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ABSTRACT: We present a comprehensive analysis of the AdS/Ricci-flat correspondence,
a map between a class of asymptotically locally AdS spacetimes and a class of Ricci-flat
spacetimes. We provide a detailed derivation of the map, discuss a number of extensions and
apply it to a number of important examples, such as AdS on a torus, AdS black branes and
fluids/gravity metrics. In particular, the correspondence links the hydrodynamic regime
of asymptotically flat black p-branes or the Rindler fluid with that of AdS. It implies that
this class of Ricci-flat spacetimes inherits from AdS a generalized conformal symmetry and
has a holographic structure. We initiate the discussion of holography by analyzing how the
map acts on boundary conditions and holographic 2-point functions.
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1. Introduction and summary of results

Over the last fifteen years a lot effort was invested in developing and applying holographic
dualities in a variety of directions. The prototype example, the AdS/CFT duality [1],
still remains to date the best understood case. In the current formulation of holography
the detailed structure of AdS gravity appears to be crucial and many of the properties of
Asymptotically AdS solutions are linked to properties of the dual QFT. Holographic duali-
ties with non-AdS asymptotics exist but they are either less developed or their holographic
dictionary can be linked to that of AdS. A prime example of such cases is that of the
dualities obtained by a decoupling limit of the non-conformal branes [2] whose holographic
dictionary (worked out in [3, 4]) can indeed be linked to that of AdS via generalized dimen-
sional reduction (a consistent reduction over a compact manifold followed by a continuation
in the dimension of the compactification manifold) [5].

In a recent work [6] we presented a map between a class of Asymptotically AdS space-
times and a class of Einstein solutions with zero cosmological constant, the AdS/Ricci-flat
correspondence. The correspondence was obtained via generalized dimensional reduction
and like the case of non-conformal branes one may wish to use it in order to understand
holography for Ricci-flat manifolds. This is an ambitious task that we plan to undertake
elsewhere. Here we will mostly focus on setting up the correspondence and explaining the
results announced in [6].

The AdS/Ricci-flat correspondence applies to a class of solutions of Einstein’s equa-
tions. In order to use this map we need to know the solutions for general dimensions.
On the AdS side, we are considering solutions of Einstein’s equations with a cosmological
constant A = —d(d — 1)/2¢? for the metric Gy in d + 1 dimensions,

RMN:_%GMJ\U (M,N =0,...,d), (1.1)

which are of the form
ds = d&2,,(r,a;d) + 20(raid)/(d=p=1) 42, (1.2)

where we label the coordinates as 2™ = {r, 2}, (u = 0,...,d — 1) and z* = {2% 4}, (a =
0,...,p). The conformal boundary of the spacetime is at » = 0 and has coordinates z#. The
coordinates ¢ are coordinates on a (d — p — 1)-torus. The metric is specified by a (p + 2)-
dimensional metric §(r, x;d) and a scalar field Qg(r, x;d), where we explicitly indicate that
the metric and scalar field may depend on d.

On the Ricci-flat side, we are considering Ricci-flat solutions,

Rap=0, (AB=0,....n+p+2) (1.3)

in D =n + p+ 3 dimensions, which are the form

ds? = 20rmm/ () (432 (r, yn) 4 £2dQ2, ) (1.4)

where dQ?2 | is the metric of the unit round (n+1)-sphere. This solution is also determined
by a (p + 2)-dimensional metric g(r, z;n) and a scalar field ¢(r, x;n), and (as in the AdS
case) we explicitly indicate that this metric and scalar field may depend on n.



The AdS/Ricci-flat correspondence is the statement that given a solution to Einstein’s
equations with a negative cosmological constant of the form (1.2), known as a function of
d, there is a Ricci-flat solution obtained by extracting § and a scalar field ¢ from (1.2),
setting

g(r,win) = g(r,as—n);  @(r,asn) = d(r,a;—n), (1.5)
and then substituting in (1.4). Similarly, starting from a Ricci-flat solution (1.4) we may
obtain a solution to Einstein’s equations with a negative cosmological constant by n —
—d. We emphasize that the map is local and does not depend on (1.2) being locally
Asymptotically AdS.

One may generalize this correspondence in a variety of ways. Firstly, one may replace
the torus by any (d — p — 1)-dimensional compact Ricci-flat manifold X in (1.2) and the
sphere by any (n + 1)-dimensional compact Einstein manifold X of constant positive cur-
vature in (1.4). Secondly, by changing the Einstein manifolds X and X to have positive,
negative or zero constant curvature one may arrange for similar correspondences between
Asymptotically AdS solutions, Asymptotically de Sitter solutions and Ricci-flat solutions.
All these cases are obtained by showing that the reduction over the compact manifold
keeping only the (p+2) metric and the scalar parametrizing the overall size of the compact
manifold is a consistent truncation, the resulting (p 4 2)-dimensional actions contain d and
n only as a parameter and the two actions are mapped to each other by d +» —n. As a
generalization to cases where (1.2) is not locally Asymptotically AdS and has a degener-
ate boundary metric, one could consider solvmanifolds [7, 8] with an R47P~1 subspace.
Further generalizations are possible by considering more general consistent truncations,
see [11, 12] for related work, or starting from gravity coupled to matter and then consider
similar reductions, see [13, 14] for related work.

In this paper we will focus on the simplest case described by (1.2) and (1.4) and dis-
cuss a number of examples and applications. Asymptotically locally AdS spacetimes in
(d+1)-dimensions are characterized by a boundary conformal structure [g(g)], i.e. a bound-
ary metric gy up to Weyl transformations, and by a conserved d-dimensional symmetric
tensor T;; with its trace determined by the boundary conformal structure. In AdS/CFT
correspondence, g(o) plays the role of the source of the stress energy tensor of the dual
QFT and Tj; is its expectation value [15]. The Ansatz (1.2) implies that we are considering
Asymptotically locally AdS spacetimes with the (d-dimensional) boundary metric having
at least a U(1)P~! isometry. Modulo this restriction, g(o) can be arbitrary which is es-
sential for extracting the implication of this correspondence for Ricci-flat holography. In
this paper however we will restrict our attention to g() being flat leaving a more general
analysis for subsequent work. With this restriction the holographic dual of the bulk AdS
solutions we consider is a QFT on Mink,{1 x T4=P=1 on non-trivial states characterized
by the vacuum expectation value of the energy momentum tensor.

We will now discuss in some detail the two simplest cases, namely AdS and AdS
with a small excitation, as this illustrates many of the salient issues of the correspondence

1See [9, 10] for work on holography on particular solvmanifolds/manifolds with a degenerate boundary
metric.



while keeping the technicalities to a minimum. The simplest case is to have a CFT on
Minky4q x T97P=1 on its vacuum. The corresponding bulk solution is Anti-de Sitter with
(d — p — 1) boundary coordinates compactified on a torus,

ds% = 7"2 (dr2 + Napdx?dzb + dng) . (1.6)
Matching with (1.2) we find
22 4 2 i r
dsp+2(7“,x; d) = = (dr + nabdxadajb> : o(ryx;d) = (p+1—d)log 7 (1.7)
and applying (1.5) gives
9 2 9 ~ r
ds, o(r,z;n) = 3 (dr + nabdl‘adl'b> : o(r,z;n) = (p+1+n)log 7 (1.8)
Substituting in (1.4), we obtain
ds = (dr® +r2d02 ) + napda®da’ (1.9)

which is simply D-dimensional Minkowski spacetime. On the AdS side, we fixed 74, as the
boundary condition for the metric on (the noncompact part of) the boundary. This maps
on the Ricci-flat side to a metric on a p-brane located at r = 0, the origin in transverse
space. The radial direction in AdS becomes the transverse distance from the p-brane.

Let us briefly comment on symmetries. Prior to compactification on T% P! the
isometry group of (1.6) is the conformal group in d dimensions. In particular this involves

M

dilatations and special conformal transformations, whose infinitesimal action on z** is given

respectively by

SnzM = xaM and Sp2t = bh2? — 22(2 - b) + 20, Syr = —2(z-b)r,  (1.10)

where 22

= 2M2Ynu and z - b = zMb"n,,. Compactifying the y coordinates breaks both
of these symmetries: the theory obtained by reduction over the torus is not conformal
anymore. It still has a generalized conformal stucture, which controls some of its properties,
see [4]. In the current context, after we reduce over the torus, the relevant fields are the

metric ¢ and the scalar field gg Then the transformations

ot = Mx%, o= and Sz = ba? — 2z%(x - b) + r2b%,  Syr = —2(x - b)r,
(1.11)

2 = x“:cbnab and x - b= x“bbnab, are isometries of the metric g, but the scalar field

where x

(% transforms non-trivially,
o=@ +1—d)r; Go=—20p+1—d)(z-b). (1.12)

While (1.11) is not a symmetry, it is a solution-generating transformation: one can explic-
itly check that the field equations are solved by (g, b+ 5(&)

Let us now see how these transformations act on the Ricci-flat side. Under (1.11) the
metric transforms as

6goan = 20(x)goAn (1.13)



where o = A for dilatations and o = —2(z-b) for special conformal transformations. In other
words, this is a specific conformal transformation of the D-dimensional Ricci-flat metric.
In general a Ricci-flat metric does not remain Ricci-flat after a conformal transformation,
but for the transformation discussed here this turns out to be the case. Indeed, recall that
under a Weyl transformation the Ricci tensor transforms as

dRAp = —(D —2)VaVpo — gapUo (1.14)

and since o is either constant (dilatations) or linear in x (special conformal transformations)
the resulting metric is still Ricci-flat. In other words, while (1.11) is not an isometry of
(1.9), it is a conformal isometry that preserves the Ricci-flat condition, i.e. it is a solution-
generating transformation.

The next simplest case to consider is to add an excitation on AdS. This is achieved
by adding a normalizable perturbation and, in Fefferman-Graham (FG) gauge with a flat
boundary metric, the bulk metric reads [15]

dp?

dsi =
SA 4p2

1
+5 (n,w + P2 Gy + - ) dzidz”, (1.15)

is related to the expectation

where we set the AdS radius £ = 1. The coefficient g(g),,,

value of the dual stress energy tensor [15],

d
= 1.16
uv 167er+l 9(d)pv ( )
(G441 is Newton’s constant), which satisfies
0T, =0, T, =0, (1.17)

as a consequence of the gravitational field equations [16, 15]. These reflect the fact that
the dual theory is conformal.

Compactifying on a (d—p—1) torus, the metric g and the scalar field qg can be extracted
from equation (1.2):

o dp? 1 4. X a b
ds® = —4p2+ﬁ (77a6+P2(g(d)ab+pg(d+2)ab+’")> datda,
N 1 d A 4417
¢ =sp+1—d)Inp+p2d@a +p2  dasa + .. (1.18)

2

Note that now both the scalar field and the (p + 2)-metric depend explicitly on d. The
displayed coeflicients are related to the expectation values of the stress energy tensor T
and of the scalar operator @¢ of the (p + 2)-dimensional theory [5]:

S d A _ dd-p-1)-
T = mg(d)ab? Op = 327G s (d) » (1.19)
while
. 1 . - 1 .
9(d+2)ab = _mmg(d)abv ¢(d+2) = —mm¢(d) ) (1.20)



and Gpyo = Gg41/vol(T) is the (p + 2)-dimensional Newton’s constant and vol(T') is the
volume of the torus. The stress energy tensor satisfies the expected trace and diffeomor-
phism Ward identities

DTy, =0, T,°=(d-p—1)0,. (1.21)

Note that the stress energy tensor is not traceless anymore, reflecting the fact that the
compactification breaks dilatations and special conformal transformations.

We can now apply the AdS/Ricci-flat correspondence and, to further simplify the

presentation, we will consider a linearized perturbation only, i.e. we will linearize in the

strength of the perturbation. The corresponding Ricci-flat solution is then (setting p = r?):

dsz = (nap + hap + ... )dzdz?

167G pr2 72 . u
= (1 - nr]’i (1 + =2 Oz | Og(x;n) (dr2 + Napdz®da’ + TZdQ%Jrl)

167TGp+2
nrt

r? .
1+ —— 0O, ) Tyl e + ..., 1.22
( + =2 ) p(z;n)drda’ + (1.22)

n —

where 24 are D-dimensional coordinates, O, is the Laplacian along the brane, and @¢(x; n),

Top(2;n) indicate @¢(x), Top(z) with d = —n.

In AdS the holographic stress energy tensor appears at order r? in the asymptotic
expansion near infinity. Higher order coefficients contain additional derivatives relative
to the stress energy tensor (see (1.20)) and vanish faster as we approach the conformal
boundary (see (1.18)). Moving to the Ricci-flat side, the map d — —n implies that the
holographic stress energy tensor appears at order 1/r™, and now this term vanishes as
r — 00, i.e. near infinity in Minkowski spacetime. This is precisely the order where one
expects to find the ADM energy due to a p-brane located at » = 0. Indeed, defining
hap = hap — %hcc nAB, where hap is given in (1.22), we find that hap satisfies

Dhap = 167Gy 2416 40 5 Tap(w; 1) 5" 2 (r) (1.23)

through second order terms in (boundary) derivatives. Comparing with the linearized
Finstein’s equations we conclude that the holographic stress energy tensor takes a new
meaning: it is (proportional to) minus the stress energy tensor due to a p-brane located at
r = 0 that sources the linearized gravitational field hap.

Note however that while in AdS the higher order terms vanish faster than the leading
order term as we approach the conformal boundary, the corresponding terms in (1.22)
vanish slower as r — oo. This means that if we start from an AdS solution containing a
sufficiently high number of subleading terms the corresponding Ricci-flat solution would
now contain terms that blow up as » — co. Higher order terms, however, contain additional
derivatives (along boundary directions) relative to lower order terms and are subleading in
a derivative expansion.

In AdS/CFT the standard observables are correlation functions of local operators of
the dual QFT. These are computed gravitationally by finding regular solutions of the bulk
field equations satisfying appropriate Dirichlet boundary conditions. While a complete



analysis of the map of these observables is left for future work, we do analyze a specific
case of the computation of a 2-point function. The map in this case is canonical in the
sense that the regular solution that yields the 2-point correlator is mapped on the Ricci-flat
side to the solution with the expected fall-off in the radial coordinate, see section 2.2.1.

