enough
time) gets blueshifted and falls to the black hole which
results in the shock wave modification of the existing
holographic geometry [25,26]. The mentioned process of
perturbing the TFD structure disrupts the previously
existing local correlation between the subsystems, and
then one can follow the approach shown in [4,27] in order
to obtain the Lyapunov exponent and butterfly velocity.
Some of the recent works in this direction can be found
in [28-35]. It is to be noted that the mentioned perturbation
disrupts the correlation between the two decoupled theories
living at the two boundaries of the two-sided eternal black
hole geometry. In other words, it will only affect the term
Syn(A U B), not the individual entanglement pattern S, (A)
or S,,(B). Furthermore, the disruption of this two-sided
correlation is controlled by the entanglement velocity v,,
which basically probes the linear growth of S,,(A U B) for
(t, > t,) in the following way [36-38]:

dS.,(AU B)

dle = venSthAreaE’ (6)
where ¢, denotes the time at which the perturbation is added
to the system and Areay = d(A U B). Further, Sy, is the
density of the thermal entropy (Bekenstein-Hawking entropy
of the black hole). This behavior has been noted in both
purely field theoretic setup [39,40] and holographic setup,
and it can be explained with the help of the entanglement
tsunami phenomena [41,42]. In [38], it has been argued that
the entanglement velocity is always bounded from above by
the butterfly velocity for any holographic theory obeying the
null energy condition, that is,

VUen < Up- (7)

Further, in [43], it was proven that the above relation holds
for any unitary quantum system. It is to be noted that both the
butterfly velocity and entanglement velocity are always less
than the speed of light [43,44] due to causality. On other
hand, recently, it was shown that in case of a quantum many
body system, properties of a chaotic system can be charac-
terized with the help of the energy density retarded Green’s
function [17,45,46]. In the context of AdS/CFT duality,

the mentioned Green’s function can be written down in the
following form [47,48]:

R _ b(a), k)
GTOOTOO - a((u, k) . (8)

Now, the “pole-skipping” phenomena [49,50] states that
at some special points of the complex (w,k) plane,
b(w,, k,) = a(w,, k,) = 0 where (w,, k,) denotes the men-
tioned special point. This implies that, at these special points,
one has a line of zeroes intersecting with the line of poles for
the retarded Green’s function. Further, this implies that at
these points the retarded Green’s function is nonunique or ill
defined. We follow the literature and denote these points as
the pole-skipping points. For theories with holographic
duals, the pole-skipping points can be obtained from the
bulk field equations [45,46,51,52]. In the holographic setup,
the nonuniqueness of the retarded Green’s function corre-
sponding to the boundary theory is mapped to the non-
uniqueness of the ingoing mode of the bulk field at the event
horizon. It has been observed that for a static black hole, the
pole-skipping frequency (leading order) is given by [53-56]

w, =2xiT(s — 1), (9)

where s represents the spin of the field operator. The above
relation implies that depending upon the spin of the field, the
position of the pole-skipping frequency varies in the com-
plex-w plane. Further, it has been observed that for strongly
coupled theories with holographic duals, the leading order
pole-skipping point located in the upper half of the complex-
o plane is related to the Lyapunov exponent and the
Butterfly velocity in the following way [17,45,57]:

_ 0 (10)

Up Up

However, the above observation is only true for strongly
coupled theories with holographic dual which are maximally
chaotic. For nonmaximally chaotic (strongly coupled) sys-
tems this is not true as only for the maximally chaotic
systems, the stress tensor dominates chaos, and pole skip-
ping only recovers the contributions of the stress tensor to the
Lyapunov exponent and butterfly velocity [58]. From the
subsequent discussion, we shall find that the results in this
paper are compatible with the conclusions drawn in [58].
The above relation of the Lyapunov exponent together with
the relation given in Eq. (9) depicts the fact that only for
s = 2 field (metric fluctuation) one gets the pole-skipping
points in the upper half of the complex-w plane, which are
related to the parameters of chaos. Furthermore, one can also
observe that for s = 2, one gets a maximally chaotic system
as in this case, 4;, = 2xT (saturated MSS bound). On the
other hand, for other fields (s = O,%, 1, etc.), the pole-
skipping point is not related to the parameters of chaos
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although the retarded Green’s function is still nonunique at
the pole-skipping points [54]. Some interesting works in this
direction can be found in [18,53-55,58-77].

In this work we consider the black brane solution of the
Einstein-dilaton theory with a Liouville type profile for
the dilaton potential [78-81] as the gravitational theory.
The motivation to consider such a theory lies in the fact that
in the asymptotic limit we get a warped geometry instead of
an AdS geometry. This in turn means that in the context of
gauge/gravity duality, the boundary field theory will be
relativistic but nonconformal in nature [82]. This type of
geometry belongs to the class of geometries (such as
Lifshitz geometry, hyperscaling violating geometry, aniso-
tropic geometry, etc.) which help us to generalize the
gauge/gravity duality. The geometry under consideration is
characterized by the parameter #. In the limit n — 0, we
obtain the Schwarzschild type black brane solution. This
nonconformal parameter also satisfies a certain bound
known as the Gubser bound [83,84].

The plan of this paper is as follows. In Sec. II, we briefly
discuss the holographic gravitational dual of the noncon-
formal theory. We then compute the corresponding shock
wave geometry and compute the Lyapunov exponent and
butterfly velocity in Sec. III. In Sec. IV, we quantify the
effect of shock wave on the holographic thermomutual
information and also compute the entanglement velocity.
We once again compute the Lyapunov exponent and
butterfly velocity from the lowest order pole-skipping points.
This we provide in Sec. V. In this section, we also compute
the higher order pole-skipping points by considering scalar
field fluctuations. We summarize our findings in Sec. VL

II. EINSTEIN-DILATON THEORY WITH
LIOUVILLE POTENTIAL

The Einstein-Hilbert action corresponding to the
(d + 1)-dimensional  Einstein-dilaton  theory  with
Liouville type potential reads as [78—81]

1

Sgg=———7—
EH 167[G%+1

[axygR-208r-vig). (1)

where V(¢) = 2Ae" is the Liouville type dilaton poten-
tial. Here A represents the cosmological constant A < 0,
and 77 denotes the nonconformal parameter which captures
the deviation of the system from conformality. Further,

n<\/wn dg_dl) [83,84]. The corresponding Einstein field

equations and the equation of motion for the dilaton field
reads as

1 1
R/u/ - _g;wR + _gyuv(¢) = 26}4¢al/¢ - gﬂl/(a¢)2

2 2
1 w _ 15V(¢)
\/—_—gaﬂ(\/__gg 0,¢) = 1 op (12)

