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SUMMARY

The classical dynamics of black holes are governed by Einstein’s equations. These
are a set of nonlinear partial differential equations. These simple-looking equations
appear to be too difficult to solve exactly, particularly when the geometry involves
non-trivial dynamics. In such situations, to handle problems analytically one has
to take recourse to perturbation theory. Two such perturbation techniques which
can handle dynamical fluctuations around some static solutions even at non-linear
level are ‘derivative expansion’ and ‘large D expansion’. ‘Derivative expansion’ is
used to generate ‘black hole type’ solutions to Einstein’s equations with negative
cosmological constant that are in one to one correspondence with the solutions of
the relativistic generalization of Navier-Stokes equations of hydrodynamics. On the
other hand ‘large D expansion’ generates similar ‘black hole type’ solutions to Ein-
stein’s equations with or without cosmological constant where the gravity solutions
are dual to the dynamics of a co-dimension one non-gravitational membrane prop-
agating without backreaction in the asymptotic geometry. In this thesis, we have
compared these two perturbation schemes developed to handle both nonlinearity and
dynamics in Einstein’s equations in presence of negative cosmological constant. We
have shown that in an appropriate regime of parameter space, the gravity solutions
along with their corresponding horizon dynamics generated by these two perturba-
tion techniques are equivalent up to the subleading order in expansion parameter
for pure gravity systems and up to the first non-trivial order in expansion parameter

for Einstein-Maxwell system [1, 2, 3].
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Chapter 1

Introduction

The classical dynamics of black holes are governed by Einstein’s equations either in
vacuum or in presence of different matter field stress tensors along with a separate
set of equations controlling the dynamics of the matter fields. For example, the
Einstein-Maxwell system of equations determines the coupled dynamics of charged
black holes and electromagnetic fields around them. As we know these equations
admit a simple but profound solution, namely black holes. These deceptively simple-
looking equations are easy to state but they appear to be too difficult to solve exactly,
particularly when the system involves non-trivial dynamics. In sufficiently dynamic
situations, like the collision of two black holes and their subsequent merger, one may
think to solve the problem numerically and in fact, much of our recent understanding
of these process are due to numerics. But the numerics involve are sufficiently
complicated for such complicated dynamical process. In that situation, one natural
option might be to search for a parameter and then do perturbation theory. However,
Einstein’s equations lack any adjustable parameters to do perturbation theory. The
main problem in solving the dynamics of ‘Schwarzschild-type” black holes is that it
has only one scale in the system, the horizon radius. One may think to simplify
the problem in the point particle limit, where one considers particle moving in
gravitational field of wavelength large compared to the size of the horizon size. But

if one is interested in the dynamics of the horizon this assumption is not useful



2 Introduction

as one needs to consider finite horizon size. However if one considers black branes
in asymptotically AdS (and also flat) space-time, the scale of variation in some
directions is much larger than the variations along directions transverse to it. This
is the famous ‘derivative expansion’ [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] (in AdS
space) and the ‘blackfold approach’ [15, 16, 17, 18] (in flat space). In the limit of
very large dimensions one can find additional length scale, the thickness of the black
hole, after which the space-time ceases to be wrapped by black holes [19]. In this
thesis, we will discuss two such perturbation techniques which are used to study
dynamical fluctuation around some static solution even at non-linear level. One of
these perturbation techniques as we have mentioned is ‘derivative expansion’ and
another is ‘expansion in inverse powers of dimensions’. In both cases, one can take

theories of gravity and classically rewrite them as non-gravitational systems.

‘Derivative expansion’ is a perturbation technique that generates dynamical
black-brane solutions to Einstein’s equations in presence of negative cosmological
constants that are dual to the solutions of relativistic generalization of Navier-Stokes
equations of hydrodynamics. Here one studies a particular long wavelength limit of
Einstein’s equations with negative cosmological constant. In such a limit it has been
found that Einstein’s equations of general relativity in presence of negative cosmo-
logical constant, with appropriate boundary conditions and regularity restrictions,
reduce to the equations of hydrodynamics, namely the relativistic generalization of
Navier-Stokes equations. In other words, Einstein’s equations in presence of negative
cosmological constant in (d+ 1) dimensions capture the relativistic generalization of
Navier-Stokes equations in one lower dimension. It is called the famous fluid /gravity
correspondence [13]. Here given an arbitrary fluid dynamical solution in the bound-
ary of AdS, we can construct a time-dependent, inhomogeneous black hole-type
solution with a regular event horizon, retaining full non-linearity whose properties
mimic that of fluid flow. The fluid/gravity correspondence has many important ap-
plications and implications. It has confirmed the long-standing lore that space-time
or black hole horizon dynamics is governed by hydrodynamics. This type of idea

dates back to the old work of membrane paradigm [20, 21, 22|, where it has been



realized that black hole horizons behave like a fluid membrane, equipped with fluid-
like properties, such as viscosity, conductivity and so on. However, this membrane
paradigm is merely an analogy. On the other hand, the fluid-gravity correspondence
is a real duality mapping the long-wavelength but arbitrary amplitude perturbations
of black holes in asymptotically AdS background to the dynamics of conformal fluid,
where one can realize that the membrane lives on the boundary of the space-time.
This enables us to algorithmically construct dynamical black hole geometries with
regular event horizons in the bulk, given solutions of the fluid equations for the
fluid flow in the boundary field theory. This correspondence has provided useful
insight not only for studying black holes in asymptotically AdS space-time but also
helped in classifying various problems in fluid dynamics itself, e.g the appearance
of new pseudo-vector contribution to charge current ignored by Landau & Lifshitz
[23]. It has been used to precisely determine the higher-order transport coefficients
of the conformal fluid which depends on the underlying microscopic structure and
is hard to calculate on the field theory side. It has some experimental implications
also since conformal fluid to an extent mimics the physics of Quark Gluon Plasma

(QGP) discovered in heavy ion collisions.

Over the last few years, it has been observed that in the limit of large D (D is
space-time dimension) , the equations of black hole dynamics simplifies a lot and
there is a novel reformulation of black hole dynamics [24, 25, 26, 27, 28, 29]. As
the space-time dimension grows large the gravitational lines of force get more and
more diluted. In large dimensions, the interaction potential decays very fast at
large distances and at short distances it increases more steeply. As a consequence of
this, the gravitational field is localized near its source whereas at large distances it
is suppressed non-perturbatively in inverse powers of space-time dimensions. Em-
paran, Suzuki, Tanabe and collaborators have noted that in large dimensions the
Schwarzschild black holes have two widely separated length scales, the Schwarzschild
radius and the thickness of the black hole’s gravitational tail beyond the event hori-
zon after which the gravitational force rapidly decays to zero [30, 31, 32, 33, 34, 35].

They have also computed the spectrum of quasinormal modes in large D and found
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that almost all but a finite number of modes are heavy with frequencies inversely pro-
portional to the thickness of the region and the rest finite number of modes confined
in the near horizon region are anomalously light. These two types of quasinormal
modes are distinguished by frequencies parametrically separated in 1/D. The sepa-
ration of scale between heavy and light quasinormal modes suggests that it should
be possible to ‘integrate out’ the heavy modes and get the full non-linear dynamics
of black holes governed by only the effective non-linear theory of the light modes.
In [24, 25, 26, 27, 28, 29] the effective dynamics of black hole horizons have been
studied in a systematic expansion in 1/D. Though very different in detail, the 1/D
expansion is similar in spirit to the 1/N expansion, which t’"Hooft invented to study
SU(3) Yang Mills theory in four dimensions generalizing to the study of SU(N).
It has been shown that black hole dynamics at large D reduces to the dynamics of
a co-dimension one non-gravitational membrane propagating without backreaction
in the asymptotic geometry. The dynamical degrees of freedom of this membrane
are the shape of the membrane and a velocity field (and also charge density for
Einstein-Maxwell system) that lives on the membrane world volume. One can cor-
rect the metric systematically order by order in 1/D provided the membrane shape
and velocity field (and also charge density for Einstein-Maxwell system) obey an
integrability constraint - membrane equation of motion. These equations together
define a well-posed initial value problem for the shape of the membrane and also for
the velocity field (and also charge density for Einstein-Maxwell system) and apply

to arbitrarily non-linear and dynamical black hole motion.

Let us discuss very briefly its connection to the old membrane paradigm [20,
21, 22]. The equations of the membrane at large D arise from Einstein’s constraint
equations at the event horizon of the black hole. This can be regarded as the
mathematical realization of the so-called membrane paradigm idea, where it has
been realized that the black hole horizon dynamics resemble the equations of fluid on
a membrane. But the membrane paradigm picture differs from our large D effective
theory in crucial ways. Though like the large D effective theory the membrane

paradigm consists of constraint equations on the horizon but unlike large D effective



theory they are not imposed after integrating the dynamics near the horizon and
hence is not an effective theory in the sense of large D effective theory. In fact the
constraint equations in the ‘membrane paradigm’ apply to any null hypersurface in

Einstein’s theory in arbitrary dimension and do not require any separation of scales.

The analysis of black hole dynamics in large D has found applications in many
directions [19]. For instance, the efficient analytical calculations of black hole quasi-
normal modes have been done using large D technique in perturbative expansion in
1/D. It has also shed light on some basic problems about the instability of black
holes and their evolution, cosmic censorship and so on. It has been noticed that
the Gregory-Laflamme instability of black strings depends on D and it makes the
large D technique a useful application to this instability problem [19]. In large D
limit of AdS/CFT, one may gain further insight into explaining various phenom-
ena in strongly interacting field theories. In this regard, it has found applications
in condensed matter systems, nuclear physics, and hydrodynamics. When impact
parameter and total angular momentum are small from the analysis of black hole
collisions at large D one can get useful insight into black hole collision in D = 4.
Since gravitational radiation is strongly suppressed in large D limit [37], no gravi-
tational radiation is emitted in black hole collisions in large dimensions. As a result
of this, the total mass and angular momentum of the black hole system will be con-
served and this enormously simplifies the problem of getting a qualitative picture of

the possible outcome of the merger.

The large D effective theory has several similarities with the fluid/gravity cor-
respondence but with significant differences between them also. In both cases, one
integrates the radial dependence orthogonal to the horizon and gets an effective
theory for the fluctuations parallel to the horizon. These two methods of obtain-
ing black hole solutions differ in how the expansion parameter is made small. The
construction of large D effective theory works in an expansion in inverse powers of
dimensions. Fluid/gravity works order by order in an expansion in derivatives in
units of horizon radius and the coefficients of this expansion are determined exactly

as functions of D. On the other side, in large D effective theory the membrane
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equations are constructed in perturbation in 1/D and so at any given order have
terms of all orders in derivatives expansion, namely those that survive at large D
limit. Also, the large D effective theory lives on a fluctuating surface rather than a
fixed field theory background of fluid gravity.

To gain a clear understanding of the space of solutions of Einsteins equations
generated by these two perturbation schemes, we have to chart out the interconnec-
tions between these two different perturbation techniques. In this thesis we have

investigated the following questions.
e [s there any interconnection between these two perturbation schemes

e Whether it is possible to apply these two perturbation techniques simultane-

ously in any regime(s) of parameter space

e Are the solutions generated by these two perturbation techniques equivalent

in any regime(s) of parameter space?

We have answered these questions in affirmative in chapter 2 and chapter 3 for pure
gravity systems and in chapter 4 for Einstein-Maxwell system. Very briefly we have

found the following answers.

e We can apply both perturbation schemes simultaneously in a regime of param-
eter space. Also, when D is large and derivatives are small in an appropriate
1

sense, we can use (5) and 0, (with respect to some length scale) as two

independent perturbation parameters, without any constraint on their ratio.

e Equivalently, if we expand the metric dual to hydrodynamics further in 1/D,
it matches with the metric dual to the membrane-dynamics generated using

large D expansion, expanded in derivatives.

We have compared the gravity solutions generated by these two techniques and
established the equivalence of the gravity solutions along with their dual systems
generated by these two perturbation schemes up to subleading order in both per-

turbation parameters for pure gravity system and up to the first non-trivial order in



expansion parameter on both sides for Einstein-Maxwell system [1, 2, 3]. The reason
behind the matching is the following. Since we can use the same space-time geometry
as the starting point for both techniques (namely the space-time of a Schwarzschild
black brane) and given the starting point and hence the characterizing data both
the technique generate the higher order corrections uniquely, it follows that in the
regime where both the techniques are applicable, the solutions should be the same.
However, this matching is not at all manifest and we could see it after a series of
intricate gauge and variable transformations. The whole subtlety in the analysis
is to find out the appropriate coordinate transformation. Very briefly we have es-
sentially rewritten the metric dual to hydrodynamics in large number of dimension
in terms of membrane degrees of freedom. In the course of the analysis we have
worked out the field redefinition from the membrane to boundary fluid variables, i.e
we have determined the membrane velocity and its shape function in terms of fluid
variables. Then it is possible to rewrite the hydrodynamic metric (metric generated
in derivative expansion) in terms of membrane degrees of freedom and hence the
subsequent matching up to the order the solutions are known on both sides. We
expect this equivalence to be exactly equivalent to all orders once we have worked
out the field redefinition from the membrane to boundary hydrodynamic variable to

all orders.

In this context let us mention the work of [36]. In [37, 38] it has been shown
that the dual membrane in large D scheme hosts a stress tensor -‘the membrane
stress tensor’ and the equations of motion of the dual membrane are determined
from the conservation of the membrane stress tensor. In [36] the authors have
determined an ‘improved’ membrane stress tensor which defines consistent probe
membrane dynamics even at finite D. Though at leading order in large D limit, the
improved stress tensor reproduces the earlier derived results, but in generic situations
they do not exactly reproduce the finite D black hole physics (although they work
surprisingly well in some equilibrium and non-equilibrium situations). The authors
then studied the long wavelength dynamics of planar membrane in AdS space and

computed the linearized gravitational fluctuations sourced by the membrane stress
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tensor. By using the AdS/CFT prescription they have calculated the boundary
stress tensor induced by this linearized fluctuations. In this procedure, they have
calculated the form of the boundary stress tensor in terms of membrane variables.
Then performing a field redefinition to a local fluid velocity and temperature they
rewritten the boundary stress tensor and showed that it takes the form of the stress
tensor of the conformal fluid in derivative expansion [39]. They have compared this
boundary stress tensor with the respective fluid-gravity stress tensor [39] and found
that it matches exactly at zero and first order in derivative expansion with the fluid-
gravity stress tensor even at finite D. But at second order in derivative expansion,
they deviate from each other and the agreement only at large D. Now we have the
field redefinition from the matching of the two metrics up to second order. Using
this it might be possible to improve the stress tensor and understand this structure
in more detail.

We conclude the introduction with a few interesting future directions and a brief

overview of the chapters in the thesis.

Future directions

Let us now mention some interesting future directions.
We have matched the two metrics only within the membrane region. But it is
possible to compute the gravitational radiation, sourced by the effective membrane
stress tensor and extend outside the membrane region till infinity [37]. As we have
mentioned previously, in [36] the authors have determined the boundary stress tensor
from this radiation part and matched it with the dual fluid stress tensor of the
hydrodynamic metric. Now since we know how to ‘split’ the hydrodynamic metric,
we could also match the metric coefficients outside the membrane region that are
exponentially falling off with D and therefore non-perturbative from the point of
view of O (%) expansion.

In AdS space, there exist similar-looking constructions of horizon stress tensor

in terms of boundary stress tensor by following a radial flow of constraint Einstein’s



equations on cut-off surfaces in the background AdS [40, 41]. In some way, they
are a bit different from ‘large-D’ construction of the membrane stress tensor. For
example, they do not resum the derivative expansion. Also, they remain like fluid
equations all along the radial flow and reduce to non-relativistic fluid equations
on the horizon. However, there must be some relations between this radial flow
of Finstein’s equations down to the horizon and the membrane stress tensor car-
ried towards the AdS boundary via gravitational radiation [36]. It would be very

interesting to explore these relations further.

We have compared the metric in the regime where both perturbation techniques

1

are applicable and what we have shown is that the derivative and the ( i)

) expansion
commute in this regime. However, we also know from [1] that there exists a regime
where derivative expansion could not be applied but we could still apply ‘large-D’
expansion. This is an interesting regime to explore since here we would construct
genuinely new dynamical black hole solutions that were not described previously by

other perturbative techniques. It would be very interesting to isolate this regime in

the general ‘large-D’ expansion technique.

We all know that surface tension is one very important physical property that we
could associate with some membrane. These dualities, once explored further (which
we leave to future work) might tell us that surface tension actually maps to some

other well studied properties of fluid or gravity.

Another very interesting direction is the entropy analysis. Both large-D and
derivative expansion are applicable to even higher derivative theories of gravity and
coupled gauge theory. Concept of entropy in such gravitational systems is still not
well understood, but our understanding about whole thermodynamics and entropy
in particular is far more clear in both membrane and fluid systems. These explicit
maps would probably lead to some progress about understanding these questions in

such higher derivative gravity setups.
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A brief overview of the chapters

We conclude the introduction with a brief overview of the chapters in the thesis.

Background

After a brief introduction to the fluid-gravity correspondence and the membrane-
gravity correspondence in chapter 1, we have described the comparison between
the gravity solutions generated by these two techniques up to the first subleading
orders in the expansion parameters on both sides for pure gravity systems. We have
described that in an appropriate regime of parameter space of the solutions, it is
possible to apply both perturbation techniques simultaneously. We have explicitly
matched the gravity solutions along with their dual systems in large numbers of

dimensions.

Fluid-gravity and membrane-gravity dualities - Comparison
at subleading orders

In chapter 3 (based on [2]) we have essentially extended the comparison of the two
gravity solutions up to the second subleading orders. As the form of both the large
D metric and the ‘hydrodynamic metric’ are very complicated and they look very
different from each other the comparison at this order is far more non-trivial than
at first subleading order [1]. An important outcome of this exercise is that at the
intermediate steps often some pattern emerges and that would naturally lead to

some all-order statement.

Comparison between fluid-gravity and membrane-gravity du-
alities for Einstein-Maxwell system

In chapter 4 (based on [3]) we have compared the two gravity solutions up to the

first non-trivial orders. Unlike the pure gravity case, here even at first non-trivial
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orders the curvature of the background AdS space generates new term in the charge
conservation equation and hence makes the checking more stringent than the pure

gravity system.






Chapter 2

Background

2.1 The Membrane paradigm at large D

Following [24, 25, 26, 27, 28, 29] in this section we briefly discuss the effective dynam-
ics of black hole horizons in large number of space-time dimensions. A few years ago,
Emparan, Suzuki, Tanabe and collaborators have observed that classical dynamics
of black holes in D dimension simplify a lot in large D limit. Motivated by this ob-
servation over the last few years there were several works [24, 25, 26, 27, 28, 29]. In
those works, it has been demonstrated that black hole dynamics can be reformulated
in terms of equations of motion of a co-dimension one non-gravitational membrane
propagating without backreaction on any asymptotic geometry that solves Einstein’s
equations. Emparan, Suzuki, and Tanabe have introduced a parameter into Ein-
stein’s equations and studied dynamics of black holes in a systematic expansion
in 1/D. In order to gain more intuition about how it works let us first consider
the Schwarzschild-Tangherlini black hole, written in Kerr-Schild coordinates. In

Kerr-Schild coordinates, the black hole solution takes the following form
2 2 2 .2.702 o\ P3 2
ds? = —dt® + dr* + 70,y + (22)7 (ar —at)? . (2.1)
r

This metric describes a black hole at rest, i.e moving with velocity U = —dt. Note
that this metric manifestly reduces to background geometry (here flat space) at
large r and also is smooth at the outer future event horizon. Also when D is large
the deviation from the background is neat. Note that (dr — dt) is null both in

background and the full space-time geometry.
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The metric for the black hole moving at arbitrary constant boost is obtained if

we replace dt by a timelike one form U and then the metric reads

gun = nun + ¥ POnOn

D-3
O=n—-U, U=constant, U-U=-1, U-n=0, zZJ_D:(T—;]> (2.2)

r*(z) = Puna™a™, Pyn = nun + UnUy, nap = Oupr
where all the ‘" product are with respect to n,/n. Varying the fields; horizon radius
ro and the one-form field U over the horizon much more slowly than the scale %
of the radial gradient we turn them into collective fields and call the coordinate
collective coordinate ansatz. In this way, we can write the more general ansatz

metric as

W = Wag + 10405 (2.3)

where Wy p is a smooth metric that solves Einstein’s equations and we refer to it as
background metric. v is an unspecified function in the background geometry and

O =n — U with U as a one-form ‘velocity’ field in the background space such that

Oatp

VWABS 4pOp1p

We will deal with two derivative pure gravity theory in presence of cosmological

WABUAUB = —1, nap —

WAPnUp =0 . (2.4)

constant. The action of this theory can be written as
SZ/VW[R—A] . (2.5)

We will assume the following scaling of the cosmological constant A
A=(D-1)(D-2)A I~0O(1) . (2.6)

The equation of motion is given by

R—A
EAB = RAB — (T) WAB =0 . (27)

Our goal is to find new ‘black-hole type’ solutions to these equations in large D

limit. But let us first mention a complication in doing that. As we know Einstein’s

. . . . . D(D+1
equations in D dimension is a collection of DD+)

2
ric tensor with w components, each of which is a function of D space-time

equations that determine a met-
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coordinates. So, in large D limit, both the number of equations and the number
of variables to be solved will blow up. To take a sensible large D limit, we will
divide the space-time dimensions into two parts and assume that a large part of
the space-time geometry is fixed by some symmetry and consider that the metric is
dynamical only along some finite number of directions. In that case, we will write

the metric in the following way:.
ds? = WapdXdXP = W, ({2}) da®da® + f ({2°}) dQ? (2.8)

where Wy, ({z}) with {a,b} = {0,1,--- , p} is a finite (p+1) dimensional dynamical
metric and dQ? is the line element on (D — p — 1) dimensional symmetric space.

Now as we will see the metric generated in this large D technique will be dual to a
probe membrane dynamics embedded in background space with a velocity field and
shape function and hence the symmetry of the metric will be there in the membrane
also. So, this dual membrane will be dynamical only along the z* directions and
simply wrap the symmetric space. The requirement that the solutions generated in
this scheme have this particular symmetry is less restrictive than it sounds. Firstly,
although in the derivation of the equations of this dual membrane, the symmetry has
been assumed the final membrane equations are entirely covariant on the membrane
world volume, and the isometry directions are not special. Secondly, a large class
of interesting space-time (e.g the collision of black holes) indeed preserve this large
isometry group.

In such cases, it could be shown that for any generic vector or one-form, the
order of its divergence will be D times larger than the order of the vector or the one
form and it will apply to any arbitrary tensor with any number of indices [24, 25,
26]. In the same way, it could be shown that if the background metric have that

symmetry then we will has the following.

RABCD|on Wap — 0(1)7 RAB|on Wag — O(D)v R|on Wap — o (DQ) (29)

So, Einstein’s tensor evaluated on the background metric will be O (D?). Tt will
turn out that the leading ansatz (2.3) will solve Einstein’s equations (at O (D?))
provided

V3P =0, and V-U=0(1), aty=1 (2.10)

where, all contractions are with respect to the background metric.
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Before proceeding further let us mention a few important properties of the ansatz
metric (2.3).
e The static black hole solution of (2.2) is a special case of (2.3) up to corrections

of 1/D and in that special case 1) = 1 is the equation for the event horizon.
e Note the inverse metric is
AB _ yn)AB -DAHANB
Wiy =W —¢77070

, where all indices are raised using Wxp Now it follows that

1
A

TZATLBW(O)B =1- ¢_D
So, 1 = 1 is a null co-dimension one submanifold of the ansatz metric of (2.3).
At least when at late times the ansatz metric (2.3) settles down to a stationary
black hole solution, this co-dimension one manifold may be identified with the

event horizon of space-time. We will refer to this submanifold as ‘membrane’.

e The deviation of this ansatz metric from the background space is proportional
to P ~ e PW-1_ So, the ansatz space-time approaches the background
space-time exponentially rapidly for ¢y —1 > %. Hence, the region of thickness

1

@ (5) around v = 1 is non-trivial and we call this region ‘membrane region’.

e For v — 1 K %, as D — oo, the ansatz metric blows up. But this region lies
entirely inside the event horizon and is causally disconnected from dynamics
on and outside the membrane and hence is irrelevant for predicting solution

outside.

In summary, our ansatz space-time reduces to background geometry for ¢» —1 >> %
and so solves Einstein’s equations there. The region ¢ — 1 << % lies entirely inside
the event horizon and so irrelevant for predicting solution outside. It remains to
study the region ¢ — 1 ~ % around ¢ = 1. So we need to solve Einstein’s equations
only within the ‘membrane region’.

We use the ansatz metric of (2.3) as the starting point of our perturbation the-
ory and solve Einstein’s equations order by order in 1/D. The leading ansatz is
parametrized by the function ¥ and the velocity one-form U. To solve Einstein’s
equation at the very leading order, these variables need to be satisfied some condi-

tions only on ¢ = 1 hypersurface (2.10). So, there is a ambiguity in defining the
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function ¢ and the unit normalized velocity one-form U away from ¢ = 1 hyper-
surface. To fix this ambiguity we will choose some conditions on ¢ and U. These
conditions are referred to as ‘subsidiary conditions’. We will choose the subsidiary

conditions on 1 as follows.
V)P =0, everywhere . (2.11)

where the covariant derivatives are with respect to the background metric.

1 =1 is the event horizon of the full space-time to all orders in 1/D expansion.
With this initial condition we can always determine ¢ in an expansion in 1/D solving
(2.11).

Similarly, the condition on O is fixed by

0-0=0, O-n=1, PF(O-V)O*=0, everywhere .

(2.12)
PAB = (55 — nAOB — OATLB + OAOB

where all the contractions and covariant derivative are with respect to the back-
ground metric.

It is important to note that (2.11) and (2.12) are obeyed on ¢ = 1.

Two different ansatz metrics whose shape function v and the velocity field U
agree on 1) = 1 but differ at larger value of ¢, actually describe the same space-time
on and outside ¢ = 1 at leading order in 1/D. In order to restrict attention only
to inequivalent starting points of perturbation theory we need to define ¢ and U
everywhere in space-time in terms of the shape of the membrane and the values of
the U on the membrane.

Note also that two different choices of these ‘subsidiary conditions’ produce the
same space-time geometry. But they look different as they are expressed in terms
of two different sets of variables. For example the ‘subsidiary conditions’ in [24, 25,
26] are different from the ‘subsidiary conditions’ in [27, 42, 43] and the metrics look
different in these two different choices. These choices are made in such a way that
the solutions look simpler.

Now we are in a stage to implement the perturbation theory and search for

solution of the form

= " (2.13)
WE;O% = Wap + 1 20405
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and attempt to find the corrections WI(LX%,WE%, ---, solving Einstein’s equations
order by order in 1/D. In order to find unambiguous solution we first fix coordinate

redefinition freedom by choosing a gauge such that
O W) =0 forn>1 . (2.14)

It will turn out that we can find corrections to ansatz metrics consistently in 1/D
only when the shape function ¥ and the velocity field U satisfy some integrability
constraint - a membrane equations of motion which follow from constraint equations
of gravity. These membrane equations define a well-posed initial value problem for
membrane dynamics. For every configuration that obeys these membrane equations,
one can construct a metric that obeys Einstein’s equations to appropriate order in
1/D. Hence it follows that the solutions of these membrane equations are in one
to one correspondence with dynamical black hole solutions that solve Einstein’s

equations order by order in 1/D.

In this procedure, the solutions to Einstein’s equations have been found in flat
as well as AdS/dS background for pure gravity and Einstein-Maxwell system [24,
25, 26, 27, 28, 29].

2.2 The fluid-gravity correspondence

Here we shall very briefly describe the method of ‘derivative expansion’ [13]. In
chapter 4 we have described this procedure in more detail while constructing the

solutions for Einstein-Maxwell systems.

2.2.1 Perturbation parameter in ‘derivative expansion’

‘Derivative expansion’ is used to study two of the best-studied non-linear partial
differential equations in physics, namely, Einstein’s equations of general relativity
and Navier-Stokes equations of hydrodynamics. It is used to construct ‘black hole
type’ solutions (i.e space-time with a singularity shielded by some horizon [44] ) to

Einstein’s equations in presence of negative cosmological constant in dimension D.

FEinstein’s equations:

(2.15)
Eap = Rap+ (D — 1))\29/13 =0
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A is the inverse of AdS radius. We shall work in units where A is set to one.

