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Over the past 20 years we learnt that General Relativity is not "just" a theory that describes
the 4 dimensional universe we live in, through the study of cosmology and black holes. It is
much more. In fact we discovered that General Relativity can be used as a tool to describe also
other physical settings, not just astrophysics and cosmology. As it happened with Quantum Field
Theory, which was discovered in the realm of quantum electrodynamics but was later applied in
many other branches of physics, so it happened with General Relativity. After the discovery of
the AdS/CFT correspondence we learnt that General Relativity is the tool for describing strongly
coupled system. This is one of the motivations for studying General Relativity in settings that
are different with respect to astrophysics and cosmology.

The first part of this work, in particular chapters 1-2-3, is devoted to studying higher dimensional
advanced black holes configurations. They can be useful for understanding more about general
relativity, and they can be used, through AdS/CFT correspondence, for studying some strongly
coupled Quantum Field Theory. Over the last years, effective theories for black holes, together
with numerical methods, have been extremely important for studying gravity in higher dimensions,
which is particularly difficult to solve. Among these effective theories, there are the blackfold
approach [87] and the large D expansion [81]. In this work we analyze the first of these two
approaches. This part of the thesis is organized as follows

e The first chapter is a review of the main developments regarding the blackfold approach in
the last years. It starts by giving the definition of a blackfold and providing the solutions
of the blackfold equations in the regime in which the blackfold is stationary. Then it is
explained how build charged blackfolds, in particular particle and string charged blackfolds.
It is reviewed how the blackfold effective theory can be derived from the Einstein Equations.
At the end of the chapter some examples of charged and uncharged blackfolds are provided.

e The second chapter is based on the paper [17]. The work is about finding novel charged
blackfold solutions placed in different background spaces, such as Lifshitz, (A)dS, Plane
Waves, but also black hole backgrounds, such as Schwarzshild backgrounds. Beside the
standard thermodynamics, also pressure and volume had been computed, following the
work developed for black holes in AdS backgrounds of [137, 65, 59, 63, 141, 67, 145].



Studying the blackfold in other background spaces than AdS, it was evident that those
definitions of volume and pressure ad they were given in the previous works were not
physically interpretable, as it happens in AdS backgrounds. We therefore give a different
point of view of such thermodynamics properties, by studying the gravitational tension.
We also understood that, in order to compute the proper mass of a blackfold in a curved
background, one need to subtract to the blackfold mass a proper factor of the gravitational
tension. All of this is explained in chapter 2.

e The third chapter is based on an unpublished work, which is indeed to be published in the
near future [18]. Following the work done in [20, 12], we would like to find novel blackfold
solution with charge and intrinsic spin, in different backgrounds. For such configurations,
the idea is to calculate their gyromagnetic ratio, which was already defined in the literature.
Some preliminary results are provided in chapter 3.

The aim of the second part of the work is to study holographic applications which are not
relativistic. Not all the systems in nature are in fact relativistic. There are many system, especially
in the condensed matter sector, which exhibits non-relativistic symmetries. In the past years
many work has been done in order to extend the holographic principle (on which the AdS/CFT
correspondence was based) also for non-relativistic physics. These works have been very useful in
studying strongly coupled physical systems with non-relativistic symmetries, such as Galielan or
Schréedinger symmetry. This second part of the thesis is organized as follows

e The fourth chapter is a review of many developments in the study of a novel geometry, which
is called Torsional Newton-Cartan geometry (TNC). This is important for the holographic
description because it was found by [56] that this geometry lives in the boundary of a
Lifshitz bulk. In chapter 4 there will be an introduction on the basis of the TNC geometry,
analyzing some of the methods that were developed in the literature on how to derive such
geometry. Then there is also an overview on one "dual" geometry to TNC, which is the
Carroll geometry. In the second section of the chapter there is a review on how to couple
field theories to TNC background, and the physical interpretation of the non-relativistic
energy momentum tensor. The third section is a summary of the work done in [114]
where they realize that a version of dynamical (T)NC geometry can be seen as a covariant
version of Horava-Lifshitz gravity. At the end of the chapter there is the holographic real-
ization of the geometry explaining an upliftable model which is going to be used in chapter 5.

e The fifth chapter is based on this paper [115]. In this work we developed a gravitational dual
realization of the hydrodynamics, or rather the perfect fluid limit, of a class of non-relativistic
theories by constructing appropriate Lifshitz black branes.
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1.1

1. Blackfolds

General relativity in higher dimensions has been an intense subject of research in the last
decades. There are meanly two reasons why it is important to study gravity in higher
dimensions. The first reason is that gravity in higher dimensions is reacher then gravity in
four dimensions, and therefore we can learn more about it. The second reason is that since the
discovery of the holographic correspondence the study of gravity in higher dimensions became
very important for studying field theories. In particular, in the AdS;/CFTy correspondence,
the development on gravity in 5 dimensions are important to gain more knowledge on
conformal field theories in 4 dimensions.

Since the appearance of black rings in 5 dimensions |78, 80| it was clear that General
Relativity in higher dimensions permits the possibility of a large class of black holes, with
respect to the four dimensional ones. After the black ring in 5 dimensions, other exotic
solutions have been discovered, such as black saturn and multi black ring solutions [74, 73,
128, 88]. Unfortunately the techniques we used to construct exact black holes solutions
in four and five dimensions [155] cannot be naively extended to higher dimensions. Still,
this does not mean that exotic solutions, such as black rings in higher dimensions, do not
exist. In fact, following the intuition that such solutions do exist, it could be possible to
take smoothly bent black branes, and try to solve the Einstein equation in a perturbative
regime. In other words, one can try to work out an effective theory for black branes.

This approach started with the construction of a thin black ring in D =5 in [86] and
then a general effective theory for bent black branes was developed in [87, 82| and it took
the name of blackfold effective theory.

Blackfold Effective Theory

The blackfold approach is an effective theory that describes the physics of black objects. It
can be applied whenever there are two widely separated length scales along the horizon of a
black hole: in those situations the natural approach is to integrate out the short distance
physics, and deal with an effective theory with long distance degrees of freedom which
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considers the effects of the short distance degrees of freedom that are encoded into an
effective action. The leftover theory for blackfold then will describe a thin black p-brane
curved on a submanifold W, embedded in a background spacetime. This effort has been
done in [87]. In the following sections are a review of the main developments of this theory.
We will work within a blackfold regime, considering the horizon size of the black p-brane
much smaller than any other scale in the physical system:

ro(c”) < min(R, L) (1.1)

where r( is the horizon size of the black p-brane, 0 are the coordinates on the worldvolume
(a=0,1,...,p), R is the curvature radius of the worldvolume, and L is any length scale
of the background where the black p-brane can eventually be placed. The blackfold is
specified by a set of collective coordinates X*(o®) that describes the embedding of the
(p+ 1)-dimensional worldvolume of a black p-brane into a specific D-dimensional background
spacetime. The requirement (1.1) implies that near any small enough region around the
blackfold, its geometry looks like that of a boosted flat black brane. The near horizon metric
of a boosted black p-brane can be described at leading order by

dr?
T
7-71.

T,TL
ds* = (’Yab + T?Zuaub) do®do® + +7r2dQ2 4 (1.2)
where n = D — p — 3 (D being the number of dimensions), u® are p independent spatial
components of the velocity field, and 7y, is the induced metric on the worldvolume, which
depends on ¢ via the embedding coordinates of the brane

Yab = 0a X O X" g1 (1.3)

where g, is the metric of the background spacetime. Since this is obtained by just boosting
the metric of a flat p-brane along the worldvolume coordinates, this is still a solution of
Einstein equations.

In order to encode some short distance physics in this metric, the next step is to let X*,
u® and rg to slowly vary along the worldvolume under perturbations over a length scale
R > rg. With this assumption, the near-zone geometry will be described by

n(ga dr?
ds? = <7ab + 7“07%: )Ua(O'a)Ub(O'a)> dotde’ 1LT6‘ + (1.4)

At this point the blackfold is described by thickness of the black brane r(o), the velocity
fluid u%(o) and the set of the embedding coordinates X* (o)

¢(0) = {X*(0),ro(0), u(0)} (1.5)

where ¢ are all the collective variables describing the blackfold. One should also keep in
mind also that, because of diffeomorphism invariance, not all the embedding coordinates are
independent.

Being more precise, the configuration we are describing is as follows: zooming in to a
local neighborhood of the blackfold, the metric is the one of a boosted black p-brane (1.2);
at large scales, instead, the space-time is described by the metric g,,, with an infinitely thin
p-brane, with embeddings X* (o) and with ro(o) and u®(o).
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The dynamics of this blackfold system is encoded into the stress-energy tensor 7}, of a
black brane, which can be obtained by the Bown-York procedure

2
T, =—— 1.
g \/g(sg”y (1.6)

The stress-energy tensor of a boosted black p-brane can be computed and the result is that,
to leading order, it takes the perfect fluid form

Tup = eugup + P(vap + uqup) (1.7)
where € is the energy density and P is the pressure of the brane

(n+DQmn+1) , 1
— 7 rndd) P—_
162G 0 nt1°”

(1.8)

From the stress energy tensor of a black p-brane, it is possible to derive the stress-energy
tensor of the blackfold by letting the collective parameters of the blackfold (1.5) to slowly
vary along the worldvolume

Q
b= e T8 (0) (e (7)1, (0) = 7t () (19)

T,

and this will be, to leading order, the stress-energy tensor of the blackfold. To complete the
local thermodynamics of the brane, the entropy and the temperature can be computed via
the Bekenstein-Hawking identification, and the results are the following

(n+1D)Q0ns1) iy n
4G "o  T= 47ro

(1.10)

S =

These local physical quantities obey the first law of thermodynamics and the Gibbs relation
de=Tds , e+P=Ts (1.11)

Worldvolume geometry

In order to derive blackfold equations, it is important to give some basics of the geometry
governing the worldvolume of the blackfold itself. The geometry of the submanifold W, is
totally encoded in the induced metric y45(0) (that fixes the intrinsic geometry) and by the
extrinsic curvature K,,,” (o) (that encodes the shape of the embedding). The projector to
the tangent space of Wy, 1 (which is also called first fundamental form) is given by

R = 9, X D, X"y (1.12)
while the projector of the orthogonal directions is
J—,ul/: uv — h,uy (113)

Background tensors A, can be converted to worldvolume tensors A%, = (pullback) and
viceversa (pushforward) by using 9, X# (o), as it has been done in (1.3). It is important also
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to define covariant differentiation of tensor living on the worldvolume. This is done by the
following

V= h.'V, (1.14)

The bar will denote the fact that the differentiation will be performed along the worldvolume
directions. Using this definitions one can define also the extrinsic curvature (or second
fundamental form)

K, (o) = h,°V,h," (1.15)
The trace of the extrinsic curvature is called mean curvature vector

KP = h" K" (1.16)

Blackfold equations

Since we said that all the dynamics of the system should be encoded into the energy-
momentum tensor, we are going to derive the blackfold equation from it. We know that the
stress-energy should be conserved along the worldvolume of the brane, which means that

VT =0 (1.17)

Decomposing the equation of the conservation of the stress-energy tensor of the black p-brane
into components parallel or orthogonal to W, 11 we obtain the blackfold equations

THK,” = 0 (extrinsic equation) (1.18)
D,T% = 0 (intrinsic equation) (1.19)

where D, is the covariant derivative on the worldvolume and 7% is the pullback of the
stress-tensor on the worldvolume. The intrinsic equation describes the fluid living on the
worldvolume, while the extrinsic equation describes the bending of the brane.

It is enlightening to write the extrinsic equation in terms of the embedding coordinates
XH:

T (VaOpX? 4+ T 0. X 0, X") = 0 (1.20)

These are the generalization of the Geodesics equations for extended relativistic objects, or
in other words the generalization of Newton second law of dynamics where Ty, represent the
mass and K7 is the acceleration.