By solving the above two equations, one can obtain the
following nonconformal black brane geometry2 [78-81,85]:

dr? d=l
ds®> = —=r*P f(r)dt* + + 2P dxlz
(4 + i+ 7 2

oy =1- (=) (13)
r
where we have used
8 8d — (d— 1)172
= = 14
P8 -1 TR (d- D (14)

As mentioned earlier, the asymptotic limit of the above
given black brane is not AdS, and therefore the boundary
field theory is not conformal. Further, it can be observed
that in the limit # — 0, one obtains the AdS,, -
Schwarzschild black brane solution. Recently, in [86,87],
the authors have applied two different types of scalar
potentials to numerically construct the solutions of hairy
black holes and scalarons to study their properties
systematically. These hairy black holes also bifurcated
from the Schwarzschild black hole.

The Hawking temperature of the black brane geometry
[given in Eq. (13)] reads as

k C\ 2p-1
Ty=—=1[—)|r" 1
B~ on <4ﬂ'> T+ (15)

where k is the surface gravity. It is to be observed

8d

that for n = = the Hawking temperature of the black

brane is zero, irrespective of the value of r, . Furthermore,
from the above relation, one can express the event
horizon position 7 in terms of the Hawking temperature.
This reads as

B c 1+2,,_ pc = (16)
T+ = 47[TH a 4 '

III. SHOCK WAVE ANALYSIS: LYAPUNOV
EXPONENT AND BUTTERFLY VELOCITY

In this section, we now proceed to compute the
Lyapunov exponent and butterfly velocity by carrying
out the shock wave analysis. In order to obtain the shock
wave geometry in this setup, we first write down the metric
[given in Eq. (13)] in the Kruskal coordinates as it provides
convenience in case of a two-sided geometry setup.

“We have set Gy = 1 and AdS radius R = 1, for the sake of
simplicity.
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The first step is to introduce the Tortoise coordinate. For
a general metric of the form

ds* = =G, (r)dt* + G, (r)dr* + G;;(r)dx'dx/,  (17)

the Tortoise coordinate is defined as

Grr(r)

dr, = —
Gl!(r)

dr. (18)

For the metric given in Eq. (13), the above equation leads to

dr

With the above transformation in hand, we now move on to
the following Kruskal coordinates:

u = e_k(t_r*)’

v = —ekltr), (20)
By incorporating the Kruskal coordinate transformation,
one obtains the following form:

ds? = 2Q(u, v)dudv + g;;(u, v)dx'dx’, (21)
where

2.2p
20, v) = ). (22)

4z uv
In Kruskal coordinates, the event horizon lies at u = O or
v = 0. The exterior regions are located at u > 0, v <0
(right exterior) or u < 0, v > 0 (left exterior). On the other
hand, the singularity is located at uv = 1, and the boundary
is at uv = —1. In Fig. 1, we have given the Penrose-Carter
diagram depicting all the facts mentioned above. One
can now assume the following general form of the stress
tensor [26] corresponding to the unperturbed metric given
in Eq. (13):

T =T, du? +T,,dv* + 2T, dudv+Tdx'dy’, (23)

where the components 7', T, T,, and T;; are functions
of u and ». This general form of the stress tensor will be
used later as an ansatz in the backreacted shock wave
geometry. Further, we assume that the metric given in
Eq. (21) is a solution of the following Einstein equation:

1
R, — EgabR = 8a Tl (24)

where the form of the components 772" are given in
Eq. (23). It is to be mentioned that the contribution coming

from the cosmological constant has also been taken care by
the part 772" [32]. Next, we consider that a tiny pulse of

energy E; is added to left side of the geometry from the
boundary at an earlier time ¢. Considering t = 0 as the
reference frame, the energy of the added perturbation (at
earlier time f) gets blueshifted, and it follows an almost null
trajectory toward the past horizon. This process introduces
nontrivial modification to the original geometry [25,26].
Our motivation is to compute the change to the unperturbed
geometry [given in Eq. (21)] and the associated stress
tensor [given in Eq. (23)] due to the presence of the null
pulse. In order to do this, we assume that the null pulse of
energy is localized at u = 0, and it propagates along the v
direction. In terms of the Penrose diagram, this consid-
eration creates an extension along the v direction.
Mathematically, this extension can be incorporated by
considering the following transformations:

v — v+ 0(u)a(t, x')
dv — dv + 0(u)d;a(t, x')dx', (25)

where the form of the function a(z, x') is to be determined
from the Einstein field equations. The theta function 6(u)
ensures that the changes are constrained to the region u > 0
(left exterior). As mentioned earlier, the said nontrivial
modification to the original spacetime can be understood
with the help of a Penrose diagram. This we have given in
Fig. 2. We now incorporate the transformations given in
Eq. (25) to the unperturbed metric [given in Eq. (21)] and
obtain the following form for the backreacted geometry:

ds* =2Q(u, v + O(u)a(t, x'))du(dv + 0(u)0;a(t, x')dx")
+ gij(u, v + O(u)a(t, x'))dx' dx’ . (26)

For the sake of convenience, we now introduce the
following set of new coordinates:

<
I
<

]|
I
oS
_I_
>
~~
N
N—
)
~~
b
RN.
N—

FIG. 2. Penrose diagram of the shock wave geometry.
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From the above given coordinate transformations, one can
easily show the following relation:

dv + 0(u)o;a(t, x")dx" = dv — 8(u)a(t, x")du
= dv — 6(it)a(t, X')di. (28)

In terms of these new coordinates, the backreacted metric
[given in Eq. (26)] takes the following form:

ds? = 2Q(i1, v)du|dv — 5()a(t, x')du) + g; (i, v)dx'dx/.
(29)

In obtaining the above metric, we have used the relation
given in Eq. (28). The above given metric is usually
denoted as the general form of the shock wave metric.
On the other hand, the general energy-momentum stress
tensor corresponding to the matter part [given in Eq. (23)] is
also modified as

