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ABSTRACT: Recently, a direct signature of chaos in many body system has been realized
from the energy density retarded Green’s function using the phenomenon of ‘pole skip-
ping’. Moreover, special locations in the complex frequency and momentum plane are
found, known as the pole skipping points such that the retarded Green’s function can
not be defined uniquely there. In this paper, we compute the correction/shift to the pole
skipping points due to a spatial anisotropy in a holographic system by performing near
horizon analysis of EOMs involving different bulk field perturbations, namely the scalar,
the axion and the metric field. For vector and scalar modes of metric perturbations we
construct the gauge invariant variable in order to obtain the master equation. Two sepa-
rate cases for every bulk field EOMs is considered with the fluctuation propagating parallel
and perpendicular to the direction of anisotropy. We compute the dispersion relation for
momentum diffusion along the transverse direction in the shear channel and show that
it passes through the first three successive pole skipping points. The pole skipping phe-
nomenon in the sound channel is found to occur in the upper half plane such that the
parameters Lyapunov exponent A7z and the butterfly velocity vp are explicitly obtained
thus establishing the connection with many body chaos.
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1 Introduction

A large number of studies has been conducted in recent years to quantify the chaotic
behavior of quantum systems with large number of degrees of freedom. Classically, the
chaotic behavior of a dynamical system is characterized by a parameter Ay, known as the
Lyapunov exponent. A positive value of Ay, indicates an exponentially fast growth (w.r.t.



time t) of separation between two phase space trajectories which were infinitesimally close
at some initial time ty. In quantum system, the characteristics of chaotic behavior is
somewhat analogous to that of the classical systems. However, the mathematical tools
required to diagnose or quantitatively compute the chaotic behavior in quantum systems
are different from the classical ones. For instance, in quantum systems the random matrix
theory is one such commonly used tools to describe chaos [1]. However, due to the progress
in the last few years it turns out that a more satisfactory diagnosis of quantum chaos can
be achieved from the study of black hole, in particular using the holographic principle.!
The gauge/gravity duality and for that matter, the AdS/CFT correspondence [3-5]
provides a significant improvement of our understanding on quantum systems with large
number of degrees of freedom at strong coupling. Using the tools of gauge/gravity duality
one can perform the gravitational shock wave analysis [6-10] to calculate the out-of-time
ordered correlation function (OTOC) which is regarded as the measure of chaos in quantum
systems. The OTOC characterises the chaotic behavior in many body quantum systems in
terms of two parameters, namely the lyapunov exponent Az, and the butterfly velocity vg. A
series of comprehensive work has already been done over the past few years in order to estab-
lish this connection between OTOC and quantum chaos, for instance see [6, 7, 9, 11-16] and
the references therein. More precisely, in chaotic systems the OTOC or essentially the four
point correlation function shows the following exponential growth w.r.t. time and space,

(V(t, D)W (0)V (t, D)W (0)) g, == 1 — e et vm), (1.1)

V and W being some generic operator. The butterfly velocity vp represents the speed at
which the perturbation propagates in space. However, most recently it is observed that
a particular component of a much more simple correlation function namely, the energy
density retarded Green’s function can provide a direct signature of quantum chaos in most
of the holographic theories with Einstein gravity [17-21].

In strongly coupled quantum field theories at finite temperature, thermal retarded
Green’s function encode information about the near equilibrium physics of the system.
Using the concept of gauge/gravity duality the properties of these thermal Green’s functions
has been investigated for strongly coupled systems in [22-25]. It is recently observed that
the dispersion relation of collective excitations in the energy density Green’s function is
actually related to the particular form of the OTOC as given in (1.1). In particular, the
parameters A7, and vp can be obtained by analysing the behavior of quasinormal modes
in holographic systems. The phenomenon that sets up a direct relation between these
collective excitations in the retarded Green’s function and the parameters of chaos in
quantum many body systems is known as the ‘pole skipping’ phenomenon. It is defined
as the special locations in the complex (w — ¢) plane such that the lines of zeroes and the
lines of poles of the retarded Green’s function in momentum space coincide or crosse each
other at that special point and hence it is not defined uniquely.

The non-uniqueness of Green’s function at special location in the complex plane was
explicitly shown for example in [18, 19] by performing a near horizon expansion of the

See [2] for a complete review of recent work on holographic chaos.



equation of motion. To explain the basic idea with a particular example, let us consider the
equation of motion for a massive scalar field ¢ in planner AdS black hole background with
horizon radius rg [18]. Writing the metric in terms of the ingoing Eddington-Finkelstein
coordinates (v,7,z) with ¢ = @(r)e v+ one obtains the second order equation of
motion for ¢(r). Now for the near horizon behavior of the solution, ¢(r) can be expanded
as p(r) = (r — rg)* with the two possible results for A as A\; = 0, Ay = (iw/277T), T
being the black hole temperature. At this point one imposes the ingoing wave boundary
condition at the horizon and picks the exponent A\; which makes the solution regular at the
horizon. However at special values of w,, = —i27Tn, (n = 1,2,3,...), the other exponent Ao
becomes a positive integer and hence there exist two independent ingoing regular solutions
at the horizon. As a result the retarded Green’s function can not be defined uniquely. In
fact it turns out that the retarded Green’s function actually depends on the slope with
which one approaches the pole skipping points.

In order to have a clear idea about the phenomenon, it would be helpful to describe
in short the procedure to obtain the pole skipping points at different orders of expansion
near the horizon. As already discussed, the pole skipping points are defined as the special
locations in the complex (w — ¢) plane at which the pole of the retarded Green’s function
is skipped because the numerator as well as the denominator (of the Green’s function)
vanishes simultaneously. These special points are represented by the set of values (wy, ¢,)
obtained by the near horizon analysis of the equation of motion involving the bulk fields
in the dual gravity theory. In the above the index n can take positive integer values
(n = 0,1,2,3,...) that indicates the order for the near horizon expansion of the bulk
equation. Let us consider an equation of motion for any bulk field Z(r) having the following
general form,

Z"+ A(r)Z' + B(r)Z = 0, (1.2)
where r denotes the radial coordinate of the dual gravitational background and the horizon
is defined at » = ry. In this analysis we will be using the ingoing Eddington-Finkelstein
coordinates in which the metric for a generic gravity background takes the following form,

ds® = —f(r)dv? + 2dvdr + . .. (1.3)

where v is defined in terms of the tortoise coordinate r, as v = ¢t + r, and the ellipses
indicates the spatial part of the metric. To proceed further, consider the near horizon
expansion of the bulk field Z(r) as,

Z(r) =) zn(r—ru)" (1.4)
n
and then put it back into the equation of motion (1.2). The resultant equation can be
expanded in a power series near the horizon ry and are given at different orders as,
o020 + co121 = 0,
1020 + c1121 + c1222 = 0,

€2020 + C2121 + c2222 + c2323 = 0,



Considering equations upto nth order one can construct a n X n matrix with elements as
the coefficients of the above set of equations is given as,

Coo Co1 0 0
clo c11 ci2 O
C=|[co Co1 C22 Co3 --- (1.6)

)

where the above matrix elements are functions of w and ¢. With the above matrix, the
pole skipping points are determined by the solutions of the following equations,

Ch1n =0, det C = 0. (1.7)

In this work, we manage to solve the above equation analytically only for the first few pole
skipping points and one has to rely on numerical solutions for the results at higher orders.

Several interesting aspects of quantum chaos can be realised from the phenomenon
of pole skipping. The connection between hydrodynamics and chaos has been explicitly
shown in several holographic theories using the pole skipping. In [26], the authors showed
through numerical calculation that for the hydrodynamic sound mode, the dispersion re-
lation provides the results of lyapunov exponent, a parameter for quantum chaos. This
connection with hydrodynamics was shown to be valid even for gravitational theories with
curvature squared correction in [27] using the pole skipping phenomenon. Also in [28]
the author obtained the higher curvature correction to the special value of the momen-
tum at which the pole is supposed to be skipped, with no correction to the results for
the frequency. Another interesting connection between the transport coefficient and the
parameter of quantum chaos was developed in [29, 30]. Moreover, the diffusion constant
for both charge and momentum is shown to be related to the square of the butterfly ve-
locity in strongly coupled theory. In holographic theories, both transport coefficients and
the parameters of chaos are related to the near horizon physics. So the connection can be
realized from the AdS/CFT correspondence. A list of several other works recently done on
pole skipping phenomenon can be found in [31-38].2

In this paper we have considered a gravitational background with a spatial anisotropy
as obtained in [40, 41].3 The primary goal of this paper is to find explicitly the corrections
that the pole skipping points receive in the complex frequency-momentum plane due to the
spatial anisotropy in the background theory parameterized by a (or a dimensionless one
b= a/T). We consider the bulk scalar, axion and metric field perturbations and in each
case we make two different choices for the direction of propagation for the field fluctuations,
namely (i) along the direction of anisotropy (ii) perpendicular to the direction of anisotropy.
We find that the frequency at the pole skipping point receives no correction due to the
anisotropy but only the momentum gets corrected. The rest of the paper is organized as
follows, In section 2, we present a short discussion on the gravitational background dual

2Pole skipping in two dimensional CFT and also two dimensional BCFT was studied in [39].
3See [42] for holographic study of brownian motion in the same background.



to a SYM plasma with spatial anisotropy. In section 3, we describe quantitatively the pole
skipping phenomenon in energy density Green’s function in the upper half complex plane
by doing a near horizon analysis of the vv component of Einstein’s equation and obtain
the Lyapunov exponent and butterfly velocity associated to the phenomenon of chaos. In
section 4, we first study the pole skipping in the lower half plane for scalar and axion field
and then carry on the analysis for the metric perturbations. For the metric perturbations
we take into account all the non-zero components for the shear and the sound channel and
construct the corresponding master equations involving the gauge invariant variables (we
present a detailed discussions on the construction of gauge invariant variables for different
metric field perturbations in appendix A). In the same section we also solve the dispersion
relation of the transverse momentum diffusion in the shear channel using numerical method
and showed that it passes through the corresponding pole skipping points. Finally, we
conclude in section 5.