If we insert the explicit form of the stress-energy tensor of the black neutral p-brane (1.7)
into the blackfold equations (1.18) and (1.19) we get

. 1
ua—l-ni_’_luanub = 0Oglogry (1.21)
KP = n 1P a (1.22)

where we defined @ = u”V, u". These are the equations we would like to solve in order to
find specific blackfold configurations.
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Stationary solutions

In general blackfolds do not have to describe just black branes in equilibrium, in fact we can
describe blackfolds not in thermodynamic equilibrium (over distances > R). In this section
however (and for the rest of this thesis) we restrict ourselves to equilibrium configurations,
which are described by the so called stationary blackfolds. In general all stationary (including
static) black holes have a vector field k* such that it is a Killing vector field and it is null at
the horizon

Ligu =0 (1.23)
Gk kY | =0 (1.24)

Also for blackfolds we should require the same in order to reach stationarity. In particular we
say that a blackfold is stationary when there exist a Killing vector field k* of the background
metric such that
1. the pullback of k* to the worldvolume, i.e. k% = k,0,X*, is a Killing vector field on
the worldvolume.
2. the velocity fluid is set to be proportional to this killing vector field
ka

ut = i (1.25)

These two requirements precisely characterize stationary fluid configurations: in particular
they are necessary for the absence of dissipative effects, as it was proven in [44].

Solution of the intrinsic equation

Now, since k* satisfies the killing equations, and since u® is proportional to k%, we can realize
that

u* = 0%log | k| Dou® =0 (1.26)
Plugging this informations into the intrinsic equation (1.18) we get

|%)| = constant (1.27)
which therefore is a solution of the intrinsic blackfold equation for stationary blackfolds. The
only thing that it is left is to fix the constat. It has been argued that the killing vector & it
is null when approaching the horizon and therefore it is a null generator of the horizon. This
means that we can use it to get the surface gravity

nk
- 1.28
K 2o (1.28)

Thus we have fixed the above constant. Furthermore we can compute the temperature from

the surface gravity, by x = 2aT. T is really the global temperature of the blackfold. In

conclusion we have
n

= —|k 1.2
ol (1.29)

ro(0)
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The killing vector k%, without loss of generality, can be written as a linear combination of
the worldvolume coordinates, as

K0y = 0r + Y _ Qaly, (1.30)

where 7 is the timelike worldvolume directions and €2; are the angular velocities associated
with the Cartan angles ¢;. We assume now that the background spacetime has Killing
vectors £ and y;, that they are canonically normalized at infinity, and that their norms at
the horizon are called respectively R% and RZZ. This means that

1 1
= — R 6 = —Y
Ry %R
We assume also that £ is hypersurface orthogonal, such that it can foliate the blackfold into
spacelike slices B, and we define the normal vector to B, as

1
¢ =_—¢ 1.32
"=t (1.32)
Defining also the "worldvolume velocity field" to be V; = €); R;, one can write the modulus

of k as

O (1.31)

| = — 0 (1.33)

V1-=V2(0)
which is suggestive because it means that |k| can be interpreted as a relativistic Lorentz
factor, with a local redshift.

Solution to the extrinsic equation and effective free energy functional
Concerning the extrinsic equation (1.19) for stationary configuration, using the solution of
the intrinsic equations, we can rewrite it as

K" =1m 9, In|k|" (1.34)

Since 7o/ |k| is required to be constant, using the explicit form of the pressure of the p-brane,
we can also write it as

K" =1 9,1n(—P) (1.35)

One can show that in general this equation can be integrated to an effective energy functional

FIXH(o)] = — / o\ /—yP (1.36)

Wip+1)

where v is the determinant of the induced metric v,,. Thus this means that we can find
stationary blackfolds configurations by extremizing this action. Then, since & is hypersurface
orthogonal, in the action (1.36) one can split the integral into one integral over time and
an other integral over B),. Wick rotating to Euclidian time, the integration can be trivially
performed along the timelike killing vector generated by ¢ (since we are dealing with stationary
configurations that are not changing in time, i.e. time is a killing vecotr) and this gives an
overall factor 8 of the time interval, so that the Euclidian action becomes

FIXH (o) = —/ dViyy RoP. (1.37)
By

This will be the effective free energy functional that we have to minimize in order to find

stationary blackfold configurations (in the next sections there will be many examples).
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Thermodynamics of stationary blackfolds

Given the effective free energy (1.37), one can easily extract the conjugate global thermo-
dynamics potentials to T and €2,, namely the entropy S the angular momenta J;, via the
corresponding relation

oF oF
— . Ja=-

oT 00,
These thermodynamic relations can be also obtained integrating their conserved currents.

For instance, defining n* = £%/ Ry, which is the unit normal vector on the worldvolume to
By, one can define in general

S = (1.38)

M = dVip) Tapn € (1.39)
By

Jo = / AV Tubn X4 (1.40)
By

S = —/ dVip)suan® (1.41)
By

and the two descriptions are equivalent. Having introduced this thermodynamic properties,
one realizes that the free energy functional satisfies

F=M-T8-Y Qi (1.42)

Furthermore, one can also define a total tension

T=— / dVip) (’yab + n“nb)Tab (1.43)
B

D

and the thermodynamics we just wrote down obey a Smarr-like relation and the first law of
thermodynamics

(D—=3)M = (D-2) (Z Qads + TS) +7T (1.44)

aM

TdS +) " QadJ, (1.45)

a

Charged Blackfolds

Charge can be naturally incorporated in this framework as explained in [43|, we just need to
change the seed solution. For instance one can consider charged solution of the Einstein-
Maxwell theory

1 D 2 1 —2a¢ 172
—92 e — H 14
S o /d v/ —g <R (Vo) 2 2)!6 (0+2] (1.46)

where ¢ is the dilaton field, a is the dilaton coupling, H is the two form field strenght of A,
which is the Maxwell field. It is also convenient to introduce the parameter IV defined as

N:i_w

14
N D -2 (147)
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When we are dealing with a specific type of branes, called Kaluza-Klein branes, the parameter
N is equal to 1. We can think of a p-brane with charge density extend along q spatial
directions. When g = 0 the p-brane has pointlike electric charge on its worldvolume, instead
when ¢ = 1 the p-brane has an electric string dipole. In this section we analyze ¢ = 0 and
q = 1 configurations. They can be studied together, in a unified framework. In general, for a
p-brane carrying a g-brane charge, we can write the charge current as

J =0V, (1.48)

where Vq+1 is the volume form on W, 1. For charged configuration, along with the stress-
energy tensor 1, the dynamics is encoded in the particle current J.

0—charged blackfold

For 0-charged object, the particle current must be proportional to the fluid velocity u
J = Qu (o) (1.49)

and the form of the stress-energy tensor will be the same of the neutral configuration.

1—charged blackfold

When ¢ = 1 instead we should introduce an other vector v orthogonal to w which will
describe the direction along which the string charge will lie (and should be of norm 1, since
it should be spacelike)

w-v=0 , —ul=0v2=1 (1.50)

Then we can write the current as
Jab = Q (uqvp — upv,) (1.51)

Moreover, for 1-charged brane, the vector v brakes spatial isotropy because it characterizes a
preferred direction along which the (dissolved) string lays. Therefore the stress-energy tensor
will be characterized by a pressure which will be parallel to this direction and a pressure
orthogonal to it.

Toy = €uqup + Pjvgve + PL(Yab + gty — vavp) (1.52)

A unified description

In order to have a unified description of the 0-charge and the 1-charge case, we need to
introduce the projector onto the space parallel to the string/particole worldline/worldsheet

ﬁ((l%) = —UqUp + qU. U (1.53)
and onto directions orthogonal to it
JA—ab = Yab — B((I%) (154)
Moreover we can define the volume form VqH of the worldline/sheet as

~ {u forg=20

Vo1 = uAv forg=1 (1.55)
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With this definitions it is possible to write down the stress-energy tensor and the charge
current in the following way

T = (e+P)) ta(0)u(0) + (P = Pr) hY) (o) + PLrw (o) (1.56)
Jor1 = QqVqH(U) (1.57)

Local thermodynamics

Now that we have a unified description of the string and particle charge configurations, it
is important to look at the local thermodynamics of these black p-brane carrying g-brane
charge (with ¢ = 0, 1). The difference between the pressure parallel to the string and the
one perpendicular, which represents the tension that the string produces, can be computed

P~ P =®Q (1.58)

and @ is called string chemical potential. Since we will be considering configuration in
equilibrium, locally on the brane the first law of thermodynamics holds

de = Tds + ®dQ (1.59)

where T is the local temperature, as in the neutral case. Also the thermodynamic Gibbs-
Duhem relations hold

¢+ P =Ts+®Q , dP| =sdT +Qd® , ,dPj=sdT —®dQ (1.60)

For these configurations, along with the blackfold equations, we should also require the
conservation of the particle current, i.e. the continuity equation

dxJ=0 (1.61)

The stress energy tensor for a p-brane carrying a g-brane charge for the action (1.46) can be
computed through Brown-York procedure, as it is also for the neutral case. This has been
done for any ¢ < p and the result for the local thermodynamic parameters is the following

Qi) 4,

€ = To0'0 (n+1+4nN sinh? ) (1.62)
Q n+1l) n
P o= - 1;),7@) r (1.63)
P ) (1 4 sinh? 1.64
| = _167rGTO( + nN sinh? «) (1.64)
Q(n+1) n :
Q = oG nVNry cosh asinh o (1.65)
® = VNtanha (1.66)

where « is the charge parameter of the configuration. These local thermodynamics depend
on n and N (defined in (1.47)) but not from p and ¢ since these densities are conserved
charges and they can depend only on the number of dimensions they live in, and on the
dilaton coupling. Therefore, after plugging the local thermodynamics in, the stress energy
tensor of the blackfold becomes

T = T(0) (10 (0) 0 (0) = 231 0)) = @ (0) QY o) (1.67)
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Blackfold equations solution for stationary configurations

The intrinsic blackfold equation together with the continuity equations, and keeping in mind
the Frobenius theorem (see reference [79] for details), can be rewritten as

j_abT (ip + Oplog T) — QP (Ka— 1ab Op log (I)> =

0 (1.68)
(h® 4+ u®u®) (i, + By log T) = 0 (1.69)

where we introduced the mean curvature of the worldline/sheet K = h*Dyh.*. The general
solution of the intrinsic equation (1.69) for O-brane charge in a stationary configuration
can be easily obtained as we explained before for the neutral case, and the solution to the
intrinsic blackfold equation is

T Dy
T(o)=1r= , ¢lo)=—17 (1.70)
|| ||

For the string dipole charge instead, we need to specify the geometry along the currents. We
introduce a vector which is spacelike and commutes with &, i.e. [k, ] = 0. Then we need to
construct its component orthogonal to k

T,Z)“k
C=1v¢—

(1.71)

assuming that ¢ is spacelike over the blackfold worldvolume. Then we choose v to be
proportional to ¢
CCL
a

v =1 (1.72)

This is not the most general choice we could make. With this construction we can easily
solve the intrinsic equations also for ¢ = 1, getting

T(o)=77 » ¢0)= (1.73)

where the area element on the string worldline/sheet is

5 k| forg=0
|2 = { | 1.74
= ekl for g =1 a7

Inverting this equation and using the potentials for the brane, we get

n 1 P2 1 iy
r = 1-— H , tanha(o) = . 1.75
(@) mm( (27T)th|> =@

This is the solution to the instrinsic blackfold equation (1.69) for stationary configurations in
the unifed description. Concerning the extrinsic blackfold equation (1.68), also for stationary
charged configurations it can be integrated to an effective free energy, where instead of
having just P, we will have P, . Also in this case, after a Wick rotation, we can perform the
trivial integral along the Killing time generated by & so that

F= 1%’";5 3 / V) Rory (1.76)
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All the thermodynamics can be computed from the free energy, charge density included.

oF

Also for the obtained thermodynamics holds the first law, and there is an extended Smarr
relation

(D —3)M — (D —2) (TS+ZQ&J&> —(D-3-¢q)®yQ=0 (1.78)

Derivation of the blackfold effective theory

The blackfold equations have been shown to describe correctly many black branes that were
already known. The blackfold theory also yielded to new solutions. In order to solidly ground
the theory it is important to show that the extrinsic blackfold equations can be derived
directly from Einstein equations that describe a black p-brane with a linear perturbation of
scale R > r. Moreover one needs also to show that the black p-brane remains regular under
these perturbations. This has been done in [45] and it works as follows. The starting point
is the metric of a black p-brane in which the parameters vary slowly along the worldvolume