Tmatter

= [Tuu - 25(17!)(1(2‘, )_Ci)Tuv + 52(11)(12(2‘, )_Ci>Tvv}dﬁ2
+T,,dv* +2[T,, — a(t,x))s(a)T,,|dudv
+ Tdxidw, (30)

where T, (u,v + 0(u)a(t,x')) = T,;,. Furthermore, the
stress tensor associated to the shock wave is assumed to
have the following form [4]:

TSV = Eye'8(i)dis (%), (31)

where E is the asymptotic energy of the null pulse, and e
is the blue shift factor. Further §(x') ensures that the
perturbation is localized at x' = 0. In order to find the
profile of a(z,x'), we assume that the perturbed metric
[given in Eq. (29)] is a valid solution of the following
Einstein equation:

Roy = 5 00k = Sa(TI0 £ T30), (32)
where the expressions of T3 and TS5 are given in
Egs. (30) and (31) respectively. For the sake of simplicity,
we now introduce a bookkeeping parameter € in a(t, X') as,
a(t,x') — ea(t,x') and T3) as T5) — eTS), where
le| < 1. This process helps us in recovering the unperturbed
Einstein equation [given in Eq. (24)] in the limit € — 0.

Firstly, we solve the unperturbed Einstein field equation
[given in Eq. (24)] in order to obtain the values of 7', T ,,,,,
and T,,. We then substitute these values in the wuu
component of the perturbed Einstein field equation given
in Eq. (32) and keep terms up to ~O(e). We then observe
that the shock wave parameter a(z, x') satisfies the follow-
ing equation (on the horizon u =0 or r = r):

. 1 .
6(0)g" | Q7. )00, = S gijuir | a(t.¥) = 82T (33)

The above equation can be obtained from the uu compo-
nent of the perturbed Einstein equation [given in Eq. (32)].
We would like to mention that in obtaining the above
equation, the following conditions must hold [26,29]:

Qit, D)y = gyjoy =TT =0 atu=0. (34)

We now proceed to express Eq. (33) in terms of the 7 and r
coordinates in which the background spacetime [Eq. (13)]
was initially expressed. Furthermore, one needs to keep in
mind the fact that Eq. (33) is to be evaluated on the horizon
=0 or r=r,. This motivates us to consider the
following near-horizon expansion of the black hole lapse
function &(r) = r?P f(r):

E(r) = E(rs) + ,E(1) |y (r= 1)+
= c’,i1)—l(r_r+)_|_..._ (35)

In the above computation we have used the fact that
f(r),=,. =0. By using the above near-horizon form,

one can show that the Tortoise coordinate takes the
following form:

1 r—r
r, In *). 36
<cri”_l) ( Iy (36)

Further, the expression of uv is obtained to be in the
near-horizon limit

ax rory
uv = 8" x0T, (37)

We now make use of the above near-horizon expressions to
compute the expression of Q(iz, 7) and g,;.; ; on the horizon
# = 0 which appears in Eq. (33). This reads as

2.2p
0.0,y =L

u=0

1 2 \2 _ In(=t
zi( 2p—1> Crzf l(r_r+)e In( ’++)+"'
cry

2
=), (38)
cry!

In the above computation, we have used the near-horizon
expansions given in Egs. (35) and (36). We now proceed to

compute dt(ig%) |a—o- This reads as
dgi _ dgij dr,
d(iv)|,_o dr, J\d(@7v)) |,

= Vz”f(”)ﬁe_%argij ) (39)
47

r=r,
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where f§ = 2,, r is the inverse Hawking temperature. Next,

we use the near -horizon expansions given in Egs. (35)
and (36) in the above expression. This in turn gives us

N 2p-IN (T =74\ -5
~ (cry )<Cr2p_1 e +0,9ij

+
= r+argij|r:r+' (40)

dgij
d(@v)

=0

For the sake of simplicity, we have denoted rd,g;;|

as r,0,9,;(ry).
By using the above results in Eq. (33), we obtain the
following form:

r=r,

§1(ry) |r 10,0, =509y (1) |alt.x') = 8xEge 5 ().

(41)

We now choose the direction of propagation for the
perturbation as x' = x;. This further simplifies the
Eq. (41) to the following form:

(02, — M2)a(1, x,) = Eoe?™)5(x1), (42)

where

(d=1)ry
M? =
2Q(r+) argx]x] (rJr)’

‘We now make use of the metric given in Eq. (13) along with
Eq. (38) and the fact that g, , (ry) = r2+ in order to obtain
explicit expressions for M? and t,. These read as

¢ 2(2p-1
M? =2 p(d— 1)r* ™ (44)

(d-1)
ﬂ) ( rt
t, = (— log ye (45)
2z 47zcr+( +2)-2

In the above expression, 7, represents the scrambling time
which can be recast to the following standard form:

p
o (42) ostSu), (46)
where Sy is the Bekenstein-Hawking entropy density of
the nonconformal black brane which has the form

rﬂ(d—l)
Spy = — T (47)

We now proceed to solve Eq. (42). For |x;| #0, the
solution for a(z,x;) reads as

Mx; .
coe”™;  forx <0
a(t,x;) = 48
(1.x1) {cle‘M"l for x > 0. (48)

The above solution for both the regions must be continuous
at x = 0 which gives the condition ¢y = ¢;. On the other
hand, by integrating Eq. (42) one obtains

x1=0+¢
lin& {/ (02 — Mz)a(t,xl)dxl]
€= x;=0—¢
x1=0+¢
= Egert " )hr% {/ 5(x1)dx1]
€= x;=0—¢

= li_l}(}[axla(tv x1)|x,:0+e - axla([’ x1)|x1:0—e]

= Eget), (49)

We now make use of the solution given in Eq. (48) in the
above equation which in turn gives

E T
C0+C1 :M()ez/}(t t>

(50)
By using the condition ¢y = ¢; along with Eq. (50),
we obtain the solution for Eq. (42) to be

Eo r)-mix|

a(t,x;) =

~ constant x ¢7 ("7~ (51)

A few comments are in order now. Keeping in mind
Eq. (2), it is to be noted that the dlfference between states
created by W(x,#)V(0) and V(0)W(x,?) is related to the

null shift of the operator V(0) created by the shock wave
profile a(x,). As the commutator ([W(x, t),V(O)]2>ﬂ is
determined by the real part of (W(x,7)V(0)W(x,7)V(0)),
[8,88], at early times f <t < t, + i, one has [5,8,88]