Another interesting case to consider is to have a thermal state on the boundary, which
corresponds to a black hole in AdS. The planar AdS black brane reads,

1 dr?
dsh = — (—f(r)dr® + d&® + dif”) + —

3 ok (1.24)

where 2% = {7, %}, the i coordinates parametrize a torus, as before, and f(r) = 1 —r?/b.
Applying the map, we obtain

dr?

f(r)

where f(r) = 1 — (b/r)", i.e. the Schwarzschild black p-brane. A special case is when

ds = —f(r)dr? + +7r2dQ2 , +da?, (1.25)

there is no sphere, i.e. n = —1. In this case, a further change of coordinates to (t =
7/b+1og f(r), t = b2 f(r)), shows that the metric describes Minkowski spacetime in ingoing
Rindler coordinates,

dsf = —vdt* + 2dvdt + di”. (1.26)

One can now use the AdS/Ricci-flat map and the AdS/CFT duality to extract some of
the basic properties of the Ricci-flat solutions. Recall that the AdS black branes are dual
to a conformal ideal fluid, with equation of state that follows from (1.17)

e=(d—1)P (1.27)

where € and P are the energy and pressure densities. Applying the AdS/Ricci-flat map we
find,
~ s  OP 1

S = NP = = 1.2
€ (n+1)P, %= 58 i (1.28)

where £ and P are the ADM energy and pressure densities. When n = —1, we find that
€ = 0, which is indeed the energy density of the Rindler fluid [17], while when n > 1 the
speed of sound cg is imaginary and there is an instability for the sound modes. This is
precisely [18] the Gregory-Laflamme (GL) instability [19, 20].

In QFT, the long-wavelength behavior close to thermal equilibrium is described by
hydrodynamics. In AdS/CFT there are bulk solutions describing holographically this hy-
drodynamic regime in a derivative expansion [21, 22]. Applying the AdS/Ricci-flat to these
solutions when n > 1 leads to solutions describing the nonlinear evolution of the GL insta-
bility to second order in gradients, which we will present in detail here. In [6] we linearized
these solutions (in the amplitude of perturbations) and obtained the dispersion relation of
the GL unstable modes to cubic order in the wavenumber of the perturbation, generalizing
the quadratic approximation in [23]. This dispersion relation agrees remarkably well with
numerical data [24] all the way up to the threshold mode, when n is sufficiently large.



When n = —1 the AdS hydrodynamic solutions [21, 22] map exactly to the hydrody-
namic solutions of the Rindler fluid [25, 17, 26, 27]. In particular, the AdS boundary maps
to the position of the accelerated observer, which is precisely where boundary conditions
were imposed in [25, 17, 26, 27]. The first and second order transport coefficients are also
linked by the map, as well as the position of the horizons and the entropy currents.

It is well known that on the AdS side the structure of the hydrodynamic expansion is
organized by the Weyl invariance of the dual CFT [28]. The AdS/Ricci-flat map implies
that the hydrodynamic solutions on the Ricci-flat side are also organized similarly, due to
the generalized conformal structure mentioned earlier.

This paper is organized as follows. In section 2.1, we go through the derivation of
the map, relegating technical details to Appendix A. We comment on the implications for
holography in section 2.2 and in particular on 2-point correlation functions in 2.2.1. Some
generalizations of the map are presented in 2.3. Throughout section 3, we work in the
hydrodynamic limit, starting from the fluids/gravity metrics in 3.1 and mapping them to
asymptotically flat, second-order in viscous corrections metrics in 3.2. In 3.3, we examine
the entropy current, and 3.4 derives the Gregory-Laflamme dispersion relation to cubic
order in momentum. Section 3.5 deals with the regularization of the n = 1,2 cases. Many
technical details are relegated in the appendices. Section 4 studies the limit of vanishing
sphere and Rindler hydrodynamics, and finally we conclude in 5.

2. AdS/Ricci-flat correspondence

2.1 Derivation of the map

In this section we derive the AdS/Ricci-flat map. Let us start from the AdS-Einstein action

in d + 1 dimensions:

1

Gy — —
A 167Gy

/ d™ e /=g [R —2A], (2.1)
M

where A = —d(d—1)/2¢%. This theory can be consistently reduced to a (p+ 2)-dimensional
theory using the reduction Ansatz (1.2). The proof of this consists of showing that the field
equations of (2.1) evaluated on the reduction Ansatz (1.2) lead to equations for § and ¢
which can be obtained as the field equations of the (p + 2)-dimensional theory with action

. 1 o d—p—2 /2
S=—— dPt2z\/—ge? |R 7<8> —2A 2.2

167TGP+2/M TV =gen \Bt g 7 99 : (2:2)
where Gpio = Ggy1/vol(TP~4"1). In particular, this implies that all solutions of (2.2)
uplift to solutions (2.1). We relegate the details (which follow closely the discussion in
[11]) to appendix A.

Alternatively, we can start from Einstein gravity in D = p + n + 3 dimensions,

1

Sy=—
0 167TGp+n+3

/ dP 3 \/—gR (2.3)
M



and consider the reduction Ansatz (1.4). As we show in the appendix A, this reduction is
also consistent, leading to the following (p + 2)-dimensional theory,

= 1 ~Jls m+p+2/.\2 =
S=—— [ art2p/—ge® [R+ 9¢) + Ry, } 2.4
167G o J g n+p+1< ¢> “ (2:4)

where R, 11 = n(n+1)/¢? is the curvature scalar of a (n + 1)-dimensional sphere of radius
¢ (the compactification manifold in (1.4)) and Gpio = Gpiprs/(0" ' Q1) (Qupy is the
volume of the unit radius (n + 1) sphere).

In both actions, (2.2) and (2.4), the parameters d and n (related to the number of
reduced dimensions) appear only in the coefficients of the various terms. Thus, both d and
n may be analytically continued to any value provided the effective actions remain well-
defined, i.e. the coefficients of all terms remain bounded and satisfy appropriate conditions
(for example, the coefficient of the kinetic term is positive etc.). Such a reduction, which
is both consistent and analytically continuable in the number of reduced dimensions, has
been called generalized, [5, 13, 11]. Note also that we end up in the so-called dual frame,?
which is very useful for holographic applications as the reduced holographic dictionary is
very easily derived, [5].

Inspection of (2.2), (2.4) shows that they are related by

d=—n; g(r,z;n) = g(r,z;d = —n); o(r,z3n) = ¢(r,z;d = —n). (2.5)

This then provides a derivation of the AdS/Ricci-flat correspondence. Note that without

loss of generality we can set G2 = Gpi2 (this just a choice of units) and we will do so
throughout this paper.

2.2 Towards holography

In this subsection we make a few comments about setting up holography using the corre-
spondence.

Let us first briefly recall the holographic setup for Asymptotically AdS spacetimes. It
is well-known that one may always bring Asymptotically AdS solutions to a Fefferman-
Graham form, at least in a small enough neighbourhood of the conformal boundary,

ds?\ dp? 1 A\
® 12 + ;Quu(PwZ )dzdz",
8(p,2) = 9(0)(2) + pa)(2) + -+ p7* (9a)(2) + By (2) Tog p) + .- -, (2.6)

where p is a radial bulk coordinate parametrizing geodesics orthogonal to the boundary,
while g(g)(z) is the boundary metric (more properly a representative of the boundary con-
formal structure). g(g) is also the source for the stress energy tensor 7),, of the dual theory,
and as such it must be unconstrained if we are to extract holographically the QFT data,
namely the correlation functions of 7),,. The subleading metric coefficients g(y), etc., are

2Recent developments in cosmology call it the Galileon frame [29, 30] and it may be useful to extend
the AdS/Ricci-flat map in presence of higher-derivative terms.



locally related to g(g), and this holds until order d, where only the divergence and the trace
of g(g) are fixed. g(g) itself is related to the holographic stress-tensor [15]. Subsequent
orders are determined from the field equations and involve both g(g) and g4y (we give some
of these terms in Appendix I'). The logarithmic contribution k4 appears only for even d,
and it is the metric variation of the conformal anomaly [15, 16].

Correlation functions of the stress energy tensor can be obtained by functionally differ-
entiating g(g) with respect to gp). In practice, the relation between g4y and g(g) is obtained
perturbatively by expanding around a background solution, with linearized fluctuations giv-
ing 2-point functions, quadratic fluctuations 3-point functions, etc. and requiring regularity
in the interior.

In this paper we restrict ourselves to the case of a flat boundary metric g, = Muv
(with notable exception the next subsection). This means we can only discuss 1-point
functions (apart from the next subsection, where we discuss 2-point functions). This also
implies that all coefficients g(;) with 0 < k < d are identically zero, and so is the logarithmic
term 4. In that case, extracting the holographic stress-tensor is particularly easy — the
formula is given in (1.16).

Let us now review the holographic dictionary for the dilatonic theory (2.2). From the
perspective of the (p+ 2)-dimensional theory we have a metric § which is dual to the stress
energy tensor T, and a scalar field (;AS which is dual to a scalar operator @¢>' The scalar
operator is essentially the Lagrangian of the dual theory [4]. The holographic dictionary can
be worked out from first principles using the standard procedure (analyzing the structure
of the asymptotic solutions of the field equations of (2.2) etc.) and it has indeed been
obtained in this way in [3, 4]. However, thanks to the generalized dimensional reduction,
all this information can be simply obtained by reducing the corresponding AdS expressions
[5]. This leads to the results we reviewed in the introduction, equations (1.18)-(1.21).

The AdS/Ricci-flat correspondence may be used now to obtain a Ricci-flat solution
corresponding to (2.6). After linearizing in g(4) and keeping terms with up to two bound-
ary derivatives, the explicit form of the solution is given in (1.22). We would now like
to understand where the AdS holographic data sit in this solution. As discussed in the
introduction the choice of a boundary metric translates on the Ricci-flat side to the choice
of a metric on the p-brane. Indeed, asymptotically the metric (1.22) is a Ricci-flat p-brane.
The second piece of holographic data, the holographic stress energy tensor, appears now
at the order where one expects to find the ADM energy due to a p-brane located at r = 0.
To make this more precise, let us consider the combination®

C n+1 2
hap = hap — hTCnAB = —(5%6%% <Tab(:c;n) + 2(7;_2)D$Tab(a:;n)) , (2.7)
where h® o = n°Phap. Recall that AdS compactified on a torus was mapped to Minkowski
spacetime in p-brane coordinates, (1.9); x® are now the coordinates along the p-brane and
r is the distance transverse to it. Correspondingly, the Laplacian splits into a Laplacian
along the brane, O,, and a Laplacian along the transverse space O, O =0, 4+ 0. It is

3To check this one may use (1.21) with d = —n.

~10 -



now straightforward to show that hap satisfies
Dhap = [0y + 01 ] hap = 167Gy i3 6405 Tup(2;n) "2 (1) (2.8)

to second order in derivatives along the brane (that is, up to terms like 0,0,7,(x)), and
zero for the other components. Here we used Gpipnq3 = Gp+gﬂn+1€"+1 (see the discussion
below (2.4)) and O, (1/r") = —n€,. 16" 2(r). Note that for this result to hold the precise
coefficient of the subleading term g(4,9) in the Fefferman-Graham expansion plays a crucial
role, otherwise the terms with 0,7,;(z) would not cancel.

Now recall that the linearized Einstein equations in flat space read

Ohap = —167Gpini3TaB, (2.9)
which implies the identification,
Top = 026 Tap = —Top(;n) 6"2(r) . (2.10)

In other words, the linearized perturbations are sourced by the stress tensor T, sitting
at 7 = 0 and localized along the brane directions. As it will become apparent when we
discuss examples in later sections, the minus sign in the definition of T, combined with
additional signs coming from d — —n, ensures that the energy density is positive and is
also consistent with the results in [23]. Note also that Ty is conserved, thanks to (1.21).

Terms proportional to @¢ still appear in the metric (1.22), but there is no longer any
bulk scalar. During the oxydation from p+ 2 to n + p + 3 dimensions, we pulled it back in
the metric as an overall scale factor — @¢ is the coefficient of the 1/r™ fall-off of the scale
factor. A non-zero value of O now implies (via (1.21)) that the matter that sources hap
is not conformal.

There are two further remarks about (1.22). First, it is clear that if one includes
subleading terms containing more derivatives, this will eventually destroy the asymptotics
at finite n. Each extra derivative comes accompanied by a unit increase of its scaling with
r, such that for enough extra derivatives, this power becomes positive and diverges when
r — oo. When that happens, the metric is still Ricci-flat, but it no longer asymptotes
to the p-brane. Second, we have restricted to flat boundaries: it is straightforward to see
that the same kind of issues will arise for curved boundaries, unless the parent Fefferman-
Graham expansion truncates.* To address this issue one needs exact solutions and we will
discuss this in the next subsection. Another way to proceed is to truncate the derivative
expansion. This is precisely what happens in the hydrodynamic regime and we will discuss
this in detail in section 3.

2.2.1 Correlation functions

In the previous subsection we discussed how the AdS/Ricci-flat correspondence acts on the
asymptotic part of an asymptotically AdS solution and on the corresponding holographic

4Such a truncation occurs if the bulk metric is conformally flat or the boundary metric is conformally
Einstein [31, 15].
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data. In particular, we saw that (within a linearized and boundary derivative expansion)
the 1-point function for the holographic stress energy tensor T,; maps to the stress energy
tensor due to a p-brane localized in the interior of an asymptotically flat spacetime (with
p-brane boundary conditions). In this subsection we would like to discuss the map of the
2-point function of Tp.

Let us briefly recall how we compute correlation functions in gauge/gravity duality.
B

(d)pv
a source h gy, perturbatively, i.e. we consider solutions satisfying the boundary condition

We start from a background solution with holographic data (gg));w’ g ) and then turn on

B
9O)ur = g(O)/J,l/ + h(O);u/ . (211)

Solving Einstein’s equations perturbatively in h () and imposing regularity in the interior

leads to a unique solution from which one can extract g(q). .,

h#l V1

1 1% 1%
g(d)ﬂl/ = g(Bd)uV + 774,1/“11/1 (O) + 71’“”#1”1#21/2]7/?01) 1h‘€'02) 2 + .. (212)

2
where the dots indicate higher order terms in hg. It then follows from (1.16) that up to
numerical factors, 7., is the 2-point function of T),,, Ty 101 pors is the 3-point function,
etc. It also follows from this analysis that if we want to compute 2-point functions it suffices
to linearize around the background solution. Then the 2-point function is extracted from
the asymptotics of the (regular) linearized solution hj,:

1 v B B d
hyw = ﬁhﬁ)l) 1 (g(o)/mlg(O)m/l o T £ ) ' (2.13)

We will now discuss this in the simplest possible setup relevant for us, namely we will
consider as a background solution AdS on T797P~1  (1.6). In this case the fluctuations should
preserve the symmetries of the torus. Furthermore, we will focus on the fluctuations that do
not depend on the torus, are in the radial axial gauge h,p; = 0 and are transverse-traceless
in the boundary (p + 1) directions,

hab(ka ’l") = h(O)ab(k)SOA(k> T) ) nabh(O)ab = kah(O)ab =0, (214)

where we Fourier transformed over the non-compact boundary directions %, with k, being
the corresponding momentum. This corresponds to computing the transverse-traceless
part of the 2-point function of Ty of the QFT dual to the dilatonic theory (2.2). This
computation was done in section 7 of [4] (where the entire set of 2-point functions was
computed) by considering fluctuations in the reduced (p + 2)-dimensional theory and we
borrow from there the relevant results. The fluctuation equation reduces to the equation
(see (7.23) of [4] and use p = 7?):

7’2@//( + (1 —d)re)y — r2k2g0A =0, (2.15)

where the prime indicates the derivative with respect to r. This is actually the same
equation as that satisfied by a massless scalar in AdSgy1 :

0 = Oaaspn — r2k%on = r410.(r1=90,00) — 72204 . (2.16)
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Indeed, the generalized dimensional reduction implies that the transverse traceless fluctu-
ation of the p+2 theory are inherited from those of the parent d+1 AdS gravity (and as is
well known the transverse traceless fluctuations of that theory are governed by a massless
scalar).