2 Tg(aa) a a aj b dT2 2 2 W ..V
ds® = | Yap(0) + Tua(a Jup(c®) | do®do” + — +r2dQ o+ by (z)datdx” (1.79)

As we said, we would like the perturbations to be slightly away from flatness by terms that
are linear in the fluctuations of transverse coordinates. This can be done by using a set of
adapted coordinates which are called Fermi normal coordinates, which employs the idea
of removing first derivatives of a metric around a given point. We call 3 the orthogonal
directions to W,11. Including terms to first order in y/R, the metric of the perturbed black
p-brane written in Fermi normal coordinates is
2 i o aj.b dr? 2 1002 v 2/ p2

ds® = <77ab — 2K 'y + Muaub> do®do’ + — +r7dSY, 1 + hyw(x)da!dz” 4+ O (7" /R )

rn

(1.80)
where r = y/y%y;. Now we restrict ourselves, without loss of generality, to perturbations that
are nonzero only along one specific direction 7 = ¢ and that are locally linearized, meaning
that

y% =rcost (1.81)

Now we look at large r > rg, where the gravitational field that the black brane creates is
weak. In this region the metric of the brane is then

ds? — (nab — 2K i cos 0 + T?luaub) dodo® + (1 n T‘;) dr? + 12 (d.92 + sin? 9d9§n))
T T
+  cosOhy, (x)dx"dx” + O (r2" /r2" )
Ohy (z)datdz” + O (rg" /r? 1.82

By using the form of the stress-energy tensor of a black p-brane

Q
_ S4nH1) a, b __ _ab
Top = el (nu u’ —n ) (1.83)
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plugging in and keeping the terms in the perturbation at large r > rg, the metric can be
rewritten as

; 167G 1 1
ds®> = b — 2K o' 0 Ty — ———Tnw | — | do®do®
S <T] b p T COS nQ(n+1) < b D—_9 n, b) T”) g aoc

+ 7 <d02 + sin? GdQ%n)) + cos Qﬁ“y(x)dx“d:n” +0 (TZ/TQn)
167G 1 T
L 5 )& 1.84
i ( nQ(nH)D—??“”) " (1.84)
Now by a direct computation of the Einstein tensor G, one finds a combination that do

not involve iLw/ which is the following

Gy rtanGGM _n+2sinf 8rG TabKab% (1.85)
n+1 n+1 r2 Q(n+1)

Thus the corresponding equation is a constraint which take the form
TR =0 (1.86)

where 7 denotes an arbitrary direction transverse to the brane. These are the extrinsic
blackfold equations.

Some examples of blackfold stationary configurations

In this section we review some basics examples of blackfolds, with our without charge, and
in AdS background.

Electrically charged odd-spheres in flat background

We would like to consider a flat background in D dimensions, which is described by the
following Minkowski metric

ds® = —dt* + dr® + r2dQPp,_y, (1.87)

We would like to embed p-dimensional sphere with radius R in this flat background. Therefore
we place a p dimensional sphere of radius R in this metric by choosing the following embedding

t=1, r=R, 0=0, ¢o=s (1.88)

We set the configuration to rotate with equal angular velocity € in any [(p + 1)/2] angles of
the sphere, which we will label by ¢3. The geometry of the p-dimensional sphere and the
corresponding killing vector field are

[(p+1)/2]
d82 _ —dT2 + RQdQ%p) , kaaa — 67_ + Z a¢d (189)
a=1

With this embedding and killing vector field the free energy of this configuration, defined in
(1.76), is

Qi) Vi
(n+1) (p),rn

P =—Teng 0

(1.90)
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where

= = (1- 202) T (1202 — a2 /N)V? (1.91)
7

To
and where V() = Q) RP. By minimizing this effective action it is possible to compute the
equilibrium condition for a 0-charge odd-spere in flat background, which is the following

b

P°R* = — :
nNsinh“a+n+p

(1.92)

For completeness, in the appendix A, one can find all the thermodynamics of this configura-
tion.

Uncharged odd-spheres in Ads background

As mentioned in the previous pages it is possible to place blackfolds in many different
backgrounds. This possibility is already encoded into our effective blackfold theory by means
of Rg and R;. One of the characteristic that the background should have is that it should be
asimptotically flat and the (A)dS background has this feature. The metric of (A)dS space
can be written in the following way

7,2

ds? = —f(r)dt® + f(r) " dr? + 72dQp o), f(r) =1+ 77 (1.93)
where L is the AdS radius. In order to obtain the deSitter metric we simply perform the
Wick rotation L — iL, therefore what follows encodes informations also about blackfolds in
deSitter space (just need to replace L with ¢L at any time in the description). We would
like to place a p dimensional sphere of radius R in the background described by (2.40).
We set the configuration to rotate with equal angular velocity €2 in each of the [(p + 1)/2]
Cartan angles of the p-dimensional sphere, labelled by ¢;. The embedded geometry and the
corresponding Killing vector field are given by

[(p+1)/2]
ds? = —f(R)dr> + R, | K0 =0,+Q 3. 9y . f(R)=1+R> | (L.94)
a=1

where we have defined the dimensionless radius R = R/L. The free energy takes the simple
form
QwinVip)

7Rl = 167G

fR)rg (1.95)
Upon variation of this with respect to R, restricting to the cases where p is odd, and solving
the resulting equation leads to the equilibrium condition

R?(n+p+1)+p

OV’R? = (1+R? :
( )Rz(n+p+1)+n+p

(1.96)

For completeness we will write all the thermodynamics in the appendix A.
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Black odd-spheres with string dipole in flat background

In this section we consider a related configuration to the previous example where instead of
an electric charge, the black hole has a string dipole charge. The background geometry is
still flat space, characterized be the metric (1.87) and the free energy (1.98), but it must be
supplemented with the polarisation vector

- [(p+1)/2] 1
V40, = — dg. + QR0 , V= Y—/— — . 1.97
R 6’; ¢a fy /1 — Q42R2 ( )
The free energy is the same as in the 0-charged configuration
Q1) Vip)
= g 1.

Minimizing this free energy (i.e. solving the extrinsic equation) we get the following
equilibrium condition
p+nN sinh?

Q2R2: : 5
n+ p+ nN sinh® «

(1.99)

The thermodynamic properties are given in App. A.

Black charged discs in flat background

In this section we make a perturbative construction of the analogue of the Kerr-Newman
black hole in higher-dimensional flat with one single angular momentum. This corresponds,
in the blackfold approximation, to an electrically charged rotating disc with induced metric
and Killing vector field

ds? = —dr? + dp® + p?d¢? , k"0 = O + Q0 . (1.100)
This geometry develops a boundary when k = 0, corresponding to the maximum of p given
by
\/1—®%/N
Pimax = TH , (1.101)

This disc configuration trivially solves the blackfold equations since it is a minimal surface
[10]. The thickness of the disc and the charge parameter are given by

N (PQ N/2
ro(p) = il (1 - 7"292) 2 (1 —r2Q% — H) ,

47T N
oy /VN
V1—1r202
Therefore, at the boundary pmax the thickness of the disc vanishes and hence the resulting

black holes have topology R x S(P=2) We now proceed and evaluate the free energy for these
configurations from which all thermodynamic properties can be obtained. This is given by

(1.102)
tanh a(p) =

2Py (1, 3V = 1 22+ 21— 58
02(2+4+ Nn) ’

Qn—l—l -n
F==G

(1.103)
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where we have defined
24+Nn

2 2
in _ L)" L%
"0 (47TT < N

The thermodynamic properties are given in App. A.

(1.104)
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2. Gravitational Tension

Pressure, Volume and Tension

The discovery that black holes carry an entropy [29, 118| proportional to the area of the
event horizon has lead to view black holes as thermodynamic objects. This point of view
provides a simple set of quantities, such as the mass M, the entropy S and the angular
momenta .J,, which can be used to characterise many of the properties of black holes. For
an uncharged black hole in asymptotically flat spacetime, these quantities satisfy the first
law of thermodynamics

dM =TdS +>  QudJs (2.1)

where T is the Hawking temperature and €2, is the set of horizon angular velocities. The
study of (2.1) leads to a deeper understanding of the dynamics, stability and uniqueness
of these objects. Therefore, from a purely gravitational point of view it is important to
understand what types and kinds of physical modifications can occur in (2.1).

Many of such modifications are known and they arise due to other intrinsic properties
that black holes can have, such as an electric/magnetic charge or scalar hair [95]. Other
intrinsic properties such as horizon topology can allow for other types of charges, as in
the case of the five-dimensional charged black ring [76, 58], which can cary dipole charge.!
However, there are also extrinsic properties that can affect (2.1) such as the length scales
characterizing the asymptotic region of a given black hole, or alternatively, the curvature
scales characterising the resulting spacetime once the black hole is removed (i.e. when its
horizon radius is set to zero).?

A concrete physical set up which we have in mind, with potential astrophysical impli-
cations, is to understand what the modification of (2.1) is when a black hole is immersed
in the gravitational field of another black hole, as in a black hole binary system. In this

!For other non-trivial topologies, generalisations of dipole charge were found in [83].
2 Another external factor that can affect (2.1) is non-trivial spacetime topology when, for example, there
are fluxes present in the spacetime [94].
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case, each of the black hole horizons will satisfy a first law of thermodynamics of the form
(2.1) in which the mass (or horizon radius) of the other black hole appears as an external
parameter. A natural question to ask is then: how is the first law (2.1) modified when
there are variations in the gravitational field, in which the black hole is immersed, due to
variations in the mass (or size) of the other black hole?

This question would be easily addressed if there existed exact analytic solutions of black
hole binary systems. In four dimensional asymptotically flat spacetime no such solutions
are known, however, perturbative solutions where a small black hole is orbiting a large
black hole do exist up to several high orders [153]. Unfortunately, these distorted black hole
solutions have only been constructed near the horizon and hence are not suitable for studying
thermodynamic properties. Luckily, there are several exact or approximate analytic solutions
that can be used as toy models for this kind of physics. This includes the first-order corrected
solution [101] for localized Kaluza-Klein black holes [104], which due to the periodicity of
one of the coordinates and by the method of images, can be viewed as being immersed
in their own gravitational field. Moreover, in five spacetime dimensions there are several
examples of exact and analytic black hole binary systems in asymptotically flat spacetime.
The simplest of these being the black saturn solution 74|, in which a black ring horizon
orbits the centre Myers-Perry black hole.> Furthermore, the blackfold construction [87, 84
provides a general tool to analytically construct perturbative solutions of large classes of
black holes in non-trivial backgrounds, such as those considered in [42, 47| along with the
novel solutions with non-trivial spacetime asymptotics constructed in this paper. Indeed, we
will use these examples to study the modifications to (2.1).

When studying the modifications to (2.1) due to the presence of external gravitational
fields, one wishes to introduce/observe new quantities which: (1) have a geometric/physical
meaning, (2) have a thermodynamic interpretation, (3) can be defined in the presence of
any gravitational field and (4) reduce to the same universal result once the gravitational
field is removed. We wish to qualify these statements.

By property (1) we mean that the quantities appearing in (2.1) can be obtained, for a
given black hole spacetime, e.g. by some integration over the horizon involving Killing vector
fields (e.g. the Komar mass) or by looking at the asymptotic fall-off of the metric fields (such
as the ADM mass). By property (2) we mean that all such quantities are clear analogues of
classical thermodynamic quantities as the entropy S or temperature 1" and can be obtained
by taking appropriate derivatives of the free energy. By property (3) we mean that such
quantities can be defined for all black holes immersed in any gravitational field, regardless of
what the source of that field might be. In fact, we seek to introduce a set of thermodynamic
quantities which can be universally defined, regardless of the field being created by another
black hole, by a star or by some cosmological fluid. Finally, by property (4) we mean that
such quantities must have a universal limit when the gravitational field that surrounds the
black hole is removed. Intuitively, one might think that any such extra quantity appearing
in (2.1) must vanish when the gravitational field is removed since in that case there are no
other quantities characterising the (uncharged) black hole. However, for reasons that will
become apparent later, we will not require from the start that such quantities must vanish
in that limit but we will ultimately argue that the correct physical picture is one where such
quantities do vanish in that limit.

30ther examples are bi-rings, di-rings and several multiple combinations of these [75, 129, 88, 128].