The solutions generated in this procedure are dual to the solutions of relativistic
generalization of Navier-Stokes equations in (D — 1) dimensional Minkowski space
(D is arbitrary). The different gravity solutions generated in this procedure are

characterized by
1. Unit normalized velocity: u*(x)

2. Local temperature: T'(z) = (221) ry ()

For the moment, rg is just some arbitrary length scale. It will be related to the
horizon scale of the dynamical black-brane geometry.
{z"}, pw=A{0,1,---, D—2} are the coordinates on the flat space-time whose metric

is simply given by the flat space metric, 7, = Diag{—1,1,1,1---}.

In this procedure, the fluid velocity and the temperature are slowly varying
functions with respect to the length scale set by ry(x). Mathematically, it can be
stated as follows.

If we choose an arbitrary point zf; and scale the coordinates in such a way that in
the new coordinate ry(x9) = 1. Then the derivative expansion would be applicable

if in this new scaled coordinate

100,000+ Oy T |20 << |00y Oy * * * Oy 1 TH 2o << -+ << |OayTH |2y << 1 ¥ m,a, 20
100,00+ Oy U |2y << |00y 0y * +* Oy U |5y << v+ << |0y |0y << [UF| ¥ 1, i, 20
(2.16)

Hence, the number of 9, derivatives in a given term determines how suppressed the
term is'. Then in the original 2# coordinates, each derivative 9, corresponds to
r ng- Therefore if we work in x* coordinate which is not defined around any given
point like z* then the perturbation parameter schematically is ~ 7‘1_{16#. 2,
In derivative expansion, the starting point of the perturbation is

(where {r,z#}, p=14{0,1,---,D—2}. We will choose units such that, A, appearing

Tt may happen that at a point in space-time, some nth order term is smaller or comparable to
some (n + 1)th order term. In that situation, one needs to rearrange the expansion around such
points.

2For a conformal fluid in finite dimension there is only one length scale which is set by the fluid
temperature. But as D grows large T'(z) and ry ~ % are two parametrically separated length
scales. In (2.16) we have chosen rp to be the relevant scale and set it to order O(1). Here the
scaling of temperature with D is different from the D scaling of the temperature in [45].
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in equation (2.15) is set to one)?.

ds® = —2u, dztdr — r? f(r/ry) w,u, dxtde” 4 7“2Pu,,dx“d:c”
. (2.17)
where f(z)=1-— D1 P = N + uuuy,

It is a boosted black-brane metric in AdS space.

If u, and ry are constants then equation (2.17) is an exact solution to equation
(2.15).

In ‘derivative expansion’ u* and ry are allowed to be functions of the coordinates
{z#}. Then obviously (2.17) will not be a solution to equation (2.15). We need to
add small corrections to (2.17). Treating derivatives on v* and ry small we will be
able to solve (2.15) order by order in derivatives. The r dependence of these small
corrections could be determined exactly. It will turn out that equations (2.15) can
be solved order by order if and only if u* and rp satisfy the relativistic generalization

of Navier-Stokes equations, which turn out to be the constraint equations of gravity.

2.3 Comparing fluid gravity and membrane grav-

ity duality at leading order

Following [1] in this section we shall briefly describe the comparison between membrane-
gravity and fluid-gravity duality in the first non-trivial order which will create the
base for discussion of the next chapters.
As we have already discussed in the previous section, the metric constructed in ‘large
D expansion’ [27] can be written in a ‘split’ form, where the metric is written as
‘background’ plus ‘something else’. This means this metric always admits a partic-
ular point-wise map to the ‘background’ geometry (in our case pure AdS).
On the other hand, the metric constructed in derivative expansion, to begin with,
does not have this ‘split’ and there is no guarantee that such a map would exist for
this case also.

In this section, we will show that such a map also exists for the ‘hydrodynamic
metric* also. We will see that such a map also exists for the ‘hydrodynamic metric’

even when the number of dimensions is finite. After that, we will match the two

3Note that we need to be careful about the scaling of A while taking D — oo limit. In this case,
A would be fixed to one in large D limit.

4In this section, we will refer to the dynamical black brane solution generated in ‘derivative
expansion’ as the ‘hydrodynamic metric’.
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gravity solutions constructed in these two techniques up to the first non-trivial order
in both perturbation parameters. As we will see in chapter 3, it would get more

non-trivial at the next order.

In the analysis, we could show the equivalence of both the ‘large D metric’ and
the ‘hydrodynamic metric’ in large dimensions. We have actually rewritten the ‘hy-
drodynamic metric’ in terms of membrane degrees of freedom in large dimensions.
After implementing the correct coordinate transformations we could rewrite the la-
belling variables of the ‘large D metric’ (the membrane velocity and shape function)
in terms of the labelling variables of the "hydrodynamic metric’ (the local fluid tem-
perature and fluid velocity). This analysis in a sense gives hope of a possible duality
between fluid and membrane dynamics in D — oo limit (more ambitiously in finite
dimensions) where gravity has no role to play (See [45], [36] for such a rewriting of

fluid equations).

In section - (2.3.1) we have first discussed the overlap regime of these two per-
turbation techniques. Then in section - (2.3.2) we have discussed the map between
the bulk of the ‘black-brane’ space-time and the pure AdS space, mentioned above
and described an algorithm to construct the map, whenever it exists. In section -
(2.3.3) we have compared the two metrics in the two perturbation techniques along
with their dual systems (namely Navier-Stokes’ equation and membrane equations)
in large dimensions. We have also worked out the map between the two different
sets of dual variables in these two perturbation schemes. In section - (3.7) we have

concluded.

2.3.1 The overlap regime

Now, we will discuss whether we could apply both the ‘large D expansion’ and
the ‘derivative expansion’ simultaneously in any regime of parameter space of the
solutions. We have already discussed the perturbation parameter in the ‘derivative
expansion’ in section 2.2.1. Now at first, we will discuss the perturbation parameter
in ‘large D expansion’. We shall see that these two perturbation parameters can be

applied independently without any constraint on their ratio.

After that, we will compare the two metrics, generated using these two pertur-
bation schemes, without any constraint on the ratio between these two perturbation

parameters.
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2.3.1.1 Perturbation parameter in ( ) expansion

1
D
‘Large D expansion’ technique is applicable in large number of space-time dimension
(denoted as D), where gravity solutions are generated in a series expansion in powers

of (%) Here (l) is the perturbation parameter (a dimensionless number) where,

D
! <<1
D

Note that ‘derivative expansion’ is applicable only in presence of negative cosmo-
logical constant in Einstein’s equations. But the ‘large D expansion’ technique can
be applied with or without the presence of cosmological constant provided A, the
AdS radius (see equation (2.15) in subsection - 2.2.1) has been kept fixed one takes
D large. Note that the choice of A defined previously for ‘derivative expansion’ is
consistent with this large D scaling.

As we have discussed previously 2.1, the ansatz metric in ‘large D expansion’

can be written as follows.
dS? = Gap dXAdXP = Gap dXAdXE + 7P (04 dXH)? (2.18)

where G a5, 1 and Oy4 are defined as follows.

1. Gap is the ‘background’ metric. In our case, it is pure AdS metric.
We have to choose coordinates in such a way that the metric G 45 is smooth
and all components of the Riemann curvature tensors are of order O(1) or

smaller in terms of the order counting in large D.
2. (de) is a harmonic function w.r.t Gap.

3. Oy is dual to a tangent vector to a null geodesic in the background metric
such that O np GAP = 1. Where n, is the unit normal to the constant 1

hypersurfaces.

It will turn out that the metric in equation (2.18) will solve Einstein’s equations
(2.15) at leading order (which is O(D?)) provided the divergence of O(1) vector
field, U4 = n? — O4 is also O(1). Mathematically it can be written as

V.Ug(v-n—V-O)wlzo(l) (2.19)

where V = covariant derivative w.r.t. Gap
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At first sight equation (2.19) does not seem to constraint the O(1) vector field U4,
since all the components of it along with their derivatives are O(1). But it is actually
a constraint in the validity regime of large D technique, since in the validity regime
of large D the divergence of a O(1) vector field is O(D)..

We can ensure such scaling in the dynamics by considering that the metric is dy-
namical only along some finite number of directions and there is some symmetry in
the rest of the directions [27].

We will assume that such a scaling exists in all the geometry we will consider in-
cluding the dual hydrodynamics. For example, we shall assume that the divergence
of the fluid velocity u”, which we shall denote by ©(= d,u*) is of O(D), whereas u*
itself is of O(1).

Now we shall mention some important properties of the leading ansatz metric in
(2.23) and refer to [27] for a detailed discussion.
With the above mentioned conditions it can be shown that ¢y = 1 hypersurface is a
null hypersurface and we will identify it as the event horizon of the full space-time
geometry
Note also that if we are finitely away from the ¢ = 1 hypersurface, in large D limit
the metric reduces to the background metric G 45.
Now we shall consider the region of thickness of the order of O (%) around ¥ = 1
hypersurface. In this region®, the (%) expansion would lead to a nontrivial correction
to the leading space-time geometry. To see how, let us do the following coordinate
transformation. .

€T ~
XA:X64—|—E Oa=D 0y

where {X§'} is an arbitrary point on the ¢ = 1 hypersurface. In these new coordi-

5This requirement is not restrictive as it seems. To explicitly see it let us consider a coordinate
system {z,y*} in which the background metric takes the following form.

1 _ _
Goo = =, Gu= ZZT]W Det[G] = —z(P=2)
z

V.V = (-2, [z“’*?)vﬂ o,V (2.20)

=0,V +9,V¥+ (D —2) <VZ>

z
Here obviously the first term is a O(1). Since in large D limit a large number of indices are summed
over term, the second term could potentially be of order O(D). The third term is O(D) provided
(%) is not very small. The second and third terms can potentially cancel for a particular vector

field . Equation (2.19) says that U“dy4 is such a fine-tuned vector field.
SFollowing [27] , we shall refer to this region as ‘membrane region’
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nates
dS2 = D2GAB di‘AdiB, where GAB = QAB (Xo + %) (2.21)

Now, if 24 is not as large as D, it is possible to expand ¢~?, O4 and G4p around
X4

¢_D(XA) _ e—iéANA +0 (%) , where Ny = [aAl/}]Xé“

) (2.22)

1

Note that from the second condition (see the discussion below equation (2.18)) it
follows that

Extrinsic curvature of (¢ = 1) surface = K|y—1 = D/ NaNpGAB + O(1)
Substituting equation (2.22) in equation (2.21) we find

Gap = 04(Xo) np(Xo) + Op(Xo) na(Xo) + Pap(Xo)

( o NA> O04(Xo) Op( X0)+(9(11))

(2.23)
where PAB(XO) = projector perpendicular to n4(Xy) and O4(X))

njp =

v <8Aw>(83w>GAB

Hence, at the leading order, the variation of the metric in 2.23 is non-trivial only
along the directions V4 and variations along all the other directions are suppressed in
large D. It is very similar to the starting metric in derivative expansion in equation
(2.17) , where the metric has non-trivial variation only along the direction r. So, we
can say that within the ‘membrane region’, the large D expansion almost reduces to
the derivative expansion provided the metric in 2.23 solves Einstein’s equations at
the leading order. And the conditions mentioned below equation (2.18) along with
equation (2.19) guarantee that this is true.

After finding the leading solution we can apply the above-mentioned procedure to
find the subleading corrections which will handle the variations of N4 and O,4 along
the ¢ = constant hypersurface provided the variations of them are suppressed in

1/D (in the unscaled X# coordinates). It can be stated in the following way. We
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should be able to choose a coordinate system along the @) = 1 hypersurface such
that

[GAP (04 ¢~") (95 WD)}_% 94 Ihorizon << 1 . (2.24)

We only need to impose this condition only on ¢ = 1 and the conditions below equa-

tion (2.18) will guarantee that they are satisfied on all ¢ = constant hypersurfaces.

As already explained, the solutions generated in ‘large D expansion’ technique
are expressed in terms ¢ and the one-form O4 dX*. These fields need to satisfy
the conditions written below equation (2.18). Now to fix the fields completely we
need to specify the boundary conditions along any fixed surface and we shall fix
them on the ¢ = 1 hypersurface. Different metric solutions are labelled by the
auxiliary function 1 and the components of the one-form field O4 projected along
the surface. Like ‘derivative expansion’, the metric correction can be solved order
by order provided these defining data (The auxiliary field O4 and 1) satisfy some

constraint equation, which we call the ‘membrane equation’.

2.3.1.2 Comparison between two perturbation schemes

In subsection-(2.3.1.1), we have explained that within the membrane region, large
D expansion is almost reduces to ‘derivative expansion’ as discussed in subsection-
(2.2.1). But they are not exactly the same. The leading ansatz for both ‘large D
expansion’ and ‘derivative expansion’ looks quite different and we can not expect
any ‘overlap regime’ between these two perturbation schemes if they compute per-
turbations around two completely different geometries. So, in finding an ‘overlap
regime’, at first we need to understand where in the parameter-space and in what
sense, equation (2.17) and (2.21) describe the same leading space-time.

Though the leading geometries of these two techniques look different , they both
have similar geometric properties - for example the existence of a curvature singu-
larity. In the black-brane metric (2.17) it is located at » = 0 and on the other hand
the metric (2.21) is singular at ¢» = 0. Also, in both cases the singularity is shielded
by some event-horizon”.

To explicitly see the similarities, let us now choose a coordinate system X4 =
{p, X"}, such that the background metric- G 4p in equation (2.22) takes the follow-

“So far, the way both the techniques of ‘large-D expansion’ and ‘derivative expansion’ are
developed, the existence of a horizon is a must.



26 Background

ing form
a A B dp2 2 v
Gap dX* dXP = 4 2y, dX" X, (2.25)
p
Then in this coordinate, the following metric is an exact solution of equation (2.15)

dp2 p —(D-1) dp 2
—5 P dXMdXY + (—) (— —p dt) (2.26)
p TH P

ds® =

Note that this is the Schwarzschild black-brane metric, written in Kerr-Schild form.
The metric [27] has the following properties.

—(D-1)
° <L> is harmonic function with respect to the background up to correc-

—(D-1) 2
2 (P _o(L
v o)

tion of order O (%)2.
—(D-1)
Hence the function <i> could be identified with )~ appearing in

TH
2

(2.18) up to corrections of order O (5)".

e It can easily be shown that the one form (%f —p dt) is null. It also satisfies
the geodesic equation. Further, one can easily check that the contraction of
this one-form field with the unit normal to the constant p hypersurfaces is one.

Hence, we can identify this with the null one form O4dX*

Hence we can recast the metric in (2.26), which is an exact solution of (2.15), in the
form of our leading ansatz in large D expansion up to corrections that are subleading
in (4) expansion. The metric in equation (2.26) can also be expanded around a
given point on the horizon p = ry, in the same way that has been done (see equation
(2.23)) in the previous subsection with the following identifications.
Na dX4| o) = f—p, Oy dX4| o = f—p —ry dt
" (2.27)

So, the leading term in this expansion, after writing in terms of N4 and O 4 would
have exactly the same form as that of the metric written in equation (2.21). The

main difference between the leading ansatz in equation (2.18) and in equation (2.26)
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is that in the later N4 and O4 satisfy (2.27) equation everywhere along the hori-
zon, in the same {p,y"} coordinates. For the leading ansatz in (2.18) also a local
{p,t} coordinates can always be chosen by reversing the equations in (2.27). But
for a generic ¥ and O 4, we can not do this globally and this is the reason why the
leading ansatz is not an exact solution of (2.15). However, the deviation from the
exact solution will be proportional to the derivatives of N4 and O4 and therefore
contribute in subleading order. Hence, locally around a point on the horizon, the
leading ansatz for ‘large D expansion’ expansion looks like a Schwarzschild black-
brane written in a Kerr-Schild form where the local p and ¢ coordinates respectively
are oriented along the direction of the normal N, and the direction of the field O4

projected along the membrane ¢ = 1.

Now we will discuss the leading ansatz for the metric in derivative expansion. As
explained in [4], if we choose ry = constant and u* = {1,0,0,-- - } then the leading
ansatz in derivative expansion, equation (2.17) , reduces to Schwarzschild black-
brane metric written in Eddington-Finkelstein coordinates. Also locally at any point
{zf}, we can always choose a coordinate system such that w*(zo) = {1,0,0,---}.
So, by appropriate choice of coordinates locally the metric described in (2.17) could
always be made to look like a Schwarzschild black-brane metric, though in a different
coordinate than described in equation (2.18). Hence, the starting point of these two
different perturbation expansions are ‘locally 'same and we can expect an overlap
regime.

But the difference lies in the concept of ‘locality’ and also the space of defining
data in these two perturbation techniques are different. In case of ‘large-D’ expan-
sion, the labelling data of the gravity solutions is specified on the horizon whereas
for the metric generated in ‘derivative expansion’ it is defined on the boundary of
the AdS space.

The range of validity for ‘large-D’ expansion is given in equation (2.24). Now if we
replace 9492 |norizon Dy (—DN4) then the condition (2.24) reduces to the existence

of coordinate system such that
aA |horizon << D (228)

which looks similar to the validity regime for ‘derivative expansion’ , as we have

mentioned in the subsection (2.2.1)

rg 0, << 1 (2.29)
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Now if somehow we could map each point on the boundary to a point on the horizon
(which is viewed as a hypersurface embedded in the background space-time), then
the same {2} coordinates could be used as coordinates along the horizon. Then,
whenever ry is of order O(1) in terms of order counting in ‘large-D’, the inequality
(2.29) would imply equation (2.28). Equivalently we could say, as D — oo, all
solutions generated in ‘derivative expansion’ could be legitimately expanded further
in (%), though the reverse may not be true.

Now we know that for the case of exact Schwarzschild black-brane solutions 04
and 0, are simply related (without any extra factor of D). It is just the the well-
known coordinate transformation that one should use to go from Kerr-Schild form
to Eddington-Finkelstein form of the black-brane metric. The required map from
the horizon to boundary coordinates is also given by this coordinate transformation.
After introducing the perturbations on both sides, relation between these two sets
of coordinate systems are expected to get correction, but in a controlled and per-
turbative manner, and thus it will maintain the above argument for the existence of

overlap.

In summary, a region of overlap exists between these two perturbative techniques.
In this chapter, our goal is to match them in the regime of overlap. As we have
discussed, the key step is to determine the map between d4 and 0,. We shall

elaborate that in the next section.

2.3.2 Transforming to ‘large-D’ gauge

From section (2.3.1) we have seen that whenever derivative expansion is applica-
ble, we can always apply 1/D expansion but the reverse may not be true. So, a
dynamical black-brane metric generated in ‘derivative expansion’ [5] when further
expanded in 1/D should match with the metric generated in large D expansion
(equation (8.1) of [27]) after appropriate coordinate transformations and field redef-
inition. In this section, we will construct the algorithm to find out the appropriate
coordinate transformations.

Before proceeding further let us understand the question in a little more detail.
Both the large D expansion and ‘derivative expansion’ generate dynamical black-
brane geometry in terms of labeling data defined on a co-dimension one hypersurface.
In ‘derivative expansion’ the labelling data is defined on the conformal boundary of
the AdS space and in the case of ‘large D expansion’ it is defined on a co-dimensional

one fluctuating membrane embedded in the asymptotic geometry. Hence both pro-
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cedure uses a particular map from the full space-time geometry to a co-dimension
one hypersurface.

In derivative expansion given a unit normalized velocity field and a temperature field
defined on a (D — 1) dimensional flat Minkowski space, which satisfies the relativis-
tic generalization of Navier-Stokes’ equations one can construct a D dimensional
dynamical black-brane geometry solving Einstein’s equations, which we refer to as
bulk [4, 5]. In [46] the authors have also described how to reverse this construction.
Starting from a dynamical black-brane metric they could read off the dual fluid
variables.

Similarly, in large D expansion starting from a membrane velocity and shape func-
tion defined on a co-dimension one membrane one could systematically construct a
dynamical black-brane geometry order by order in 1/D [27]. But with this tech-
nique, the correspondence has been shown only in one direction [27]. To complete
the map we also need to know how to read off the ‘membrane data’ given an arbi-
trary dynamical black-brane geometry.

In this section, we will construct an algorithm to determine this ‘membrane-bulk
map’, which is similar to the discussion of [46] in the context of writing the rotating

black hole metric to the form of the hydrodynamic metric.

2.3.2.1 Bulk-Membrane map

The ‘large-D expansion’ technique [27], always generate the dynamical black-brane
metric Gap in a ‘split” form. Here the ‘split’ is specified in terms of an auxiliary
function 1 and an auxiliary one-form field O40,. In terms of equation,

Gap = Gap + GGV (2.30)

where G4p is the background metric and Gﬁ{‘j;t) is such that there exists a null

geodesic vector field 040, in the background, satisfying
ONGuap=0"Gup = 0G5SV =0 . (2.31)

The normalization of this null geodesic vector is determined in terms of the function
1 which is defined as follows.

1. (¢_D ) is a harmonic function with respect to the background metric G 45.

2. ¢ = 1 hypersurface, viewed as an embedded surface in full space-time geome-

try, is the dynamical event horizon. The boundary condition on v is specified
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in this way.

Once we have fixed ¢, the normalization of O is fixed through the following con-
dition.

OATIA =1.

where 1,4 is the unit normal on the constant ¥ hypersurfaces (viewed as hypersur-

faces embedded in the background space-time).

Equations (2.30) and (2.31) together specify a map between two entirely different
geometries, with metric G 45 and G 45 respectively, both of which satisfy equation
(2.15). Hence, for writing an arbitrary dynamical black-brane metric, which admits
(%) expansion, in the form described in (2.30), the first step would be to determine
this map or the ‘split’ of the metric between ‘background’ and the ‘rest’, so that the

equation (2.31) is obeyed.

Now in previous subsection, we have seen that this ‘map’ is crucially dependent
on the vector field 040, and the function 1. As both of them are defined using the
‘background’ geometry, we immediately face a problem, because given an arbitrary
black-brane geometry, it is the ‘background’ that we are after.

For example, we could always determine the location of the event horizon for a given
black-brane metric, but we would never know its embedding in the background, un-
less we know the ‘split” and hence we would not be able to construct the 1 function,
by solving the harmonicity condition on ¥»~". If we do not know v we would not

be able to normalize O, as required.

So we need to figure out some equivalent formulation of this ‘split’ just in terms

of the full space-time metric. The following observation save us. It can be shown

at it G4p admits a split between T Ap an satistyin = 0, then
that if G4p admit lit between G d GV satistying 0OAGTSY = 0, th

the vector - 049, , which is a null geodesic with respect to background metric G 45,

is also a null geodesic with respect to the full space-time metric G 4.

Proof:
We know that
(O - V)OA =r O4

where V denotes the covariant derivative with respect to the metric G4p and & is
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the proportionality factor. We want to show that
(O-V)O* x O?, where V is covariant derivative w.r.t. G4z

Suppose 4+ denotes the Christoffel symbol corresponding to V4 and I'4 denotes
the Christoffel symbol corresponding to V 4. These two would be related as follows
[27].

— 1 rest)] rest)] 4 res
P4, =T, +§ (VB [G( t)}c + Ve [G( t)]B - v [G( t)]BC>J (2.32)

~
A
Tga

Here all raising and lowering of indices have been done using G 4. Note that

1
OBOC 5ch _ OB(O . V) [G(rest)]g . §OBOCVA [G(rest)} s

B BC

= x (076 2) =0

=~ [G"VA [0 9)07] + 5 (VAOO) [ ], 07 (233)

What we want to show simply follows from equation (2.33)

(O-V)O*=(0-V)O* =k 04 (2.34)

So by solving the null geodesic equation with respect to the full space-time metric
G 45 we could determine O4 . But to fully determine it, we also need to know x which
is fixed by the normalization of O#. As already mentioned, the normalization that
has been used previously in the application of ‘large-D’ technique is not suitable for

our purpose, since for it we need the knowledge of the ‘background’ beforehand. But

luckily the form of the ‘split’ defined by the condition [OAGS?) = O] is independent

of the normalization of O*.

So we will first determine another null geodesic field (we shall denote it by O,4 to
remind ourselves of the difference in normalization) which is affinely parametrized
and whose inner-product with the normal to event horizon of the full space-time
(which, up to normalization, could again be determined without the knowledge of
the ‘split’) is one.

Then we will be at a stage to define the map between the ‘background’” and the full

space-time metric.

Suppose {Y} denote the coordinates in the background space-time (in our case
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it is the pure AdS, the metric is denoted by Gag) and {X4} are the coordinates
of the full space-time geometry (the dynamical black-brane geometry, the metric is
denoted by Gap). Let us now denote the invertible functions that give a one to one

correspondence between these two spaces as {f“}.

v = fA{X}) (2.35)
The equations that will determine f4 s are the following

_ B o C o c’ B
OA gAB|{X} - OA <8§;—A> <8§(—B> GCC’|{X} (236)

8 Here O are affinely parametrized null geodesics with respect to the full space-time
metric i.e.,

0-VO*=0 (2.37)

Equation (2.37) would fix O, completely if we specify the angles it would make with
the tangents of the horizons, which is a set of (D — 1) numbers. Now what we are
actually interested in is not O4 but O, which is related to O, with a normalization.
Hence, at this stage we are free to choose the normalization of O 4, since anyway, we
have to re-normalize it again. It will fix one of the (D — 1) initial conditions. Rest
we will keep arbitrary.
We shall assume

A

O N lnorizon = 1 (2.38)

OAZX) lhorizon = some arbitrary functions of horizon cordinates

where N4 is the null normal to the event horizon of the space-time (with some
arbitrary normalization) and lé)ﬁA s are the unit normalized space-like tangent
vectors to the horizon.
It will turn out that the hydrodynamic metric could be split for a very specific choice
of these spatial initial conditions and we will fix them order by order in derivative
expansion by matching the the ‘large-D’ metric and hydrodynamic metric . Once
O4 is fixed (in terms of these arbitrary angles), by solving equation (3.2) we could
determine f# s up to some integration constants .

If we apply the map (2.35) as a coordinate transformation on the ‘background’

then equation (3.2) further says that in the new {X“} coordinates the map would

8The subscript {X} in equation (3.2) denotes that both LHS and RHS of equation (3.2) have
to be evaluated in terms {X“} coordinates.
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just be an ‘identity’ map and the full space-time metric G4 would admit the split
as given in equation (2.30) satisfying (2.31) °.

Once we have figured out the splitting of the full space-time metric into ‘background’
and the ‘rest’, we know how to view the event horizon as a surface embedded in the
‘background’ geometry and therefore the auxiliary function ¢ (by exploiting the
harmonicity of 1~ with respect to the background metric) everywhere. Now we
can normalize O* as it has been done in [27]. Using these 1 and O4 (appropriately
normalized) we will be able to recast any arbitrary metric, that admits large-D

expansion, exactly in the form of [27].

2.3.3 Bulk-Membrane map in metric dual to Hydrodynam-
ics
Now we shall implement the above described algorithm for the metric dual to hy-

drodynamics. For convenience, let us summarize the steps again.
e First determine the equation for the event horizon of the full space-time metric.
e Then Determine the null normal to the horizon.

e Solve equation (2.37) to determine O# everywhere. We require the normal,

derived in the previous step, to impose the boundary condition.

e Then choose any arbitrary coordinate system {Y“}, where the ‘background’

has a smooth metric G 45.
e After that solve the equation (3.2) to determine the mapping functions f4 ’s.

It is not easy to implement all these steps for a generic dynamical metric. But in
this case, the ‘derivative expansion’ and the fact that f4 ’s are exactly known at
zeroth order in derivative expansion (which is simply the coordinate transformation
between Eddington-Finkelstein and Kerr-Schild form of a static black-brane space-
time) would help us.

