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Abstract

This thesis considers various extensions to the fluid /gravity correspondence as well as
problems fundamental to the study of fluid dynamics. The fluid/gravity correspondence
is a map between the solutions of the Navier-Stokes equations of fluid dynamics and
the solutions of the Einstein equations in one higher spatial dimension. This map arose
within the context of string theory and holography and is a specific realisation of a
much wider class of dualities known as the Anti de Sitter/Conformal Field Theory
(AdS/CFT) correspondence.

The first chapter is an introduction; the second chapter reviews the fluid/gravity
correspondence. The next two chapters extend existing work on the fluid/gravity
map. Our first result concerns the fluid/gravity map for forced fluid dynamics in
arbitrary spacetime dimensions. Forced fluid flows are of particular interest as they
are known to demonstrate turbulent behaviour. For the case of a fluid with a dilaton-
dependent forcing term, we present explicit expressions for the dual bulk metric, the
fluid dynamical stress tensor and Lagrangian to second order in boundary spacetime
derivatives. Our second result concerns fluid flows with multiple anomalous currents
in the presence of external electromagnetic fields. It has recently been shown using
thermodynamic arguments that the entropy current for such anomalous fluids contains
additional first order terms proportional to the vorticity and magnetic field. Using the

fluid /gravity map, we replicate this result using gravitational methods.

The final two chapters consider questions related to the equations of fluid dynamics
themselves; these chapters do not involve the fluid /gravity correspondence. The first
of these chapters is a review of the various constraints that must be satisfied by
the transport coefficients. In the final chapter, we derive the constraints obtained
by requiring that the equilibrium fluid configurations are linearly stable to small
perturbations. The inequalities that we obtain here are slightly weaker than those

found by demanding that the divergence of the entropy current is non-negative.
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Chapter 1

Introduction

1.1 AdS/CFT and holographic fluid dynamics

The AdS/CFT correspondence [1, 2] offers a novel perspective on quantum field theories.
This duality enables us to translate a problem in field theory into a gravitational/string
theoretic language. The hope of course is that, where conventional field theoretic
methods have failed, the dual description may prove to be more intuitive and the
problem therefore more tractable. This is especially true for strongly coupled field
theories and there is significant interest in obtaining holographic descriptions of certain

strongly coupled phenomena [3, 4].

Considerable progress has already been made in obtaining the holographic duals of
equilibrium field theory configurations. Two canonical examples in the AdS/CFT
dictionary are the Schwarzschild-AdS black brane which corresponds to a thermal state
in the field theory and the Reissner-Nordstrom-AdS black brane which corresponds to
a thermal state at finite density. Now, while an understanding of equilibrium states
is useful to describe certain physical phenomena (the study of phase transitions, for
example, need not include any explicit time-dependence), many interesting strongly
coupled phenomena are dynamical. Hence, there is considerable physical motivation

for the holographic study of non-equilibrium behaviour [5].

Unfortunately, while the holographic study of non-equilibrium dynamics is of much
greater interest, it is also correspondingly much more difficult. Some headway can
be made by focusing on small deviations away from equilibrium. The study of these

small amplitude perturbations is known as linear response theory and the holographic
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methodology involved is part of the standard AdS/CFT toolkit [6-11]. However, the
regime of validity of linear response theory does not cover large amplitude, violent
perturbations away from equilibrium and, in such cases, often progress can only be

made using numerical methods [12-14].

If we are motivated by the desire to obtain analytically the holographic dual of a certain
class of interesting, non-trivial non-equilibrium phenomena (beyond the reach of linear
response theory), a natural starting point would be fluid dynamics. We will now
provide some intuition for this statement. For the sake of having a concrete example,
we consider the most familiar case of the AdS/CFT correspondence: the duality between
SU(N) N = 4 Super Yang-Mills theory and Type IIB string theory on AdS;xS®. For
generic values of N and coupling A, both sides of this duality are fairly complicated
theories. If we are interested in obtaining analytic, time-dependent solutions with the
aim of studying non-equilibrium phenomena, it is well worth considering a limit in
which the dynamics will simplify. A natural way forward would be to take N — oo in
the 't Hooft limit; the bulk theory now becomes classical Type IIB string theory. If
we further take the strong coupling limit (A — 00), the massive string states decouple
and the bulk theory simplifies to Type IIB supergravity. Now, while progressing from
Type IIB string theory on AdS;xS° to Type IIB supergravity certainly is a step in
the right direction, more can still be done. Type IIB supergravity on AdS;xS® has
several consistent truncations to reduced, decoupled subsectors of dynamics; we focus
on the simplest of these which is pure Einstein gravity with negative cosmological
constant!,
d(d—1)

1
Eap = Rap — §R9AB + Agap =0, = —T- (1~1)

It is worth emphasising here that this result applies with much greater universality than
implied above. There are an infinite number of field theories possessing gravitational
duals; all of which admit large N and strong coupling limits. And in these limits, the
bulk theories will generically simplify to two derivative Einstein gravity interacting with
other fields. Regardless of the specific nature of these interactions, these bulk theories
of gravity will certainly admit AdSgy1 X M| as a solution (M is some internal manifold).
Bulk dynamics with these characteristics all possess consistent truncations to pure
Einstein gravity with negative cosmological constant. In this sense, the dynamics
described by equation (1.1) is the universal subsector of dynamics for an infinite class
of bulk theories. And from the field theory perspective, bearing in mind that the bulk

graviton is dual to the boundary field theory stress tensor, we see that pure Einstein

!The bulk spacetime has d + 1 dimensions. Also, we have set the AdS curvature radius to unity.
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gravity with negative cosmological constant is the universal dual bulk description of

the stress tensor dynamics of an infinite class of strongly coupled field theories.

Let us now pause to summarise our current position. Motivated by our desire to obtain
analytic, time-dependent holographic solutions, we were led to the universal subsector
of dynamics (1.1) which is the dual dynamics of the boundary stress tensor. Yet even
now, attempting to classify all time-dependent solutions to the Einstein equations
is far from an easy task. And on the field theory side as well, the full behaviour of
the stress tensor is still very nontrivial. To achieve further progress it is again worth
limiting our attention to a simpler case. A promising path that we could take would
be to focus only on stress tensor dynamics for field theory configurations which are
locally equilibrated. Such configurations are governed by fluid dynamics [15]; and the
key fluid dynamical equations of motion simply follow from conservation of the stress

tensor?,

v, " = 0. (1.2)

Perhaps constructing bulk time-dependent solutions of (1.1) dual to boundary fluid

dynamics is a more realistic aim?

This goal was concretely achieved in [16] where the authors explicitly constructed
asymptotically AdS5 long wavelength solutions to the Einstein equations with negative
cosmological constant which are dual to solutions of the four-dimensional conformal
relativistic Navier-Stokes equations. It should be stressed here that this work constitutes
a derivation of nonlinear fluid dynamics from gravity and thus is valid for fluid
dynamical solutions with arbitrarily large velocity amplitudes. This is distinct from
previous work on holographic linearised hydrodynamics [17-20] which is only valid for
small amplitude perturbations about equilibrium configurations. Work on obtaining the
holographic dual of nonlinear fluid dynamics was in some sense pioneered by [21-23];
here, the authors considered nonlinear solutions dual to Bjorken flow, a particular

boost invariant flow.

This duality between long wavelength solutions of the Einstein equations and solu-
tions of nonlinear boundary fluid dynamics has become known as the fluid/gravity
correspondence [24, 25]. Subsequent work soon after the seminal paper [16] generalised
this map to arbitrary spacetime dimensions [26, 27]. Many new lines of research have

also developed to consider further interesting generalisations. In [28], Bhattacharyya

2QGreek indices label boundary coordinates.
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et al extended this result to nonrelativistic fluids and holographically obtained the
incompressible nonrelativistic Navier-Stokes equations. Work has also been done on
constructing the bulk duals of non-conformal fluids [29], of charged fluids [30, 31], of
superfluids [32-34], and of anomalous fluids [35].

1.2 Outline of thesis

Having presented a brief introduction to holographic hydrodynamics we now give a

fairly detailed outline of the remaining chapters of this thesis.

Chapter 2 contains a review of the fluid/gravity correspondence. In particular, we
walk through the methodology for obtaining the bulk metric highlighting important

principles and assumptions. This calculation is shown in full detail.

Chapters 3 and 4 extend existing results on the fluid /gravity correspondence in several
interesting directions. In chapter 3, we focus on forced fluid dynamics. We consider
long wavelength solutions to the Einstein-dilaton system with negative cosmological
constant which are dual, under the AdS/CFT correspondence, to solutions of the
conformal relativistic Navier-Stokes equations with a dilaton-dependent forcing term.
Certain forced fluid flows are known to exhibit turbulence; holographic duals of forced
fluid dynamics are therefore of particular interest as they may aid efforts towards an
explicit model of holographic steady state turbulence. In recent work, Bhattacharyya et
al [36] have constructed long wavelength asymptotically locally AdSs bulk spacetimes
with a slowly varying boundary dilaton field which are dual to forced fluid flows on
the 4-dimensional boundary. In this chapter, we generalise their work to arbitrary
spacetime dimensions; we explicitly compute the dual bulk metric, the fluid dynamical

stress tensor and Lagrangian to second order in a boundary derivative expansion.

In chapter 4, our focus is on the holographic derivation of the fluid dynamical entropy
current for anomalous fluids. We construct long wavelength asymptotically locally
AdS; spacetimes with slowly varying (background) gauge fields which are solutions
to the U(1)" Einstein-Maxwell-Chern-Simons system. These bulk spacetimes are
dual to (3 + 1)-dimensional fluid flows with n anomalous currents in the presence
of external electromagnetic fields. We utilise the area form on the outer horizon
to holographically compute an entropy current for the dual fluid to first order in
boundary derivatives. Our resulting expression contains additional terms proportional

to the vorticity and magnetic field and thus provides holographic confirmation of
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the entropy current calculated by Son and Surowka for hydrodynamics with triangle
anomalies [37]. We then restrict our bulk metric to describe the fluid/gravity model of
the chiral magnetic effect (CME) [38] and again holographically obtain the entropy
current. As expected, our calculation replicates the result produced using standard

hydrodynamic/thermodynamic arguments.

Chapters 5 and 6 consider problems fundamental to the study of fluid dynamics.
Although research in these areas was inspired by recent developments in string theory,
these problems concern fluid dynamics alone and are independent of holography.
Chapter 5 contains review material. We give an overview of the constraints imposed on
the transport coefficients in fluid dynamics. The main question here is what constraints
must the transport coefficients satisfy to ensure that the effective theory of fluid
dynamics is completely consistent with an underlying microscopic field theory. Various
sets of constraints are currently being explored in the literature and work is being done
towards conclusively identifying an exhaustive set of physical constraints. One source
of constraints is the requirement that fluid dynamics is consistent with a local form of
the second law of thermodynamics; we must demand that the local divergence of the
entropy current is always non-negative [39]. Another source of constraints comes from
demanding that the solutions to the equations of fluid dynamics are consistent with
existence of an equilibrium partition function [40]. We consider the constraints from

both these principles for the case of an uncharged fluid at first order.

Chapter 6 develops further the programme of research towards a complete set of
physical constraints for the effective theory of fluid dynamics. As stated above, if we
demand that the local divergence of the entropy current is non-negative, we obtain
various constraints on the transport coefficients. It is well-known that this requirement
gives inequality-type constraints on the viscosities; what is perhaps less well-known is
that you also obtain equality-type constraints between transport coefficients at each
order in the derivative expansion. Now, if we consider the constraints arising from
demanding consistency with an equilibrium partition function, it turns out, quite
miraculously, that we obtain exactly the same equality-type constraints which result
from restricting to non-negative divergence entropy currents. In this chapter, we
consider the following question: What further requirement related to equilibrium fluid
solutions do we need in order to obtain the inequality-type constraints as well? Here we
investigate the constraints arising from demanding that all equilibrium configurations
are dynamically stable. We look at the simplest example of a fluid on a flat spacetime

background and perform a linear stability analysis. It turns out that the inequalities
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that we obtain are slightly weaker than those obtained from the local form of the

second law of thermodynamics.



Chapter 2

Review of the fluid /gravity

correspondence

2.1 Relativistic fluid dynamics

We begin with an overview of relativistic fluid dynamics. For the purpose of having a
concrete example, we will first work with the relativistic Navier-Stokes equation which
describes a relativistic viscous fluid. The dynamics of such a fluid are governed by the

following system of equations:

Vi, =0,
(2.1)
T = p(Gu + upuy) + puytt, + Ty

The overarching physical principle here is simply the conservation of the stress tensor
T,

-
(constructed from pressure p, fluid velocity w,, energy density p, and background

The first two terms of the stress tensor represent the ideal fluid component

spacetime g,,) whereas the final part 7, introduces the viscosity. This term 7, is

given by the following expression:
Ty = 200, + CO(gu + uutsy). (2.2)

Here 0, is the fluid shear tensor, a transverse! traceless symmetric rank 2 tensor

constructed from first order fluid velocity derivatives. The coefficients 1 and { represent

!By transverse we mean orthogonal to the fluid velocity vector wu,,.
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the shear and bulk viscosities while 6 is the divergence of the fluid velocity field

I
V ut.

Now, purely as an instructive tool, let us introduce a dummy variable ¢ and perform

the following transformation of variables:

With the above transformation, the first order derivative terms in 7, pick up a factor

of €:
T (T) = €7, (€T). (2.3)

And in the € — 0 limit, we see that this coordinate transformation effectively suppresses
the first order derivative terms relative to the zeroth order terms. It is useful to now
understand physically what this coordinate transformation represents. It essentially
magnifies the coordinate axis; a change in Z corresponds to a very small change in x
for ¢ < 1. And regardless of the scale of variation present in 7, if you take e small
enough, 7,,(#) will be suppressed and 7}, will vary very slowly in #. Although there are
only first order derivatives present in the stress tensor for the relativistic Navier-Stokes
equation, it is straightforward to see that if higher order derivatives were present, each
order would be suppressed relative to the previous order by a factor of €. As such, in
this limit of slow variation it makes sense to work with an effective theory valid up till
a specific order of derivatives; a long wavelength effective theory. Also, observe that
in the € — 0 limit, we magnify the coordinate axis and essentially zoom into a small
local area in the coordinate space. And with all higher derivatives suppressed, the
relativistic Navier-Stokes equations will locally admit constant solutions and will thus

trivially reduce to equilibrium thermodynamics.

In the above paragraph, we used a coordinate transformation to artificially induce
very slow variation. And under such conditions, we concluded that the equations
of fluid dynamics are best described by a long wavelength effective theory specified
to an arbitrary order in derivatives. We also noted that locally, fluid dynamics will
reduce to equilibrium thermodynamics. However, this limit of slow variation is not
just the outcome of an artificial coordinate transformation. For fluid dynamics, there
is actually a concrete physical reason for why all fluid dynamical quantities must be
slowly varying; the equations are only meaningful if this is the case. We will now give

a brief intuitive explanation of the reasoning behind this.
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For the equations of fluid dynamics, the canonical variables are those of thermodynamics
(energy density p, pressure p as functions of temperature 7) and a fluid velocity field u*.
These will be functions of the coordinate space x* and will have spatial and temporal
profiles. For a value to be assigned to the temperature field T" at point x* say, the fluid
must have locally equilibrated at that point. And by this we mean that within a spatial
region of sufficient size and over a sufficient period of time (length and timescales are
determined by the microscopic physics of the system), local thermal equilibrium must
have been reached and thermodynamic quantities can thus be meaningfully assigned.
Because of these physical constraints, the fluid dynamical variables must necessarily
have slowly-varying spatial and temporal profiles relative to these equilibrium length
and timescales. It then follows that fluid dynamics, as argued in the previous paragraph,
should naturally be expressed as an effective theory valid up to a specified order in

derivatives.

We now move away from our concrete example of the relativistic Navier-Stokes equations
and present fluid dynamics as an effective theory expressed as an expansion in derivatives.

The governing equations follow from the conservation of the stress tensor
VT, =0

but here we allow the stress tensor to be organised as an expansion in derivatives:

T =Y T4 (2.4)

=0

where T’ /EQ contains terms of order [ in derivatives. The Navier-Stokes stress tensor

only contained terms till first order in derivatives with
T = 200 + CO(gu + upuuy). (2.5)

It is possible to constrain the first order terms of a general fluid dynamical stress tensor
to take the above form using symmetry arguments. Indeed, this applies to all orders
in derivatives; symmetry considerations restrict the allowed terms at each order. It is
instructive to work through the first order case as it will illustrate some subtleties. We

will now proceed to do this.

First, it is important to note that the stress tensor should only contain independent
terms. And here by independence we mean that the equations of motion should not

impose relations between any two terms. To illustrate this in more detail, let us
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consider the zeroth order stress tensor:
Tﬁ? = p(Guw + uuuy,) + puyu,.

The equations of motion, V#T),, = 0, will contain first order terms derived from the

zeroth order stress tensor T 159. These are given by the following:
VHT) = V(g + uptty) + (p+ p) (VFuu, + u, Vi) + (0, V¥p)u, =0 (2.6)

For clarity, we decompose this into its spatial and temporal components using the

projection tensor, P, = g, + u,u,.

u”V“TL(LS) cu, V' + (p+p)Vyut =0

(2.7)
PovrTO) PP+ (p+ p)utVu” =0

From these two equations we can see that the first order derivatives of the pressure and
energy density fields, p and p, can be expressed in terms of fluid velocity derivatives
(this is further simplified for conformal fluids). Thus when enumerating all possible
independent terms for our first order stress tensor we need only consider fluid velocity

derivatives.

Now, consider the first order derivative for the fluid velocity field V ,u,; it is straight-
forward to use the velocity field v, and projection tensor P,, to decompose this into

its scalar, vector, and tensor components. We have two scalars:
u'uV P“O‘vaauﬁ. (2.8)

The first term vanishes (V,(u,u”) = 0) and the second is proportional to the divergence

V,ut. For the vector components, we have:
u’ P**V u,, u’ PV u, (2.9)

The first term is equivalent to ©”V,u, and the second vanishes. And finally for the

tensor components, we have:

PH PPN jug (2.10)
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This term can be decomposed into traceless symmetric and antisymmetric components

and a trace component:

1
P““P”Bv(au/g) — ﬁvauaP‘”’, P’“P”BV[auﬁ], Vau®P*. (2.11)
Here the round and square brackets denote symmetrisation and antisymmetrisation
respectively. The first term was defined earlier; it is the shear tensor o#”. The second

is the vorticity tensor w*”.

Given this decomposition of V ,u, into its scalar, vector, and tensor components
14 [e%
Vo, u'Vouu, ou, Ww, Vaou®P, (2.12)

we can now enumerate all allowed first order terms for the stress tensor. Here we are

interested in only symmetric tensors. Thus,

Tﬁ) = aVu* Py, + fo, + yuVaugu,) (2.13)

There is one final subtlety that we need to mention. Not all the terms in the above
equation are physically meaningful. The velocity field u* only has physical significance
in (local) equilibrium (as it is a thermodynamic variable). If you can introduce
a transformation of u* which reduces to the identity in equilibrium, then all such
transformations of u* would be physically equivalent. It is possible to use this ‘field
definition ambiguity’ to transform away the third term u*V,ug,u,y. The first two
terms however are invariant under such transformations and therefore are the only
physically relevant terms. This ambiguity is fixed by a choice of frame, usually chosen

to be the Landau frame. This is defined in the following manner:
Tu” = —puy,. (2.14)

Or equivalently,
THu” =0 for I > 1. (2.15)

The first order stress tensor therefore reduces to:

T =200, + (0P, (2.16)

where the coefficients represent the bulk and shear viscosities as we found for the

relativistic Navier-Stokes equations. As mentioned previously, this procedure can be
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extended to all orders in derivatives. This concludes our overview of relativistic fluid

dynamics.

2.2 Gravity dual

Given we now have an understanding of the main features of relativistic fluid dynamics,
how should we go about constructing a gravitational dual (via the AdS/CFT corre-
spondence) to a fluid dynamical configuration? There are two parts to this question:
First, what system of equations governs the dynamics of the gravitational dual? And
second, how do we solve this system of equations to determine the precise gravitational

configuration dual to a certain fluid?

We begin with the first part. We presented this argument in the introductory chapter
but we repeat it here for completeness. Different field theories have different dual
gravitational dynamics; some of these fairly complicated. However the vast majority of
them are two derivative gravity systems with various additional fields. Observe that,
regardless of how complicated the field theory is, we expect its dynamics to reduce to
that of a fluid at sufficiently high temperatures. Thus, for all gravitational systems dual
to these various field theories, there should always be a reduced subsector of dynamics
which is dual to fluid dynamics. In this sense, there should be a universal subsector on
the gravitational side since fluid dynamical behaviour is universally exhibited by many
field theories.

All of these dual two derivative gravity systems must necessarily contain Einstein

gravity with a negative cosmological constant;

1
R, — §Rgab +Agyp, =0;A <0 (2.17)

otherwise they would not admit AdSy,; as a solution. Furthermore, the field theory
stress tensor, whose conservation determines the equations of fluid dynamics, is dual
to spacetime metric. It is therefore reasonable to assume that pure gravity (with a
negative cosmological constant) is all that is needed to obtain the dual description of

fluid dynamics.

Armed with this assumption, we can now address the second part: How do we solve
the Einstein equations with negative cosmological constant to determine the precise

spacetimes dual to fluid dynamical configurations? We can draw some intuition from
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the previous section on relativistic fluid dynamics. There we explained that the fluid
dynamical stress tensor is naturally expressed as an expansion in derivatives. Also,
locally, fluid dynamics should reduce to equilibrium thermodynamics. And given that
the field theory stress tensor is dual to the bulk spacetime metric, it seems reasonable

that the bulk spacetime metric should admit the following expansion:

0 1 2 3
Gab = 0 + 9 + 9% + 98 + - (2.18)
where g((;g) contains terms of order n in boundary spacetime derivatives. Furthermore,
we should expect gﬁ% to locally approximate a uniform black brane, signifying local

thermodynamic equilibrium.

Given this, our zeroth order ansatz g((z?,) could be the boosted Schwarzschild-AdS,;

metric with the thermodynamic variables w, and T promoted to spacetime-varying
fields, u,(z") and T'(2”). This is given below:

dr?
2 _ 2(_ JT R % P 125 2
s 27 (o) +r* (= f(br)uyu, datdx” + P, dx"dx”)

1 d
f(br)zl—w, b:m

(2.19)

where r is the radial coordinate and u, v are boundary spacetime coordinates.