2 Details of the anisotropic background

In this section we will briefly describe the supergravity solution as obtained by the authors
in [40, 41] which is dual to a spatially anisotropic strongly coupled SYM theory at finite
temperature. In relativistic heavy ion collision the plasma that is created has been found
to be locally anisotropic for a very short time period due to the pressure difference along
the longitudinal and transverse direction. This motivates the authors towards a dual
gravitational background with anisotropy along a spatial direction. The five dimensional
action involving the metric (g), the dilaton (¢) and the axion (x) field excitation is given as,

T 2k? /d%\ﬁ (R +12- *(3¢) 22(9x) ) (2.1)

with 2k? = 167G as the five dimensional gravitational constant. The supergravity solution
is given by the following five dimensional metric as [40, 41],

¢>(7")

dr 2
ds® = e~ < FBAt? + Hda? + da3 + da3 + ) (2.2)

rAF
X =awy, ¢=0(r) (2.3)

where the spatial anisotropy is considered along the x; direction. The above solution is
static, completely regular on the horizon and also asymptotically AdS. Notice that the
axion field x is linearly proportional to x1, the anisotropic direction and the dilaton field
¢ depends on the radial coordinate r. The black hole horizon is located at r = ry with
the boundary at » = oo. The explicit form of the different metric components in (2.2)
is given in [40, 41|, where the authors have introduced an anisotropy parameter a. Also,
assuming the anisotropy to be weak (a/T < 1, T being the hawking temperature), the
authors have kept terms only upto quadratic order in a in the series expanded form of
the metric components of (2.2). It is important to note that the anisotropy parameter a
is a dimensionfull quantity, [a] = dim[Length]. The hawking temperature is given upto



quadratic order in a as,

v, 0 (log(2) ~2)

T =
s rH 481

+ O(a%). (2.4)

Varying above action (2.1) with respect to g, ¢ and x one gets the Einstein equations as
well as the equations of motion for the scalars as,

1 1
Ry = —4gu0 + iauqﬁu(z) + §€2¢8MX8VX’ (2.5)
O¢ = 2 (9x)?, (2:6)
Oy = 0. (2.7)

However for the near horizon analysis we need to write the above five dimensional metric
in terms of the ingoing Eddington-Finkelstein coordinates defined as,

Gre\ /2
v==>41 T = / <TT) dr. (2.8)
gtt

The metric (2.2) can be rewritten in Eddington-Finkelstein coordinate as,
ds? = gypdv® + g11d$% + g2 (d:c% + dx%) + 2gyr-dudr, (2.9)

where the metric components including the correction due anisotropy are given as,

4 2 2 2 4 2

9 TH a T 5r r T

= — - = — 14+ -—=0Blog2—-1)— —(1+— |1 1+
o ( r4>*12 tra G le 2l (U)g(*)]

H
Gor =1 — —

Py g
3a2 | r? r2
2 H
= — | =1 14+ —=-
g11 re 4+ S [T%{ og < + 7’2

g22 = r? +

(2.10)

Using the above metric, in the following sections we will do the near horizon analysis of the
EOM for different field perturbation to obtain the special points in the complex (w — q)
plane where the pole skipping phenomenon will be explicit.

3 Pole skipping in energy density Green’s function

Recently it is explicitly shown that an universal description of the chaotic behavior in many
body system can be achieved by a hydrodynamical effective field theory [43].* In other
words, this effective field theory predicts that the exponential growth of the OTOC can be
realized from the energy density retarded Green’s function in a sense that it exhibit pole

4 Also see [44].



skipping at a particular value of frequency and momentum that is directly related to the
parameters Az, vp appearing in the exponential form of the OTOC as,

w = AL, q:Z/\—L (3.1)
UB

So one can obtain Ar,vp from the energy density Green’s function using the pole skipping
phenomenon. In this section we will try to obtain the explicit form of Ay, and vp from the
near horizon expansion of Einstein’s equation. In particular we would be interested in the
corrections that these parameters receives due to the spatial anisotropy in the background
theory. In turns out that only the vv component of Einstein’s equation has to be computed
near the horizon in order to determine the pole skipping point.

We will start by considering the small perturbation of the above unperturbed met-
ric (2.9). There are two different choices that one can make regarding the direction of
propagation for the metric perturbation, (i) Perturbation along the direction of anisotropy,
(ii) perturbation perpendicular to the direction of anisotropy. In the following we will con-
sider these two cases separately to study the phenomenon of pole skipping for the metric
fluctuation in the sound channel. Let us now consider the following linear perturbations of
the above fields as,

Guv = 9;(3/) + hyw,
X = Xo + ¥,

where, gfgj),%, Xo represents the background values of the fields and h,,p, 1 are their
linear perturbations. For computational simplification here we will work in radial gauge
such that all the components of metric perturbation which are of the form h;, are zero
for all p. Substituting the above linear fluctuation of the bulk fields to the corresponding
equations of motion as given in (2.5), (2.6), (2.7), we obtained the following linearized
equations as,

1 1
R;(,L];/) +4hm/ - 9 (5u¢03u90+8u¢3u¢0) — e [(auXO(?uXo) P+ 5 (8ﬂwauX0+auX08yw):| =0,

(3.3)

o {c’h@ysofze?‘f’“ (9yx000 X0) 9+ (Dx0du o+ 0,10y x0) ~ T 1) Dpo0—T; Oy)pap@} (3.4)
—hH [3u8y¢0+62¢° (@Xoaz/Xo)—Fz(Lov)paP%} =0, |

9O (8,0,9 =T 0,x0 =T 000 ) =" (8,0, x0—T (0 Ipx0 ) =0, 39

where, ng)j)p is the background value of the affine connection while F,(}y)p ; R;(}u) are the

linearized fluctuations to the affine connection and the ricci tensor respectively defined as,

1

FL{)}/)p _ 5g(O)Ap ((%ggoy) + a,g;?} - 3Ag,(f)u)) )

1
P = 5 [0 @uhns + o, = Dahyn) = 1 (99 + o9y — Oagfi)) | B6)

RY) = 9,0 — 9,00 4 TQPrA 4 pPp@r — pQepmx _phrpon



3.1 Perturbation parallel to the direction of anisotropy

We first consider the perturbations to propagate along the direction of the anisotropy, x1
so that one can use the fourier transform to write the same as,

hyw (v, 7, 21) = eiiwvﬂquhw(r),
p(v,r,w1) = e UL (r), (3.7)

b(v,r 1) = e TR (1),

Moreover, with this particular choice of the field fluctuation one can categorize all the
metric perturbations into three different modes depending on their transformation under
the SO(2) rotational symmetry in the zo —x3 plane [45], namely (i) Scalar mode, (ii) Vector
mode, (iii) Tensor mode. In the following we will write down the nonzero components of
these three modes of metric perturbation.

o Scalar modes: hyy, hor, hypr, hvxla hm:la hxlxl ) hxgxg = hxgxga
o Vector modes: hygy, Prgys Pz
o Tensor mode: hyyq,.

For the computation of special point in the complex (w — q) plane we consider only the
sound modes of metric perturbation which corresponds to the retarded Green’s function
for the temporal component of the energy momentum tensor, G?OOTOO.

To proceed further we consider the near horizon expansion of the above fluctuations
to have the following form,

Yy =YO 4 v® (r—rp) ..., (3.8)

where Y represents in general the fluctuations of the metric, scalar and the axion field. The
reason for the above near horizon expansion is due to the fact that the location of the special
point depends on the near horizon value of the background metric. Substituting (3.8) into
the linearized Einstein equation one gets the following result for the vv component in the
near horizon limit as,

[ 20w+4r a? log(2) | 3iwlog(2) 0 a*log(8) 0 0
_z<21{_6ﬁ§(1+_ =+ 20hY, + 1_%79547(2w¢gf+whggg

T 2rg
6rw 5a%1og(2) 24° a?log(8) o) _

The above equation is identically satisfied for the particular value of w and ¢,

1+4mgm>y

w = 07T, q=iV6rT [1 + b2 ( 18:2

(3.10)
where, we define the dimensionless quantity b defined as b = a/T < 1, in the limit a < T'.
The Lyapunov exponent and the butterfly velocity can be obtained as (3.1),

o w2 2 (1 +410g(2)>

3 3672

A = 27T, v = — =
g 3

(3.11)



The Lyapunov exponent takes the maximum value allowed by the chaos bound even in the
presence of a spatial anisotropy and only the butterfly velocity receives a correction due to
the anisotropy.