The general solution of (2.15) that is regular in the interior and approaches 1 as r — 0
is 1

QDA(]{?,T) = m(kr)d/QKd/Q(k’T) . (217)

The asymptotic expansion of linearized solution when d is not even is then

hav (7, k) =h(0)an (k) [ <1 - 2(d1_2)]€27“2 + O(k4r4))
d
+F1E(_dcj/22)) (S) <7“d + Q(dl—|—2)k2rd+2 + O(k:4r4))] . (218)

The coefficient of the @ term, k%, is essentially the 2-point function.®
We now want to apply the AdS/Ricci-flat correspondence. Letting d — —n in (2.15)
we find that the equation now becomes

1
0 =120 + (1+n)rey — r’kPeg = r? (MH 0, (r" 10, )p0 — k‘2900> = r}(Ony2 — K)o -
(2.19)
This is precisely the equation for a massless field in flat (n + 2) dimensions with metric

dsi+2 =dr? + 7"2in+1 . (2.20)

A short computation shows that a perturbation of (1.9) that is a transverse traceless
perturbation along the p-brane and an S-mode in the transverse directions is given by

hab(kv 7") = h(O)ab(k)SDO(ka 7") ’ nabh(O)ab =0, kah(O)ab =0. (221)

So indeed the equation for transverse traceless mode of AdS on a torus is mapped to a
corresponding equation in Minkowski.
Let us now act with the map on the regular solution (2.17). The corresponding solution
: Koalkr)
r
ko) = poyo(k)—L—2
wo(k, ) <P(0)0( ) (kr)n/g

where we used K, = K,, and we kept free the overall normalization ¢(g)o(k) (this factor

(2.22)

can be absorbed in hg)q(k)). This solution falls off exponentially fast as kr — oo, so the
perturbation is asymptotically flat in the directions transverse to the p-brane. The second
solution of (2.19) which is linearly independent is I, 5(k7)/ (kr)™2. This solution blows up
at infinity. So we see that the regularity of the solution in AdS (which is what selected the
K Bessel function) is linked with the Ricci-flat perturbation being asymptotically flat.

SWhen d is an even integer, the asymptotic expansion now contains a logarithmic term, (rk)d log(rk),
and the 2-point function is now proportional to k% log k.
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Let us now consider the behavior for kr — 0. The solution (2.17) diverges as 1/r" in
this limit, but this is precisely what is expected. Recall that 0, 21/r" ~ §"*2(r) so the
singularity at » = 0 is just a reflection of the fact that there is a source term localized at
the position of the brane at r = 0, confirming what we found earlier in (2.10).

Finally, let us now address an issue we raised in the previous subsection. There we
noticed that subleading terms in the Fefferman-Graham expansion may become leading
after the AdS/Ricci-flat map. Indeed, when n = 2, corresponding to d = —2, the subleading
term of order r9*?2 in (2.18) becomes of the same order as the source term and more
subleading terms would appear to lead to a solution that blows up as r — oo on the
Ricci-flat side. In the case at hand, we know the exact solution so the d = —2 case maps

to
Ky (kr
wo(k,mmn =2) = po(k) 1k(r ) .

This falls off exponentially as kr — oo so the subleading terms in (2.18) do not cause any

(2.23)

problem: (at least in this example) one may safely truncate the series at order r? and apply
the map. In later sections we will indeed truncate the series in a similar fashion using a
low energy expansion and one may expect that the corresponding hydrodynamic solutions
will correctly capture the long distance and long wavelength behavior of exact solutions.

2.3 Generalizations

There is a natural generalization of the AdS/Ricci-flat correspondence that we discuss in
this section. The new correspondence connects pairs of Einstein metrics with cosmologi-
cal constant either positive, negative or zero. All possible combinations are allowed, i.e.
AdS/AdS, AdS/dS, AdS/Ricci-flat, Ricci-flat/Ricci-flat etc., although in some cases the
map may be trivial.

Recall that an Einstein metric g of cosmological constant A in d+ 1 dimensions satisfies

the equation

d d(d
Ruy = ~05045; A=o (621) = oA, (2.24)

where 0 = {+,—,0} specifies whether we have positive, negative or zero cosmological
constant and ¢ is the (A)dS radius.

On the one side of the correspondence we have a solution of (d+1)-dimensional Einstein
gravity with cosmological constant A of the form:

ds?\ = d§§+2 (r,z;d) + 62$(r,:fc;d)/(dfp*1)ngl_p_l , (2.25)

where del_p_l is the metric of the compact Euclidean Einstein manifold Xa=P=1 of cur-
vature Ry, 1.

On the other side, we have a solution of (n + p 4+ 3)-dimensional Einstein gravity with
cosmological constant A of the form:

s = X0/ (452 (r )+ dX2 ) (2.26)

where dX?2 11 is the metric of the compact Euclidean Einstein manifold X"+ of curvature

Rt
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The two solutions are in correspondence provided (2.5) holds and
—2A <> Rpy1, Rg_p1 <> —2A. (2.27)

This is proven following the same steps as in section 2.1. The Einstein-Dilaton theory ob-
tained by reducing the d+1 theory over the compact manifold X4 P~ has a scalar potential
comprising two exponential terms, whose origin is respectively the higher-dimensional cos-
mological constant, A, and the curvature R;_,_; of the internal space,

1

5= 167G 1o

/ A2 /" ge? [R Ldzp-2 (aé)g “9A+ Ry_p_ie T | (2.28)
M d—p—1

Alternatively, one may start from the (d 4+ p + 3)-dimensional theory and reduce over the
compact manifold X"*!. This leads to the same action (2.28) after (2.5)- (2.27) are applied.
A more detailed discussion can be found in appendix A.

Other generalizations include considering non-diagonal reductions and addition of mat-
ter fields in the higher-dimensional theory as well as higher-derivative gravity terms. Re-
lated work appeared in [11, 12, 13, 30, 14] and it would be interesting to work out these
generalizations. One case examined in [13] can however be encompassed in the present
scheme, whereby a (p + 2)-form is included in the higher-dimensional theory, with no legs
along the compact space. Upon reduction to p + 2 dimensions, it becomes space-filling,
and can be dualized to a scalar potential for the KK scalar. By the same considerations
as above, this scalar potential can be exchanged against either that coming from a cosmo-
logical constant or the curvature of a compactified space.This is of interest since it would
make a connection to theories containing D3, M2 or M5 branes.

3. Non-homogeneous black branes from fluids/gravity in AdS

In this section we present an important application of the map we have derived: the con-
struction of geometries approximating fluctuating Ricci-flat black branes from the known
geometries of the fluids/gravity correspondence [21, 22] (for a review, see [32, 33]).

There are various lessons we learn from this construction, the most important being
the explicit metric (3.24). Other lessons follow from this. This geometry is a solution to
Finstein’s equations without a cosmological constant up to corrections with third deriva-
tives along brane directions x%, but exact otherwise. This implies, in particular, that it
captures nonlinear aspects of the Gregory-Laflamme instability. Much of the physics of this
spacetime is encoded in its ‘holographic’” ADM stress tensor (3.36), in the same spirit as in
AdS/CFT. This stress tensor is precise to second order in derivatives, and we will extract

Qt+ikr precise up k*

from it a dispersion relation (k) for the unstable linearized modes e
corrections in the small £ limit. This agrees remarkably with numerical data, especially
for a large number of dimensions, as we will comment upon.

We also learn that a hidden conformal symmetry governs the structure of this family
of solutions to the vacuum Einstein equations. This conformal symmetry has an obvious

origin in the AdS side, and when correctly exploited leads to important simplifications,
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and for instance allows to write very compactly the geometries of the fluids-gravity cor-
respondence [21, 22]. Our construction of the spacetimes (3.24), via action of the map
on the fluids/gravity spacetimes trivially pushes forward these structures in AdS to flat
space. One of the consequences of this symmetry is a reduction on the number of transport
coefficients at each order in the derivative expansion. For instance, in the AdS side the
boundary conformal symmetry sets the bulk viscosity of the dual fluid to zero. In the
Ricci-flat case the bulk viscosity is not zero, but it turns out to be determined in terms
of the shear viscosity. This is a general pattern: the inherited symmetry constrains the
contributions to the stress tensor in the same way it does in AdS, and this restricts the
number of independent transport coefficients to be determined to the same number as in
the conformal case. In some sense the ADM stress tensor of Ricci-flat black branes is
non-conformal in the simplest possible way.

3.1 Fluids/gravity in AdS

The fluids/gravity correspondence contains explicit families of spacetimes that solve Ein-
stein’s equations with a negative cosmological constant to certain order in derivatives in the
boundary directions. To zeroth order in derivatives, these spacetimes are the planar black
holes in AdS (1.24), and are characterized by a homogeneous velocity u, and temperature
T = d/(4wb). To first order, first derivatives of these fields appear. It is convenient to group
these derivatives into objects transforming naturally under conformal transformations:

A, = uoyu, — T (3.1)
_ a ppf 0

O-l“’ = P/,L Pl, 8(aU6) — ﬁpﬂy, (32)

Wy = Puana[aum , (3.3)

where we have specialized to minkowskian coordinates in the boundary, which we will take
to be flat.5 As usual, the expansion of the fluid is § = d\u* and P, = 1y +uyu, projects
on directions transverse to the velocity. A, acts as a connection for the local conformal
symmetry and both the shear o, and vorticity w,, transform with weights —1 under
conformal transformations, see [22, 34] for a discussion.

To second order in derivatives, the fluids/gravity metric presented in [22] reads

dsi = —2u, da* (dr + V,dz") + G, datdz” (3.4)
where
1 A A RUN 2L(b7") v A
Vu:TA#+H[DAWuDAUu+2(d_1) 7(b7«)d*2P" Dyo*,
Up Uaﬁo—aﬁ

O [7«2 (1 - (br)d> _ %waﬁwaﬁ — (br)2 Ky (br) @) (3.5)

5This has to be relaxed to fully exploit the conformal symmetry of the system, as conformal transfor-

2P (x)

mations g, — e guv change the curvature.
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and

G = 7Py — wnw’, + 20r2F (br) o, + 2(br)%o,m07, [F2(br) — Hy(br)]

00307
+2(br)? [Ha (br) — Ko (br)] =57 P +
+2(br)*u* Doy, [Ha(br) — Hy(br)] + 4(br)* Ha(br) wiun o™, - (3.6)

The dependence on the boundary coordinates is left implicit; b is b(z) and u, is w,(x).
Again, we have specialized to flat space at the boundary and grouped second derivatives

of the fluid velocity into objects transforming nicely under conformal transformations:”
u’Dro = PP, ut0ro0p + %aw (3.7)
Dyo?, = (aA —(d— 1)AA) 7 (3.8)
Dy, = (aA —(d— B)AA) Wap (3.9)
R = 2(d — 1)IA* — (d — 2)(d — 1).A%. (3.10)

The functions F(br), Hy(br), Ha(br), Ki(br), Ko(br) and L(br) are defined as in [22]
and compiled in Appendix C. All these functions are finite for their argument becoming
br = 1, making the metric (3.4) explicitly regular at the future horizon r = 1/b. w,dz" is
the ingoing Eddington-Finkelstein time.

The metric (3.4) is dual to boundary fluid flows of the stress tensor:

T;w =P (nuu + duuuu) - 2770uu — 27y, [UADAUMV + wHAUAV + OJ,/)‘O'N,\]

00g0™? (3.11)
+ 2nb UADAO'MV + U,/\UM — % W}
with®
1 s 1 oo £d72 1 b
P=—— =—=—"—— =b ——dé = ——Hy/g_1. (3.12
167Gyb? " 1T A T TenGabt 1 /1 el = e B12)

Some of the constraints amongst the Einstein equations for (3.4) reduce to the conser-
vation equations for this stress tensor

8, T" =0, (3.13)

which have to be satisfied for (3.4) to be a solution. To second order in derivatives, which
corresponds to neglecting the contributions beyond the shear viscosity in (3.11), these are
the relativistic Navier-Stokes equations for the boundary fluid. Eq. (3.4) then gives a
gravitational dual for each solution to the relativistic Navier-Stokes equations (3.13). We
have used these equations to trade derivatives of b in (3.4) by derivatives of u,,.

"D, is the Weyl-covariant derivative, see [22, 34].
8 H. is the Harmonic number function, which is analytic in z with singular points for z a negative integer.
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Finally, when the metric settles down at late times to a uniform brane configuration,
it is possible to reconstruct the event horizon of the spacetime by tracing back the known
event horizon of the late time limit of the solutions [35]. The uniform black brane horizon
position receives second-order corrections [22],

1

TH =3 +b (h10a50aﬁ + howapw® + h3R) +... (3.14)

where the coefficients hi, ho and hz are given in Appendix C. We can define on this null
hypersurface an area form. Hawking’s area theorem guarantees that it can never decrease
(see e.g. [36]). Pulling back this form to the boundary of AdS along ingoing null geodesics,
this generates an entropy current for the conformal fluid [35],

Jg =S [u“ + b2u“ (Aldagda'g + Agwagwa'g + AgR) + b2 (BfD)\O"u)\ + BQ’D)\W'MA) +.. }
(3.15)
with s the entropy density (3.12), and constants Ay, Ay, As, By and Bs given in Ap-
pendix C. While the current provided by this construction is not unique [35, 37, 38], it
satisfies the second law of thermodynamics, as the bulk gravitational dynamics ensures
that the corresponding entropy production rate is always positive,” Oud g > 0.