2.1.1

2.1 Pressure, Volume and Tension 27

Pressure and volume for Anti-de Sitter black holes

As we have mentioned, we look for modifications of (2.1) regardless of what is the source of
the gravitational field. One can think of Anti-de Sitter (AdS) black holes in D spacetime
dimensions as being immersed in the gravitational field created by a cosmological fluid with
pressure

A (D-1)(D-2)
Po=— A= 573 , (2.2)

which sources Einstein equations. In this case, variations in the gravitational field are
controlled by variations of the cosmological constant A, or alternatively, by variations of the
AdS radius L. In order to analyse the modifications of (2.1) we consider the simplest case of
the Schwarzschild-AdS black hole in D = 4 with mass, entropy and temperature given by

2 2

T4 ry T o 1 ry
M=—"[(1+-2 = — T= 1432+ 2.
2G< +L2> S Gt 4m~+( +3L2) ’ (23)

where 7 is the horizon radius. Allowing for variations of the length scale L, one can easily
verify that these black holes satisfy the first law of thermodynamics

dM = TdS + BydLy, , (2.4)

where L, is proportional to some power of L such that L; = AL*, where \ is an arbitrary
constant which can depend on Newton’s constant G but otherwise cannot depend on any of
the thermodynamic variables of the solution such as temperature T'. In turn, the response

By, is given by oF
By =|— 2.5
= (5), - (25)

where F is the Gibbs free energy F = M — T'S. Moreover, this leads to a corresponding
Smarr relation which follows from the Euler scaling argument

(D —3)M — (D — 2)TS = kByLy, . (2.6)

From this point of view, any particular choice of k, from the infinite set of quantities By and
their infinite set of conjugate variables L, is as good as any other in describing variations of
the external gravitational field - a consideration which has not been previously stated in the
literature.

A very popular choice in describing these variations in AdS has been the choice k = —2
and the identification L_5 of the extrinsic spacetime pressure, i.e. L_o = P, [137, 65, 59, 63,
141, 67, 145].* In this case, ._5 has dimensions of pressure and the quantity B_s = —V; has
dimensions of volume. For the particular case of the Schwarzschild-AdS black hole in D = 4,
this intrinsic black hole volume takes the form

4
Vi= gm"i . (2.7)

There are several interesting aspects of this particular choice. First of all, the quantities P,
and V; have direct analogues with classical thermodynamic systems, they have dimensions

AThere is a large literature on considering the cosmological constant as a thermodynamic variable, starting
with the early papers [120, 171, 119] and also for example the later work [41, 161, 176, 175, 144, 174]
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of pressure and volume, respectively [64, 66, 62]. In particular the phase diagram P,.(V;) for
Schwarzschild-AdS black holes can be recast as a Van der Waals equation [141]

1
T 1 3V;\ 3
P == =2 2.

T v om0 (47r> ’ (28)

strengthening further the analogy with classical thermodynamic systems. Furthermore, the
quantity P, is physically meaningful, since it is the pressure of the cosmological fluid, while
V; has a geometric interpretation, as it can be obtained for a given black hole in AdS by
means of evaluating the Killing potential [137]. Moreover, there is something peculiar to the
volume V;. As it may be seen from (2.7), the volume remains constant as the cosmological
constant is sent to zero. The fact that this is the case and that the volume (2.7) coincides
with the naive volume® in the flat spacetime limit has been seen as further strengthening
the case for introducing the pair of thermodynamic variables (P, V;), despite the fact that
no such quantity enters the first law (2.1) for asymptotically flat black holes.

Pressure, volume and gravitational tension: a different point of view

We would like to understand whether or not the introduction of the set of variables (P, V;) is
unique to AdS or can actually satisfy the desired properties (1)-(4) which we have described
above. Regarding property (2) it is clear that it is satisfied by this set of variables, which
also has property (3) since the exercise that we have performed for the Schwarzschild-AdS
black hole can be carried out for any black hole with non-trivial asymptotics and because
extra terms in the first law of the form (2.4) can be obtained by performing the Legendre
transform

M — M + BilLy (2.9)

therefore moving onto extended phase space in which the length scale IL;, is allowed to vary.

However, property (1) is not satisfied in a straightforward way. By this we mean that
one cannot use Killing potentials to obtain the volume V; for any black hole in an arbitrary
gravitational field, since the volume obtained by a suitable integral of the Killing potential
is non-zero if there is a non-zero cosmological constant [137|. As we will show in the course
of this work, defining V; does not require a cosmological constant nor introducing matter in
Einstein equations. In fact, it can be defined in backgrounds with non-trivial length scales
which are solutions of the vacuum Einstein equations, such as plane wave solutions or black
hole solutions. Moreover, the pair of variables (P, V;) does not satisfy property (4), since
as we will show in this paper, the volume V; in flat spacetime, obtained via the limit in
which the background length scales are removed, is meaningless. We show this by taking
two different charged black hole solutions both of which, when the length scales are removed,
reduce to the same charged rotating asymptotically flat black hole but lead to two different
volumes. In addition, one may study asymptotic plane wave black holes with an arbitrary
number of length scales L, which, when L, = 0, lead to an arbitrary number of volumes

®For earlier work in the same spirit see [49, 41].

5By the naive volume we mean the volume that can be obtained by taking the metric and performing a
volume integration up to the horizon radius. For other black holes like rotating black holes there have been
proposals for how to define the volume [152, 25, 26] and we refer the reader to the review [61] for a more
detailed explanation of these cases.
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describing an asymptotically flat black hole. In this sense, one would have to argue that an
asymptotic flat black hole is characterized by an infinite set of volumes.

These considerations demand another point of view and the introduction of new quantities
which can be generally applied to any context where a gravitational field surrounding the black
hole is present. We consider borrowing a concept which has its roots in the study of black
branes and Kaluza-Klein (KK) black holes, namely, gravitational tension (or gravitational
binding energy) [173, 172, 105] and applying it in a broader context.

Gravitational tension can be thought of as the contribution to the black hole energy due
to the energy stored in the surrounding gravitational field. In the case of the black hole
being a black brane, it is the same as the brane tension associated with a given non-compact
direction. This notion of energy is described by the simplest choice of quantities in (2.4),
namely, k =1 and A = 1 for which IL; = L and By = T. The first law of thermodynamics
then takes the following form

dM =TdS + 3 QudJs + PpdQu) + Y TadL, | (2.10)

where we have allowed for the presence of a p-form charge @)(,) and corresponding chemical
potential @5 as well as the existence of several length scales L, and their corresponding
tensions per unit length 7,. The corresponding Smarr relation (2.6) reads

(D —3)M — (D —2) <T5+ZQQJG> - (D-3)PuQ =T , (2.11)

where T is the total tension (or gravitational binding energy) given by

TS Tulu=YL, (gf) | (2.12)
a a @/ T, Py

From here we note that the total tension is obtained by summing the result of acting with
the scaling operators d/dlog L, on the free energy. If we apply this to the case of the
Schwarzschild-AdS black hole in D = 4 for which L1 = L and 71 = T we obtain
-3
T = —L—g : (2.13)
This quantity vanishes, as well as T , in the limit L — o0, in which the surrounding
gravitational field is removed.

The introduction of these new pairs of variables (Lg, T ) has several advantages. First of
all, they have a well defined physical and thermodynamic meaning. If we take AdS spacetime
as an example then L; = L is a measure of the spacetime volume associated with each
spacetime direction”, while 77, is a measure of the energy stored per unit spacetime volume.
In fact, when considering the case of black branes, T, is the brane tension per unit length,
which is equal to minus the brane pressure. The variables (L, T,) can be thought as the
reverse of the variables (P, V;), in which brane tension has replaced spacetime pressure and

"Note that since we are using the word wvolume associated to a given spacetime direction then this is
equivalent to using the word length.
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spacetime volume has replaced black hole volume. Indeed, such point of view had already
been taken in [104, 106, 139, 103] for the particular case of KK black holes.

The variables (Lg, T,) besides having a physical meaning, also have a well defined
geometrical meaning. The length scales L, are simply the length scales associated with the
curvature of spacetime along given spacetime directions. The gravitational tensions T, in
turn, can be obtained in several different ways. If the spacetime has a compact direction,
such as KK spacetimes, or if the the horizon is non-compact then one can simply apply
the prescription of [105].8 If the black hole admits a blackfold limit, as large classes of
higher-dimensional black holes do [85, 16, 98, 43, 83, 13, 10, 11|, then the prescription of [105]
also applies, once we zoom locally into the horizon rendering it brane-like. The total tension
is subsequently obtained by integrating the local tension over the blackfold worldvolume. If
the black hole does not admit such limit, as is the case of the Schwarzschild-AdS black hole,
then the prescription of [105] needs to be generalised and we leave this generalization for
future work. For the moment, when dealing with these cases, we simply apply (2.12).

Finally, the set of variables (Lg, T 4) can be introduced in the presence of an arbitrary
gravitational field and in this respect it is not different than the set of variables (P, V).
However, the variables (L, T,) satisfy property (4) which the set (P, V;) does not. More
precisely, when removing the gravitational field we find the universal result T, — 0, which
naturally does not lead to extra quantities describing an asymptotically flat black hole.

Brief summary

In order to illustrate the ideas expressed above we will first consider the case of distorted
black holes in Sec. 2.3, i.e., localized KK black holes which can be seen as black objects
surrounded by the presence of their own gravitational field. In this context, we will show
that the concept of tension is much more natural to introduce than the notion of black hole
volume and we will already give evidence for the non-universality of black hole volume in
the flat spacetime limit.

In Sec. 2.4 we construct a series of new non-trivial and perturbative charged black hole
solutions in Anti-de Sitter, plane wave and Lifshitz spacetimes using the blackfold approach.
In here we study examples of spacetimes with multiple length scales, such as plane waves,
and construct analogues of the higher-dimensional Kerr-Newman solution of [43] in Anti-de
Sitter and plane wave spacetimes. These new black hole solutions are interesting in their own
right, in particular, the Kerr-Newman solution in AdS for which there is no corresponding
exact solution. Furthermore, we provide the first example of a black hole with non-trivial
horizon topology in Lifshitz spacetimes. The reader may skip this section entirely if he/she
is only concerned with the implications of these results to the modifications of (2.1).

In Sec. 2.5 we construct perturbative solutions in backgrounds with a black hole. One of
these solutions corresponds to a specific limit of the black saturn solution. We then study
in detail the example of this black hole binary system in five spacetime dimensions using
the exact and analytic solution of |74]. Here we focus on the case in which the Myers-Perry
black hole in the centre is not rotating and show that the black ring horizon satisfies a first
law of the form (2.10).

Finally, in Sec. 2.6, we briefly use the new solutions of Sec. 2.4 to show that the notion
of volume in flat spacetime is non-universal, while in Sec. 6.1 we discuss some of the

8We note that this prescription does not require introducing Killing potentials.
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limitations of this work and future extensions of these research directions. We also provide
some interesting results in the appendices, namely, in App. A we have collected all the
thermodynamic properties of the new perturbative solutions constructed in this paper, while
in App. A.10 we have the explicit construction of a family of black holes carrying string
charge. In App. A.12 we give the thermodynamic quantities of the black saturn solution in
the blackfold regime and compare it with our blackfold constructions.

Black holes on cylinders: the Kaluza-Klein case

In this section we analyse the thermodynamic properties of localized KK black holes which
were constructed in a perturbative expansion in dimensions greater than four [101|. These
objects provide examples of black holes immersed in their own non-trivial gravitational field.
We review that the thermodynamics of these objects follow (2.10), as noted in [106, 139,
101], and that the tension can be extracted from the free energy using (2.12). We then show
that the concept of black hole volume is not the desirable one when analysing variations
in the surrounding gravitational field, which are controlled by variations in L - the KK
compactification parameter. In the end, we also take a look at the case of KK black strings.

The localised black hole

The localised black hole in KK spacetime is a static and perturbative solution found in
[101] in D > 5, obtained by perturbing the Schwarzschild black hole to leading order in
the parameter rg/L where rg is the horizon radius and L the size of the KK circle. Its
thermodynamic properties can be found in [101] and read

Qo _
(1l R
_ (D-3) (D—2)  /ro\P-3

== (1_ (D—3)5<f) ) : (2.15)
. Q(D—Q) _ (D — 2) To D=3
s= e (14 22 (1)) (2.16)
where we have defined? (D —3)
8= W (2.17)

As noted already in [104, 101], even though it is a localised black hole, it has a tension which
can be obtained via the Smarr relation (2.11) and the above thermodynamic quantities. It

reads

- Q- p—3 (703
T = -2 B(D = 2)(D = 3)r§ (f> . (2.18)

We note that this quantity vanishes once we take the decompactification limit L — oco. This
result can also be obtained using (2.12) by evaluating the free energy

F_ Qp-2) p_s (1 + E(D —2)8 (TO)D_3> , (2.19)

167G 'O 2 L

“Here ((s) is the Riemann Zeta function defined as ((s) = Y oc_ m™".
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and provides a non-trivial check of formula (2.12). The existence of this tension justifies
the thermodynamic interpretation in terms of brane tension per unit length 7 = 7 /L and
spacetime volume L.