3.2 Perturbation perpendicular to the direction of anisotropy

We now consider the perturbation along the x2 coordinate, that is perpendicular to the
direction of anisotropy. So the perturbation of the fields in this case can be written as,

hyw (v, 7, 22) = e iwotiqr: Py (r),
p(v, 7, a9) = e T2 g0 (1)
)

(v, 7, w9) = e WVTIIT2 (1

(3.12)

)

In this case the non zero components of the metric perturbations for the scalar, vector and

the tensor mode are given as,
o Scalar modes: hyy, Rory Rrry Buogs s Prag s Rzozs s Payzy, = (911/922) hagzs
o Vector modes: hygy, Rrgs, Ragas,
o Tensor mode: hy, 4,.

Again analysing the vv component of the linearized Einsteins equation near the horizon
one gets,

. 2 . 2
Bt (14 20 00 ) (010 (14 D) o, )

3 6rY 2 2ry
6iw 5a*log(2) 24> a*log(2) ) _
+{_7’H (1_487"%1 —I—E 1_W hyy =0. (3.13)

The corresponding value of w and ¢ from the above equation can be obtained as,

—1+2log(2
w=2nT, q=7iV6rT {11;2 <Zs7r§g())] (3.14)

with the butterfly velocity given as,

w2 2 —1 4 2log(2
)\L = 27TT, ’U2 = “q’L = § +b2 (367r2g()) (315)

Similar to the previous case, here the Lyapunov exponent remains the same and the butter-
fly velocity gets corrected. The results for the butterfly velocity as obtained here in (3.11)
and (3.15) matches exactly with the results obtained in [46] using gravitational shock wave
analysis.



4 Gauge invariant variable and pole skipping phenomenon in anisotropic
plasma

In the previous section we have considered the near horizon analysis of only the (vv)-
component of the Einsteins equation (3.3) in the sound channel to figure out the location
of the lowest order pole skipping point and from that we also obtain the Lyapunov exponent
and the butterfly velocity. However even more rigorous way of doing the same is to take into
account all components of the Einsteins equation and study their behavior near the event
horizon. For example, in the sound channel there are different components of the metric
fluctuation and hence we required to solve multiple equations simultaneously. In particular,
we will construct a gauge invariant master variable for the anisotropic background so that
all the components of the Einstein’s equation can be put together into a single equation
which is easier to deal with. In the following, we will first discuss the computation of pole
skipping points at different orders for the scalar and the axion field and then we will move
on to the fluctuations of the metric corresponding to both the shear and the sound channel
where the gauge invariant master variable will play an important role.

4.1 Scalar field fluctuation

The equation of motion for the scalar field follows from (2.6) with the background metric
components in terms of Eddington-Finkelstein coordinates as given in (2.10). As before
we have considered two separate choices for the field fluctuation to propagate along the
direction of anisotropy or perpendicular to that.

Parallel case. Inserting the form of the scalar field perturbation as given in (3.7), prop-
agating along z1 into (2.6) one gets equation of motion for the scalar field as,

(pg — <Sl + a2§1)cp6 — (Sg + a2§2>g00 =0, (4.1)
where the coefficients S7, So, S; and S, are given in appendix B. Using the near horizon

power series expansion of ¢g as in (1.4) one can construct the coefficient matrix C as
in (1.6). The first few elements of the same is given below as,

Co0 = 64% {—167"%[ (q2+3ier> +a? <iw7‘H (3+5log2) —32r% +4¢* (1+610g2)>}
H

cor = = | 961% — 48iwr? +a?  iw (—2+5log2

01= 56,7 | 967 iwrg+a”| iw(—2+5log2)

c10= ﬁ [487"%1 (q2+iw7“H) —a? (ier (445log2) — 9612 +642 (243 log 2))}
H

€1 =15 [—487“?{ {*+2ru (2iw—5rH)}+a2(4ier (4+5log2)— 138r%1+3q2(1+610g2)>}
H

c1a= @ [192r§,—48z’wr§,+a2 (z’w (—2+5log2))] (4.2)

~10 -



Solving (1.7), the location of the first and the second order special points can be obtained
analytically and they are given as

2
wy = —i2nT, @@= —6r% — az (7 +9log 2),
r (4.3)
wy = —idnT, @ = (—12i4\/§)r%1—2<2i\/§+3(3¢\/§) log2>

The pole skipping points appearing at higher orders can be calculated numerically for a
given value of the dimensionless parameter b.

Perpendicular case. Considering the perturbation propagating along xo direction we
get the following equation of motion for the scalar field,

wo — (Sl + a2§1)<p6 - <S’2 + a25:2><p0 =0, (4.4)

where the coefficients S; and S, are given in appendix A. In this case the first few elements
of the coefficient matrix C are given as

Co0 = 19% [—487{%, (q2+3ier) +a? (3ier (3451log(2)) —967% +¢* (3+610g(2)))}
H

CoL = — [96r%—48iwr?{+a2 (z’w (—2+5log(2))>}

9613,

1

€10 = 557 [487’?{ (qQ—i—ier) —a? (ier (44-51log(2)) —96r% +2¢> (2+310g2)>}

1 . .
Cl = Ty [—487"%{ {q2+2rH (22w—57’H)}+a2(4zer(4+5log(2)) —138T12L[+3q2(1+210g(2)))]
H

1

cl1o = s [1927’%—48@'1117’%{—&—@2 (iw (—2+5log(2))>} (4.5)

Again only the first and the second ordered pole skipping points can be solved analytically
and they are given below as,

2
wy = —i27T, @ = —6r% — az (7 +3log 2),

(4.6)
2
wy = —idrT, = <—12 + 4\/§> r2 — % (3 + (35 V3) log 2)

In figure la we manage to plot the first four pole skipping points for the scalar field in the
complex (w—gq) plane for both the cases with perturbation propagation parallel (denoted by
the blue dots) and perpendicular (denoted by the orange star) to the direction of anisotropy.
We see from the plot that the results for the parallel and the perpendicular case differ by
very small amount. Also note that, the value of w at the special points at different order
does not receive any correction due to non zero anisotropy but only the value of ¢ gets a
finite correction.

Next we compute the pole of the retarded Green’s function corresponding to some
scalar operator which is dual to the bulk scalar field considered above. Using the numerical

- 11 -
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Figure 1. a) Locations of the pole skipping points for the scalar field obtained by means of
numerical calculations with the dimensionless parameter b = 0.1, b) Plot showing the pole skipping
points obtained numerical calculations for the axion field with b = 0.15.
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Figure 2. Plot showing the movement of the poles of retarded Green’s function as the value of
the momentum is increased from zero to finite values.

methods as described in [47, 48] (we discuss this numerical method in some details in
section-4), the pole of the Green’s function can be obtained. In figure 2 we have shown
the locations of the poles occurring at first and second order as denoted by dot and star
symbol respectively. Different plots in the same figure corresponds to four different values
of the dimensionless momentum, namely the top left plot corresponds to the dimensionless
momentum () = 527 = 0, the top right with @ = 1.14, the bottom left with @ = 1.225i
and the bottom right with Q = 1.126i. The last two values of ) corresponds to the pole

skipping points at first and second order respectively. Hence at @ = 1.225¢ and @ = 1.126¢
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the pole has to appear at W = —1i and W = —2i respectively for W = 5= which is clearly

evident from figure 2.

4.2 Axion field fluctuation

The equation of motion for the axion field fluctuation x is almost similar to that of the scalar
field discussed above. Also after performing the near horizon analysis, the components of
the matrix C' in (1.6) turns out to be very similar to those obtained for the scalar field
fluctuation. In fact the leading ordered terms appearing in C' are exactly the same. So
we will not write them down again but only mention the final results for the pole skipping
points at different order. Again the pole skipping points at first and second order can
be solved exactly as given below for the two different cases with the perturbation being
parallel and perpendicular to the direction of anisotropy.

Parallel case.

wy = —i2nT, @ = —6r% — 6;2(2 —181log 2),
4.7
we = —idnT, @ = <—12i4\/§)7’%{+6;2(2$\/§—3<3:F\/§)10g2) o
Perpendicular case.
w = —i2nT, ¢ = —6r% + ‘f(l — 3log 2),
4.8
wy = —idnT, @ = (-1214\/§>r%1+‘;2<1—3(3q:\/§) log2> o

The higher order pole skipping points are solve them by numerical methods. We have
shown the locations of those points in figure 1b with the blur colored dots and the orange
stars indicating the parallel and perpendicular cases respectively.

4.3 Metric perturbation

Let us now discuss the metric field perturbations with two different modes of perturbations,
the vector and scalar modes which corresponds respectively to shear and sound channel.
The non zero components are discussed in section 3 for both parallel and perpendicular
case. However in order to make the calculations simpler we will work in a particular gauge
where all the metric perturbations h,, for all u is set to zero. Einstein’s equation for the
two modes of perturbations can be cast into a closed form in terms of a single equation
involving the gauge invariant variable. The constructions of the gauge invariant variables
are discussed in appendix A.