C(t,x) ~a(t, x). (52)
We now compute the expressions for the Lyapunov
exponent and butterfly velocity by comparing the above

with Eq. (3). This yields the following results:

8d

1
AL:?; ”B_Z a—1_ , (53)
where the expression for f is given in Eq. (15). In the
conformal limit 5 — 0, one obtains f = % and

vg = %. This in turn means that in this particular

limit one recovers the SAdS,,; results given in [4].
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We would now like to make a few comments regarding our
results. It can be observed that the form of the Lyapunov
exponent remains unchanged, that is, A; = 22Ty, and this
form is universal for any maximally chaotic holographic
theory. Further, it also depicts the fact that the Lyapunov
exponent depends only on the Hawking temperature 7y
(which is also the temperature of the dual field theory).
However, the Hawking temperature is subject to the holo-
graphic model under consideration which in our case
corresponds to the nonconformal black brane solution.
Here, the parameter # in the gravitational solution charac-
terizes the theory since it appears in the bulk action
[Eq. (11)]. From the perspective of the dual theory, 7
corresponds to turning on some deformation away from
conformality, which implies choosing a particular boun-
dary theory. Once 7 is chosen, we would then fix f, which
characterizes the thermal state of the dual field theory, to
make plots of the various quantities that we shall compute
in the subsequent sections. From Fig. 3 we observe that an
increase in the value of the parameter # decreases the value

of the butterfly velocity vg and finally for n = /24 it

vanishes. This implies that due to the presence of non-
conformality, the speed of information spreading (vg) in
the system gets decreased representing the delay in the
growth of the initial perturbation provided to the system.

Forn = 4 /%, the system attains something known as the

Lyapunov stability as for this particular value of 7, the
Hawking temperature of the nonconformal black brane is
zero which in turn gives us a vanishing Lyapunov exponent,
that is, 4; = 0. This can also be understood as the steady
state. In this case, the signature of chaos in the system
vanishes, and the system becomes conservative. As a
consequence of the Lyapunov stability, the butterfly effect
also vanishes which is being manifested here as vz = 0 [2].
We have already mentioned that this particular value of

n= dg—_dl has the interpretation of being the upper bound

(Gubser bound) of 5 [83,84]. The physics behind the
Gubser bound is the following. For the Einstein-dilaton

0.8

0.6

VB

0.4 F

0.2

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
n

FIG. 3. Variation of the butterfly velocity (vg) with respect to
the nonconformal parameter 7, where we set d = 3.

black brane geometry to be thermodynamically stable, ;>
should always be less than del. This value is known as the

Gubser bound. When #? exceeds this value, the Einstein-
dilaton black brane and its dual theory are unstable
thermodynamically [78,80]. It can also be seen from the
solution for f(r) [Eq. (13)] that ¢ becomes negative when
n* exceeds the Gubser bound. So n* <34 for ¢ to be
positive. From our obtained results, we also confirm this
observation from the point of view of chaos, as for

n< %, the system is chaotic as both 4; and vy are

positive and for 7 = /24, the system is conservative.

One can also recast the expressions given in Eq. (53) to the
following forms:

(c)
b=y (ﬂﬂ )

vg = vy {1 - (01241);12] (54)

The above forms helps us to point out the nonconformal

corrections to the conformal results. Here, /I(LC>, ﬁ(c>, and

v%c) =/ dd_ 7 correspond to the Lyapunov exponent,

inverse Hawking temperature, and butterfly velocity for
the SAdS,,; black brane. As one shall have the SAdS,
black brane solution in the conformal limit # — 0, we
denote the corresponding results as conformal results [that
is why we use the superscript (c)].

IV. TWO-SIDED HTMI AND ENTANGLEMENT
VELOCITY

In this section, we compute the HTMI between the two
decoupled quantum mechanical systems existing on both
left and right asymptotic boundaries of the two-sided black
hole geometry [21]. Further, we do this for both unper-
turbed and perturbed geometries in order to quantify the
effect of shock wave on HTML

A. HTMI for the unperturbed Einstein-dilaton black
brane geometry

First, we holographically compute the two-sided ther-
momutual information in absence of the shock wave.
In order to do this, we consider two striplike, identical
subsystems of length /, namely, A and B which belong to
the left and right asymptotic boundaries respectively.
The geometry of these striplike subsystems (A and B)
can be specified as —% <x 5% and —% < x, 5% for
m =2,...,d—1. As mentioned previously, the expression
for HTMI is given by Eq. (5). To calculate this, one needs to
compute the von Neumann entropies associated to sub-
system A, B and A U B. In the gauge/gravity setup, one can
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holographically do this by incorporating the RT proposal
[89-91] which states that the von Neumann entropy of a
subsystem (for example A) can be computed with the
help of the extremal surface with minimal area y,. By
incorporating this proposal, one can obtain the following
result [85]:

SVH (A> = SVH (B)

242 [ p(d-3) 4
_ / r r , (55)

MEECNV/IDNIEIC

where r, is the turning point of the static minimal surface
of interest. On the other hand, the relation between the
subsystem size [ and the turning point r, stands to be

(56)

B o0 dr

The computation of S,,(A U B) is tricky. For this, one
proceeds with the surface yyomnole = 71 U 72 Which bifur-
cates the event horizon in order to connect the asymptotic
boundaries of the two-sided eternal black hole spacetime.
This is basically a nontraversable wormhole geometry
which induces entanglement between the two decoupled
theories (at right and left asymptotic boundaries of the
spacetime geometry). It is to be noted that y; corresponds to
the x; = —4 hyperplane and y, corresponds to the x; = 4
hyperplane. If we consider the area of a single surface (with
such properties), then symmetry tells us that the total area
will be four times the area of the single surface. A graphical
representation of the setup has been shown in Fig. 4. This

leads to the following expression:

Al
SVH(AUB;aZO)EM

41972 foo ppld=3) gy

4 I \/f(r) ‘

We now substitute the expressions from Egs. (55) and (57)
in Eq. (5) and obtain the following form of the two-sided
HTMI (in the absence of shock wave):

(57)

rPld=3)qr

I(A:Bia = 0) = L4 /oo
Ty f(r) 1-— (%)ZP(d—l)

[e] rp(d_3) dr

Iy \/f(r) '

T v

Left YA|||7B

FIG. 4. Schematic representation of the two-sided eternal black
hole geometry in the absence of the shock wave. Here, y, and y3
(in red) are Ryu-Takayanagi surfaces associated to the subsys-
tems A and B. y, and y, (in blue) lead to the extremal surface
Ywormhole = Y1 U 72 Which connects the two decoupled boundaries
(right and left).