Defining spacetime pressure and black hole volume

We now consider the possibility of defining a spacetime pressure and black hole volume.
As we have noted in the previous section, black holes in spacetimes with non-trivial length
scales satisfy (2.1) for an infinite set of quantities. Following the same footsteps as in the
introduction, we can attempt to define the black hole volume by choosing £ = —2. This
leads to the pressure P, = AL72G~! and the volume

Qp-g) L*

Vi= =6t A

B(D —2)(D - 3)rD-3 (%O)D . (2.20)
Looking at the above expression, we notice that in dimensions D > 5, the volume V; goes to
zero in the decompactification limit L — co, when one would expect that it would reduce
to the non-zero volume of the Schwarzschild black hole in D > 5 (see e.g. [6]) which was
obtained by taking the flat spacetime limit of the volume of the Schwarzschild-AdS black
hole,

Vsch _ Q(D_Q) OD—l

i mT (2.21)

In D =5 we find that V; « 7’3 and hence we could choose A appropriately so that V; for KK
black holes in D = 5 would be equal to (2.21) for the Schwarzschild black hole in the same
number of spacetime dimensions.

This definition of black hole volume, besides only making some sense in D = 5, would
also loose its geometric interpretation since in D = 5 one would expect the black hole volume
to be V; T‘SL. It is possible to attempt defining the black hole volume by introducing a
new length scale and defining a shifted mass. This new length scale L leads to the right
scaling of the volume in the decompactification limit L — oo (or L — oo), namely,

() -G

In this way, we introduce the spacetime pressure P, = AG™'L~2 and define a new mass M
by shifting the mass M by a fraction b of the tension such that

M=M+bT . (2.23)

By requiring the correct thermodynamic behaviour, namely,

oM
—1|p =T 2.24
95 ‘Pe ’ ( )
this implies that we must choose
1 2
b= — . (2.25)

D-3 D-1
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Using (2.5) with k = —2 and L as the new length scale we obtain the black hole volume

Up 9 f(D-9(D-3)
6r A (D-1) 0
Comparing this volume with the volume of the Schwarzschild black hole in D dimensions

(2.21) we fix the factor A such that

A=—B(D-2)(D-3) . (2.27)

V= — (2.26)

While we see that introducing a new mass M, with a priori no inherent physical meaning,
allows us to recover the Schwarzschild black hole volume, we believe that such possibility
is not so natural. The concept of black hole volume and spacetime pressure is useful if
the ADM mass M would satisfy the first law (2.10). However, this is not the case for this
particular example. Consequently, we propose that the concept of tension 7 is a more useful
one for studying variations in the external gravitational field for KK black holes.

The black string

Here we briefly consider the case of the KK black string. This solution is simply obtained by
taking an asymptotically flat Schwarzschild black string and compactifying the infinitely
extended direction on a circle of radius L. The resulting free energy for D > 5 is given by

Q(nJrl) D4
167G 0 ’

and once applying formula (2.12) leads to the tension 7 = F. This tension naturally behaves
like 7 — oo when we take the decompactification limit L — oco. This is expected since
the total tension of an asymptotically flat black string diverges while the tension density
T = ’7'/ L remains finite. This exercise had the purpose of showing that the tension per unit
length of asymptotically flat black branes can be obtained by compactifying the infinitely
extended directions on a circle and applying formula (2.12).

As in the previous case, we could introduce a naive definition of volume V; réj —4r3
or, by introducing a new length scale L = rOL 1 and a new mass M as in (2.23), define a
new volume of the form V; o 7‘0 ~4[, which would give rise to (2.21) in D — 1 dimensions
once we take the limit L — 0 and evaluate the black hole volume per unit length V; / L. The
latter would require b = —2/(D — 2) and A = (D — 4)/2. However, for the same reasons as
for the localized black hole, we find both of these possibilities unnatural.

(2.28)

Blackfolds in background spacetimes with intrinsic length scales

In this section we construct new perturbative (charged) black hole solutions in (Anti)-de
Sitter, plane wave and Lifshitz spacetimes using the blackfold approach, which we first
describe in Sec. 2.4.1. Of special importance is the perturbative construction of the Kerr-
Newman solution in higher-dimensions both in (Anti)-de Sitter and plane wave spacetimes.
Furthermore, we introduce the pair of variables (7, L,) for all these solutions in order
to describe variations in the surrounding gravitational field. This pertubative black hole
solutions are interesting in their own right and provide evidence for the existence of a rich
phase space of black hole solutions in these non-trivial spacetimes. If the reader is interested
in the implications of these solutions to the notion of spacetime pressure and black hole
volume, he/she can skip this section entirely and move on to Sec. 2.5.
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Blackfold essentials

In the blackfold approach [87, 84|, one constructs stationary black objects with compact
horizons by starting with black brane solutions, with horizon scale rg, of some (super)gravity
theory and wrapping these on compact submanifolds with a characteristic scale R. In the
regime rg < R the near-horizon region is well approximated by a perturbed black brane
geometry and can be corrected order-by-order in a derivative expansion [86, 20, 45, 8, 9, 14].
The prototypical case to keep in mind is the construction of an asymptotically flat black
ring in any dimension D > 5 by wrapping a thin black string with horizon radius o on a
large circle with radius R > ry [86].

This construction, however, is completely general and can be applied to the wrapping
of black branes in any asymptotic background. Since it is convenient to work with known
exact black brane solutions, the explicit examples studied so far in the literature involve the
bending/wrapping of asymptotically flat black branes. In this work, we are interested in
bending asymptotically flat black branes carrying electric charge, which were found in [43].1°
These are black branes which are exact solutions of the following Einstein-Maxwell-dilaton
action ) )

Tote /dDa:\/Tg <R —2(Ve)? - 4e—2a¢F2) , (2.29)
where ¢ is the dilaton field, with a being the dilaton coupling and F' is the two-form field
strength dA, with A being the 1-form gauge field. It is convenient to introduce the parameter
N defined as

I =

s 4 2(D-3)

@ == m . (2.30)
The perturbative black hole solutions constructed from these brane geometries are not
exclusively solutions of the action (2.29). Instead, other terms, such as the cosmological
constant and other field content, can be added to the above action without affecting this
construction as long as the curvature scales associated with each new field are much larger
than the horizon size rg. More precisely, if the blackfold is being constructed in backgrounds
with a set of intrinsic length scales L, then we must require that ro < min(R, L,).!* This
implies that to leading order neither the curvature of the worldvolume nor the curvature
associated with background scales are felt near the horizon and hence that locally the
blackfold is still described by an asymptotically flat black brane solution of the action (2.29).
In order to locally wrap black branes, and in the absence of couplings to gauge/dilaton
external fields, one must satisfy the local constraint equation, which can be derived from

Einstein equations [86, 45|, namely,

T%K i =0 (2.31)
where K’ is the extrinsic curvature tensor of the embedding geometry and T is the

stress-energy tensor corresponding to the charged black brane, which in this case takes the
perfect fluid form [43]

T — (e+ P)uaub + P'y“b , (e+P)=-nP+®Q |,

Q Q
:—%r& , & =tanha |, Q:%rgn\/ﬁsinhacosha .

10We consider one example of branes carrying string charge in App. A.10.
1A more rigorous determination of the regime of validity of blackfold configurations consists in evaluating
second order world volume scalar invariants [10].

(2.32)
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Here we have introduced the fluid pressure P, energy density €, chemical potential ®,
electric charge density Q and the induced metric on the (p + 1)-dimensional geometry 7, in
dimensions D = n + p + 3. The fluid variables P, e, @ depend only on the local temperature
T and the local chemical potential ®, which are in turn functions of the coordinates ¢®
along the world volume. We have also introduced «, which is the charge parameter of the
brane and sometimes more convenient to parameterise blackfold solutions than the chemical
potential ®.

In stationary equilibrium, which is the case we are interested here, as they give rise to
stationary black holes, the fluid velocities u* must be aligned with a world volume Killing
vector field k* with modulus k, which we can write, without loss of generality, as

k%9, = 0, + Z Qa0s, (2.33)

where 7 is the time-like world volume direction and €24 is the angular velocity associated
with each of the Cartan angles ¢;.'2 Furthermore, in equilibrium we also have that the
global temperature T" and global chemical potential ®y are determined via a redshift of the
local thermodynamic potentials such that T'= k7 and &y = k®. This leads to the relation
between the horizon size ry and the global thermodynamic potentials [43],

N
n P4\ 2
ro = mk (1 — Nk2> . (2.34)
A given stationary blackfold configuration is thus described by an induced world volume line
element ds? = v,,do%do?, a world volume Killing vector field k® and the global potentials T
and ®y.

Stationary configurations may also have boundaries. In this case, the constraint equation
(2.31) must also be supplemented by the boundary condition

klow, ., =0 , (2.35)

which, in the uncharged case (g = 0) translates into the condition that the fluid must be
moving at the speed of light on the boundary, while for non-zero charge, it has the physical
interpretation that the brane must be extremal at the boundary. Stationary configurations
have topologies of the form R x B® x S where B®) is the topology of the spatial part
B, of the world volume geometry W,,1 and S(+1) denotes the topology of the transverse
spherical space associated with the black brane geometry with properties (2.32).13 In the
case of the existence of boundaries, B() is not the topology of B, but instead the result of a
non-trivial fibration over B,,.

In global thermodynamic equilibrium, the constraint equation (2.31) can be equally
derived from an effective free energy functional F given by [83, 43, 98|

FIX] = - | RP(T.®) (2.36)

where X? denotes the set of transverse scalars describing the position of the surface in the
ambient space and Ry is the modulus of the time-like worldvolume Killing vector field 0.

2The Killing vector field (2.33) is required to map to a background Killing vector field [84].
13Here we have assumed that the world volume geometry is of the form R x B,,.
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Given the effective free energy, one can easily extract the conjugate global thermodynamic
potentials to T, Qy, y of the blackfold configuration, namely, the entropy .S, the angular
momenta J; and the electric charge @) via the corresponding relations

oF oF oF

These thermodynamic properties can also be obtained via the integration of appropriate
conserved currents [84, 43]. With these quantities introduced, we note that the free energy
(2.36) satisfies
F=M-TS-> QuJos—PuQq) - (2.38)
a

The total tension can also be obtained using (2.12), and using appropriate conserved currents,
it is possible to derive its general form

T =— / Vi) Ro (va" + n“n") Ty , n°8s=Ry'0; . (2.39)
w

p+1

By the same token, it is possible to derive, from general principles, the Smarr relation (2.11)
and the first law (2.10). The Smarr relation (2.11) with the tension (2.39) was first derived
in [85] and using the Euler argument, it follows that the first law (2.10) is satisfied. We thus
see that blackfolds naturally exhibit this universal thermodynamic behavior in spacetimes
with non-trivial asymptotics.

(Anti)-de Sitter background

Here we construct novel black holes with electric charge in global (A)dS and in App. A.10
we consider the case of black holes with dipole charge. We write the global (A)dS metric in

the form

,,,2

ds? = —f(r)dt® + f(r) " dr? +7%dQp o), f(r) =1+ 77 (2.40)
where L is the AdS radius. In order to obtain the de Sitter metric we simply perform the
Wick rotation L — ¢L.