However, there is a problem with using this metric as our zeroth order ansatz and it is
quite a subtle one. The issue lies with how tubes of constant x* extend into the bulk
from the boundary. Consider what would happen if a sudden forcing were applied at a
point y* on the boundary. This forcing would affect all areas causally connected to y*;
we can define a future light cone C'(y*) emanating from the point y* confined to the
boundary. Now consider the bulk region B(y*) formed by extending C(y*) into the
bulk along tubes of constant z*. We would expect this area to be causally connected
to y*; it should be within the future bulk light cone emanating from y*. This condition
is not met if we use the Schwarzschild-AdS4;1 coordinates (see Figure 2.1). Instead, if

we use Eddington-Finkelstein coordinates:
ds® = —2u,dx"dr — r* f (br)u,u,dzdz” + r* P, dxtdx”, (2.20)

then tubes of constant z# extend along null geodesics into the bulk and this problem
is no longer an issue. With this in mind, it seems appropriate to use the Eddington-

Finkelstein formulation as our zeroth order ansatz. We are now in a position to
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Future
Singularity

in Tube

Future Horizon

Bifurcation Schwarzschild tube

Point

Time-like
Boundary of
AdS

Past Hogizon

Past Singularity

Fig. 2.1 This shows the Penrose diagram of a uniform black brane; tubes of constant
x# are shown in both the Eddington-Finkelstein and Schwarzschild coordinates. This
figure is taken from [26].

perturbatively solve the bulk Einstein equations using an expansion in boundary

derivatives. This will be our focus for the remainder of this chapter.

2.3 First order equations

In this section, we will derive and solve the first order equations for the fluid/gravity
correspondence. For the purposes of our review, we will work to first order only as

that is sufficient to highlight the most important conceptual issues.

2.3.1 Einstein equations and metric ansatz
As always, our starting point is the Einstein equations:

1
Eab = Rab — igabR — 69(112 = O (221)
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We are working in 5 spacetime dimensions and we choose our units such that R 45 = 1.
With these choices, the Ricci scalar can be calculated by taking a contraction of the

above equation:
9Eyp =0 = R = —20. (2.22)

Our Einstein equations then simplify to just:
Rapy + 494, = 0. (2.23)

To proceed further, it is necessary to rewrite the above equation using just the metric,
its inverse, and their derivatives. We can then easily substitute our ansatz for the
fluid /gravity metric into the equation. The definitions for the Christoffel symbols,

Riemann tensor, and Ricci tensor are given below:

1
I, = 5900{ (Gbd,a + Gadp — Gab,d) (2.24)
Rabcd = Fgc,b - Flc)lc,a + ngrgb - FECFZa (225)
Rab = ng,c - I'_‘Zb,ob + ngrgc - Fibrga' (226)

Expressing the Ricci tensor in terms of the metric gives us:

1 1
Ry = 79“170 (9bda + Gadp — Gab.d) + *ng (Yadbe = Gab,dec)

2 2
1 cd 1 cd
— 59 a (Gvd.c + Gedp — Gevsd) — 59 (Gedba — Yebda)

1
+ dedgcf Gefe (Gbda + Gadp — Gab.d)
(2.27)

1 € C,
- 19 dg f Gef.a (Gvde + Gedp — Yebd)

1 € C
- 19 iq fgaf,e (Gbd,c + Gedp — Gebod)

1 [& C
+ 19 ‘g fgea,f (Gbd,c + Gedp — Gebod) -
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Using some symmetric-antisymmetric pair cancellations, this simplifies slightly to:

1 1
Ray = 59“!,(; (Gbd,a + Gadp — Gab,a) + 59@[ (Gadpe — Gab,de)

1 cd cd

- 29 aYcdb 29 (gcd,ba gcb,da)
1

+ ZQEdnggcﬁe (Gbd,a + Yadp — Gab,d) (2.28)
1 € C

- 19 dg fgef,agcd,b

1
+ igedgcfgea, 7 (Gbdc — Gevod) -

Clearly, to evaluate these expressions at first order in boundary derivatives we require
the metric till first order. We have previously established that the zeroth order terms

should locally resemble boosted black branes
gég)dxadxb = —2u,dz"dr — r* f (br)u,u, datdx” + r* P, da"dz” .

We now need to parametrise the first order terms. It is useful to first choose a gauge
to avoid complications with coordinate diffeomorphisms. We utilise the gauge chosen

in the seminal paper [16]; this is known as the ‘background field’ gauge
-1
Grr =0, Gy xuy,, Tr ((g(o)) g(")> =0 Vn>0. (2.29)
And for our parametrisation of g™, we take advantage of the SO(3) invariance of the
Einstein equations
(1)

g datda® = —3hydvdr + r*hydada’ + —2dv? + 21 dvdat + 2P datde’  (2.30)
r r

where the unknown functions hy, ky, ji(l), 048-)

The resulting equations will decouple into separate scalar, vector, and tensor compo-

parametrise the first order metric terms.

nents.

It now seems as though we are in a position to obtain the precise form of the fluid/gravity
equations. We have the expression for the Einstein equations in terms of the metric,
its inverse, and their derivatives, as well as an ansatz for the metric up to first order;
it should be straightforward to input the metric ansatz into the Einstein equations
and consider what it evaluates to. However, there are two subtleties that first need to

be addressed. The first subtlety is fairly intuitive. Given that our formulation of the
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fluid /gravity setup requires that the metric admit an expansion in terms of boundary
derivatives, it is natural to expect that the fluid velocity field and temperature field
should also admit corrections order by order in boundary derivatives. After all, the
fluid velocity field and temperature field are parameters of the boundary stress tensor

which is dual to the bulk metric. Our velocity and temperature fields, defined via:

v o ]' i: 61
LoV Ve 231
b: ﬁ’

should admit the following expansions:

pi=8"+5"+0(<)

(2.32)
b=5b0 +pM 4+ 0 (62) .

The second subtlety is perhaps slightly more subtle. It turns out it is easier to solve
these equations locally utilising a Taylor expansion of the metric ansatz around some
arbitrary point and then later covariantising the resulting local solution. Our metric

ansatz to first order thus becomes:

ds* = 2dvdr — r* f(r)dv® + r*dwvdz’

1y 5O gy he 50,2 i g0
— 2x10,0; da'dr — 2210,5; 'r* (1 — f(r)) dx'dv — 4Tdv (2.33)
(1)
Ji

r2

— 3hydvdr + r*hydzida’ + —3dv? + 27 dvda’ + rPal} do'da?

r
And without loss of generality, we take b = 1 and v* = (1,0,0,0) at our chosen
point; note that the derivatives 6u6£0) and 8Hb(0) in the above expression are the values
evaluated here also. That is all that we will say at the moment; a more complete
explanation of the necessity of this local expansion will be deferred to subsection
2.3.6.

2.3.2 Inverse metric, g“b

In this subsection, we obtain the inverse metric ¢?° to first order in boundary spacetime

derivatives. This will be required to evaluate the terms in the Einstein equation. The
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inverse metric to first order should obey the following:

Javg™ = 0
— (a5 +9%) (917 + gV') =5

C 56 (
z(zb) (e z(zb)g( Jbe ga(b)g + O ( ) a
_ C

Previously we obtained the metric at zeroth and first order. We repeat these below in
matrix form (basis in terms of r, v, ):

0 1 —m“@uﬁfo)
O = (2 =9E) kg, 50 (- )
20,8 20,80 (1= f) f? 2
0 —3hy 0
9 = |~3m b r2 (1= /)5

0 7'2 (1 — f) ]1(1) 7’2h151'j + 7"2061']‘

We can calculate the inverse metric at zeroth order simply using g(o) ©)

bc __ Sc.
ab 9 - 5(1'

7,,2‘][' + 4I“?gb(0) 1 x“&uﬁi@)

1y, 30
gV = 1 0 2Ouby

(0)
5(3“81461‘(0) xﬂaﬂiﬁi L(S i

r2

With this, we now compute the product gflb) gl0e

—3h, 0 0
0 = | <42+l <dm (1= i

7"2(1 — f)jl(l) O hléij + aij

and using the relation g,(l?,) ghbe 1 g(l) (0)be

ab 9 = 0, we obtain the first order component of

the inverse metric:

Shar?f — % 3y —(1- f)j"
g = 2 0 0

—(1= 15" 0 =& (hdy; + )
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2.3.3 First order equations: Scalar components

Here we will compute the Einstein equations at first order. There are two types of
terms which will appear; those which contain the unknown functions hq, k1, ji(l), Qj
and those which do not. The terms which contain those functions form the differential
operator for our resulting equations and the other terms will be the source terms for

those differential equations.

Our focus in this subsection will be on the scalar equations (the following subsections

deal with the vector and tensor components).

E’f"f
We begin with E,.,:

Err = Rrr‘ + 4grr

a 1 a a 1 a
=g b,ag'rb,'l‘ - 59 b,agrr,b + g bgrb,'ra - 59 bgrr,ba
1 a 1 a
- 59 begab,r -39 bgab,rr
2 2
1 cb ad 1 cb ad (235)
+ 599 Yad,cGror — 79 9 Gad,cGrrp
2 4
1 cb ad
- 49 g gcd,rgab,r
1 ch a 1 chb a
+ ig bg dgcr,dgrb,a - 59 bg dgcr,dgar,b + 497“7“

First we calculate the terms which give rise to the differential operator, E%//. To do

this, we express the metric g4, in terms of zeroth and first order terms g,, = g((z?,) + 951?

Then, we isolate the terms which contain gc(li)

(or its inverse) and are first order in
boundary spacetime derivatives. This can essentially be thought of as a simple problem
in combinatorics. For example, consider the product of terms, %nggadgcr,dgrb,a- The

(1)

condition that it must contain ga}, or its inverse immediately leads to four options.

Either the first term could be ¢ and all the other terms ¢(®, or the second term be
(1)ad
g

forces the derivatives of all other terms to be with respect to r since overall it must

and again all the others ¢(®, and so on. When one term is chosen to be g™ this

be of first order. The expression %nggadgcr,dgrb,a would thus lead to the terms given
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below:
1

59
1
= ,(0)c
+ 2g

(L)eb gcr,’r‘grb,r

gcr 'rgrb r g

2

1
T 0 c T
g(O) © © + 59(0) bg(l) ggg)rgrb T

1
bg() (1) o0 ,g( )eb ,(0)rr ()

(2.36)

where p, v depict boundary spacetime directions v and ¢. This would of course become

more involved at higher orders. Overall, we find that E%// comprises of the following

terms:
ES = —;g“)“”,rg(o)w,r — ;g( g — ;g(”‘“’
+ ;g(”’"bg(o)“dgig),rgﬁg,)r + ;g(o)’”bg(”“dgig),rgﬁg?r
+ 500G o) 4 2 g0y o)
- ig‘ 1 g@edg® g0, — ig(o) rg Mgt g,
—~ ig‘ i g©@adgl) g0 — ig(o)’“’"g(o)“dgi?,rgﬁ?r
— ig‘”Cbg(”)“dgﬁg?rgig,)r - ig(O)Cbg(”“dgﬁd)rgi?r
- ig‘O)Cbg(”)“dgii?Tgig?r - ig(O)Cbg(O’“dgﬁd)rgfL?T
+ ;g(”c”g‘ g0 g + ;g(o)d’g( g8 Gro
+ ;g(o)c’)g( TG g + ;g( GO gL
- ;g(””g(o)“rgﬁ?,’,«gé?«?r ;g( Jergter ) ),
;g‘o)”g(o)wgﬁi,’rgé% ;g( JergOer g 0) g,
+ 49V

g;w,rr

(2.37)
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Most of these terms evaluate to zero but below we show the nonzero terms:

72 2 r 72 2

- 1 —3h\’ 1 -2 ! 1 —3h 1 1 "
diff _ 1 2 1 2
ETT ——22T< ) —*73(37" hl) _52 .’]"2.(3]7/171)

+0+0
6 —3h’1

1
0 - 2.
+ +2 T 2

(2.38)

The " symbol denotes a derivative with respect to r.

And now for the source terms, E2°""“; we are interested in terms which do not contain
¢ and hence do not contain any of the unknown functions hq, k1, jz-(l), 048-). There
must only be zeroth order metric terms and their derivatives; overall the terms must
be of first order. We obtain:

o @ _Loowr 0 _Lom 0 L oo

fsource — g ”ugrbﬂﬂ 5 g ,Hgmr 29 Tgrr S Grb ST
(0)rp ,(0)
) grr T
. (2.39)

1 0 1 r ad (0 1 r ad (0
+ 599" 190 9% — TR 198,90 — 199 909D,

+ g0 00 g1, — 907 g0 g 610,

In fact, all of these terms evaluate to zero. So the final equation for E,.,. at first order

is just:
3 15 R}

— SR - 20 o, 2.4
= =0 (2.40)
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o

We now repeat the computation for the E,, component of the Einstein equations.
The procedure is essentially the same, so from here on we leave out some of the

algebra.

Erv - Rrv + 4grv

1

ab 1 . 1 1 1
= =g ,agvb,r + ) 7agrb,v -

~ _ab - _ab _—_ab
2 9 29 ,agrv,b + 29 Grbwa 29 Grv,ba
1 1 1
- 7gab,rgab,fu - 7gabgab,vr + 7gabgav,br
2 2 2
1 cb ad 1 cb ad 1 cb ad (241)
+ Zg g gad,cgvb,r + zg g gad,cgrb,v - Zg g gad,cgrv,b

1 chb _a
- Zg bg dgcd,rgab,v

1 1
+ inggadgcr,dgvb,a - inggadgcr,dgav,b + 4grv

In terms of zeroth and first order metric terms, the differential part becomes:

| —
Q

(0)pr (1)

T 1 T 1 T T
Wrn GO ZgOm o) 2 g 2 Ourg)

VLT 2 VL, T 2 BT g

1
2
1 ar 1 ar
g Wrgl0) g0l

gav rr av,rr
) 2 s

Erv -

1
Drr 0 _ =
grv,rr 29

s a 1 T a
(g (Oadg(®) GO 19mg Ve

1
i g@adglh) g0 Zg(o)r“g(o)“dgi?,rgﬁh),r

(0) (}))

T
9r T

<

0
g((ld),T‘gi(}(}),L),T‘

+

(NNl NN e N R e Ol R e g e VL R )
<

+
SS)

1
c rr 0 c rr 0
) bg(O) g((:g,)rgq()b?r + 29(0) bg(l) ggg,)rgf)b?r (242)

+
SS)

1
C rr 0 C rr 1
gOgrrg® g 59" bgOrr g g0,

cr ar 1 cr ar
(Ler (0) gﬁ??rgé?ﬁr—gg‘o) g Mgl gl

_|_

Q

) oD

,rgav,r

cr ar 1 cr ar
(O)er (0) gﬁi,)rgé%),r—ig‘o) g0 g

+
8.
SIS

which reduces to:

. 1 1
Eil = =12y + =30k — ki + oSk (2.43)
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And for the source terms:

Epree = ;g(o)“b,,,gig?r + ;g(o)’b,rgig?v - ;g(o)r“mgﬁgﬂl - ;g‘o)’”“,ugﬁ?ﬁr
- ;gw)"bgﬁg?w —gOrrgl)
- ;g(o’“b,rgig?v - ;g‘o)“bgi?,?w + ;g‘o)““gé??,m
+ ig(o)“bg(o)“dgi?,#gﬁﬁ + ig(o)’”bg(o)adgi?mgﬁg,)v
- ig(o)r“g‘o)“dgi?,rgﬁ?ﬂu - ig(o)’"“g(o)“dgfﬁ),ugﬁ?ﬂr .
- ig(O)Cbg(o)“dgﬁg?rgig?u
+ ;Q(O)Cbg(o)r“gég?rgig?u + ;g(O)Cbg(O)”“Qﬁ‘ﬂ?ugffZL
= 59O g0 — 2 g0 g0 )
which simplifies to:
B = —i o (2.45)
leading to a complete equation of:
— 12hy — 31K, — 21r3k’1 + ;ﬂk’l’ - i .69 = 0. (2.46)

EU’U

The final scalar equation is the vv-component of the Einstein equations.

Evv - va + 491}1}

a 1 a a 1 a
=g b,agvb,v -39 b,agvv,b +9 bgvb,va -39 bgvv,ba
2 2

1 1
- 7gab,ygab,v - 7gabgab7vv

2 2

1 cb ad 1 cb ad (247)
+ 59 9 Yad,cGvby — 79 9  YGad,cGvv,b

2 4

1
- Znggadgcd,vgab,v

1 1
+ §gd)gadgcv,dgvb,a - §gd)gadgcv,dgav,b + 491}1}
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In terms of the zeroth and first order metric terms, the differential operator comprises

of the following:

1 1 1 1
Edsz _ = ()rr o) _ = _(0O)rr 1 _ =, (Drr (0) O)rr (1)
2g ,rg'uv,r 2g ,rgm;,r 2g gvv,rr 2 59 Gow T
1 a 0 1 rr a 0
— 907" g, — 79 909,
1 rr a 1 rr a
- 19(0) 9(0) dgc(bil),rgl(}?)),r - ZQ(O) 9( ) dgc(z(c)l)rgﬁ)r
1 1
L Deb ,0)rr ,0) ,(0) L b (Drr (0) (0
+ %g g Gev rgvb r + %g g gcv,rgvb,r (248)
Cl rr 0 C rr
+ 59(0) b.g(O) gvgv)rgq()b)r + 59(0) bg( ) gﬁg)rgi(zb)r
1 1
- 59(1)CT9(0)argég?rg¢(1?)),r - 59(0)67"9( Jar ggv)rgz(z?))r
1 cr ar 1 cr ar
= 5079 gl gk — 597 9 990,
+4g0)).
Computing this explicitly gives us:
dif f __ 12 / 1 f / "
EYT — (122 —— |+ 3r* — =) b —|—f—k‘ —ffk (2.49)
T

The source terms are as follows:

1 1
source r 0 r r rb (0
E = g(O) ’ Tg’l(}b)'l) - ig(O) M,yg'z()%),r - 59(0)“ 'r’gi(i?)),u + g(O) bgz()b?vr
g(O)T'ug'l(}’U)T"LL
L b, ©ad 0 © _ 1 0 ©ad 0 © _ 1 ©ru ©ad 0 (0
+ ig g gad rgvb v 49 g Yad rgvv,u 49 9 gad,ugvv T (250)
1 ., L )b (o) 0
+ 59(0) 9(0) 'ug((:g)rgq(}b)u + 59(0) bg( ) Mgg)ugq()b)r
1 . 1
= 50 gLt — 59" g g
which reduces to: ©
1 60,b
T T

Thus the complete equation is:

12 1 1 ©)
(127‘ - ) I+ (37“ = 3) W+ fk’l—ka’HaiﬁfO) (r + ) SO0 0. 252)
r? 2r r

r3
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2.3.4 First order equations: Vector components
Eri

Similarly, here we perform the same calculations for the vector components starting
with E,;:

1 1 1 1 1
Er'i:*ab ir+*ab ri_*ab ri _'_*abria_*abria
2g ,a,g b7 29 ,(lg b, 2g ,(lg ,b 2g g b7 2g g ,b
1 ab 1 ab 4 1 ab
29 ,rgab,z 29 gab,zr 29 gaz,br
G Gt i+ 07 G Gt — 96 Gty
4 ) Ll 4 El ’ 4 ’ El (2.53)
T Ty
4 cd,rYab,i
1 1
+ 7nggadgcr,dgib,a - 7nggadgc7‘,dgai,b
2 2
+ 4gri-

The differential part in terms of the zeroth and first order metric components is given
by:

, 1 1 1 1
Eg;ff _ 79(1)7’;1 (0) + 79(0)7’;177“9(1) + 79(1)urg(0) + 79(0),1”“9(1)

9 7 Gipr 9 ipr T 5 pisrr T 5 wi,rr
+ ig(”wg(o)adgé?,rgfﬁ?r + ig(o)”“g(”“dgi?,rgg?r
- ig(o)"“g(o)“dgi?,rgﬁ?r + ig(o)r“g(o)“dgfl?,rgﬁ?r
+ ;g(l)Cbg(O)”gﬁf,’rgé?} - ;g(o"”g“)”gé??rgz(f} (254
+ ;g(o)d’g(o)”gﬁi?rg&?,l + ;g(o)d’g(o)”géffrgg,l |
- ;g(l)c’"g‘o)“’”gﬁf?rgﬁfr - ;g(o’c’”g(”“rgég?rgé??r
- ;g(o)“g(o)”géi?rgé?fr - ;g(o’c’"g(o)wgég?rgé?r
+4g1,
which evaluates to:
RS L (L i (7 (2.55)

77 27,2 (2 2T3 3
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And for the source terms, we find:

1 1 1
0 r 0 T 0 r 0
g<0>#b,#g§b} + 59(0) b,rg7(“b,)i - 59(0” ,ygf“i,)r - 59(0) Mfg’(""’)“

source
Eri

)rb (0)

r 0
grb,zr - g(O) a (z)

9r ST

+
S

Q

1 1
a 0 a 0 a 0
©ab g — 59(0) N 59(0) “olD

1 1
a 0 0 r a 0 0 'd a 0 0
b g(0)ad g ©) g8 + AR g — 799" Lo T

+
Q

0)ur (0)ad (0 0
© 9( ) gtgd),rgr(i,),u,

Q

c a 0 0
© bg © dggd?rgc(zb?i

Q

1
c r 0 ¢ r 0
Ot gOrig® oO 59(0) bgOrig® ¢

c ar 1 cr a, 0
g0 0, Lo 0

_l’_
N N B e S s ol Bl ol Bl 2 Bl NN B el N

SS)

Q

which evaluates to just:
3 5 50
Evree = —0,8; . 2.57
T 2T /61 ( )

Thus the complete equation is:

L a3 ay, 34 50
—2 7 = == —0,5; " =0. 2.58
9r2”i 237 * 2r bi (2.58)

Evi

The final vector equation is given by the vi-component of the Einstein equations.