Right

The above expression represents the mutual correlation
between the two decoupled theories living at the right and
left asymptotic boundaries of the two-sided nonconformal
black brane geometry [given in Eq. (13)]. It can be seen that
the expression is written in terms of the bulk coordinate r
and one can represent it in terms of the boundary coordinate
(subsystem size /) with the help of Eq. (56).

B. HTMI for the shock wave geometry

We now proceed to compute the expression of I(A:B)
in the presence of the shock wave modification of the
original geometry. In order to do this, we follow the
computational procedure shown in [27]. In this work, we
are considering a homogeneous shock wave which is
introducing deformation on the horizon along the v
coordinate which in turn stretches the wormhole geom-
etry. We denote this new elongated wormhole geometry
as 3N e = 71 U 72. This leads to the fact that only the
term S,,(A:B) gets affected due to the presence of the
shock wave as it is the only term in Eq. (5) which depends
on the wormhole geometry. A nice review related to this
topic can be found in [92]. S,,(A) and S,,(B) remain
unchanged as their associated extremal surfaces do not
bifurcate the event horizon [93]. This can be graphically
represented by a schematic diagram which has been
provided in Fig. 5. Keeping this in mind, for the shock
wave geometry, one can write down the following
expression:

I(A:B;a) = Syn(A) + Sun(B) — Syn(A U B: )
= Sun(A) + Syn(B) = Syu(A U Bia = 0)
— [Syn(A U B;a) = Syn(A U B;a = 0)]
=I1(A:B;a=0)— Syi (A U B;a), (59)

026025-9



ASHIS SAHA and SUNANDAN GANGOPADHYAY

PHYS. REV. D 110, 026025 (2024)

Event horizon
7
z
Left YallE |78 Right
=
o,
@
2

FIG. 5. Schematic representation of the shock wave geometry.
In presence of the shock wave, only the extremal surface
=71 Uy, (in blue) is getting affected.

SW
7 wormhole

where I(A:B;a=0) is given in Eq. (58) and Sy (AU B;a)
represents a regularized expression for the von Neumann
entropy which is free of the universal divergence term.
Furthermore, in the above computation we have also
introduced S,,(A U B;a =0), which we have already
computed in Eq. (57). The expression given in Eq. (59)
in turn means that we need to compute only the term
Svn (A U B; ). In order to compute S,,(A U B; @) we first
specify the parametrization of the corresponding Hubeny—
Ryu -Takayanagi (HRT) surfaces r = r(t),x; = +4, and
L<x, <Lform=2,..d-1 This leads to the cor-
respondmg area functlonal,

/ 2
i
Area(rymmnoe) = L / rPd=D [ f(r) + r4pf(r>dt
(60

It is to be noted that the above area functional for the
wormhole has been computed by using the original
geometry. However, unlike the unperturbed scenario [given
in Eq. (57)], one has to make use of the HRT proposal for
the computation as the time-dependent shock wave per-
turbation makes the bulk direction time dependent, that is,
r = r(t), and introduces time-dependent modification to
the wormhole geometry [27] (see Fig. 5):

Y wormhole a(tv X1 ) }/\i‘(/)vrmhole (61 )

—_—

The Lagrangian density can be read off from the above
action and has the form

52

—f(V)JF#(r)-

L(r i t) = L2prld=D) (62)

The corresponding Hamiltonian density can easily be
obtained from the definition

oL
H(r’pr’t):pri‘_ﬁ; pr:?- (63)
r
This in turn gives
_ o pld-1 f(r)
Hir,p,) =) T (e4)

~f0) + 7w

where it can be observed that the Hamiltonian H(r, p,)
does not have an explicit dependency on time ¢. Hence, the
Hamiltonian is a constant of motion. This can be written
down as

H(r, p,) = C = constant, (65)

where the conserved quantity C can be evaluated at the
point r = ry where 7|,_, = 0. This reads as

C =M, =—rb"/=f(ro). (66)

The on shell area functional therefore reads as

3dr

/ \/f ()40 £ (r)

On the other hand, the time coordinate can be represented
in the following way:

dr
() ==+ / rQPf(r)\/l — (rL)ZP(d—l) f(r) (68)

f(ro

Area(yS =L4!

(67)

ywormhole

N

We now proceed to specify the domain of integration for
the above expressions. The domain of interest can be
divided into three segments which has been pointed out
in Fig. 6. It can be observed that segment II and segment 111
have the same area. Keeping these observations in mind,
we write down the following form:

3)d

/\ﬁv ()27 (ro)

Swm(AUB;a)

3)d

p(d—
/W ~ (@)D f(r) |

With the above result in hand, we now make use of the
expression for S,,(A U B;a =0) [given in Eq. (57)] in
order to obtain the regularized version of S,,(A U B;a).

(69)
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This reads as

Swn (AUBsa) =S, (AUB;a) =S\, (AUB;a=0)

412

3)d

dr+2 (70)

4 / e VI

As we have explained in Eq. (59), the above expression of
Svi (A U B; a) along with the expression of I(A: B;a = 0)
[given in Eq. (58)] leads us to the desired result of
I(A:B;a). It is to be observed from the above expression
of Syt (A U B;a) that it is a function of ry. Before we
proceed further we would like to make few comments.
From Eq. (70) one can observe that in the limit ry — r,,
Swm(AUB;a) =S, (AU B;a=0). We would like to
point out that the emergence of the point r, in the black
hole interior (see Fig. 6) is precisely due to the shock
wave perturbation of the original geometry. This in turn
means that we need to find the relation between a (the
shock wave parameter) and r, so that we can depict the
variation of Sy (A U B; a) with respect to the shock wave
parameter. In order to do this, we follow the approach
given in [27]. As we have mentioned earlier, our domain
of interest can be divided into three segments, namely, I,
I, and III. This precise partitioning of the concerned
region is solely due to the presence of the shock wave. In
terms of the Kruskal coordinates, segment I connects
(u,v) = (1,—1) (boundary) to (u,v) = (u;,0) (horizon).
Segment II connects (u,v)
point ry which is at (u,v)
connects the point r,, that is,

= (u;,0) (horizon) to the
= (uy, v,), and segment III

(u, v) =

(u2’ UZ) to

FIG. 6. Deformation of the extremal surface y3" . (in blue)
due to the shock wave. We have divided the left half of the surface
into three parts, segment I which spans from the boundary
(r = o0) to the horizon r, , and both segment II and segment III
spans from r to the horizon r, . Thus, segment II and segment I1I
have same area.