Though the zeroth order transformation is already known, as a ‘warm-up’ exer-

cise et us first re-derive it using the above mentioned algorithm. The condition of

9We would also like to emphasize that what we are describing here is not just a gauge or
coordinate transformation. The ‘split’ mentioned in equation (2.30) is a genuine point-wise map
between two entirely different geometries. Once we have figured out the ‘map’, we are free to
transform the coordinates further; both G4z and G 4 would change, but the ‘map’ will still be
there.
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‘staticity’ and translational symmetry of the metric will allow us to solve relevant
equations exactly.
2.3.3.1 Zeroth order in ‘derivative expansion’:

At zeroth order in derivative expansion, the metric dual to hydrodynamics is given
by

ds® = —2u,dx"dr — r* f (r/rg) wu,dadz” + r* P, dx"dx” (2.39)
where P, =1, +uuu, f(2)= [1 _ z—(D—l)} L wunt = —1 :
We could read off the components of the metric and its inverse.
gT‘T = 07 g/u” = —Uy, g/uz = _T2f (T/TH> U, Uy + TQPIJV
1 (2.40)
g = r2f (r/rg), G' =u" GM = _2pw/
r

At zero derivative order, both ry and u* could be treated as constants. The event

horizon and the null normal to the metric are given by
Event Horizon : S =7 —ry =0, Ny dX* =dX*0,8 =dr (2.41)

Let us now figure out the ‘map’ that would lead to the desired ‘split’ between
‘background’ and ‘rest’.
We have already determined the event horizon. Now, we have to solve for O,

satisfying the conditions
0PVE0* =0, 008G =0, O*Nylyeyy = O |p—ry, = 1

At zeroth order in derivative expansion, G4p has translational symmetry in all
the z*. The conditions on O# does not break this symmetry. Hence O# must have

the form
0204 = hi(r) O, + ha(r) w0, (2.42)

Now we shall process the condition that O4 is a null vector field.
020G =0
= 2h2 (T’)hl (T)gwu“ + hQ(T)Qu“u”gw} =0

= ha(r) [th(r) —r2f (r/ry) hg(r)} =0
= hg(?”) =0

(2.43)
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So finally 049, = hy(r)0,1.
Substituting this form of O4 in the geodesic equation we could see that hy(r) has

to be a constant and then boundary condition simply says that hi(r) =1
040, =070, = 0, (2.44)

Now let us choose a coordinate system Y4 = {p,y"} for the ‘background’ where

the metric takes the following form

dp? v
dsgackground = ? + Pznuu dy# dy (245)

Again the symmetries of the background metric motivate us to take the following
form for the mapping, which gives the one to one correspondence between the back-
ground coordinates {Y4} = {p, y#} and the black-brane coordinates { X4} = {r, 2}

yt =t 4+ g(r)u’,  p=h(r) (2.46)

We shall now apply the map (2.46) as a coordinate transformation on the back-
ground. In the new coordinates (where the map is just an ‘identity’) the background

metric will take the following form

_ B\ 2 _ _
grr = (E) - (g/h>2a gur = glh'Qu;n g;u/ = h2 Umy (247)

Here we have suppressed the r dependence and derivative w.r.t r is denoted by prime

("). In this coordinates equation (3.2) takes the form

A
(E) —(¢h)? =0, ¢h*=—-1 (2.48)

These two equation could be solved very simply. The general solution is given by

hr) = £+ ). g(r) = —— +oo (2.49)

10 Actually, there is two solutions to (2.43). If we assume ho(r) # 0 and finite everywhere, then

2

h(r) = 5 f (/ra) ha(r)

This implies that iy (r) will vanish at the horizon r = ry (which is a zero of the function f (r/rw)),
contradicting the boundary condition on O".
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where ¢; and ¢y are two arbitrary constants.
We shall choose the plus sign in the function h(r) to make sure that whenever r

increases, p also increases.

Now we have to fix the integration constants. Note that once we know the map,

we know the form of gﬁ{gft), satisfying equation (2.31) by construction.

g(rest) _ g(rest) =0

" " (2.50)
g;(jf“) = [(r+ ) = f(r/ra)] wu, + [* = (r + 1)*] Pu

We further want that as D — oo, the metric should reduce to its asymptotic form
at any finite distance from the event horizon of the space-time or in other words,
outside the ‘membrane region’ Gie™ must vanish (a region with ‘thickness’ of the
order of O (4) around the ‘membrane’, see section (2.3.1.1)). This condition will
force us to set ¢; = 0. The other constant ¢, is not appearing in the final form of the
metric, so, at this order this ambiguity will remain and it is simply a consequence
of the translational symmetry in z* and y* directions. For simplicity, let us also
choose ¢o = 0. So finally the final form of the map at zeroth order is

o
p=r, Y=+ v (2.51)
r

2.3.3.2 First order in derivative expansion

Now we extend the computation of the previous section up to the first order in
derivative expansion. Here u* and ry depends on x* but any term that has more
than one derivatives of u* and rgy can be neglected. All calculations presented in

this section generically have corrections at order O(9?).

At first order in derivative expansion the metric dual to hydrodynamics is [5]

ds? = — 2u, dztdr — r2f (r/ru) wu,detde” + TQPM,d:E“d:EV
(2.52)

20
gl +2F (r/ry) o | datdx”

+ 7| — (uya, +uya,) + o)

Where,

00 l,D72 -1
F(T) :T’/r dl‘m
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And!!

au:(u-a)uua O=0-u, O'MV:P“OZPVB(aauﬁ_‘_aﬂua)—( © )PW’

2 D—2
(2.53)

We will refer to this metric, described in equation (2.52), as ‘hydrodynamic metric’.
Here both ry and u, are functions of z#s. But the functional dependence is not
completely arbitrary. It will turn out that the hydrodynamic metric will solve the
Einstein’s equations (up to corrections of order O(9?)) provided the derivatives of

rg and u, satisfies the following equations'?.

(U . 5’)7’11 4 @ o 07 PMV (aHTH) + CLV — 0 (254)

TH D-2 TH

We read off the components of the metric and its inverse
gur = — Uy, grr =0
G = — Tzf (r/ru) Uy Uy + TQPMV (2.55)

20
+r| = (uua, +wa,) + (m) wuty + 2F (r/ry) Uuu}

20 “
Q”:rzf(r/rH)—r<—D_2>, g*“":uﬂ__i 250
, P 2F(r/rH) .

gH = - 5 H) n

The horizon is still given by the surface (no correction at first order in derivative,

though the normal gets corrected since 0,7y is not negligible now.)

Event Horizon : S =r —rg =0, N4 dX? =dX*0,8S = dr — da* Ouru (2.57)

Here ‘- denotes contraction with respect to 7,
12These two equations are just the stress tensor conservation equation for a (D — 1) dimensional
ideal conformal fluid.
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We need the Christoffel symbols to compute the geodesic equation.

I, =0, Iy, =0
r? )

I, = Tf(T/TH)vLEf'(T/TH)— D3

Ug,

1
Ihe = 57 [2r Pt — Osut — usa” + 0Mus + utas — 2F (rfry)os + 2 (r/rg) F'(r/ru)ok]
(2.58)

The most general correction that could be added to O, at first order in derivative
expansion, maintaining it as a null vector with respect to the first order corrected

metric:

040, = 0, + wi(r) © 0, + wa(r) a0, (2.59)

We shall fix wq(r) and wq(r) using the geodesic equation.

The r component of the geodesic equation gives the following equation.

(O-V)O" =0
L OV,0" + 0"V, 0" — 0
=0"9,0" + T 0"0" +20"0°T", =0
=(1 4 w1 (r)©)wi(r)O + 2(1 + w(r)O)(wa(r)a*)IL, =0
=wi(r) =0

=wi(r) = A;, where A; is a constant

From the . component of the geodesic equation we find

(O-V)O" =0
= O"V,0" + OV, 0" =0
= 079,0" + O"O'T* +20"0°T" = 0

o [w;(r) + 27“”2(7")] o =0

r

A
= wy(r) = (—22) ,  where A, is another integration constant
r
At this stage
_ A
049, =08, + 4,0 8, + (—2) a"d), (2.60)

72



2.3 Comparing fluid gravity and membrane gravity duality at leading order 39

We can partially fix the integration constants using the boundary conditions.

At horizon

ONplpery =1 = (1+A4,0)=1= A, =0

_ (2.61)
O"oyry = 0O (82) = No constraint on A,
Hence it follows that .
4 A, ) oL .
0704 =0, + | — | a"0, + terms 2nd order in derivative expansion
r
= Oy dX* = —u,, dz" 4+ Ay a, dx" + terms 2nd order in derivative expansion
(2.62)

Now, we need to solve for the ‘mapping functions’. For that like in the previous
section let us choose the same coordinates {Y4}, so that the background metric
takes the form of equation (2.45). It is expected that the mapping functions (2.51)

will get corrected by first order terms in derivative expansion.

yt =t + %@) + fi(r)© u(x) + fao(r) a*(x), p=r+ f3(r) © (2.63)

As we have done previously, we will apply the map (2.63) as a coordinate transfor-
mation on the background metric. In the new coordinates (where the map is just

an ‘identity’) the background metric takes the following form

A 2600) o

72 r3

G — 2 (f{ (r) +

G = [1= (200 -V 0| s iy 2o
G = r? (1 + @ @> N + 1 (O, + Opuy)

Substituting equation (2.64) in equation (3.2) we find

_ A _ _

23(r) f3(r) _ fs(r)

= r*fi(r) — ma fa(r) =0, filr) + 2




40 Background

The general solution for equation (2.65):

f3(r) =Cs,  fa(r) =Cy,  filr) :Ol_%

where (', Cy and C5 are arbitray constants

(2.66)

In the new X4 = {r, 2#} coordinates the metric of the background takes the follow-

ing form

dslz)ackground = GABdXAdXB
= —2u,dz" dr + r’ny,dz" dz
+r [203@ Nuv + (auuy + ayuuﬂ dx*dx”

= — 2u,dz" dr + 7“277de“ dx”

1 v v
o [_03@ Wty + (03 N _) O P, — <;) N ] b e

D -2 2
(2.67)
In the last step we have rewritten G, using the following identity
20
Oy + Oyuy, = 20, + D3 P,, — (a,u, + ayuy,) (2.68)
Once we know the background, we could determine G5y
gg‘est) _ 07 g;(;;"eSt) -0
(est) 2 (TH\ P N
Gust) = <T> uuty — 2r C3 © nyy + 2r [F(r/ry) — 1) o (2.69)
~ 1
h O3 =03+ ——
where 3 3+ D_9

1

2.3.4 Hydrodynamic metric in (5) expansion

In the previous section, we split the ‘hydrodynamic metric’ into ‘background’ and
‘rest” as required. In this section, we shall expand the metric further in 1/D and
match it against the solution generated in large D technique described in [27].

The matching of the two metrics involves two steps. In the first step, we need
to do an exact matching of the two metrics up to the orders we are interested in
on both sides. In the second step, we need to show the mapping of the two sets of

evolution data.
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As we have already discussed, the ‘hydrodynamic metric’ and the ‘large - D’ metric
are expressed in terms of data, defined on a co-dimension one hypersurface. In
the case of ‘hydrodynamic metric’ it is defined on the conformal boundary of AdS
space and in the case of the ‘large D’ technique, it is defined on a co-dimension one
fluctuating membrane embedded in the asymptotic geometry. For the matching of
the two gravity solutions, the evolution of data should also match. In other words,
we should be able to reexpress the dynamical degrees of freedom of the membrane
in terms of fluid variables and have to show that once the Navier-Stokes’ equations

are satisfied the ‘membrane equations’ are also satisfied.

Now at first, we match the two metrics up to the required order and then we

show the equivalence of the evolution of the two sets of data.

2.3.4.1 Comparison between the two metrics

For matching of the hydrodynamic metric with the final metric described in [27],
the first requirement is that Q_fﬁft must vanish as one goes finitely away from the
horizon. This is possible if Cj is zero and also the function [F(r/ry) — 1] at large r
has a certain type of fall-off behavior. Now Cj being an integration constant we can
set it to zero. In appendix (A.1) we have analyzed the integral (2.53) and therefore
the function [F(r/rg) — 1]. We have shown that at large D this integral could be

approximated as follows.

F(z)=F <1 + %) —1- (%)2 > (1:1_?2) e+ 0 (%)3 (2.70)

m=1

Hence [F(r/rg) — 1] vanishes'® up to corrections of order O (%)2.
After substituting equation (2.70) and the value for the integration constant Cs, the

black-brane metric dual to hydrodynamics takes the following form

2
2 @2 o (rE\P! 2 1 571
dS* = dSp,agrouma T T (_r ) (u, dz")*+ O (_D (2.71)

where dS?

As we have discussed before, the metric described in [27] is written in terms of

is given by equation (2.67)

ackground

one auxiliary function v and one auxiliary null one-form O4dX4. For convenience,

13" Also, note that the vanishing has appropriate fall-off behaviour (exponential decay in the
scaled Z variable) as required by large D corrections
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let us quote the metric here again.

2

05" = A58 + 07 (01 4% 40 () (2.72)
Here v~ is a harmonic function with respect to the background metric with ¢ = 1
being the event horizon of the full space-time geometry and O4 is proportional to
O, determined in the previous section. The proportionality factor (we denote it
by the scalar function ®(X)) is fixed by using the condition that the component
of O4 along the unit normal to the ¢ = constant hypersurfaces is one everywhere.

Mathematically, the above conditions could be expressed as

5A
04 =d(X) 04, O(X)= O~ 0av where 9% =GP Opp (2.73)
(0a9)(044)
Rewriting (2.72) in terms of O,
§2 = dst VPN Gaaxty s o (L)
d =d background+ E ( A d ) + E
2 =P 1)
= dSbaCkground + (?) (U# — A2 a“> (uy - AQ ay) dx*dz? + O (5)

(2.74)

For the exact matching of the metric in (2.74) with the metric in (2.71) we have to

set Ay to zero and identify [@27“2 (TTH)DA} with the harmonic function =" up to

corrections of order (i)2. Hence, finally we have to verify is the following

D
YD 9% (T—H)Dl oL (2.75)
r D '
where 1) satisfies
V3P =0 (2.76)

with the boundary condition that 1) = 1 hypersurface should reduce to the horizon,
i.e., the hypersurface given by r = rg, in an expansion in (%)

Now we first determine 1 and then ®. Note that both ¢ and the norm of d4v
are scalar functions and it would be easier to compute them in a coordinate system
where the background metric has a simple form. Hence, we solve the equation in
the {p,y"} coordinate system and then transform the final answer to the {r,z#*}

coordinates for final matching. For that at first, we need to know the position
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of the horizon in {Y“} coordinates since that will provide the required boundary
condition for 1. We know that in {X4} = {r 2#} coordinates the horizon is at
r=rg(r) + O(0%). Now {X“} and {Y1} coordinates are related as follows.

O(x)

N 2
p=r D_2+(’)(8 ),
ut(z) [ O(z) \ (u(x) 2
JTR—r 1 7
y xh + . +<D—2 = + Cy O(x) v (z) + Cy a*(z) + O(9%)
(2.77)
The inverse transformation:
_ O(y) 2
r_p+D_2+O@)
ut(z) 2
ot =yt — — C1 O(z) u”(z) — Cy a*(z) + O(07) (2.78)
1 u
=L o) why) - Ca ) + O
Therefore in terms of {Y4} coordinates the horizon is at
)
pP = TH(QSM)— (m) +O(82)
(2.79)

= ru(y") — lu ':i) g (D@i 2) +0 (82) =ru(y") + O (82)
Here, for terms that are of first order in derivative to begin with, this coordinate
transformation will generate change of order O(9?) and therefore negligible in our
analysis. In the last line, we have used equation (2.54).

Once we know the position of the horizon, we will be able to solve for ¢. In {p, y*}
coordinates the expressions for ¢ and its norm are as follows (see appendix (A.2 for

detail derivation).

o= (5) () 0 o)
< wronn (1 5) () () () o e

= 9 I = (#@)2 <1 - i)Q +0(0)?

Clearly this solution satisfies the boundary condition that ¢ = 1 = p = ry(y) +
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0(5?).
Now we have to transform these quantities in {X“} coordinates. We first transform

the quantity[ £ }

i (y)

TH[zy) N TH(;)_‘F%(?TH +0(@)
A
1

From equation (2.81) it follows that

1 1
w(r,x“):1+<1—5) (THZx)—l)—l—(’)(ﬁ, 82)
1\ /d 1\ /9, 1
= dx4 oY = <1—5) (é) —7’(1—5) ( r%:H> dm“—i—(’)(ﬁ, 82)
aAa—r21 12(’)182
N ‘“*“%)(‘5)* (ﬁ’ )

Substituting this solution in equation (2.73) we find ~ ®(X) = 1.

(2.82)

Now we have all the ingredients to verify equation (2.75). Let us introduce a
new O(1) variable R such that

In terms of R we find
—(D-1
g0 g ()" oo (1)
T Ty

PR ) B e

This is exactly what is required to have a match between the the ‘large-D’ metric

and the ‘hydrodynamic metric’ up to the first subleading order on both sides.
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2.3.4.2 Comparison between the evolution of two sets of data

As mentioned before, the ‘hydrodynamic metric’ is defined in terms of a unit nor-
malized velocity and the temperature # of the relativistic conformal fluid living in a
(D — 1) dimensional flat Minkowski space-time. In case of large - D expansion, the
metric is written in terms of a (D — 1) dimensional time-like fluctuating membrane
embedded in pure AdS space with a dynamical velocity field on it. In both the
cases, these sets of data are controlled by separate equations. For ‘derivative expan-
sion’ , the governing equation of data is given in (2.54). In ‘large-D’ technique, the
governing equation is the following[27]

. VU, VK
V-U=0 _
’ K K

+ UK —U - VU, | P2 =0 (2.84)

This equation is written as an intrinsic equation on the membrane world-volume.
Here all raising, lowering and contraction of the indices are done with respect to the
induced metric on the membrane. U, is the velocity of the membrane, expressed in
terms of its intrinsic coordinates. Kg, is the extrinsic curvature of the membrane,
expressed as a symmetric tensor on the membrane world-volume. K is the trace of
the extrinsic curvature. P is the projector perpendicular to U®.

In this section, our aim is to show that equation (2.54) implies equation (2.84) up
to the order O (%)2.

Our first task would be to express the U* and K,z in terms of velocity u* and
temperature (or ry) of the relativistic fluid. Note that though both v* and U* are
unit normalized velocity vector, they are defined on completely different spaces, one
is defined in a flat Minkowski space and the other is defined in the curved (both
intrinsic and extrinsic curvature, being nonzero) membrane world volume.

For convenience, we work in {Y4} = {p,y*} coordinates where the background
metric takes a simple form. At first we calculate the unit normal to the membrane
and different components of its extrinsic curvature. First we will compute them
in terms of background coordinates and then we will re-express it as an intrinsic

symmetric tensor on the membrane.

14The temperature and the horizon radius are related by the following relation

_ A7 T
D)

In our choice of units
rg~0(1) = T~0O(D)
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The unit normal to the membrane is given by

O

\ aAw 8A¢] membrane (285)
_ dp—dy" duru(y)
ra(y)

na dYA’membrane = dYA [

The extrinsic curvature is defined as follows.

Kap =11 Venp =115 (0cng — Tégnp)
where 115§ = 0§ —n, n® and V is the covariant derivative w.r.t background
(2.86)

Now let us choose {y*} as the intrinsic coordinate on the membrane world volume.
In this choice of coordinates, the extrinsic curvature K,s will have the following

structure.

]Cag = Kpp (aa’l”H) (857*11) + [Kpa (857’]1) + Kp,B ((‘3arH)] -+ Kag (287)

Note that the first term in the RHS of equation (2.87) does not contribute at first
order in derivative expansion.
After using equation (2.86) and (2.87), at this order the final expression for IC,,

turns out to be very simple (see appendix (A.3) for the details of the calculation).
Kop =13 Nag + O(0?), K= (D-1) (2.88)

The induced metric on the membrane is given by
Jap = Tt Nap + O(0?) (2.89)

Now we determine the membrane velocity U®. The membrane velocity is defined as
the projection of O4 on the membrane which, by construction, would be unit nor-

malized with respect to the induced metric of the membrane. In {Y“4} coordinates,
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O4 dY# takes the following form

Oa dX*|membrane = — [ Uy () A2 o rane
= = (4 525) [win =22 [(5 ) oo (5) ]
(oo (8- ()
— \r 1 + D—@Q r2 dp+ | —ru(y) uu(y) — % u, +a,(y)| dy"
() ( )T
- () o [ - (52)]

(2.90)

In the last line, we have used equation (2.54), which is the governing equation for

the labelling data in the hydrodynamic side of the duality.
From equations (2.90) and (2.85) it follows that

1 S)
Ua dYA = — dYA [OA - nA]membrane = — (7‘_2) <m) dp +ryg uy, dy‘u (291)
H

Now U, is just rewriting of U4 in terms of the intrinsic coordinates of the membrane.

Following the same method as in equation (2.87) we find

U, dy* = [TH U + (’)(32)] dy® (2.92)

Once we know K,g, U and the induced metric on the membrane, we could

compute each term in the equation (2.84).

VU= <D_2) {DQ y (O +0(0") =0 (")

TH -2 TH
ViU, = 0 (9%
v _ P§0a T 2\ _ 2 (2.93)
(U-V)Uﬁ_a5+T+O(a ) =0 (9
U* Kag P = 0(8%)
VoK = 0(8?)

As it is clear from the notation, in the LHS of each equation the relevant metric

is the induced metric on the membrane on the other hand in RHS it is the flat
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Minkowski metric 1,z.
Substituting equations (2.93) in equation (2.84) we could show that membrane equa-
tion follows as a consequence of fluid equation.

In this context let us mention the work in [36]. In that paper, the authors have
computed the boundary stress tensor dual to a slowly varying membrane embedded
in AdS. They have calculated the dual fluid velocity in terms of the membrane
velocity.One can easily check that the equation (2.92) is indeed the inverse of what

the authors of [36] have found up to correction of order O(9?).

2.4 Conclusion

In this chapter we have compared the gravity solutions generated by two different
perturbation techniques, namely ‘derivative expansion’ and ‘large D expansion’. We
have seen that in large numbers of space-time dimensions there exists an overlap
regime between these two techniques. In that regime we have shown that in large
dimensions we can further expand the metric generated in ‘derivative expansion’ in
1/D and then it would match with the metric independently generated using ‘large
D technique’.

In chapter 3 we have extended this computation to the next order on both sides. In
chapter 4 we have generalized this calculation to Einstein-Maxwell system in pres-

ence of negative cosmological constant.

In some sense, our computation serves as a consistency test for these two meth-
ods. But this analysis could teach us something more and that is about the dual
systems of these two gravity solutions.

‘Derivative expansion’ generate dynamical black-brane metric in D space-time di-
mensions and the solutions are dual to the relativistic conformal hydrodynamics
living in (D — 1) dimensional Minkowski space-time. The labelling variables of hy-
drodynamics are a unit normalized fluid velocity and temperature. They are the
data that label different dynamical black-brane solutions in derivative expansion.

On the other hand, the gravity solutions generated in ‘large D expansion’ are dual
to a co-dimension one dynamical non-gravitational membrane embedded in pure
AdS and coupled with a velocity field. In this case also the labelling data of the
metric is defined on a (D — 1) dimensional hypersurface and they consist of a unit
normalized velocity field and a scalar function - the shape of the membrane. In

terms of counting the number of variables this is very similar tot he hydrodynamic
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metric, though the governing equations and the physical significance of the variables
are totally different.

However, we have shown that these two sets of equations are approximately
equivalent after an appropriate field redefinition. In this chapter, we have verified
it at the very leading order and in chapter 3 we have extended this equivalence to
the next order on both sides.

In fact, this equivalence is expected to valid to all orders[36]. In other words,
in the overlap regime, these two systems of equations must be exactly equivalent to
each other if we consider all orders on both sides [36] of the equations. But to see

this equivalence we need to re-express one sets of variables in terms of the other sets

of variables [36, 45, 47].






Chapter 3

Fluid-gravity and
membrane-gravity dualities -

Comparison at subleading orders

3.1 Introduction

This chapter is based on [2].

In this chapter, we shall compare two perturbation techniques, developed to handle
both the nonlinearity and the dynamics in Einstein’s equations in presence of neg-
ative cosmological constant, namely ‘derivative expansion’ [4, 13, 39] and ‘large-D
expansion’ [24, 25, 26, 27, 42]'. The initial set-up for such calculation has already
been worked out in [1] and we have briefly described it in chapter 2 . Here we shall
essentially extend it to the second subleading order. Very briefly, what we have
done is to re express the metric dual to second order hydrodynamics [39] , derived
using ‘derivative expansion technique’ in the form of the metric dual to membrane

dynamics[42] derived using ‘large-D expansion technique’ upto corrections of or-

der O (Dimelnsion)s. As one might have expected, at this order the comparison and
matching of the two gravity solutions in the regime of overlap, become far more

non-trivial than what has been done in [1].

In the next subsection, we shall very briefly sketch the strategy we have used for

comparison. In fact, we shall only give a sketch of the algorithm and shall refer to

Isee [30, 34, 36, 43, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64] for work
related to ‘large-D expansion’; see [7, 9, 10, 11, 46, 65, 66, 67, 68] for work related to ‘derivative
expansion’
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[1] for any proof or other logical details.

3.1.1 Strategy

The ‘large-D expansion’ is a technique to generate a perturbative gravity solution
expanded around space-time dimension D — oo in inverse power of D. The metric
Wapg, constructed using this method, always has a ‘split’ form between background
Wap and rest WXESt). Wap is the metric of the asymptotic geometry, which is also
an exact solution of Einstein’s equations. For our case, it is just the pure AdS.

The classifying data for different Wap is encoded by the shape of a co-dimension
one dynamical hypersurface embedded in pure ADS, coupled with a velocity field.
We shall denote the equation that governs the dynamics of this membrane and
the velocity field as ‘membrane equation’. For every solution of this ‘membrane
equation’, the ‘large-D expansion’ technique generates one unique dynamical metric
that solves Einstein’s equations in the presence of negative cosmological constant.?

The technique of ‘derivative expansion’ generates gravity solutions in D dimen-
sion that are dual to (D — 1) dimensional dynamical fluids, i.e., the characterizing
data of the solution is given by a (D — 1) dimensional fluid velocity and temperature
field. The velocity and the temperature are assumed to be slowly varying functions
of the (D — 1) dimensional space. Therefore, the derivatives of these fields are the
small parameters that control the perturbation here. The dynamics of the fluids
are governed by a relativistic (and also higher order) generalization of Navier-Stokes
equations, which we shall refer to as ‘fluid equation’. The duality states that for
every solution to the fluid equation, there exists a solution to Einstein’s equations
in the presence of negative cosmological constant, constructed in derivative expan-
sion. For convenience, we shall refer to this metric as ‘hydrodynamic metric’. This
technique works in any number of space-time dimension. Also, note that the metric
here is not in a ‘split form’ as we have in the case of ‘large-D’ expansion.

In [69] it has been argued that there exists an overlap in the allowed parameter
regimes where these two perturbation techniques are applicable and also the starting
points for both of these techniques (i.e., the solution at zeroth order) could be chosen
to be the same space-time - namely the black-brane. Now given the zeroth order

solution, both ‘large-D’ and ‘derivative expansion’ technique generates the higher

2The presence of cosmological constant is not a must for the applicability of the ‘large-D expan-
sion’ technique, but it has to be present for the other technique, namely ‘derivative expansion’ to
work. Since our goal is to compare the solutions generated by these two perturbative techniques,
we have to deal with Einstein’s equations in the presence of cosmological constant for both the
cases.
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order solutions uniquely in terms of the characterizing data. Hence it follows that
in the overlap regime the two metrics generated by these two techniques must be
the same or at least coordinate equivalent to each other.

Our goal is to show this equivalence in this overlap regime in the space of the

perturbation parameters. We shall do it in the following three key steps.

3.1.1.1 Part-1:

As mentioned above, the metric generated in the ‘large-D’ expansion technique
would always be expressed as a sum of two metrics - the background Wyp and
WXES”. The split is such that the contraction of a certain null geodesic vector
049, with WX;St) vanishes to all orders. However, the hydrodynamic metric, to
begin with, does not have this ‘split’ form.

Our first step is to split the hydrodynamic metric into ‘background ’ and ‘rest’
such that the background is a pure AdS (though would have a complicated look if
we stick to the coordinate system used in [39]) and the ‘rest’ part of the metric is
such that its contraction with a certain null geodesic vector always vanishes.

The procedure is as follows.

1. We determine the position of the horizon (in an expansion in terms of the
derivatives of the fluid data) in the hydrodynamic metric following the method
described in [44].

2. Next we determine a null geodesic field (affinely parametrized) O40,, that
passes through the horizon.
Because of the specific gauge of the hydrodynamic metric, we could guess a
simple form for 049, that would work to all orders in derivative expansion.

We gave some heuristic argument in support of this all order statement.

3. Next we pick up a coordinate system denoted as {Y4} = {p, y*} such that the

‘background’ of the hydrodynamic metric takes the following form
2 A A v B dp® 2 wog v
dsbackground - GAB dY?dY” = 7 + P N dy dy (31>
The {Y4} coordinates are related to the {X“} coordinates (the coordinates
used in [39] to express the hydrodynamic metric) by some (yet unknown)

mapping functions f4(X).
Y4 = fAX)
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4. Now we demand that the following set of equations.

_ _ 9fC aFfce" N\ _

Where, Gap is the full hydrodynamic metric in {X“} coordinates. Here the
subscript {X} denotes that both LHS and RHS of the above equation has

been expressed in terms of {X} variables.