4.3.1 Shear channel

In this section we consider the vector modes of metric perturbation. Similar to the scalar
and axion field, we will consider the following two separate cases,
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Parallel case. In the particularly chosen gauge we have only two non zero components
for the field perturbation in this case. They are defined in the fourier space as,

—twv+1iqr] LWU+iqT]

hvxg =€ gvava:Q (T)y hxlazg =€ gllﬂazla}g (7’), (49)

with Hyzy, = hyw/goe and Hy 2y = hyyay/g11. The two independent Einstein’s equations
can be written in the following form,

o/c1x2 = <F$1$2 +QQF$112)H1/1322 + <G$11'2 +a2é’$1$2> HUiUQ + (‘]331$2 +a2ja:1a72)H$1:027

H’[,}/ajz (vag +a2vag) Hq,)mQ + (vaz +a260x2> Hvxg + <Jv:p2 +a2jvx2> lex2a
(4.10)

where all the coeflicients Fy, 4., Gz 205 Jzi2s - - - are functions of w,q and ry. We will not
write their exact form as the expressions are too long. Using the gauge invariant variable
Z,) as given in (A.23), the above two equations can be clubbed into a single equation
involving Z,| which is given as,

" 2 \7 ! 20 _
o (N+ a N) o (P +a 7)) Zv|| = 07 (411)
where the coefficients A/, N, P and P in the above equation are given in appendix C.

We consider a near horizon expansion for Z, as given in (1.4) and substitute it into
equation (4.11) to get the first few components of the matrix C' in (1.6),

€00 {—487“1%1 <er(87‘H—iw)—|—q2(4irH+w)>

- 192wr§’{
+a2{er <24TH—iw(7+log (32))) e <3w(1—|—log (64))+4ir g1 (5+log (8192))) H
3 . 2 2( -
co1 = @ [967“H—487,w7’H+a <zw (—2+510g(2)))]
1
cl10= m {—481’7“%1 (32q47‘H +w3r g (24ir g +w) +iwg? (—647‘?{—1—362'er+3102>>
+a2{2wq2 (9w2(2+log (8)) —64r% (5-+log(16))+18iwr (14+log (8192)))
+wdry (—2887"H+iw(16+10g (32))> H
=5 [487“%1 <—14w27“12q—|—q2(16r%{—4iw7“1{—w2)> +a2{78w2r%{
192w?r?,
+¢* <3w2(1+log (64)) — 1677 (741og (256)) +4iwrg (5+log (8192))> H
1
Clo=-——u [192r§{—48iwr%1+a2 (z‘w (—2+510g(2))>} (4.12)
487y,
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Solving (1.7), the first two pole skipping points are obtained as,

2
wy = —i2nT ¢ =61y + “Z (1 + log(512)),

we = —idrT, @& = +4V6r% + a? (1 + \/g log(8)>,

Notice that here the pole skipping points corresponds to real momentum along with the

(4.13)

imaginary solutions. These real momentum puts nontrivial constrains to the transverse
momentum dispersion relation which will be discussed in the next subsection.

Perpendicular case. In this case the non zero components of the field perturbations are,
ggng2m3 (T) (4.14)

Similar to the parallel case discussed above one gets two independent equations which can
be clubbed together using the gauge invariant variable as given in (A.25). The equation of

—twv+1iqx2 LWU+iqT2

hvxg, =e€ gvavmg (T)7 hxgxg =e€

motion involving the gauge invariant variable Z,, is given as,
1,)/L_ (N+a2/\:/') ;L— (P+CL27§> ZUJ_ZO. (415)

The power series ansatz near the horizon gives the following few components of the matrix
C in (1.6),

1
cop = m {487’?{ (er(STH —Z’w)+q2(4i7“H +w)>
+a2{er (24rH—5iw(—1+log (2))) +¢* (w(S—Hog (64))+4irg(5+log (2))) }]
co1=—— [967“%1—482‘1117"%{4—@2 (m (—2+510g(2)))]
967,
1
c10 = ETTmRis {—481’7"%{ (32q47‘H +w3r g (24ir g +w) +iwg? (—64r?{+36ier+3w2))
+a2{—2wq2 <3w2(2+10g (8))+647% (—5-+log(4)) +6iwry (26+log (8)))
+wiry (—96rH+5iw(—4+log (2))> H
= {487“%[ (—14w2r12q+q2(16r%{ —4diwry —w2)) +a? {6w2rH(5rH+2iw)
192w4ry,
+¢* <w2(3+log (64))+167% (—7+1og (16)) +4iwr g (5-+log (2))> H
1
cr= g | 1920 ~a8iwr +a? (iu -2+ 5log(2)) )| (4.16)
487y,

yielding the following analytic results for the first two pole skipping points,
a2
wy = —i2nT g =613 + 5 (—2 + log((jét))7

2 (4.17)

G (—6 + 10g(4096)),

we = —4nT, @3 = +4V6r} +
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4.3.2 Transverse momentum diffusion in shear channel

In this section we wish to evaluate explicitly the location of the diffusion poles in the
complex (w—q) plane which according to the phenomenon of pole skipping is constrained to
pass through the pole skipping points as obtained in the previous subsection. In particular,
we are interested in the dispersion relation that arises from the pole of the retarded Green’s
function associated to the transverse momentum density. The non zero components for the
perturbed fields in this case again will be of vector type which in (¢,u = %’, ¥) coordinates
are hig, and hg 4, (again we consider a particular gauge such that h,, = 0, for all x) with
the perturbation propagating along the anisotropic direction z1 as hiyy oz, (t,u,x1) =
e*i“’t”qg“i%1 Jz122 (u). The Einstein’s equation in this case can be put in a closed form in
terms of the gauge invariant variable, Z, = whiz, + qhz, 4, as,

z! - <R + b27i) z - <s + b25> Z,=0, (4.18)

with the coefficients R, S, R, S as given in (C.5). Here as before, we define dimensionless
frequency W and momentum @ as W = (w/27T") and Q = (¢/27T). Now, to determine the
dispersion relation we follow the numerical approach as given in [47, 48]. First, the behavior
near the horizon is determined by inserting the ansatz (1 — u)® into equation (4.18). Two
possible solutions for « is obtained as o = £iW/2 in which the solution with the negative
sign is chosen to impose the incoming wave boundary condition at the horizon. Then the
final solution can be written as the following power series,

0

Z=(1-uw ¥ Y e(W.Q) (1 _ u)n (4.19)

n=0
Imposing the following Dirichlet boundary condition at the boundary (u = 0) one deter-
mines the quasinormal modes,

o0

Z,(0) =D (W, Q) =0. (4.20)

n=0

In figure 3, we have shown the quasinormal modes for the exact dispersion relation (blue
dots) as obtained by the above numerical method. Notice that the blue dots which are
the poles of the correlation function, passes through the pole skipping points (only the
first three points are shown in the graph with locations given by the points (—1i,1.2284),
(—24,1.5710), (—31,1.8041) where the first value represents the complex frequency and the
second one is the real momentum) which are represented by points where the horizontal
and vertical black dashed lines intersects each other. The pole structure of the retarded
Green’s function for transverse momentum density at very small momentum and frequency
Q,W <« 1 (hydrodynamic approximation) gives the following dispersion relation,

W =—iDQ*+ ... (4.21)
D being the diffusion constant. However, the above equation is not appropriate at large
energy scale, W ~ T. The above discussion shows that the behavior of the dispersion

relation at large energy can be predicted from a simple near horizon analysis due to the
pole skipping phenomenon.
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Figure 3. Plot showing the dispersion relation for momentum diffusion which passes through the
first three successive pole skipping points. The calculation for the dispersion relation is done using
numerical methods with b = .5.

4.3.3 Sound channel

The non zero components of the metric perturbations for the scalar modes are already given
in equation (3.1) and (3.2) respectively for the perturbation propagating along or normal
to the direction of anisotropy. Here, to make the discussion simpler we will consider a par-
ticular gauge so that all the metric fluctuations of the form h;, for all u will be set to zero.

Parallel case. Considering the scalar modes of metric perturbation the full set of fluc-

tuations are given as,

hoy = e_zwv—i_qulgvavv (T‘), hvzl = e_lwv+qulgllem1 (T)

—ijwv+iqr

’ (4.22)
922Hxlx1 (7"),

—twv+iqT

hxlxl =€ 911H€E1561 (r)7 hxzfliz =€

where in the above we define Hyy = hyo/Gvw, Hozy = hoay /911, Hzizo = hayz /011,
Hypwy = hyyas/g22. Now, using the above form of different fluctuations into the linearized
equations (3.3), we obtain the following four linearly independent coupled differential equa-
tions for the metric perturbations as,

H!. = (Apn + a® A Hby 4 (B + 0 Bin) Hyy + (Cony + 02 Cop) Hy,
+ (Dinn + @* D) Hyy oy + (B + 0 Eyn) Hiyr

H, = (Ag + a®Ayy)H, + (Byy + 0°Byy) Hyy + (Cop + a°Cy) Hug,y
+ (Dyy + a*Dyy) Hyy 2y + (Evy + @*Eyy) Hyyay,

(4.23)

where, Hyup = {Hyzy, Hyyaq, Hayao b and all the coefficients in the above equation namely,
Apns By Con - - - €tc. are too lengthy to write in the paper but are functions of (r, w, q).
We can see that all the equations written above in (4.23) are coupled which makes it dif-
ficult to solve them. However constructing gauge invariant variables [48-53] by combining
the field fluctuations one can reduce the coupled equations into a single equation involving
the gauge invariant variables. The details of the construction of the gauge invariant vari-
ables for scalar and vector modes of metric perturbations {(Zs), (Zy)} for the anisotropic

17 -



gravitational background are given in appendix A. The equation of motions involving the

gauge invariant variables for the metric perturbations (scalar modes) is given as,”

5= (M a®M) 2 — (L4 L) 2y = 0. (4.24)
We write down the exact expression for M and £ in (D.1) and (D.2) respectively, while the
results for M and £ are given in (D.3) and (D.4). Here we are interested to find the pole
skipping points in the upper half complex plane and for this we closely follow the analysis
done in [18, 28].