_1)f(r0) )

pld-
/ \/f rodelf(ro) '

(u,v) = (0,a/2). Keeping these coordinates in mind
and by using the Kruskal coordinates, one can show
the following relations:

i = exp 4” 2"f \/ o]
1= Zpdl)
f(ro)
471' T+
u? = ex =10 |,
2R ) 21’f D) \/1 2pd—1)j{<())
To
e
vy = —exp| —— 71
2T p( ; 2"f() (71)

In the last of the above equations, the 7 point resides
inside the horizon at which r, = 0. From segment I1I, one
can show the following relation by incorporating the
variation in the v coordinate:

a_Z_ ex 4—ﬁ/r0 dr -1
p pr \/1 Zpd 1) (( ))
”0

=4 (72)

Now by using the relation given by Eq. (71) in the above
equation and after some simplifications, one obtains the
following relation:

a(ry) = 2exp(&; + &y + Em). (73)
where
A [ dr
G
£ 27 [ dr - 1

:F ry r2pf<r)

477,' ry dr 1
§IH ﬂ I”2pf(}") 1- 0 . (74)
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FIG. 7. Behavior of the shock wave parameter a(ry) with
respect to the turning point ry,. We have set f = 4z and d = 3.
Here, the right curve is for # = 1.5, the middle curve is for
n = 1.0, and the left curve is for n = 0.0.

In Fig. 7, we have graphically represented the relation
given in Eq. (73) with  =4z. We observe that a(rg)
decreases with the increase in the value of the r, and
ultimately vanishes at ry = r,. The lesson that one can
learn from this observation is the following. For a fixed f,
an increase in the value of the nonconformal parameter #
increases the value of r, . This can be understood from the
relation provided in Eq. (16). This in turn means that the
presence of nonconformality leads to a higher value of r at
which the shock wave parameter vanishes. It is also to be
noted that for a critical value of ry, namely, at ry = r, the
shock wave parameter a(r,) diverges. In fact, it can also
be observed that at this particular value ry = r,., only &y
diverges which depicts the fact that in the limit ry — r,., &
is the dominating piece in the expression of a(r,) [given in
Eq. (73)]. One can derive the value of r. by performing a
Taylor expansion of the integrand of &y around rg = r,. and
equating the coefficient of (ry — r..) to zero [29,31,32]. We
shall follow this approach to derive the explicit expression
of r.. Firstly, the expression of &y around r = r has the
following form:

N47Z T+ dr 1 1
"B In i f(v)
2p(d—1 "(r,
(-en-5td) =)

(75)

§IH

The above expression diverges at

2p(d—1)

o f(ro)

0.20F T i ]
0.15} , ‘ , A
\\\\\

o \\\

= 0.10f N 1
N
0.05F : : R - 1
ooof T
0.0 0.5 1.0 15 2.0 25 3.0 3.5
n
FIG. 8. Effect of the nonconformal parameter # on r,. We have

set d =3 and f = 4n.

By solving this one obtains

1
c ¢
= l—— . 76
e=re |- =) 76)
In the limit 7 — 0, one obtains the conformal result [27]
d-2 Vi
= — = | 77
rC r+ |:2(d _ 1):| ( )

We now make use of the relation given in Eq. (16) in order
to recast the expression of r. [given in Eq. (76)] to the
following form:

In Fig. 8, we have graphically represented the above
expression of r, for a fixed value of § in order to capture
the effect of nonconformality on it. We observe that
nonconformality decreases the value of r. which implies
the fact that nonconformality helps to probe the black hole
interior further. In Fig. 9, the behavior of Sy (A U B; @) and

I1(A:Ba) —1- Sy (AUB;Q)
I(A:B;a=0) I(A:B;a=0)
the shock wave parameter (log @) has been provided. We
observe that for a fixed value of loga, Syi(A U B;a)
increases with the increase in the value of the nonconformal
parameter 7. On the other hand, due to nonconformality,
Swi (A U B; a) becomes equal to I(A:B;a = 0) (resulting

in % = 0) for a smaller value of loga.

with respect to the logarithm of

C. Entanglement velocity

We now proceed to study the behavior of Syt (A U B; @)
with respect to the time ¢ at which the initial perturbation
was added. It can be observed that Sy (A U B;a) grows
linearly with respect to log @ which in turn means it grows
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FIG. 9. The left plot represents the behavior of Sy: (A U B; @) with respect to loga. The right plot captures the behavior of the
thermomutual information in the presence of the shock wave. Here, we have set f = 4z, L = 1 and d = 3. Left plot: the upper curve is
forn = 1.5, the middle curve is for 7 = 1.0 and the lower curve is for 7 = 0.0. Right plot: the upper curve is for 7 = 0.0, the middle curve

is for # = 1.0 and the lower curve is for # = 1.5.

linearly with respect to ¢ (as a= ezl_’ﬂt). This can be
observed from the left plot of Fig. 9. This linear behavior
of Sy¥(A U B;a) in turn helps us to quantify the spreading
of entanglement in a chaotic system by introducing the

|

entanglement velocity in this setup. In order to capture the
behavior of Syy (A U B; a) around ry = r,, we first expand
Swi (A U B;a) up to linear order in (r — ry). This leads to
the following form:

dr

S¥E(A U Ba) & 2L92 /= (ro)rh ™V / "
o

=2L42/ —f(ro)r(l))(d_l)/r+

0

- 2292/ [
ro

Now, by using the relation given in Eq. (75), we can write
reg

down the following form of Sy; (A U B;a) and proceed to
consider the ry — r,. limit,

Sy (AU B;a) ~2L972/ —f(ro)rg(d_l)

y <%> log a(ry)

Keeping in mind the exponential growth of the given

(80)

ro=re.

perturbation, that is, a~exp%, one can write down the
following equation [36,38,41-43]:

o f(ro)

2p(d-1)

dr 1

2p(d—1 "(r
() - )

dr

2 f(ro) 79)

[
dSS¢(A U B;a)

= 2192 /= f(r )t <4’Lﬂ> (2_,,)

dt ;
= 4L/~ (1) (_> pla- (ri“’-”)
ry 4

(81)

= sthAZUen s

pld-1)
where sy, is the thermal entropy density sy, = —7— Ay =

41972 is the area of the hyperplane, and wv,, is the
entanglement velocity which has the following form:

Uen = <r_c) p<d_1) _f(rc)'

ry

(82)
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FIG. 10. Comparison between the variations of the butterfly
velocity (the upper curve) and entanglement velocity (the lower
curve) with respect to the nonconformal parameter 7.