5. Solving equation (3.2) we determine the mapping functions f# s.
However, it turns out that equation (3.2) cannot fix f4 s uniquely. To fix this
ambiguity we demanded some extra ‘conformal type’ symmetry (see section
(3.4) for the details) on the background metric .
As with the case of null geodesic O40,4, here also we try to guess some ‘all

order ’expressions for the mapping functions.

6. Once we know the mapping functions, it is not difficult to see the split of the

hydrodynamic metric.

7. Finally we take the large - D limit of the hydrodynamic metric written in
a ‘split” form. Our goal is to match this metric with the large-D metric as

determined in [42] after expressing the later in terms of fluid - data.

Note all but the last step in this part has been done exactly in D. We have also
tried to make some ‘all order statements’ in terms of derivative expansion, whenever

possible.

3.1.1.2 Part-2:

Next comes the relation between the data of the ‘large - D’ expansion technique
and that of the derivative expansion. The metric generated in large - D expansion
is expressed in terms of a very specific function ¢ and the geodesic form field Oy,
which is not affinely parametrized. It turns out that this O4 is related to the dual
form field O 4, determined in the previous part (which was affinely parametrized by
construction), by an overall normalization. The normalization crucially depends on
the shape of the constant i) hypersurfaces.

So in the second part, we first determine 1 and then the normalization of 049, in

terms of the ‘fluid data’. The steps are as follows.

1. According [42] the function ¢ is such that ¢~ is a harmonic function in the

embedding space of the background and also @ = 1 is the hypersurface given
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by the equation of the horizon.

V2P =0, where V = covariant derivative w.r.t background (3.3)
Equation of the bulk horizon : ¢ =1 .

Since we already know the explicit form of the background geometry, the above

condition could be solved exactly in D using derivative expansion.
2. The null geodesic O* is normalized such that

O%ny =1 everywhere in the background
(3.4)
where n 4 is the unit normal to constant ) hypersurfaces

Now we already know the expressions for O, which is proportional to O4,

the required geodesic. Let us denote the proportionality constant as .
0= 04 = &=n,u0" (3.5)

Clearly, once we know both ¢ and O4, it is easy to determine ® and therefore

O4 in terms of fluid data, all are exact in D.

3. We substitute these expressions of 1 and 0“9, in the ‘large-D’ metric as

derived in [42] and convert it to metric in terms of fluid data.

After following the above steps in this part, we find a metric which we expect
to match with the metric found in the previous part up to appropriate orders in

derivative and (%) expansion.

3.1.1.3 Part-3:

As mentioned before, in case of ‘large-D’ expansion, the characterizing data of the
metric consist of the shape of ¥ = 1 membrane viewed as a hypersurface embedded
in the background pure AdS and a coupled D — 1 dimensional velocity field (we shall
refer to this data set as ‘membrane data’). In ‘derivative expansion’ the data are
the velocity and temperature of a relativistic fluid living on a (D — 1) dimensional
Minkowski space (referred to as ‘fluid data’).

But for both cases, we are not allowed to choose these data completely arbi-
trarily; they are constrained by some equations. For ‘large-D’ expansion this is the

membrane equation that governs the coupled dynamics of the membrane shape and
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the velocity. For ‘derivative expansion’ it is simply the relativistic generalization of
the Navier Stokes equation.

After completing the previous two parts, we would be able to identify the mem-
brane data in terms of the fluid data. However, as we shall see in the later sections,
this identification will be done locally point by point, both in time and space. If
we want the relations between these two sets of data to be valid always and every-
where, then their dynamics must be compatible. In other words, if we rewrite the
membrane equation in terms of the fluid data it should reduce to ‘relativistic Navier

Stokes equation’ in the appropriate limit of large dimension.

The fluid equation (the governing equation for fluid data) could be expressed
as conservation of a specific stress tensor 7}, living on a flat (D — 1) dimensional
space-time .

0,Th =0, (3.6)
In [37] the authors have expressed the membrane equation also in terms of a stress
tensor Tl living on 1) = 1 hypersurface and conserved with respect to the induced
metric of membrane upto correction of O (%)2 . The membrane equation (the
governing equation for large-D data) could be expressed as
V.13 =0,
(3.7)

V., = covariant derivative w.r.t the induced metric of the membrane

It turns out that the existence of Ty, makes the comparison quite easy. We took the

following steps.

1. To begin with Tab is a function of the membrane data encoded in the extrinsic
curvature of the 1 = 1 hypersurface (the horizon in the bulk geometry) and
the velocity field of the membrane, read off from the horizon generators.

Fluid stress tensor T, is a function of fluid velocity and the temperature.

2. But we already know the precise form of horizon generator and the ¢ = 1
hypersurface in terms of fluid data. Therefore we could easily compute the
extrinsic curvature of the surface as well as the induced metric on it in terms

of the coordinates of the flat Minkowski space-time.

3. Inserting these relations in the membrane equation (3.7), we first convert the

equation in the form 9,W*” = 0 for some tensor W*"
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4. Finally we match W with T" up to the appropriate order in large-D and

derivative expansion.

Unfortunately, the expression for Tos is not known at order @ (%)2 though we know
the form of membrane equation at that order[42]. So at that order, we had to
deal with the full membrane equation and showed the equivalence with the help of

Mathematica.

This chapter is organized as follows.

In section-(3.2) and section-(3.3) we simply quote the hydrodynamic and the ‘large-
D’ metric along with the corresponding constraint equations from [39] and [42]
respectively. Next in sections-(3.4), (3.5) and (3.6) we implement the strategy we
described in subsection-(3.1.1). Finally in section-(3.7) we summarize our work and
discussed the future directions.

At this statge we should emphasize that though, in principle, the strategy used in
this chapter is very similar to [69], it differs a lot in details. We believe that now
we have a more streamlined and simplified procedure to implement the strategy,
mentioned in the previous section. However, to establish a clear connection with
[69] we have also worked out every details by following [69] exactly and we have
presented this method of work in appendix-(B.1).

Various computational details are collected in the appendices -(C.1), (B.3) and (B.4).

In appendix-(B.5) we summarized the notations used in this chapter.

3.2 Hydrodynamic metric and its large D limit

The hydrodynamic metric in arbitrary dimension has been derived in [39], correctly
up to second order in derivative expansion. In this section, we shall simply quote
the final result for the metric, position of the horizon and the dual stress tensor from
[39].

3.2.1 Hydrodynamic metric up to 2nd order in derivative

expansion

The metric dual to relativistic hydrodynamics in any dimension could be expressed
in terms of the basic variables of the dual fluid, living on (D — 1) dimensional flat
space. In this case, it is the relativistic velocity, given by the unit normalized four-

vector u* and the temperature scale, set by ry(z) (local fluid temperature is given
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by the following formula T'(z) = (2=1) ry(z)) . At nth order in derivative expan-
sion the metric has terms with n number of derivatives, acting on u#*(x) and ry(x).
The authors in [39] have determined the metric corrections for n = 0,1 and 2. In-
dependent fluid data at first and second order in derivative expansion are listed in

Table-4.1 and Table-3.2.

dS? = dS? + dS? + dS? (3.8)

where,

Zeroth order Piece:

dSy = — 2u,, dz* dr — r*f(r) u,u, dz" dz”’ + r*P,,dz"dz” (3.9)
P = N + uptty, tv=7/rgg, f(2)=1-2z"P7

First order Piece:

dS; = —r (u,A, +u,A,) da" dz¥ + 2r F(r) 0,, dz" dz¥

where,
0-u N Oatig + Oty 0-u
oo (2 o [t (000)]
©dr [2P2 -1
pr— F f— — —_—
e=rfra P =y [ |G
(3.10)
Second order Piece:
dSQQ = |:X1 UMU,/ + XQP;U/ + (Y/,Lull + Yl/u/,l,) + Z;u/:| dx" dx”
where,
0-A 1 2 o? Ksy(r) D -2
Xi=—-[2(=—=)—-A42 2 -2 =——
! [ (D—3> e (2rD—1+D—3>+D—2{rD—3 (D—3>H

g

X, = [2 [F(r)]* - K1(r)] (D _2 2) + DW—2 2

(3.11)
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V= o] [B0+ g | (Paod) [ 5] ()

L= (2P = 106) ) o, — P (2 [P0 - 1)) (5 )

D—2
w2
+ |:H2(r) _ H1(I‘):| (u . D)O-;M/ + HQ(I‘) <Wu>\0-)\y + wl/)\O-AM) + |:wu)\wl/>\ - P,ul/ (D - 2):|
(3.12)
where,
r=r/rg
Wuy = 7)37)5 (aaug ; aﬁua) J o’ = am/o—ul’7 w? = WW’WW}’
(- D)o, = PoPP (u-0)oas + 9 o) (3.13)
1% plv of D—2) "

DAUW\ = ’P;j 8A00A — (D — 2)14)\ OpuX
D’\w,p\ =P, O wWar — (D — 4)A’\wu>\

(3.14)

This is a dynamical black-brane metric with a singularity ar » = 0 and the location

of the horizon is given by

1

rg(z)

+h3(D—3){<%)2—a2+2(u-8) (%)H

H(x) =ry(x) +

[hl oo, 4+ hy Ww,,

(3.15)
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Where,

4 Koy 1 1

"= mormon  wonm-z T apon M Mo

with, Koy — /100 (i—f) [1 oD —2) P2 - (1 - i) (:UF'@) - F(x)>

+ (2(D —2)2P ' — (D - 3)) /:O g (zF’(z) - F(z)) 2}
(3.16)

The fluid dual to the metric, described above, is characterized by the following stress

tensor, living on (D — 1) dimensional flat Minkowski space

Tw=p [ Nuv + (D — 1)“#”]/] —2n0u, (3.17)
Where,
T i Z 3.18
_ _ 1
p 167TGAdS e 1671'GAdS ( )

The hydrodynamic metric would solve the D dimensional Einstein’s equations in
presence of negative cosmological constant provided the stress tensor described in

equation (3.17) is conserved.

Table 3.1: Data at 1st order in derivative

Independent Data

Scalar % = (Dajg)
Vector a, = (u-0)uy,

O OpUa
Tensor Oy = Pﬁpf [% — Nap (D(i2>:|

Where, P, = 1 + u,ty

3.3 Large-D metric and Membrane equation

Just like the previous section, here we shall simply quote the form of the large-D

metric from [42], correctly upto order O (%)2. Schematically, the solution generated

(D—1)(D—3)
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Table 3.2: Data at 2nd order in derivative

Independent Data

Scalars | 51 = (—)2, 59 =a

(3)

1
Vectors i) = (225) au, v =a'w,,, v, =a’oy,,
4) — e (5) — PN
o = Pud” ( —2)7 . = Pu ( zA)(i2
1 2
Tensors t,(w) =00, t,(w) = W, Waw, tff;,) =W, 0oy — 0, Waw

t,(ﬁ,) = PaPL(u-0)oap, t,(fy) = a,a,

by Large-D technique takes the following form

1 1)?
Wan =W+ (5 ) Wi+ (5) Wi+ (319
Where, the starting ansatz ngoj)g is given by
W) = Wag + 10405 (3.20)

Here W,p is the background metric which could be any smooth solution of
Einstein’s equations. The function ¢(X4) and the one-form field Oy = O4dX4
are defined in section- (3.1.1). Rest of the metric corrections could be expressed in
terms of Oy, 1 and their derivatives.

For convenience, one velocity field has been defined on the constant ¢ slices as

follows.

UA =MNap — OA
where, (3.21)

n4 = unit normal to constnt 1 hypersurfaces embedded in background.

And the derivatives of O4 has been replaced by derivatives of Uy and n4 or the

extrinsic curvature of the constant 1 surfaces.

It turns out that WI(L‘% - 1st order metric correction simply vanishes.
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Wﬁ;— 2nd order metric correction is non-zero. It can be decomposed as follows.

W), = [OAOB (i Fu(R) sn> +o(R) ( VaOp + V0,) +t(R) TAB} (3.22)

where,
_ K U U
Tap = P§PE {RFCDEOEOF + D (KCD _ Yelp ;— Vo C)
(3.23)
PP (Ko — VpUe) (Kep — vFUDﬂ
K _ K? (VK
Va= P} ) (nPUPO" Rpppr) + 5D2 ( Z +U-V)Up -2 UDKDB)
(3.24)
VrK K
s (% - 5(UEKEF)) (Kpp — VpUg)
_ U-VEK\® VK VAK
S, = UPU"nPn’Reoprp + ( I > + 2 AUPKy -2 [(U-V)UY] - T ]

—(VAUR)(VAUB) — (U - K -U)? — [(U : @)UA] (U - ) U4 + 2 [(U - V)UA] (UP K )

K (U-VK
—3(U-K-K-U)—5< T —U-K-U)
K?| K [(U-VK VaK\ . 5.4 (U-VEK\?
Sp =13 —5( R —U-K-U)—QA—(U-K-K-U)JrQ( R )U KB—( R )
VK VPK\ (VoK _
+2<U; )(U-K-U)—(vK )(v; )-(U-K-U)2+anDUEUFRFBDE

(3.25)

Rapcp is the Riemann tensor of the background metric Wag.
V denotes the covariant derivative with respect to Wag. V is defined as follows:

for any general tensor with n indices W, 4,...4,

ﬁAWAlAg---An = Hg Hgiﬂgz cee ng (VcWClC2...Cn) y with HAB = WAB —nNanpg

(3.26)
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and,
t(R) = —2(2 2/Ooydy
B K n e/—1
D 3 0o . T yey n 0o . T yey
v(R) = (?) [/R e da:/o ey_ldy—e /0 e dx/o ey—ldy}
D 2 > —x —R D 2 > —x
fl(R)__2<E) /R redr+2e (E) /0 e “dr
D > Y o(y) “r [T - ()
= —= d —2 dy — d —2 d
£ (R) (K) /R x/ol_e_yy e /0 x/ol_e_yy

D 4 00 z ,2 -y 00 z ,2 —y
— (—) / e_mdx/ ye dy — e_R/ e_mdx/ ye dy
K R 0 1 - e_y 0 0 1 - €_y

Where, R=D(y—1)

The above expressions for W4p would solve Einstein’s equations in presence of

negative cosmological constant® provided the following constraint equation is satis-
fied,

3Note that each component of the metric corrections described above vanishes exponentially
in D when R ~ O(D). Now this ‘large -D metric’, by construction, solves Einstein’s equations
(in presence of negative cosmological constant) upto correction of order O (%)3; and therefore,
whenever the metric corrections become of the order of @(e~P), they are no longer trustable. In
other words, the above metric solves Einstein’s equations as long as R = D(¢) — 1) << D.
It follows that while comparing with hydrodynamic metric we would expect a perfect match only
within this region of validity of the large-D metric. Also a ‘match’ requires a similar exponential
fall off in D for the hydrodynamic metric if one goes away distance of order O(D) from the horizon
- the ¢ = 1 hypersurface.
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VU, VAK . UBKppKY V2V2U, (VAK)(U-VK)
Pt = +UBKBA—U-VUA}+P5‘{— A
VeK)(VBU,) 2KPEVpVEUs VaVEK Vu(KppKBPK U-K-U)U- VU,
— — — + +3
K2 K2 K3 K3 K
B 3(U K -U)(UPKpa) 6(U VK)(U - VU,) N 6(U VE)UBKg,) N 3U VU,
K K2 K> D—3
UBKpa (D —1)\[(VAK b . 1\°
3 =2 Kpa+2U-VYUA )| =0 5
and VU—LV UV cUpy PA° PBD — © 1 2
) oK AUBYV (cUp) D
(3.28)

where, Uy =ns—04, Pap= V_VAB—TLAHB—i-UAUB and V(AUB) =V Ug+V Uy

If we truncate the membrane equation at first subleading order, it takes the

following form

.y .
K
Pg[v Ua Vi

T e +UDKDA—(UV)UA}=O<1), V-Uzo(i)

In [37] this part of the equation has been expressed as a conservation of some stress

tensor, defined on the 1) = 1 hypersurface. The form this stress tensor is as follows.

. K 1 1/ . 1 ) .
Tim = (5) UnUpg + (5) Kap 3 <VAUB n VBUA> - (UAV2UB n UBVQUA>
1 VeK ViK 1 K
- S K- 2\ 1
+2 (UA K +Up K ) 2(U U+D) AB

(3.30)

As explained in section-(3.1.1), we shall use this form of the membrane equation to

show equivalence between the two sets of the constraint equations.
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3.4 Implementing part-1:
The split of the hydrodynamic metric

In this section, we shall see how to split the hydrodynamic metric as a sum of the
background and the rest. The hydrodynamic metric that we shall work with is
correct up to second order in derivative expansion and therefore in this section, we
shall neglect all terms of third order or higher. As we have mentioned before, all
these steps are already executed in [69] accurately up to first order in derivative
expansion. Here we shall use the results derived in [69] whenever possible. Also, we
shall try to generalize the results and the derivation, as much as possible, to higher
orders on both sides of the perturbation. It turns out that often some general
pattern emerges which would naturally lead to some ‘all-order’ statements at the

intermediate steps.

3.4.1 The null geodesic 049,

As summarized in the introduction, the ‘split ’ of the metric would be done in terms
of a geodesic field 049, which is null with respect to the full space-time and also
with respect to the background. In this subsection, our task is to fix this O4 field.
Before getting into any details of this second order calculation let us describe
few general features of the hydrodynamic metric G4p5, which would allow us to de-
termine a null vector field that would satisfy the geodesic equation to all order in
derivative expansion.
According to the derivation of [39], the coordinates are fixed in a way such that
G, = 0 and G,, = —u, to all order in derivative expansion. In this gauge I';,. and
I'"  vanish identically to all order. It follows that in this metric, any vector of the
form (k%04 = ((2#)0,) would be an affinely parametrized null geodesic to all order

in derivative expansion as long as the function ¢ depends only on x* .

(KAV )k = k0,k" + K'TT k" =0 (3.31)
(KAV )K" = K'TH k™ =0 '

Now at zeroth order in derivative expansion we know that 049, is simply 0,. In
fact this turns out to be true even at first order in derivative expansion[69]. It is

very tempting to conjecture that to all order in derivative expansion

040, = 0, (3.32)
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We could simply set the function {(x*) to be one, since anyway we have to normalize
O# further to get the O4 vector field ( see the previous section) that appears in the
large-D metric

We could construct some inductive proof for this statement. Suppose at some nth
order in derivative expansion O494 = 8,. At (n+1) th order, after setting the norm
to zero and normalization by fixing the coefficient of 9, to be one, the form of O4

would be

040, = 0, + V*(r)o,

where V# is some vector structure, perpendicular to u* and containing (n + 1)
derivatives. Now since V#(r) already contains (n + 1) derivatives, in the geodesic
equation at (n + 1) th order, it is the zeroth order metric that will multiply this
term and we could solve for the r dependence of V*#(r) without any details of the

higher order metric correction. V*#(r) turns out to be

p -
VH(r) = —, where V* is independent of r

r2

Upon lowering the index we find O4 dX4 = [—u# +V,+0 (8"*2)} dxt. Sub-

stituting this O, in the expression of large-D metric and using the facts that

P = (TTH)DA%—O (%) and Oy is proportional to O 4, we could see that the leading
1

term in (5) expansion (i.e., the terms ¥y"?040p) itself will generate a term of the

form ~ (TTH)D_I (u,V,, +u,V,). Using AdS-CFT correspondence one could deduce
that such a term in the metric will generate a term of the form (u,ﬁ/,, + uyffu) in
the dual fluid stress tensor, thus making it out of Landau frame. But since u, of
the hydrodynamic metric is defined to be the fluid velocity in Landau frame (see
[39],[4]), such a term in O“ must vanish once we equate the resultant large-D metric

with the hydrodynamic metric.

Hence equation (3.32) gives an all order expression for 019,

3.4.2 The mapping functions and the ‘split’ of the hydrody-

namic metric

Next we come to the computation of the mapping functions f4 s that relate the
{YA4} = {p,y*} coordinates (where the background pure AdS has simple metric
given by equation (3.1)) with the {X4} = {r,2#}, the coordinates in which the

hydrodynamic metric G4p is expressed in section (3.2).
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As before we shall start with some general observation and try to get some all
order statements about the mapping functions. We shall use equation (3.32) for
the expression of O4. Now the mapping functions f* s are determined by solving
equation (3.2). We could view the RHS of equation (3.2) as pure AdS expressed
in {X*} coordinates and contracted with O*. Let us rewrite equation (3.2) in this
language.

Suppose G4p denotes the pure AdS metric in {X“} coordinates, i.e.,

S (Of9N [OfN A
Gap = <8XA> (aX—B) Geolix (3.33)

where Goer is given in equation (3.1)

After using the fact that 049, = 0,, equation (3.2) simply implies
O (Gap — Gup) =04G5 =0 = G5 =0 (3.34)

Now we know that the hydrodynamic metric as presented in [39] is in a gauge where,

to all orders in derivative expansion,
grr = 07 gru = —Uy

Clearly equation (3.34) could be satisfied provided G4 is also in the same gauge. In
other words, f“s should be such that it transforms the pure AdS metric in a gauge
where the (ru) component is equal to minus of ,, as read off from the hydrodynamic
metric and the (rr) component simply vanishes.

Note that in any general metric the above condition does not fix the gauge com-
pletely; we are left with a residual coordinate transformation symmetry within the

x# coordinates. For example, consider the following set of mapping functions.

ut

m + f”(fb) (3.35)

p=r+x(z), y'=z"+

The above transformation will take the pure AdS metric to the required gauge
(ie., G, = 0 and g‘w = —uy,) to all order in derivative expansion, as along as the

function y is independent of the r coordinate and &#(x) is an arbitrary four-vector,

u, (gi} =0 (3.36)

If we demand an exact match between the large-D and hydrodynamic metric, the

independent of r, satisfying,
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mapping functions must be in terms of the fluid data. In other words x(z) and
¢"(z) must be functions of u*, ry and their derivatives. On top of that &*(x),
once expressed in terms of independent fluid data, is further constrained to satisfy
equation (3.36) as an identity. Now we would like to show that only solution to
(3.36) is

& =cut, c¢= constant (3.37)

Suppose
¢ =C(x) u" + ¢ (z) such that w,&f =0

Substituting this expression of £* in (3.36) we find

U0y [C(z)u® + T (x)] =0

(3.38)
= —0,C(x) =& (x)0ua =0

£ ()0, u, is a gradient function and therefore must satisfy the following integrability

condition.

Du(€L0vua) — 0,(£70,uq) =0

(3.39)
= (aufi)(&,ua) - (augi)(auua) =0

Dotted with u,,,

[(u- 9)§7](Ovtia) — aa(0,£T) = 0

(3.40)
= [aﬁfi] _aalpf + O-I/O/U/B + Wuauﬁ + (i> ’PVQU6:| =0

D -2

In the above equation the four terms multiplying 03} are independent fluid data
and therefore their linear combination can never vanish identically. The only way

to satisfy equation (3.40) is to set 0p& to zero.
05T =0, = £ = constant (3.41)

Now in the hydrodynamic metric there is no special special vector apart from u*,
which is not a constant. Therefore, if we want a term by term matching of the
‘large-D’ metric (written in {X“} coordinates) with the hydrodynamic metric, &/

itself must vanish. Substituting in equation (3.36) we find

0,C(x) =0 = C(C(z) = c= constant (3.42)
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From the above discussion, it also follows that exact matching of the two metrics
(upto the required order) would be possible only for a very specific choice of x(x)
and the constant ¢ in equation (3.37). Any other choice, apart from this specific
one, would result in a hydrodynamic metric which would not be exactly same, but
coordinate-equivalent to the metric presented in section-(3.2). The corresponding
coordinate transformation would simply be a x* dependent shift in the r and z*

coordinates.

Note that the constant ¢ could not have any derivative correction and the compu-
tation of [69], which is correct up to first order in derivative expansion, has already

told us that ¢ has to be set to zero for an exact match between these two metrics.
Oput
D—2

AdS metric to the required gauge and everything works out as we wanted i.e., upto

It turns out that if we choose the function x(z) = ( ), it does cast the pure

second order in derivative expansion, both the metrics match term by term without
any further coordinate redefinition. So the final form of the mapping functions®
“w

_ © 3 po_oomy Y —
p=r (D 2)+O(8) Yyt =t + = where © =0 -u (3.43)

After imposing this coordinate transformation the final form of the background

metric is as follows,

(jrr = 0, g_ru = —Uy
g_W = 72(73 — u,u,) + 2r ( — Uy + 12 0 — apuy, — ayuy,) + [tl(}y) — tffy) + tLS,B]

+uy, [0 — 0 + 0] +u, [0 — 0@ + 0] — w,uy, [51 — 52 + 285
(3.44)

Once we know the background in {r,z*} coordinates, we could determine G5
by simply subtracting the background from the full hydrodynamic metric G4p. G=*
and Q’ﬁfft are zero by construction. The structure of Q{ﬁft is a bit complicated. We

first decompose it into the scalar vector and the tensor sectors.

gt = GMuu, + GOPL + (69w, + G50u,) + G (3.45)

4At this stage it is very tempting to conjecture equation (3.43) to be an all order statement
for the coordinate transformation since generically we should have an order O (82) term in the p
redefinition, but it does not appear.
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Where, GV, G, 1" and G2 have the following forms

60 =1~ £~ (5 ) 7 g ey ) o

2 1 2
6 = 5 2 1P - Kute) 1
Gy = X L) (o) —of)
611 = ~2 11 = F@llo + [2 PO - #06) — 1| |4 = P ™| 4 1te) -
1) = o] [ 42+ (52 ) o
(3.46)

See Table-(3.2) for the definition of s;, off) and t,(f,l

3.5 Implementing part-2:

Large-D metric in terms of fluid data

In the previous section, we have recast the hydrodynamic metric, G4p as a sum
of ‘background’ (which is just pure AdS but looks complicated in the coordinate

system where the full hydrodynamic metric has the simple form) and the ‘rest’.
Gap = g_AB + gfjsgt

The large-D metric Wup (see section (3.3)) has exactly this form. We shall simply
identify Wap with G45. Next to show that the hydrodynamic is exactly the same as

the large-D metric in the appropriate regime, we need to match W5 expanded in

terms of boundary derivative up to second order in derivative expansion with G5,
o : . 2 . .
expanded in inverse power of dimension up to order O (%) . In this section our goal

is to rewrite W3 in terms of fluid data.

As we have explained before, W53 is expressed in terms of a harmonic function
¢ and a null geodesic one-form field O4 (normalized so that the component of O4
along the normal to the constant i) hypersurfaces is always one). We have already
determined the null geodesic field up to the normalization. Our next task is to

determine v in terms of fluid data.
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3.5.1 Determining v

The function ¢ is a harmonic function in the background AdS.

1. 1 satisfies the following differential equation everywhere on the background.

V2P = 0 where V denotes covariant derivative with respect to the background.

(3.47)

2. ¢ = 1 hypersurface corresponds to the horizon, viewed as a surface embedded
in the background. More precisely ¢ = 1 = r — H(z) = 0 where H(z) is
the location of the horizon in the hydrodynamic metric as quoted in equation

(3.15).

In this subsection, we shall determine ¢ solving the above two conditions. We
shall do it in two steps.
We shall first solve equation (3.47) in {p, y*} coordinates, because the expression of
Laplacian is far simpler in this coordinate system (the background pure AdS metric
is just diagonal here) as compared to the {X#} = {r, 2#} system (the one that has
been used to describe the hydrodynamic metric in section (3.2)). We shall assume

that in {Y“} coordinates, ¢ = 1 hypersurface is given by
Y=1=r==H()=p=pu(y) (3.48)

Note that the above condition will provide only one boundary condition for the
differential equation on v and this is not sufficient to determine a function uniquely.
We need one more condition. The other boundary condition is implicitly given by
writing the harmonic function as ¢~?. It implies that at a point which is order
O(1) distance away (along any arbitrary direction) from the ¢ = 1 hypersurface,
this harmonic function falls off exponentially with D. Now clearly increasing p
keeping all other y* coordinates constant is one way to go away from the ¢ = 1
hypersurface and therefore the harmonic function ¥~ must vanish as p goes to co.
This will provide the required boundary condition.

Still, for a generic py(y), it is difficult to solve the equation explicitly even in
{Y“} coordinate system where the pure AdS has a simple form. However, in this
case, we have two perturbation parameters and we know the solution at leading

order in terms of both of them.