Evi - Rvi + 4gvz

o 1 ab + 1 ab 1
— 29 7agzb,v 29 7agvb,z 9
1 1 1

2

1 1

ab ) = _ab o~ .ab,
g ,agUl,b+2.g Gubia 29 Gviba

- §9ab,vgab,z' — 9" av,iv + igabgai,bv
1 ch ad ]' chb ad ]' chb ad (259)
+Zg g gad,cgib,v"i‘zg 9" Gad,cGuvb,i — zg 9" Gad,cGuib

1 cb ad
49 9 GedwYGab,i

1 C a 1 C a
+ 59 ® 9% Gev.aGiv.a — 59 299 Gew aGaip + 4Gui
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The differential operator can be calculated as follows:

(1)

rr
gm’,rr

1
rr (0
gl()i,)T'T' - 79(0)

5
adg® g%,

1 rr a 0 1 rr ad (0
Ly 0 Lyoregonagy 0

o 1

o 1 !
,'rgvz,r 29

) O)rr
7 Gvir 29

gt = L M

29
1 (L)rr (0)ad ,(0) (0) 1 (0)rr

- Zg g YadrGviyr — 49

g

1
c rr 0 c rr 0
(L)eb g (0) g£33T9§b,1+§g(°> by g0 gt

+

N RN RN -
Q

(2.60)

1
rr 0 rr 1
(0)eb (O gﬁi?rgfb,)ﬁgg(o)“g(o) 99 g%

—+
Q

1
cr ar 0 cr ar 0
g g® gﬁﬁ?fgfn,)r—y(o gWerg® g

1
cr ar 0 cr ar 1
= 599790 g0 i — 5979 o g

(1)

Ui

&~ o

+4g

which, when evaluated, simplifies to just:

) 1 3f (1)
pliff — 2 2] ) 2.61
vl 2sz + 27,,j1 ( )

For the source terms, we find:

(0)

1 o 1 o
2 ,Oru (0) (0)p LI

,rgm',u - 29

|
| =
Q

(Ord(0) } Orb
,ngb,v + 29 vb,i 29

r 0
Mgf)i,)ru

source __
Evi

(0)rb (0)

g Gobyir — 9 ©

+

NN R RPN RN -0

ar O
(0) g( )

ai,rv

+
SS)

1
, ad (0) (0 r ad (0) (0
(0) bg(O) dgéd),rgffb,)v g(O) bg(O) dg((ld%rgib?i (2.62)

1
r ad (0 0 r ad (0 0
om0 Lyomegona, 0 o

1
¢l r 0 cl r 0
Ot gOrig®) o0 59(0) bgOnrg® o0

_l’_
Q

Q

+
Q

1
cr a 0 ¢ ar 0
gOerg@ang(0) 6O TR 99,95,

which evaluates to:

2 1 3
[psource azb(()) . 3 (0) 2 av (0) 263
vt r3 213 bi 2" bi ( )
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And thus for F,;, we are left with the following complete equation:

1 3f L oo 3 5 a0 _
2fj +2 pis + ab 53 s 5" B = 0. (2.64)

2.3.5 First order equations: Tensor components

The tensor components are slightly more involved. There will be a traceless tensor

part and a scalar trace.

E RZ] =+ 4g”
1 1 ab 1 ab 1 ab 1 ab
29 ag]bz + 29 adivj = 59 aYigb + 59 Jibja = 59" Yijba
1, 1 1
9% i9abj — 59" *Gabji T 59" Gajibi
2 2 2
L b ad 1 1 o (2.65)
+4g g gadcgjbz+4g g gadcgzb,] Zg 9 Yad,cYij,b
1 cb ad
49 g gcdlgab,j
1 1
+ gd)gadgcz d9jba — gd)gadgcz dga],b+4gij

2 2

In terms of the zeroth and first order metric components, the differential part comprises

of the following:

< 1 1 1 1
diff _ Drr (0) (1) yrr (0) 0)rr (1)
Eij - _59( ) ,rgij,r - §g( rr rgz]r ig( ) gij,rr - ig( ) gij,rr

1 rr ad (0 0 1 rr ad (0 0

_ Zg(l) g© dgid),rgz(j,)r _ Zg(O) g dgfbd),rgfj}
1 1

ooty 0 Lorr oy 0
L es e 0 © 1 e ayr 0) (0

+ 59(1) bgl0) ggi,)rgg('b,)r + 59(0) bg) ggi,)rgj('b,)r (2.66)
1 Cl rr 1 Cl rr 1

+ gl gl + ~g O gOrrgd) gl
2 2
1 cr 0 1 cr ar (0

= 59T "o gl — CTARAS 9SG,
1 er 0 1 cr ar (0

=59 "o gl — CTARA aGe

_|_

I
S
S
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and this evaluates to:

: —11 7
Egjsz = —12T2h1(5ij + <2T3 + 2) hll(sz] fh”(;z] + kléz]
r 2.67
+ <_5T3 _|_ 1) a(l)/ J— 1T4fa(1),/ ( )
2 2r 4 2 “
And the source terms:
source 1 r 0 1 r 0 1 r 0 1 r 0 1 r
B = 20 gt 5907 0 — 590" ol — 590 i + 590"
T 1 ar
- g( ) Mgz(joz",u + 29(0) g((]f]))’l"l
1 1 .
 Lgomgou® g0 Lo 0u0 0
L oy ©ad © 0 1 (0w (0
- 19(0) rg0adg©) o), — 49( ring©@ad @) 69
1 C T 0 0 1 C r 0 0
+ 599" rgl gl + 59" kgl g,
1 cr a 0 0 1 c 0
= 597" 1ol g\ — TR g g%,
(2.68)
which simplifies to:
B = (=3r0uBY) + rouB0i;) — 2r0kBd;. (2.69)

The terms in brackets form the traceless component and the second part is the trace.

The tensor component thus becomes an equation for the traceless tensor:

1 -5 1
-5 fal" + (2r3 + 27“) o = 3r9uBY) + 0B 6, = 0 (2.70)

and an equation for the scalar trace:

_11 4
1272y + (27«3 + 21) B — fh” + 22950 =0, (2.71)

2.3.6 Solutions

In this subsection, we aim to solve the differential equations that we have just derived

and obtain the first order metric terms. Below we reproduce all the equations that we
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have derived thus far:

3., 15H
7h” 25f:~ 0
rv: —12hy — 3rh} — erski + Lk/{ _ } 50 —
v <12r - 7{) hy + <3 - ) W+ 1 f ,fku + 0,8 < 7}3) 60,0
riv gyt = it + 508
it =2 f3" 4 ‘;’fy<1>’+ 2000 — Lo, — 10,50
ot o (P 1) o 5 s,

—11 7

ij trace : —12r°hy + (27’3 + 2) hy — fh” —l— — —2rd B(O) =0.
r

(2.72)

By considering the following linear combinations of the above equations, we also find

these constraints:

203"
3
35" (2.73)
3
12 f B4 By = 0: 00 = avﬁf‘”.

12 FEp + By = 0:120%h + (3r" — 1) 1} — k] =

12 f By + Eyp = 0: 9,0

For the first equation above we have to substitute for A} and k! using the ij-trace and

vv-component equations to get the result shown.

To solve for h; we utilise the rr-component of the Einstein equations. This can be
rewritten as the following first order differential equation which can then easily be

solved:

(m) =o. (2.74)

This gives us the solution below:
t

where s and t are functions of the boundary spacetime coordinates.
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And now for kq, it is simplest to use our first constraint equation which after substituting

for h; becomes:

4t 0,3"
12135 + i Ky = —6r? 3 (2.76)
which integrates to:
2 t
kl = g?ﬂgaiﬁi((]) + 3T4$ — ﬁ + u. (277)

To determine the functions s, t, and u, we use three principles. First, the resulting metric
cannot lead to deformations which violate our boundary conditions at » = co. The term
3rys in the expression for k; would lead to a field theory metric deformation and hence
we must set s = 0. Second, any coefficients which can arise from gauge transformations
can be chosen to be zero. The coordinate transformation ' = r (1 + 7%) can generate
terms proportional to %4 so we set t = 0. And third, if a metric term leads to terms
in 7, which are essentially redefinitions of the temperature and velocity fields then
this ambiguity is fixed via our choice of the Landau frame (as discussed in section 2.1).

This is the case for u which vanishes if we demand uLO)T w— (),

For the vector sector, the function ji(l) can be determined using the ri-component of

the Einstein equations. This can be rewritten as:

I o\ 3
(5i") =-50.68” (278)

r2

which has the following solution:
(1) _ (0),.3 4 '
Ji o =007 + air” + ¢ (2.79)

The function a; introduces a deformation to the boundary metric at » = oo and must

be set to zero; ¢; vanishes according to the Landau frame condition.

And in the tensor sector, we require the traceless part of the ij-component of the

Einstein equation which is equivalent to:
(7"5fozz(;)>, = —6r’0y; (2.80)

where 0;; = 8(1-/8](.?) — %&Cﬁéo) 0 is the boundary fluid tensor o, restricted to the bound-

ary spatial coordinates and evaluated locally. This can be integrated to obtain:

o dx T
1 0
a§j> = 60£j) : fq:5/1 y*dy (2.81)
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where note that the integral limits do not lead to any terms which violate our boundary

conditions. The integral can be further simplified:

_ dxff—l o dr(z®+x+1) 1
/r fx5/y v= 3/ Tt —1) 3/ @+ 1) x+1)_'3F(7”>- (2.82)

Combining our results across all sectors gives us the first order metric shown below:

ds* = 2dvdr — r* f(r)dv? + rdz;dx’
, , 1y po)
— Zm“ﬁuﬁfo)dﬂdr — Qm“ﬁuﬁfo)r2 (1= f(r))dz'dv — 4%@)2 (2.83)

r2

2 . o
+ grﬁiﬁ£o)dv2 + 27“(371,51-(0)dvdxZ + 2T2F(T)O'Z’jd$ldl‘].

Clearly this solution is only valid locally. However, we can easily write down a covariant
expression which reduces to the above when evaluated close to our chosen point. Such

a solution, given below, would then be valid globally.

ds® = —2u,dxtdr — r* f(br)u,u,dz"dz” + r* P, dx"dz” .
2 2.84
+ 2r2bF(br)aw,dx“d:E” + gruuuyﬁ,\u)‘dx“dzc” — rut0) (uuuy,) dotdx”.

Before ending this subsection, there are two important points that we should mention.

First, the constraint equations:

2 —0-9p0 —
r fET’U + EU’U 0 . 8’Ub 3 (285)

r2fEpi + By = 0: 9:0© = 9,6

These have an especially simple dual boundary interpretation. They are equivalent to
the conservation of the boundary stress tensor V,T*” = 0 at first order in derivatives.
And second, we stated earlier that it would be simpler to solve the Einstein equations
locally before covariantising to obtain a global solution but gave no justification for this.
We will do so now. The reason for this is the constraint equations. Perhaps at first
order these are simple to solve but at higher orders they are far more nontrivial. By
expanding locally about a point, finding solutions to the constraint equations reduces
to simply matching various derivatives evaluated at our chosen point. This is more
straightforward and we can then use these relations between derivatives to reduce our

source terms to a subset of independent terms. We saw an analogue of this when we
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reviewed relativistic fluid dynamics; it was necessary to use the equations of motion to
find independent terms for our stress tensor at each order. This ends our discussion of

the derivation and solving of the first order equations.

2.4 Abstraction to higher orders

In this section, we comment on the structure of the differential equations and on how
they generalise to higher orders. At a given order n, the equations take the schematic
form below:

H [g(o)} g™ (r, ) = s,. (2.86)

(") is already of order n in boundary derivatives, the differential

Observe that since g
operator is necessarily linear. Further, the differential operator solely involves the radial
coordinate r and all its coefficients must be zeroth order functions. In this sense, H is
ultralocal in the field theory directions; it cannot have any boundary derivatives. We
also note that H is a second order differential operator which is the same at each order
in the perturbation theory. It is second order because it inherits the structure of the
Einstein equations, and it is independent of n because the exact same combinations of
zeroth order functions and partial derivatives in r which act on ¢ will also act on ¢(™
for all m > 1, and hence we must have the same homogeneous operator at all orders
in the perturbation theory. The source terms, however, which consist of boundary

derivatives acting on lower order functions, will be different at each order.

It is certainly worth pausing here to emphasise what this means. In this long wavelength
limit, the Einstein equations have reduced to a system of inhomogeneous second order
linear differential equations in the variable r alone. Here we stress that we have not
sacrificed the nonlinearity of the Einstein equations; the fact that the differential
operator is linear is an advantage that we obtain by working perturbatively order by
order in boundary derivatives. This deceptive linearity, coupled with the ultralocality in
the boundary directions, is what makes the Einstein equations so much more tractable

in this long wavelength limit.

We now comment further on the nature of these equations. In d + 1 spacetime

dimensions, this system of equations will provide us with W

% of these equations will explicitly involve the unknown function ¢ and of these,

equations. Only

one will prove to be redundant. For the first order case, these are the second order
1) )

dynamical equations involving hq, k1, 7;/, and 048- that we derived. The remaining d
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will only involve boundary derivatives of lower order terms, ¢™ for m < n — 1. These

are our constraint equations.

The dynamical equations can always be solved by direct integration for an arbitrary
source s,; and subject to imposing regularity at » > 0, our boundary conditions at
r = 0o, and fixing the ambiguity associated with redefinitions of the velocity and
temperature fields via our choice of the Landau frame, a unique solution can be
obtained. The constraint equations, on the other hand, impose relations between
boundary derivatives of ¢(™ for m < n — 1. And since these g™ are themselves
constructed from appropriate derivatives of the velocity (u*(z)) and temperature
(T'(z)) fields, the constraint equations are ultimately relations constraining the allowed
forms of u#(x) and T'(x). These constraint equations will always be the equations of

conservation of the boundary stress tensor at one order lower,
VuT(’jllil) =0. (2.87)

Thus we see that this methodology generalises in a fairly straightforward way to higher

orders. We will see a detailed example at second order in the next chapter.



Chapter 3

Forced fluid dynamics from gravity

in arbitrary dimensions

3.1 Introduction

A particularly interesting research direction that will be the focus of this chapter is the
construction of bulk duals for forced fluid flows [36]. Solutions of fluid dynamics with
particular forcing terms are known to exhibit turbulence, which is a phenomenon that is
not well understood. A holographic understanding of turbulence may well provide new
insights on this topic. Research along these lines has already begun; some examples in
the literature relating to holographic turbulence are [41-44]. Another interesting aspect
of turbulence in relativistic fluids is that its behaviour in (2 + 1)-spacetime dimensions
is remarkably different to higher dimensions. In (2 + 1)-dimensions, energy dissipates
by cascading from short to long wavelengths. The opposite behaviour is displayed
in (34 1) and higher-dimensional spacetimes. It is therefore of use to investigate

holographic models of forced fluids in multiple spacetime dimensions.

In this chapter, we consider long wavelength solutions to the Einstein-dilaton system

in arbitrary spacetime dimensions,
1
Rap + dgap — 58,4@83(1) =0, (3.1)

V20 = 0. (3.2)



36 Forced fluid dynamics from gravity in arbitrary dimensions

These bulk metrics are dual to the forced fluid dynamical motions of boundary field

theories with actions of the form,

S = / Jge L. (3.3)
The boundary fluid obeys the following equation of motion,
V. T" = e ?LV" ¢, (3.4)

which effectively is the equations for relativistic fluid dynamics with an explicit dilaton-
dependent forcing term. Stating our results more explicitly, we construct long wave-
length, asymptotically locally AdS,; bulk solutions with a slowly-varying boundary
dilaton field and a weakly curved boundary metric to second order in a boundary
derivative expansion. We also explicitly compute the fluid dynamical stress tensor
and Lagrangian to second order in the derivative expansion thus generalising to arbi-
trary dimensions previous work by Bhattacharyya et al [36] which was specific to a

five-dimensional bulk spacetime.

This chapter is organised as follows. In section 3.2 we present a review of the Weyl
covariant notation for conformal fluid dynamics developed in [45] which we will be
using throughout the rest of the chapter. Our main results are contained in section
3.3; we present explicit solutions to the Einstein-dilaton equations valid for arbitrary
spacetime dimensions to second order in a boundary derivative expansion, as well as
expressions for the boundary stress tensor and Lagrangian accurate to the same order.
Our calculations are shown in great detail throughout. Section 3.4 has a discussion of

our results and their significance.

3.2 Manifest Weyl covariance

We begin by reviewing the Weyl covariant formalism introduced in [45] for conformal
relativistic fluid dynamics. This formalism allows for more compact notation. Also, as
we shall see in the final subsection, the components of the bulk metric can be classified
according to how they transform under Weyl rescaling; thus, it is convenient to adopt

a formalism which makes their Weyl transformation properties manifest.
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3.2.1 Regulation and Weyl symmetry

The aim of this subsection is to elaborate on a well-known subtlety in the AdS/CFT
correspondence relating to the interpretation of the boundary field theory. This
subtlety in interpretation leads to the Weyl covariant nature of the boundary fluid

dynamics.

We begin by noting that to obtain the dual field theory interpretation of a bulk solution,
one needs to regulate the solution near the boundary on slices of constant r, the radial
coordinate. More concretely, the bulk solution will be interpreted as a state of the
dual field theory on a background whose metric is related to the induced metric on
the regulated boundary. However, there is a well-known ambiguity in the choice of the
radial coordinate. To illustrate this further, consider the following parametrisation of
AdS:

ds® = —2u,dxtdr + r*g,,dz"dz" . (3.5)

With this choice of coordinates, the dual field theory is considered to live on a
background whose metric is given precisely by g,,. If we instead choose a different
radial coordinate 7, given by a constant rescaling of r, and replace g,, and v, as
follows:

r=AT w, =AMy, G = NG, (3.6)

for constant A, the bulk metric takes the following (invariant) form:
ds® = =20, dx"df + 72§, dz"dz” . (3.7)

Regulating on surfaces of constant 7 gives us a field theory vacuum state on a background
Guw = A 2gu,. This equivalence between boundary metrics related by a constant
rescaling arises from the dilatational symmetry of AdS, SO(1,1). The full symmetry
group of AdS, however, is the conformal group, SO(d,2), and although this symmetry
is not explicitly manifest in the choice of coordinates (3.5), the bulk AdS spacetime
must therefore be dual to a field theory state defined on a space with any of the infinite
number of metrics Weyl equivalent to g, ; this reflects the Weyl symmetry of the dual
field theory.

Now, bulk spacetimes dual to fluid dynamics are asymptotically locally AdS. As such,
the boundary fluid dynamics should correspondingly be Weyl invariant. However, in
contrast to AdS spacetime (3.5), this boundary Weyl symmetry is explicitly manifest

in the bulk metric. By this we mean that if we choose to regulate the fluid dynamical
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bulk spacetime using a locally rescaled radial coordinate, r = e X(®")7 and perform

the following simultaneous replacements:

r=eXr, wu,=e‘u, b= XD, G = 62X§W, (3.8)
the form of the bulk metric will remain invariant. We will now proceed to prove this.
As previously established, bulk spacetimes dual to fluid dynamics admit an expansion
in boundary derivatives of the form,

0 1 2 3
gap =945+ 9hh + o+ alh -, (3.9)

where the zeroth order contribution, gﬂ;, is given by:

ds® = —2u,dx"dr — r* f (br)u,u,datdz” + r? P, dx"dx" . (3.10)

Now, if we perform the simultaneous replacements (3.8), the bulk metric will take the
form:

- ~(0 ~(1 ~(2 ~(3
Ga =3%p +34b + 35+ ais+ (3.11)

where the terms are functions of the new rescaled variables:

345 = GUp(F, 0, 0) V. (3.12)
But note that the form of the zeroth order contribution, g%, remains invariant under
(3.8), i.e.:
ds* = —2a,dz"di — 72 f (bF )i, i, dat dz” + 72 P, datdz” (3.13)
Py = G + 10, '
However, we equally could have directly used the expression (3.13) as our zeroth order
ansatz to perturbatively construct a bulk spacetime with (3.13) as the fluid dynamical
initial data. In doing so, we would have obtained a bulk spacetime identical to (3.9) at
each order except with the variables r, u,, and b replaced by 7,,, and b. Now, recall
that our perturbative procedure constructs a unique bulk spacetime for a specified
zeroth order ansatz. Hence we are forced to conclude that the bulk spacetime obtained
from (3.9) by performing the simultaneous replacements (3.8) must be the same as the
bulk spacetime obtained directly from the zeroth order ansatz (3.13); this would be
identical to (3.9) at all orders except with r,u,, and b replaced by 7,4, and b. This
concludes our proof; the bulk spacetime dual to fluid dynamics is therefore invariant

under the simultaneous replacements (3.8).



3.2 Manifest Weyl covariance 39

Observe that, from the perspective of the boundary, (3.8) is nothing more than a
boundary Weyl transformation with u, and b transforming as Weyl tensors of weight
—1. It is thus convenient to adopt a Weyl covariant formalism; we develop this further

in the next subsection.

3.2.2 Weyl covariant derivative

A Weyl covariant tensor is a quantity that transforms homogeneously under a Weyl

transformation. More specifically, a tensor of weight w transforms as follows:
QU = e X gp (3.14)

under a Weyl rescaling, g,, = eX(@) Juw- The main obstruction to maintaining explicit
Weyl covariance is that ordinary covariant derivatives of Weyl covariant tensors are not
themselves Weyl covariant. This problem can be circumvented by introducing a ‘Weyl
covariant derivative’; this was the main technical innovation of [45]. The action of the

Weyl covariant derivative on an arbitrary tensor QX of weight w is defined by:

Dy\OF " =V, 0M " + wA Q!
+ [gra A" — KAy — 6" AN QY - (3.15)
— (gAY — 65 A, — 00 A Q1 — -+

The Weyl connection, A, is constructed from the fluid velocity field, u,, as fol-

lows: _

As we can see from the last equality, this expression for 4, transforms in a similar

A, = u’\V,\uM —

manner to a metric connection under a Weyl transformation. This is what enables us
to construct a derivative that is Weyl covariant, as done in (3.15); the parts of V,Q/"
which do not transform homogeneously are cancelled by the terms involving A,. It can
further be shown that the Weyl covariant derivative of a tensor of weight w is itself a

tensor of weight w.

We will now introduce several Weyl covariant tensors that will be used throughout the

rest of the chapter. The following tensors are naturally constructed from the Weyl
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covariant derivative:

[Dlﬂ Dl,] V)\ = UJJT':M,V)\ + R,WA“VQ with

Fuw=V,A -V,A, and (3.17)

AQ
RuuAU = Rm/)\a + fuug)\a - 5&91/][)\55] (vaAﬁ + AaAﬁ - 29&6) .

We will also make use of the following two contractions obtained from the Weyl

covariant Riemann tensor, R, x0:

Ruw = R = Ry + (d — 2)(V, A, + ALA, — A%9,) + G VAN + Fou;

— A A 2 (318)
R=R>=R+2(d—1)VyA — (d — 2)(d — 1) A%

And finally we define the shear strain rate, o, and vorticity, w,,, of the boundary
fluid:

0w = Diyuyy;

W = Dy

3.2.3 Independent Weyl invariant tensors

Here, we classify all Weyl invariant scalars, transverse! vectors, and symmetric traceless
transverse tensors up till second order in derivatives; this will be of importance in
the following subsection. There are two subtleties involved in this classification that
we should first highlight. Note that the equations of motion, V,T* = e ?LV"¢,
impose relations between various Weyl covariant quantities; thus, in our counting, we
only list Weyl tensors which are independent on-shell. And also, since the dilaton
is Weyl invariant, any Weyl invariant tensor can be multiplied by a function of ¢ to
get another independent Weyl invariant quantity; we will neglect this complication in
our classification as well. The methodology behind listing independent tensors was
explained in detail in the previous review chapter in subsection 2.1 on relativistic fluid

dynamics so we leave out some of the detail here.