3.2 Ricci-flat metric and stress tensor

To obtain a Ricci flat metric from (3.4), we need to consider configurations with a 74?1
symmetry, for which u# = (—a%, 6), where a = 0,1,...,p. The minus sign is necessary for
the Ricci-flat solution to be in ingoing Eddington-Finkelstein coordinates (as opposed to
outgoing). The result follows straightforwardly by application of the map. A first step is
the identification of the warp factor of (1.2). It is

rad/dp-1) _ g (3.16)

which is the component of G,,, in (3.6) along the homogeneous directions 4.

We wish to write this metric in terms of natural (p + 1)-dimensional quantities. That
is, we would like to write the derivatives of the velocities appearing in the quantities (3.5)
and (3.6) as natural derivatives of 4 rather than u*. There is more to this than just the
mentioned sign. For example, the shear tensor of the reduced (p + 1)-dimensional space,
which is traceless in p + 1 dimensions is

0

Gab = P PO\ gy — ; P - (3.17)

This shear tensor is related to the d-dimensional one by

1 1
Oab = —0a" 00" 010 -+ ——| 0Py, 1
Cub b Ou +<p+n+1> b (3.18)

9This is expressed in Weyl-covariant fashion as D,J% > 0, the conformal weight of the entropy current
being d.
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where we have applied the change d — —n, as we will in the remainder of this section.
Eq. (3.18) implies

1
O = Gy + <p +

1 -
62, 3.19
n + 1) (3.19)
where we used 0 = —6. Note, also, that w,, = —(5#“51,1’(1&11,, and wa,gwo‘ﬁ = Qg™

b
Using these identities we find that the objects involved in G, are

1 ~ 62
A _ ~c
u D)\O'yy == u 00 - m (320)
and -
wyy =0, Ty = 67 (3.21)
(n+41)2
Collecting these results and implementing
r—1/r, b=ro, (3.22)
Gyy in terms of natural (p + 1)-dimensional fluid quantities reads
1 roé 7‘% 62 9
A - gyy :ﬁ (1 - QF(TO/T)n 4 1 + 2<n + 1)2 [F (TO/T) - HQ(TO/T>]
r2 oot r2 40,0
—2[H - K 0 _u¥ 20— [H - H
[Hy(ro/r) — Ky (ro/m)] = 25— + 2= = [Ha(ro/r) — Hi(ro/m)] |,
(3.23)

where for reasons of space we have kept implicit the term o0,,0"", to be substituted ac-
cording to eq. (3.19).

The Ricci-flat metric is

ds? = g; <2aa daz® (—‘jg - Vbd:vb> + Gapda®da® + dQ? +1> (3.24)
with
Ve = %Aa R —1|- 2 {DWA@ ~ DAt 2(?%1)} - (%«L/iz(;y/b?z FiDao’,
+2(i;f0)n [:2 (1= (r/ro)") = %Waﬁwaﬁ + (TO/T)QKQ(TO/T)((T;‘T jf] (3.25)
and
Gab = —5 Pap = warw’y + 2%F(7"0/7“)0ab +2(ro/r)?gar’y [F2(ro/r) = Hi(ro/r)]

0,509
—2(ro/r)? [Hi(ro/r) — Ki(ro/7)] :ﬁr T Pay +

+2(ro/r)*u*Daoay [Ha(ro/r) — Hi(ro/r)] + 4(ro/7)* Ha(ro/r) wian o™y (3.26)

with d — —n substituted in the functions in Appendix C.
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We wish to write the tensorial objects in G, and Vy, in terms of natural (p + 1)-
dimensional quantities. The result follows straightforwardly after the substitutions

- n+p+1-- 5 e 1 -~
Oagb = —O0gb — p(nﬁ_ 1) HPabv Oay = 07 Wap = —Wab -Aa = ucacua + 10Ua .

(3.27)

These imply

o 1 1\ -~ 1 1 \? -~
Ua)\o)‘b = Uac(fcb + 2 (p + n+ 1) HJab + (p + n+ 1) 62Pab (328)
and

WAy = Dae@ W(alA |0 ) = Dale|T) - (3.29)

The remaining relevant objects for (3.25) and (3.26) are

A _ pcpdrey | ntpt+lzs | 0 . n+p+1zs
u"Dyoap = Po" P00, [Uchr P 9Pcd] I [Uab + D 1) 0Pup | (3.30)
A (od d\ | = 1 1 4D
Dyoty = (a +(n+1)A ) {aad + (p +— ) 0Pu (3.31)
Dyw?y = (0 + (n+ 3).A) Qge (3.32)
R = —2(n+1)0, A" — (n+2)(n+ 1) ApA°. (3.33)

To summarize, (3.24) with (3.25), (3.26) and (3.23), and (3.27)-(3.33) substituted and
the functions as in the appendix is Ricci flat. It is the metric of a slowly fluctuating black
p-brane with a regular future event horizon.'® This metric is one of the main results of
this section.!

As we have discussed in sec. 2.2, the stress tensor of the Ricci-flat side follows from
the one in the AdS side upon the analytic continuation d — —n and T, — —T,p and
u, — —1Ug, and it is conserved as a consequence of constraints in the Einstein equations

for (3.24). The result is

Ty =P (Nap — niaty) + 200, + 207, [UAD)\O-QIJ + 2W(a|>\|o'>\b)]

) o aB (3.34)
— 2ijro [uMDrgap + 0 onp — ;B_ 1 Pab]
with!?
- Q Ty S Q gt
P02 D0 g A, =H o, .. (3.35)
167G N 4m 167G N "

Note that with our conventions the pressure is negative, while the energy density and
viscosities are positive. 7, diverges for n = 1,2 and has to be renormalized. We will deal
with this in sec. 3.5.

Y These are also called blackfolds [39, 18, 40].
"The result to first order in derivatives was constructed in [23], that we recover upon discarding second

derivatives.
12The AdS and Ricci-flat Newton constants are related by the volumes of the torus and sphere on which
they are respectively compactified, Gn = Gn/Q(n41) (see Section 2.1).
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Using the identities (3.27)-(3.33) the stress tensor (3.34) can be written more explicitly
as:

Tab = éaaab + P]Sab - 2ﬁ&ab - gépab

+ 2017, | PiCPy 1 0o g — :‘11’1 + 20, Gy | + (R [acacé — ni 1@] Py
~2 (3.36)
- 2777“0 [pacpbdﬁeae&cd + (2 + 1) é&ab + &ac&cb + 2 pab:|
p n+1 n-+1
s e i 1 1 | ~
—(ro |:u 0.0 + <p+n+1>9 :| Py
with
s= —(n+1)P 5:2~<1+ ! > (3.37)
© (n+ ’ g p n+1

The second of these relations is a direct consequence of the structure in (3.18). Both of
them follow directly from the fact that the ADM stress tensor of black branes can be
written as the analytical continuation of the stress tensor of a conformal field theory, as we
have discussed. This pattern has been explained for Einstein-Dilaton systems in [5]. Here
we have generalized it to Ricci-flat black branes.

3.3 Entropy current

The AdS to Ricci-flat map that we used to derive the Ricci-flat metric (3.24) can be
extended to the location of the horizon (3.14) of the AdS brane and to the entropy current
(3.15) of the conformal fluid. This gives us the position ry of the horizon of the black
p-brane,

TH =170 [1 — 7“8 (hlaagga’g + tha/gwaﬁ + th) + .. ] R (3.38)

and the expression for an entropy current for the blackfold fluid,

jo =3 [aa + 20 (Alaaga“ﬁ + Agwapw™ + AgR) - (BmwaA + BQDWW) +. ] :

(3.39)
with § = 4G/ (Q(nﬂ)rgﬂ) the entropy density (3.35) of the brane. In these expressions,
02, w?, R, Dyo® and Dyw™ are given (for compactness) by equations (3.27)-(3.33) in
terms of the blackfold fluid data (rg, @*), and we performed the substitution d — —n into
the constants of Appendix C. Notice that after applying the map on J%, we still need to
flip its overall sign to obtain (3.39), for the same reason that we needed to flip the sign
of u*. The resulting entropy current is future-directed, and implements the second law of
thermodynamics for blackfolds, 8aj§ > 0.

3.4 The Gregory-Laflamme instability from AdS

The metrics (3.24) are slowly-varying Ricci-flat black branes, and these are known to suffer
from the Gregory-Laflamme instability [19, 20] (see [41, 42] for a review). In the derivative
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expansion, this instability is captured by an imaginary speed of sound [18], which is a direct
consequence of the equation of state in (3.37):

5 dP 1
= — = — .
S de n+1

(3.40)

These unstable sound modes fluctuate the pressure of the fluid, which is the thickness of
the black string, rg, as in the Gregory-Laflamme instability. The dispersion relation is a
property of linearized fluctuations

Qt+ikx
)

ro = (ro) +droe g = (la) + Olige™ T . (3.41)

The equations of motion for these linearized fluctuations follow from the conservation of

the linearization of (3.36), which amounts to discarding terms with products of derivatives:
Ta(l;)-L :P (nab - naaﬁb) - 2775—ab - éépab (3 42)

+ 20(Fy — 10) o Py 106 eq + (7 — 10) Pupii®.0 ‘

The dispersion relation for the sound mode that follows from conservation of (3.42) is

0= 1 L — 2+n T0k2+(2+n)[2+n(27w/7“0—1)]

vn+1 n(l+n) 2n2(1 + n)3/2

where we have taken (u,) = (—1,0,...,0) and substituted (ro) = ro.

2k + O(k%), (3.43)

Strictly speaking, the dispersion relation corresponding to the spacetimes that follow
from (3.24) is the truncation of the above to order k2. This corresponds to the Navier-
Stokes approximation to the conservation equations, or keeping only the first line in (3.42).
Eq. (3.43) is the dispersion relation for the spacetimes to third order in derivatives, that
are one order higher in derivatives with respect to the ones we have constructed.

Figure 1 compares the prediction (3.43) to numerics. The analytic approximation turns
out to be better in the limit of large number of transverse dimensions. To take this limit
it is convenient to redefine

Q=nQ, k=+nk, (3.44)
and to use the temperature T' = n/(4mw rg) as dimensionful parameter. One checks that at
large n (3.43) becomes

. k k(1 k k2 1

up to corrections in powers of k higher than 3.

Recently ref. [43] computed the Gregroy-Laflamme dispersion relation in the limit of
many transverse dimensions to order 1/n?, without truncations in the number of deriva-
tives. That result agrees with (3.45). This implies that the derivative expansion becomes
exact in the limit of infinite dimensions for the linearized Gregory-Laflamme instability.
Our metrics (3.24) are valid in the nonlinear regime, so we expect them to fully describe
the instability (linearly and nonlinearly) at large n.
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Figure 1: GREGORY-LAFLAMME DISPERSION RELATION, FOR TWO VALUES OF n: n = 7 AND
n = 100. The small k region is where the hydrodynamic expansion is valid strictly speaking, but for
large n the threshold mode k. is also well-described. In the insert, we show that at large n the agreement
between the hydrodynamic approximation and the numerics becomes excellent.

3.5 The n =1,2 cases

The Ricci-flat metric (3.24) is finite, except if d = —2 or d = —1. In these cases, we find a
divergence. This divergence can be regularized. After regularization, the boundary metric
g0y will no longer be the Minkowski metric but will receive a number of second-derivative
corrections, and the stress-tensor (the g(;/9) term of the FG expansion) will no longer be
in the Landau frame.

The reason for these divergences are obscured by the choice of Eddington-Finkelstein
coordinates, so let us go back to Fefferman-Graham gauge. The details of the change of
gauge are in Appendix D. Recall that on the AdS side the asymptotic expansion at order
pld2D)/2 ;

applying the AdS/Ricci-flat map the overall radial power becomes r

s proportional to the 2/ derivatives of the stress-tensor plus nonlinear terms. After
n=2l At a given n, for
I > 1. = [(n+1)/2],!3 the power becomes negative and this term is no longer decaying
at large 7. Moreover, logarithms will be generated when analytically continuing "2 as
[ — 1.

Since we are working to second order in derivatives, this is an issue only when n = 1,2
(in which case [, = 1). We will mainly focus on the n = 2 case: the discussion for n = 1

goes along similar lines.

3.5.1 The d — —2 case

As mentioned previously, in FG coordinates, Asymptotically AdS metrics read as in (F.1),
where the terms subleading to the stress-tensor can be expressed in terms of the stress-
tensor and its derivatives. Here, we reproduce the first line of (F.2), which shows the

3Here [ | means the integer part.
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expansion to order p?:

/2 pd/2+1 ol (

1
y= Ty - L or,+ P (10T — T T, ). (346
B =T = T g ) e M T T g d ) 77") (3.46)

Notice now that the term at order p%/2*! is expanded as d — —2 like
pd/2+1g(d/2+1) = # + 1(1 +logp) ) +...|OT. (3.47)
4(d+2) 8 .

The order p® that this term produces contributes to the metric in the boundary. Because
this contribution is a constant at the order in derivatives we are working, it maintains the
flatness in the boundary, but it is singular. This singularity is only a coordinate singularity
at the boundary that can be dealt by changing coordinates as

1 1 1
gl — — | ——— + = | 2¥0T* 3.48
v 2<4(d+2)+8>x v (348)
which brings the boundary metric to its minkowskian form ,,,.
This, as any coordinate change, modifies the stress tensor

1 1
T — Ty — (4(d+2) + 8) T°,0T,), - (3.49)
There is, however, yet another contribution to the stress tensor, coming from the g(441)
term. So, the full stress tensor will be

- 1 1
ond _
CZ—IU‘II/l = T/“, — (W —|— 8) Tp('uDTy)p + dg(d+1) . (350)
The limit of this expression as d — —2 is not yet finite and the stress tensor is not in
Landau frame. Effectively, one changes frame by:
1 -
—d —d 2nd

and setting to zero the viscous corrections with mixed components (that is, with one leg
proportional to u, and the other orthogonal to it). The practical effect of this redefinition
of the temperature is a contribution to the dissipative stress tensor proportional to P, .
This comes from the redefined pressure. So the final limit that should give a nice stress
tensor is:

1 1 1
T20d =lim |T,, - | ——+ = |TP, OT d _
T PP e ( w <4(d+ 2) + 8> (W tv)p T dgd+1 = 5

1 upugfgé_ldPW> .
(3.52)
This limit is finite and we find that the second order dissipative stress tensor reads:

62 6 a2 a,a 7 2
T nd v A
311 _b4 [<9_3_> -P,u,1/+ M4 +ZU D)‘O-“V_’_geo-/“/

5 Loy A
+ZU# U)\V—FZOJ“ Wy + 0 (Mwy))\ .
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Note that this has a non-zero trace

bt 4 . 1
vr2nd 2 2 2 2
n* " = 1 4a” — 730 +50° —w 40| = —IGT“’"DTPU- (3.54)

Converting to tilded quantities (which includes a change of sign between 4, and ,, as well
as between Tab and Tab), the renormalized, reduced stress-tensor for n = 2 is:

Tap P P (Nap — 2iiaity) — 20150y — COPap
107 | ety 2 5aeFs’ + ~Pac s+ ~TOebap + =By + ~iad
07 | Oc(aWb) 4Uacab 4 acW b 4 cOab 12 Tab 4 alp
7. (4 &
_ia u(aab)c + Pab <9 - g - 4>]
5 - _ (76 @2 5 -
Z06 + Py | — — =+ —0%|], 3.55
+7"0C40b+ b<8 3+8p ] (3.55)
2 3
- . 3
po_T0 s T p_gpP TS (3.56)
167G N 167Gy 3p

Here we obtained the renormalized expression (3.52) by implementing the boundary dif-
feomorphism on the general FG metric, but we could also have done it directly on the
fluids/gravity metrics. The poles as n = 2 are removed by changing appropriately the inte-
gration bounds on the metric functions. This is done explicitly in appendix E and recovers
the same stress-tensor (3.55), which serves as a nice double check of our procedure.