YD = (ﬁ> o (0) = (i) o (9)

PH TH
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This is what will help us to solve the equation. We shall use derivative expansion and
determine 1 up to second order. As usual, at every order in the derivative expansion
we shall encounter a universal and also simple second order ordinary differential
equation in p with some source. For an explicit solution, we need two integration
constants. One of them is fixed by the condition that ¢» = 1 is the horizon. As we
have explained above, the other boundary condition we fix by demanding that ="
vanishes as p — oco. At the moment, we do not require (%) expansion to solve for
1.

In {p,y*} coordinates, the form of ¢ turns out to be the following

o= (2) i (2) 7 - (2) -2 o
(3.49)

" "
§ — (8 PH) (aupH) = (Mﬂ) (3.50)
PH PH PH

After transforming to {r,z*} (see appendix-B.3 for the details of the derivation)

where,

r\-5 (r\"P /1 1\ D-1 1
1/J<T, x‘“) = <ﬁ> + (E) (ﬁ — E) m [51 — 59 + 5 (53 —54) + 2 55

i <_H> oy (7 5) |+ 00
(3.51)

3.5.2 Fixing the normalization of O

As we have explained in section-(3.1.1), the null geodesic field 049, is related to the
geodesic field 049, (determined in section - (3.4) ) upto an overall normalization.
The proportionality factor ® is given by the component of O4 in the direction of
na-the unit normal to the constant 1 hypersurfaces (see equation (3.5)). More

explicitly

d=0%y=n, = (%) , where N = \/(8A¢) GAB (Op1)) (3.52)

However, in {X“} coordinates it is difficult to compute N and therefore n, since

the background metric G4 and its inverse GAP are complicated. Fortunately we
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also know 1 in {Y4} coordinates where the background has a simple diagonal form.
It is easier to compute ny4 first in {Y4} coordinates and then convert to {X“} co-

ordinates. Note in {X“} coordinates we only need the r component of n4.

In {Y4} coordinates :

nAdYA =

11 3M,0H)2 1 (apH)
- dp— —— [ =2 ) dy” 3.53
p2p° ( pH P outy) \aye )V (3.53)
In {X4} coordinates :

_(0Op dy*
= (2o (5

! (QMH)Z
p 20\ pu
After some simplifications the above expression becomes

1 1 r Sy
n , 5 3 |:51 $9 (T’H) (D— 1)<D—2) + 55:| (3 55)

Substituting the normalization we get the following expression for O 4

1 T 54
XA= —r|l4+—(s,—s50—4— 2 "
OA d r |: + 972 (51 59 (TH) (D — 1)<D — 2) + 55):| uudx

(3.56)

a2 (52 ] ()

(3.54)

3.5.2.1 Large-D metric in terms of fluid data

In section-(3.3) we have described the large-D metric upto corrections of order
(@) (%)3. It is written in terms of the extrinsic curvatures of the (¢ = 1) hyper-
surface and the derivatives of the membrane velocity field Uy = ns — O4 . Since ¥
and O4 are already determined in terms of the fluid data, it is easy to express all
the structures that appear in the large-D metric in terms of the fluid data. We are

listing it in tables - (4.2), (3.4) and (3.5 ).

Using these tables we can convert the scalar, vector and the tensor structures as
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Table 3.3: Scalar large-D Data in terms of fluid Data

Large-D Data Corresponding Fluid Data
5 = (U55) -0
S=U-K-U = — 1+ (52) (51— 5242 s5)
S;=U-K-K-U = — 1+ (%) (51 —52+2s5)
S = 1P (S48 (T4 —
S; = AP (V Uc) (VUp) = (%) (54 + s3)
S5 = IAP[(U - V)UL][(U - V)Up] =0
Si=U- K - (3K) — 0
S = I8 (Y45) (U - V)U§] =0
So = [(U - V)UAUP K p4] =0
St = M (VaUp) = o (54)
Sy = TAPTIBC (V U3) (VeUp) = 5(s4 —53)

Table 3.4: Tensor large-D Data in terms of fluid Data

Large-D Data Corresponding Fluid Data
T dXAGXE = = 312 P+ |51 = 52+ 255 — (555 (—H> 51| P
% (Kpp — VpUp) dXAdXB | + [u# ( ol 4o — ol )) +u, <n,84) o) - nfj”)] detda
(2) _ o 51—5 r
Tip dX4dXP = = {TQPW T 70w + Py [ 7 85— (W) E) 54}
P{PE [Kep — Yelptvole] +u,, [n(f) — o) ol 4 2(2=2) - (nf’) - n(f)ﬂ
xdXAdXP +u, [nﬁ) o + ol +2(8=2) = (uf’) - nﬁ?ﬂ }dm“dx”

described in equations (3.23) and (3.25) in terms of fluid data.

1 1 1 1 1 1 1
51: B—E(Q—B) (51_52+255)_ﬁ<1_5>53_T_2(1+5)54

Sy = % (1 — %)2+% ((D_QZ)D(BD_ 1)) (51 — 59 + 255) +7~l2 (<D_3)(D_ 1)) (55 — 54)
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Table 3.5: Vector large-D Data in terms of fluid Data
Large-D Data Corresponding Fluid Data
Vilax4 = pp <D2) (U - V)Us] dX* = e (rH) o} — 0 da”

VaxA = Py (%) (U Kop) dX

(550" (1) [o + off —of?] v

VWdxA = ppP (TeK )
(Kpp — VpUgp) dX*

_ (%)2( ) [ ()+U(2) (3)] dah

Vidaxa = Py (45) () ax4

VPdxA = pA <V2UA) dx©

Vx4 = LPA (UPKppKP) dXC = 1(55) (o — oY + o) dar
VP dxA = LIBANE (YaE) (V,4Up)dX© = 0
Vlaxa = pd (Tt ) axe = (55)" & [2(5) o o
- (820) (o + of") |
Vx4 = g PAKDE (VpVipUs ) dx© = (55 1[2(2=2) D) — b
—(822) (o2 +of) } do
Vx4 = L PAV A(Kpp KPP K)dXC =0
Vilax4 = pA (S5 ) ax© — 0

(3.58)
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T, = — (r_;) Pu + 10, (1 — —) +2 tl(f’y)
+ P [—%(sl — 69 + 285) — %(53 —54) + é (1 + %) D= 2)2(D — 1)54]
ol (28 )
s |~ (07 =02 o) = L (ZE0) (o9 -0l

(3.59)

Next we have to expand the functions (i.e., fi(R), f2(R), v(R) and t(R)) appearing
in the large-D metric in terms of fluid data. Note that the arguments of these
functions are R = D (¢ — 1). Since ¢ admits an expansion in terms of derivatives
so does these functions.

Let us define a new variable R = D <G — 1), which is of zeroth order derivative

expansion. Now we express R in terms of R.

-\ 1-%
R=D <1+%> —1| +6R (3.60)

-\ —1-1L -
N R 71 - R?\ D-1 1
sh—— (142 IR () L [l S PO N A
<+D> @( +D>D(D+1) [51 s2 285+ 5 (8 54)}

1 2\ 77 1
_D<1_B) <1+—> —|:h1 §4+h2 53+(D—3)h3(51—52+255):|

_1 -
+ 1 + E Y Lsi
D D(D —2)r%
(3.61)

Now the functions appearing in the large-D metric could easily be expanded in
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derivative expansion upto the required order.

fi(R) = £i(R) + 0R (af_®> (R) = fu(R) + 6 (3fz(R)>

OR

~ - [ Ov(R) N .

N\ 1-%
N R b
h R=D 14— —1
where, ( —I—D>

(3.62)

In equation (3.62) we did not explicitly evaluate the functions in terms of R and we

do not need to. Let us explain why.

We know the large-D metric only upto corrections of order O (%)3. Also note that

the functions fi(R), f2(R), v(R) and t(R) appear in the second order correction to

the metric. In other words, whenever they occur, they always come with an explicit

factor of (%)2. Therefore it follows that in equation (3.62), any term of the order
1

@) (%) or higher is of no relevance. Expanding equation (3.60) further in (5) we

find®

. 1 R 1
RzR-Fm(l—E) [53—54+2(51—52+255)]+O(5> (3.63)

Here we have used the large-D expansion of the coefficients h; appearing in equation
(3.61)

1 1\’ 1 1\° 1 1\’
(3.64)

Now examining the scalar, vector and the tensor structures in equations (3.57),
(3.58) and (3.59), we see that the terms are either of first or second order in terms
of derivative expansion or of order O (%) in terms of large-D expansion. In either
case the O (9?) terms in equation (3.63), which are actually the leading terms of JR

in terms of (%) expansion, are negligible.

5When both R and R are of order O (1) in terms of () expansion, in the functions we could
simply replace R by R. For regions, where R is of order D, we have to use the full relation as
given as equation (3.60). We could still neglect R but R has to be replaced by R and not by R.
However, as we have mentioned in a previous footnote, in these regions, the metric correction will
fall exponentially with D and therefore are not accurately captured by a power series expansion

in ().
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So, in fi(R), f2(R), v(R) and t(R) finally we could simply replace R by R.

Now we have all the ingredients to express the large-D metric particularly the
‘rest’ part - WS in terms of the fluid data. We substitute the data set presented in
tables (4.2), (3.4) and (3.5 ) in the metric described in section-(3.3). By construc-
tion, Wy and W will vanish and only non-trivial components are Wi*. For
convenience of comparison, we shall decompose the resultant expression for W;?,St

again in scalar, vector and the tensor sectors as we have done for Gi%.

weest — Wlu,u, + W By + (W, + WWw,) + WD (3.65)
where,
W _ 2(TH D_l_ B fl(R) 1 TH D=3 _(T"H 2

Ws _T(r> 2(s1 52+2§5)[D2 +D+1<T> 1 (T)

S3 Ty D-3 fl(é) Ty D=3 /D —1 Ty 2

28 (22 —9 H = - 1— (£

+2 (7‘) D? +(7‘> D+1 (7“)

H <

T t(R) 2t(R)\ (s 1\°
Wi = —tow+ | T |t + O 5

(3.66)

where, R=D (— — 1) and

r
HR) = — 2 D 2/°"ydy
B K r €/—1

. D 3 0o ey T yey p R oo -y T yey p (367)
R R A R T = UL
D\? [ D\? [
=-2(= e +2e (= ~d
fi(R) (K) /R re dr+2e (K) /o xr e Ydx
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D oo x [e.e] x
f2(R) = (—> / e"’”dm/ ) dy — eR/ e"”daj/ ) dy
K R o 1—e¥ 0 g 1—e¥
D 4 oo z 2 -y 00 T 22 oY
— (—) / e"’”dac/ Yy c dy—eR/ exdx/ Yy c dy
K R g 1—e¥ 0 g 1—e¥

(3.68)
3.5.3 Comparison between Q;‘;St and WﬁgSt

We expect each component of Q;‘fft to be equal to W;‘fft upto corrections of order
O (23, (1/D)3). This would be true provided the coefficients ( functions of 7 only)
of independent scalar vector and tensor types of fluid data, appearing in both the
metrics agree upto corrections of order O (%)3. Below we are simply listing the
equations that must be true for the equality of the two metrics to be valid. In the

next subsection we shall explicitly verify them by doing the integrations in the limit

of large D.
Table 3.6: Matching of G=* and Wie*
Coefficient of different structures The resultant equation
Coefficient of 0, F(r)=1+ Qt([é))g +0 (%)3
Coefficient of ) — Py, (2%5) | Hi(r) =2 [F(r)2—1=1+2 1 4 0 (L)’
Coefficient of .3 Hy(r) =1+2 %—RQ) +0 (%)3
Coefficient of tfﬁ,) + (3%5) O Hy(r) = Hy(r) + O (%){3
Coefficient of Py, Ki(r)=2[F@)?-1=1+2 té)—f? + 0O (%)3
Coefficient of 1) — v L(r) = —555 (%) rP=3y(R)
= (35) R + 0 ($)°
Coefficient of s, — 59 +2 55 + 2 fi(R) = —2R ¢ R
Coefficient of s, Ky(r) = Koy + R— % (4 R+ %f?) + O (%)3

Where I‘EL, R=D(r—-1)

rg
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3.5.3.1 (1/D) expansion of the functions appearing in Hydrodynamic

metric

In this subsection we shall verify the relations appearing in table (3.6) upto order
@ (%)3. For this, we need to evaluate the different integrals appearing in the hydro-
dynamic metric and expand it upto the required order in inverse power of dimension.

For convenience we are quoting the integrals here again.

®dy [2P3 -1
H = 22 R
o dx Tdy [P -1
H = F(y)? — 24 S — S
2(y) = F(y) y/y a:(:cD—l—1)/1 . LD*—J (3.69)

-2 [ 5 [ G- Pe)|

Ky(y) = /yoo (g) {1 —2(D —2) 2P — (1 — i) (xF'(m) — F(m))

o * dz z—1
_ D—2
L(y) = /y da /x = {ﬁ}

Note that the expansion in inverse power of D would crucially depend on how we
choose to scale the variable y or the coordinate r with D. This is what we expect
and we want a detailed match in the regime where (r — 1) ~ O (45).

Below we shall first report the results of the integration in this regime, i.e., in
equation (3.69) we shall substitute y = 1+ % with ¥ ~ O(1) and then evaluate the
integral in an expansion in inverse powers of D (see appendix (C.1) for the details

of the computation).
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Large D expansion of different functions in the ‘membrane region’:

F@):F(H%) _ 1_(%)2n§<1—{7—717271}/)6_m}f+0(%>
Hy(y) = H, <1+%>

() S () o (5)
Bl =1 (H%) =1 <%)3i (%) @+ mY)e™ +0 (%)4

m=1

=1—i(7r—2(eY—l)—4YLog[1—e_Y}—i—(ey—l)(Log[l—e_y} )2

+2 (eY — 1) Log [1 — e_Y] Log [ } +2 (eY + 1) PolyLog|2, e V]

1—¢eY

v e’ 1\?
— 92 (6 — 1) PolyLog |:2, GY——1:| ) + O (5)

Once we use this expansion in the equations we derived in the previous subsection,

(3.70)

they are just trivially satisfied thus proving the equivalence of the two metrics within

the membrane region.

Next, we have performed these integrations outside the membrane-region. In this
region (r — 1) ~ O (1), so here we have substitute y = 1+ ¢ with ¢ ~ O(1). It turns
out that in this regime of y , all the above functions evaluate to one up to corrections
exponentially falling in D, and therefore non-perturbative from the point of view of
(%) expansion (see appendix (C.1) for the details of the computation). Substituting
this fact in the hydrodynamic metric, we see that outside the membrane region G5

vanishes exponentially fast in D, exactly as we have in case of large-D metric.
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3.6 Implementing part-3:

Equivalence of the constraint equations

In the previous subsection, we have seen that the hydrodynamic metric is exactly
the same as the large-D metric once we have correctly identified the membrane data
of the large-D expansion with the fluid data. However, as we have mentioned before,
the matching of the two metrics is not enough to show that the two gravity solutions
are identical since the time-evolution of both the large-D data and the fluid data
are constrained by two sets different looking equations. In this subsection, our goal
is to show these two sets of equations are also equivalent. More precisely what we
would like to show is that whenever the fluid data would satisfy the appropriate rel-
ativistic Navier-Stokes equation, the corresponding ‘membrane data’ would satisfy

the membrane equation.

The evolution equation of a fluid dual to D dimensional gravity in presence of
cosmological constant, could be expressed as a conservation of a stress tensor Tj,,
living on the (D — 1) dimensional flat space-time. Up to first order in derivative
expansion, T~ has the following structure, once expressed in terms of the fluid

velocity u# and the temperature scale rg.

2
Tpy =i (D — D) ub? + g — <—> UW} +0 ()

rg
Fluid equation : 0,1}, =0
(3.71)

The membrane equation could also be expressed as conservation of some mem-
brane stress tensor, living on the D — 1 dimensional membrane embedded in the
empty AdS.

Suppose {z% a=0,1,2,--- D — 2} denotes the (D — 1) induced coordinates on
the membrane. In terms of the membrane data (i.e., the membrane velocity U* and

the membrane-shape encoded in the extrinsic curvature tensor K,;,) the stress tensor
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T and conservation equation would have the following structure

. K 1 1/ - 1 . 5
ab _ [ 7™ arrb - ab _ arrb brra _ — ax7277b b72770
7 _<2)UU+<2>IC 2(VU+VU> IC(UVU+UVU>
1( V'K VK 1 K\ . 1

where K = 98?1 O Kab, V = Covariant derivative w.r.t. g((libnd)

Membrane equation : V,7% = 0
(3.72)

Now, we shall process the membrane equation and after rewriting U® and K, in
terms of the fluid data and their derivatives, we shall try to express the membrane
equation as fluid equation plus terms identically vanishing upto the required order.
As before, for computational convenience we shall work in the {Y4} = {p, y*} coor-
dinates. In these coordinates, the location of the membrane is given by [p — py(y) = 0].
Let us choose {2} to be {y*} themselves so that the form of the induced metric
is simple. Also with this choice of coordinates along the membrane, there is no

distinction between {a, b} and {u, v} indices and now onwards we shall use only the

{p, v} ones.

Note that since we are neglecting all terms of third or higher order in derivative
expansion, and since both fluid and the membrane equation already have one overall
derivative, we need to know the membrane stress tensor Trv only upto first order in
derivative expansion. In [69] the membrane velocity U* and the membrane shape
have already worked out upto first order in derivative expansion. We shall simply

take their results and compute the other relevant quantities.

gLan =17 N + O(0)°
U, dy" = ru(y) u,(y)dy" + O(9)?

Kuw = 1r5(y) nu + 00)*, K= (D—1)+0(d), (3.73)

e : .
5 (Vals + VoU,) = 1t 00 + O, V2U, = 0(0)?

Substituting equation (3.73) in equation (3.72) we find

oG- Gl vefpe) o
H
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The Christoffel symbols are given by

d
T = [62 (aﬂm) + 03 (G“TH) ~ e (8 ”’)} +0©)°  (3.75)
H TH

TH

Rewriting the membrane equation in terms d,, and the Christoffel symbols we find

VI = 9, T L TR T T e

membrane po- membrane
~ 8 g A aVTH ~
_ " « av af 3
=0,T" + (D +1) ( - )T < o ) (T]agT ) + O(0) (3.76)
_ 1 D+1 v | aVrH raB 3
_ <—r§+1> 0, |:7’H T - (nesT**) + 0 (1,0%)

Now substituting equation (3.74) in equation (3.76) we find (upto corrections of

order O(9?) in derivative expansion and O(1) in large D expansion)

~

0=V, 17"
1 D+1 uv al/rH o
- (rﬁ“) 8M{TH+ T# } _( - ) (naﬁT )
1/ 1 9 (3.77)
) (TD—I—I) Oy (Tg_l {(D — 1) uu” + " — (E) UW} )
H

()
= —_(—191T"
D+1 L= fluid
2 \rpt
Equation (3.77) clearly proves that upto the order O (1/D?% 9?), the two sets of
constraint equations are equivalent once the data of the solution are appropriately

identified with each other.

Unfortunately, we still do not have the expression for the membrane stress tensor
to second subleading order, though we do know the final membrane equation at this
order (see equation (3.28)). Using the tables (4.2) and (3.5) we could easily rewrite
each term of the membrane equation in terms of independent fluid data. We have
checked (with the help of Mathematica version-11) that the membrane equation
vanishes up to second subleading order provided the fluid equation is satisfied up to
order O (9?%).
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3.7 Discussion and future directions

In this chapter, we have compared two dynamical ‘black-hole’ type solutions of
Einstein’s equations in the presence of negative cosmological constant. These two
solutions were already known and were determined using two different perturbation
techniques - one is the ‘derivative expansion’ and the other is an expansion in inverse
powers of dimensions. We have shown that in the regime of overlap of the two
perturbation parameters, the metric of these two apparently different spaces are
exactly the same, to the order the solutions are known on both sides.

Very briefly our procedure is as follows.

We have taken the metric generated in the derivative expansion (known up to second
order) in an arbitrary number of space-time dimension-D and expanded it in (%)
up to order (%)2 assuming D to be very large.

Next, we have taken the metric generated in (%) expansion (this is also known up
to second order) and expanded it in terms of boundary derivatives up to second

order. The final result is that these two metrics just agree with each other.

The key reasons for this exact match are the following.
Firstly both the perturbation techniques use the same space-time ( namely the
space-time of a Schwarzschild black-brane) as the starting point and secondly given
the starting point and therefore the characterizing data, both of the techniques
generate the higher order corrections uniquely. Hence in the regime where both
perturbations are applicable, there must exist just one solution with a given starting
point. We could determine this solution by first applying derivative expansion and

then expanding the answer further in O (%) or vice versa.

As stated above, the matching of the two metrics seems quite simple in principle.
But in practice, it is quite complicated because the two metrics look very different
from each other. In particular, unlike the hydrodynamic metric, the ‘large-D’ metric
is always generated in a ‘split’ form - as a sum of ‘background’ which is just a pure
AdS metric and the ‘rest’ which is nontrivial only within the ‘membrane region’ (a
region of thickness of order O (%) around the horizon). The matching of these two
metrics would imply that from hydrodynamic metric if we subtract off its decaying
part (i.e, the part that falls off like 7~2 in the large D limit), the remaining would be
a metric for a regular space-time and would also satisfy the Einstein’s equations in
presence of negative cosmological constant. It does not follow just from the ‘deriva-
tive expansion’ technique. In this note, we have shown that this ‘non-decaying part

of the hydrodynamic metric is actually a coordinate transformation of pure AdS and
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this we have done without using any ‘large-D’ expansion.

This is one of the main results of this note.

This work could be extended to several directions.
We have matched the two metrics only within the membrane region. But it is
possible to compute the gravitational radiation, sourced by the effective membrane
stress tensor and extended outside the membrane region till infinity [37]. In [36] the
authors have determined the boundary stress tensor from this radiation part and
matched with the dual fluid stress tensor of the hydrodynamic metric. Now since
we know how to ‘split’ the hydrodynamic metric, we could also match the metric
coefficients outside the membrane region that are exponentially falling off with D

and therefore non-perturbative from the point of view of O (%) expansion.

The membrane equation essentially is a rewriting of the fluid equation in the
limit of a large number of space-time dimensions. At a given order in large D
expansion, membrane equation resums the fluid equation to all orders in derivative
expansion and the resummed equation could be compactly expressed in terms of
membrane velocity, which is related to fluid velocity by field redefinition. The field
redefinition contains terms of all orders in derivative expansion. In this sense, it
is some non-local field redefinition. But if we truncate the derivative expansion at

some given order, it would look local [36].

In AdS space, there exist similar-looking constructions of horizon stress tensor
in terms of boundary stress tensor by following a radial flow of constraint Einstein’s
equations on cut-off surfaces in the background AdS [40, 41]. In some way, they
are a bit different from ‘large-D’ construction of the membrane stress tensor. For
example, they do not resum the derivative expansion. Also, they remain like fluid
equations all along the radial flow and reduce to non-relativistic fluid equations
on the horizon. However, there must be some relations between this radial flow
of Einstein’s equations down to the horizon and the membrane stress tensor car-
ried towards the AdS boundary via gravitational radiation [36]. It would be very

interesting to explore these relations further.

We have compared the metric in the regime where both perturbation techniques

i
D

commute in this regime. However, we also know [69] that there exists a regime

are applicable and what we have shown is that the derivative and the ( ) expansion
where derivative expansion could not be applied but we could still apply ‘large-D’
expansion. This is an interesting regime to explore since here we would construct

genuinely new dynamical black hole solutions that were not described previously by
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other perturbative techniques. It would be very interesting to isolate this regime in

the general ‘large-D’ expansion technique.






Chapter 4

Comparison between fluid-gravity
and membrane-gravity dualities

for Einstein-Maxwell system

This chapter is based on [3].

4.1 Introduction :

As we have already discussed in chapter 2, the effective dynamics of these black hole
horizons can be described by a co-dimension one massive membrane with dynamical
degrees of freedom as charge density, shape and a divergence-free velocity field mov-
ing in the background space. This duality has been studied for both asymptotically
flat and AdS/dS background and also for Einstein-Maxwell systems in [24, 25, 26,
27, 28, 29].

On the other hand ‘derivative expansion’, which is a perturbation technique in
boundary derivative expansion [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14], generates dy-
namical black-brane solutions of Einstein’s equations in the bulk with negative cos-
mological constant. These dynamical black brane solutions are dual to an arbitrary
fluid dynamical solutions in the boundary. In other words, for every solution to
the relativistic generalization of Navier-Stokes’ equation in the boundary, one can
construct an asymptotically AdS black hole type solution equivalent to a boundary
fluid flow. These solutions thus generated are characterized by a local temperature
field, a unit normalized velocity field and charge density living on the boundary.
Like chapter 3, in this chapter the questions that we would like to address in this

chapter are the following.
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e [s there any interconnection between these two perturbation techniques

e Can we apply these two techniques simultaneously in any regime of parameter

space

e Are the solutions generated by these two techniques equivalent in any regime

of parameter space?

We will try to understand these questions in the context of Einstein-maxwell system.
These questions have been answered in affirmative[l, 2] for pure gravity systems.
In fact in [1, 2] authors have argued on a very general ground that for these two
perturbation techniques such an overlap regime should exist and the two solutions
should match. The argument runs as follows.

Since we can use the same space-time geometry as the starting point for both the
techniques and since given a starting point both the techniques generate the solutions
uniquely, it follows that in the regime where both the techniques are applicable, the
solutions should be same. But this is not at all manifest and it involves a series
of intricate gauge and variable transformations. Given the general argument stated
above, these explicit comparisons and matching between two differently looking and
complicated metrices, serve as a consistency check for both sides of calculation.

In this chapter, we we have extended this elaborate checking to Einstein-Maxwell
system. The solutions (dynamical charged black hole metric and a U(1) gauge field)
are known both in % expansion and derivative expansion up to first subleading
order. Also unlike the uncharged case worked out before, here even in the first
subleading order in % the curvature of the background AdS space generates new
term in the membrane charge conservation equation, thus making this check even
more stringent for a far more complicated set of gravity calculations as compared
to that of pure gravity system.

Just in [1, 2] here also the heart of the chapter lies in these set of subtle gauge
transformation needed to see the equivalence of the two metrices and gauge fields.
In fact these maps or relations between these two coordinate systems, one used for
large D expansion and the other for derivative expansion, are the main results of
this chapter.

Though the algorithm used here is very generic, the details of the map of course
depend on the details of the metrices. This map establishes a duality between three
different systems, namely the dynamical charged black hole, a co-dimension one

dynamical membrane and dynamical fluid living in one lower dimension. Therefore
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it allows us to translate between the physical quantities defined for these three

different systems.

4.1.1 Strategy

In this subsection we will discuss briefly the procedure we have used to show the
equivalence of the two gravity solutions and refer to [1, 2] for any logical discus-
sion and proof. As we know the metric Wyp generated in large-D technique is
written in a split form, a background metric W4p and ng“ . The metric Wypg
is the metric of the asymptotic geometry (in our case it is pure AdS metric) and
W(rm is written in a way such that contraction of a certain null geodesic 0404
(not affinely parametrized) with it is zero to all order. On the contrary, the hydro-
dynamic metric is not written in such split form. So it is obvious that to compare
the solutions generated by these two techniques the first step should be to split the
hydrodynamic metric into background and ‘rest’. We will do it by the following steps

At first we determine an affinely parametrized null geodesic field 049, (with
respect to full hydrodynamic metric), which passes through the event horizon of
the full space-time. Then we pick up a coordinate system Y4 = {p, y*}, where the
background of the hydrodynamic metric can be written in the following form

dp2

dsbackground GABdYAdYB DGR + pQU#de#dyy (41>

And determine the mapping function f4(X) that relates Y4 to the X4 = {r, a*}

coordinates (in which the hydrodynamic metric is written) by the following equation

_ _ . 0f¢ 9f¢ _
OGanlixy = OAa)f(A 8§(B Goeorlixy (4.2)

where G p is the full metric written in X# coordinates and the subscripts { X} refer
to the fact that all the terms in the left and right are calculated in X4 coordinates.
However it cannot fix f4 completely and we require some conformal type sym-
metry on the background metric to fix it.
After determining the mapping function we can find out the background metric
in {X*} coordinates and hence can split the hydrodynamic metric into background

plus ‘rest’. Then we take the large-D limit of the hydrodynamic metric.

The next step is to write the large-D data in terms of fluid data. The metric and
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gauge field generated in large-D technique are written in terms of a smooth function
1 (such that =P is a harmonic function w..r.t the background), a charge field @
and a non-affinely parametrized null geodesic O4. It will turn out that O4 is re-
lated to O (determined from the hydrodynamic metric) by an overall normalization

constant.