We begin with the zeroth order Weyl invariant tensors. We aim to construct Weyl
invariants using the boundary dilaton field, ¢, the boundary metric, g,,, and the fluid
dynamical quantities, b and u,. The boundary dilaton ¢ is a Weyl invariant scalar

while b and u,, transform homogeneously under Weyl rescalings with weight —1. It

1By transverse we mean orthogonal to u/.
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thus follows that there are no nontrivial Weyl invariant scalars, transverse vectors, or

symmetric traceless transverse tensors at zeroth order in derivatives.

To obtain the Weyl invariants at first order, we must consider the first order relations
imposed by the equations of motion, V,T* = e ?LV"¢. It is easy to see that these
relations arise from the zeroth order contributions to the stress tensor, T, and
Lagrangian, £. For the stress tensor, the zeroth order contribution is simply that of
a perfect fluid, b=¢ (g"” + du*u”). And for the Lagrangian, there can be no zeroth
order contribution. The reason for this is as follows: if we set ¢ to be a constant,
the Einstein-dilaton system must consistently truncate to the Einstein equations with
negative cosmological constant. Correspondingly, the boundary fluid dynamics must
reduce to that of the unforced case. Thus, the lowest order contribution to the
Lagrangian must be proportional to a derivative of ¢; there can be no zeroth order
terms. Analysing the resulting first order relations, it can be shown that first order
partial derivatives of b can be expressed as derivatives of u,. This result was derived
explicitly in the previous review chapter when we calculated the first order constraint
equations. It follows that there is only one independent Weyl invariant scalar at
first order (which can be taken to be bu*D,¢), one Weyl invariant transverse vector

(PZ Dl,gzﬁ), and one Weyl invariant symmetric traceless transverse tensor (b~'c,,).

For the second order Weyl invariant tensors, we must similarly consider the relations
imposed at second order by the equations of motion; these originate from the first
order contributions to 7" and L. The stress tensor, T"", transforms with weight
d + 2; and thus, using our previous classification of first order Weyl invariants, we can
deduce that the first order contribution to 7% must be proportional to b'~%c*”. And
for the Lagrangian, which transforms with weight d, we can similarly conclude that the
first order term must be of the form b'~%u#D,¢. The two derivative relations which
result can be used to express the partial derivatives of b to second order in terms of

derivatives of u, and ¢. There are thus seven independent Weyl invariant scalars:

2 nz 2 v 2
b oo, brwuw, bR,

3.20

vV’P"D,D,p, bu'u'D,D,p, V'P"D,$D,¢, and b*u"u'D,¢D,o, (3.20)
six Weyl invariant transverse vectors:

bP/Dyo,”, bP!Dyw,”, bP/u’D,Dy¢, bP/u*D,¢Dyo, (3.21)

bo, Dré, and bw, Do,
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and eight Weyl invariant symmetric traceless transverse tensors:

UAD,\O'IW, auyuAD,\qﬁ, C’Wl,ﬂuo‘uﬁ, w,fa,\y + wy’\cr/\u,
1 2 1
a pf a pf af a pp af
5 | PP+ PP — =P P,W} DoDjso, [PM P} = ——P*P,,| DadDs9,
1
Uu)\(f)\,/ — HPM,O'QBO'&/B, and W#ACU)\V + ﬁPuywagwa’B.
(3.22)

3.2.4 Weyl covariant form of the fluid dynamical metric

In this final subsection, we demonstrate that it is possible to use boundary Weyl
invariance to constrain the form of the bulk metric. In more detail, we show that
because the bulk metric is invariant under the simultaneous replacements (3.8), the
components of the bulk metric can be classified according to how they transform under

boundary Weyl rescalings.

Before we proceed further, we must first choose a gauge for the bulk metric. We use

the same gauge? as [26], which is specified by:
Grr =0, Gry = —uy. (3.24)

This gauge has the nice geometric interpretation that lines of constant z* are ingoing
null geodesics with r being an affine parameter along them. Also, note that this gauge

choice is invariant under the transformation (3.8).

Now, observe that, consistent with our gauge choice (3.24), we can parametrise our

bulk metric as follows:

ds® = —2u,da" (dr +V, (r, uq, b) dz”) + G (1, uq, b) dzdz”  with G, transverse.
(3.25)
We aim to determine how the functions V, and G, transform under (3.8) which effec-

tively is a boundary Weyl transformation. Recall that the fluid dynamical bulk metric

2Some early work on the fluid/gravity correspondence [16, 36] used a different gauge, given by:

-1
grr =0, Grp Xuy, TT ((9(0)) g(m)> =0 (m>0). (3.23)

All of our results can be recast in this gauge by making an appropriate change of variables. In fact,
we used this gauge in the previous review chapter.
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is invariant under the simultaneous replacements (3.8), thus, under this transformation,
the bulk metric (3.25) becomes:

ds* = =2, da" (dF + V, (7,10, 0) da”) + Gy (F, e, b) da'da”
= —2u,dx" (dr +e Y, (f, Ugs B) dz” + r@l,xdx”) + G (f, U, l;) dxtdx”.
(3.26)
By comparing the two equivalent metrics (3.25) and (3.26), we can deduce the trans-

formation properties of V, and G,
V, (ryug,b) =e™X {VV (f, Ueys l;) + f@l,x} and G, (7, U, b) = G (f, Ugys [NJ) . (3.27)

It follows that V, —r.4, must be a linear sum of Weyl covariant vectors (both transverse
and non-transverse) of weight +1 with coefficients that are arbitrary functions of br.
Similarly, G,, must be a linear sum of Weyl invariant tensors. These Weyl covariant
vectors of weight +1 and the Weyl invariant tensors can easily be obtained from
our classification in the previous subsection. The functions of br, however, must be

determined by direct calculation.

In keeping with explicit Weyl covariance, we now choose a slightly different starting

ansatz, gg%:

r2 f(br)
2

ds* = —2u,dx" (dr + <7“-Au + ul,> dx”) + r?P,, dr"dx". (3.28)

Using this ansatz, we can perturbatively solve the Einstein equations and determine
the functions V, and G, to any order in boundary derivatives. We present the results

of such a calculation to second order in the next section.

3.3 Derivation of fluid/gravity equations and their

solutions

The Einstein-dilaton system is governed by the following equations:

1 1 1,
Ea = gy — 3 a A ab T & a(I) o — (0P ab — Y,
b = Rap 2R9 b+ Agap 23 Op® + 1 (09)" gap =0 (3.20)

gV, V@ = 0.
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And upon resubstituting for the Ricci scalar R and the cosmological constant A, this

then simplifies to:

1
E, =R, dgay — =0,P0,® = 0,
b b+ AGab 5 b (3.30)

¢V .V, ® = 0.
We now proceed in an analogous manner to what was done in the previous chapter.
Field theory intuition again tells us that the metric should be a slowly-varying function
in the boundary coordinates and that we should thus be aiming to solve the equations
(3.30) perturbatively to a certain accuracy in boundary derivatives. However, for the
Einstein-dilaton system, the metric couples to the dilaton, and so we must further
require that the dilaton be slowly-varying in the boundary directions as well. Hence, it

must also admit an expansion in boundary derivatives:

® =00 400 4@ 4+ d® ... (3.31)

We must again address the issue of choosing the zeroth order ansatz, but this is just
a straightforward generalisation of the unforced case. The Einstein-dilaton system

admits uniform black brane solutions of the following form,

ds® = —2u,datdr — r* f (br)u,u,dz"dz” + r* P, dx"dx”,

3.32
B — o0, (3.32)

where ¢q is a constant. Patching together tubes of uniform black brane solutions with
different parameter values gives us in principle our zeroth order ansatz. However, as

discussed in the previous section, we choose a Weyl covariant form of this:

r f(br)
2

ds® = —2u,dx" (dr + (rAl, - ul,> dx”) + r* P, datdz”

(3.33)
O = ¢(x).

Note that the velocity and temperature have become functions of boundary coordinates
u,(z) and b(x).

With all of this in hand, we can now substitute the expansions for the metric and
the dilaton into the Einstein and dilaton equations and examine the structure of the

resulting equations. The equations at order n in the derivative expansion can be
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schematically represented as:
H [g(o)} g (r, ") = s, (3.34)

H* [¢0] 2™ (r, ) = 57, (3.35)

where H?® and s® are the differential operator and source terms for ® respectively. The
dynamical equations of (3.34) together with the equation for the dilaton (3.35) are
sufficient to determine g™ and ®(™. The remaining d constraint equations reduce to

the equations of forced fluid dynamics (3.4).

3.3.1 Einstein equations: First order

We begin with the Einstein equations at first order in boundary derivatives.

Inverse metric to first order

We require the zeroth and first order components or the metric and its inverse. Our
zeroth order metric ansatz was introduced in the previous subsection on Weyl covariance.
It is shown below in matrix form (basis in terms of r,u) Taylor expanded to first order

about z# = 0:

0 _ 0 (—u® — 2*0\u?)
Yab (—UELO) . ﬁawﬁo)) (TQmW + T27dufl0)ul(,0) - dr2*dxA8Ab(°)u/SO)ul(,0) + 27‘2*du8)x*8wfg))

Our first order metric terms are parametrised according to the Weyl covariant form
(and gauge choice) that we discussed in the last section on Weyl covariance. It too is

given below in matrix form:

S0 0 0
? o (<2l — 2V + 0)|
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The inverse metric to first order is calculated according to the following formula:

gabgbc = 52
(960 +92)) (9" + gM) = o

= g 9" =& and

99" + 99O = 0.

(3.36)

The inverse metric is then found to be (in matrix form):

r2f 4 Az 9\p0) 24 w0 4 A9y

(0)ab _
T T wOn 4 2,00 L PO 4 23,0029, 00)

(ab _QU(O)AA(AI)T _ QU(O)Av)(\l) _%P(O),u)\AE\l) _ T%P(O),LLA]}(I)
T T 1pom gD — L pOay (D LG

The remaining calculation is analogous to that which we considered in our review in
the previous chapter. However, with our Weyl covariant formulation of the metric,
we only need compute the rr, ru, and uv-components of E,,. For each of these, we

calculate the differential operator and the source terms.
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E.,
The differential operator comprises of the following terms:
E., = —;g(”“”,rgﬁ‘l),r - ;9<0)“”,r9£13,r - ;ga)wgfﬂw - ;g(o)“”gﬁ),w

-+ ;g(”’"bg(o)“dgé?,rgﬁg?r + ;g(o)"“bg(”“dgﬁ),rgﬁg,)r

+ ;g(o)’"bg(o)“dgib),rgﬁg?r + ;Q(O)Tbg(o)adgﬁ),rgf«i?r

- ig“)”g(o’“dgi?},rgﬁﬁ?r - ig(")’“’"g‘”“dgi?,rgﬁg?r

— ig(o)”g(o’“dgéb),rgﬁ??r - ig(o)’”’”g(o)“dgi?,Tgﬁ?r

L gagonag 0 L joagong 0 -

- ig(O)Cbg(O)“dgiifrgig?T - ig(O)Cbg(O)“dgﬁg?rgéi?r

+ ;g(”'“’bg(o)’"’“gﬁﬂ)rgﬁg?r + ;Q(O)Cbg(l)r’"gﬁ??rgﬁg?r

+ ;g(o’c”g(o)”géi?rgﬁg,)r + ;g(o)"bg(o)""géf?rgﬁ?r

= SO gD g0 — glOergherg0) 40

= 590G O g) g0 — g0 g0 g0 1)

d

+

rr °
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These terms evaluate explicitly to:

. 1/4 1
Epl =3 (ﬁg(”*‘” - 56" W) (2rm + (2 = d)r' = u )
1 0 40 01,17, (1)
-5 (—P ) ( 2ug, Ay = 2u, Vo + G )
1
—3 ( (1)“”) (77 +(2-d)(1 - d)r’duf?)ul(,o))
1/1
- P(O),ul/) (—QU( ) (1)” g(l)l/)
2 (r2
+04+0
+04+0
—0-0
—0-0
1 1 (1)pv 1 (0)ud 1-d, (0),,(0) 1-d
-5 _ﬁg T—QP (2r77p5 + (2 = d)r "y ug ) (27“77”,, +2—-d)ru
1/1 1
=5 (PO (P09 (<20 A — 200V + G8) (20 + (2= d)r
+0
(3.38)
which simplifies to:
, 1) ", g(l /u GWu
diff __ _g . M
E = 52 = s (3.39)
As for the source terms:
source 1 T 1 T
B = g g — 5030k — 50 g+ 0Ol
(0)rp ,(0)
- g g'r'rr
L oyub ALd() (0) L o 0)ad ,(0) L o 0)ad ,(0) (0 (3.40)
+ 59( Jub g( ) Yad ,ugrbr 49( ),urg( Jad Yad ug7("7“)r 49( i g( ) Yad rgfr(‘r)u
+ gOebgOmgl0) g3 — g(Oerg@englO) g0,

which actually all evaluate to zero:

Eouree — (), (3.41)
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E,,

The differential operator is given by:

! 1 1 v 1 vr 1 vr
BT = Sg™ g + 590 wgide + 59 9l + S gl

2 2 2 2
1 rv ad (0 1 rv ad (0

+ 59" 198,90+ 19" g% 999,
1 rv ad (1 1 rv ad (0

+ 390 gl + 29 9O 900, 91,
1 c rr 0 1 c rr 0

+ 5909 9D g, + 5999 9,0 (3-42)
1 c rr 1 c rr

+ 5999 g + 590990 g0
1 1

. §g(l)crg(0)arg£23rggz)7r . ig(O)CT.g(l)argg?rgc(l%),r
1 1

_ §g(O)CT9(O)aTg<(:71~,)rg<(z(ZL),r _ 59(0)CTg(O)Wg((Zg)Tgt(LBW

which computes to:

i 1 A (1)n d — 3 A (1) d -2 A (1)
Eguff - QP(O)M V' + o P(O)u % 2 P(O)u Vi
. u(O)VV,El)”uLO) _ d— 1U(O)VV£1)'uLO)
r
1 —d\ oW (0 4 1 —d\ g(p , (0) (3.43)
—272(2—(2—607“ )Q P, —{—E(Q—(Q—dd)r )Q P,
3pu(0)” d—1
_ 0) _ (0) 0)
. u, o U Papu# )

The first line involves operator terms transverse to uLO), the second and third lines
are differential operator terms in the direction of u&o). The final line involves terms
derived from A, which are technically source terms but we include them here since we
included A, in our parametrisation of the first order metric for the purpose of Weyl
covariance.
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And the source terms can be calculated from:

1
59

(0)

| =

(0)
,I/g'u,by'r

rb (0
g'r('b,)ur

[source (0)vb (0)rdb

Th =59 ,Tgrb,u2g

g

ab (0
bgt(zb?/,w’

(0) —yq

+

NN NN I N R N B N N TR ORI
Q

(0)

(0)ab
,'rgab,,u

(0)

1
g 59
0

v ad (0
O Oadgl0) ot

1
g 19

-+
Q

(0)vr (0)ad ,(0)

g (0)

gad,rgru,u

0
gcd,rgz(zb?u

rv 0
Oty Orv 6(0) 50

Q

(0)cb g(O)ad (0)

Q

1
— 400
+29

+

9

Q

(0)ev ,(0)ar ,(0)

g (0)

gcr,rga,u,z/ - 59

Q

which gives:

1
source __ —, (0) (0)
B = U, dyu

B,

The differential operator is given by:

1
2g

© _

(0)rr
79wy

) 1 rr
E;lyff — ,g(l)

(1)rr (0)ad .(0) (0)

[NCRIEN NCN I NN It NG R SN NG IR
<

9

1) (0

(0)rr ad
gad,rguu,r

(0)

Q

g 4

(L)eb ,(0)rr (0) (0) _’_lg
2

g c,u,rgub,r

+
Q

1 (0

cb
(0)cb (0) R

9

+

1
+ 59

g 2

Q

()er ., (0)ar (0)

q (0)

gc,u,rgaz/,r - 29

Q

(0)er . (0)ar (1)

g (0)

gc,u,rgau,r - 29

9
(1)

+
QU
Q
=
R

(0) 1 O)vr

1 av
+ ig(O) gau,l/r

(O)Tbg(o)

cb (0)rv (0)

L oyer 4O (0

e

ad 1
gad,rg;u/,r - Zg

1
-9

(0)eb (1)rr (0)
(0)eb . (0)rr (0)
1 ©@er

L e (0)

1
29

O)rv,(0)

@ mgr,u,zx

,ygr,u,r

(0)

©adg® 4O
(3.44)

© © 1 @
b

adgad,rgr N - Zg g

0
gcr,rg;(;b),u

(0)

0
gcr,uga,u,r

ld—1

v 3.45
+5 (3.45)

(0)v (0)
" U 8,,%.

1
2g

(0)rr g(l)ad (0)

(Orr (1)
Hv,rT

1
(Drr ,0) =
pv,rr 29

T'T'g

gad,rg;(fl]/),r

(0)rr _(0)ad ,(0)

g (1)

gad,rguu,r

0
gcu,rgib?r

1
gC,LL,Tgl(/b?T

g (3.46)

9

(0) ,(0)

ar
g gc,u,rgazx,r

" GerIan)r

9
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which evaluates to:

E;Cff/ff 2(2 — )fu(O)AV ) +2(2— )fu(o)
27“fu(0)’\V y (0) (d 3)rfu(0)VV)
)//
+r fu(“
+2(d — 2)u WV 0+ 20OV PO (3.47)
d—3 3 _
fglg]_yll _ ( 5 ) gu}j)/ 2 1 dg(l)/ ( Q)Q(}/) +2r dglgly)
+ 270, u© T]W +0, ul pu 0) (0)7’ d4 rd, u© ul(?)ul(,o)
+ (d = 1)rt= 4O pu(/l 8pu,(j(; —(d = 1)ru®r j’)apu ©

The source terms are:

ESOUT’C@

Lo 0 L o

1 1 .
wIubw — 59 — —gOre 4O 4 = 50 ©)

1 o (0
= 79(0) b,rgl(/b?,u + ,rguu,p 29 ,pguu,r 9 gub,ur

1
2 2

1
= 9" Gy + 59 G

1
T a 0 0 r a 0 0
g(O) bg(O) dg((ld),rgib?u 19(0) bg(O) dgc(ld),T‘gl(l,b)ﬂ/

1
T 0 T a 0
g(O) Pg( Ja gt(zd),rg;(gz),p _ Zg(O) pg(O) dg((ld)’pgg%

C IS 1 C IS
gObgOrog0) GO 1 gOcbgOrog0) oO)

* 2

cr a 1 C ar
gl0er g©erg©) gl — 59(0) PgOar gl o)

|
[N RIE NON e SN RPN

(3.48)
which upon substituting for the metric and its derivatives become:

B = ri=dy 8 u (1—d)7’(9(uu —dr' d@ b

d 2 d’rl d
2

§(d 1)7‘1_ u979,p") uLO)u(O) — 1, 0,ul?P — ©9,ulo.

(3.49)

v u

Constraint equations at first order

The constraint equations are obtained by contracting the Einstein equations with n?,

the normal to the constant r hypersurface: E$zn® = 0. The boundary components of



52 Forced fluid dynamics from gravity in arbitrary dimensions

this equation give us the following relation:

LR
9,00 = (u(o)AaAuLO) _ ;u_lug’)> (3.50)

which can be re-expressed as (the b has been added on dimensional grounds):
oub = A,b. (3.51)

This relation is equivalent to the equations of forced fluid dynamics V, 7" = e=?LV"¢
at first order in derivatives. This explicitly confirms our expectation that our perturba-
tive procedure constructs bulk spacetimes dual to solutions of forced fluid dynamics. At
first order, the relevant terms in this equation stem from the zeroth order contributions
to the stress tensor 7" and Lagrangian £; and since the Lagrangian only consists of
first and higher orders terms, the equations at this order are the same as the unforced

case.

Solution at first order

The rr-component of the Einstein equations, as found previously, gives us the following

equation:
B g(l)//uu N g(l)/uu B g(l)uu
2r2 r3 rt

Subject to our boundary conditions at » = oo and our Landau frame requirement this

=0. (3.52)

integrates to give GW#, = 0.

The rp-component of the Einstein equations simplifies to become:

1 AL (1 d—3 AL (1 d—2 Ay,(1
SPOWY = S PO VY - =R PO VY =,
v (3.53)
_u(O)uVl(/l)// I u(O)uvﬁl)/ —0.
r

We have separated this into its transverse and non-transverse components. Note that
the non-operator terms arising from Efﬁf / exactly cancel the terms in EReree leaving
effectively no source terms. Also G (1)% which appears in Ef;f f was set to zero as we

just determined. Solving this subject to all conditions again gives zero, Vl(f) = 0.

And finally for the ur-component of the Einstein equation, we only require the transverse

traceless part to determine the traceless part of g}}), which is all that remains to be
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found. This is given by:

2 _ 2—d _ _ 1-d _ _
~(br) 2(br) Gl — (b;)(d -3)GL) — 3@29;13’ +(d—2+2(br)"HG0)
= (d —1)(br)o,.
(3.54)
with: .
O 1= §PMQP,,BV(HuZ,) — ﬁvw = Dt (3.55)

Here, we have used Q~W =G — ﬁggPW though essentially there is no difference
since we found the trace of gf}) to be zero. Further, we have reintroduced the factors
of b for Weyl covariance. This integrates (using the same methodology described in

the previous review chapter) to give:

1
Gia) = 2(br)*F (br) 0 (3.56)
where the function F'(br) is:
d—1
F(br) = —dy.
(br) o y(y? —1)

Our appropriately covariantised metric at first order is thus:

1
ul,> dx”] + [7”2PW +2(br)*F(br) =0, | da'dz”.

b
(3.57)
Since the dilaton terms appearing in the Einstein equations F,;, are at least second

2f(b
ds® = —2u,dx" [dr + (rAy + L f2( r)

order in derivatives, we do not see any contribution from the dilaton at first order
here.

3.3.2 Einstein equations: Second order

In this subsection, we consider the Einstein equations at second order in boundary

derivatives.
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Subtleties at second order

At second order there are several subtleties that we must account for. First, note
that our previous calculation at first order gave us constraint equations that imposed
relations on u(® and b(®). This generalises to all orders in boundary derivatives. At
each order, the constraint equations impose relations at one order lower. At second
order, we must therefore expand the velocity and temperature fields to first order as
follows:

U, = ul(f)) + ul(}) + O(€?)