In app. G, we also derive the conservation equation obeyed by (3.55), which reads:
Ty + ! 79,07}, — L »0,0T° . | — lfbcacmfba + 1acTN”LbDTbC =0. (3.57)
8 p+3 8 8

Plugging (3.55) in (3.57) and linearizing in amplitudes, we find the dispersion relation:

1 2 37
O=—"—k— k- 3+ 0. 3.58
53 e (k%) (3.58)

If we extrapolate the value of 7,(n = 2) from matching formula (3.43) to this we get

Tw(n =2) = —37/48.

3.5.2 The d — —1 case

Again, we have to deal with the contribution to the boundary metric, of order p°. This
contribution maintains the flatness of the boundary, but is diverging. This can be taken
care of by performing the coordinate transformation

at — = AF 2 (3.59)
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with the matrix

1 1 /1 1 . .
Ay —*T Ty + 32 ( + d—|—1> <8M(T 7)0,Tog — (T BDTaﬁ)ﬂw)

1 o o o o
+<1 d—|—1> T 88( )5—T 885TW+(6T )6ﬁT (8 T(M )8)T )

1 /7 3 3 1
—— | =z of3 - Ko
2 <2+d+ )T 88T6+32< +d+1>(8T ) (0T )

(3.60)

before taking the d — —1 limit. The procedure outlined in the previous section becomes
extremely cumbersome due to the large number of terms. We have included some technical
details in appendix H, where the trace of the renormalized stress-tensor is obtained in (H.4)
as well as the conservation equation it obeys in (H.6). For simplicity, we have obtained the
renormalized, reduced stress-tensor for n = 1 using the procedure in appendix E:

Top = P (1)ap — atip) — 2750 — COPyp
+707] [gﬁc(a@b)c + %thc&bc + %‘Daca}cb + Zﬂc&:&ab + %éa'ab
+%aaab - ;aca(ac}b)c + Py (—?)52@2 - %” 1692 — %é - ;2&2”
[ (- 5 825 o

Note that this encompasses the stress-tensor for the black string, which can be obtained
from the previous expression by setting p = 1. Its trace explicitly agrees with (H.4).
Plugging (3.61) in its equation of motion (H.6) and linearizing in amplitudes, we obtain
the dispersion relation for the Gregory-Laflamme instability:

1 3 75
—k— k:2 + ——=k + O(k* 3.63
7 gk O, (3.63)

3.5.3 Discussion for the dispersion relation n =1,2

0=

For these values of n, we find that the dispersion relation no longer captures the correct
physics beyond the small k regime: there is no threshold mode, as the k® term in the
dispersion relations (3.58) and (3.63) comes with the ‘wrong’ sign. This might hint that
the hydrodynamic expansion is an asymptotic expansion. Note that a different approach
to this problem, which utilized the large n limit without recourse to the hydrodynamic
expansion [43], also found that the dispersion relation was not well-reproduced at finite
k for n = 1,2. Nevertheless, both approaches agree in the regime of overlap (small k,
large n). It is also interesting that the stress-tensor from which the Gregory-Laflamme
dispersion relation was obtained is no longer conserved, but obeys equations of motion like
(G.17) and (H.6). On the right-hand side, a number of nonlinear contributions appear,
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which indeed are perfectly allowed on dimensional grounds in Ricci-flat spacetimes — just
as conformal anomalies appear on the right-hand side in the Asymptotically AdS case.
This is also consistent with what we have seen happening at the level of the FG expansion:
terms which were higher order in the FG coordinate for n > 2 now mix with lower-order
terms for n =1, 2.

4. AdS/Rindler correspondence

tﬂ

Figure 2: THE RINDLER WEDGE. The r < rg region of the Rindler metric (4.1) is mapped to the

z > |t| wedge of the Minkowski spacetime with metric ds?> = —dt? + dz? + d#? by the change of
coordinates 7 = 2rqlog ;;; r =Ty (1 — Zi:f), with 7 defined by dr7 = u,dz® The constant r
0

observers are uniformly accelerated and experience an acceleration horizon in r = ry (dashed lines).
The cutoff surface X, (solid curve) has induced metric 7,,. Through the AdS/Ricci-flat map, the AdS
boundary is mapped on X, and the exterior region of the AdS black brane (as well as its perturbations)
is mapped to the shaded region, where g > r > 0.

When n = —1, the transverse sphere of the Schwarzschild p-brane (1.25) collapses to

a point, and the metric is that of (p + 2)-dimensional Rindler spacetime (1.26). Therefore,

the AdS/Ricci-flat correspondence maps the AdS black branes to the Rindler wedge in

this limit. Indeed, the unperturbed Schwarzschild p-brane metric (3.24), that is obtained
applying the map on AdS black branes, reduces for n — —1 to the flat metric

dsg = :—Oﬂa&b dz?dz? — 24, dz®dr 4 ngp daztdab. (4.1)

This metric has an acceleration horizon in r = ry for observers on fixed r orbits, and its

asymptotic region lies in r — —oo. Indeed, the region r < rg — where the velocity field

Ugq is timelike — covers the Rindler wedge of Minkowski spacetime with ingoing Eddington-

Finkelstein-like coordinates (see fig. 2). This choice of coordinates makes the metric regular
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on the future horizon. Finally, we will be interested in the hypersurface ¥, = {r = 0},
on which uniformly accelerated observers with proper acceleration 1/2r lie, and whose
induced metric 7, is the Minkowski metric in one dimension less. From Eq. (3.35), the
corresponding ADM stress tensor assumes the perfect fluid form with pressure!* P =
—1/7, and reparameterizing the radial coordinate as r = P(R — R.) the Rindler metric
becomes

ds? = —2P ti,dz®dR + |na — P2(R — Re)igiy | dztda?, (4.2)

where now the horizon is located in R;, = R, —1/P? and {R = R,} is the hypersurface %,
whose induced metric is 745. This is the seed metric used in [17, 26, 27] to study the fluid
dual to Rindler spacetime. It is therefore reasonable to suppose that in the n — —1 limit,
the metric (3.24) yields the Rindler metric with hydrodynamic perturbation to second
order in derivatives. However, if performed naively, this procedure does not produce a
finite result.

To understand the origin of the divergency, we turn to the dynamics dictated by the
dual stress tensor (3.36). From its conservation, we obtain the fluid equations that allow to
determine the expansion and the acceleration of a fluid element in terms of the collective

variables (rg, @),

~ 2r
§ = —(n+1)Dlogro + 70 [K2 + (n + 1)(Dlogr)?] , (4.3)
2 _
Dia, = Dt logrg — % {(n +2)Dlog Dj log rg + DjD logrg — Pl.KCy¢
—(n+1)K,'Di log ro} . (4.4)

Hence, when n — —1, we have 6 = 0+ O(8?) and the fluid is incompressible to that order,
as expected. Moreover, the equation of state (3.37) asserts that the equilibrium energy
density vanishes, € = 0. This property is incompatible with the Landau gauge in which
the stress tensor (3.36) is written; to obtain a finite result we need to switch gauges before
performing the n — —1 limit. An appropriate choice for the incompressible fluid is the
isotropic gauge [17, 26], in which the stress tensor takes the form

Top = & gty + PPy + T, (4.5)

with the transverse dissipative correction ﬁjb satisfying f[albﬂb = 0 and containing no
term proportional to P,,. The pressure P in isotropic gauge is easily derived as the
proportionality factor of Py in Ty,

~ 2
P=P|1-2r¢Dlogrg+ =72 ((n+2+H_2_1)(Dlogr0)2
n n

(4.6)
n+2 o
—(n—H DDI —K
(n _%_1) ogm—l—n+1 )],

MWe set Qo = 1, since only one single point contributes. Also, in this section, we use the convention
1671'GN =1.
15Tn this section we use the notation D = U*0,, Dj‘ = P,’9, and we define Ko, = PaCPbda(cﬁd). It

satisfies Ou iy = Kap + Dab — Ualp -
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where we used (4.3) and the relation n = —Pry to express everything in terms of the
independent variables ry and @,. It is clear now that this corresponds to an infinite shift of
the pressure P because of the diverging term k2 /(n + 1). Inverting the previous relation,

2
To = (—,P)% +

3
n

(Dlog P)?
3 K2

B 2
~3(=P)"DlogP + (3 - H_%_1> (=P)

2 3 2
+ 5 (2 Y Hf%fl) (~=P)*DDlog P — —(n +2)(~P)

we can trade rg for P, and express all quantities in terms of P and 4,. The stress tensor
is now in isotropic gauge, the n — —1 limit is finite, and we recover the stress tensor of
the fluid dual to Rindler space (in exact agreement with [26, 27]) of the form (4.5) with
energy density

£ = —%/CQ, (4.8)

and dissipative correction

- 4 - _
L = —2K, + 5 <DaL log P Dif log P — P,°P,%9,.0,410g P — KaD log P
(4.9)

1 - - en
—iiCaC’ch + Ko “@p)e + wacwbc> :

It is now clear how to obtain the long wavelength corrections to the Rindler metric using
the AdS/Ricci-flat correspondence. After mapping the asymptotically AdS fluid/gravity
metric (3.4) to the Ricci-flat metric (3.24) we need to absorb the diverging terms in the
redefinition of the pressure, and then impose the gauge g., = —P1uU, in order to set the
corresponding Brown-York stress tensor in isotropic gauge. This is done by first rewriting
the spacetime metric in terms of (P, 4,) using the fluid equations (4.3) and (4.4), then
substituting ro with P using (4.7), and finally performing a diffeomorphism to define a
new radial coordinate R related to (r,z%) by

r(R,z*) = P(R— R.) — P(R — R.)? [2 DDlog P + (n—li—l - g +log(P(R — RC))> ICQ}

+P(R—R.) (n+1—-2(R— R)K?) x(R,P), (4.10)

with x(R,P) and arbitrary smooth function of its arguments. Now the limit can be safely
taken and reproduces the metric obtained in [26, 27],

dsg = — 2P Gi,dzdR

+ { [Mab — P*(R — Re)itiaty] — 2P(R — R.)iq (QD;) log P — iy D log P)
7)2
2
+ 4(R — R.)iiu By 04k + 2P2(R — R.)%i, (Pb)cad/ccd — (Ky)© + @)D log 79)

4
+ [2(1% — R)K®+ (R - R,)> (IC2 +2(Dt log 73)2) v %(R - Rc)%?] iy

+2(R— R.) [215a615bdacad log P + 2D log P Ko — 2D log P D} log P
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0Ky — 2K (o @pye + 2@%4 —P%(R - RC)%a%cb} dz®dz®.
(4.11)

Note that the resulting metric does not depend on the arbitrary function y(R,P): this
function is not fixed at this order of the perturbative expansion, but would be fixed if we
would extend the computation to the third order in the derivative expansion.

Interestingly, the expectation value of the dual scalar operator (1.19) in the reduced
(p + 2)-dimensional theory is given by the pressure P in the n — —1 limit,

O, =P. (4.12)

Consequently, the pressure in the isotropic gauge acquires a geometrical meaning as it
measures the volume variations of the torus on which we compactified the original AdS
theory.

We can obtain a better understanding of the way the AdS/Ricci-flat correspondence
works by comparing the boundary conditions that have been used on both sides of the
duality. On the AdS side, the hydrodynamic perturbations are obtained by solving a
Dirichlet problem for the metric whose value is fixed on the conformal boundary [22].
When studying the hydrodynamic perturbations of Rindler spacetime, a similar Dirichlet
problem is solved in the shaded region of fig. 2, for which the metric is fixed on the .
hypersurface (solid curve in fig. 2). By (4.10), this R = R, hypersurface corresponds to
r = 0, that is in turn mapped on the asymptotic timelike boundary of AdS, where the
original boundary conditions were imposed. Likewise, the regularity of the perturbations
on the future event horizon of the AdS black brane is equivalent to an analogous condition
on the Rindler horizon. In a nutshell, we are solving precisely the same Dirichlet problem
on both sides of the correspondence.

Finally, we redefine the radial coordinate and the pressure as above, and then take
the n — —1 limit of the black brane horizon position 7z and of its entropy current jg,
given in (3.38) and (3.39) respectively. The limits are finite; however, due to the arbitrary
function x(R,P) appearing in the radial reparametrization (4.10), the coefficient of the
second order term proportional to K? is not fixed for the location of the perturbed Rindler
horizon obtained through the map. Nevertheless, all other terms in the resulting expression,

12 1 ) 5 w2 5

Ry = Rc—ﬁ+ﬁDlogP+ﬁ <4DDlog7> —8(DlogP)” + #K* — -+ (D.P)* | +...
(4.13)

are in agreement with [26]. For the entropy current, the same procedure yields
ge =it (14 2 Kk2 = 2 g2 (4.14)

8 P2 2P2 :
S ~ -

+ 2 (2Dj log PDlog P — 2D% Dlog P — 3P0k, — (K% + &%) DY log 73) o
This entropy current differs only by a trivial current (with parameters t; = —2 and t3 =0

in the notation of [26]) from the one obtained in the literature. We therefore recover,
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applying the AdS/Ricci-flat correspondence, all details of the relativistic Rindler fluids as
obtained in [26, 27], and we have clarified the link with the conformal fluid of AdS/CFT,
by showing how the AdS boundary conditions become the Rindler boundary conditions on
the cut-off surface X..