At first we determine ¢ and then O 4 and @ in terms of fluid data. After that we
substitute these expressions in the large-D metric and gauge field and write those
in terms of fluid data. Then it is easy to check that the metric and gauge field in
large-D side matches with those in fluid side up to appropriate orders in both the

perturbation parameters.

But the hydrodynamic data and large-D data cannot be chosen arbitrarily. They
have to satisfy some constraint equations, named as fluid equations and membrane
equations for the metric and gauge field to be a solution of Einstein’s equations. So
to show the equivalence of the gravity solutions generated by these two techniques

the final step would be to show the equivalence of these constraint equations.

The organisation of this chapter is as follows.
In section §4.2 we determine the hydrodynamic metric and gauge field up to first
order in derivative in arbitrary dimensions. In section §4.3 we have noted the gravity
solutions for Einstein-Maxwell systems in large-D technique. In section §4.4 we have
rewritten the large-D data in terms of fluid data and compared the two gravity

solutions. And finally in section §5 we have concluded.

4.2 Hydrodynamics from charged black-branes in

arbitrary dimensions :

In this section we shall review the work on fluid-gravity correspondence for charged
black-branes [7, 8, 70] by determining the metric and gauge field dual to charged
fluid configuration up to first order in boundary derivative expansion for all D > 3.
The results of this section were previously recorded in [70] in a bit different language.
As our Lagrangian and notations are slightly different from the authors of [70], we

will redo everything with our Lagrangian and notations.



4.2 Hydrodynamics from charged black-branes in arbitrary dimensions : 93

We start with the D dimensional action®

1 FynyFMN
S = /dD:v\/—_g R—2A— M
D—1)(D -2 '
with negative cosmological constant A = ( )2( ))\

By varying the above action we shall get the D dimensional Einstein-Maxwell equa-

tions with negative cosmological constant

1 D—-1)(D -2 1 1
Rap — zR gap — ( ) >gAB + = FacFG + < gapFopFP =0
2 2 2 8 (4 4)
] .
VpF" =0= I (V=g F*%) =0

v—4g
where g4p is the D dimensional metric tensor and Fag = 04Ap — OpAa4.

We know that these equations (4.4) admit an AdS-Reisner-Nordstrom ‘boosted

black-brane solutions’, which we write in ingoing Eddington-Finkelstein coordinates

as
ds® = —2u,datdr — r*V (r,m, Q) u,u,datdx” + r*P,,dxt dz”
V30 . (4.5)
A = Wuudx
with
B m 13(D-3) @ o o
V(ir,m,Q)=1- s +Z 2D = 2) 75D ° PH =" + ut'u

, 4.6
u’ = ! ) ui: 61 ) Bzzﬁlﬁl ( )
/1— 32 /1— 32
As in the metric described above we shall use coordinates X4 = {r,v,2'} for our
~——

D
bulk spaces, on the other hand coordinates z# = {v, z'} parametrize our boundary
~—

D—1
and r is the radial coordinate.

Now we allow the temperature, velocity and charge field in the black-brane metric

(4.5) to vary slowly in the boundary coordinates and determine the metric and gauge

1We shall use the Latin indices {M, N, ---} to denote the bulk indices while the Greek indices
{p, v, - } refer to the boundary indices. And the {u,v,---} indices are raised and lowered by the
Minkowski metric n*¥. And for our case A = —1.
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field in boundary derivative expansion. To start we shall take the ansatz as

0 1 2
QMN=9§\4)1\7+91(\/1)1\/+95\4)1\7+"‘

(4.7)
Ay = AQ + AQ + 4D + -

where the leading order ansatz g](\g)N and AES) are given by
g = —2u, dxdr — 2V (r,m, Q)uyu, dxtdz” + TQPde’“‘dzl’

_ 39 )

0
A = 2TD73uudx“

and g](\?N, AS\';), which are corrections to the bulk metric and gauge field, are deter-
mined by solving Einstein-Maxwell equations order by order in derivative expansion.
To solve these equations by our perturbation technique it is useful to work in a par-

ticular gauge. Following[7] we work in the following gauge
Gre =0, gou = —u, , Tr [(g(o))_lg(k)} —0, A =0 (4.9)

Now to define velocity field uniquely we will work in Landau frame defined by
uHT(‘;S = 0, where T(’,g is the k™ order stress tensor with & > 1 and in the proper
frame of a fluid element the longitudinal component of the stress tensor to the fluid

velocity give the local energy density in the fluid.

In this section our goal is to find out the metric and gauge field up to first order in
derivative expansion. To implement our perturbation technique we set our velocity
field u* to be {1,0,0,---} by a boundary Lorentz transformation at a boundary
point x* and solve these equations about this special point. Since our perturbation
procedure is ultra-local we can easily write the result thus obtained in covariant
form with respect to the boundary metric. Our velocity, temperature and charge
field expanded in taylor series about this special point z* in terms of boundary

derivatives as

By = 290,80 + -
m =m©® + z#9,m® + ... (4.10)
Q= Q(O) + xuauQ(O) 4o

Using the expressions written above if we expand the 0" order ansatz up to first
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order in derivative we have

ds?o) =2 dv dr — r?VO(r) dv® + r’da’ du;
—2r* (1 -VO () x“@uﬁfo) dz’ dv — 2x“8uﬁi(0) dz'dr

B _x#@um(o) 13(D —3) 2Q(O)ZE“8MQ(O) 2
rb-3 42(D—2) r2D-3)

(4.11)
V3

~ 9pD-3

A—

[(Q(O) +29,Q0) dv — QVz+9, 3 dxi]

m©® L 13(D-3) QO?
rP=1 " 4 2(D — 2) rP-2)

with VO(r) =1

Obviously the metric and gauge field of equation (4.11) will not solve the Einstein-
Maxwell’s equations up to the order we are interested. We need to add corrections
containing first order derivatives to solve these equations. While solving these equa-
tions we find that the bulk Einstein-Maxwell equations decompose into constraint

equations and dynamical equations.

Since the background metric have the SO(D—2) symmetry, the Einstein-Maxwell
equations will split into scalar, vector, and traceless symmetric two tensor sector and

we can solve each sector separately.

4.2.1 Scalars at first order

The scalar components of the first order corrections added to the metric and gauge

field are parametrized by hy(r), k1(r) and w;(r) and we can write these as

20r) = 21
o) = 2D

Z gz‘(z‘l)(T) = (D —2) r* hy(r) (4.12)

AW (r) = _M

v 2 rD-3

Here one should note that the metric corrections 92(21 ) and gﬁ) are related to each other
by the gauge choice Tr [(g(o))_l g(l)} = 0. At first we determine the constraint equa-
tions. These equations are determined by taking dot product of Einstein-Maxwell

equations with the vector dual to the one form dr. We have these equations as
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follows

9,m ¥ N (D-1)
m©® (D -2)

28" =0 (4.13)
which is identical to the conservation of the stress tensor in the boundary

0T =0 (4.14)

The other constraint equation is given by

&,Q(O)
QO

which is equivalent to the conservation of boundary current density.

+9,8" =0 (4.15)

QLJ(%) =0 (4.16)
In the scalar sector we have 6 differential equations, the rr, vv, rv component of the
Einstein tensor along with the trace over the boundary spatial part and the r and
v components of the Maxwell equations. Among these 6 equations we have to use
only 3 equations to determine the three unknown parameters hy, k; and w;. The
solutions thus obtained should satisfy the rest equations. Solving these equations

and demanding the appropriate normalizability at infinity we have the following

;3"
(1) _ U
1) —
gvr (T) - O (417)
> gl =0

AV(r)=0

v

solutions
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4.2.2 Vectors at first order

The vector components of first order metric and gauge field are parametrized by
(1) (1)
g; '(r) and j; '(r) as

g ) =r 1= v(r) i)

V300 (4.18)
AV () =~ 5 (1) + 9 ()

Here also at first we have determined the constraint equation which is given by

(0)

o+ (D =198 =0 (4.19)

This follows from the conservation of boundary stress tensor.

The dynamical equations in the vector sector are the ri,vi components of the
Einstein tensor and ¢ th component of the Maxwell equation. Solving these equations
with appropriate boundary conditions (regularity at the future event horizon and
appropriate fall off at boundary) we have the following corrected first order metric

and gauge field in the vector sector

3(D~3)r* QU (@Q@ +(D-2) QY av@“”)
R2(D-1)

g (r) =7 8,87 + R Fy(p, M)

D
Agl)(r) = _Qﬁm (&‘Q(O) + (D —-2) QW 81;@(0)) Fl(l’o)(p, M)
(4.20)

where F} is given by

1 13(D-3) &3 M
Fi(p, M) = 70— {1+ 7 = Fy(p, M
e, M) 4(D —2) < * 42(D —2) p2(D-2)  pb-1 3(p, M)
[e’e] 1 1 o
h Fy(p, M) = d ( B >
where  F5(p, M) /p P<1 L 130 ¢ u )2 p2D-1) ~ 2D=3
42(D—2) p2(0-2) — pD-1

(4.21)

with

N T az)
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and also Fl(l’o) (p, M) is defined as

d
F{M (p, M) = gy F1 (e 20 (4.23)

Where we have used the following rescaled variables

Q 2(D — 2
p:% ) :Rgl,l ’leﬁ’ and Q%:‘lﬁ(ﬂ/[_l) (4-24)

And then the Hawking temperature is given by

P DU ( (D28 ) s

where R is the radius of the outer horizon. In terms of these rescaled variables the

outer horizon is given by p, = 1.

4.2.3 Tensors at first order

The tensor component of the metric at first order can be parametrized by ijl )(7’) as

o = o) (4.26)

(1)
ij
obtained from the ij component of Einstein equation. Then demanding regularity

This unknown parameter 7;.” can be determined by solving the dynamical equation

at the future event horizon and appropriate fall off at boundary we have following

corrected first order metric in the tensor sector .

2
m)(r) = 201 Fa (p. M) (4.27)

where,

pP (pP — p?)

Fy(p, M) = d 498
2, M) /,JPQ(pZD—MpD“Jr(M—l)p‘*)p (4.28)

4.2.4 The global metric and gauge field at first order

We have done our computation about a special point z# = 0 on the boundary.
However, our perturbation procedure is ultralocal and we could set any arbitrary

velocity u* to be {1,0,---} by a boundary coordinate transformation. So we could
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do our computation about any arbitrary point on the boundary. Hence the results
recorded in the previous subsections contain enough information to write down the
metric and gauge field in covariant form w.r.t the boundary metric. we have the

following covariant form of the metric and gauge field

ds? :gAdeAde

= — 2u,da"dr — 2V (r,m, Q)u,u, dztds” + 1“279“de“de

ot ] 2r?
Uy

D3 dz” + —Fy(p, M )0, dz"dx”

R
3(D-3)Qr?
R2D-3

— 2u,dz" r {u)‘a,\u,, —

(4.29)

— 2u,dx” l P (DAQ) Fi(p, M)] dz’ + - -

V3Q 2v/3r"

1,0
A= o D=3~ RZ(Dfl),P;\ (DAQ) F{V(p, M) | da + - -

where

Py (DAQ) =Py (0\Q) + (D — 2) (udru,) Q (4.30)

and

o Oaug + Oguy, ©
O = PPy {% — 1ag <m)] (4.31)

And the constraint equations can be written in covariant form as

(u-9)Q
Q
(u-0)m 0-u
— +(D—1)D_2
Py Oam

m

+0-u=0

—0 (4.32)

+ (D — Dutdyu, =0

4.2.5 The boundary stress tensor and the charge current

By using AdS/CFT correspondence we can determine the boundary stress tensor
from the bulk space-time metric. Here we have to add suitable counter terms to
the action to regularise the divergence arising from integrating the full space-time
volume. The expression for the boundary stress tensor dual to the metric presented

in the previous subsection can be obtained by the prescription of [71].

The stress tensor for the metric up to first order in derivative expansion is given
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by

™ =p " + (D — 1)u*u”) — 2n o
M RD—l RD_2 (433)

h 2 ad o=
VRS PE e o Y T T 167 Gy

One can explicitly find out the following expression for charge current for the gauge
field

Ju=nu, —D P;Dyn (4.34)

where the charge density n and diffusion constant © are given by

V3Q

(D —3)M +2
n =
167TGD

and D= -1 (D -3

(4.35)

4.2.6 Hydrodynamic metric and gauge field up to first order

in derivative

The metric dual to hydrodynamics in arbitrary dimension D is written in terms
of fluid variable u, a charge field and a temperature field 7" living on the (D — 1)
dimensional boundary of the space-time. The independent data in first order is
written in table (4.1). In this subsection we shall write the hydrodynamic metric,
gauge field and the constraint equations recorded in previous subsections in the

following way.

Table 4.1: Data at 1st order in derivative

Independent Data

Scalar % = gfg
Vector a, = (u-0)u, , Pﬁ‘aAQC

D—-2

Tensor | 0, = PSP) w — Nap (o )}
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The constraint equations can be written as

(u-9)Qc —0
Qc
(u-0)ry )
= 4.36
P &JH
”T +a, + f(Qc)Py 9.Qc =0
where (o3
65— Qe
= - 4.37
/(Qe) 8(D —2) +3(D — 3)Q% (4:37)
We write metric and gauge field in two part as
dS? = dSg + dS;7 (4.38)
where
0" Order Piece:
dSg = — 2u, dz* dr — r*V (r) u,u, dr* dz¥ + r*P,,dxtdz” (4.39)
P;uz = N + Uy, Uy ‘
1t Order Piece:
2 v 27“2 v
dSi = —r (u,B, + u,B,) da" dx" + — Fy(p, M) 0,, dz" dx
rH
where
e 3 (D - 3) r QC
BH = a“ - (m) Uu -+ 7’?{ ’P;\ (a,\Qc> 1 — (D — Q)QC f(Qc) F1<,0, M)
(4.40)
The gauge field up to first order in derivative expansion can be written as
A=A+ A (4.41)
where
0*" Order Piece:
V371 Qc (ru\P~2
S S A (el 4.42
A 5 ( . ) u,d ( )
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15t Order Piece:

A= =23 (2) 1= (0= 200 10| F. 00 R (0000 (159

where,

1 3(D —3) rg\P-1 1 3(D—=3) ., /ry\2(P-2)
Viy=1—(1+> (-) il i/ (-) 4.44

(r) ( T )QC) r TIap-2% 5 (444)
Here r = ry is the position of the outer event horizon of the space-time and ()¢ is

just @, defined in (4.24) and also rp is just R defined in previous section.

4.3 The large D metric, gauge field and mem-

brane equations:

In this section we simply quote the results of large D metric and gauge field as in
paper [29)].

The metric in the large D expansion is written in a split form as Wp plus WXE“).
Wag = WAB + WXE“)

Wap is the metric of the nonsingular asymptotic geometry. In our case it would
be the metric of just pure AdS. In general, Wy is any smooth solution (where all
components of the Riemann tensor are of order O(1) in terms of large D counting)
to Einstein’s equations with cosmological constant and vanishing electromagnetic
field. WXES” captures the effect of black hole and singularity. Using the large D
technique one can determine WXESt) and in this case also the gauge field A, order
by order in an expansion in inverse powers of D. In other words the metric and the

gauge field will have the following form

1
wieh — w4 (—D) Wiy +
(4.45)
1

The final solution is expressed in terms of a null geodesic field 049, and two scalar
fields ¢ and Q. ¢ is a smooth function with ¢» = 1 as event horizon of the full

space-time and harmonic w.r.t the background Wyz. @ is also a smooth function
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satisfying

1
V2
where n 4 is the unit normal to the constant 1 slices and U is the membrane velocity

defined by U =n — O.
The gauge is fixed by demanding that to all orders

n- (9@ =0 y and @|¢:1 = (UMAM) |w:1 (446)

O W e =0 and OMAy =0

Now we shall present the final solutions up to the first subleading order in O (%)

i.e., the explicit expressions for Wg% , Ag\? and WSE); , Ag\l}

Wi = 040
AY) = V2 fou
} . (4.47)
Wik = 260,405 + (25705 + 25004) + 24
and AS}} = AWO0, + Aﬁ\?
where
f=(+@) v, F=Qu® (4.48)
and
Ns Ns Ng
20 =3 857080, 2 =3 S8, AV =3 (s
i=1 =1 1=1 (449>

NV NV NT
v i 7 v i i T i 7
Z =3 VOouy, A =3 al©Vy, 2l =Y T
i=1 i=1 i=1
Here O4 dX* is a null one-form with respect to both the background metric Wap
and full metric W,p. This is dual to the geodesic vector field 040, mentioned be-

fore. The function ¢ and Q are already defined (see the discussion around equation
(4.46)).

Now both the functions ¢ and @ admit % expansion in the ‘membrane region’

- the region where the gravitational field is non trivial in the limit of large D. It
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follows that up to first order in %, the functions f and fvcan be written as

J) = (1+Q%) ™ - Qr e 4 (%)

Fov)y=Q e + (l) (4.50)

D

where the parameter W is a O(1) variable, defined by W = D (¢p — 1).

And then the solution up to first order in metric and gauge field can be written

as
(1) _ 00 —x A (i) = . 2 >~ —x * 6t Uirilzetric(t)
VW (y) = 2/y dr e Q a,” (z) — e Y Kyector 2(K>/y dz e /0 dt—l—f(t)
o) o] x t (l)
where ICvector = —ZA dr e @ (lg)z) (CL’) -2 <%) /0 dx €_xA dteln_L}fl(;()t)
(4.51)
and
@ _ B - o) 673I T (0
W) =~ =) [ d:cu_f)(f_fzy/o dy MO(y)
©© ) . o 00 6—396 T " 5
(2 e Fae) - | dro—t s [ T U P
(4.52)
where

’ x - - 2D o] z t () . 1 .
MO (z) = /0 dw e (f = ) (f e (—7) /0 dz e /0 iy “metrie ) 1“je;;&()t) — < 0hgel)

(D —T ’ et Uf’r?etric(t)
27 () e [ )
(4.53)
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and

o0 ~ A
dt (5 — 2=
/0 Fa ==

wherele—Z/oodz@(f—fz)/oodx

0

—3z

L= F)(f - f?

-3z

AndA:—/OOOdZ@(f—fz)/:odw(l_f(;(f_fz)Q/Oxdy MO (y)

o) e Fu-p

(4.54)

and

j - 1 > - 8 i 1 > —p g i

o (y) = —e (N) /0 dp e” /0 d¢ e sgguge<<>+(ﬁ) / dp e /0 d¢ ¢ 540(C)
(4.55)

and

% > TG _ 2 > _ p i
S§ )(y) = _4/ dp f ag)(p) —e Y Ascalar + <N) / dp e p/o d¢ et an)etric(o
Yy )

[ee] ) 9 [ee] P .
where A,gqrer = —4 / dp f a(p) + (N) / dp e" / ¢ ¢ s% . (€)
0 0 0

(4.56)
and correction to the tensor sector
D N2 —W
T (W) = 2log [1 — Q% ] (4.57)
where
e 2
oo = Tl o ==L o =L
metri 2 metri metri 2 metric 2 (458)
1 _ 7 2 _ 7 49y _ 7
t)éa)uge - f ) U(gzauge - _f ’ Uéau)ge - _f
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N /. . . . N . . .
e = 5 (VO H VI 4VO) sl = 5 (VP 4V0) 4
_ N . -
Sgt)etric = T ) Sfu)etric = 5]}(1) ) Sfri)etric = <Qf - f2> ) Sir?t)etric =0
- N ) )
SI(‘ZG):tI“iC = _f2 ) Sr(jgtric = 5 <_V(2) + V(3)>
Shge = N (FV 4 fal? 4 VO 4 fal) sy = N (=Y = fa? + VO fal?)
4 _ rEge! - (1 6 _ 7 3 _ . _ (7 _
Sé;a)uge =N <fV( ) + fagz )> ’ Séa)uge - f ) Séa)uge - Séa)uge - Sg;a)uge =0
e = N (=Y = fal? + VO 4 fa) + F
(4.59)
Table 4.2: Membrane Data
Scalar Vector Tensor
S(l) = (U;)K V[gl) = PE (V%K) tAB = ngg/ [(VCOC/;-VC/OC) . P%C” (v . O)

SO=y.K-U |v®=PU-V)Oc

s®=v.u | v¥=P¢WU-V)U:

. o2 4 . o2
SW = V2K Vit = pg (V)

4.3.1 The dual system

The large-D gravity solutions, described in the previous subsection, are dual to
a co-dimension one, massive and charged, membrane embedded in the asymptotic

geometry (AdS for our purpose). The membrane is characterized by a velocity field
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U, named as ‘membrane velocity’, a charge field @ and a shape function ¢ (the
same scalar fields that appear in the bulk metric and gauge fields). The function
¥ is a harmonic function with respect to the background geometry. Just like in
fluid gravity correspondence, here also the velocity field U and the shape function
cannot be chosen arbitrarily. They have to satisfy some constraint equations, which
we shall refer to as membrane equations. For every solution to these membrane
equations, we have one solution to Einstein’s equations. The membrane equations

are given by

A~

pA §?A—(1+@2) v;(K+UBKBA—(1+@2) (U-%UA) :O(%>
vu-0(1)
YO v.96-0|LTE pog oy —o(%)
(4.60)
where

Pap =Wap —nang +UaUp , Ry =U*RagU® | and Rap = (D — 1) \WWap
(4.61)

4.4 Comparing fluid-gravity and membrane-gravity

dualities :

In this section we compare the two perturbation techniques, ‘derivative expansion’
and ‘large-D expansion’ which are used to generate dynamical black-brane solutions
to Einstein equations.

‘Derivative expansion’ is used to solve Einstein’s equations with negative cosmologi-
cal constant, whereas large-D expansion technique is used to solve Einstein equations
with or without cosmological constant. ‘Derivative expansion’ generate gravity so-
lutions that are dual to the relativistic Navier-Stokes’ equations of fluid dynamics.
On the other hand large-D expansion techniques generate solutions that are dual
to a co-dimension one dynamical membrane embedded in some background space.
Like in the previous papers [1, 2], here also our goal is to compare these two gravity
solutions along with their dual systems for the charged case. We will show that

in appropriate regime of parameter space there exists an overlap regime between



Comparison between fluid-gravity and membrane-gravity dualities for Einstein-Maxwell
108 system

these two different looking gravity solutions generated by two different perturbation

techniques, which we can see after a coordinate transformation.

4.4.1 The split of the hydrodynamic metric

As we have mentioned earlier, the metric generated in large-D expansion technique
are written in a split form, background plus ‘rest’. Here we have a null geodesic,
which when contracted with the ‘rest’ part vanishes to all order in %. This is not
the case for hydrodynamic metric.

So to compare these two solutions, the first step would be to split the hydrodynamic

metric into background plus ‘rest’.

We shall do it in the following way.

First we find out an affinely parametrized null geodesic 0494 w.r.t the full space-
time metric which passes thorough the event horizon of the space-time. This null
geodesic vector is normalized in a way such that O%ny = 1 (O4 is related to O4
by an overall normalization constant), everywhere in the background, where ny4 is
the unit normal to the constant ¢ hypersurfaces. Now the hydrodynamic metric
is written in a gauge where G,, = 0, and G,, = —u, to all order in derivative
expansion. In this gauge k19, = ((2)0, is an affinely parametrized null geodesic to
all order in derivative expansion. However we have to normalize this null geodesic
and hence we can set () to be one. Ultimately we shall find that O, = 9, is the
null geodesic which split the hydrodynamic metric as we want. After that we shall
choose a coordinate system Y4 = (p,y*) where the background of hydrodynamic
metric take the following form

_ dp?
ds’gackground = GABdYAdYB = p_p2 + P277,w (462)

The Y4 coordinates are related to X = (r, 2#) coordinate by the mapping f
Y4 = f4(X) (4.63)

We can determine this mapping function by the following equation

— _ afC afcl B
OAgAB|{X} = OA (aXA) (&X'—B) GCC’|{X} (464)
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If we use the fact that 0494 = 9., then (4.64) can be written as
Gl =0 (4.65)

where g“e“ (Gap — Gap), all written in {X“} coordinates. As previously noted
the hydrodynamic metric is written in a particular gauge G,, = 0,and G,, = —u,
to all order in derivative expansion. We shall find that coordinate transformation

of the form

ut

=r+x(r) and y"=2'+ —--r
p x(z) Y —

+ ¢H(x) (4.66)
where u,0,(* = 0, keep the hydrodynamic metric in this required gauge. Further
it will turn out that for the exact matching of the two metric and gauge field we

should have (* = 0 and x(x) = —%. So finally we have?

D

(4.67)

If we apply these coordinate transformations, the background metric in {X“} coor-

dinate can be written as®

gjrr =0
Gur = —uy (4.68)
QW = 2 (Puw — uyuy) — 7 (uua, +upay,) + 2ro,, + QrD — 2uuu,, + O (82)

Once we know the background metric in {X“} coordinates, by subtracting it from

the full metric we can determine G2, Now by our construction G4 and G{*"

rest

are identically zero to all order in derivative expansion and the gW component

2For a detail discussion see [2].
3The inverse of the background metric and the christoffel symbols w.r.t background metric are
give in Appendix C.2
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can be written as

gfjl‘,eSt) — g(Sl)uuuu + g(SQ)P/LV + (gLV) Uy, + gl(/v) UN) + gf}g)

where,
GBS — 2 (1 — V(r))
g(SQ) =0 (82)
_ 2
o
G\ =2r (éFQ (p, M) — 1) v

(4.69)

4.4.2 Membrane data in terms of fluid data

In derivative expansion the solutions are characterized by a velocity filed u, called
fluid velocity, a temperature field T" and a charge field ), whereas in large-D expan-
sion characterising data are the shape function 1, the charge Q and the membrane
velocity U. The number of data does match on both sides, as it should be. But
these variables are not the same and we need to rewrite one in terms of the other,
to perform a comparison. In this subsection we rewrite the characterising data of

the membrane in terms of the fluid variables.

4.4.2.1 Determining

As we have described before, v is a scalar function, harmonic with respect to the
background geometry. The hypersurface v = 1 is identified with the dynamical
horizon of the black brane solution. So we have to solve the differential equation
V2)~P = 0 in this background geometry order by order order in both the pertur-

bation parameters.

After solving we find the following expression for the function v (see appendix-B
of [1] for the details of the calculation)

o (r,z") =1+ (1 - %) (é - 1) +0 (62, %) (4.70)
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4.4.2.2 Determining U4

Once we have the v field everywhere, we could compute the unit normal to the

constant ¢ surfaces.

1 )
=yt 0) M= =gt @t f(Qe)P0:Qc + O ()
r © ut f(QC) e
n:r—m+0(a2) n“:7+ ’I“2 P'u aaQC+O(a2)
(4.71)
Now U# is defined as follows
UA:nA—OA (4.72)
After properly normalizing our null geodesic field by O4 = (nf.Aé 7y we have
0, =0 O, = —ru, + O (9% (473)

O =r+0 () 0" =0

Then we can find out the membrane velocity Uy as

1 S

U — . U, = ru, — gl O F(Qe)PoaQc + O (97)
) 0 u'  f(Qo) e

U'=-p55+0(%) U'=—T+=5"P"0Qc+0(&)

(4.74)

4.4.2.3 Determining é

Next our goal is to write the smooth function @ present in the large D metric and
gauge field in terms of fluid data. This function satisfies the subsidiary condition

(n-V)Q = 0. The boundary condition which fix it completely is given by

~ 1
Qly=1 = E (UMAM) |l p=1

1 V3Qe <T_H>D2|
V2 o2 r w=1
_ ~V3Qo

22

(4.75)
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We want to solve Q such that (n - ) Q = 0 and for that we will take the following

expansion in ).

Q=Qo+Q (r—rg)+---

~ 4.76
where Q= — \f\%c 478)

Collecting coefficients of (r — )" after applying (n-9)Q = 0 and using the fact

that (n - 0) @0 = —% <(“'3)CQC> =0, we have @1 = 0. So finally we have

~ V3 Qc

+0(8%) (4.77)

4.4.2.4 Relevant derivatives of the basic data

Large-D metric is determined in terms of the basic functions ), @, U4 and their
derivatives with respect to the induced coordinates on the membrane. In this sub-
section we shall convert these ‘membrane derivatives’ of the basic ‘membrane data’

in terms of the fluid data.