3.58
b=0b" b+ O(). (3.58)

A second subtlety is that there exists an ambiguity in definition between () and b()
and similarly for u,. If parts of u}(}) solve the first order fluid equations of motion then
they can be absorbed into the definition of uLO). We use this ambiguity to set uf})
to zero. Given that we are working locally around z# = 0, this means that we can
set all derivatives of uf}) at z* = 0 to be zero. The actual values for b and u&l) at
2" = 0 can be set to be zero by the same coordinate transformations that fixed ul(j)) =
(—1,0,0,0) and b0 =1, as explained in the previous review chapter. Thus, we only

need consider the derivatives of b!) at second order.

The final subtlety that we need to consider concerns how we ensure that the first order
fluid equations of motion continue to hold at second order. In the last section, our

constraint equations were equivalent to:
v, TOm = (3.59)

where TO* o b= (g" + dutu*) and there are no forcing terms since the dilaton terms
only appear at second order. But here at second order in boundary derivatives, we
are now working to second order in a Taylor expansion about z* = 0. Expanding the
above relation to second order in derivatives about #* = 0 imposes further conditions

between derivative terms given by:

VAV, TOm| = 0. (3.60)
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This evaluates explicitly to the following:

+d(d + 1) 9,0 (1 + du®"u®”) = d?9,b O 05u @y — a9, b u O
—d2(3>\b(0)8 u(O)uu(O)V _ d28 b0y, (0)u3 wOv _ doy 8 b(O) wo_ d2@)\8ub(0)u(0)uu(0)v

+dox 0, u " u O + du " 050,u” + do,u O o\u”” + doyu O 0,u O = 0.
(3.61)

This is used to reduce our source terms to a subset of independent terms.

Inverse metric to second order

As we established previously, the fluid/gravity metric to first order is given by:

ds® = —2u,dx” (dr +rA,dz”) +r gw,dx“d:v + —=r uuu,,dx“da:
(br)? (3.62)

2(br)2F(br)

odatdr”.

b

Adding on our parametrisation of the second order metric terms gives us:

ds* = —2u,dx" (dr + rA,dz”) + r’gdetdes” + ——r*u,u,dr*dz”

1
(br)
+ 2(br)?F(br) bam,dx“dx (3.63)
+ —2u,dz" VP dz” + Qﬁ).

After Taylor expanding about x* = 0 to second order, we obtain:

)
0 —mABAu,(LO)
g(g) — —%x*xﬂaka,,uf)
a
—UE/O) r277“y+r2*’1u20)u,(,0)
—;t>‘8>\u(y0> fd.rzfdxk(%\b(o)u&o)u,(,O)JrQ?"Q’dx)‘B)\uEZ)uS;)
L —%x)‘zpa,\apufjo) +éxxxpaxapguu+7"2_de"A$pN>\puu J
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0 0
g((lz) = 2r2F(r)o"(L11,)72ruE2)Af/1))7r2—ddb(1)u£0)u£0)
+r22AF (1) Oz +2r322 0500 F/ (r 0'(1,/)
n I3
0 —H"ac)‘M)\w,—TQ’da:)‘d(?Ab(l)ul(lo)u,go)

+r2=dd(d+1)b 22 956000 u (Y
—2r2=dgp() g2 9, ugi)ul(g)

2@y 1 (2)

d d+1 2 o d ) 0
( )b(l) H u)

D) (1)
+27"Qb(1)F(r)a J+2r3F (r)p(May) |

where the terms M), Naguw, Oxp are given by:

My, = 28,\u .,4 — 20\ u(o)pu(o)(‘? u 2u(0)pu(0)8 d, u + 2u%y 6 F5V

2 2
NPt ﬁug%y 010" + mum e

d—
(3.64)
Npr = faka bOuLul + 033,uul® — 24030 0,ul)u) + oyull 9,ulf
(3.65)
d d
L4 2+ PN ©8,b 0y
Oxw = 20,0(° + 409, u P(O)B )0 u( ) 4 49,u? EE)P(O)fBZ,)@(au(B[;)
4 0 0 «
+2P0, PO85,9,uf) — 20,1 P u0 PO, pOF, — . 18,\ugu)ul(j))8au(0)
2 0)a p(0 a2 0 0
- 1@5&“( o p®) _ ﬁ@pg 2(2),,0)0 p(0)

(3.66)
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Given the complexity of these expressions, we obtain the inverse in a slightly different

manner to our first order calculation. For a matrix of the form:

0 —uy,
Gab =
—Uy _2u(/,Lvy) + g,ul/

where (V, —rA,) is a linear sum of Weyl coveriant vectors with weight 1 and G, is a
linear sum of Weyl invariant forms all of which are transverse (u*G,, = 0), the inverse

matrix will take the following general form:

g —2MVy 4+ (G WY, wt— (GTH ),
u’ — (G, (g™

where (G™1)" satisfies u, (G™))" = 0 and (G™1)"* Gy, = P¥,.

For our metric till second order,

v

ds* = —2u,dz* (dr +rA,dz”) + r’gdatds” + ——r*u,u,datde

1
(br)?
+ 2(br)?F(br) bam,dx“dx (3.67)
+ —2u,dz" VP da” + QM?,

the functions V, and G, are given by:

2
b

V= rA, + - f2( ", + VO (3.68)

Gy = 1P, + 2(b7")2F(b7") O+ Gy (3.69)

Using all this, we can calculate (G~)". We find the following expression to second
order:

—1\H¥ 1 uvo 2 N 4 2 2 (2)#1/
(6" = S P = SFE(brbet 4 S (br)b e g (3.70)

This gives us a complete inverse metric as follows:

w o LPw
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—2rut Ay —%P“’\AA
—%P”’\A)\ —T%F(br)baw,

g(l)ab _

2V £ PYAA,  2F(br)bo Ay — PV

(2)ab __
g =
2R (br)bo Ay — SPAVE AR (br)bRot o™ — LG
Taylor expanding this about x* = 0 to second order gives:
r2_p2—d w(O)u
+dr?~ Az 9\b(0) +ararulOr

72 A e (2050,b(0) — UL 9, b0 9,b(0))

w0
+arOyul0v
+%x)‘x’)8>\8pu<o>”

—2ru(OX AL - dr2=dp®)
—i—mcpMp)‘A
(Dab _

A 4D
ORI
Yoo,y

2 1 1
_QU(O)Ayg\ )+P(O)ApA(>\ )‘AEJ )
_p2-d d<d2+l>b(l)2

where

+dr?= 4z 9\bH) —r2=dd(d+1)bM 2 95 b()

%F(T)O.(l)u)\A(AU_T%P(O)ukv§\2)

+1222P9,0,uOH

1 pO)pv
r2
+%w>\a>\u(0)<uu(0)7/)

+Ti2ackxp(%8A8pg“V+8A8pu<0)<“u(°>”)+8,\u(0)“6pu(0)”)_

1 A »2(1)
,;p(O)u A
+%:(;pr“

,%F(T)U(l)w

7T%F(T)IAO)\}'“/7%56)‘8,\b<0)FI(T)O'(1>‘“}

2R(r)oMrr AL - L POy

%FQ(T)U(DHAU(I)Au_%‘lg@)uu

,T%b(l)F(r)a-(l)y‘ui%b(l)F/(T)O_(UMu

W = —Qapu“))‘“u(o)”u(m‘sc‘)@u&o) _ p(owapu(owaéug)) _ p(O)MAu(O)tsapa(sug\o)

8(2). (0
+ p(O)uAu(O)vapFﬁ/(/\)u((; )

(3.71)

We are now ready to calculate the differential operator terms and the source terms

from the Einstein equations.
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E’f"f'
The differential operator terms are given by:
. 1 5 1 5 1 5 1 5
BT = =g g — 500 g — 50 g — 590" g,
L )b (0)ad _(0) (0 L oy (2)ad (0
+ 59(2) bg( ) dg(gd)rgf"b)r + 29( ) bg(2) dg((zd)rgf‘b)r
1 ad (2 © L (b (0)ad ) @
+ 59( rbg(©) dgz(zd)rgf"b)r + 29( rbg(©) dg((zd)rg'i(“b)r
1 rr ad (0 1 rr ad (0
= 399,00 — 19O g, 0,
1 Tr a 1 rr a
- 19(0) g(O) dgfzil),rgﬁg,)r 19(0) g(O) dgtgd)rgﬁr)r
1 Ci a 1 C
- 59( ) bg(o) dggd)rgt(zb)r ) © bg( Ja gid)rgz(zb)r (3.72)
1 Ci a 1 Ci a 0 .
- 59( Jbg(®) dggd)rgé )7" B © bg(o) dgﬁd)rgz(zb)'r
1 1 o
+ 59(2)Cbg( e ggr)'rgv("b)r + 29( )Cbg@) ggg)rgv("b)r
1 Cl 1 Cl rr
+ 59(0) bg( T g((:r)rg'r(’b)'r + 29( ) bg(O) g((:g)rg'r(‘b)r
1 over 1
- ig(z) g( Jar gér)rgc(z?“)r - §g(0) g( Jar gér)rgc(z?")r
1 cr 1 cr
- 79(0) g( Jar gér)rgz(zg)r - g(O) g( Jar gér)rg((z?“)r
2 2
+dgyy

which evaluates to:

if] _g(Q)/'u” g(2)'u# g(2)u” N ( 4 8

272 r3 rd

= SF0) = SEIF()) 0070l (373)
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And the source terms:

} (0)pv (0) _} (1)ab g(l) 1 (D)ab (1)

L oy L ayr
0)p (0) Drp (0) Grropw 29 79ab.r 29 Yab,rr

= _ag ,ugrr,zx - ig ,rgrr,,u 29

1 c 0 1 c ad (1
49( JebgWadg© o — 49( Jbg@adg(t) o8

1 Cl 1 1 Cl a 1
19(” bg@adg(®) gl) — 49( JebgWadg(t) o).

1 (0)eb (1)ad (0) (1) 1 (0)cb

ESO'[LTC@

(0)ad (1) (1)

49 g gcd rgabr - Zg g gcd rgabr
1 C v 0 1 C, av
+ 5999000, — 590" 90l
_lmem
9 T r
(3.74)
which simplifies to:
B = (F ) + S F@)F () + F20) + 28 ()F(r) ) ool
T 9 Qv
1
WD,
+ — W (3.75)
1 pwew
2 Na T
where w(l) = 1 (Dyu, — Dyuy,).
E,,
The differential operator terms are:
4 1 1 rv 1 vr 1 vr
Ef'luff - 79(2) rgfw)r + g(O) ,rg;(fzz),r + 79(2) gl(/(ZL),T‘T' + 79(0) gl(/i,),T'T'
2 2 2 2
1 rv ad (0 1 rv ad (0
+ 397 g + 290 9P 9l 91,
1 rv ad (2 1 rv ad (0
+ 390 g + 9 9O 0l 91,
1 1
+ 59D g gl + YA A "o g, (3.76)
1 C Tr 0 1 C
+ 59(0) bg(O) g((:z,)rg;(tb),r + 59(0) bg( rr g((:r)rg;(lb)r
1 1
= 5079 g g — 5909 95 gl
1 cr ar 1 cr ar
- 59( ) g(O) gg)rgt(z,u)r 29(0) g( ) gég)rg((zu)r
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which computes to give:

; 2(d —1) N
Efuff = (7" F(r)+ 2F’(r)> oM, Ag\)

1 Ay (2 1d—-3 Ayy(2) d—2 Ayy(2)
+ 5 POV 4 o= PO VY - S E PO, Y
— @y, _ I L onper,o
—d\) (1) 5 1 -
+ 2F2(r) (2 —(2—=d)r ) ¥ op uflo) ~ 52 (2 —(2—=d)r d) G u
1 _
+ o (2 —(2=a)r d) G ul?),

(0)
o

(3.77)
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And for the source terms:

Eppree = ;g(””b,ygﬁ%),r + ;g(o)”b,ygfi),r + ;g(”’"b,rgfi),r
+ ;g(o)rb,rgﬁ,)ﬂ + ;g(o)”b,ygf«g,)ﬂ + ;g(”’"b,rgf«g,)ﬂ
- ;g‘””’",ygﬁﬂ),r - ;g(‘))’"”,rgf«h),u - ;g(o)””,ygﬁﬁ?,p - ;g“)w,rgﬁﬂ),u
- ;g‘o)”’”,ygih),r — g gl
+ ; Oty o + ;g(o)r”gﬁ,)m + ;g(l)“’gﬁg,)m
- ;g‘o)””gﬁ?ﬂyp —gOg ), — gD g, — ;g(””gﬁﬁw
-~ ;g‘o)"’b,rgfi?u - ;gmbmgﬁ?p
- ;g‘o)“bgii?m - ;g(”“bgfﬁfm
+ 500G, + 5900, + g Vell,,
0 ig(o)"”g(o)“dgib),ygﬁ),T + ig(”’””g“)adgi?,Tg,ﬁ?,r + ig(l)”bg(o)adgifz),ygfi),r
+ ig(”’"bg(o)“dgib),rgﬁ),r + ig(””’g(o)“dgé?,rgffb),r + ig(O)ng(l)“dgég),ugfL%),r
+ ig(o)’"bg(”“dgiﬁrgﬁ)m + ig(o)rbg(l)“dgég),rg,ﬁlb),r + ig‘o)””gm)“dgé?,ygﬁ),r
+ ig(o)rbg(o)“dgib),rgﬁ),r
+ ig(owg(o’“dgi?},rgﬁ?ﬂ + ig(”’“bg(o)“dgi?mgﬁg?“ + ig‘o)rbg(l’“dgi?i),rgﬁg,)“
- ig(o)”bg(o)“dgigz),ygfg?ﬂ + ig(o)””g(o)“dgi?,rgﬁg?u
- ig‘o)”’”g(o)“dgib),ugﬁﬂ’,r - ig(o)r”g(")“dgf&)mgﬁﬂ),u - ig(”’"”g(o)“dgﬁ)mgﬁﬁu
- ig‘o)’“”g(”“dgi?,rgﬁfiy — ig(o)””g(o)“dgi?,ygﬁﬁ),p - ig(o’”g(o)adgib),rgﬁﬁ),y
—~ ig(o)c”g(”)“dgig?rgﬁ?u — ig(”c”g(o)“dgig?rgﬁ?u — ig(O)Cbg(”“dgﬁg?rgﬁ?M
- ig(o)c”g(o)“dgizrgﬁ?u
+ ;g(O)Cbg(o)”gﬁiLgﬁ%),r + ;g(l)Cbg(o)r”géi’?ygﬁ?,r + ;Q(O)Cbg“’”gﬁﬁ?ygﬁ),r
+ ;g(o)c”g(o)"”gég?ugﬁ),p + ;Q(O)Cbgw)’"“gé%gﬁ?r
- ;g‘o)”g(o)“”gﬁi?ugfﬁr - ;g(”‘”’"g(”“”gﬁﬂ’ygéﬁ’,r - ;g(“)“g(”“”géﬂ?ugé?),r
— 200060, g OO ), — LB

(3.78)



3.3 Derivation of fluid/gravity equations and their solutions

63

which evaluates to:

ESOU'I‘C@ —

—F'(r)u®oy0 059,0,u

L, (0)a (O (0)
— HF (T)a“aau — ﬁ paﬂa,,up + ﬁ

+ (2F'(r) +7E"(r)) oW, 0,6

1
0,00y’ + 5 F'(r) P!

u<0>aaau,<j’>+ 2 F(r)

1
+ iF'(r)(?,,u(O)

d—1
1 o F@r)
+ iF'(r)u(O) OO0, ul?) — . p

_ F/(T)U(O)aauu(o)ﬁaau(;) (T)

+ (—2(d —2)

0~ @+ nre) -0 of

r

E

nv
The differential operator is given by:

Loom @ _1 @ ©

4 1
diff — _Z2rr (0)
Eul/ - 29 ,rg;u/ﬂ" 29 guu T

,rg/ux,r 29

(0)ad (0) _(0) }g(owg( Yad (0) (0)

2)rr
@) gad,rguu,r 4 Yad rgw/ r

NN NG I NN IS NG N S O AN RSO Sy [y Sy
Na}

9

rr a 1 rr ad (0
Orr g(©@adg® g0 — YA 198092,

Q

0
géz),Tgl(/b?T

c rr 1 ¢ rr 2
© bg(O) g((:,u)rgz(/ )r + 59(0) bg(O) gg)),rgl(/b?r

cr ar 1 cr
@ g(O) géz),rg((z?/),r - 59(0) g( Jar ggu),rgc(u(i)r

1
c rr 0 ¢ rr
@ bg(O) géu),rgib)'r + 9 g(O) bg(2)

+
Q

+
Q

s}

(0)

Q
<3

ar 1 cr
© géi),rgc(z(l]/),r - 59(0) g() ggu)rgg/)r

<

9

9.

+
IS

D+ ;F’( )P

8au(0)°‘u(0)”8,,u£0)
w99, u 09, 4 —

d—
O u@Pgou) + ——

(O)Véku(o)p

<°>”Bayaﬁu§?>

(O)V/Jay apuLO)

1
+ ?&,u(o)”u(o)p a,,ugn

d—3 o
Wu(O) ayu(o)papugo)

039314073,/
1
_ Lpgpo
S0l
(3.79)

Lo @

29 g,U,VT‘T‘

(3.80)

We only require the transverse part of this equation (along with E,, and E,.) to

determine the second order fluid/gravity metric. The transverse traceless (T'T) part
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computes to:

. ~ 5 3—d 3 ~ 1 1
EEITT = G@) ((d —2)+ 27‘2_d> +G (2 r— 27‘1_d> +Gor (—2r2 + 27’2_d)
8 1 8
4 4-d\ [ 2 2 @O _mx _ _+ © g2 (Dag (1) p(o
+ (T r ) <r2F (r)oso, 71 7‘2F (r)o UQBPW>
(3.81)
> o 5 1 5 . 5 . .

where G{2) = G(2) — LGP s the traceless part of G2). The operator part is just

the first line:

; 5 5 3—d 3 ~ 1 1
dif f, TT,operator __ ~3(2) . 2—d (2)r _ 2.1-d @ -2 -..2—d
By P =G% ((d 2) + 2r ) +3G, ( Y ) +G. ( 5" + 5" ) )

(3.82)
For the transverse trace, the operator terms are:

2 _
E}cﬁ/ff,Trace,operator _ QTU(O))\V)(\2)/ + (d _ 2)2u(0))\v)(\2) _ r r

2=d . d=4 N oere (24=3 d=3 )\ o
+<d—lr+2(d—1)r )g I o R

And for the source terms:

B = lg(o)rbmgﬁ?u + ;g(”’"”,rgi?fu + ;g(o””’,pgﬁ?fu
+ g0 gl + ;g(l)rb,rg,ﬁ?,y + ;g(o)pb,pgﬁ),y
— S0 g~ 2gOm g0+ g g — g0 gl
_ L g0 ;ga))m’pgﬁ7
+ =g O, + ;g("’pbg“’)‘”b”’p - ;g“)“’gﬁfw
_Lgomgo gomgm ;gu)rrggﬂ _ greg®)

(0) 1 (0)

(0)ab _Z
,,ugab,u 29

1 1
abgz(z?)?yu + ig(O)arg((l}/),ru + ig(O)apg((uo/),pu

Q

(Dar ,(0)

ar
gal/,ru

+
Q

+

1 1
r ad (0 1 r ad (0 0 r ad (0 0
© bg(o) dg((zd),rg(ub?u + 19(1) bg(o) dg((zd),rg(ub?u + 19(0) bg(l) dg(gd),rg(ub?u

Q

1
r a 1 0 ad (0 0
© bg(o) dgid),rgz(/b?# + Zg(())pbg(o) dg((ld),pgl(/b?,u

+
[ e A Y M N R S NI N I N I NN I R R

Q
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+ ig(‘””’g(o)“dgiz),rgﬁ),y + ig“)rbg(o)“dgég),rgﬁ),y + ig(o)“bg(”“dgé%),rgﬁ?,y
+ ig(“)”’g(o)“dgéb),rgﬁ),y - ig(o)pbg(o)“dgé?,pg,ﬁ?,y

— ig(o)”’“g(o)“dgib),pgfﬂr - ig(o”"pg(o)“dgﬁ),rgﬁ?,p - ig(””g(”“dgi?,rgfﬂr
- ig(””"g(o)“dgi?,,«gﬁ?,r - ig‘”’”g(o)“dgi?},pgﬁ?,r - ig(””g(‘”“dgi?mgﬁr
- ig(”’"pg(”)“dgi?mgﬁl{p - ig(o’”g(”"dgi?,rg,ﬁ?,r - i (Opr g(ad gD gL0),
- igm)”g(”“dgfﬁ),rgﬁ,r - ig‘o)’"pg(”“dgé?,rg,ﬁoy’,p - i OrrgO)ad gt g0),
- ig(o)”g(o)“dggﬁpgﬁ,r - ig(o’”g(ﬂ)“dgib),rg,ﬁ?,p - ig(o)p”g(”)“dgi?,pg,ﬂ%
— ig(O)Cbg(O)“dgig?Mgég?y

- ;Q(O)Cbg(o’”’gﬁﬁpgﬁ?r + ;g(o)‘:bg(o””géﬁ),rgﬁ?p + ;g(l)Cbg(l)rrgéﬁ’,rgi%?r
- ;9(1)‘3"9(0’”"923,7«9%?,« + ;g(”d’g‘o)”’géﬁ),pgi?fr + ;g(”””g("”’”gﬁﬂ),rgﬁib
- ;g(”Cbg“”p’"géﬁ),rgﬁg?p + ;g(‘”d’g“’”gﬁi),rgig?r + ;g(o)c”g‘”’“”géﬁ),pgi?fr
+ ;g(o)d’g“’”gﬁﬂ),rgﬁ?r + ;g(o’“bg‘””gﬁﬂ),rgﬁ?p - ;g(o)c”g(o)”gﬁi),rgﬁ?r
+ ;g(o)d’g(o)”’géﬂ),pgﬁ?r + ;Q(O)Cbg(o””gé,ﬂ),rgfzfp + ;Q(O)Cbg(o)’”géﬁ)ﬁgﬁ%?p
— 2000 O 2 gOegOer g ) 2 gy 0,
- ;gu)arg(o)mgéﬁmgéﬂ)m — ;g(l)crg(o)“”géﬂ),pgéﬂ),r -~ ;g(”"g(o)“"géﬂbgﬁ?r
- ;g(”mg(o)“’"gﬁﬂ),rgéﬂ),p - ;g(o)”g“)“"gﬁﬁ,wéﬁ% — ;g(o’”g(”“”géﬂ?pgé%
— 5000 g8, — gD g0 — 2O Oyl ofh,
— 20000 ) O8Oy g0 OO0 g0
_ ;@2)@53)

We are interested in only the transverse part. For the transverse traceless part (if we
add on the non-operator terms from E$//"") we obtain the following expression:

Eoree™ = 9,u %o () (=1 + 3rF(r))

v

+ u @ 9,uPu ™ 05ul? (=2 F'(r) = (d = 1)rF(r) + (d - 3))
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+ u020,0,0l5) (+(d = 3) = 22 F'(r) — (d = 1)rF(r))
d— 1r

F(r) (20,000 + 0,u®*0,u? + 0,u@*0,ul + 0,u*0,u”)
—i—alg) a&,} 2 2 (r )( 2 rQ’d)

2
+ 742}71/(74) <aAuLO)aAu(VO) _ auu(o))\auug\o) + u(O)Aa}\ul(jo)u(O)ﬂapul(B) d 1 ,Slya U )
1 1

—d
+ auu(o)pa,,uéo) <—2 — §T >

1 1
P(O)W@ u 8 u(o) <2 27“_d)

1
—r~19, u 09, u 2 ““Ouu O)éwu(yo)

* 2
d
+ (—1 + 2) ((9,,u ", u )+ 9 'Yafyul(,o)) + (d = 2)CipulVu (08
1

-5 <P(0)°‘P 089,056 — il PO pOasy ¢aﬁ¢>

-1 "

where C,4,5 is the Weyl curvature tensor. In Weyl covariant form, this becomes:

— (br)2—d Oopo™?
EZgurce,TT _ [—(d —4) +2(d — 1)(br)F(br) + 4(br)*F' (br) + 2<1(br)€1b—)1)] (O’N)‘O')\V - dﬁ_lp/w>

—(d = 3) + (d = 1)(br) F (br) + 2(br)*F'(br)] u* Do
L+ (d = 1)(br)F(br) + 2(br)*F'(br)| (w,ron + w2 0,0)
2) — 2(b'r’)’d} wu’\w,\y + (d — 2)Cwl,guauﬁ

,,Paﬁpagzﬂ)ﬁ(p) .

|—||—\

+
+
+

—(d -
(P P’Do¢Dyp — 11PM

l\DM—t'_'

(3.84)
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For the trace, the scalar terms are given by:

R 1
[psource  _ __,amy A ap /\a o Paﬁpa D
uv, Trace u-Dyog, +u Dyw d—1 + 2(d _ 1) Qb 5¢
L [26d-2) 2d — 3 .
d—1 d—1 %

+ F(br) L:ldl(br)SF’(br) + dQ_d1(br)3_dF’(br) - d: ((br)" = (bry*=) F”(br)] oo™

B

(br)_d

[ P20 () = o)) + 2 0 00
[ O = ) ) — 2] a0

d—1
1 oq(br)2 1

~1
T R

i 1 3—d v
+_2<d_1)—d_1(br) F'(br) —

2<d1_ 3 ()" = (br)*) F’Q(br)] uu’DydDpop.