5. Conclusion and Outlook

In this work, we have presented a map relating a class of Asymptotically locally AdS
spacetimes, with the bulk having a flat toroidal transverse subspace, to a class of Ricci-
flat spacetimes with a transverse round sphere. Though we have focussed on the case of
negative cosmological constant and round spheres, a similar map exists for positive/zero
cosmological constant and different internal spaces. We also expect the map to generalize
to include matter field such as gauge fields, p-forms etc. (we have already seen that the
map extends to free massless fields). A more ambitious extension would be to include the
moduli of the internal space. On the AdS side the moduli of the torus were included in
the analysis of [11], while deformations of the sphere may be studied following [44].

A prime motivation for this work was to understand how holography works for asym-
potically flat spacetimes. The map implies that the Ricci-flat spacetimes that enter in
the correspondence inherit holographic properties from the corresponding AdS spacetimes.
While the full development of holography is left for future work, we have already seen that
the holographic data are mapped in unexpected ways. In particular, the Dirichlet boundary
conditions in AdS are mapped to boundary conditions at the position of a p-brane (which
is located in the interior of spacetime) and the stress energy tensor due to this p-brane is
the holographic stress energy tensor of the corresponding AdS spacetime.

The dimension of the p-brane is related to the dimension of the compactified toroidal
subspace of the boundary of AdS: a (d — p — 1)-dimensional toroidal compactification in
AdS yields a Ricci-flat spacetime with asymptotically flat boundary conditions transverse
to a p-brane. On the Ricci-flat side, different boundary conditions yield different super-
selection sectors and each of these is obtained by considering different compactifications on
the AdS side. Linear fluctuations respecting the p-brane boundary conditions are linked
with the linear fluctuations in AdS that yield holographic 2-point functions. In particular,
regularity in the interior of AdS is linked with normalizability on the Ricci-flat side.

In this paper we set to zero the sources for dual operators, except in one case where we
considered infinitesimal sources. To extract the holographic data we would need to turn on
arbitrary sources on the AdS side, and in particular a non-trivial boundary metric. This
would allow us to study how the map acts on general boundary correlation functions. We
initiated such an analysis here by studying a specific case of a 2-point function and it would
be interesting to extend this to general n-point functions. It would also be interesting to
see how the map acts on non-local observables such as Wilson loops and the entanglement
entropy.

We also started analyzing the implications of symmetries. The map implies that the
Ricci-flat spacetimes inherit a generalized conformal structure. We have already seen that

~31 -



the structure of second order hydrodynamics is controlled by this structure, and it would
be interesting to extract all implications of this “hidden conformal invariance”.

We have also applied the AdS/Ricci-flat map to black holes in Poincaré AdS and
to second-order in viscous corrections fluids/gravity metrics. The black holes map to
Schwarzschild black p-branes, and we derived asymptotically flat second-order hydrody-
namic metrics (blackfolds). In particular, these solutions describe the nonlinear evolution
of the Gregory-Laflamme instability. We showed that there is an associated entropy cur-
rent with non-negative divergence and a finite, non-conformal stress tensor, whose tensorial
structure is also determined by that of the parent entropy current and conformal stress
tensor in AdS, respectively. From this stress tensor, we obtained the Gregory-Laflamme
dispersion relation up to third order in momentum. It correctly reproduces the physics
of the GL instability and captures the existence of a threshold mode. The quantitative
agreement with numerical results becomes excellent for large dimensions of the transverse
sphere.

A particularly interesting case to analyze further is that of the Schwarzschild black
hole. This is obtained from the AdS black branes by compactifying all spatial boundary
directions. As such this case has many similarities with AdSy and understanding hologra-
phy is likely to require resolving many of the issues associated with AdSs holography.

Another special case is that of no sphere (n = —1). In this case the AdS black brane
maps to Rindler spacetime, and the second order fluid/gravity metric and entropy current
map to the second order hydrodynamic metric and entropy current for the Rindler fluid
[17, 26, 27], after a change to the isotropic gauge. In particular, the AdS boundary maps to
the position of the accelerated observer, and horizons map to each other (recall that there
is a scaling that changes the position of the accelerated observer [26] — this is related to
scaling the AdS radial direction, as discussed in the Introduction). It is likely that this case
can provide the fastest route to flat space holography since there is no transverse sphere.
As such it would be very interesting to study it further by turning on sources and study
correlation functions and other non-local observables.

In this paper, we mostly focused on mapping properties and observables from AdS
to Ricci-flat spacetimes. It would also be very interesting to use the map the other way
around. In asymptotically flat spacetimes the main observable is the S-matrix and it would
be interesting to study how the AdS/Ricci-flat map acts on it. A related question is to map
the structure of asymptotically flat asymptotia and the corresponding symmetry groups
that act on them (such as the BMS group, etc.) to AdS. One may also wish to study how
other asymptotically flat black holes (Kerr, Kerr-Newman, etc.) map to AdS.

Finally, the map was developed at the level of gravitational theories, and it would be
interesting to see whether it can be extended to the full string theory. To this end, one
would like to formulate the map in terms of the worldsheet of the string. If successful, this
may give us a new route to understand string theory on AdS, starting from string theory
on flat spacetimes.
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A. Diagonal dimensional reduction of Einstein gravity with a cosmological
constant

Our starting point is the Einstein-AdS action with a cosmological constant in d+ 1 dimen-
sions (2.1)16:

1
Sayr = —— | 4 e/—gar1 [Rar1 — 2] (A.1)
167Gy,
The equations of motion are
Gap+Agap=0. (A.2)

We wish to perform a reduction to an Einstein-Dilaton theory with the Ansatz:
dsi,, = 62°‘¢ds]23+2 + R2626¢dX§_p_1, (A.3)

where ng—p—l is the metric of an (d — p — 1)-dimensional (compact) Euclidean manifold
with radius Rx.

For a diagonal Ansatz, it is consistent to take all scalar fields along each reduced
direction equal. Nonetheless, let us check that such an Ansatz is consistent by reducing
Einstein’s equations directly and writing out the action from which they derive.

Using the tetrad formalism, the higher-dimensional Einstein tensor GdJrl (A,B,--- =

0...d) can be projected on the external (a,b,... = 0...p + 1) and internal (i, j,...
1...d—p—1) coordinates:

GHY = G2 4 [pa® +2(d — p— Dap — (d— p — 1)8%] 0up0pe

p+2
— [pa+ (d—p— 1)) VaVio — “— {2 [pa+ (d = p—1)8] 09

p—1)
— [p( - 1)04 +2(d—p—1)(p— DaB+ (d—p—1)(d—p)s*] 94
+Xd p— 16 } (A4)
Gt = Gl gL Ry 2 (p+ Nack (d - p—2)6] 06
—[(p+ Dpa® +2p(d —p — 2)aB + (d—p—2)(d —p— 1)8] 9¢*}  (A.5)

where GZZ’Q and G‘iij_p 1 are respectively the Einstein tensor associated to the (p + 2)-
dimensional metric and to the (d — p — 1)-dimensional compact space X4_p—1. Xg_p_1 is
its Ricci curvature and verifies

depfl - : (A-G)

Then, taking the trace of Gil;g, one finds the Ricci scalar

Rip1€*% = Rpo + X7 P9X, = 2((p+ Do+ (d—p—1)8)0¢ (A7)
— [plp+1)a? + (d—p—1)(d—p)B*> +2(d—p — 1)paB] 0¢°,

1611 this appendix, the dimensionality of each object is explicitly indicated as an index or exponent.
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while
det ggyq = 2 PHDat(d=p=1)5lo gt Ip+2 - (A.8)

Setting the overall conformal factor in ¢ in the action to unity requires

(d—p—1)8=—pa (A.9)
upon which

pd

d—
ma28¢2 + 62d*plla¢Xd,p,1 . (AlO)

Rd+162a¢ = Rp+2 —2a0¢p —

In order to have a canonically normalized kinetic term for the scalar, we then set

_ jd-p—-1_ ¢ _ [2(d—p—1)

so that the bulk action naively becomes
1 +2 1, 56 —2¢
Sp+2 = e dPTx./ —0gp+2 Rerg — —0¢° — 2Ae + Xd—p—1€ po
167Gy = J M 2
1

- APty /—hy16n-0¢. A.12
167GE /6/\/1 " (4.12)
where h;,41 is the induced metric on the boundary M of the manifold M and n® a unit
vector normal to that boundary.
To check that this is correct, we can also replace in (A.4) and (A.5)

1 1 _20 1
GZ;—I = G§Z2 ) W POy — 592:2 [Xd—p—le ps — 28¢2] (A.13)
e 1 4,1 2¢ 2 1
Glc'ljﬂ - G?j T Qg%dj e [R;DH + ﬁmﬁf) - 23¢2] : (A.14)

and reexpress Einstein’s equations (A.2):

p+2

1 9, _29 _
ng_Q = ) 0 9Op + 5 [Xd—p—le » —2Ae 6¢} (A.15)
d—p—1
. ) 2o0¢ 1 _
Gt = gﬂ2 ¢ 5 [RPH + p(;ﬁ — §8¢2 —2Ae ‘ﬂ . (A.16)

In (A.15), we recognize the lower-dimensional equation of motion for the metric, as derived
from (A.12). Taking the trace of (A.16) and replacing again in (A.16), one finds that
X 4—p—1 must be an Einstein space, that is

X,
dp-l i (A.17)

ij _
Rd—p—l - d —p— 1 d—p—1"

Note that this condition becomes very important once higher-derivative terms are in-
cluded, for instance constraining the square of the Weyl tensor of X4_,_1, [30]. The
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lower-dimensional Ricci scalar can be derived from (A.15) or (A.16):

1,5 p+2 p+2 2¢

Ryio = §a¢ + T2A6_5¢ - TXd_p—le_ﬁ (A.18)
1 _5 d—p—3 —2 209
Ry = §8d>2 + 2Ae7% — de—p—le P = pT . (A.19)

Subtracting the two previous equations yields the dilaton equation of motion:

2¢

D¢ = —2(5/\676(1) + %Xd_p_le P57 (A20)
p

identical to that derived from (A.12), while the other combination gives back the trace of
Einstein’s equations.
The metric Ansatz becomes

b(2_
dsi,, = 6_5¢d5%p+2) +el (p 52) ng_p_l . (A.21)

We have also defined the lower-dimensional Newton’s constant GI;\;F 2= G?VH /Vi—p—1, where
Vi—p—1 is the volume of X@=P=1 The boundary term in (A.12) has no impact on the
equations of motion, but would be important for the computation of the Euclidean action
on-shell. It is exactly compensated by a term coming from the reduction of the Gibbons-
Hawking-York boundary term.

Inspecting both the action (A.12) or the field equations (A.15), (A.20), it is clear that
they are invariant under the exchange

2A & X410 = Rx 0+ 25 (A.22)
p

where £ is the AdS radius. Such a symmetry of the action and field equations was formerly
noticed in [45], for the special case of metrics with Weyl symmetry.

B. Useful hydrodynamics formulae

The velocity is denoted u, and is normalized w,u* = —1, while indices are raised and

lowered with the Minkowski metric 7, (we restrict ourselves to the flat boundary case).

As a consequence, all covariant derivatives can be replaced by ordinary partial derivatives.
We define the zeroth- and first-order derivative hydrodynamic data the usual way:

8Au

A
.A#:’U/ (9)\uu—ﬁ

0
Uy = ay — ﬁu”, P =M + uyu, . (B.1)

The shear 0, and vorticity w,, are the symmetric and anti-symmetric traceless pieces of
the gradient of the velocity

0-u
Opuy = PEP,/)‘G(HU)\) — ﬁpwj, Wpy = P;Pg\a[ﬁu,\} (B.Q)

so that the gradient of the velocity can be decomposed as

(9Mul,:JW+WW+d‘jll—ul,,al,7 =0 u, a, =u- uy (B.3)
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where we also defined the expansion and the acceleration.

To parameterize second-derivative data, the Weyl-invariant formalism of [22] is use-

ful, and we adopt their conventions for the Weyl invariant acceleration .A,, and covariant

derivative:
Ou
_ @
-A,u—a,u,_d_ly
P:D)‘al,)\ = a)‘aw\ —(d— 1)a>‘aw\ — 02“u ) o’ = oot
A A A 2 2
P/Dw,\ =0 wux — (d = 3)a’wyy + wuy,, w” = wywh”,
A Iy 0o, A
u'D\Ouy = Opw + d—1 — 2a U T )N -

Some of the second-derivative data is not independent:

1
(‘Zu = u)‘ﬁ)\au = m (P;:D/\O'y)\ + P:D)\WV)\> + a2uu,
9,0 1 \ \ Ou \ N
dil :m(P;:D O'V)\+P:D wl,)\> _dfp‘_‘_a O'H)\+a Wi

2

8-a202—w2—|—9—|—d_1.

Finally, the hydrodynamic equations allow to replace temperature derivatives:

2 P)\
d,b = bA, + 20 T > _
Av + [d(d —1y g

C. Functions in the fluids/gravity metrics

The functions in sec. 3 are [22]:

oo ,d—1 _ 1
F(br) E/ yidy,
b

- ylyt—1)
oo ,d—2 _
Hl (b’l") = /b Zi/(yd — 11) dya
o0 d 13 3 ,
Hobr) = /b r g(gf_l) / y3dy [1 4 (d — DyF(y) + 27 F' ()]
1 o [T dg Syd2 -1
= fr) /b e 1) /1 Y1)

Ky (br) = /b G wrrw?