One of the key structure that arises repeatedly in large-D construction is the
extrinsic curvature of the membrane, viewed as a hypersurface embedded in the
background. The expressions for extrinsic curvature can be re-expressed in terms of

fluid variables as

1
Ep=—75+0 (6%)

1 S}
Kry - _Uu + ; (muu — au) + O (82>

(4.78)
U,a, + Uy,a
Ky =1 (P —uuu,) +2 7 (D — 5 Uty — % + UW) +0 (82)
K=(D-1)+0(9)
where K 4p is defined as
Kap =15 Vo n
Ap T A e Ts (4.79)

with  Ilap = Gap — na np

The rest of the data that are relevant for our purpose are presented in the tables
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-(4.3), (4.4) and (4.5). Here V is defined for a general n index tensor X 4, 4,...4, as

VaXaapea, = NGOG T - I Vo X o0y, (4.80)

Table 4.3: Scalar large-D Data in terms of fluid Data

Large-D Data Corresponding Fluid Data
_ (UV)K
S = % =0
S =U.-K.U = —1
SB) =v.U =1048(V,Up =0
SW = @;2{( =0
G =ry. (Y9 —
sO=u- (%) 0
_ vQ
s =k — 11
S(S) = R;éu - —

Table 4.4: Vector large-D Data in terms of fluid Data

Large-D Data

Corresponding Fluid Data

ViV x4 = p§ (YeK)

=0

VP dx4A = PS¢ (U-V)Oc

= f(Qc) Py0xQc da*

VP dxA = PS¢ (U-V)Ue

= — f(Qc)PoAQc da*

ViV ax = pg (Sie)

=~ [(Qc) PorQc dat




Comparison between fluid-gravity and membrane-gravity dualities for Einstein-Maxwell
114 system

Table 4.5: Tensor large-D Data in terms of fluid Data

Large-D Data Corresponding Fluid Data

—T0u + %(TQPW +2roy,
+rf (Qc) (u,P0\Qc + u, Pp0\Qc) >

tAB = PEPB/ [(VCOC/J;VC/OC> . P%C/ (v . O) —

4.4.3 Comparing the metrics and gauge fields

In this subsection we shall take the large D limit of the fluid metric and gauge field
and match with the metric and gauge field in large D side after expressing them in

terms of fluid data.

4.4.3.1 Comparing the gauge fields

At first we decompose the fluid gauge field into scalar and vector components. As
from the gauge condition A, component of the gauge field is zero to all order in

derivative, we write only the components in the boundary directions.

A/(Lﬁuid) = BS) u, + B;(LV) (4.81)

where

D (4.82)
BY) = —2v/3 (é) {1 — (D -2)Qc f(Qc)] FM(p, M) P, (0\Qc)
The gauge field in large-D side is given as
Ap = V2 |F Oy + =4 + 0 (1)2
DM D (4.83)

where AS\}) = A®0y + AS\Z)

Also in this case the radial component of the gauge field vanishes and only the

components in boundary directions are non-zero. We decompose this into scalar
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and vector components as follows
AP) = Y& gy, 4 YV) (4.84)

where

~ 1 1 2
(S) — _ — AG) -
Y= \/§T(f—l—D.A )+O<D)

1 A (4.85)
y,gv) = 5\/5 .Al(f) + O (E)
A®) is defined as follows
A = Z a S(Z
= ( V) S® +aD(Y) ST + K o) (v) S®) (4.86)
= (=a? (V) +a" (V) + K alf) (V)
(total)(y)

where Y = D(p — 1).

where
ota. — 1 > — ota. 1 > — ota.
o) == () [ doe [Cace s+ () [ e [T e smao
NJ Jo 0 NJ Jy 0
(4.87)
And sio@ ig defined as
total _ 2 Ruu
sé;auge) - _Séa)uge + Sx(ga)uge + Séauge?
=/ (4.88)
- 1
-y
- o=
Qe + < D)

4Here one should note that the integrations in the large-D side are parametrized by W =
D(¢) —1). On the other hand we can define another parameter R = D (—H — 1) to expand other
functions in inverse power of dimensions. But it is easy to check that W = R+0 ( ) And hence

up to the order we are interested the two parameters are just equal and we simply denote both of
them by the O(1) parameter Y without any further confusion.
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Substituting (4.88) into (4.87) we have

a**(Y) =Y Qe " (4.89)
Putting this in (4.86) we have
A®) =y Qe (4.90)
The vector component calculated up to leading order in large-D as
N
AP =>"al(v) v
i=1

= £ (Qc) (P (V) = af (V) = al) (V) P2 (0rQc) (4.91)

So finally we have
Y = V2 (f+ Ly § e‘Y) +0 (i)Q
D D
1\2
Y =0 (5)

Now taking the derivative of (4.21) and then expanding in 5 and also using the

2
F (1 + %,M) = (%) (4.93)

Now if we expand both large-D and fluid gauge field up to O (%) by substituting
r=rg (1—1—%), we find

(4.92)

result of C.1.1 we have

(4.94)

So within the membrane region, the two gauge fields are equivalent to one another.
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4.4.3.2 Comparing the metric

As we have discussed earlier we can determine Gir™, by simply subtracting the
background piece from the full hydrodynamic metric once we know the background
metric in X coordinates. After decomposing Q’fﬁesﬂ into scalar, vector and tensor

components, we can write it as follows

Guest) = Gy, + GEIP,, + (G u, + GV w,) + G0 (4.95)
where
Gy = (1 - V(r))
G =0 ()
) = - X220 1 (D - 9Qes(@o)| R ) P (050c) o

r
g;(gj) = 2r (_FZ (p> M) - 1) O v
TH

Now we will write the large D metric in terms of fluid data. The large D metric up

to first order in % can be written as

_ 1 1\?
Wag = Wap + fO05 + BWS,)B L0 (5>

where W) = 2690,05 + (25705 + 25004 ) + 2

(4.97)

Subtracting the background part from this full large-D metric, we will get, WX};St)-
Now from the construction of this metric W,3**” and quﬁesﬂ vanishes, and we only
have W,EZGSt), which we decompose into scalar, vector and tensor components as
follows

wiresth = WDy, + WP, + (WY uy, + W ) + WD (4.98)

pv
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where

1 1\?2
(51) _ .2 L 251 L
w r (f~|—DZ )+(’)(D>

w2 _ o (LY
D

, 2 (4.99)
W) = — 5 ZW4+0 <5>

m

2
W@ — Lz oL
D

1 DT

So at first we determine Z®V in terms of fluid variables. We write the leading order

expressions in large D expansion by substituting r = rgy (1 + %)

N,
Z(s1) _ Z sz)w) S0
i=1

= ($P(r) 8@+ 57(v) ST + K s (v) W) (4.100)
= (-sP) + 8P v) + K 50 ()

= Si0)

where

0 . ) 00 p
St () = g / dp T al(p) — v Al | (N) / dp " / ac e
Yy Yy 0

00 - 2 oo 14
where Al = —4 / dp [l (p) + (N) / dp e” / d¢ e shemd(€)
0 0 0
(4.101)

(total) .
and s, .. is defined as

(total) _ _(2) (7) (Ruw)
metric — _Smetric + Smetric + Smetric

= -2f* (4.102)
1

= —262 672 Y -+ @) (5)

(total)
metric

()
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Substituting (4.102) into (4.101), we have
A(total) _ _3~2
o < (4.103)
SEY) =% (1—2Y —€")
And hence we have
~ 1
ZED = Qe (1-2Y —€¢") + 0 (E) (4.104)
Now we will calculate Z;(LV) component
Z;(Lv) = f(Qc) (V(2) — e _ V(4)) 7);\ (2Qc)
1 (4.105)
of}
D
And the tensor component Z,S:,C) is given by
20— _op (2105 (1= G2 of? 4.106
w' = —2r| 4= )log — Q% O + D (4.106)
So finally we have
1/~ 1)°
WD = 2 [f + 5 (@ (1-2v - ey))l +0 (5)
1\2
w2 — o (_
D
) (4.107)
v 1
W =o(3)
- 1\?2
Wﬁ) —r (—> log <1 — Qze_y) o+ 0O (5>
From C.1.1, we have
Y 1)°
Fl{l14+—=M)= — 4.108
(14 M) =0(3) (4.108)
hence
1\2
V) _
g =0 (E) (4.109)
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and from C.1.2, we have

2
gfp =—r (%) log (1 - ©2€_Y> o + O (%) (4.110)

So finally we have

g(S2) -0 (82)
1)’ (4.111)
i -o(5)

2
gf[;C) =—r (%) log (1 — @26_Y) o+ 0O (%)

So, now if we subtract the fluid metric from the large-D metric both expanded up

to O (%)2, we shall find that in the membrane region the two metric matches.

4.4.4 Comparing the evolution of two sets of data

In the previous subsection we have seen that the metric and gauge fields of both the
perturbation techniques are equivalent in their overlap regime. However, our inten-
tion is to show that the solutions generated by these two perturbation techniques
are equivalent. Hence we also have to show the equivalence of the differential equa-
tions that govern the time evolution of the defining data of both the systems. But
the defining data of hydrodynamic metric and large-D metric are constrained by
two different looking sets of differential equations. For hydrodynamic metric these
equations are given by the equations in (4.36), on the other hand the constraint
equations for the large-D case are given by equations in (4.60). To show the equiva-
lence of these two gravity solutions we have to show that once ‘membrane equations’

are satisfied, the constraint equations in hydrodynamics are also satisfied. One of
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these equations is given by®

P VU - (1 +©2> VaK +UPKpa — (14—@2) <U~§UA> =0 (i)

K K D
(4.112)
We have calculated the different components of these equations in terms of fluid

data as follows

VU
P KA = — [(Qc)PydQc
VK
A
Fo—— =0 (4.113)
PAUPKpa =0 (%)
PE(U-VUL) = = Qo) P2oxQe

Substituting these in the L.H.S of equation (4.112) evaluate to

=~ Qo) PY0xQe — (1+ Q%) (—F (Qc) PaoxQc)
=Q* f (Qc) ProrQc
= 202 1(Qe) PYorGe

-<(3)

As f(Qc) =0 (%), so our membrane velocity and shape function satisfies (4.112).

(4.114)

The second constraint equation is
. 1
V.U=0 (_) (4.115)

now V-U = O (0?). So up to the order we are interested our membrane velocity

satisfies this equation.

5Tt is well known that fluid equations can be written as conservation equations of a stress tensor
and charge current living on (D — 1) dimensional flat space. Also from paper [37, 38] we know that
we can define a stress tensor and charge current on the membrane order by order in inverse power
of dimensions such that the membrane equations is simply the conservation equations of this stress
tensor and charge current. So it would be interesting and easier to show that the conservation of
membrane stress tensor and charge current follows from the conservation equations of fluid stress
tensor and charge current. But unfortunately at this time we do not have the expressions for the
stress tensor and charge current for a charged membrane propagating in AdS space. Hence we are
forced to check the equivalence of the two different looking sets of constraint equations, namely
membrane equations and fluid equations.
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And the third equation is given by

-~ ~|U.-VK Ry
~UVQ-Q |~ ~U- KU~

0
K

=0 <%) (4.116)

The large-D structures appeared in this equation can be calculated in terms of fluid

data as

U-VK (4.117)

Substituting these the L.H.S of (4.116) we can check that (4.116) is also satisfied.
So up to the order we are interested our membrane velocity satisfies this equation.
So we have shown that our membrane equations follow as a consequence of fluid

constraint equations.

4.5 Conclusions:

In this chapter, we have compared two different perturbation techniques - namely
derivative expansion and expansion in inverse powers of dimension, in the regime
where both techniques are applicable.

We have considered the case, when these techniques are used to generate asymptot-
ically AdS, dynamical black hole type solutions of Einstein-Maxwell systems. We
have shown that in the appropriate regime of the parameter space, the two solutions
are equivalent to one another up to the first non-trivial order in both the pertur-
bation parameters. It turns out that after a series of gauge transformations and
field redefinitions, the metrics and the gauge fields generated by these two different
techniques are exactly same up to the order the solutions are known on both sides.

This work could be extended to many directions. Below we are listing few of them.

We have discussed in the introduction the cause of the equivalence. But it is also

important to chart out the subtle details of the redefinitions and transformation it
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involves. If we know how and when the two perturbation techniques generate the
same solution, it will help us to find out when they are really different where one
is generating new set of dynamical black hole solutions that could not be generated
from the other. So once we identified and studied the overlapping regime of the

parameter space, it would be interesting to look at the non-overlapping regimes.

Because of the very generic nature of the physical intuition that asserts this
equivalence, we believe that it exists not only for pure Einstein systems or Einstein-
Maxwell systems but also for Einstein-dilaton systems, higher-derivative gravity
theory [46, 55, 72, 73] or any other systems where we can apply both the perturbation
techniques. However, our explicit calculations are very much system-specific, which
somehow obscures this genericity. It would be interesting to set these calculations

more physically or abstractly, without using too much details of a given theory.

In some sense, this chapter is also describing a duality between the dynamics of
a (D —1) dimensional charged and massive membrane, embedded in D dimensional
AdS space and that of charged fluid, living on the boundary of the AdS space. The
basic variables of charged fluids are temperature (T"), velocity (u*) and charge den-
sity (Q); whereas any charged dynamical membrane would be characterized by the
embedding function (1)), the charge density field (Q) and the velocity field (U4)S.
The statement of the duality could be as follows.
If it is possible to have an all order completion for both the membrane equations
and the relativistic fluid equations, then they are actually the same equations, just
written in terms of two different sets of variables.
In this chapter, we have worked out this variable redefinition (see equations (4.70),(4.73)
and (4.74)), needed to show the equivalence, up to the order the equations are known
on both sides.
As it is clear from all previous discussions, the key reason for this equivalence is
the fact that both the systems are dual to the same gravity solution in the overlap
regime of the two perturbation parameters. Still it might be possible to formulate
the duality, removing the gravity altogether, because once we know the appropriate
variable redefinition, that is enough to show the equivalence of the membrane and
fluid equations. However, we should emphasize that at this stage it is a duality
between a very specific membrane and a very specific fluid, the ones that could have
gravity duals. It would be really interesting to see if we can extend such duality

to more generic fluids and membranes. It will provide new ways to analyze the

6Just like the velocity field in fluids, the membrane velocity U4 captures the charge or mass
redistribution within the membrane.
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unsolved problems in both sets of equations.



Chapter 5
Conclusion and future directions

In this thesis, we have compared two different gravity solutions to Einstein’s equa-
tions in presence of negative cosmological constant produced by two different per-
turbation techniques, namely ‘derivative expansion’ and ‘large D expansion’ [1, 2,
3.

The gravity solution generated in ‘derivative expansion’ in D space-time dimen-
sion is dual to the dynamics of the relativistic conformal fluid living on the (D — 1)
dimensional flat space-time. The different dynamical black-brane geometry gen-
erated in ‘derivative expansion’ is characterized by a unit normalized four velocity
u*(x), temperature scale set by the horizon radius 7y (z) (the local fluid temperature
is related to ry(x) by T'(z) = %TH(QJ)) and charge density (for Einstein-Maxwell
system) living on (D — 1) dimensional flat space-time. On the other hand, the dif-
ferent gravity solutions generated in ‘large D expansion’ are dual to the dynamics
of a co-dimension one probe membrane embedded in the asymptotic geometry (in
our case pure AdS) coupled with a velocity field and charge density (for Einstein-
Maxwell system). In this case, the different ‘black hole type’ solutions are labelled
by the shape of the membrane, a unit normalized velocity field and charge density
(for Einstein-Maxwell system) all of them live on a (D — 1) dimensional hypersur-
face. In terms of counting the number of variables the solutions generated in these
two different techniques are very similar though the governing data and the space
of defining data are very different.

We have found that one could apply both the perturbation techniques simulta-
neously in a regime of parameter space and argued that there should be an overlap
regime between these two techniques and in that regime, the two solutions generated

by the two different techniques should match. In large number of space-time dimen-

sions whenever derivative expansion is applicable we could always apply ‘large D
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expansion’ though the reverse may not be true. In a nutshell, we have re-expressed
the metric generated in ‘derivative expansion’ in the form of the metric generated
in the large D expansion up to the second subleading order for the pure gravity
system and up to the first subleading order for the Einstein-Maxwell system in both
the perturbation parameter. But the matching of the two gravity solutions is not
at all manifest and we could match the two gravity solutions generated in these two
different perturbation techniques after a series of coordinate transformations and
field redefinitions.

On physical ground, the reason behind the matching of the two gravity solutions
is as follows. Since we can use the same space-time geometry (namely the space-
time geometry of Schwarzschild black brane) as the starting point for both the
perturbation procedure and given the starting point and the labelling data both the
perturbation schemes generate the higher order corrections uniquely, it follows that

the solutions should be the same.

Though the matching of the two gravity solutions is expected on physical ground,
the detailed comparison between these two different gravity solutions is important
for the following many reasons. First of all, it would help to explicitly work out the
map between dynamical black-brane geometry generated in ‘derivative expansion’
technique and the pure AdS space (which exists even when the space-time dimension
D is finite). In that process, we could find out the field redefinition between the fluid
and membrane degrees of freedom and it implies some interesting re-summation of
one series into another. For example, even the leading term in the Navier-Stokes
equations of hydrodynamics contains arbitrarily higher order corrections in 1/D
of the membrane equations. It essentially says that they are essentially the same
equations but written in different variables. It can also give us some insight into the

finite D completion of the membrane stress tensor [36].

The dynamical black-brane geometry generated in ‘large D expansion’ is writ-
ten in a particular ‘split’ form, where the full space-time metric is written as the
background AdS metric and something else to all orders in 1/D. So, the space-time
generated in this technique always admits a particular map from the full space-time
space to the background AdS space. But the metric generated in ‘derivative expan-
sion’ to begin with does not have such a ‘split’ form. In this work, we have described
that this particular map also exists for the space-time generated in ‘derivative ex-
pansion’. And the map also exists even at finite number of dimensions irrespective
of large D limit. After determining the ‘split’ of the hydrodynamic metric we could

show the equivalence of the two gravity solutions in the appropriate regime of pa-
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rameter space.

Let us now mention one important point for the comparison in the Einstein-
Maxwell system. Naively from the large D effective theory it seems that as the
gravitational field is localized only within the near horizon region, it does not care
about the asymptotic geometry. But for the Einstein-Maxwell system even at the
very leading order in membrane equations the curvature of background AdS appears.

For that reason, the comparison, in this case, is more rigorous.

In a sense, we could view the equivalence of the two gravity solutions generated
in these two perturbation techniques as describing a duality between the dynamics of
a (D — 1) dimensional membrane propagating in pure AdS space and that of a fluid,
which lives on the boundary of the AdS space-time. We could get a field redefinition
between fluid and membrane variables (which we believe will exist to all orders). We
hope that such a writing could lead to a new duality between fluid and membrane in
large dimensions (more ambitiously in finite dimensions also) where gravity has no
role to play. In this work, we have explicitly shown that up to subleading order in
pure gravity and up to leading order in the Einstein-Maxwell system the membrane
equations correctly reproduce the Navier-Stokes equations of hydrodynamics. Even
the leading term in the membrane equations contains arbitrarily higher derivative
corrections to Navier Stokes equations and keeps only those terms that survive in
large D limit. All these things imply a particular resummation of one series into

another series. We end the conclusion with a few future directions.

We have compared the solutions in the overlap regime of parameter space where
both perturbation techniques can be applied. However, in chapter 2, we have de-
scribed that there is a non-overlap regime, where we could apply ‘large D’ but
‘derivative expansion’ could not be applied. In this regime, we can construct some

genuinely new black hole solutions that have not been described by other.

The very generic nature of the arguments and algorithm used in the comparison
of the two gravity solutions implies that the equivalence not only exists for pure
gravity or the Einstein-Maxwell system but also will exist for higher derivative theory
and some other possible system. But our explicit calculation is very much dependent
on the detail of the metric. Hence, it would be interesting to set up the calculation
more abstractly, without using too much details of the information about the specific
systems.

We have established the equivalence of the two metrics only within the mem-
brane region. In [36] the authors have computed the boundary stress tensor from

the linearized gravitational fluctuations sourced by the membrane stress tensor and
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matched it with the dual hydrodynamic stress tensor. Now as we know the ‘split’ of
the fluid-gravity metric, we can match the metric coefficients outsides the membrane
region also, which are non-perturbative in large D expansion.

In AdS space, there exist similar-looking constructions of the horizon stress ten-
sor in terms of boundary stress tensor by following a radial flow of constraint Ein-
stein’s equations on cut-off surfaces in the background AdS [40, 41]. In some way,
they are a bit different from ‘large-D’ construction of the membrane stress tensor.
For example, they do not resum the derivative expansion. Also, they remain like
fluid equations all along the radial flow and reduce to non-relativistic fluid equa-
tions on the horizon. However, there must be some relations between this radial
flow of Einstein’s equations down to the horizon and the membrane stress tensor
carried towards the AdS boundary via gravitational radiation [36]. It would be very

interesting to explore these relations further.
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Appendices for chapter 2

A.1 Analysis of F(r/ry)

In this section, we shall evaluate the integral (2.53) in large D limit. For convenience
we are quoting the equation here.

P2 -1

F(y) Zy/y - (A1)

We would like to evaluate this integral systematically for large D. Let us first eval-
uate the integral for y > 2. In this case, since D is very large, 2” >> 1 throughout

the range of integration. So we shall expand the integrand in the following way.
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o +
| 8
8 M S
3 H\ L
s : =
| ) —_
= I
+ =
I_le
~
o>
>

Integrating (A.2) we find

y/oo PR et SN 3 L N oom (L) e
y>2  w(xPl—1) — [\(D—-1)m+1 (D—1)m
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Clearly, the sums in the RHS of (A.3) are convergent for y > 2. Let us denote the
RHS as k(y).
However, the expansion in (A.2) is not valid inside the ‘membrane region’, i.e., when

y—1~ O (%) and naively k(y) is not the answer for the integral.

But consider the function k(y) = F(y) — k(y). This function vanishes for all
y > 2 and also by construction, it is a smooth function at y = 2 (none of the
derivatives diverge). Hence k(y) must vanish for every 3. So we conclude, for every

allowed y (i.e., y > 1)

F(y)=1+ mzl { (m) y P — (ﬁ) y‘(D‘”m“] (A4)

Note that F'(y) reduces to 1 as y — oo as required in section (2.3.3.2).

Now we would like to expand F(y) in a series in (3), where y is in the membrane

regime.

Y

In this regime F'(y) takes the following form

Fly)=F (1 + %) —1- <%)2 3 <1 tnTY) e 4+ 0 <§> (A.5)

m=1

In this appendix, we consider only the first subleading correction in (%) expansion.

Therefore F(y) could be set to 1 for our purpose.

A.2 Derivation of ¢ in {Y“} = {p, 4"} coordinates

In this section, we shall give the derivation of ¢ as mentioned in eq (2.76). We want
to solve 1 such that V2¢~P = 0. Where V is the covariant derivative with respect

to the background metric

dp* y
dszack:ground = 7 + szu dy“ dy (A6)

we can expand v as follows

1

) (p—rm) + (A2 +€ Ba)(p =)’ + O (ﬁ)

(A7)

A1 +€ By

¢:1+<A10+6310+ D
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Here € denotes that B;;’s are O(0) terms.

V2 (pP) =0
= 1 (V2) — (D + 1)(VA)(Vath) = 0

v . (A.8)
= w pQ apapw - sz(apw> - F’Zp(aﬂw)] + F 77# |:_ Fﬁy(apw) - F,uyaaw
—(D+1) p* (90)* + O9)* =0
The required Christoffel symbols are
-l e 0 o= g T =0 A9
pp _;) pp D [ —pP nulﬂ py — ( . )
Using the above Christoffel symbol we get
ol v+ Dp 0| - 0+ 1) # O =0 (A.10)
Now,
A +eB
8p¢ = (Al() + € Bl() + 11—611) + 2 (A20 + € Bgo)(p — ’r’H)
D (A.11)

32@0 =2 (AQO +€ B2O)

Solving, (A.10) order by order in derivative expansion we get the following solution

Yip,y') =1+ (1 = %) (ﬁ - 1) +0 (%)3 (A.12)

A.3 Computing different terms in membrane equa-
tion
In this section we shall give the details of calculations of different terms that appear

in the membrane equation. The different components of the projector defined in

(2.86) are given by

=0, I =0, 1)=—(ry); 1 =46y (A.13)
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The different components of the Christoffel symbol of the background metric in

Y4 = {p,y*} co-ordinates are given by
o= Lo o= g To =l To =0, TE =0
PP p7 pp T pr = TP Muws up_pw py T pp D

(A.14)

From (2.87) it is clear that we need only K,, and K,z component of extrinsic

curvature

(A.15)

=11}, (@,n,, — Fzynp) + I3 (8an,, — ngnp)

Now, as mentioned in (2.87) in terms of the intrinsic coordinates on the membrane

the extrinsic curvature will have the structure

Kop = Kpp (Oarn) (9s71) + [Kpa (057H) + Kpp (Oarn)] + Kap

) 2 (A.16)
=TH Nag + O(a)

The trace of the extrinsic curvature
K= (D-1)+0(0% (A.17)

For the calculation of the extrinsic curvature we need background metric, where for
the rest of the calculation we require induced metric on the horizon. The induced

metric on the horizon is given by

Jap = Tt Nap + O(0?) (A.18)
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The Christoffel symbol of the induced metric

9
Fga = (658 bl 56 aBTH - 7704,38 TH) (Alg)
TH TH

Now we shall calculate all the terms mentioned in (2.93). First, we shall calculate

@~U:go‘6 @aUg

afB
— L [0,Us = T2,U5] + 0(0)°
H
ap 0 0 9
= 7]—2 |:aa (TH U5) — (TH Ua) (6ﬁ ol'H 56 ﬂTH naﬁ TH):| + O((?)Q
Tm rH TH
—(D—2) (Wf)m) + 2% L o)y
’f’H Ty
(A.20)
Now we shall calculate V2U, and (U : @) U,
VU, = g**V, VU,
= 677 [0a(V5U,) = T35(VsU,) = T5,(V5Uy) (A.21)
= 0(0)
<U : @) U, = UP(95U,) — U T Us
3 8 5
_u (TH@M) +ua(aﬁrH)) — L rir ug) (%a ol H 538/3”’ - naﬁa TH) +0(8%)
rH g g '
= (u- O)utg + Uq ((“ : 8)”’) L% o)
rH g
(A.22)

Now,

U® Kag P2 = (67 +UP U)(U* r}y nap) + O(0%)
= (8 +UP U,)Us + 0(0?) (A.23)

= 0(9%)

o~~~






Appendix B

Appendices for chapter 3

B.1 Comparison up to O (9% 5) following [1] ex-
actly:

As we have already mentioned in chapter 3, the computation of this note is quite
different in its approach from that of [69] and in fact a bit conjectural in few steps.
We could see these simple general patterns, conjectured to be true to all orders (for
example see equations (3.32) and (3.43)) only after we have done some detailed cal-
culations, keeping all allowed arbitrariness, to begin with at every stage and fixing
them one by one exactly the way it has been done in [69]. In this appendix, we
shall record this way of doing the calculation. Though it looks clumsy, the clear
advantage in this brute-force method is that it is bound to give the correct result at
the end.

Assuming derivative expansion, the most general form of 049, at second order
in derivative expansion which is null with respect to the full hydrodynamic metric

Gap is the following

0494 = 0, + (ZBM >a +ZB5H 0l D, (B.1)

i=1

Now imposing the condition that O4 is affinely parametrized null geodesic with
respect to Gap i.e., (0AV 4)OP = 0, the form of O* becomes

5 5

_ bs;

OAaA = 0.+ ( E b; 5(”) Oy + E < 75;_ ) Uﬁ’)aﬂ (82)
i=1 =1
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Where b;’s are arbitrary constants.

As before, we shall start with the most general possible form of f# ’s upto
second order in derivative expansion, substituing the answer for zeoth and first

order correction from [1].