Charged black odd-spheres

This type of configurations are obtained by embedding a p-dimensional sphere with radius
R in the background (2.40). We set the configuration to rotate with equal angular velocity
Q in each of the [(p + 1)/2] Cartan angles of the p-dimensional sphere, labelled by ¢;. The
embedded geometry and the corresponding Killing vector field are given by

[(p+1)/2]
ds’ = —f(R)dr® + R%dQ}, , K'Du=0,+Q Y 0y , [R)=1+R*, (241
a=1

where we have defined the dimensionless radius R = R/L. We choose to parametrise the
resulting configuration in terms of the variables g, R, @. In terms of these, the free energy
takes the simple form

QnrnVip)

FIRl = —6ra

fR)rg (2.42)
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where V() = Q) RP. Upon variation of this with respect to R, restricting to the cases where
p is odd, and solving the resulting equation leads to the equilibrium condition

R? (nNsinh>a+n+p+1) +p
R2? (nNsinh® a+n+p+ 1) + nNsinh®>a+n+p

Q’R%? = (1+R?) (2.43)
This expression connects to several others in the literature. In the uncharged limit o = 0,

this yields the result obtained in [16], while in the flat space limit L — oo, this yields the
result of [43]. When taking both limits, & — 0 and L — oo we obtain the result of [85].

Properties of the solution

There are several interesting cases that should be noted. First of all, these black holes with
horizon topology R x S® x S(®*1) admit an extremal limit. Taking o — oo we obtain the
equilibrium condition

1+ R?

2 )
for extremal black odd-spheres. In the flat space case for which R = 0 this reduces to the
analysis of [43].

Secondly, in the deSitter case for which L — ¢L and hence R — iR, not all values of R
are allowed. In fact we find the two possible regimes

QO?R? = (2.44)

nN sinh? a +n +p

P <R< —— 2
nNsinh“a+n+p+1

R<1 — <R<
nNsinh“a+n+p+1

(2.45)

The extremal branch of solutions lies within the regime R < 1. Furthermore, as noted in
[16], in deSitter spacetime there can exist static solutions (£2 = 0) and, as noted in [10], they
are valid for all p > 1 and not only for odd p. These are solutions for which the radius takes

the specific value of

R=—© . (2.46)
nNsinh“a+n+p+1

We note here that this branch of static solutions does not admit an extremal limit.

Gravitational tension
Using (2.42) we can obtain all thermodynamic properties which we collect in App. A while
here we present expressions for the tension. Using formula (2.12) together with (2.42), we
obtain the total tension given by

. Q Vi

T = —%T&R2\/1+R2 (nNsinh®>a+n+p+1) (2.47)

™

which is a function of T, and L, where ) was given in (2.43). From here we can introduce
the tension per unit spacetime volume such that

N

T Q1) Vip) 16 0 ‘12
T=T=""1c LB V1+R? (nNsinh*a+n+p+1) . (2.48)
These quantities satisfy the first law (2.10) and the Smarr relation (2.11). Furthermore,
both these quantities vanish once we take the limit . — oo, leaving their corresponding
asymptotically flat counterparts with no extra quantities characterizing them.
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Charged black discs: analogue of the Kerr-Newman black hole

In this section we make a perturbative construction of the analogue of the Kerr-Newman
black hole in higher-dimensional (A)dS with one single angular momentum. This corresponds,
in the blackfold approximation, to an electrically charged rotating disc with induced metric
and Killing vector field

2
ds? = —f(p)dr® + f(p)"Ld? + p2dg? | K0, = 0, + 00, , f(p) =1+ 15 (2.49)
This geometry develops a boundary when k = 0, for which the brane becomes locally
extremal, corresponding to the maximum of p given by

_ H2
T L (2.50)

max — — o~ = :1_77
P Q\/éT § 1,202

which implies in the AdS case that QL > 1. This disc configuration trivially solves the
blackfold equations (2.31) since it is a minimal surface [10]. The thickness of the disc and
the charge parameter are given by

n 1N o2\ V/?
ro(p) = = (1= ¢p*Q%) 2 (1 — &0 — ]\I,{) ,

47T
dy/VN

V1= &p2Q2

Therefore, at the boundary pmax the thickness rg of the disc vanishes and hence the resulting
black holes have topology R x S®P~2). The thickness remains finite for all values of & and
hence this configuration lies within the regime of validity ro < L.'* In the uncharged case
&y = 0, this reduces to the construction of [16] and when L — oo, hence when & — 1, it
reduces to the higher-dimensional Kerr-Newman solution perturbatively constructed in [43].

This configuration has several interesting properties. In particular, it admits an extremal
limit, for which &y — +/N. In this case it seems that the size of the disc (2.50) would shrink
to zero. As noted in [43| for the asymptotically flat case, one must also have that Q — 0 such

(2.51)
tanh a(p) =

that the ratio y/1 — ®% /N /€ remains finite. However, in the presence of the cosmological
constant this is not possible. Instead, attaining extremal regimes is only possible in AdS for

which one must send 2L — 1, hence & — 0, such that the ratio /1 — ®% /N /VQ2L? — 1

remains constant. From (2.51) it implies that the temperature must also approach zero such
that the ratio (1 — ®% /N)N/2/T remains finite. In this situation, the disc is not rotating at
very slow speeds as in the flat space case. This is not possible in deSitter spacetime as there
one has that £ > 1. On the other hand we note that in dS, static solutions where the disc
has finite size exist for which its size is given by

Pmax|Q—>0 =Ly/1- (I)%{/N . (252)

When the disc is uncharged and static, it ends on the cosmological horizon as noted in
[16]. However, we observe here that if the disc is charged it does not reach the cosmological

“The boundary of the blackfold deserves special attention, see [10] for a discussion of its validity.
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horizon. One may also conclude from here that static and extremal discs do not lie within
the regime of validity of our method.

We now proceed and evaluate the free energy for these configurations from which all
thermodynamic properties can be obtained. This is given by

1 . Nn . 7
F = Qo 20 (LA =t 21 - 5) (2.53)
- os8a £02(2 4+ Nn) ’ '
where we have defined
@2 2+2Nn
- n o \"
0= (47TT> <1 - NH> ‘ (2:54)

The thermodynamic properties are given in App. A. From here we also extract the tension

1 . N ) ®7
Q2B (1, LN = 1ym; Mn 21 — WH)

_ ; (2.55)
4G 0 (2 + Nn)E2L204 ’

which, as expected, vanishes in the limit L — oco. Its thermodynamic properties satisfy
(2.10) and (2.11).

Plane wave background

In this section we consider the perturbative construction of new black holes in a plane wave
background with metric

D-2 D-2 D-2 D-2
ds® = —(14 ) Ag)dt> + (1= > Agad)dy® =2 Agaldtdy + > dal . (2.56)
q=1 q=1 q=1 q=1

Here the constants A, define the curvature length scales 1/ \/qu of the spacetime. We
furthermore assume that this is a solution of the vacuum Einstein equations, which requires
that TrA, = 0. This background is of special importance, since contrary to (A)dS, it is
in general anisotropic as there is a set of (D — 3) independent length scales, each of them
associated with a particular spacetime direction.

The configuration studied in (A)dS in Sec. 2.4.2 is also a solution in the background
(2.56) as long as it is embedded such that y = 0 [10]. To leading order in this perturbative
construction all the solution properties are the same provided we define R = R+v/A; where
Ay is the value of A, for all the directions involved in the planes of rotation of the odd-sphere.
In order to exhibit the differences between this spacetime and (A)dS, we consider the case of
product of odd-spheres, to highlight its multi-scale properties, and the analogue of the disc
solution of Sec. 2.4.2.

Products of black odd-spheres: a multi scale example

In this section we consider the simple case of the product of m uncharged odd-spheres
in the background (2.56). The corresponding black holes solutions have horizon topology
R x5, S®a) x §("+1) and were in fact constructed in [10]. These are described by the
induced metric and Killing vector field

[(p+1)/2]

ds’ = —Rgdr® + Y R2AQP, ), Ry =1+Y AR}, k%0, =0+ Y 0%, , (2.57)

a=1 a=1 a=1
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where Q9 is the angular velocity associated with all the [(ps + 1)/2] Cartan angles of each
ps-dimensional sphere. It’s free energy is given by

FlRa] = —VipRoP , Vi = [] Qw0 B2 (2.58)
a=1

while the equilibrium condition reads [10]

. ba + R2(n +p+ 1) -
Q%)2R2 = g3 Yol T RZ= AR , R= RZ . 2.
( ) Ra RO(n+p)+(n+p+1)R2 ) a Ra ) &Z; a ( 59)

The thermodynamic properties, namely, the mass, angular momenta and entropy can actually
be found in [16] since these configurations to leading order exhibit the same properties as
in (A)dS if one identifies A; = L~2 for all @ = 1,..,m. Note that here we assume that
there is another non-zero scale A, such that TrA, = 0 but which does not enter in the
thermodynamics of the configuration due to the choice of embedding. Hence all the scales
As with @ = 1,..,m are independent scales.

We now proceed and analyse the total tension T from (2.58), which is given as a sum of
tensions, one for each ps;-sphere, which we label by T 4. We find the simple result!®

. Qe Vi

Ta= —7(15;)G(p)rgR§\/1+R2 (n+p+1) , (2.60)
which vanishes when A; — 0. This example shows that these black holes are characterised
by a set of tensions, satisfying the first law (2.10).

Charged black discs

In this section we construct the analogue of the disc solution of Sec. 2.4.2, which will
reveal the non-universal character of the spacetime pressure for a given spacetime. These
configurations are charged versions of those found in [10], obtained via an embedding such
that y = 0 with induced metric and Killing vector field

ds® = —Rgdr’ +dp® + p*d¢* | Ri=1+Aip° | K9y =0, +Q0, , (2.61)

where we have chosen Ay = A such that the Killing vector field presented above is a Killing
vector field of the background (2.56). This is trivially a solution of the blackfold equations
as it also represents a minimal surface in these spacetimes [10]. The thickness and charge
parameter of the disc are given by (2.51) but with the replacement A; = L~2. Hence, the
disc has a maximum size given by (2.50) and the discussion regarding extremal limits in AdS
also holds in this case provided A; > 0. The case A; < 0 is similar to deSitter spacetime.
The thermodynamic properties, due to the different induced metric, are however altogether
distinct from its (A)dS counterpart. It is possible to derive them for any N, however, the
resulting expressions are slightly cumbersome. Therefore we focus on the simplest case of
N = 1 which captures all the essential physics.'® In this case, the free energy takes the

5Note that here we had to use instead the formula 'f'a = —QA@% due to the the fact that A; has
dimensions of inverse length square. '
16The case N = 1 corresponds to a Kaluza-Klein reduction.
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following form

1 .L+4.A1(<I>%—1))
s 2P (411281 5 = (gop) (277" (2.62)

F= —
8G VT (n+2) (22— A4y 0= gt

while the remaining thermodynamic properties are given in App. A. From here we extract,
as previously, the total tension and find

- Q, r(3+3 - A (93— 1
T=_ (—H)fg (2+ ) 2(922}71 <_1’2;n+4; 1(2H ))
2G (n+2)(n+4)(A; — Q2) 2 2 02— Ay

11‘n+4'A1((I>%{—1) >
27 ) 2 ) Qz—Al )

(2.63)

+ (A1 = Q%) o1y <—
which vanishes, as expected, when A; — 0.

2.4.4 Lifshitz background
We now consider one of the Lifshitz spacetimes found in [168] as the background for
perturbatively constructing new solutions. This spacetime has a spherically symmetric
metric of the form
2z
_L22

where we have defined the constant 5 as

p= <m>2 : (2.65)

2

L? _ L
ds® = f(r)dt* + ﬁf(r) Ydr? + TQdQ%D_Q) , fir)y=1+ Bﬁ , (2.64)

Here, z is the Lifshitz exponent which can lie in the interval z > 1. In the limit z — 1 we
obtain the AdS metric (2.40). This spacetime is in fact supported by several gauge fields
and dilaton in order to be a solution of the model studied in [168]. However, since we will be
constructing an uncharged solution, we do not need to take into account possible couplings
to these background fields.

We focus on the analogue configurations of the odd-spheres of Sec. 2.4.2, hence of a class
of black holes with horizon topology R x S®) x S("+1) which includes the case of the black
ring (p = 1). This configuration has an induced metric and Killing vector field given by

z [(p+1)/2]
) _ I 2 | 1202 _ L .. g
ds” = ngf(R)dT + R, f(R) =1 thps s K'Oa=0,+0 >~ s, - (2.66)
P

The blackfold equations (2.31) are easily solved. By defining R = R/L we obtain the
equilibrium condition

VB+RR*/(n+2)(R2z+ Bz — 1)) +p(B+ R?)