Following the results as obtained in section 3, the location of the special point in the
absence of the anisotropy (a = 0), is given from the near horizon analysis as,

w=2irg, q¢= gw. (4.25)
In order to proceed with the near horizon analysis of equation (4.24), we must check its
singularity structure near r = rx which changes at the special location as given in the above
equation. In particular at ¢ = 1/3/2w, in the near horizon limit M and L in the above
equation is dominated by terms proportional to 1/(r — rg) and 1/(r — ry)? respectively.
In presence of the anisotropy which is considered in a perturbative approximation (a < T
or b < 1), equation (4.24) must abide by the above mentioned regularity condition at the
special point. In other words, any term that appears in the near horizon expansion of
(/Vl + a2M) and ([, + aQEN) which is proportional to (1/(r — rg)P) with p > 2 and p > 3
respectively must be equated to zero [28].
Turning on the anisotropy, we expect the special point to get shifted from the value
mention in the above equation (4.25). Let us assume that the coordinate of the shifted
point in the complex (w — ¢) plane is given as,

3
q= \/gw +a’q, w = 2irg + a*wy, (4.26)

where we required to determine w; and ¢;. Inserting the above choice for w, ¢ into (4.24)
we obtain the following near horizon expansion for the coefficient of Zg” in (4.24) as,

a? (14 i8v/6arry +4log(2))

24rg (7" — TH)2

(M +a*M) ~ +0((r—r)™"). (4.27)

Equating the above to zero, we obtain the following result for ¢; as,

B i(1+4log(2))
q = —8\/67’;1 .

On the other hand, the near horizon expansion for the coefficient of Z, in (4.24) again
with the shifted w and g is already dominated by term O ((r — r)~2). Using the obtained

(4.28)

5See [64-56] for the detailed procedure to obtain the equation of motion involving the gauge invari-
ant variable.
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result for ¢; and keeping only the most dominating terms for the near horizon expansion
of (M + a2/\;l) and (E + a2/j) one gets,

a? (—28 +23log (2) + 24iw17"H>

(M + aQJ\;l) = + (9((1" - rH)())
4873 (r —
ra(r = i) (4.29)
a? (2 —5log (2) — 24iw1rH)
27\ = -1
(E—i—a E)— JRICH —i—(’)((r TH) ),

Now, we consider the following power series ansatz for Z,

Zg = (r— TH)A Z Zn(r —rg)™. (4.30)

n=0

Inserting the above in (4.24) with the coefficients of Z7,, Z, as given in (4.29) and solving

s|P’
the indicial equation for A, one gets the following two solutions,

a? (—2 +5log (2) + 24iw1rH>
)\1 = )

4812

H (4.31)
a? <—13 +9log (2))
=1
2= 2472,
Solving for w; such that A\; = 0, we get the final result for w and ¢ from (4.26) as,
1+ 4log(2
w= 2T, q=iV6rT {1 +v? <+48°2g()ﬂ (4.32)
T

Perpendicular case. Let us now consider the perturbation along the xo direction. The
non zero components of the perturbations in this case are given as,

_ _—itwvtiqx __—itwvtiqx
hvv =€ 4 2gvavv(T)a hvxz =€ 4 2922Hvx2 (T)

—twv+iqxa —twv+iqxa

922H12932 (7“), h1313 - (922/911) h&?lzl'
(4.33)

hl‘lzl =e gllewl (T)v hxzmz =e

Again with the above perturbations we will get four linearly independent equations similar
to (4.23) which can be put in a closed form using the gauge invariant variable obtained
in (A.18). The equation in terms of the gauge invariant variable Z,, is given as,

L= (M+aPM) 2Ly — (L+a*L) Zo =0 (4.34)

The expressions of M and £ are given in (D.5) and (D.7) respectively. The analysis
towards the final results for w and ¢ are exactly similar to what we have done in the
previously corresponding to the perturbation that is parallel to the direction of anisotropy.
In particular in this case also we found the coefficient of Z, to behave near the horizon
as ~ 1/(r —rp)? which must vanish in order for the perturbative analysis to be consistent.
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Considering the same ansatz for w and ¢ as given in (4.26), the near horizon behavior of

(/\/l + a2/\;l) is given as,

a® (1 +i8V6qiry — 2 log(2)>

M+ a2 M) ~ +0(r—rm)). 4.35

( ) Y p—. (r=rm)™) (4.35)
The above vanishes exactly for the value of ¢; given as,
(—1 +2 log(2)>

. (4.36)

= —1
q1 8\/67“1{

Again considering the power series ansatz for Z, similar to the one as given in (4.30) and
solving the indicial equation the exponent A can be solved as,

a? (—2 + 5log (2) + 24iw1rH>

Al =
4812 ’
i (4.37)
a® <—2 + log 2)
A =1
2 + 87’?{ ;

such that, the value of w; remains the same as in (4.31), with the final results given as,

: . —1+210g(2))]
= 2inT =iV6rT |1 —0* | ———>— | . 4.38
w s, q Zfﬂ- |: < 487’['2 ( )
The results for the pole skipping points in the sound channel as obtained in this section
using the gauge invariant approach is exactly matches with the results in section 3 for both
parallel and perpendicular case.

5 Conclusion

In the current manuscript we have done a detailed analysis of the very recently observed
phenomenon called “Pole skipping” in a strongly coupled plasma with anisotropy along a
spatial direction from the near horizon analysis of the equation of motions for different
bulk field perturbations. We have also shown that this phenomenon helps us determine
the parameters of chaos for the same anisotropic quantum theory. To this end we wish to
list the following new aspects/results that we have obtained after doing the above analysis.

« In this paper we have explicitly computed the occurrence of the pole skipping points in
the complex plane for an anisotropic plasma using the corresponding dual holographic
set up. We have obtained the pole skipping points from the near horizon analysis of
the equation of motion for three different bulk field fluctuations: scalar, axion and the
metric field perturbations. For the metric field we considered both the shear modes
and the sound modes of the field fluctuations. We find that only the momentum
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value receives a correction due to the spatial anisotropy as parameterized by a or
the dimensionless ratio b = a/7T. For scalar, axion and vector modes of the metric
perturbation the pole skipping happen to appear in the lower half of the complex
plane. However in the sound channel it occurs in the upper half plane and is related
to the parameters of chaos. So in this regard the current paper provides a complete
description of the above phenomenon for the anisotropic plasma which is one of our
primary motivation.

As discussed earlier, the pole skipping phenomenon constraints the dispersion relation
to pass through the special pole skipping points in the complex plane. In this work
we have explicitly shown that the numerically obtained poles of the retarded green’s
function for the diffusion of transverse momentum exactly passes through the first
three successive pole skipping points. Also the same kind of exact overlapping is
shown to happen for the scalar field green’s function.

The connection between the quantum chaos and the modes of collective excitations is
remarkably established by the phenomenon of pole skipping such that instead of four
point functions of generic single trace operators in QFT one needs to find the points
(at different orders) at which the associated energy density two point correlation
function has zeroes in both the numerator and the denominator. The point at lowest
order gives the butterfly velocity of quantum chaotic spread and also the Lyapunov
exponent. One of the most important result of this paper is that even in the presence
of a spatial anisotropy, the pole skipping phenomenon correctly produce the Lyapunov
exponent and the butterfly velocity where the Lyapunov exponent saturates the chaos
bound as expected and the butterfly velocity receives the anisotropic correction.

In this manuscript, for the first time (to the best of our knowledge), we have con-
structed the gauge invariant variables regarding the metric perturbations in both
shear and scalar channel for a gravitational background dual to the anisotropic
plasma. In appendix A, we have discussed this construction in details. Using this
gauge invariant variable one can write the Einstein’s equation in a simple closed form
which turns out to be very useful in determining the pole skipping points.