Kar)= [ % [1 E(e - DF(E) — 2(d - 1)t

+ (2= 0t - @-2) [Ty ror)

— 37 —

(B.11)



o ) it 0o y—1
L(b )_/br ¢ 015/5 Qy s (C.6)

The constants appearing in the horizon location ry and the entropy current are respectively
22],

e 2(d*> +d—4) Kon o d+2 e 1
YT Rd-1)(d-2) dd-1)’ 7 T 2d(d-2)° ST dd-1)(d—-2)’
(C.7)
and
2 Kipd+ K 1
A= (d+2) - EE2 A=, (€8)
2 1
31:—2A3:d(d_2), By=——. (C.9)
with
Ko = Ks(1) = /Oo d—g [1 — (&= 1)F'(&) —2(d — 1)¢dT
L8 , (C.10)
+(2(d—1)r—(d—2 dy y?F’ 2},
(- ne' = @-2) [y r)
Kund-+ Ko = Ka(Dd+ Ka(1) = [ 55 [L- 66~ 1P - 26d - ¢

42 ((d 1)ed 4 1) /:O dy yQF'(y)Q] .
(C.11)

D. The fluids/gravity metric in FG coords

We would like to bring the fluid/gravity metric (3.4)-(3.6) from Eddington-Finkelstein (EF)
ds® = —2u,, da* (dr 4+ V,dz") + G, datdz”, (D.1)

to Fefferman-Graham(FG) coordinates

2 dp2 1 A w. v
ds® = 17 —l—;g,w(p,z )dztdz”, (D.2)
so that reading off the holographic stress-tensor is straightfoward. Letting the EF coor-
dinates be functions of the FG omes, (r(p,z"), 2#(p, 2")), yields the following system of

first-order differential equations:

0 = ~2u,0,0" (O + VB ) = 20,02 (D1 + V20,2 ) + 20,00, By, (D.4)
g% _ g,{)\aw%ﬁ Vx)\ o 2u,.€(3,,x“ (6#7“ + VAG;JT)‘) ) (D5)
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These can be solved order by order. More precisely, at a given order, one only needs to
solve (D.3) and (D.5) to have access to the metric in FG coordinates at that order. The
remaining equation (D.4) only serves as input for the next order. Consequently, we only
evaluate z*(p, z*) to first order in the gradient expansion, as we only wish to obtain the
metric to second order in derivatives.

The change of EF coordinates (r, z*) to FG (p, 2*) goes like:

r=Rolp ) + Ri(p, ) + Bolp. ), &= ()" (D.6)
1 i _ b
R = = (165)" oy == o, ) = movF- 0% (01
_ Roky0 1 (1 N\ b
R R T O C Rt d K CE
B (1 — Rokypf) 6 B Roky0,,0 (Rokpf — 1)9,4#
R 2 k2 —2X1,\ a2
9y (RJ/?) =9, [(Xla + X1p — k) WZ + (Xla — X9+ bﬁl) %
s k2 0 1 k? 0?
* (”w k- ﬂ) 2d-1) " <1 - ﬁ) (X” - 2) @1y
(f-1) )
ot = H — kbuu + Xlaaﬂ + X9 deﬁul + Xg (D.ll)
_ VI Boky _ _ VT + Rl 94b
0p (X14) = 2pR(2)\/f , Oy (X1a) = <2X1a Rg\/f ) b (D.12)
Rok —1 Rok -1\ 0,b
8, (Xu) = 02’;% Oy (X19) = <2X19 - “Pﬁ) % (D.13)
ozt = 5;: — kpo,ut — <k‘b — Rol\/f> u“% + X1,0,0" + Xq9 <9daiuf + (Z,,ﬁuf)
+a"d, (X1a) + %ay (X10) . (D.14)

Armed with these definitions, the metric is written in FG coordinates at second order
in derivatives of the velocity and temperature but ezactly in p (here the index in metric
elements denotes the order in derivatives):

90% = 13 [ + (Rob) ™| (D.15)
9ipv . 2bR% _ —d
e = = log (1 (bRo) )JW (D.16)

P2 B2 (k2 + 2X 14 — Abky F — 202 Hy + 202F2) 0,00, + R2 [(2X10 — k2) — 1] wpnw’,
p
0o,

d—1

+2R] (ki — 20k F + b Ha) 05w ) + 2R3 (X1a + X190 — k)
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+2R (X1q — bk F + b Hy — b2 Hy) u’Daoyw + Rf [(2X1a — ki) — 1] auay
6> 2X140 20302
k
) (d—1)2+ -1 a1

Ouguay) | Ml v)AD”“’M>

Ry
+R0 2R7+2(X1a+X19 Hl_Kl) PMV
0

+[2+R3(k§—2X1a+2wa—fk§)]( d—1 d—2

2+ R3 (ki —2X1a +2fX10 — fk})  4bRy
_l’_
d—2 d
+4b*R3(1 = f)L] u(, P, D oxe + RG [2X10 — (1 + f)ky + 2 X19] uua*op)y
+RY [-2X1a + K + f (2X19 + 4X10 — 3K7) | u(u 0w,y + [d(f — 1) — 2f] RaRouyuy

(Rokyf — 1)

w? 219 Huuu,, 9
+(f — 1)71@% + [d(f — 1) Rgky —2(1 + Rolee)} -1 [Ro (d(f —1) —4f)
k? 0?uyu,  4ARo(1 — Rokpf) o
(=) 2] G gy e

2
oo U Uy

+u—nRa%m+Mng_D

+ | R (d(f —1) —2f) <X1a - kj) + 1} auyuy -
(D.17)

We may now expand asymptotically in p — 0 the metric coefficients above to extract

the holographic stress-tensor. With a view towards the analytic continuation for d =

,—2, we also provide some of the subleading powers in p (in the metric elements, the

exponent in parentheses is the order in p in the FG expansion, the other exponent not in

parentheses the order in derivatives):

9/21,,1/(0) = Nuv (D.lg)

gi,,/(0<i<d/2) =0 (Dlg)

2 47 2(b— ) 2P, 02
d—2 2,(d/2 A A A pv
b g/“,( /2) = = 20uA0y — (YN “i+d)d

A A
2 2 0
gilsd/2+1) _ _0m0T, | Wy n U}\(Hw;)\ B Ouv | QuGy
2+d 24+d 24+d 2+dd—1 24+d

P;w (d 2)9 (d - 2)92] (—2 + d)@uma,,)

o? — —da®+

_|_

2(d +2) d—1 " @d=17 2+d)d-1)
Up PV?DHW)‘” U(p PV?DHU)‘” du(u a/\UV)A (4 + d) U a*w V)A

2+d 5+d T 244 2+ d

(@d=3)0”  (d=2) (4, ¢ 1+ d)?
[ 2(2 +d) * 2(2 + d) (9 +o—y—(d+ 1)a2> - 2(2+d)] u,u, (D.21)

SPWJ2 azu#uy
_|_
2(-14+d)d?>  2(—1+d)d?
(D.22)

4 4t 2(b—1)
2d—2 2,(d )\ A A
b W( ) = d2U’M %o’)\(”wy _
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b2d92,(d+1) _

[z

—(6+d) TN, ——(_2+d) Waw —i——B AW A
BL+d)2+d) " v B8I+d)2+d) "V A+d)@2+d) MW

_ (4+d) 0oy (=6+4d) Do — (=2 +d)aya,
20+d)2+d)d—1 8(1+d)2+d) " 81+d)(2+d)
Py (d—3)(d-2) ¢,
+—8(1+d*)‘(2+d) [(d—2)w2+(d—2)(d—1)a2— 1) (e

2 d—2)(2d — 1)0 , 2d — 1)u(, P} D wy,

) C - gy] - U DA Vougay | (R4 Du, ’

i WD rdE+d Al detd
(=3 +2d)u, PVS\D“J)\H (=2 + d)duy, CLAO'Z,))\ d(4+ d)u, a)‘w,,))\

41+d)2+d) 20+d)(2+4d) 2(1 4 d)(2 + d)
. 2
+ {(2+3d+4d2) w? — (6 — 13d + 4d*) 0* — (d — 2)(4d — 1) <9+ dé 1)
_92)(2 Ad?) o] — Ut D.2
+(d—2) (2+3d+ d)a]8(1+d)(2+d) (D.23)
3d—2 2,(3d/2) _ (72 —6d + dz) A (24 — 6d + dQ) T y, (d— 6)02U Uy
P2 = 24d3  MTv T DY R O T
(24—6d+d*) (b—7) , (36 — 8d + d?) P,0?
24d3b WP T TS T T ) (D-24)

2,(3d/2+1
G

(10 + d + d?) (—2+d)(—1+d) \

p—3d

A
60+ 2+ D)2 +3d) 7 T 60 1 d)2 + d)(2 + 3)
(38 —d+d?) \ 3(6+3d+d*)  fou
SA+d)(2+d)2+30) M) T 8A+d) 2+ d)(2+3d)d 1
B (=14 + d) AD (—2+d)(—-1+d)auay
S+ d)2+d2+3)" 2 T 60+ D2+ d)2 +3d)
+32(1 +d)(5i”d)(2 30) [—3(d —2)(d — 1)w® — (d — 2)(d — 1)(3d — 4) a®

. 92
+(=2+d)(—10 + 3d) (9 - 1)) + (38 — 17d + 3d%) o*

(—2+d)(~2+9d)0u(,a,y (—1+d)(=2+9d)u, P, D wxy
16(1+d)(2+d)(2+3d)  16(1+d)(2+d)(2+ 3d)

(_2 + d)(_5 + gd)u(u P,/)\DHU)\H 9(—2 + d)(—l + d)’LL(u (J,)‘O'l,)/\

)
6l+d)2+d)2+3d) 160+ d)2+d)2+3d)
(4+d) (2 - 3d + 9d°) ug, a’w,) 3(2+ 7d + 2d* + 9d°)
16(1+d)(2+d)(2 + 3d) 32(1+d)(2 + d)(2+ 3d) "
(=18 +97d — 102d* + 27d*) ,  (d—2)(3d —2)(9d — 1) 0 62
21+ d21+d)2+3d) ° R0+d2+d)(213d) ( d— 1)
3(—2+d) (2+ 7d 4 2d° + 9d°)
32(1+ d)(2 + d)(2 + 3d) “2] ity (D-25)

2
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E. The n = 1,2 cases

E.1 n =2 in detail
E.1.1 Regularizing the metric

The divergences one encounters in the metric when taking the limit d — —2 are directly
linked to the fact that the various metric elements depend on functions which are them-
selves diverging in this limit. So finiteness of the functions will ensure finiteness of the
metric. As far as the d = —2 case is concerned, one finds that the metric functions
X1a, X109, H1, Ha, K1, Ko, L, R2 need to be regularized (see Appendix D for the definition
of these functions). This should be done step by step, as some of these functions enter in
the definition of others. But generically, once all parent functions have been regularized,
the remaining divergence will take the guise of a pole in d = —2 at order 0 in p. For
instance, one can look at the expansion of Xy, (which is a function entering in the change
to FG gauge, see Appendix D) and take the limit d — —2:

1+d)p? b b2 (,0

o, X0 = Sttt e b2>+0(d+2). (E.1)

Here, note that we have introduced an arbitrary integration constant X1i,9, which is allowed
since Xi, is determined by its radial derivative (D.12), and the expansion displays the
advertised pole. This pole can simply be absorbed in a change of boundary condition,

setting
(1+a)?
X1 E.2
10T 92+ d) (E:2)
so that
X L +gl (£) +0d+2) (E.3)
ta p—0, ‘42 6p P o8 b2 ’ ’
Doing so systematically, one arrives at a finite metric for d = —2 (we work with the reduced,
hatted metric for compactness instead of the tilded one):!7
. b? b2 b3 5 Bbt] . . BT
Jab = Nab | 1 — o= | + —Ually + —0Gap + [0° — —— | WaeWp +2 | — — O c(aWh)
2p P P 8p 2 p
»* 11t 1964 . - bt 0 bt
+ 5 | GaepC + |30 — ) G- Dégp — |3b2 — — | =64 + |0 — o0 QaqQp
2 8p 8,0 2p] 3 8p
136t (82 4 32 ot 5bt 136 ] -
— )| =-= — - — | —20% + 02— —5%| P,
+[<2 8P><9 3 +<4 2p>w+( 8P>a 24p 7 |1

L (2T e (5O e (15 TR (2 0\ (s L]
2 8 1~ 4 2 8 J\9 3 p o
b4 0 3b* 4b*
2 ~ 2 2 ACA A
_<2b _4p> gialo + (4b P )au(baa)c <2b p )au(bw“)c
(

b2 9! 5 e S r oAd
— — — ) 4, Py D% — — — ) 4, Py D —2). E.4
+ ( 5 16p> U Py) ‘D G ge + <2 16p> U Pp) D @ie + O(p™ ") (E.4)

To simplify the presentation, we omit a term proportional to log p.

— 492 —



As expected, this metric is finite, but gy # 7, and the stress-tensor (which comes at order
p~1) is not in the Landau frame (@*g(—2)ap # 0). Note also that the power 0 and —1 terms
are not the analytic continuation for d = —2 of the powers 0 and d/2 in (D.18) and (D.20).
d+1 also contribute. One can also check that the
order of limits we take (p — 0 then d — —2 versus d — —2 then p — 0) does not matter.

Subleading powers such as p%2t1 and p

E.1.2 Getting Minkowski on the boundary
In order to bring the order 0 in p piece of the metric (E.4) to 1., we simply need to do a
change of boundary coordinates, and shift

1
ﬂja — :L'a — ng/(O) s (E5)

where X§, is the second-derivative, zeroth-power of p piece of (E.4). Of course, though
(E.5) means that g()qs = 7ab, the change of coordinates backreacts on the order p~ ! piece
and changes the stress-tensor. One might worry that the original change of coordinates we
did, (D.11), did not yield the Minkowski metric directly. One should remember that the
shift we are doing here is second-order in derivatives, and we have left X§ undetermined.
Had we calculated it, it would have contained an arbitrary integration constant in p, which
we can always choose as in (E.5).

E.1.3 Going to the Landau frame

Implementing (E.5), the term in (E.4) where the stress-tensor appears becomes:

~

3b? b2 . bt bt 564 0
G(=2)ab = 5ty = 5 Pap + 0°0ap = T0aelh = 5 0c(ah) = 5-Gac = b 30w
(A b v[62 6 b 34 134 .
_ G- Dby — —aya G (AR I A E ey e S o3 [ 28
g PO~ glals 8(9 3) gY TR Ty 7|t
e (180, 1o (62 o ) DR
—0 S - T4 -~ 5 A a i a
8 8 g {9 3 2 b (™)
daces dacy ~ 5b4A D cyd A 3b4A D cd -~
—b%a u(baa)c —3b%a u(bwa)c - EU(an) D Ode — TGU(an) D Wde 5 (EG)

from which it is immediate to see that this is not in the Landau frame. To reach it,'®
two steps are needed. First, shift the velocity by a second-derivative correction which will
compensate the terms in (E.6) which have only one leg along the velocity. Then, shift the
temperature to cancel out the terms with two legs along the velocity. In so doing, an extra
contribution proportional to Py, comes in, equal to &“ﬁbg(_g)ab /3, so that the final result
is

R b2 . 32 3. vt bt 564
9(—2)ab = _Epab‘i‘ TUaub‘i‘b Oab — gwacw b — Eac(awb) - ?UacUb -
™o b b o020\ b, -
—? 'DO'ab—b4§O'ab—§aaab+ —5 5—5 +§CL2 Pab. (E?)