QR = (2.67)
VB+R?) (n+p+2:-1)-73
With this we evaluate the horizon size of the odd-sphere and find
n/2
o _n(5+R2) R?*72 (R*(z — 1) + B(z — 2)) / (2.68)
07 4rT B+RY)(n+p+22—1)-p '
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We see that for this to take real values we must require that
R%*(z—1)+6(z—2)<0 , (2.69)

which implies that we must restrict to values of z within the interval 1 < z < 2. This we
assume from now on and in the remaining of this section.
With this we obtain the total tension which takes the form

%——Q(nH)V 7m(n+p+z)\/ﬁ+R2(z(ﬁ+R2)fﬁ)Rz—l
T 16nG @O R2(z — 1) + A(z — 2)| ’

(2.70)

which vanishes when L — oo. The thermodynamic quantities non-trivially satisfy the first
law (2.10). This is the first example of a black hole solution with non-trivial topology in
these spacetimes.

Blackfolds in background spacetimes with a black hole

In this section we present the perturbative construction of toy models of black hole binary
systems, namely, the generalisation of the black saturn solution to higher-dimensions and
with electric charge. Focusing on the case in which the centre black hole is not rotating
and is surrounded by a black ring, leaving the rotating case for future work, we consider
introducing a definition of black hole volume. We show that such definition does not give rise
to the expected scaling once the centre black hole is removed. Therefore, using gravitational
tension as the natural modification of (2.1), we take the exact black saturn solution in five
dimensions and extract the tension to one higher-order in the ultraspinning regime. This
requires enforcing the first law (2.10) to hold on the black ring horizon.

Finally, we also consider the generalisation of these solutions to AdS backgrounds, thereby
illustrating the case in which there are two different tensions, where one is associated with
the centre black hole mass and the other with the cosmological constant.

Schwarzschild black hole background

We begin with the Schwarzschild black hole background which has a spherically symmetric
metric as in (2.40) but with a function f(r) given by

fry=1- D=3 (2.71)

where p is the horizon location of the Schwarzschild black hole. In this background we
place a charged odd-sphere geometry at a fixed » = R and hence the induced metric and
Killing vector field are the same as in Sec. 2.4.2 as well as the free energy (2.42) but with
the function (2.71). It is straightforward to obtain the equilibrium condition, which reads

2pf(R) + (1 4+ n + nN sinh? a)Rf'(R)
2(nN sinh® a 4+ n + p)f(R) + Rf'(R)

O02R2 — #(R) (2.72)

This equilibrium condition is in fact valid for any spherically symmetric spacetime of the
form (2.40) for some function f(r). In the limit & — 0 it reduces to that obtained in [16].
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Defining the dimensionless ratio R = p/R, which vanishes when the black hole is removed
 — 0, and using (2.71) we can rewrite the above condition as

(R™? — 1) (R™P (nN sinh®?a(n +p)+n(n+p+1) — p) + 2p)

QQRZ —
(2nN sinh? o (R™? — 1) + (n + p) (R™+P — 2))

(2.73)

From here we see that extremal configurations exist when a — oo. Furthermore, using the
free energy (2.42) in order to compute the conserved charges of this configuration, which are
presented in App. A, and the Smarr relation (2.11), we obtain the total tension

. QonsyVip)ro (n+p) (nNsinh® a +n+p+ 1)
- _ R*tPy/1 — Rn+P 2.74
T 167G 2—R"P(n+p+2) ' (274)

where we have defined V,y = ,)RP. We note that in D = 5 and for a ring geometry
(p = 1), that is, n = 1, and in the uncharged limit (« = 0), this describes the black ring
surrounding the spherical black hole in the black saturn solution of [74]. In App. A.12 we
show explicitly, by taking the blackfold limit of [74], that this is indeed the case.!'” We note
that the thermodynamic properties of this solution and considering the tension per unit
length 7 = T /pu, it is straightforward to check that the first law (2.10) is satisfied and,
furthermore, both 7~ and 7~ vanish when p — 0.

Spacetime pressure and black hole volume in black hole backgrounds

As we have shown in the introduction, these solutions satisfy the first law (2.1) for an infinite
set of quantities. We may introduce a notion of black hole volume by choosing k = —2,
which leads to the black hole volume

Qonr)Vip) g o (n+p) (nN sinh? a +n 4+ p + 1)
Vi= — B L PRMP/1 - R : 2.75
327G A1 2 —R"™P(n+p+2) (275)

From here we see that once we remove the black hole g — 0, the volume (2.75) vanishes.
This is not the expected result for the volume in this limit. More precisely, the volume
for the black ring (p = 1) has been computed in [6] by taking the flat spacetime limit of
the perturbative construction of an uncharged AdS black ring in the ultraspinning regime
[42]. The volume for this case scales like V; o< 78 R? in the flat spacetime limit. Since this
solution corresponds to the case p — 0 and aw = 0,p = 1 in (2.75), we see that the volume
introduced in (2.75) does not scale in the expected way. We could introduce by hand a new
length scale L such that (L/R)? = (u/R)P~3 which would lead to the right scaling in the
flat spacetime limit. However, this would not satisfy the first law (2 1) with a pressure of
the form P, = AL™2, even if we would try to define a new mass M as in Sec. 2.3. Again,
therefore, we Conclude that the notion of gravitational tension is more natural than the
notion of black hole volume.

Blackfold mass in asymptotically flat black hole backgrounds

We note that the definition of gravitational tension is related to the generalised first law
of thermodynamics (2.10), and hence to a specific definition of mass/energy, namely, the
definition of mass that enforces (2.10) for a given black hole horizon in the presence of

'"In the charged case for Kaluza-Klein coupling (N = 1) this potentially describes a particular limit of the
charged black saturn solution obtained in [99]. We leave this check for future work.
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surrounding gravitational fields. When using the free energy (2.42) and the thermodynamic
relations (2.37),(2.38) we obtain the mass of this blackfold construction, which is given by

i 2
2-R™P(n+p+2)

2.7
8rG (2.76)

However, as we show in App. A.12 this mass, with the appropriate values of the several
constants involved, does not correspond to the Komar mass MPR measured near the black
ring horizon of the black saturn solution. In fact we find that

~

4
BR

M _M_(D—?)) : (2.77)
This is expected since the authors of [74] have shown that the first law (2.1) holds for the
black saturn solution where M is the total ADM mass, which is the sum of the Komar masses
of the centre black hole and of the black ring. However, if we require the existence of a first
law that holds for each individual horizon then we must introduce a new mass measured in
connection with each separate horizon. For the black ring horizon, this is precisely (2.76),
that is, the mass that is directly obtained from the blackfold approach. Note that this is
rather different than the KK case of Sec. 2.3, since there both the original mass M and the
shifted mass M satisfied the first law of thermodynamics. In this case, only the blackfold
mass (2.76), obtained from general principles, satisfies the first law.

Free energy for the black ring in the black saturn solution

From the above discussion about the mass we are lead to an intriguing consequence for
the thermodynamics of disconnected horizons, namely, the free energy for a given hori-
zon, obtained via local computations of the conserved quantities, does not behave in a
thermodynamically correct way.

In the case of the black saturn solution in D = 5, if we denote the black ring mass and

angular momentum, which can be obtained via Komar integrations near the horizon [74],
by MBE and JB® | and furthermore, denoting the black ring horizon temperature, angular
velocity and entropy by T8, QP and SBE then the free energy FBE = NMBE _TBRGBR _
QOBR JBR can be seen as the free energy of a black ring in a non-trivial background for which
the background length scale is that associated with the mass MPH of the black hole in the
center. However, we find that the following expected thermodynamic relations do not hold,
ie.,
o J—_-BR o JT_'BR
OTBR ONBR
Indeed this could have been anticipated, due to the fact that in the ultraspinning limit, the
black ring mass, obtained from the blackfold approach, does not coincide with the Komar
integration on the black ring horizon. Therefore, in order to define a proper free energy
for a given horizon in a black hole solution with multiple disconnected horizons, we must
introduce another notion of mass for that specific horizon.

We now give an explicit construction of this mass for the black ring in the black
saturn solution for which the angular momentum of the center black hole vanishes. All
thermodynamic quantities can be parametrised by 3 parameters L, 5, ko (see App. A.12),
where 8 controls the mass of the center black hole. If 5 = 0 we obtain the pure black ring

SBR|MBH’QBR # — JBR|MBH’TBR # — (2.78)
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solution. The relation between these parameters, in the ultraspinning limit, and those used
to parametrize the solution (2.73), is given in (A.41)-(A.42). We now proceed by introducing
a new mass M by adding to the Komar mass M 5% a term proportional to a function f(3, ko)

such that 5
s
M = L% (ky+ f(B. k) (2.79)

and we want to demand that the resulting free energy F = M — satisfies
the thermodynamic relations (2.78). Due to the cumbersome expressions inherent to the
black saturn solution, we will show how this is done to first order in the ultraspinning
approximation, i.e., in an expansion around ko = 0. We first decompose (3, k2) as

F(B k) = kaf (B) (o) + k3£ (B) 1y + O(K3) . (2.80)

To leading order in the ultraspinning limit, there is already a correction, as we have seen
above, which one can easily corroborate from the analytic solution and hence obtaining
f(B)) = B/(B —2). Proceeding to next order we find,

B(B(T+ (28 —5)) —12)

TBRSBR o QBRJBR

fBay = 603 23— 1) (2.81)
Now, using the Smarr relation (2.11) we find the total tension
g 3L 1 (BUT+B(28-5)) —12) ,
T=-"ghs <(2 5" eB-2p-p =7 OU@) : (2.82)

which when using (A.41)-(A.42) coincides with (2.74). This procedure can be iteratively
continued to arbitrary orders in ko. It would be interesting to obtain an exact expression for
the shifted mass to all orders, and consequently obtain the exact gravitational tension for
the black ring in the black saturn solution. Furthermore, a similar analysis can be carried
out for the free energy of the centre black hole horizon, which can be thought of as a black
hole placed in the gravitational field of a black ring. We leave this interesting analysis for
future work.

Schwarzschild-(A)dS black hole background
We now briefly consider a similar construction in (A)dS spacetimes by placing a ring
surrounding a Schwarzschild-(A)dS black hole. The metric of the Schwarzschild-(A)dS black
hole takes the same form as in (2.40) but with the blackening factor
2
r o n-+p
S L <7) : 2.83
fry =1+ - (& (283)
where 4 is the horizon location of the Schwarzschild black hole and L is the size of (A)dS. In
this background we place a neutral odd-sphere geometry at a fixed r = R and hence the
induced metric and Killing vector field are the same as in Sec. 2.4.2 as well as the free energy
(2.42), but with the function (2.83). The equilibrium angular velocity is given by (2.72) and
using (2.83) we can rewrite the equilibrium condition as
(1 + RQ—R”“”) ((n +1) (2R2+(n + p)f{”“’) +2p (1+R2—Rn+p))
Q°R? = . (2.84)

(<2R2 +(n+ p)ft"“’) +2(n+p) (1 +R2- R”*”) + zp)
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where we have defined the dimensionless quantities R = R/L and R = (u/R). We now
proceed and analyse the total integrated tension T from (2.58), which is given as sum of
tensions, one for the black hole and one for the the (A)dS radius. The results are the
following

[ ~ n+
T, = “’)Q("“)rnf{”w(”erJrl)(n +p)\/1+R2—R P
- 9@ 'O .
! (n+p+2R"" -2

e , (2.85)

1 Vin) S nt1) R2 (”+p+1)\/1 +R?-R""

8rx (n+p+ Q)f{nﬂ) -2

Since each scale is independent, we can view this spacetime as having two distinct tensions:
the one associated with AdS spacetime and the one associated with Schwarzschild spacetime.
By defining the corresponding tensions per unit length, it is straightforward to see that the
first law (2.10) holds. The remaining thermodynamic properties can also be easily obtained
as in the previous examples.

Ty - (2.86)

Non-universality of black hole volume

In this section we analyse the consequences of the existence of the perturbative solutions of
Sec. 2.4 to the notion of black hole volume. We have already argued that this notion was
unnatural and did not lead to he expected scaling for both the KK black holes of Sec. 2.3
and the higher-dimensional black saturn solutions of Sec. 2.5.1. However, since a sceptic
reader might consider those examples too exotic or far removed from the case of black holes
in AdS, we focus in this section on two simpler examples. In particular, we look at the family
of (charged) black odd-spheres of Secs. 2.4.2, 2.4.3 and 2.4.4 in AdS, plane wave and Lifshitz
spacetimes respectively, as well as the family of charged rotating black holes in Secs. 2.4.2
and 2.4.3 in AdS and plane wave spacetimes respectively.