(B.3)
Where, K (‘g ) 1s defined as
Kigay = k1(ru) (i> ut + ko(rpy) a® (B.4)
D -2
We shall determine f4 ’s by using
Ep=0"(Gap — Gap) =0 (B.5)

Here, Gap is full hydrodynamic metric in {X} and G,p is background metric in

{X}. Different components of G4p are as follows

Zs ) - 29) 4 (2

i al r r2 )1

) 3 ° 2¢; :

Gryu = —ty, + (72) S1 U ) (’025;' - 7) sit > (r70j9)) — us0uK (g

i=1 i=1

m) Uty + 7 [2 0 — auu, — a,uy,]

gp,l/ - ( v uuuy) + 2T (

+ (P — uyuy)

5
Z 2r ci(r)sz-] — U, 51 — So + 285 + u, [U,(f) —o® + Dl(,4)]

B 2 0 3 B 4 1 2 3 2 0K old 0, K old
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Solving, & = 0 and w*&,, = 0 we get the following solution

ok N 1 ok _
) =r (rugt) + )= 5 4= () p

ory r3  r2 o \Ory
. k .
Co(r) = —kor +p2,  Co(r) = 72 - f—; + Do, (B.7)
03(T) = D3, 53(7’) = _% + ps,
cy(r) = pa, Cu(r) = —f—; + D4,
. k .
cs(r) = —kir +ps,  Cs5(r) = 71 - % + Ps.
Solving, P*E, =0
8 1 Ok _ k _ k
n(r) =~ (k2 - TH_1> +qi,  Da(r) = —2 4 q, U3(r) = . q3
} orn r (B.8)
. k1
Uy(r) = o +q1, U5(r) =gs

Substituting the solutions for ¢;, ¢; and 7; it is easy to figure out the form of back-
ground metric G,4p in {X} coordinates. Now, to get the G'55f, we have to subtract
off G4 from the hydrodynamic metric presented in section-(3.2). The g}jﬁ“ and Q’ﬁfft
simply vanish.

Goe =0, GheY =0 (B.9)
The structure of gff;ft is a bit complicated. We first decompose it into the scalar

vector and the tensor sectors.

Gt = u,u, + G P, + (6w, + GV u,) + G0 (B.10)
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Where, Qg), Qg), Q,SV) and Q,(,Z) have the following forms

1 _ (T_H>D1 2(7"_H)D1 1 (1 R 1 (1 R+2
9s r tr r r4\2 D 5(3)—1—7“1%[ 2 D 5@
Ok
+27 TTHE"'pl sy — (ko 7 — p2)S(2) + P3 S@3) + Pa Sy — (k1 7 — P5)8(3)
—27r

ok
2 |:7“H (—1> 5(1) — ]{51 5(5) — k‘g 5(2)]

87°H

Ok,
gg) = -2 T|: (T‘ TH a— +kir+kor —|—p1) 5(1) — (kg r —p2)5(2) + p3 5(3)
TH

+p45 (klr—k'QT'—p5) ():|

0
g;SV) = 7’2 |:(k}1 — k’Q) +rg _8T’H (k’l k’g):| (kl k2) T2 U/(;l) -2 k‘z 7"2 (0'23) — ULQ))
©
G = =2 ko 1 Gy =2 b v? <m>““”

(B.11)

Now, in the large-D side the metric is quite simple if we neglect terms of order
1\2
O(5)"
GAB — GAB + Grest

—D _ _
1/’(132 ) 0405

(B.12)

where Gg rest (

Where,
~D+1
D _ L)D“_ T 1 1N D-1y L 5
v (H TH r2  r% ) (D+1) o1 52—'—2(53 s1) +2 55

() el (5] oo

@2:%—% [51—52—4(é) (D—S?D—Q) +255} + 0(0)?

O, dX4 = —u,, dz" — <Zb S(i) Uy — Zb5+z D ) dxt

(B.13)

After using equation (B.13) we could rewrite G in terms of scalar, vector and
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tensor type fluid data.

rest __ rest __
Gt =0, G =0

Gt = GVuuu, + GPP,, + (GVu, + GYu,) + GO (B.14)
where
() [ (53 q () e
G? =0 pan
= - (1) (o)
=1
GD =0

(B.15)

Now we demand that each component of G%% should be exactly equal to the same

component of G5, We shall start from the tensor sector. Gﬁb,T,) vanishes and there-

fore we shall set gﬁ) to zero implying
/{31 == O; k’Q =0 (B16)

Now once we set k; and ky to zero, Q,SV) vanishes. Therefore GLV) also must vanish

and that determines the constants b5.;s.
b5+i :Oy 1= {17 75} <B17>

Next we come to the comparison of Qg) and Gg). After setting k; and ko to zero,

g§2) turns out to be

5
G® = —2r ) "pi s (B.18)
=1

whereas from equation (B.15) we see G(SQ) vanish. These two would be equal if we

set all the constants p; s to zero.

Substituting equation (B.16) and (B.18) in equation (B.11), and equating G" with
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G4 we find
b;=0, i={l,---,5} (B.20)
The final form of O4 becomes
004 =0, + 0 (9°) (B.21)
The final form of the mapping functions are

© 3
p—T—m—FO(a)

5 5
Yt =at + ) + (Zﬁz 52') ut + (Z G U?) +0(0)°
(r %> i=1 =1

T D-2

(B.22)

Where, p; and ¢; are some arbitrary constants.
They clearly match with (3.32) and (3.43) upto the required order?

B.2 Large-D limit of the functions appearing in

hydrodynamic metric

In this appendix, we shall evaluate the integrations appearing in equation (3.69). We
are interested in some expressions, which could be further expanded in inverse powers
of dimension. But unfortunately we have not been able to do these integrations
exactly in arbitrary D and therefore we had to use several tricks to get to the
answers, required for our comparison.

Integration would be done separately for two cases. One is for those ranges of y
so that the metric remains within the ‘membrane region’. Here we have to be careful
so that we could fix each factor up to the corrections of order O (%)3. This is the
regime where we expect a detailed match between the large D and the hydrodynamic
metric.

Next, we perform these integrations outside the membrane regime. Here it is enough

IThe last two set of terms in the expression of y* do not get fixed by the matching at order
O(9)?. They are equivalent to the terms K", which were O(9) terms in the expression of y* and
did not get fixed from matching at O(9). But K*, do get fixed from matching at order O(9)?
and which turns out to be zero. We think that these undetermined terms in y* will get fixed from
the matching at the next order (i.e., O(9)3). We can very easily see that the expression of y* is

consistent with (3.32) u“(gii) = 0(0)3.
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for us to show the overall falloff behavior of these integrations as a function of D.

B.2.1 Within the membrane region

B.2.1.1 F(y):

—m(D 1) y—m(D—1)+1:|
(B.23)

_HZ{ D-—1)+1 m(D-1)

Expanding in +, after putting y = 1 —|—

N —

1 ) B 1\°
_1—|—ﬁ(YLog[1—e Y] — PolyLog [2, e Y})—l—@(ﬁ)

(B.24)
B.2.1.2 H(y):
Expanding the integrand:
1 [zP3 -1
I = — | ————
ntegrand - LD_I — 1]
1 —(D-3 - —m(D—1
= S [1-a7 ] [Zw (=0 (B.25)
m=0
- — |1+ Z (xfm(Dfl)) _ Z (xm(Dl)JrZ)]
m=1 m=1
After integration
®dr [2P73 -1
Hi(y)= 2y [ —
e A P
* dx > >
2 m(D—1 —m(D—1)+2
:2y/y 3 1+Z(m ( ))—Z<CL’ ( H)] (B.26)
m=1 m=1
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oI~

Large-D expansion after substituting y =1+

H, (1 + %) —1- (%)2 i (1 J;;LY) e ™ 4+ 0O (%)3 (B.27)

m=1

B.2.1.3 Ki(y):

o yfm(Dfl) yfm(Dfl)Jrl
Fly) =1 . B.2
) +mzz lm(D—l)—i—l m(D — 1) (B.28)
) . 1
yF'(y) — Fly) = -1+ (y— 1)) y ™ 1E—H# (B.29)

1-y\? —(m+1)(d—1) y—1\ -1
m|l—=1] y —2(—5 v
Y Yy

~wnen o) (e )

(B.31)



B.2 Large-D limit of the functions appearing in hydrodynamic metric 143

Ki(z)
92 /ZZ_?;/:O (g) (z Fl(z) - F(z)>2

1 - —m(D—1
:1+4;[[(D—l)m+1][(D—1)m+2]_[(D—l)m+1][m(D—1)] o

ad 1 2z
i Q;m[[w " mt DIDm+ 1) —(m—1]  [(D=1D(m+ DDim+ 1) —m]
i z? } p—(D=1)(m+1)
(D= 1)m+ DD+ 1) = (m+2)]

(B.32)

Substituting r = 1 + % and taking the large-D limit

K, (1+%> =1- <%)3Z (%) 24 mX)e™X+0 <%)4 (B.33)

m=1

B.2.1.4 K,(y):

Ky(y) = /yoo (‘i—f) [1 —2(D —2) 2P72 — (1 — ;) (xF’(x) — F(:U))
+ (2(1) —2)2Pt — (D - 3)) /:o g (ZF'(Z) — F(z)ﬂ

(B.34)

Naively the integration of Ks(y) seems to be diverging. But upon appropriate ex-
pansion the singular terms cancel among themselves. After substituting (B.29) and

(B.31) in (B.34) we can integrate the whole expression.
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= D(m —1) —3m + 2 1 (2[=(D—=3)m*+2(D—-2)m+D -3
P> ([(d—anD<m+1)—<m+z>J>+y( (D~ Dm(m + 1)][(D ~ Dm + 1 )
i(Dz(m2—3m—2)+D( 4m? + 10m + 5) + 3(m — 3)m)] m(D—1)

2 [(D—1Lm+1[(D - Dm+2[D(m+ 1) —m] v

— [1 2(D — 3) B
+ZL/ ([(D—l)(mH)HD(mH)—m]) ([(D 1)(m+1)][D(m+1) (m+2)])
1

~y ([D(m +1)— ng][p(mer 0 1)]) :|y(D1)(m+1)

— [1 4(d —2) _ 4(d —2) —D(m—1)+(m—2)
- Z LJ ([d(m— 1) —m+3J[(d—1)m + 1]) [(d = 1)m][d(m — 1) _m+2]]y

(B.35)

Now, after putting x =1+ % we get

K, (1+%) =—(§) + (34 X) - (%) X (843X )] +o(%)2 (B.36)

B.2.1.5 L(y):

dz io: —m(D—-1)— — m(D—l)—S}
m=1
€T

0o o0 m(D—1)—1 p—m(D=1)-2
= / dz xP~2
” m(D—-1)+1 m(D—1)+2

o0 0 pm(D=1)-2 L—m(D-1)-3
- /y d“"mzo{m+ —1)+1_(m+1)(D—1)+2}
00 y_m(D -1 y—m(D—1)—2
- mz_o {[(mﬂ)(p— D+ 1mD-10)+1 [m+)D-1)~+2[mD-1)+2
(B.37)

Substituting y = 1 + % we find

L (1 + %) ~0 (%)3 (B.38)



B.2 Large-D limit of the functions appearing in hydrodynamic metric 145

B.2.1.6 Hy(y):

Hy(y) = F(y)* =24 /yoo ﬁ [ df {%} (B.39)

We shall first process the integral
/°° dz /w dz [2P=3 —1
y, w(@Pt=1) ) =z [P -1
_ /oodz 2P=3 1 /°° dx _/°° dx /Oodz 2P=3 1
B Lz [P =1 y w(@P 1t —1) y w(@Pt—1) ), =z [2P71-1

Log[l — y~(P—1 ° dx ®dz [P3 -1
= —Q(D) sl | - / (D=1 _ 1) / | op=1 —q
D-1 y w(@Pt=1) ), =z [P1-1

In the third step we have used the following identities.

Cdy [2P3 -1 1 2
/1 — [ﬁ} = — (m) {EulerGamma—i— PolyGamma (0, m)} = 9(D)

/ dx _ Log[l — 2= (P7Y]
r(zP-1 1) D-1

(B.40)

(B.41)
Now the second term could be processed in an expansion.
e SR az _ o I S
[t )= [t
Wh 5():/00052 ZP=3 1 :
ere, z) = B

Now, first we will do the indefinite integral then will take the proper limit

R R e ey (2—5/%)
=56 [ sy @ (xfxm_—ln [ s 1>)

=sto) [ sy + [ - () e
(B.43)

Where we have defined
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So, we are getting

[z
:S(x)/ﬁ—i—%/dx(xD—g_l)d
1
2

:S(m)/%—i—

Now,

dx D-3 —(D-1)7)?
=5) [ st g 7 D) (bes 1= )

D=3 /dx 2P (Log [1 — x_(D_l)DQ

Restoring the limit, we get

/°° dx /Oodz 2P=3 1
, w(@Pt—=1) ), =z [2P1-1

og[l — z~(P~1) - 2
- st (M) | ot 600 - ) sl )

Y~

~
Terml

1 D=3 [ b _ o~ (D=D7)?
2(D—1)2/y dx x (Log[l x ])

~
Term3

(B.47)
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First we will calculate ‘Term3’. We can expand the integrand in ‘Term3’ as follows

- _ HarmonicNumber|m — 1]
4 L 1 — —(D—- 1) 2 4 m(D—1) B.48
(Log [1 -z mZQ z” — (B.48)
Now, we can integrate term by term
1 D-3 / dp 9 gD—1g—m(D=1) HarmonicNumber[m — 1]
2(D—-1)?2), m (B.49)
D=3 y~mP-)+D-3 HarmonicNumber[m — 1] '
(D—-12\D(m—1)—m+3 m
Putting, y =1+ %
D -3 ( y~mP-D+D=3 > HarmonicNumber|[m — 1]
- (D-12\D(m—-1)—m+3
( ) (m )‘ m "o (B.50)
1 (e"=™\ HarmonicNumber[m — 1] Lo 1
D2\ 1-m m D
Now, if we take the summation we get,
= 1 (e¥(0=™\ HarmonicNumber[m — 1] 1\*
T = — _
erm3 ;Dz(l—m) - +O(D)
1 Y -y
=52 [6 e PolyLog[ }
+ (¥ —1) (746 Log[l —e ] Lo ! 6 PolyLog |2 < Lol 3
E— ﬂ' —_— —_— —_—
g g 1 _ o7 yLog | 4, v —1 D
(B.51)
Now we will calculate ‘Term?2’
1 D-3 —(D-1)1)2
: Y
Putting, y =1+ 5
1
Term2 = ——— (¢ = 1) (Log [1—¢¥] )? (B.53)

2 D?
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Now we will calculate ‘Terml’

S(x) Log[l — 2= (P~Y)] [Log[l — 2~ (P-1]] /oo ds [ 2P-3 _q
X = | =
Log[l — 2~ P-V]] [ & s e
= _ D1 | /I dzmzzo z —z
-Log[l — x—(D—l)]' & o m(D—1)-2 = (D=1)(m+1)
- D-1 Z[(D_l)m+2_(D—1)(m+1)}

- - m=0

(B.54)

o0

Torml — [S(x) (Log[lD—icl(Dl)]”

|:Log[1 — y(Dl)]:| i |: yfm(Dfl)f2 yf(Dfl)(m+1) :|

- e e

_ {LOg[l — y_(D_l)q P_—? y—(D—l):| B {Log[l _y—(D—l)]:| [y—(D+1):| y

D—-1 2 D—-1 D—-1 D—-1
D+1
(y2 + LerchPhi {le, 1, D—+1] + P Log[1 — y(Dl)])
(B.55)
Now putting y =1 + %
1 v YV +2)+2(e¥ —1)(2Y — 1)Log[l — "] 1)?
Terml = ———Log [1 —¢™” o=
erml =~ Log [1 -7 |+ 4 D2(e¥ — 1) TU\D
(B.56)
Now, the integration (B.40) becomes
/°° dx /I dz |:ZD_3—1:|
y, w(@Pt=1) ) =z [P -1 (B.57)
Log[1l — y~ "]

= —-9Q(D) — [Term1 4 Term2 + Term3|

D -1
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Putting, y =1 + % we get

Log[l —y~"~Y]  Log[l—e™] LYY +2) -2 (e¥ —1)Log[l —e™Y] oL ’
D—-1 B 2 D 4 D2 (e¥ —1) D
(B.58)

—Q(D)

Now, the expression for Hy(y)

Log[l — y~(P=Y]

D -1

Hy(y) =F(y)* — 2y* {—Q(D) — [Term1 + Term2 + Term?)]]

(B.59)

Putting (B.24), (B.58), (B.56), (B.53) and (B.51) we get the final expression

i (143 ) 1= (5@ -0 -4 ¥ Log[1- ]+ (- 1) (Log[1 -] )

1—¢€Y

v e’ 1\*

+2 (eY — 1) Log [1 — e_Y} Log { } +2 (eY + 1) PolyLog[2, e ]

(B.60)

B.2.2 Outside membrane region

1
D
the membrane region. To show this we will use the following equation

Here we shall show that fluid metric vanishes to any orders in + expansion outside

(1 I C)_(a D=B) _ o—(a D—=B) Log[1+(] (B61)

Now, if ¢ is some O(1) number then the right hand side is non perturbative in 5

expansion. Now to show how the fluid metric behaves outside horizon we need to

calculate F(y), Ki1(y), H1(y) and Hy(y) as the terms containing L(y) and Ky(y) are

1

5 expansion.

already multiplied by y~(P~3) hence non perturbative in

B.2.2.1 F(y):

F(y) = y/yoo d {&} (B.62)
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For, y = 1 + (, where ( is some O(1) number, we can write the above integration
(B.23) as

F(1+()
:1+i KW) (1+¢)~Pmom — (—(D—ll)m) (1+¢)7"" “”“}

> 1 1
-1 - —(m D—m) Log[1+¢] _ ( - —(m D—m~—1) Log[1+(]
+Z[((D 1)m+1)6 D—1)m)°

1
= 1 + terms non-perturbative in D

(B.63)

In the last line we have used (B.61).

B.2.2.2 K(y):

Kily) = 2 /yoo %/j <‘Zi—j) (z F(z) — F(z)>2 (B.64)

From (B.32), for y = 1 + ¢, where ( is some O(1) number

Ki(1+Q)

L)) : (1+9Q) .
— 1+4mZ_1 {[(D—l)m+1][(D—1)m+2] N [(D—l)m+1][m(D_1)]1 (1+¢)~mP-b

o0

+ 2

m=

1 2(1+¢)

17”[[@ “DOm+DDm+1) —(m—1)] [(D—1(m+D|[D(m+1)—m]

(1+¢)? N
i [(D—1)(m+1][D(m+1)— (m+2)] 1+¢)”

(B.65)

Now, using (B.61), we get

1
K;(1+ () =1+ terms non-perturbative in D (B.66)

B.2.2.3 H(y):

Hy(y) = 2y° /yoo o {&} (B.67)
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From (B.27), for y = 1 4 (, where ( is some O(1) number

Hi(1+0) _1+2Z{1+O

D—-1)+2

m 1)} —2 i; [(1 +o) b (B.68)

m(D —1)

Now, using (B.61) we can very easily see that

1
Hi(1+ () =1+ terms non-perturbative in D (B.69)

B.2.2.4 H,(y):

Hy(y) = F(y)* =2 y° /:o ﬁ [ d?z {%} (B.70)

From(B.59), for y = 1 + ¢, where ( is some O(1) number

Hy(y) =

Terml =

Term2 = —

Term3 =

F(y)? —2y* Q(D

D—-1

Z ?/_m(D ) ] {y__

I

—2 —(D-1)

2

Y
D—-1

1
2(D—1)

o0

Zy m(D—1) y(Dl
D —

Y

fm(D71)+Df

1)
+ 2 y* [Term1 + Term2 + Term3]

— <;) [EulerGamma + PolyGamma (O L)}

(B.71)
D—-1
(D ) & n(D-1) o yan 1)
+
DI T2 T
n=0 n=1
(B.72)
g~ (mn) (D= 1))
(B.73)

_%;(D

(m—1)—m+3

Now using (B.61) we can easily see that

3 ) HarmonicNumber[m — 1]
m

1
Hs(1+ ¢) = 1 + terms non-perturbative in D (B.74)
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Using the above results in (3.45) we see that Gie* vanishes for all order in 4 expan-

sion outside the membrane region.

B.3 Relation between Horizon py(y) in Y4 (= {p, y*})
coordinates and H(z) in X*(= {r,2"}) coordi-

nates:

In this appendix we shall determine the relation between the position of the horizon(pg (y*))
in Y4 - coordinates with the position of the horizon (H(z*)) in X4 - coordinates.
(XA = {r,2"}) and (Y* = {p,y"}) are related through the following coordinate

transformation

_ O(x) _ ut(x)
p—r—(m>, yﬂ_a;#—i—r_g(x; (B.75)

The inverse of the above coordinate transformation is

r= ot (%) _ l(u.a) <i> + 0(9)?

N T (10
ot =yt — —+ — + 0(0)?
p p
Now, the equation of the horizon is
r= H(x)
ut(y) | a"(y) Oy \ 1 © 3
pu— M _— —_— —_— . —
= p H(y p + = ) —i—p(u d) D5 + O(0)
_ ~ (w-0)H(y)  (a-0)H(y)  vwu0,0,H(y) [ Oy)
1 ) 5
(B.77)
Using (3.15) we can write the equation of the horizon as
© w-0)r a-0)r utu’0,0,r
b= H(y) (D(_y)2> _(w 9raly) | ( )QH(?/) N 1, u(y)
P P P (B.78)

+ %(u ) (%) +0(0)?
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Up to O(9)? the equation of the horizon is

_ (O  (u-O)ruly) 2
p=H) (D - 2) raly) OO (B.79)

=ru(y) + 0(0)*

Where, In the last line we have used (B.88) and (3.15).
Using, (B.79) in (B.78) we get,

S) ¥, ¥, Fu? 0,0,
b= H(y) - < (v) ) _ (wO)ruly) | (a 2)m(y) AU, ()
D —2 ra(y) i () 2 (y)
! o (B.80)
. 9 3
+ rH(y)(u 0) (D — 2) + O(0)
After some simplifications the above expression becomes
1 ) 1 0\ « 2 o2 .
p=Hy)+5 o (w0) (D - 2>+2 - (D - 2) "3 ==z 20
(B.81)
In (Y4 = {p,y*}) coordinate the equation of the horizon is
p=pu(y) (B.82)
From (B.81) and (B.82) we get
1 S} 1 0 \’ a? 2 o2 3
pr(y) = H{y) + 57 (u-9) <D—2) My <D—2) “ 2 T m-nm=y o0
(B.83)
We can express H(y) in terms of H(x)
B Cra(x) (O@@)\  re (O() 7 2 o2
Hly) = H{z) == (D—Q 2\D-2) TF\D-nD-2
(B.84)

+0(0)?

o\ , )
(m) o= (w5
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Substituting (B.84) in (B.83) we get the final expression

puly) = Hz) - THyfx) (g(—x)z) - % (1- TTH) (D — 1?(11) —2)

+ 1 (1—i) 51 — 85 + 55| + O (9)°

21y r2

(B.85)

B.4 Identities

In this appendix we shall give the derivation of the identities we have used in sub-

section 3.D.

Identity 1:

() <o (2] [ (5] o

=a® - (%)2 +0(9)° (B.86)

:52—51+(9(@)3

Identity 2:

(222) =i Lo (523)]
— (9-a)- (a Ti)rH +(D@ )(u a>m)+< ) <%

Y e )
r0) (52 ) 00)

—w?—¢? — (D —3)(u- ) (%) +a?— (%)Zma)?’

=65 —5,— (D —3)s5+5,— 5, +0(9)°

Identity 3:

In this identity we shall just quote the fluid equation upto second subleading order.

The derivation is quite straight forward. We have to calculate divergence of fluid
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stress tensor (3.17) and have to project it along u, direction and perpendicular to

ut direction.

w0, (") = 0 (9)°

(u-9)ru © 2 o? 3 (B.88)
r :_D—2+(_)(D—1 +00)

PLO.(T") = O (9)°

o (e . . 2 (D2 2 (1 » ,
= P (TH >—77,,[ a - <D_1)(a#0 )+7“H <D_1)(9#0 }+(9(a)




156

Appendices for chapter 3

B.5 Notations

Table B.1: Notations

Fluid velocity Uy,

Membrane velocity Uy

Boundary metric Nuw

Background metric in (Y4 = {p,y"}) Gap
Background metric in (X4 = {r, 2#}) Gan
Full metric in (X4 = {r, 2#}) Gan
Background metric in arbitrary coordinates Wap
Full metric in arbitrary coordinates Wan

Projector perpendicular to ny4

ITap = Wap —na np

Projector perpendicular to both n4 and Uz

Pap =Wap —na np + UsUp

Projector perpendicular to u,

P,uy = Nuwv + Uy Uy

along the membrane

Covariant derivative w.r.t background Va
Covariant derivative w.r.t Gap Va
Covariant derivative w.r.t. induced v "

metric on the membrane
Covariant derivative projected \V/ A

See equation (3.26) for detail definition
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Appendices for chapter 4

C.1 The Large-D limit of the integrations appear-
ing in hydrodynamic metric
In this section we shall try to do the integrations appearing in the fluid metric and

we shall do those integrals in % expansion.

C.1.1 Analysis of the integral in the function F}

The integral appearing in F} is given by

We would like to evaluate this integral for large D. Now following the appendix A
of [1] let’s first evaluate this integral for p > 2. For large D we can expand this

integrand in the following way

1 ( 1 1
~ 2\, 2(D-1) 2D73>
(1+ 5 - L) P b
— (1 (M — ].) M -2 1 C1 (C 2)
- + p2(D-2) - pP-1 p2(D-1) N p2D—3 '

k (M-1) M\ 1 “
(=17 (k+1) < p2(D-2) - pP-1 <p2(D—1) N p2D—3)
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Now one can do the integration (we have done it using Mathematica, the answer

is a bit long) and let’s call it k(p). However, this expansion is not possible in the

1
5 ~ ~

integral. But now consider the function k(p) = F3(p) — k(p). This k(p) vanishes for

membrane region (when p — 1 ~ O (3)) and naively k(p) is not the answer to the
all p > 2 and also by construction it is a smooth function at p = 2. Hence %(p) must
vanish for every p and k(p) is the answer. Now we would expand it with p =1+ %

and finally we will get

Y=o (1)2 (C.3)

Fr(l+ —
3(+D D

C.1.2 Analysis of the integral in the function F)

The integral appearing in F; is given by

ST
o DP2(p?P — MpP*l + (M —1)p*)

dp (C4)

This integration is difficult to do other than M = 1 and hence at first we expand
the integrand around M = 1 by putting M =1+ dM. Then the integral becomes

oo D D 2 00 D—2 o) D 3 D 2
p” (pP - p?) / pP2—1 / (p? = p*) (¥ — )
= | - " [ g SM
/p P2 ( —pH "), - ), ? 2

2 (p2D — MpP+ + (M (pP1 pP+L (pP — p)
o D __.3\2(. D 2
+/ dp(p P°)" (p 3p)5M2+m
p p*P (pP —p)
= Fo(p) + F1(p)OM + Fy(p)dM? + -+ (say)
(C.5)

Now we will integrate each of the functions F and then expand in % by setting
p=1+X. Then we will get for all Fy(p) with k > 1

A3 () ol) e

Now if we add all these F , we have

2

where we have used the fact that Q> = (M — 1) + O ().
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Now following the appendix A of [1] we have

F(p)=pFp(p) =1+ Km) p~mP-1) (—(D —11)m> pmwlm}

m=1

Now if we expand it in % by setting p =1+ % we will get

F(1+%):1+0<%>2 (C.9)

Hence finally expanding in % we have (remember p = %)

2
LFQ (p, M) =1-— %log[l —Q*Y]+0 (—) (C.10)

g

C.2 The inverse of the background metric and

christoffel symbols w.r.t background metric

We can find out the inverse of the background metric order by order in derivative

expansion. These expressions are given by

G =r*—2r

2
D_2+O(a)
Q”:u“—$+0(a2) (C.11)

g = %P“V - %0‘“’ +0(9°)
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Having these expressions for the background metric we have the christoffel symbols

for the background metric as

7 =0

Iy, =0

_ ©®

FWZTU#_D_QU“

1] 1 « 1 e « 1 fe e 1 o

F“T:;PH —Q—ﬂ(uua —a,u )—|—ﬁ(8 u, — Ouu )_ﬁal‘

_ S) S

L7, = =1 (Pay — tatty) + 12 (uaay, + upaq) — 2 1200, + TQmPW — 3r2muauu

™8 _ B © B

I, = u” | =7 (Pap — tatty) + (Ualy + Uuaa) — 200, — g tat — mpa# + a” (Pap — talty,)

(C.12)

C.3 Notation

In this section we write down the various symbols we have used in 4.

Gap : Background metric in Y4 = {p,y"} coordinates
Gap : Background metric in X = {r, 2"} coordinates
Gap : Full metric in X = {r, 2"} coordinates
Wap : Background metric in arbitrary coordinates
Wap : Full metric in arbitrary coordinates
Nw : The boundary metric
u, : Fluid velocity
U : Membrane velocity
@ : Charge field in hydrodynamic metric
@ : Charge field in large-D metric
145 : Projector perpendicular to n4
Pap : Projector perpendicular to both ny4 and Uyg
P @ Projector perpendicular to u,
V. : Covarient derivative w.r.t background metric

V : Covarient derivative projected along the membrane
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