8This is for convenience, we could as well extract transport coefficients from any other frame.
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In the end, the renormalized, shifted metric reads

. 1, _
Jab = Nab + SI-tab +0(p?). (E.8)

From this, one can extract the stress-tensor, see (3.55).

E.2 Renormalized stress-tensor for n = 2

Converting to tilded quantities (which includes a change of sign between w4, and ,, as well

as Ty, and Tab), the renormalized, reduced stress-tensor for d = —2 is:
Tap| =P (b — 20ai) — 2010 — COFos
107 | e+ 25aes” + ~ael s+ UDebap + =By + ~iiad
07 | Oc(aWb) 4 Cac b y Wac b 4 cOab 12 ab 4% b
7. (@ 4 &
—50% U0t + Fay (9 T3 4)]
5.~ (10 @ 5.
064+ Pap | — — = + —0? E.9
+TOC 4 Oab + ab(S 3 +8p )]7 ( )
2 3
~ — ~ 3
P10 5o Pt (E.10)
167G N 167G N 3p

E.3 Renormalized stress-tensor for n =1

Using the procedure outlined in the previous section, the renormalized, reduced stress-

tensor for d = —1 is:
Tab de—1 = P (nab - aaﬂb) - 2ﬁ6ab - gépab
113, 15 9 _ T 9 ~_
+ron |:800(awb)c + TGUCLCO-bC + Ewacwcb + Zucaco'ab + Eeo’ab
9 _ . 7. - 5 5 69_, 15~ 15z 3
T1gla® ~ 58 Uade T Fa (‘32” "3 T’ TR0 R
(15 - [(T: 15 15(p+2)
—0 Pyl -0— =02+ E.11
+m<[16 Gab + ab<8 Ay , (E.11)
2
~ — ~ 2
p=—"0 5=_T0_ g2t (E.12)
167G N 167G N p

Note that this encompasses the stress-tensor for the black string, which can be obtained

from the previous expression by setting p = 1.

F. Fefferman-Graham expansions beyond the stress tensor

In this section units are such that 16mrGy =1 and £ = 1.
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Let us consider AAdS space times with flat boundary metrics and in an expansion to
second derivatives. The FG expansion reads

dp? 1
% + ;gwdm“dx”

4p
— 90) +pd/2 pd/2+1

ds? =
(F.1)

9(d/2+1) t Pdg(d) + pitt

9(d/2) t 9(d+1) T
with
d/2 d/2+1 d 1
p P P ok
T, - or,+ 2 e To T 0y
d T addre) T o ( Ad—1) "l )
d+1
P d—2 o d
2d2(d + 1)(d + 2) | 4(d — 1)T Ouy Ty = T 060 T 4d—1)

— (0717 )06 Ty + T 005 Ty + (0°T7 ()01 Tpo — (d+1)T7 (0T,

v = Nuw + T/J,O.TO'V -

+ (0uT)s)0,T7°

Nuv
4(d - 1)

4 323 | 8229 4

+ (dT e DT 7 + (0xTpe)0"T?7)

(F.2)

T, is the boundary stress tensor and it is traceless and conserved. Let us prove the result
above.
The equations determining g, in (F.1) are:

p[2¢” —2g'a7'¢' + Tr (g '¢') g'] — Ric(g) — (d—2)g' —Tr (g 'g)g =0, (F.3)

V,Tr(g 'g) - V”gW =0, (F4)
_ 1 1
Tr(g~'g") - 5T (g gg7'¢g) =0. (F.5)
Eq. (F.5) implies that the d/2 4 1 term is traceless. Eq. (F.3) is
1 o 1
9(d/2+1) = d+2 <Rlc( gy tp / g(d/2))>pd/2 = _mDT#y- (F.6)

Now we compute the trace of the d term:

1 d? d(d
—1 -1 -1 -1 -1
Tr (1 g(a)) ) {STT (92 904/2)) + 3 <2 - 1) Tr(n™ " ga/2)n™ 9ay2))
3d—4

T 8d%(d — )TWT
(F.7)
Eq. (F.3) gives
1 d2 d 5 5
9@y =7 | Z9a2n s + AT (07 g@) 1= 5T (0 g2 9ayn)
(F.8)

1 1
3 (T“”TW )
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Now we look at the (d + 1) term. From (F.5) we determine its trace by collecting the

d+1

p terms:

(;l i 1) T (o™ o4y ™)

(5 1) T (oo o) = (5+1) 7 (o tose) ]
3d+2

_ 1
Tr(n 19(d+1)) :m

=— T°°0T,, .
8d2(d + 1)(d + 2) g
(F.9)
Now we examine (F.3) at the order p?. Relevant contributions are as follows:
2 (ga ), = -l (L4 [gd NG04\ + 902,017 9 2 }Jr
nv 2 (§+10)uat (5)pr T ()uel I(5+1)pv
Pl
=... 4+ TdTp(MDTIJ)p + ..
(F.10)
and
~Tr(g7 g ) g =+ + p*(d+ 1) [Tr (n‘lg(g)n‘lg(g+1)) Nuw — Tr(n_lg(dﬂ))nw] + -
ot
— .. — @TpUDTpUT]HV 4+ ...
(F.11)
The equation for g441 becomes:
G = <1RiC(9) +iTr(g )+ 29’919’) (F.12)
@) = @+ 1) (d+2) \p P o1

L contribution of the rhs.

where we have to collect the p~

There remains to compute the Ricci tensor at the relevant order. There are two terms
contributing to it at order p?, one coming from gg /2 and one coming from g4. Both of them
can be treated as perturbations of flat space (second and first order respectively). Formulae
4.4.51 and 4.4.4 of Wald [46] are relevant with v = g(q/0) and v = g(g) respectively.

Thus,
. 1 o o
Ric(g)u =+ + p° Qg'fd/z)auavg(dﬂ)po - gfd/g)apa(ug(dﬂ)l/)a

1 . i
+ 7 (Ou9(a/200)009(ay2) + (0°94y2)0)0109(d/2)0)u F.13)

L oo
+ §g(pd/2) apaog(d/Q)uu

1

1 _
+0°009(d)u)p — 5 P9y — §5u3uTl"(77 Yga) |+
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where indices are raised with 7 and we used that 0"g(4/2),,, = 0 and 7" g(4/2),,, = 0. We

get

ol A2

2d? | 4(d —1)
d

— ———(0,T)5)0, T — (0°T° ,) 05T 1

4(d_1)(up) (0717 ,) 05T, (F.14)

+ T’”c‘)p&,T,W + (8PT"(M)8,,)TM — Tp(uDTl,)p

RiC(g)#V =+ Tpgﬁy&,Tpa — T”"(?UB(MT,,),,

Nuv o Krpo
— Y __(T,,OT" 0T, ) O TP
+4(d_1)(p + (0xTpo) )|+

The result of adding everything up in (F.12) gives the result (F.2).

G. FG expansion for d = —2

In this section units are such that 16mrGy =1 and £ = 1.

We record here the equivalent expansion for the d = —2 (n = 2) case. Logs will appear.
We will make the assumption that we are in a weak field region, namely that the metric
reads nap + corrections. In particular this will require that the logs have a certain size,
and the range of p for which this will hold is not arbitrarily large. Let us discuss this in
some detail.

We sit at a coordinate distance p from the object sourcing the gravitational field, which
is characterized by an energy density r3. The object is not homogeneous on the scale .

We are in the long-wavelength expansion, meaning that

rg <K . (G.l)
Consider the range of p satisfying

2 2

"o o
ﬁlogp<<?<<1. (G.2)

In this regime we can expand the metric a la FG

dp? 1 1 1 log p
2 _ 2
ds® = 17 + p N + ;TW +log p 0T}, + 7 (T )W + e (100T),,, + ... | da*dz”

(G.3)

were the regime of p (G.2) is such that each term in this expansion is subdominant with
respect to the previous one. When the separation between ry and A is parametric as in a
derivative expansion, (G.2) is satisfied over a parametrically large range of p (but not for
p — 09).

Solving the equations (F.3)-(F.5) for d = —2 order by order in p (and assuming (G.2))
we find:

dp? 1 1 log p 1 1
ds? = 12 + o | % Ty + 5 0T} + 552 1, Toy + —12TMT""‘WV
(G.4)

+{(p) (1T00T),,, + ... |datdz”
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with an ‘unreduced’ T},

02

5 1 7 2 1 0 a?
TQ/JJ/ = Uﬁ(uwy)n+*(f}un0yﬁ+*&)pnwnu+ UAD}\UuuﬁLgegouF*auayﬁLPuu < -3 )

4 4 4 4 9 3 4
(G.5)
Let us call the term multiplying ¢(p), which is the analogous term to g441 before, L, .

Eq. (F.5) gives the equation for its trace

llogp—1
"(p)Tr(n~'L) = —g%T%TM. (G-6)
Solving for ¢ we find
1 1/2
/- ng:/ @7)

which actually means that ¢(p)L,, has two contributions:

logp o L
Up)L = ; Ly, + Q—pLW (G.8)
and they satisfy
1
nﬂuLgu = nMVLllw _ _ETMVDTLW ) (Gg)

Eq. (F.3) fixes L completely but leaves L! free (as this of the same type than the
stress tensor). The result in eq. (F.2) is essentially valid:

1|1 1
= =16 | 3777 0u0 Do = T°70,04, Ty, — (0 Tp0) DT

— (8T )85 Ty + T 0,05 Ty + (0°T° ()0 Ty + TP, 0T,  (G.10)

B % (=2T, 07 + (8 Tpe)O"T?) | .

If we now decide to call the stress tensor all contributions at the order 1/p, we find
that (G.9) changes the tracelessness condition to:
T, = ! P07, G.11
= 167" o (G.11)
which has the looks of some sort of conformal anomaly.
At d = —2 this becomes

b 4 :
TH AT, = 4a® — 562 + 502 —w? + 46| . (G.12)

This new T}, receiving this traceful second derivative correction obeys a set of effective
equations of motion, that can be derived by collecting the p=2 term of eq. (F.4). They are,
schematically, of the form

0T = d(TAT) . (G.13)
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At order 1/p?, we get:

1
1.7 __ o
Tr (g g)_---+32—p2T“ OTyo + -+, (G.14)
and
vy, = Lot Lovro L povg or L areye,r (G.15)
El,w—"'+27p2 uu‘i‘? W‘i'FpQ ) W—i—W( )Mpa+---- .
Collecting in eq. (F.4):
1 1
Ty +20"Ly, + ST 0pB 0 = 15T 00T = 0, (G.16)
which simplifies to
v = ¥P0,,0 ! "P9,0 18p war,, = G

In terms of the (p + 1)-dimensional stress tensor they read
~ 1/ ~ 1 - ~ 1~ - 1o~ -
T+ = [ T7°0,0Ty — ——=T 10,07, | — =T"°0.0T}, + =0°T*0T. =0, (G.18)
8 p+3 8 8

where we took into account the sign flip in the stress tensor induced by the map and that
in the term in parenthesis the compact directions in the KK reduction play a role.

H. FG expansion for d = —1

In this section units are such that 167Gy = 1 and ¢ = 1.
Pretty much as in the previous section, we record here the special case d = —1. Same
introductory considerations about the range of p apply.

12 p/? p! 1
G = v — p 2Ty + 5 w + (Tu"Tau +t3 ol "“mw)

lo
| logp

5 (0uTpe )0, TP — (0717 1) 05T

3 e o 1
ST70,0,Tps T 050, Ty — 5

(H.1)
+ TP 0,05 Ty + (9°T° ()0 T — % (— T OT? + (D Ty )0 T)

—3/2 7

(Tﬂpr"Tm, + pr"TpoT,w) +U(p)T200T ...

p

The equation for the trace of the T200T term becomes:

3 1
¢ (p)Te(T?00T) =2 (1 + 5 log p> p~? [TW@MTPU&,,TM — 81" 9, T 0,T,s

+ 8T,V 0PTH 9, T, + 8 THP T,y Ty — 11 THT?°8,0,T,,| (H2)

3 —5/2 v
ST / THPT,YOT,,
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and its solution is
2 1/1 1 —1/2 | v po uv po
Up)TH(T200T) =5 (5 + 3 logp ) o (70,1779, T,, — 8T 0,17 9,T,,
8T, 0T 0y Ty + 8 THT7 0,0, T, — 11T T70,0,T,,, | (H3)

1 — v
— P V2pue voT,, .

The terms proportional to p~1/2

1
W Ty = = o [TH0T70, T,y — ST O,TI0, T + 8T, 0°T0, T,

are a contribution to the trace of the stress tensor:

1

+ 8THT™ 0,0, Ty — 11T T 0,0, Ty | + T OTI0, T, (H.4)
b .

== (62~ 15624306 + 420° — 202) .

This agrees with the trace of the stress tensor(F.11)

13 7
- D)\O'w/ +

15
T2;w = E (Uumwun + Uz/nwun) + 160'Mno'y 16W;uiw v+ 1 1600'#1/
9 5 69 15 5. 3
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TR ( 1Y 37 T’ TR TR (H.5)

The effective equation of motion the stress tensor satisfies is

1 1 37
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7 oK 37 oK 7 a K
+ 5 D0 T 0o T — (o TH0T7 00Ty + 5 T0° T, " DTy

- é THO T, " 8,y T — T T, 0Ty + 3% T T, 0T,y — % TH 07T, " 0 T pe
- % THPO T, " By T + % THPO7 T, Oyus T — g THO T, " Oy Ty + % T, #9,T" OT,q
- % T, *0°T, " OT,, — i T, FOPT 0,y T + é OPT, P 0, T 9, T

- % T, P 8, T Oy Ty — % T, P 9,17 0y + T, P 07T, 0T e

1 1 5
= g T T 0Ty + 5 VTP 0,1, 0Ty — 5 0T 07T, 0Ty = 0,

(H.6)
and the relevant terms for the GL dispersion relation are
1
0=0,1", + 1 THPT,, ° 0,074
1 37 (H.7)
+ 3 THPT"0ppeTyr — 18 THPT" 0y upTor + 5 3 T“pTU’"””&,WTpH ,
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which in terms of the reduced stress tensor read:

- 1 - - - 1 - - -
0uT*y + 5 T*T, 49,0Tp + 3 T T DeqThe
(H.8)

37 -~ ~ ~ 1 - ~ 1 - - ~
- Zg T (Tdeabache - m Td dabacjje e) + g TaCTdeabache = 07

where we needed to use the fact that for the term in brackets the compact directions also

play a role.
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