] uu Dy Dy

(3.85)

Constraint equations at second order

If we now consider the boundary components of E$zn? = 0 at second order, we find

that the relation (3.51) acquires a second order correction:

8,b = Aub + 207

Oa0po®? B DAU/\M} f [uaDagbuBDBaS

] y y T Ut u“DangMD*qﬁ] :

(3.86)
This can again be shown to be equivalent to V,T*" = e~ ?LV" ¢; the additional second

order terms arise from the first order contributions to T#” and L.

Solution at second order

For the rr-component of the Einstein equations, we derived the following equation:

B g(2)//uu N g(2)/u“ B g(2)u“
2r2 r3 r4
4 1 1
= — (TF(r)F’(r) + F™2(r) + 2F”(r)F(7")) oMmgl) — ﬁwﬁ)w(l)“” + 5@57})@53).

(3.87)
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We require ™) which we will determine in the following subsection, so we just quote
the answer here for now.

oW = buD,oF(br). (3.88)

Now using the same methodology introduced in our previous review chapter, our

equation for G, above integrates to give (factors of b included):

GIH = 12(br)? [FQ(br) - Kl(br)} Oap0®? — wapw™ — (br)2 K, (br)uu’ DDy

(3.89)
o 0
ki) = 75 [Ty P

For the rp-component of the Einstein equations, we only require the transverse part;

where

this simplifies to:

Lsoayp@r . 1d=3 Sopy,@r — 4=2 50y,
SD 5 R = = PP (3.90)
1 o 1 la 1 « '
zapmdmumﬂwpm—iﬁwﬁpw%d)—iﬁ%WDWWA.
This is sufficient to determine P:‘V/(\Q).
PV = - L po, e MO pap, L W
A 2(d — 2) g (bryd=2"# 2d—2)
(3.91)

(br) o \
ya2 [Q(d %) + L( br)] u“Dap P D¢

where:

_ [ ed— > y—1
umzﬁglgéwwwum
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To solve for u’\V§2) we use the trace of the transverse part of the uv-component of the
Einstein equations. This is:

2ru WP | (4 — 2)2, 00 T =T e
A A2(d—1) o
2—d d—4 (2)a 2d—3 d—=3 (2)ex
+<d—1r+2(d—1)r )g R i s L R

R 1

 Oap (A Oap (DA
e B T TP g
2d — 2 2 3

NEELTS

d—1 d—1

POD,¢ Dy

wggwu)aﬁ

—4d 2d 2
+ F(r) lr3F’(7‘) + 37 UF (1) — (7’4 - r4_d> F"(r)] ol g(Dad

d—1 d—1 d—1 Y
+ _d__llF/Q(r) (rt = ") + dilrl—d _ di 2 = DF(r) - 2] o{ged
+ _2 ( d__l 5 di 1r3*dF’(r) -5 (dl_ 1)7~H (li"_;_—ll] w2 O5D_ 4Dy
* _2(d1— 0 (rt =) F /2(7")] w0 D, Dy,

(3.92)
This integrates to give:
a2 1L op . Ka(br) O0p0? R
= 2o T 2 d—1) T 2d-1)d-2)
1 op
T id—pd=1 PadDs¢ (3.93)
1 (2d — 3)(br)*— o 8
O [Q(d -2 + Kg(b?")‘| uu’ Do D

where:

Kalor) = 75 [L- (e~ DPE) — 20d - )¢

+(2a- e = @-2) [T ay P,

Ks(br) = Q(dd__21)K1(br) — dilF(br) + 2(d1_ D

[Tag (et - [Cay ).

Hy(br)
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And finally for the traceless part of QW, we need the transverse traceless part of the

pv-component of the Einstein equations:

15 1 5 4\ 50 (S—d) 3 1.4\ A —d\ A2
(=gr g ) g+ (BT =5 62+ (1@ -2+ 2) G2

2(1 — 729 oW ghas
2 nHA (1) aB 0
l—(d —4) +2(d — 1)rF(r) 4+ 4(br)2F'(r) + 1 oMoy, — ﬁp;gg

+[ (d—3)4+(d—1)rF(r)+2(r )QF’( )] (O)AD J(1)

+[1+(d—1)7”F( )+2( )QF/( )]( ELI))\ ()+w(1)>\ ())

+|~(d-2) - ( ) W) + (d = 2)Cpasu®*u®?
; (P l’ Do¢Ds¢p — 71]3“” po aﬁpa¢pg¢>

(3.94)
where G&) = G2 — -L.GP2P,,. We integrate this to obtain:

[(FQ(br) H, (br)) (%A% - di 1oaﬂaaﬂpw> 4 (Ha(br) — Hi(br)) @’ Dro,

br)®
br)? |:H2( r) (wu)‘a,\l, + wl,’\a)\#> — Hl(bT)C’#m,ﬁuauB] — wu’\w,\,,
)

"y H,(br) {Papﬁpawﬁd)—lp pas awm}
(3.95)
with:
_ eyl
Hy(br) = . mdy
mn = [~ e / ¥y [1+<d—1>yF< )+ 20 (y)]

1 yt
_2F(br>2 brg —1/ y—l
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Thus, the full metric to second order is:

2
ds? = —2u, dx" [dr + (TAV + L f2(br)uu> d:p”} + {TQPW +2(br)*F (br) baw} dz*dz”

P Daa/\ D,\w’\(uu,,)] dxtdz”

1
d—?2

_ 2 O | weDubu, P Dy dde
(br)a2 |2(d — 2) a9u(u P Drpdat dw
1 Ks(br) 0,50 R
_ af 2 ap I 2
[2<br>d“’°‘ﬁ“’ G d—1)  (d-1)d- 2)1 e
1
P*Dy¢D Jdatdz”
+ 2d—9)d—1) ¢Dgou,u, drtdr
1 [(2d — 3)(br)i?
K WU Dy¢D Hdx”
(or)i=2 lQ(d— 0(d=2) + K3(br) | u®u"DopDgou,u,dat de
+2(br)? [(F(br) — Hi(br)) 0, 0x, + (Ha(br) — Hy(br) u*Dyo,, | datda”
+ 2(br)? {Hg(br) <Wu O + Wy O’)\u> Hl(br)C’ual,gu“uﬁ} datdx” — wu’\w,\ydx“da:”
2 1
+ (O(Zbi)Q)Hl(br) [PaPﬁDaqﬁDﬁgb - ——=Pu Paﬂpawﬂgb} datda”

+ 2(br)? [Hy (br) — Kl(br)] Pde“da: (br)lK1(br)uo‘uﬁDaqugngde“dx”.

d — d—
(3.96)

3.3.3 Dilaton equations: First order

Here, we solve the dilaton equation to determine the first and second order dilaton
corrections, @ and ®?). For clarity, we rewrite the field equation for the dilaton in
terms of explicit partial derivatives of the metric and ®.

1
E? = gV, V@ = ¢ o — 69 gaap® . + QQQbQCanb,dCI),o (3.97)

We begin with the first order equation. The differential operator terms at first order

are:

(0)ed (0) 5(1) }(O)ab

@1 a 1 a Ci 0
By} = g0al) — g@abgOedgB) oM 4 — g0 5O 1)

(3.98)

[ V)

rr ar rd (0 a rr
= gm0 — g g gy & 4 Sty O gy B
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which evaluates to:
Egy) = (r* =) Q)+ ((d+ 1)r = r' =) 2. (3.99)

And for the source terms

1
r ar 0 a r (0
Blfiee = 290000 — gOrgOrtgl) @Q) 4 2 g0yl @) (3.100)
which equates to:
d—1
e = ——u" @), (3.101)

The entire equation at first order is then:

d—1
<r2 — 7"2’d) <I)(7}2 + ((d + 1)r — rlfd) @fj) + —uP"9® = ¢ (3.102)

r M

which can be rewritten as:
Lo (1o o)+ Ly (r a0 )) = 0 (3.103)
Td—lTT rd" " Td—lTT u o) :
This integrates to give:

1) — 4,0 y -1
d Z / d 3.104
u 0, e yHLf(r) " ( )

3.3.4 Dilaton equations: Second order

Differential operator is:

¢ rr ar r 1 a rr (0
Egigy = g 00— gOrgOrig ) @ 4 2 g0 g0yl o (3.105)

which again evaluates to:

B = (r* =r*=) @@ + ((d+ Dr —r'~*) 0. (3.106)

NS
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And the source terms are given by:

B2 = gOmg® 4 og0mg) 4 g0l

source
ar ar rd (0 r
_ g(o) g(O)#dg((l )T(I)(l) g(l) g(O) dg((l )T(I)(Tl) —yq g( ) dg((zd)rq)(T)
_ g(O)arg(O) gz(zd),rq),(:) _ g( )aﬂg(o)rdg((l )#(I)(l) g( )arg(o)ﬂdgé )rq)(O)
—4g g

ar 0 ar “ v
(0) (1)udg((ld)7r¢,7(3) EpAC) g(O)udg( ) (I>(°) gOang(0) dgéd{MCI)(l)

(0)ar

a T 1 a Tr 1 a Tr
+ 59 g g, @) 4 g g O g B 4 2 g0 gy ) B

1 1
a, rr 1 a, T T 0
g0 g ((lb)rq)(l) + 59(0) *g® “gf(zg?uq)( )+ 29( Jabg(Om ((zb)TCD(O)

0 1 1 0
0)a ur 0 0)a 0)ur (1 0 0)a 0)uv 0
g( ) bg(l) ga(b?rq),(,u) + 729( ) bg( ) ga(b?rq),(u) + 729( ) bg( ) ga(b?uq),(u)'

+

+
NN —DN| —

This simplifies to:

E<I>(2) — %VQQS
T

source

OO 0,6 <1

r2

L2 () + LR (d - 1)
L ) (3.108)
+ 19,1078, ¢ <2F’(7‘) + (3= d)+ —F(r)(d - 1))

2 1
O))\ 0)p /
+8u qu( +71F( )+TF(T))

which can be rewritten in the following Weyl covariant form:

Q) D2¢ + uuD, D, < L 2R () + iF(r)(d _ 1)) | (3.109)

source

It is straightforward to integrate this to obtain:

2 1 ¢ -3 (D? 2 v
o =y [ 5(5 )/ (D% + (1+y*F'(y) +yF(y)(d — 1)) u"v"D,D, ).
(3.110)

Thus the dilaton to second order in Weyl covariant form is given by:

b?
2H1(br)D2q§ + 0> Hy(br)u"u" D, ¢ D, . (3.111)

P = ¢+ butD,pF (br) + T
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3.3.5 Stress tensor and Lagrangrian of the dual fluid

We now calculate the boundary stress tensor and Lagrangian using the following

formulae [26]:

167G T} = lim v (2(Kosh®5) — K¥)

B

_ -1 1 = =
. d(d )55 — (V“CDVVCD — (;”(V‘P)2>> ; (3.112)

v 2 d—2

) . 1
167G 107 £ = — lim 7 (anq> + Hv%) .

Here, h,, is the induced metric on the constant r hypersurface; from this, we obtain
the covariant derivative V and the corresponding Einstein tensor &*. We define n*
to be the outward pointing unit normal of the constant r hypersurface; the extrinsic
curvature of the constant r hypersurface is then defined by the Lie derivative of the
induced metric, K,, = %thuw and 0, is the partial derivative along n. In the
formulae above, all the indices are raised using the induced metric.

We find that the boundary stress tensor is given by:

167G g1y, = b= (G + duyu,) — 2b1_d0m,

2—d A A A
— 27 %1, [u Dyoyy +wy on +w, 0'#)\]

af
+ 2021 [UADAUW, + 0,/\0,\” — %PMV + Cuowﬁuauﬂ‘| (3.113)
1 1
———p* [PQPBDQ Dy — —— P, P*’D,¢D }
d _ 2 B v ¢ /8¢ d o 1 12 ¢ /8¢
with p i

h— d 7, = / A" 3.114
47T o i 1 y(yd—1) Y ( )

We further obtain the following expression for the Lagrangian:

1
167Gare *L = —b"" D, — me_dDng — 0 "D, ¢ D, b (3.115)

3.4 Conclusions

In this chapter, we have constructed asymptotically locally AdS;,; bulk spacetimes
with a slowly varying dilaton field which are dual, under the AdS/CFT correspondence,
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to forced fluid flows on the weakly curved boundary metric. These forced fluid flows
satisfy the conformal relativistic Navier-Stokes equations with a dilaton-dependent
forcing term. We have also obtained the form of the dual stress tensor and Lagrangian,
all to second order in the boundary derivative expansion. Our results further generalise
previous work on the fluid/gravity correspondence [16, 36, 26, 27]; in particular, we

have generalised the results of [26] to arbitrary spacetime dimensions.

There are several interesting applications of our work which merit further consideration.
It would be useful to study in detail holographic models of novel forced fluid flows. One
avenue which is worth exploring would be to consider holographic duals of forced fluid
flows which exhibit turbulence. A holographic model of turbulence would certainly
offer a new perspective on this poorly understood phenomenon, and hopefully new
and fruitful insights could then be derived from this. By carefully choosing the form of
the forcing term (which is fixed by our choice of ¢(x)), it could be possible to stir the
boundary fluid into turbulent configurations®. A noteworthy point that should be raised
here is that unforced fluid flows can exhibit turbulence as well; however, these turbulent
phases will be transient. And, in fact, a holographic model of transient turbulence has
already been constructed [44]. The key advantage of considering holographic models of
forced fluid flows, on the other hand, is the possibility of realising holographic models
of steady state turbulence; such configurations can only exist with a forcing term as the

fluid would otherwise eventually settle down into a non-dissipative configuration.

Also, observe that the expressions that we have obtained are valid for arbitrary
spacetime dimensions; this is particularly relevant for the study of turbulence. It
is a well-known fact that turbulent phases for relativistic fluids in 2 + 1 dimensions
display remarkably different behaviour to relativistic fluids in higher dimensions. In
2 4+ 1 dimensions, relativistic fluids display an ‘inverse energy cascade’; energy cascades
from short to long wavelengths [41]. This is in sharp contrast to the standard cascade
observed in higher dimensions which is from long to short wavelengths. The results of
this chapter could in principle be used to construct holographic models of turbulence
in different dimensions which would then shed light on the source of the discrepancy
between the nature of the energy cascades in two spatial dimensions and greater. Such
holographic models would also be of interest purely from a gravitational perspective.

The construction of such models would suggest that AdS, displays qualitatively different

3 Another possibility of realising turbulence which is potentially more straightforward would be to
consider a boundary spacetime which consists of small time-dependent fluctuations away from flat
space. These linearised time-dependent fluctuations can effectively act as a forcing term for a fluid on
a flat background metric; this is discussed in more detail in the introduction of [36].
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instabilities to AdS,, for d > 3. Further, these models may have interesting connections
to the weakly turbulent instability of AdS discovered in [46].



Chapter 4

Holographic derivation of the
entropy current for an anomalous
charged fluid with background

electromagnetic fields

4.1 Introduction

In this chapter we consider another extension of the fluid/gravity correspondence; in
particular, we study the fluid/gravity model for multiple anomalous currents in the
presence of background electromagnetic fields. As a concrete example of this, we will
further specify to the fluid/gravity model of the chiral magnetic effect (CME) [38].
The chiral magnetic effect [47] is a phenomenon where a background magnetic field
induces a current in the direction of the field in the presence of imbalanced chirality:;
such imbalances in chirality can arise in topologically nontrivial gluonic configurations
in QCD due to the axial anomaly, for example. Early work on the CME derived this
current for equilibrium systems [47]. More recently, a hydrodynamic model of the CME
was constructed [48, 49]; these results are based on the arguments presented in [37]
where the authors considered (holographic) hydrodynamics with triangle anomalies.
The results of [37] represent one of the notable triumphs of AdS/CFT; and, as their
work is relevant to our discussion, we now pause to elaborate on their paper and to

provide some background.
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For generic hydrodynamic models, the currents can be expressed as a sum of terms
allowed by symmetries, each with an attached transport coefficient. However, in
canonical textbook examples [15], some of these terms were disallowed on the grounds
that they were inconsistent with the second law of thermodynamics. However, most
surprisingly, in recent holographic calculations involving the bulk dual of a charged fluid
[30, 31], one of these coefficients was found to be nonzero, implying an incompatibility
with the second law. In [37], the authors resolved this issue. By considering fluid
dynamics with triangle anomalies, they showed that that these problematic transport
coefficients can be included if we allow the entropy current to be modified by the
inclusion of additional terms; further, such additional terms are in fact required by the
presence of triangle anomalies. Their findings have challenged standard lore and have

led to a modification of the canonical equations of fluid dynamics.

In the simplest case of a charged fluid with one U(1) current (and a U(1)® anomaly),
the additional terms to the charge current represent contributions to the current in
the direction of the vorticity and external magnetic field (if one is present). And it
is the term proportional to the magnetic field that has been connected to the chiral
magnetic effect in heavy ion collisions. Given that heavy ion collisions probe physics at
strong coupling, it is useful to establish holographic models describing the CME; here,
calculations at strong coupling can be done using fairly straightforward gravitational
methods. The fluid/gravity model of the CME mentioned above [38] is an example of
a successful holographic model (see [50-53] for earlier attempts). In [38], the authors
holographically modelled a hydrodynamic system involving two currents, denoted by
U(1)a and U(1)y respectively, in the presence of a background magnetic field. These
currents represent the axial and vector currents in QCD, j¢ = gv"7°q and j* = ¢v"q,
and we label their associated chemical potentials by p and ps. The chemical potential
ps for the U(1)4 axial current, which the authors modelled as anomalous, can be
thought of as representing the imbalance in chirality due to the axial anomaly. The
presence of the anomalous axial current requires the addition of the extra transport
coefficient signifying the existence of a current in the direction of the magnetic field.
Their fluid/gravity model correctly reproduced the results for the transport coefficients
given in [48, 49] and thus provides holographic confirmation of their hydrodynamic
extension of the CME.

In this chapter, we extend the results of [38] by holographically computing the entropy
current for the hydrodynamic model of the CME. We first demonstrate that the

bulk solutions presented in [38] possess a regular event horizon and we determine its



4.2 Holographic fluid with n anomalous currents with background fields 79

location; then, utilising the area form on the horizon, we construct a gravitational
entropy current. Mapping this to the boundary along ingoing null geodesics allows
us to determine an entropy current for the corresponding hydrodynamic model of
the CME defined on the boundary. The area increase theorem of general relativity

guarantees the positive divergence of this entropy current.

More concretely, we first obtain long wavelength bulk solutions dual to a fluid with
multiple anomalous currents in the presence of external electromagnetic fields - this
generalises previous work which considered more specific configurations [30, 31, 38].
The dynamics of such bulk spacetimes are governed by the U(1)" Einstein-Maxwell

action with a Chern-Simons term:

1

5= 167G

/ dr/—g [R — 12 — F{ y FMN 1 %EPKLMNA“PFI‘}LF&N (4.1)
We calculate the location of the regular event horizon for such fluid bulk duals and
determine the expression for the entropy current. These results are in themselves
already novel generalisations of existing work - the location of the event horizon and
the form of the entropy current thus far have only been calculated for bulk duals
of fluids with a single charge without any background electromagnetic fields [54].
Our expression for the entropy current contains additional terms proportional to the
vorticity and magnetic field, and is completely consistent with the results of [37]. We
then specify to the fluid /gravity model of the CME and holographically calculate its

entropy current.

This chapter is organised as follows. In sections 4.2, we compute the bulk dual for
a conformal fluid with multiple anomalous currents in the presence of background
electromagnetic fields; we also determine the location of the event horizon and calculate
the (holographic) entropy current. In section 4.3 we specify to the fluid/gravity model
of the CME and holographically calculate its entropy current as well. We end with a

discussion of our results in section 4.4.