Finally, as discussed in [17], a satisfactory understanding of the pole skipping phe-
nomenon has been achieved in the gravity side in terms of a particular component
of Einstein’s equation which becomes trivial at the lowest order pole skipping point
near the horizon. However from the field theory point of view, the reason for this
phenomenon is yet to be understood. In particular, there are infinite number of spe-
cial points in the complex plane where the two point correlation function has zero
over zero form among which only the lowest order point has a connection to the pa-
rameters of quantum chaos. However the physical meaning of the other points is still
unclear from the perspective of quantum field theory. So we hope this work would
be a valuable contribution to this field of research in future.
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Before closing, we must mention that in [29] the author, using the gravitational shock wave
analysis obtains a direct connection between the coefficient of momentum diffusion and the
butterfly velocity for anisotropic background. For the special anisotropy there exists two
different diffusion coefficient and hence two butterfly velocity, one along the direction of
anisotropy and the other which is perpendicular to direction of anisotropy. In this paper
we also compute two different butterfly velocities. Physically these two velocities indicated
the speed with which the momentum diffuse in the 7 (direction of anisotropy in our case)
and zo direction. In [29] it was shown that the ratio of these two butterfly velocities are
given by the following relation,

2

Uz, 922

L ===, . 5.1

W2, gu (5.1)

With the metric as given in (2.2), the r.h.s. of the above equation can be easily calculated as,

922 210g(2)
2 . =1—b 5.2
g " 4m2 7 5-2)

which exactly matches with the ratio of two velocities as obtained in (3.11) and (3.15) from
the near horizon analysis of vv component of Einstein’s equation in section 3.

The above analysis can be repeated for a gravitational background which is deformed by
the presence of uniformly distributed heavy quark in the dual field theory [57].° Moreover
it would be interesting to see how the Lyapunov exponent and the butterfly velocity modify
due to the non zero quark density.
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A Construction of the gauge invariant variable

In this section we present a detailed discussion towards the construction of the gauge
invariant variable for the anisotropic background.” The five dimensional metric with
anisotropy (2.9) can be rewritten following [20] as,

ds? = gapda®dz® + gijda:idxj, (A1)

where 2¢ = (v,7) and 2 = (21,72, 23). Note that all the metric components in the above
equation depends only on the redial coordinate r. Also unlike g;;, the matrixform of gq
has nonzero off-diagonal components. Now given the linear perturbation of the above
background metric, the perturbation can be decomposed in the following way,

h=A1dv® dv + Axdr @ dr + Az (dv @ dr + dr ® dv)
+ bai (da® @ da' + da’ @ da*) (A.2)
+ (Cyij + eij) de' @ da? .

6 Also see [58] for the study of different entanglement measures on the same back reacted background.
"We find the lecture as given in [59] very useful in computing the gauge invariant variable in our case.
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In the above decomposition Aj, As, Az, C' are scalars, by; is a vector and e;; is a symmetric
traceless tensor. The vector b,; can be decomposed as,

bai =D;B, + Baiy (A3)

where B, is a scalar for a = (v,r) and Eai is a divergence free vector, that is Diém- =0
with D; denoting the covariant derivative with respect to the metric g;;. Furthermore the
tensor e;; in (A.2) can also be decomposed as,

1
€ij = <DiDj — 3gijV) E+2DiE; + Eij, (A.4)

where V = gijDiDj. In the above decomposition F is a scalar, £ is a vector and Ej; is a
symmetric traceless tensor quantity.

Now consider the infinitesimal transformation of the coordinates as, ™ — ™ + £,
where m = (a,i). To study the gauge invariance of the metric perturbation under the
above transformation of the coordinate ™ we first note the following definition,

d¢huw = Leguu, (A.5)

where d¢ denotes the gauge invariant transformation and £¢ is the lie derivative. The
infinitesimal transformation £ can again be decomposed as,

EM=T"+ DL+ &, D& =0. (A.6)

A.1 Scalar modes of metric perturbation

The gauge invariant transformation for the scalar modes of the metric perturbation is
obtained using (A.5) as,

5§hab = 2D(aTb)
(5£Ba = Ta + 8aL - Lgijaagij

1 iy (A.7)
— 2 (a,iiy ..
5C = (T 9 0agi; +2VL)
ol = 2L.
Substituting the final relation into the second one of the above equation we get,
Ty = 5§Caa
(A.8)

1 1. .
ga = Ba - iaaE + QEQZ]aagij-
Also using the above expression for 7% in the first and the third relation of (A.7) gives,

5§%ab =0 — Hab = hab - 2l)(aCb)
1, 1 (A.9)
5§HL:0 — HL:C—§C gjaagij—§VE.

From the above equation we see that Hy, and Hy are gauge invariant.
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A.1.1 Perturbation along the direction of the anisotropy

For the perturbation along the direction of the anisotropy, the perturbation is written as
the plane wave form: hy, = e "™W't4®1p = So in this case different components of the
perturbation can be evaluated from (A.2) as,

hmlxl = Cgll - q2E + (9311) q2E

h
788 C922 + @qQE (A.lO)
2 3
hyg, = 19B,.

where we define hgs = hgygy + hasas, that is the trace part of the perturbation in the
(x9 — x3) plane. The above equation can be solved for C' and E to get,

1 1 1 /g1 1 (g1
C — ghmm + 5922hss - 6 (g22> h357 q2E = 5 <922) hss - hxlxl' (A'll)

Substituting the above expression for C' and ¢ in (A.9) we obtain the following two gauge
invariant metric perturbation for the scalar mode as,

/
va = hvv + QZva - gﬂ <Cv - gﬂ r>

ur ur

g/
Hvr = _C'[/) + (Zw + vv) Cr
J Gor (A.12)
Hrr - —C; + =r T

ur

h 0., 2
H, = ss 97 0r8ij Cv . g%cr
2922 3gvv 9or

Finally from the above equation the gauge invariant variable Zy for the scalar modes of
metric perturbation is obtained as,

/
ZSH - 2(]2 (gvavv) + dwgq (glle:v1) + 2'[1}2 (gllelwl) -2 <911w2 + 3q2‘g7fjggwg> Ha:ga:g-
r9ij
(A.13)

The corresponding gauge invariant variable for the dilaton (Z;) and axion (Z,) in a similar
way can be obtained as,

3¢
ZdH = Yo — # 2T
9= orgi (A.14)
1
ZaH =tYo—a <2q> (Hftzxz - Hmwl) :

A.1.2 Perturbation perpendicular to the direction of the anisotropy

Let us now take the plane wave like perturbation to propagate along the other direction
say w2 such that it can be written as, hj,, = e iwvtiqry hyuw. The non zero components for

— 24 —



the scalar modes of metric perturbation are computed using (A.2) as,

ha:zxz = 0922 - 92E + (922> q2E

3
1
hss = (911 + g22) (C’ + 3q2E> (A.15)
h’[}ajz - ZqBU

where in this case hss = hz 2, + Ragzs- Again the above can be solved for C' and E as,

1 hss go2 2 go2
C=—hyo + _ - E=—92 5 _h  (Al6
37 gt g 3o t+g2) 1 g1+ g O ( )

With this the gauge invariant metric perturbations are obtained as,

/
va = hm} + 2iw<v - gﬂ (Cv - zvvCT>

ur

g/
Hvr = _C{) + <Zw + gmj> C’f‘
J v (A.17)
Hrr = _<7," + = r
Gor

o hss gijargij ng
L — - C’U ) CT
911 + 922 39vv or

The gauge invariant variable Zg, is given as,

/
Zs) = 26]2 (gvavv) + 4wq (922H'ua:2) + 2w2 (922H:02:z:2) —2 (.92211)2 + 3q2gi]fgavvgu> H:clatl-
rJij
(A.18)

Again, in this case the gauge invariant variable for the dilaton and the axion field is
obtained as,

3¢
Za= 00 — 2 H,,,
0T Gid,gy (A.19)
Zy = 1/}0-
A.2 Vector modes of metric perturbation
For the vector modes the gauge invariant transformations are given as,
deBai = 0,£; — £,g"9ugi,
¢ a i i9  Oadkl (A20)
del; = £;.
Substituting the second relation into the first one in the above equation one gets,
0¢Hai =0  —  Hai = Boi — 0uE; + Eig™0ugi. (A.21)

Hence in this case Hg; is the gauge invariant variable.
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A.2.1 Perturbation along the direction of the anisotropy

The nonzero components of the vector modes of metric perturbation can be expressed as,
hvxg = Bvxm hxlxz = in.TQ' (A22)

So the gauge invariant variable for the vector modes with perturbation along the anisotropic
direction is given as,
ZV” = qhvxz + thlxg- (A23)

A.2.2 Perturbation perpendicular to the direction of the anisotropy

Again considering the perturbation along the xs direction with the same plane wave form
the nonzero components of perturbation can be written as,

hvxs = B’ng) hxzxg = inl‘37 (A24)
yielding the gauge invariant variable as,

ZVL = qhvxg + Wh12x3~ (A25)

B Coefficients of the scalar field EOM

The coefficients as appearing in equation (4.1) and (4.4) for the scalar field perturbation
propagating parallel and perpendicular to the direction of anisotropy are explicitly given as,

r3 w i r? q° w
! (rt—rf) + Zr+7“4 ’ 2 (rt—r%) 7“2+ Y
7 6 2 2
G=—0 " [6771—5¢w10g <1+”§> i <26—6iw>
4) r r T

2 (4 _ 6
24r%, (rt—ry; r

. 2
Y 39461 —20 <2—iw) log(2)+5 (8—3iw) log <1+Ug> H ’
r r r " "

6 2 2 2 2
Sp=——— |~ (18L 415 | tog [ 1472 ) 1672 (6L 3%
48r%, (r*—rf) T T T r r r
6 4 2 2 2 2
—96H 4 i {16C]2+48iw +20 <qz +3z’w> log(2) - <2q2 +45iw> log <1+r§> H
r T r T r r T T T