By using the explicit value of r, [given in Eq. (76)], one can
obtain an exact expression for the entanglement velocity.
This reads as

pd-1)
C ¢ C
| —— -
{ 2,,((1_1)} wd-n-c B

In the limit # — 0, one obtains the standard conformal
result (result for SAdS, ;). This reads as [36]

Vo =———— 84
2(a- 1) -

From our obtained result of entanglement velocity [given in
Eq. (83)], we observe that similar to the butterfly velocity
and Lyapunov exponent, it also decreases with the increase
in the value of the nonconformal parameter #. Furthermore,

% representing the complete

disruption of quantum entanglement. We have represented
our observations graphically in Fig. 10. Figure 10 also
reveals that in the presence of nonconformality, entangle-
ment velocity still satisfies the property v,, < vg. Further,
both of these velocities are always less than the speed of
light (as speed of light v, = 1).

v,, also vanishes for n =

V. POLE-SKIPPING ANALYSIS: LYAPUNOV
EXPONENT AND BUTTERFLY VELOCITY

In this section, we will point out the special points,
known as the pole-skipping points, in the complex (w, k)
plane at which the near-horizon solution of the bulk field is
ill defined which leads to the nonunique nature of the
corresponding retarded Green’s function. As mentioned
earlier, the location of these points in the complex (w, k)
(upper half or lower half) depends on the spin s of the bulk
field. As we have already shown in Eq. (10), only the upper
half pole-skipping points are related to the Lyapunov
exponent and the butterfly velocity. As we are interested

in the near-horizon analysis of the bulk field equation of
motion, we recast the bulk metric [given in Eq. (13)] in the
ingoing Eddington-Finkelstein coordinate system,

v="1t+r,. (85)

In the above coordinate system, the bulk metric takes the
following form:

d—1

ds® =—r* f(r)dv* +2dvdr+h(r) > _dx?

i

h(r)=rr.

i=1

(86)

On the other hand, we assume the following linear
perturbation of the metric and the dilaton field (in the x;
direction):

59}41/(1)’ r, -x]) - 5gﬂy(r)e_iwl)+ikx1

Sp(v,r,x;) = dp(r)e@vrikn, (87)

In the sound mode, the relevant perturbations are 6g,,,, 9,
0Gux,s Grrs 0Grx,» 0Gy,x, along with 6¢p which can couple to
any of these metric fluctuations. As the location of the pole-
skipping point (®,,k,) depends on the behavior of the
background metric on the horizon, one has to consider
the near-horizon behavior of these perturbations [45,46,69].
In the near-horizon regime, the perturbations behave in the
following way:

8, (r) = 8gu) + 89 (r = 1) + O(r = r.)2...
5p(r) = 6 + ¢V (r—r.) +O(r—r,)....  (88)
We now follow the approach given in [45].

By substituting the above forms of perturbations in the
Einstein field equations [given in Eq. (12)] and by con-
sidering the near-horizon limit, one observes that the vv

component of the Einstein-field equation assumes the
following universal form [45]:

d—1
(—i—( 5 )a)h’(r+) + k2> 6g(@%)
— i(2aTy + io) (w(sgﬁ?i, + 2k5g$§),) —0. (89)

By incorporating the background metric information from
Eq. (86), we obtain the following form for the case we have
in hand:

d—1
(—ii( 3 )a)arrzl’\,zr+ + kz)éggg)

— 22Ty + io) (wégi?l,. + 2kag§2{) —=0. (90)
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From the above equation, one can easily point out the
special values of @ and k for which the equation gets
satisfied. The values of w read as

o =27Ty = w,. (91)

On the other hand, for k, the corresponding special value is
given by

d—1
k= \/1( 5 )a)*d,r21”|,:,+ =i

277:TH

=k,. (92)

(@)

We now make use of the relations given in Eq. (10) along
with the above obtained values of w, and k, to obtain the
following results:

2
AL =7 (93)
c 1 8d )
= =- e/ 4
=\ 2pd-1) aVa-1"" (54)

The above results agrees perfectly with that obtained from
the shock wave analysis [Eq. (53)]. A few remarks are in
order now. From the above computation, one can conclude
that the metric perturbation in the sound channel leads to
the energy density Green’s functions which have the pole-
skipping points in the upper half of the complex (w, k)
plane. The importance of these points lying in the upper
half plane is that they lead to the parameters of chaos, based
upon the relations given in Eq. (10). This further verifies the
previously mentioned statement that for a strongly coupled
theory with holographic dual which is maximally chaotic,
the pole-skipping points are related to the parameters of
chaos. However, it is to be kept in mind that the association
of the pole-skipping points with the parameters of chaos
can be made as long as the pole-skipping points are in the
upper half of the complex (w, k) plane. In the Appendix, we
show that for a scalar field perturbation, the pole-skipping
points lie in the lower half of the complex (w, k) plane and
hence are not related to the parameters of chaos even for a
maximally chaotic system.