4.2 Holographic fluid with n anomalous currents
with background fields

Here we present the explicit results of our calculations for the fluid/gravity model

with n anomalous currents with background electromagnetic fields. In the following
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subsections, we give the expressions for the bulk metric, (outer) event horizon, and
entropy current for this fluid /gravity model. These are already novel results which
further generalise existing literature. In the next section, we then specify to the
fluid/gravity model of the chiral magnetic effect - these results are of particular interest

from a condensed matter perspective.

4.2.1 Bulk metric

We aim to construct bulk gravitational solutions dual to a fluid with n anomalous
currents in the presence of background electromagnetic fields. This can be done by
obtaining long wavelength solutions to the bulk dynamics described by the U(1)"

Einstein-Maxwell-Chern-Simons action®

Sabc
/ &Pry/—g |R [ 12— Fyy P + 2 — \/__gePKLMNA;gFI@LFm . (43)

The triangles anomalies for the currents are encoded in the Chern-Simons parameter

167TG5

via the relation:

Sabc
Cobe = — 4.4
47TG5 ( )
as found in [37].
The equations of motion which result from this action are given by:
a aR 1 a aSR
Gun — 6gun + 2 | Fypl ™ 'n — ZQMNFsRF =0,
Sabc (45)
VMFaMP: o €PMNKLF;\)4NFIC(L.

SV

The bulk fluid duals can then be computed using the method pioneered in [16] (see
also [24, 25, 36]). This methodology was explained in detail in the last two chapters
so we just make a few comments here on how this naturally extends to the charged
case. Note that the equations (4.5) admit the following solution describing a uniform

charged black brane corresponding to a field theory state at constant temperature and

'Repeated lower case Latin indices imply summation, for example:

q"q" =X5_1q"q". (4.2)
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chemical potentials:

ds® = —2u,dx"dr — r* f (r)u,u,dz"dz" + r* P,,dz"dz”
N (4.6)

A = W'LLHCZJZ'LL,

where
a ~a

m . qq
=1—- =
f(r) i (47)
P, = 1w +uyu,.

The function f(r) has two positive, real solutions which describe the outer and inner

horizon of the black brane. The position of the (outer) event horizon is at r = ry

with
T 8 a;a
r+:7;(1+ 1+““). (4.8)

372 T2

There is also an inner horizon at r = r_:

1 8
r%ziri -1+ 9—1 —
L1+ 1+ 48

(4.9)

Here, the chemical potentials p* and temperature T can be expressed in terms of bulk

T 7’7+ - qaqa |
27 re
. V3¢
M g

5
2ri

quantities as:

(4.10)

To obtain a bulk hydrodynamic dual representing a locally equilibrated boundary con-
figuration, we thus proceed by promoting the constant mass m, charges ¢, and velocity
field u* to slowly-varying fluid dynamical parameters; we further introduce back-
ground gauge fields 21§ to model external electromagnetic fields B = %e“"aﬁu,,F;fa 5
and B = Fy"u, (where Fy"" = oA — 9"A**). We therefore take the following

expressions as our zeroth order ansatz:

ds® = —2u,(z)dxtdr — r* f (r,m(z), ¢*(2))u,(v)u, (z)da"dz" + r* P, (z)dz"dz",

o V3¢ (x “
At = Wmuu(x)d:ﬂ“ + R (x)dx"

(4.11)
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and perturbatively solve the equations (4.5) to a specified order in boundary deriva-

tives.
To first order, we obtain the following expression for the bulk metric:

ds® = —2u,da" (dr + rA,dz") — r* f(r)u,u,da”dz” + r* P, da"dz”,

2\/§Sabcqaqch , 1272 . . ,
- Sl Uy drtdr” — ?u(uplf‘)q Drq"F,(r)dz"dx

(4.12)
— 2Fp(r)S™q¢"¢"u (uBrydatdx”
272
— 2Fp(r)q ug Byydatdz” + TF o(r)owdat dx”
+
where
B 1 0 7“+ Ty 3 r
=g [Can (m e (1))
/ & (r’2 +7+1)
W (r+1) (r’4+r’2—;ﬁf+1>
+
" 1 R
_ 9.2 + 4.13
Fp(r) =3r f(r)/ dr’ 5 F(r')2 (27“’4 - T/QTim ) ’ (4.13)
3v/3¢%¢° 4\/3(7” =)\ [ 1
Fp(r)=—r f(7“>/ ( mmr’?’ 13 /T, dr//r”5f(r”)2

(e (/ dr’ /5f )(/ dr’ (37}1;% 4\/3(:'/3_7"9))

where w* = e#*Py,w,5. We now pause to elaborate on the significance of these results
within the context of existing literature. The results above describe the bulk dual of a
fluid with multiple anomalous currents in the presence of background electromagnetic
fields. While similar situations have been studied in the literature [38, 30, 31], their
calculations were for more specific configurations. Our results, which are also explicitly
Weyl covariant, extend existing work on the fluid/gravity correspondence to greater

generality:.
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4.2.2 Event horizon

With this bulk metric in hand, we can determine the location of the outer horizon
following the procedure laid out in [55]. This procedure uses a clever argument which

we outline now before working through the calculation in detail.
It is reasonable to assume that the location of the outer horizon should be given by an
expansion in boundary derivatives; to first order this would be:

rg=1ro+r +---. (4.14)

It is further also reasonable to assume that the bulk metric will settle down to the dual
of uniform flow given enough time; this would be a uniform black brane. Note that at
this asymptotic time, all boundary derivatives should thus vanish and our expression
for rp should reduce to just ro which must then be equal to r, the outer horizon for a
uniform charged black brane (since we are working with charged fluids). To determine
ry to all orders in boundary derivatives we use the fact that the outer horizon is a null

hypersurface. If the outer horizon is specified by the following equation:
Sy(r,x)=r—ry(x)=0 (4.15)
then the condition that it is null is simply:
g P04SH0BSH = 0. (4.16)

Solving this to first order should give us the first order correction to the outer horizon

location r;. We will now walk through this calculation.

To evaluate our null condition above we need the inverse metric g*Z. If we rewrite our

bulk metric in the following form:

ds® = —2u,drdx" + x,dr"dz” (4.17)
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with x*” defined by x,.,x"” = 9,”, the inverse metric is given by the expressions

below:
rr __ 1
g = (TRTC
af
ra X "Up
g = _uMuVXuV’ (418)
o= (x7® = xx ™) |

4
— Uy Uy X

We would now like to determine the zeroth and first order components of y** =

xOm 4 War 4 From P = 6,”, we obtain the following relations:
(0) =6,”
X”l”x (4.19)
X( )upxgy) + X( )upxpy 0.
This gives us y 9" as below:
Vo — L L (4.20)
r2f(r) 2
To compute yW" let us first express XL) as:
. \ W
XELIV) = —2rug Ay — 2F,(r)ugwyy — 2ug, P 2 Dag" Fy(r) (421)

= 2F5(r)uBy) — 2F5(r)u By + 255 (r)o,,

where the functions F' are defined implicitly. These have been introduced for notational

convenience. The terms X(O)“”ng) and X“WXS;) now evaluate to:

1 1 1
O)pp, (1) — _ EA, P A utu, — —P* A u,
X X = Ty gy e e T
1 - 1 ~ 1 .
- EF(r)utw, — HP)DAG Fy(r) — HBeE
O ) = gy )
1 -
— r e [
T2f(7")u v E(T)

1 - 1 ~ 1 - 1 -

- ﬁFw(T)u“wy - T—zu“P,j\D,\anq(T) - T—Zu“Bl‘ng(r) - ﬁu“El‘fF]_%(T)
9 _

+ —Fg(r)a“

X(l)“pXE;(L) - —p f( ) (1) upu Uy + 7 ppyX(l)pu
(4.22)
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We can thus calculate y"* to obtain:

W _ 2

=m0
2

e

v 2 v 2 V) 17
u’ A utu” + ﬁu(“P A, + WW(MU VE,(r)

u" PYADyGF, (1) + B Fa (1) (4.23)

2
rtf(r)

- 2 -
+ By Fa(r) — — Fo(r)o™”.
r

4
rf(r)
Our null condition in terms of our inverse metric is:

1
= (1 =9y — (B av, BE —
RN (1 2x*uglarp (X X XX )uyu(saarHaﬂrH) =0. (4.24)

Evaluating this to first order using the explicit form of the inverse metric gives:

At ) (1=

= 12 f(ro)r — 2u®9,ry =0

u®Oyry | =0,
H) (4.25)

which actually just evaluates to r; = 0. Thus the first order correction to the location
of the outer horizon vanishes. In hindsight, this is unsurprising and follows from Weyl
covariance [55]. Bulk fluid dynamical spacetimes are invariant under boundary Weyl
transformations of the hydrodynamic variables - this is a reflection of the conformal
nature of the boundary fluid dynamics. This boundary Weyl symmetry constrains
the form of the terms allowed in the bulk metric. Consequently, the location of the
horizon must be given as a sum of Weyl covariant scalars; and since there are no Weyl
covariant scalars at first order in boundary derivatives, the outer horizon receives no

first order correction.

4.2.3 Entropy current

In this subsection, applying the method discussed in [55], we compute the entropy
current to first order in boundary derivatives. The formula they derived for the entropy

current is given below:

_ Vhn
a 4G5 nv

where h is the determinant of the 3-metric on the spatial slice of the outer horizon, n*

J4 (4.26)

is the normal to the outer horizon, and n" is its v-component which we can take to be
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u,n*. This formula was obtained by considering the area form on the event horizon
then mapping it to the boundary. We do not reproduce their proof here but we will

show all the calculations required to evaluate the expression above.
First, we need to determine h. Taking the metric and restricting to a constant v-slice
of the event horizon r = ry = r, at first order, we obtain:

ds® = ri0da'da’ + 2r F,(ry)odz'da’. (4.27)

We can evaluate the determinant of this metric perturbatively in boundary derivatives

using the expansion:

det(I + €A) = 1+ eTr(A) + O(e?). (4.28)

Fortunately, the trace of 0;; is zero by construction which gives h = r§ or Vh = .
And for the normal to the horizon n? = ¢g4P05Sy (Sy = r — rg = 0 defines the

horizon), we are only interested in the boundary directions n*:

nt = g" 0,54 + g"" 0, Su

2
ri f(ry) ( 1 i 2 ) 1 1 -
= 5 u — ——uf At — — P A, — ————wWHF, (1)
1— Lﬂ:‘” rif(ry) rif(ry) i T fry) "
1 ~ 1 - 1 .
————P""Dy¢"F,(ry) — ————E"F&(ry) — ———B™F&(r )
rifry) o) rif(ry) B(rs) rif(ry) Bry)
rif(ry) ( 1 1 )
P 9,1, | + O().
e\ Ty T O
(4.29)
To first order, this simplifies to just:
1 . 1 .
nt = ut — 7f(r+)P'upAp - TW'UIFM(T_F) — TP'U)\D/\anq(T_i_)
i T T (4.30)
1 . 1 N '
- 7EG”F§(7’+) - TBWFE(H)-

Putting this altogether gives us the following expression for the entropy current:

1 f(’f‘ ) 1 n 1 a1
Jg = E . 7’3_ <U'u — 7+P;LpAp - TW‘LFW(T'F) — TP#AD)\(] Fq(r+)
5 T T+ T+ (4 31)
1 ap a 1 ap a .
_EE HEg(ry) — EB ’FB(T+)> :
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If we now evaluate all the integral expressions explicitly (using Mathematica), we

obtain:

ST aGs 't 4m(2r8 — ¢bgb) a4 7

a(b,b 6
Ju 1 ( 3u,u 3q (q q + 2r+>PuVDan _ Sabc a, b c \/g o
8mry

(4.32)

3 \/§7r(27"6 — ¢°¢")
abc a b C +
— SM g —BY + 3

anau> ]
mry 2m

To make contact with existing literature, we rewrite our expression for the entropy

current in the following form:

a

T = syt — %yw + Dw" + D% B, (4.33)
where )
Vi = —gPT P, (?) + oW B 4 9t 4 £8P B (4.34)

The entropy density s, electrical conductivity ¢?°, and anomalous transport coefficients

€% and &Y are given by:

3

_ "+
HTen
O_ab —_ 7.‘-712761 ab
4G5m2 4 35
ga _ _Ssabcqch ( . )
167TG5
b V3 (?ﬂ"f‘F + m) Sabege
B 32w Gymr?. '

The expressions for s and o, can be obtained by comparison with (4.32)?; the anomalous
transport coefficients €% and €% were holographically computed in [37]. We assume
that these parameters are given and use our holographic computation of the entropy
current (4.32) to determine the coefficients D and D%. We find that:

1
D= ﬁcabcﬂaﬂbﬂcu
T (4.36)
D} = ﬁC’a “u’ s

2We make use of the relations (4.10).
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This is in perfect agreement with the results of [37]; here, the authors computed the
coefficients D% and D using thermodynamic arguments. Our results thus provide

holographic confirmation of their calculation.

4.3 Holographic entropy current for the chiral mag-

netic effect

In this subsection, we specify to the fluid/gravity model of the chiral magnetic effect.
As explained in the introduction, we require just two currents, an axial current and a
vector current, with associated gauge fields A4 and A", and chemical potentials us
and p. An external magnetic field is needed as well. To model this, it is sufficient
to have just an external vector gauge field AV# with a nonzero magnetic component
B*; we set the corresponding electric field E* to zero. The anomaly coefficient C%¢ is

determined by C'—parity [56]:

0121 — 0211 — 0112 — O,
0222 _ O7
0111 ?é 0,
0122 — 0221 — 0212 # O )

(4.37)

We choose C! = C'22 = (C/3; this then fixes the Chern-Simons parameter S via
relation (4.4).

Observe that, with the restrictions imposed thus far, the two currents are both
anomalous. This is not consistent with the hydrodynamic model of the CME which
requires just the axial current to be anomalous, accounting for the imbalance in chirality
caused by the axial anomaly. The vector current should remain conserved. Thish
issue can easily be addressed by the addition of Bardeen currents [56] which can
be incorporated by including the Bardeen counterterm in the action; the Bardeen
currents will restore conservation of the vector current. However, here, we are primarily
interested in the form of the coefficients which appear in the expression for the entropy
current. These coefficients depend only on the temperature T" and chemical potentials
(1 and p5, and are unchanged by the inclusion of Bardeen currents. We therefore neglect

this subtlety in our calculation.
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The bulk metric is similar to (4.12) with just the inclusion of the modifications described
above, so we do not write it here explicitly. And, similarly, there is no first order
correction to the location of the outer horizon. For the entropy current, we find the

following expressions for the coefficients D and D%:

C

D = — s,
T (4.38)
p._ ¢
B = TMM5-

And this is completely consistent with the results of the purely hydrodynamic analysis
of [48].

4.4 Discussion

In this chapter, we have constructed long wavelength asymptotically locally AdS; bulk
spacetimes with slowly varying gauge fields which are solutions of the U(1)" Einstein-
Maxwell-Chern-Simons system. These bulk spacetimes are dual to (3 4 1)—dimensional
fluid flows with n anomalous currents in the presence of background electromagnetic
fields. Using the methodology introduced in [55], we then computed the entropy
current for the boundary fluid flow to first order in boundary spacetime derivatives.
These results further generalise existing work on the fluid/gravity correspondence. In
particular, holographic computations of the entropy current have previously only been
done for a fluid with a single U(1) current (possessing a U(1)® anomaly) without any
background electromagnetic fields present. Finally, we restricted our results to the
fluid /gravity model of the chiral magnetic effect, and calculated the corresponding
entropy current. Our calculations are all consistent with those done using conventional

thermodynamic/hydrodynamic methods.

A very natural generalisation of our work would be to extend our bulk metric (4.12) to
second order in boundary derivatives. Then, using standard holographic techniques,
the corresponding transport coefficients can easily be obtained. It would certainly be of

interest to understand the physical significance of these second order coefficients.

The logical next step would be to extend the expression for the entropy current to
second order as well; however, this is a much more intricate problem. From a purely
hydrodynamic perspective, the requirement that the divergence of the entropy current

be non-negative fixes the first order contribution to the current. This is not true in
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general at second order and an ambiguity remains. This has been shown explicitly in
[39]. Here, the author found that the entropy current (with non-negative divergence)
at second order for an uncharged conformal fluid has a four-parameter ambiguity. We
should also mention here that these results can also be reproduced by demanding
consistency with a partition function [40] instead of using the constraints arising from
non-negativity of the divergence of the entropy current. And in fact, this alternative
method may be more computationally tractable. It would be very useful to extend
the analyses of [39, 40] to a charged fluid with anomalous currents, as studied in this

chapter.

If we now consider this issue holographically, the ambiguity in the entropy current
at second order should be reflected in the bulk construction as well. Two sources of
ambiguity have already been determined in previous literature. First, there exists
freedom in how we choose to map the gravitational entropy current from the horizon
to the boundary [55]. And second, it is possible to construct entropy currents (with
non-negative divergence) on horizons other than the event horizon - this leads to a
further source of ambiguity. In [54, 57], the authors constructed an entropy current on
a Weyl-invariant apparent horizon and demonstrated that it also satisfies all relevant
hydrodynamic constraints. A possible extension of our work would be to utilise their
method to construct this alternative entropy current. It would be interesting to see if
the ambiguity in the entropy current computed holographically precisely matches the

ambiguity one would find using the hydrodynamic analyses of [39, 40].



Chapter 5

Constraints on transport

coefficients

5.1 Introduction

Previous chapters have considered the fluid/gravity correspondence. This chapter
and the next one, however, do not relate to this correspondence and are completely
independent of string theory. Here, we consider problems fundamental to fluid dynamics,
specifically the nature of the various constraints that must be imposed on the fluid
dynamical transport coefficients. This chapter will just be a review; original results

are presented in the next chapter.

Fluid dynamics is by construction a long wavelength effective theory; it provides a
macroscopic description of field theory configurations which are locally equilibrated.
The emphasis here is on the word macroscopic. To ensure that the equations of fluid
dynamics are consistent with an underlying microscopic field theory, we need to impose
further constraints on the transport coefficients. Otherwise, the fluid may not be
physical. It is currently not known what constitutes an exhaustive set of constraints.
In this chapter, we review two different physical principles which lead to various sets

of constraints.

The first physical principle that we consider is a local form of the second law of
thermodynamics. More precisely, we demand that the divergence of the fluid dynamical
entropy current is non-negative for all fluid flows. This constraint has been well-

established within the fluid dynamics literature for a long time, and is contained
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within the works of Landau and Lifshitz [15]. Requiring that the divergence of the
entropy be positive semi-definite results in several inequality-type constraints; for
example, the viscosities must be non-negative. It is perhaps less well-known that
equality-type constraints result as well. These reduce the number of independent

transport coefficients.

This physical principle is certainly necessary; entropy must increase. However, it
is computationally quite involved to obtain these constraints, especially at higher
orders in the derivative expansion. Also, the microscopic origins of the second law
of thermodynamics are fairly unclear. It would be informative to derive these same
constraints from another physical principle which has more transparent microscopic

origins.

The second physical principle we consider has both these properties; it is far less
computationally intensive and it relates more directly to the microscopic field theory.
This principle is the requirement that the solutions of the relativistic Navier-Stokes
equations admit equilibrium solutions which are derivable from an equilibrium partition
function; this was introduced in [40]. More precisely, they considered stationary
background spacetimes and demanded that the fluid dynamical equations admit
equilibrium solutions expressed in terms of the background metric fields and their
derivatives. Next, they derived the most general equilibrium partition function on such
a background and demanded that the stress tensor was consistent with this. As this
physical principle deals directly with the partition function, it is more transparent

microscopically.

What is surprising is that the equality-type constraints which result from the second
law completely match the constraints obtained by requiring consistency with the
equilibrium partition function (no inequality-type constraints are obtained from the
equilibrium partition function though). This matching is conjectured to hold to all

orders in the derivative expansion.

This review chapter is organised as follows. In section 5.2 we derive the constraints
which follow from requiring local entropy production for the simplest case of an
uncharged fluid at first order. Next in section 5.3 we briefly outline the methodology
used to derive the constraints from demanding consistency with an equilibrium partition
function. These results will offer a useful point of comparison for our original work in

the following chapter.
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Before ending this introduction, it is worth making one last point. We stated earlier that
the material contained in this chapter and the next is completely independent of string
theory and is solely concerned with fluid dynamics. However, the fluid/gravity duality
offers us the possibility of translating all of these results into a gravitational language.
We could, for example, investigate how these physical principles are interpreted on
the bulk gravity side. It is already known that the second law of thermodynamics
for the boundary fluid corresponds to the area increase theorem on the bulk side.
Yet, the bulk interpretation of the constraints imposed by the equilibrium partition
function is still unknown. If this alternative requirement is indeed equivalent to the
area increase theorem then it could potentially provide a method of deriving an area

increase theorem for higher curvature gravity. This has been discussed in [55].

5.2 Constraints from entropy increase

Our starting point is simply the entropy current. For an uncharged fluid at first order

we have:
J§ = sut. (5.1)

Taking its divergence gives us:
V,Js = utd,s + sV, ut. (5.2)

If we work with the pressure p and energy density p via the following relations:

s PTP
T (5.3)
dp =Tds
we can rewrite V,Jg as:
1
Vids = 7 (@'up + (p+ p) V). (5.4)

Recall the equation for the conservation of the stress tensor at first order:

0=V, 1" =0,p- P" 4 dyp-u'u’+ (p+p)(V,u'u” + u'V, u")
+ 20,nc"” + 20V 0" (5.5)
+ 0,(V u) P 4+ ((V ut) (V ulu” + ul'V ).
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Taking the component proportional to w*, i.e. u,V,T" we obtain:
0=u,V,T" = u"dup+ (p+p)V,u" — 2nu, V0" + ((V ,u")?. (5.6)
Thus, the equation for the divergence of the entropy current can be expressed as:
V. JE = —2nu,V 0" + ((V ,ut)?. (5.7)
Using the chain rule and dropping terms on the boundary, we have:
—u,V,0" =V, u,- -o" =o0,0", (5.8)
giving us the following result:
V. JE = 2no,,0" + ((V,uh)?. (5.9)

Therefore, in order to have local entropy production, we require 7, > 0. Notice here
that there are only inequality relations. This is the case for an uncharged fluid at first
order but generally there will be both inequality and equality constraints. However,
for our work in the next chapter, the inequality constraints derived here are the only

ones that are relevant.

5.3 Constraints from equilibrium partition functions

In this section we consider the constraints from demanding consistency with an
equilibrium partition function. As this calculation is not that relevant for our work in the

following chapter, we just provide a schematic outline for the sake of completeness.