= r

i

= |1} (26r4+6r‘}{ —6iwr® —8r?ry; (4+5log2)+2iwr (3+101og 2) r§{>
2472, (rt—r))

2
. . r
—bir (817“7“4}{ —I—T4w+3wr§1{> log (1—}-;;)]

z 1
S2= A_e2 (pd o AN2 167 (7“4—7“%{) <6 (T2+T‘%{) —q? —3iwr> 4201}, (q2+3iwr> log2
4813, (rt—rf;)

2 (g4 4 . 4 4 7‘1%1
—(2¢q (37“ +7TH)+15MUT‘(T +37“H) log l—i—r—2 (B.1)

— 96 —



C Equation of motion in shear channel

The coefficients appearing in equation (4.11) and (4.15) are given as,

r3ry (3rw2—|—2q2(r—iw)) —q?r¥+r7 (w2 —q2) (r—2iw)

N =
r(rt=ry) (r* (¢ —w?)—¢®ry)
~ 1
N= 2%, (rt —rf;)? (77*6127’47"2
24rr, (7’477“}’;,)2 (q2(r4r‘}{)w2r4)2{ " " a

+3r2ry +2r% — 3iwr® +iwr®ry (3+log 1024)) +2whrSr? <r6 + 15727, —12r%
—3iwr® —4r*r? (1+1og 32) +iwrdr? (3-+log 1024)) —4g®wriry (rt 1Y)
<4r6+7r2r;§ —3iwr® —2r'r2 (4+1og 32) — % (3+10og 1024) +iwrr?, (3+log 1024)>

—jwr? (5q4 (r4 —r%l) (r4+3r%1) +5wr® (SiTT}L{ —|—wr4+3wr}l{) —2q2wr (7“4 —r}lf)

2
(41'7";11 (3r4+7r;1{) +5wr? (r4+3r§{))> log <1+:§) } (C.1)

1
P 4.2(4 4
Tzw_r;)<q2<r4_r§,>—w27~4>{q rrtorh)
+w?rt (—47“4 —47“}11 +iwr3) —i—q2 (47"8 —87“47“%1 —|—4r§{ —dwr’ —3iwr3r}1{ —w2r6) }

1

P= 5 5 4w
48r2r%, (rt—r4,)" (2 (rt—rt) —w?rt)

47‘87“%{ (—2 ( 2 —rlzq)

(4r4 +12r% —3iwr3) +1r37r2 (8r —iw) log 32) +aw?rir?, (27’2 (1"2 —7"%,)
(2 (7r® =1ty =Tr2ry %y ) —dwr (3r* +r2rf + 61y ) — 2w27“4)

+10r%, (47"?{ —|—3iwr7) log2+r°ry (—87‘5 —2iwrYy +w2r3) log 32)

—4¢%%r%, (7"4—7'}1{)2 (472 =13 (4+10g 32)) —4g*r3; (r* —r) (207’104-407"47'?{
+12r%r% — 167} — 12iwr®rl, —8r8 (3rf +w?) +iwr’rf; (14+ 1510 2)

+iwr r (—2+25log2) +2r%r% (—16r§{+w2(4+1og32))>
—r? <2q6 (r4—r§l{)2 (97’44—1"%{) —iwg*r (7’4—1"}1{) <5 (7’84—227‘41"2—4—97“?{)
— ddwr® (97"4—1—7'}1{) > +5whr? (327"7"‘}{ —iw (r4+3r}l{))

+2wlg’r® (167’}1{ (=3r® —drtry, +7rY) +iwr® (5r8+ 7604}, —41rY)

2
+w?rb (97“4—}—7"%[))) log <1—|—:§> }
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= 1

2% g (rt —rf)? <7r6 — 127492
2 2 “"H H H
24rr2 (rt—ri) " (P (rt—ry) —w?r) {
+3r2r% 4218 — 3iwr® +iwrdr? (3+log 1024)) +2wirdr?, <r6 + 150278, — 121,
—3iwr® —4r*r}; (1+1log 32) +iwr’ri; (3+log 1024)) —4¢*wr*ry; (r*=r})

<4r6 +7r%r — 3iwr® — 2r*r3 (44+1og 32) — % (34+1og 1024) +iwr®r¥ (3+log 1024))

—iwr? (5q (r frH) (r +37"H)+5w (8irr}i{+wr4+3wr§)72q2wr (7’477’}11)

2
(4iryy (3r*+7r ) +5wr® (7"4—1—37“‘}{))) log (1+ :};) } (C.3)

u

= . ! 2{4w4r8r§1 (20r°‘+12r27»4
8820, (1) (=) —wPr)
—12r% +5iwrr? log2—207’4r§{(1+10g4)) —4¢57%r%, (7’4—7’%1)2 (47 =1} (4+1og32))
—4q*r%, (7"4—7"H) (207“104—407"47'1{—4—127“27"%—167"}?—12iwr5r}l{—8r8 (37“1211—1-11}2)
+iwrtrf (144 15log 2) +iwr r (—2425log 2) +2r%r%; (— 16r12q+w2(4+10g32)))
A2

qr T’H< 40710 — 5674 —8r2rS +16iwrSr 4+ 2iwr r3 (1—15log 2) 4+ 2iwrr (—9+1log 32)

+707%; (48r% —w? (4+1og 32)) —4r}) (—3+log 1024) +4r° (w2+r§{(11+1og1024)))
+7r ( 24° (7” —TH) (37" +77”H)+5zw r (32irr‘;1+wr4+3wr}1{)
+wqlr (1"4—1"‘;1) (5i (r8+22r4r‘;1 +9r§{) +4wr3 (37‘44—77"%1)) +2w?¢?r?

(—327“%{ (—31”84—1”47“‘}{4—27“?{) —dwr® (51“8—}—521"47“‘}{—177“%)
%
—rfw? (3r*+7ry) ) |log -5 (C4)

The coefficients appearing in equation (4.18) are given as,

A Q*(1—u?)?—(1+u?)W? S_Q(l—u2)—W2
S u(l-u?) (W2 QX (1-u2))’ T u(low?
5 1
R= 2472 (1—u2)(1+u)2(W2—Q2(1—u2))2 {-5@4(1—u)4(1+u)2(5—|—4u)

+w (—19+22u+3u2—6u3+20u10g (2)) —4uW? <Q2(—3—4u2+7u4)+5W2)

xlog (14-u) —2Q*W?2(1—u?) <—22—|—26u—|—11u2+5u2(—3+10g (4))+ulog (1024)) }
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S 1
©24n2u(1—u2)2(u2 - 1) (W2 —Q2%(1—u?))?

+u?W?(8+15log (2))+ W?(—2+log(32))

w? (—6—6u4—6uW2+12u2
+Q4(1—u2)2(—2—8u

—3—6u®—9ut+6u° — TuW?

/‘\v,_/_\

+5u2(2+log(2))—|—log(32)) 2Q%(1—u?)

+W?2(—2+1log(32)) +12u? +u*W2(9+log

—~

1024)))

—log(1+u)<Q4(1—u2)2(9+u2)+2Q2W2(—7—u2+8u4)+5W4(1+3u2)>}, (C.5)

D Equation of motion in sound channel

The coefficients of the equations in (4.24) are given as,

3rtw? (T4+3r%172iw7‘3) —q¢° (3r8+57‘18q f6iwr7+2ir3r}1{w)
4 AN (2 (2,4 A 2.4 (D.1)
r(rt=ry) (¢ (3rt—rf) —3w?rd)

M=

B 1 4.2 (a4 .4
TR P B ) ) {‘-’ 7ot

—3w?rd (4r4+4r§{—iwr3)+q2 (121"8 8t rH 4TH Siwr” —Tiwr3 T’H 3w?r 6)}

(D.2)

~ 1
= 2 4 4 14
M 24rrd; (r2=r%) 2 (r}+12) 2 (¢?ry +3r* (w2 —¢?)) 2 { 7aH( b

27zq4 13w+361q2 B — 54q2 12 +547,q2 13403 —108irPw? — 9r1tw?
84(14 127‘H—|—27zq4 11w7“H—|—120q2 1242 rH 54lq2 1 37“?{—187“121047"%{
—27irBw?120¢%r 2 w? log(4)r?; — 1802w log(2)r?, +27ir M wry, +-90ir ™ w® log(2)r%;

12q4r1210g(32)7“H+9zq4 11wlog(1()24)7“H—i—57q4 0rh —18ig*r  w?log(1024)rE

2,11 2,10 IO’LU4T%[

wry; —18ig 7"911)31“%[—4—21627" w3y +153r
ButrS,

—|—18zq r? er 36iq°r er 192¢“r
—120¢*r810g(2)r% — 18ig*rTwrf +120¢ r8w2r?{+18zq rTw3rS — 1268w
—6ig*rTwlog(1024)r%, +3¢%r rH—|-120q w?log(2)r% +6i¢%r w3 log(1024)r%;
—31q o Wryy —28q4 4 10—|—3zq r wr —361(1 7wr8 +6q T6’(U2T8 —108ir w? %

100¢*r*1og(2)r 1Y +ig*r3wlog(1024)r} —9¢*r?r}? —120¢*r*w?log(2)r 1Y +16¢*r}}

+36i¢>r er)—i—log( > <18q4r16 45ig rBw+36¢r1%w?