VI. CONCLUSION

We now summarize our findings. In this work, we have
holographically studied the behavior of the parameters
of chaos in the presence of nonconformality. By incorpo-
rating the gauge/gravity framework, we have introduced the
two-sided black hole geometry which is the well-known
dual description for the thermofield doublet state. This
realization helps us to quantify the effects of chaos on
the correlation which exists between the right and left
boundary theories of the two-sided geometry. The

nonconformality in the boundary theories has been holo-
graphically introduced by considering the black brane
solution of the Einstein-dilaton theory where the dilaton
potential is of Liouville type. The asymptote of the black
brane geometry is a warped geometry instead of a pure AdS
geometry. This implies that the boundary theory is non-
conformal as the scale transformations are broken; how-
ever, it is relativistic as the Poincdre symmetry is still
restored. The black brane solution is associated with a
parameter # which characterizes the deviation from con-
formality as in the limit # — 0, one obtains the usual
Schwarzschild black brane solution. In order to keep things
general, we have considered the gravitational theory is
(d + 1)-dimensional which in turn means the boundary
theories are d-dimensional. In order to compute the
parameters of chaos which are the Lyapunov exponent
and the butterfly velocity, we obtain the shock wave
geometry corresponding to the black brane solution under
consideration. The shock wave geometry arises due to the
introduction of a tiny pulse of energy in the geometry (or in
dual sense, adding of perturbation at the boundary theory).
Owing to the presence of the event horizon, the energy of
the pulse gets blueshifted resulting in a nontrivial modi-
fication to the original geometry. The obtained results for
the Lyapunov exponent and butterfly velocity from the
shock wave analysis reveal some interesting observations.
We observed that the form of the Lyapunov exponent
remains unchanged, that is, 4; = 22Ty, as this form is
universal for any maximally chaotic holographic theory. It
is important to note that the Lyapunov exponent depends
only on the Hawking temperature 7y (which is also the
temperature of the dual field theory). On the other hand, the
effect of nonconformality on the butterfly velocity (vp) is
pretty straightforward to see from the computed expression.
Further, we observe that vz decreases with an increase in
the value of the nonconformal parameter #, and finally it

8d
d-Tr

Lyapunov stability for the system as for this particular
value of 7, the Hawking temperature of the black brane
becomes zero (irrespective of the value of r, ) which leads
to the vanishing of the Lyapunov exponent, that is, 4; = 0.
This particular value of # matches perfectly with the
previously known upper bound of #, known as the
Gubser bound. Our results also confirm the value of this
bound from the point of view of chaos. Our results also
indicate that nonconformality helps to suppress the chaotic
nature for a system. On the other hand, it is a well-known
fact that the left and right boundary theories of a two-sided
geometry share a nonvanishing quantum correlation
between them which can be characterized by the thermo-
mutual information between the mentioned two sides. In
order to observe the effects of chaos and nonconformality,
we compute the HTMI both in the presence and absence of
the shock wave. We observe that nonconformality increases

vanishes for n = We believe this represents
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the existing entanglement between the boundary theories,
namely, A and B. This can be understood from the behavior
of Sys(A U B;a) as its value increases with the increase
in the value of 5 (for a fixed value of the shock wave
parameter log ). We also note that there is a critical value
for ry, namely, r. at which the shock wave parameter
diverges. Furthermore, an increase in the value of z
decreases the value of r.. This in turn means that the
presence of nonconformality helps us to probe further the
black hole interior as the point r, resides inside the black
hole interior. In order to understand the spreading of
entanglement for a chaotic system, we proceed to compute
the entanglement velocity. We observe that similar to the
butterfly velocity, this quantity also decreases with the
increase in nonconformality, maintaining the bound
vg < v,,. Finally, we once again obtain the Lyapunov
exponent and butterfly velocity from the lowest pole-
skipping points in the upper half of the complex-(w, k)
plane. We observe that the obtained results match perfectly
with that obtained from the shock wave analysis. We also
compute higher order pole-skipping points [in the lower
half of the complex-(w, k) plane] by considering scalar
field fluctuation in the bulk geometry and give the results in
the Appendix.
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APPENDIX: SCALAR FIELD PERTURBATION
AND POLE-SKIPPING POINTS IN THE LOWER
HALF OF THE COMPLEX (w, k) PLANE

In this appendix, we compute the pole-skipping points
by considering scalar field fluctuations in the gravitational
background. We start our analysis by considering a
minimally coupled massive scalar field ¥(v,r,x;), the
equation of motion for which is governed by the following
Klein-Gordon equation:

1
——0,(v/=99"0,¥) — m*¥ =0, (A1)
/=g H
with the background metric being given by Eq. (86).
The above equation assumes the following form in the

Eddington-Finkelstein coordinate:

p(d = )PP d-1-10,9 4 2070-09,0,9 + p(d + 1)@ ()0, 4+ D) ()0, + D) F(1) 2 + rrld-g2

— rPld=-1p2g — (),

We now consider the following Fourier decomposition of
the massive scalar field:

W(v,r,x;) = y(r)ei@vtika, (A3)
By substituting Eq. (A3) in Eq. (A2), we obtain
W' (r) + A (r)y'(r) + Ao (r)y(r) =0, (A4)
where
P (r) + p(d+ 1)r*P~ £(r) = 2iw
ARGl GET IS el
Etm? +2p(d -1
Balr) == r2Pf<r>( ) "

In order to find out the pole-skipping points, one needs to
consider the near-horizon limit. The near-horizon expan-
sion for the scalar field reads w(r) as

w(r) =wo+yi(r—ri) +yn(r—ri)> 4. (A6)

By substituting the above near-horizon form of y(r) in
Eq. (A4) and by equating the coefficients of (r — r, )/ (for
j=0,1,2,...) to zero, one obtains a set of linear equations
which read as

(A2)
Xoovo + xory1 =0,
X1oWo +xuyi + xiyr =0,
X20W0 + X211 + xnyr + xsnys =0
(A7)
where
k? iw
Xoo = —<Tp+m2 +—pld- 1))
ry ry
xor = f!(re) = 2iw
X10=0
110 =227 4 pld + )R f(r)
K2 iw
- <Tp+m2 +—p(d— 1))
ry ry
X = 4r7 f/(ry) — diw
(A8)
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The coefficients y;; can be arranged to form a square matrix:

Xoo Xol
X100 X11
X220 X21

M:

0 0
Y2 0
X2 X223

The pole-skipping points are to be obtained by simultaneously solving the equations [46]

Xn—-1n = O;

det(M) = 0. (A9)

We now provide the locations of some of these pole-skipping points. These read as

L,
1), ot 172
Ty ,

27T 2 4
| = —127TTH, kl = —i " H |:1 + 2 drn 1 (ﬂ:
T pld-1)x
AdrT
w, = —idnTy;  ky = —i ToH [1 + (:;2

\/p(d—l)+2(cc+1)—p(d+l)

I 4_7[ gifng;ill) 1/2
pld=1)+2(c+1)—pd+1))\ c " ’

From the above one can observe that the pole-skipping points reside in the lower half of the complex (w, k) plane. This is
quite expected from the relation given in Eq. (9) as we have considered scalar field fluctuation which has spin s = 0. These
points are not related to the parameters of chaos as they are negative.
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