The fluid stress tensor comprises of dissipative and non-dissipative terms:
di —di
T =T.,7" + T, (5.10)

Each term from first order onwards will have an attached transport coefficient. The
dissipative terms will vanish when evaluated on equilibrium configurations and thus
cannot be constrained by equilibrium considerations. Demanding consistency with an
equilibrium partition function will only impose constraints on the transport coefficients

arising from 7' l’]l?"*d“p .
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Our constraints from this principle are derived as follows. We first parametrise all
possible equilibrium solutions. For a fluid on given stationary spacetime background
gap(x;) (where x; represent spatial coordinates only) the fluid variables will necessarily
be functions of this metric (there are no other characteristic scales in the system). For
equilibrium configurations, the velocity and temperature field, ug? and 7°? must take

the following functional form:

w' = wu(gap(xi))

(5.11)

T = T(QAB(%’))-

As a consequence, the stress tensor will evaluate to:
Tyt = TP (gap(a;)). (5.12)

The result above gives us a set of expressions for the stress tensor terms at each order

in the derivative expansion.

Another approach to evaluating the stress tensor on equilibrium configurations would
be to construct the partition function; again, this must be a function of the background

metric fields:
log Z = log Z(ga(z:)). (5.13)

The equilibrium stress tensor would then be proportional to this derivative of the

partition function:
dlog Z

0gAB '

Tﬁgrtition (514)
Equating these two expressions ng"”tm and 7] will give us equality constraints for the

non-dissipative transport coefficients at each order in the derivative expansion.

Note that for an uncharged fluid at first order, the stress tensor only has two transport
coefficients n and (, the shear and bulk viscosities, which are both dissipative terms.
Thus there can be no equality constraints at first order if we restrict to the uncharged
case. This matches what we found in the previous section when we derived the

constraints using the principle of entropy increase.






Chapter 6

Stability of equilibrium in fluid

dynamics

6.1 Introduction

In the previous chapter, we considered two physical principles which led to sets of
constraints on the transport coefficients. The first was that the divergence of the fluid
dynamical entropy current must be non-negative for all admissible fluid flows. This is
a local form of the second law of thermodynamics. The second physical principle that
we examined was compatibility with an equilibrium partition function. In general, the
equality-type relations which result from the second law exactly match the constraints
imposed by compatibility with an equilibrium partition function. The requirement
of entropy increase also yielded a set of inequalities; these were not obtained by the

equilibrium partition function method.

It is very interesting to consider how exactly these two physical principles are related.
For example, if we could recast the second law of thermodynamics in the language
of partition functions, it would make its microscopic origins much clearer. As things
stand, these two physical principles are not completely equivalent given the additional
inequalities that result from the second law. This naturally motivates the question:
What further ingredient do we need to add for our equilibrium considerations to yield
exactly the same set of constraints as the second law? It was conjectured in [39] that

compatibility with an equilibrium partition function together with the requirement
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that the equilibrium solutions be dynamically stable will be equivalent to positivity of

the divergence of the entropy current.

We now pause to consider this conjecture further. It is well-known that the second
law of thermodynamics implies stability of equilibrium. This is intuitively clear.
The equilibrium configuration would be at a local maximum of the entropy; small
perturbations away from this would then evolve back to the same equilibrium given
that entropy is constrained to always increase. This conjecture, however, concerns the
reverse implication. Can the existence of equilibrium together with the requirement
of stability imply the second law for fluid dynamics? This would be an immensely
significant statement. It would imply that statements concerning small perturbations
around equilibrium could result in the same constraints as the second law which holds

for all non-equilibrium fluid flow, however far from equilibrium.

In this chapter, we consider this conjecture in the simplest possible case. We study
uncharged fluid dynamics on a flat spacetime background to first order in the derivative
expansion. A linear stability analysis is done and we determine the constraints imposed
by stability about equilibrium. It turns out that the inequalities that we obtain are

slightly weaker than the inequalities imposed by the second law.

We now outline the structure of this chapter. In section 6.2, we consider small amplitude
perturbations about equilibrium for linearised hydrodynamics in flat spacetime; the
requirement of linear stability imposes a set of inequalities which we list here. Reasons
for the inequivalence between the two sets of inequalities derived from stability of
equilibrium and the second law of thermodynamics are then discussed in section 6.3.

We end with our conclusions in the final section 6.4.

6.2 Linear stability analysis

We are interested in the equations of relativistic fluid dynamics to first order in the

derivative expansion. Our stress tensor is of the form
T = (p + p)uru” + pg"” + TI*
where we define I1* as follows

" = COP* + not.
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The equations for fluid dynamics then follow from V , 7" = 0; we take the projections of

this equation in the transverse and longitudinal directions relative to the velocity

0=u,V,T" = —u'V,p— pV u" — pV, u"
1

— 0V g P**V P — (¢ — §n)vpup -V ut,

0=P*V,T" = pu'V,u® + V,p - P* + V,nV sug P P*°
1

+ put'V u* + 1 - 3 (V. Vsug + V,Vgus) pro pab
5 5\ pas (6.1)
+ 1V sup) (Vuu“ ~u’ UtV ) P
+ UV(gUg)P‘MS <V#ua . uﬁ)

1 1

+ (Vi€ = 59un) Vo - Pt (G = ) W,V - P

1
+ (C - 377) V- ut'V u®,

We consider small amplitude perturbations about equilibrium. Without loss of general-
ity, we can take our equilibrium fluid to be at rest. The fluid velocity and temperature

are taken to be our variables and we consider perturbations of the following form:

T =Ty, +6T(t, %),  u'=(1,0)+0u(t,7). (6.2)

Substituting this into (6.1), linearising, and keeping terms to second order in derivatives

gives:
6 (u,V,T") = —p" - 6T - u"'V ,T — p'éu'V T — p'u'V 0T
— 0TV ut — pV ,ou" — p'oTV ut — pV ,ou”
— 1/ 6TV (qugy PPV u’ — 1V (o0ug PV ,u” (6.3)
— NV gy (Su" - u® + ut - $u®) V,u’ — 0V qug PV ,6u”

1 1
- (C’ 0T — 577’ : (5T> Vo’ V,ut —2 (C — 377) V ,0ufV ut,
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§ (P, V,TH) = p'dTu"V u® + pout'V u® + puV ,ou® + p'V 0T - P

+ 'V, T 5ut - u® + 0/, TV ;0ug P P’
+ 7'V, T -V sug) - ou” - u’ PP + n'VHTV((;uB)P’“S <5u0‘ cuP 4 ua5u3)
+ p'oTu'V ju® + pduV u® + putV ,ou”

1
+ 51 (VuVsou” + V.V s0us) PP

1
+ 51 (VuVius + V.V sus) (ouru? + u'ou’) P

1
+ 577 (VMV5U5 + VMV/BU(;) pHo (5u0‘ cuf + uo‘éuﬁ)
+ 0V (56ug) - 'V ,u’ PP + 0V sup (V,ﬁu“ cud 4 u“VM(Su‘S) pep
+ 0V sugutV u’ ((5u°‘ P + uo‘éuﬁ) + 1/ 6TV sug P*° (V“uo‘ . uﬁ)
+ 0V (56U P*V u® - uP + 0V sugudu’V u® - v’

1
1V sun PP (Vb0 - o + V0507 + (Q’VMT - 377’VMT> Y, du” PHe
1 1
+ <C = 377> V.V 0u? P 4 (C - 37]) V,ou’ - u'V ,u®.
(6.4)
Removing all derivatives of equilibrium fields, this simplifies to just:
§ (u, vV, T") = —p'0,0T — pdidu’ — pd;du’

. 1 : . 1 ,
§ (P9, T) = pOidu’ + § 06T + pdid + Jn (076’ +0,0,607) + (g - 377) 0,0,6u
(6.5)

Utilising translational invariance, we decompose the perturbation into plane waves; we

consider wavenumbers with just an z-component:
5T = ezwt—zkz:ﬁ5/11(&)’]€7 Sub = ezwt—zkméua,k'
Using this ansatz, we obtain:

iw p'0T,x — ik(p +p) dul,, = 0, (6.6)

4
iw(p+p) ou , — ikp'OT, — ik <3ik77 + z‘k() ut, = 0, (6.7)
iw(p +p) oul,y, — ik (ikn) dul,, = 0. (6.8)



6.3 Reasons for inequivalence between constraints from stability of equilibrium and
from entropy increase 101

For the transverse velocity perturbation du¥(t,z) we have the following dispersion

relation
n

p+tp
And for the longitudinal density and velocity perturbations (sound waves) 67, ; and

x .
oug, , we find:

E* . (6.9)

w=1

kK 4 n ¢
jw—i—p + k| - —— + ——|. 6.10
IR <3p+p p+p (6:10)

In the hydrodynamic limit w, k < 1 , this becomes

_ . 2 1 ¢ K (2 1.¢)?
w = kheo ik (355 +55%5) Fan Gt i) (6.11)

where we have introduced ¢, for the sound speed

|dp
=4/ —. 12
CS dp (6 )

Having found the plane wave solutions to the linearised equations we now need to
determine the condition for stability. The leading order imaginary part of w must be
positive for the perturbations to decay. For the transverse velocity perturbation we
require

n =0,

and for the longitudinal perturbations we require

(e300

6.3 Reasons for inequivalence between constraints
from stability of equilibrium and from entropy
increase

We should first state very precisely what problem we have addressed. In this chapter,

we have performed a [inear stability analysis about equilibrium fluid configurations

on flat spacetime backgrounds; our calculation was further restricted to first order
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uncharged fluid dynamics. This linear stability analysis enabled us to derive constraints
on the transport coefficients; in particular, the shear and bulk viscosities n and (. We

found the following constraints

n >0, <277+1C> > 0.
> 3 56) 2
And in the last chapter, we considered the constraints imposed by the second law of
thermodynamics for our case of first order uncharged fluid dynamics; the constraints
were slightly stronger

n>0, ¢=>0.

Why do these two physical requirements not result in the same constraints on the
transport coefficients? It is instructive to closely examine our linear stability analysis
to determine what causes this divergence. The fact that our calculation was linear and
done on a flat spacetime background allowed us to utilise translational invariance and
consider plane wave solutions. At this crucial step, we effectively reduced our system
to a one-dimensional system; there was just one direction of note which was given by
the wavenumber. We took this to just be the z-direction, without loss of generality.
This reduction to a unidirectional system caused the two viscosities to combine. We
saw this in equation (6.11). This is a common feature of one-dimensional fluids; the
shear and bulk viscosities are no longer independent and combine to form the factor
(%7] + %C ) This then led to the slightly weaker condition

2 1
She ) >
(377 * 2C> =0
instead of

¢(=>0.

This can perhaps be understood more physically by the fact that dissipation is a
quadratic effect and therefore a linear plane wave analysis is unlikely to capture the
full constraints obtained from demanding that entropy increases on all admissible fluid

flows.
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6.4 Discussion

The conclusion of this chapter is that our linear stability analysis about equilibrium
configurations for uncharged fluid dynamics on a flat spacetime background does not
yield the same constraints as imposing positivity of the divergence of the entropy
current. There are several useful extensions to this calculation that are well worth

considering.

First, it would be interesting to extend this calculation to encompass nonlinear stability
of equilibrium uncharged fluid configurations on curved backgrounds. A plane wave
analysis would not be applicable here and a more sophisticated dynamical systems

approach would have to be utilised.

And second, this linear stability analysis could be extended to the charged case; this
would be fairly straightforward. It would be worthwhile to check to see if the inequality-
type constraints on the conductivities which follow from a linear stability analysis

match those derived from the second law.






References

[1] J. M. Maldacena. The large n limit of superconformal field theories and super-
gravity. Adv Theor Math Phys 2 231-252, 1998.

[2] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri, and Y. Oz. Large n field
theories, string theory, and gravity. Phys Rept 323 183-386, 2000.

[3] S. S. Gubser and A. Karch. From gauge-string duality to strong interactions: A
pedestrian’s guide. Ann Rev Nucl Part Sci 59 145-168, 2009.

[4] S. A. Hartnoll. Lectures on holographic methods for condensed matter physics.
Class Quant Grav 26 224002, 2009.

[5] V. E. Hubeny and M. Rangamani. A holographic view on physics out of equilibrium.
Adv High Energy Phys 2010 297916, 2010.

[6] V. Balasubramanian, P. Kraus, A. E. Lawrence, and S. P. Trivedi. Holographic
probes of anti-de sitter spacetimes. Phys Rev D 59 104021, 1999.

[7] T. Klebanov and E. Witten. Ads/cft correspondence and symmetry breaking. Nucl
Phys B 556 89, 1999.

[8] 1. Papadimitriou and K. Skenderis. Ads/cft correspondence and geometry.
arXiv:040417 [hep-th], 2004.

[9] 1. Papadimitriou and K. Skenderis. Correlation functions in holographic rg flows.
JHEP 0410 075, 2004.

[10] N. Igbal and H. Liu. Universality of the hydrodynamic limit in ads/cft and the
membrane paradigm. Phys Rev D 79 025023, 2009.

[11] N. Igbal and H. Liu. Real-time response in ads/cft with application to spinors.
Fortsch Phys 57 367, 2009.

[12] S. Caron-Huot, P. M. Chesler, and D. Teaney. Fluctuation, dissipation, and
thermalization in non-equilibrium ads black hole geometries. Phys Rev D 84
026012, 2011.

[13] P. M. Chesler and L. G. Yaffe. Holography and colliding gravitational shock waves
in asymptotically ads spacetime. Phys Rev Lett 106 021601, 2011.



106 References

[14] P. M. Chesler and L. G. Yaffe. Horizon formation and far-from-equilibrium
isotropization in supersymmetric yang-mills plasma. Phys Rev Lett 102 211601,
2009.

[15] L. D. Landau and E. M. Lifshitz. Fluid mechanics. Oxford: Pergamon Press,
1959.

[16] S. Bhattacharyya, V. E. Hubeny, S. Minwalla, and M. Rangamani. Nonlinear fluid
dynamics from gravity. JHEP 0802, 2008.

[17] G. Policastro, D. T. Son, and A. O. Starinets. The shear viscosity of strongly
coupled n=4 supersymmetric yang-mills plasma. Phys Rev Lett 87 081601, 2001.

[18] G. Policastro, D. T. Son, and A. O. Starinets. From ads/cft correspondence to
hydrodynamics. JHEP 09 043, 2002.

[19] G. Policastro, D. T. Son, and A. O. Starinets. From ads/cft correspondence to
hydrodynamics ii: Sound waves. JHEP 12 054, 2002.

[20] D. T. Son and A. O. Starinets. Viscosity, black holes, and quantum field theory.
arXiv:0704.0240 [hep-th], 2007.

[21] R. A. Janik and R. Peschanski. Asymptotic perfect fluid dynamics as a consequence
of ads/cft. Phys Rev D 73 045013, 2006.

[22] R. A. Janik. Viscous plasma evolution from gravity using ads/cft. Phys Rev Lett
98 022302, arXiv:0610144 [hep-th].

[23] M. P. Heller and R. A. Janik. Viscous hydrodynamics relaxation time from ads/cft.
Phys Rev D 76 025027, 2007.

[24] M. Rangamani. Gravity and hydrodynamics: Lectures on the fluid-gravity corre-
spondence. Class Quant Grav 26 224003, 2009.

[25] V. E. Hubeny, S. Minwalla, and M. Rangamani. The fluid/gravity correspondence.
arXiw:1107.5780, 2011.

[26] S. Bhattacharyya, R. Loganayagam, I. Mandal, S. Minwalla, and A. Sharma.
Conformal nonlinear fluid dynamics from gravity in arbitrary dimensions. JHEP
0812, 2008.

[27] M. Haack and A. Yarom. Nonlinear viscous hydrodynamics in various dimensions
using ads/cft. arXiv:0806.4602, 2008.

[28] S. Bhattacharyya, S. Minwalla, and S. R. Wadia. The incompressible non-
relativistic navier-stokes equation from gravity. JHEP 0908 059, 2009.

[29] I. Kanitscheider and K. Skenderis. Universal hydrodynamics of non-conformal
branes. JHEP 0904 062, 2009.

[30] J. Erdmenger, M. Haack, M. Kaminski, and A. Yarom. Fluid dynamics of r-charged
black holes. JHEP 0901 055, 2009.



References 107

[31] N. Banerjee, J. Bhattacharya, S. Bhattacharyya, S. Dutta, and R. Loganayagam.
Hydrodynamics from charged black branes. JHEP 1101 094, 2011.

[32] J. Sonner and B. Withers. A gravity derivation of the tisza-landau model in
ads/cft. Phys Rev D 82 026001, 2010.

[33] J. Bhattacharya, S. Bhattacharyya, S. Minwalla, and A. Yarom. A theory of first
order dissipative superfluid dynamics. arXiv:1105.3733, 2011.

[34] C. P. Herzog, N. Lisker, P. Surowka, and A. Yarom. Transport in holographic
superfluids. JHEP 1108 052, 2011.

[35] R. Banerjee, P. Chakraborty, S. Dey, B. R. Majhi, and A. K. Mitra. Two dimen-
sional hydrodynamcis with gauge and gravitational anomalies. arXiv:1307.1313
[hep-th], 2013.

[36] S. Bhattacharyya, R. Loganayagam, S. Minwalla, S. Nampuri, and S. P. et al
Trivedi. Forced fluid dynamics from gravity. JHEP 0902, 20009.

[37] D. T. Son and P. Surowka. Hydrodynamics with triangle anomalies. Phys Rev
Lett 103 191601, 2009.

[38] T. Kalaydzhyan and I. Kirsch. Fluid-gravity model for the chiral magnetic effect.
arXiv:1102.4334 [hep-th], 2011.

[39] S. Bhattacharyya. Constraints on the second order transport coefficients of an
uncharged fluid. arXiv:1201.4654, 2012.

[40] N. Banerjee, J. Bhattacharya, S. Bhattacharyya, S. Jain, S. Minwalla, and
T. Sharma. Constraints on fluid dynamics from equilibrium partition functions.
arXiv:1208.3544, 2012.

[41] F. Carrasco, L. Lehner, R. C. Myers, O. Reula, and A. Singh. Turbulent flows for
relativistic conformal fluids in 2+1 dimensions. Phys Rev D 86, 2012.

[42] C. Eling, I. Fouxon, and Y. Oz. Gravity and geometrization of turbulence: An
intriguing correspondence. arXiv:1004.2632 [hep-th], 2010.

[43] C. Eling and Y. Oz. Holographic vorticity in the fluid/gravity correspondence.
arXiv:1308.1651 [hep-th).

[44] A. Adams, P. M. Chesler, and H. Liu. Holographic turbulence. arXiv:1307.7267
[hep-th], 2013.

[45] R. Loganayagam. Entropy current in conformal hydrodynamics. JHEP 0805,
2008.

[46] P. Bizon and A. Rostworowski. On weakly turbulent instability of anti-de sitter
space. Phs Rev Lett 107, 2011.

[47] D. Kharzeev. Parity violation in hot qed: why it can happen, and how to look for
it. Phys Lett B 633 260-264, 2006.



108 References

[48] A. V. Sadofyev and M. V. Isachenkov. The chiral magnetic effect in the hydrody-
namical approach. Phys Lett B 697 404, 2011.

[49] S. Pu, J. H. Gao, and Q. Wang. Consistent description of kinetic equation with
triangle anomaly. Phys Rev D 83 094017, 2011.

[50] G. Lifschytz and M. Lippert. Anomalous conductivity in holographic qcd. Phys
Rev D 80 066005, 2009.

[51] H. U. Yee. Holographic chiral magnetic conductivity. JHEP 0911 085, 2009.

[52] A. Gorsky, P. N. Kopnin, and A. V. Zayakin. Chiral magnetic effect in the soft-wall
ads/qcd model. Phys Rev D 83 014023, 2011.

[53] V. A. Rubakov. On chiral magnetic effect and holography. arXiv:1005.1888, 2010.

[54] G. Plewa and M. Spalinski. Entropy currents from holography in hydrodynamics
with charge. arXiw:1504.6705, 2013.

[55] S. Bhattacharyya, V. E. Hubeny, R. Loganayagam, G. Mandal, S. Minwalla,
T. Morita, M. Rangamani, and H. S. Reall. Local fluid dynamical entropy from
gravity. JHEP 0806 055, 2008.

[56] I. Gahramanov, T. Kalaydzhyan, and I. Kirsch. Anistropic hydrodynamics,
holography and the chiral magnetic effect. arXiv:1205.4259, 2012.

[57] 1. Booth, M. P. Heller, G. Plewa, and M. Spalinski. On the apparent horizon in
the fluid-gravity duality. arXiv:1102.2885, 2011.



	Table of contents
	1 Introduction
	1.1 AdS/CFT and holographic fluid dynamics
	1.2 Outline of thesis

	2 Review of the fluid/gravity correspondence
	2.1 Relativistic fluid dynamics
	2.2 Gravity dual
	2.3 First order equations
	2.3.1 Einstein equations and metric ansatz
	2.3.2 Inverse metric, gab
	2.3.3 First order equations: Scalar components
	2.3.4 First order equations: Vector components
	2.3.5 First order equations: Tensor components
	2.3.6 Solutions

	2.4 Abstraction to higher orders

	3 Forced fluid dynamics from gravity in arbitrary dimensions
	3.1 Introduction
	3.2 Manifest Weyl covariance
	3.2.1 Regulation and Weyl symmetry
	3.2.2 Weyl covariant derivative
	3.2.3 Independent Weyl invariant tensors
	3.2.4 Weyl covariant form of the fluid dynamical metric

	3.3 Derivation of fluid/gravity equations and their solutions
	3.3.1 Einstein equations: First order
	3.3.2 Einstein equations: Second order
	3.3.3 Dilaton equations: First order
	3.3.4 Dilaton equations: Second order
	3.3.5 Stress tensor and Lagrangrian of the dual fluid

	3.4 Conclusions

	4 Holographic derivation of the entropy current for an anomalous charged fluid with background electromagnetic fields
	4.1 Introduction
	4.2 Holographic fluid with n anomalous currents with background fields
	4.2.1 Bulk metric
	4.2.2 Event horizon
	4.2.3 Entropy current

	4.3 Holographic entropy current for the chiral magnetic effect
	4.4 Discussion

	5 Constraints on transport coefficients
	5.1 Introduction
	5.2 Constraints from entropy increase
	5.3 Constraints from equilibrium partition functions

	6 Stability of equilibrium in fluid dynamics
	6.1 Introduction
	6.2 Linear stability analysis
	6.3 Reasons for inequivalence between constraints from stability of equilibrium and from entropy increase
	6.4 Discussion

	References