+12q4 127"H 1051q4 erH 420q2 1242 TH+9OZq2 15403 —45ir1%0°
4

+408¢4 878, + 851 r T wrS +240i¢?r L wry, + 360r 2 wirl — 135irw’ry,

—284q4 4 12 15zq r3 er +6q4 15 468q2r w? rH 90iq 7“7w3r§[+372q2r4w2r}?>}

(D.3)
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L i | —432¢"0r%*
48¢*r2rd, (rt—ry) * (Brt—ry) (¢Pr +3r* (w2 —¢?)) 2

- 1728q8r26 - 8642'q61"27w—l—756q81"24w2 + 108(]67"2611)2 +648iq6r25w3 + 2592iq4r27w3

—108¢°r* w* +4104¢*r*%w* —1080i¢* r**w® — 2164 r**w°® —2916¢°r*°w°® +648i¢>r*°w”
+432q10r227“§1 +2664q8r24r§{ — 72iq8r23wr?{ — 756q8r22w2r§1 — 4500q6r24w2r?{

+72iq6r23w3r§1 + 108q6r22w4r?{ + 1728q4r24w4r12q +432iq4r23w5r12q +216q4r22w6r%{

—324¢%r* Wl —648iq°r* w  ri; +1440¢% > log(2) 15 — 1980i¢® r*> wlog(2)rir

—5760¢°r**w? 10g(2)r?{ +4320¢*r**w* log(2)r?{ —540i¢*r*3w® 10g(2)r%1 +108¢* 07?2 10g(32)7€1
+360i¢°r**w? log(lZS)r?{ +180¢°r*2w* log(8)r§; +1296¢"°r%°r}; —108¢°r*?w? log(1024)r?{
+3312q8r22r}1{ +288iq8r21wr§1 + 720iq6r23wr;1{ - 2016q8r20w27'4H +91O8q6r22w2r}l{

—1728iq°r* wrg +396¢°r* wry —3456iq r* wiry — 182164 r* wr; +1656iq r* wry
+288¢" r?°wlry —3888ig r*wri +8100¢*r* 2w ri; +2520i¢°r* w® log(2)rj§ —180¢°r*°w* log(8)r}l{
+540¢°%r*w* log(2)r§1 —864ig*r* w r —1296¢ °r 8 rS —4992¢%r2°r % — 360i¢°r* w? 10g(128)r§{
— 264iq8r19wr?1 +2016q87’18w2r?{ + 1860q67"20w27“?q — 96iq67‘19w3r?{ — 396q67"18w47“?1
+4392q4r20w4r?{ - 144iq4r19w5r?; — 288q4r18w6r% - 540q21"20w6r?1 +864iq2r19w7r§{
—6240¢°r*° log(2)r +4980i¢®r " wlog(2) Y +13440¢°r*°w? log(2)rYy

—2520i¢°r " w® log(2) 1Y — 540¢°r w* log(2) 3 — 100804 r*°w* log (2) Y

+720¢°7*%w? log(16)rY; —240¢°r w* log(8)rY; +1260ig™ ' w® log(2)rY

—324¢"°r"® log(32)r —480i¢°r " w® log (128)r% — 72i¢°r' *w® log(32)rY

—1440¢"°r 'Y +288¢°r B w” log (1024)r% —1488¢%r 81y, —1344i¢®r' Twr,
+1848¢°r Cw’rf; +1584iq°r  wr —22200¢°r S w?ry +2448i¢°r T w G

— 372q6r16w4r% — 17281'q4r19w3r§1 +244O8q4r18w4r§{ — 648iq47“17w57'§{ +9072iq2r19w5r§.1
+2880¢°r8w? log(?)r% —72¢* "% wOr%; —6588¢% r B w’rl +216ig% r Tw Yy

—3360i¢°r " w? log(2) % +240¢° 7 *w* log (8)r; — 720¢°r Sw? log (2)r%;

+1440¢ M r 1 4122457 01 ) — 72057 B w? log (16)rF; +480i¢°r* " w® log (128)rY,

+1680ig°r P wry —1848¢°r  w?ry +13128¢° r*Cw?ry —912i¢°r* P wiryy

+372q6r14w4r}? - 14184q4r16w4r}}) - 432iq4r15w5r}? +72q4r14w6r;? +1 188q2r16w6r}})
+10560¢°r"¢ log(2)r}}) —3720i¢°r P w log(2)r}f —216i¢*r P w g

—12480¢°r"%w” log(2)r 1 4+3360i¢°r'>w® log(2)rif +720¢°r *w* log(2)r1y

+60¢°r"  w? log(8)r} +7200¢" % w* log(2) 7 —900ig* ' *w® log(2)r}!

+360¢' %7 1og(32)r i —960¢°r®w? log(16) 71 +168i¢°r ' *w®log(32)r

+736¢"°r" 2 rif —264¢°r  w? log(1024)r | —864¢°r 1 +120i¢°r°w® log(128)r

+ 1664iq8r13wr}{2 - 672q8r12w2r,1q2 - 144Oiq6r15wr}{2 + 19128q67"14w21"}12

— 1728iq6r13w3r}{2 +84q6r12w4r}{2 +3456iq47"15w37“}{2 — 12312q4r14w4r}{2
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- 384Oq67’14w2 10g(2)r}{2 + 72iq4r13w5r}{2 - 6480iq2r15w57"111? + 1404q2r14w61"11q2
+840i¢°r ¥ w?log(2)r —60¢°r 2 w* log(8)rif +180¢°r 2 w* log(2)r 7
— 736" %1 +3072¢°r 2 r i +960¢5 4 w? 10g(16)r}{2 —120i¢5r*3w? log(128)r}12

—2160i¢°r  wry +672¢%r Cwry —16296¢°r P wiry +1248i¢%r  wiry —84¢%r wtry)

—8640¢°r"? log(2)r 1 +10008¢* r 2w r i +144ig* r' ' w®r i —324¢°r 2wl r}}
+760ig°r ' wlog(2)rif +5760¢°r *w? log(2)r} —840i¢°r " w® log(2)r 1
—180¢°r*%w* 10g(2)7’};1 —1440¢"r*?w?* log(Z)mlgﬁl +180ig"r'tw® 10g(2)7“}j1
—184¢" %% log(32)r 1 —96i¢®r  wlog(32)r 1 +240¢°r *w” log(16)r g

—176¢ 7571 +96¢° 1 w? log(1024)r1f +1120¢°r°rf —120i¢°r  w? log(32)r}f

— 704iq8r9wr};6 Jr84q8r8er}1Ei — 5761'q61"11wr},fi — 7092q6r10w2r;16 +360iq6r9w3r}16

+960q¢°%r %w? log(2)rllp§3 —864ig*r' ' wiri +2016¢ r P wiry +1296ig r M wiry

+176¢" 01512 —2760¢% 137 1F +952i¢°r wr iy —84¢%rSw?r i —240¢%r %w? log(16)r 1y
+3360q8r8 10g(2)1"},§3 +6732q6r8w2r}{8 - 3122‘q6r7w37'11q8 - 1944q4r8w47"}{8
+44q"°r%log(32)r 1 +420i¢*r wlog(2)ri; —960¢°r*w? log(2)ri}

+32i¢®rTwlog(32)ry —12¢°r%w? log(1024)r ¥ 424i¢°r " w* log(32)r 1

+16¢"°r*r3) —16¢" 217 —400¢° r®rif +96iq® rPwri +720i¢°r wr +948¢° réwiry

+896¢°r rE —480¢°r* log(2)r§,2 —136i¢®r*wri —924¢°r*wrE

—4¢"7? 1og(32)r7; —140i¢®r*wlog(2)rif +48¢°rrif —104¢°rsy — 144iq6r3wr%;‘>

+ <—432q10r26+270q8r28 —297i¢®*r*"w+918¢%r*®w® —432¢° r*®w? — 486i¢° r* w> — 702¢°r*%w*

+ 1260q10r22r}1{ — 1458q4r28w4 +1 1O7iq4r27w5 +216q4r26w6 +972q2r28w6 — 648iq2r27w7

- 2718q8r24r%{ +3240iq8r23wr%1 - 2574q8r22w2r}1{ —|—6156q67‘24w2r§1{ - 10981’q6r23w3r%1

+ 1872q6r22w4r}1{ - 54q4r24w4r}1{ - 2934iq4r23w5r}1{ - 504q47“22w6r31q - 1944q2r24w6r}1{

- 1380q10r187’§; —|—903Oq8r20r§{ — 7461iq8r19wr§.1 +2628q87’18w2r% + 1512iq2r23w7r}1{

— 15900q6r20w27'§{ +5532iq67‘19w3r% — 1716q6r18w4r§; +6660q4r20w4r§{ +2664iq47‘19w5r§{

+744q10r14r}{2 - 14166(]87"167"}{2 +360q4r18w6r§{ +864q2r20w6r§1 - 1080iq2r19w7r§{

+6416i¢%r P wri? —1236¢°r  w?r i +16584¢°r S w?rif —6204igr P wir i

+624¢° " wr i —7668¢" r Cwr i —954iq P wir g —12¢ r  wlr g 421647 Cwtr i}
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