Our methodology consists in analysing the flat spacetime limit of each of these families of
solutions. Since in this limit all the different cases within each familiy reduce to the same flat
spacetime black hole solution, then, if the notion of black hole volume is to be meaningful in
this limit, it must be universal. If we denote the black hole volume for a given family of
solutions in the flat spacetime limit by V;, then we must require that

VilLaosoo = Vi - (2.87)

However, as we will see, if we require this to be the case for the family of black odd-spheres
(which contains black rings as a particular case) then we are forced to accept that black
odd-spheres in flat spacetime are characterized by an infinite set of volumes. Furthermore,
we will see that it is not possible to demand (2.87) for the family of charged black discs
(charged rotating black holes).

Black odd-spheres

We first consider the case of the black odd-spheres in AdS, which we constructed in Sec. 2.4.2.
Since we are in AdS, we take (2.8) as a working definition of pressure in AdS. Therefore we

find the black hole volume
Q(n+1)v(p)

V; = rPR?V1+R2 (nNsinh>a+n+p+1) 2.88
T 2n+p+rl)(ntpr2)” ( p+1) (2.:88)
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for this particular class of AdS solutions. In the uncharged case (a = 0) and for the ring
(p = 1) this volume had been obtained in [6]. From here we obtain the non-zero flat spacetime
limit of the volume (2.88) by taking R — 0. For simplicity, focusing on the uncharged case
a = 0, we obtain

= ooV g

2(n+p+2)

We now consider, by the same token, obtaining the black hole volume for the class of Lifshitz
solutions of Sec. 2.4.4. We note that in Lifshitz spacetimes, the authors of Ref. [39] have
recently proposed the following definition of the spacetime pressure

D+2—-2)(D+z-3)
16w L2 ’

which reduces to (2.8) when z = 1. Using (2.90), the black hole volume for this class of
solutions is given by

(2.89)

p =t (2.90)

O VaTRZ(:(5+R?) - p)R! vor

Ty W Gy DRz — 1) + Bz —2)] (291)

This indeed reduces to the volume (2.88) when z = 1 and hence has the same flat spacetime

limit (2.89). This corroborates the choice of spacetime pressure (2.90) by the authors [39].

However, let us consider the case of the odd-spheres in plane wave spacetimes constructed

in Sec. 2.4.3. These solutions reduce to the same flat spacetime odd-spheres as the previous

two cases when A; — 0. Since in plane wave spacetimes we have m length scales and each

length scale is independent, then, associated with each tension computed in (2.60), we have
a specific black hole volume V;a Taking the pressure on each direction to be given by

(D—-1)(D -2)

P = A 2.92
¢ 167 ’ ( )
we obtain a set of black hole volumes
N Q Vi
a (n+1)Y(p) np2
V= _———""rfR:\/1+R? | 2.93

each associated with one of the ps-spatial parts of the worldvolume. The existence of this
set of volumes is a direct consequence of the anisotropy of the spacetime. The definition of
pressures (2.92) is indeed the correct one for these configurations since the flat spacetime
limit of the volume (A; — 0) coincides with (2.89). However, since we have an arbitrary
number of volumes Vi& associated with each non-trivial plane wave direction, then we must
conclude that the corresponding flat spacetime black holes would be characterised by an
arbitrary number of black hole volumes. For this reason, we argue that it is more natural to
work with the gravitational tension associated with each spacetime direction, all of which
vanish when taking the flat spacetime limit.

Charged rotating black holes

We first consider the analogue of the Kerr-Newman solution in higher-dimensions in AdS
constructed in 2.4.2. Using the results of that section we obtain black hole volume

1 LN ) 2
21y, 20 (1, SN =Dy A 21— WH>

. - 2.94
Wiss = 1)~ (2 + Nn)e2Q! B
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where we have used the definition of pressure (2.8). This volume in the limit L — oo and
for &y = 0 yields the black hole volume corresponding to the Myers-Perry black hole in the
ultraspinning regime in D > 6, which has been analysed in [59]. In the uncharged case and
in (A)dS, this volume has also been computed in [59, 67, 6] for the entire family of higher-
dimensional Kerr-(A)dS black holes. The exact form obtained here for the ultraspinning
regime was only analysed in [6] and for the special case where £ — 0 for which the black
hole saturates the BPS bound [57] in AdS.

We now consider the case of the charged black holes in plane wave spacetimes constructed
in Sec. 2.4.3 which have the same flat spacetime limit as the case above. In this case we
take the pressure to be of the form P. = AA;G~!. Using (2.63), we express the black hole
volume in terms of A and the tension 7~ such that

~

+
Voo = =534,

(2.95)

In order to obtain the correct factor A we compare the volume (2.94) in the flat spacetime
limit L — oo and the volume (2.95) in the same flat spacetime limit 4; — 0. We find the
ratio

(‘/i)AdS _ 1671')\
(Vi)pp (n+3)(n+5— %)

If we demand the black hole volume to be universal in the flat spacetime limit we must
require the above ratio to be equal to unity. However, we would have to require A to have
a dependence on the chemical potential ®i which is not possibe since A is a constant by
definition. If we were to allow such dependence then the first law (2.1) would bot be satisfied.
Therefore, we conclude, black hole volume in the flat spacetime limit is not universal.

(2.96)



3. Blackfolds gyromagnetic ratio

The gyromagnetic ratio of a particle (or g-factor) is a dimensionless quantity that relates the
magnetic moment to the angular momentum. It is basically defined by the following formula

q .

n=g5-j (3.1)
where p is the magnetic moment, g is the charge, m is the mass and j is the angular
momentum. The gyromagnetic factor has been computed for various particles in the
standard model, and actually these computations is its major success, since it reproduce with
very high precision the experimental results. QED predicts, up to radiative corrections, that
g = 2 for charged fermions [90]. The g-factor plays an important role also for physics beyond
the standard model. In fact the exact result g = 2 is related to unbroken supersymmetry
and therefore the factor A = g — 2 is a measure of SUSY-breaking effects [165].

The gyromagnetic ratios could also play some role in the AdS/CFT correspondence.
It is well known that there is a duality between the thermodynamic features of a black
hole living on the bulk and the properties of the boundary conformal field theory. For
instance [117] shows that the thermodynamic of a Kerr-AdS black hole coincides with the
ones of a conformal field theory at the boundary of a Einstein universe at the critical limit
(meaning the limit in which the Einstein universe is rotating at the speed of light). Since
the gyromagnetic ratio is a thermodynamic property of the black hole living in the bulk, it
could play a role in this description. For instance it could be interesting to see if there is a
connection between the gyromagnetic ratio of a black hole in the bulk and some properties
of the boundary conformal field theory, it could be somehow connected to the gyro of the
particle living in the boundary CFT.

Charged black holes with intrinsic spin and charge can have a gyromagnetic ratio and
this has been computed. A remarkable fact is that the gyromagnetic ratio of a rotating
asymptotically flat black hole is equal to 2 [48, 159, 156]. It takes the same value of the
fermions in the standard model. The g-factor for black holes is defined in the same way of
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equation (3.1), meaning

Q

n=9577 (3.2)
where p is the magnetic dipole moment of a black hole, @) is the total electric charge, M is
the total mass and J is the total angular momentum. The value of the gyromagnetic ratio for
black holes in 4 dimensions is universal, meaning that it is 2 for any black hole configuration.
The analysis changes when the g-factor is computed for higher dimensions [5, 4, 148, 43]: in
fact, already for 5 dimensional Myers-Perry black holes, the gyromagnetic ratio is find to
be 3. A more recent paper [3] computed the g-factor for the Kerr-Newman-AdS black hole
solution in higher dimensions, and it has been found the following remarkable formula

g=2+(d—4) (3.3)

where d is the number of spacetime dimensions (so when d = 4 the formula gives back the
universal result of four dimensions) and ¢ is defined to be

a2

E=1-— 7z (3.4)
where a is the spin parameter of the black hole, and [ is the AdS length scale. There is an
other important limit: when [ — oo, i.e. when the cosmological constant is zero, the formula
recovers the value of g previously computed for charged Myers-Perry black holes in d = 4.
In the rest of this chapter we would like to compute gyromagnetic ratios for blackfolds.
There are two main reasons why we would like to do this. The first reason is that blackfolds
are effectively geometries that could be used in a bulk of a holographic picture. Therefore,
for reasons explained above, their gyromagnetic ratio could be important in a duality with
some conformal field theory on the boundary. The second is that we believe that the g-factor
could be a good way to classify different types of blackfolds. The gyromagnetic ratio for
blackfold will be defined in the same it was defined for black holes, meaning by the formula
(3.2). The content of this section is new expected to appear in published form in the near

future [18].

Magnetic dipole moment

In order to compute the gyromagnetic ratio for a blackfold, we need to understand how to
compute its magnetic dipole moment first. The method for measuring the dipole transport
coefficient has been analyzed by [12]. The method works as follows. The first step is to
consider a multiple expansion of the energy-momentum tensor and of the current tensor, for
configurations charged under a ¢-form gauge field:

T () = /w,m doy=7 [%W v, <ngp‘w> . ]

Dz —X(o
Jﬂl"'“q (w) — /W do-\/jfy [J&)BHQW _ (35)
Dlx - X(o
Vy <J(1)u1 e qué(— é())> + .. }



3.1 Magnetic dipole moment 51

Where the tensors with subscript (0) represent the monopole term of the expansion, while
the tensors with subscript (1) represents dipole terms that we are interested in. The tensors
that represent dipole terms could be decomposed in a particular way, in order to encode
degrees of freedom connected to its physical interpreation. This process is quite complex,
since there are extra symmetries due to gauge symmetry and diffeomorphism invariance of
the expansion (3.6), and using those symmetries some components of the dipole correction
of the energy-momentum tensor and of the charge current can be gauged away. In any case,
those dipole correction can be decomposed, and the physical components (meaning those
that cannot be gauged away) are the following

TH = w0 gy dt (3.6)

J(“S = m" +up™ (3.7)
where u,*s are the projector on the worldvolume directions (uq" = 9, X", where X# (o) are
the embedding coordinates), j is the tensor that encodes spin degrees of freedom, d*** is
the tensor that encodes the bending degrees of freedom of the brane, while m*” encodes the
magnetic dipole moment and p® the electric dipole moment (which will be important for
the piezoeletric effect). In this discussion we restricted ourselves to particle charged branes
(i.e. ¢ =0), but the method provides a way for considering also higher gauge field charge,
and the paper [12] provides also the detailed analysis for string charged branes, that we are
not going to consider.

The method explained in [12]| for measuring those transport coefficients work as follows.
We consider asymptotically flat dilationic black brane solution of a theory with the following
action

1 1

2(g +2)

where H,, o is the field strength of the gauge potential A,. The equations of motion of the
theory are the following

1 1 1 2
G — SVudVuo - mew <Hup1...pq+1Hup1"'pq+1 - WH 9#1/) = 81G T
a¢H””1""’q*1) = _16rG I Op— — e[ = () 3.9
Vy (6 ™ 9y ¢ 2(q + 2)'6 ( )

In order to measure the transport coefficient one needs to look at large r-asymptotics of the
equation of motion of the theory (3.9). The large r expansion of the metric and the gauge
potential can be written in the following way

1
G = M+ b/ + (D) + O <Tn+2> (3.10)
1
M D
Aprpgn = Al(il--)-/iqﬂ + Al(t1-)--uq+1 +0 (W) (3.11)

The method of finding the dipole coefficients of the theory, meaning the tensors (3.6), is then
to expand the equation of motion using (3.10), (3.11) and (3.6) and matching the terms
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with the same r dependence in both side of the equations. Expanding in particular one of
the equation of motion, one obtains

ViA(D) = 167G [m"™+ + p"" 49, "3 (r)] (3.12)

therefore by reading off the expansion of the gauge field one can measure the dipole magnetic
moment. Moreover, by expanding one of the other equations of motion, one can also argue
that

mh = (0 )uq " (3.13)

where A is a coefficients depending on the brane one considers.

Corrections for Rotating EMD Black Holes in D dimensions

This section will start by considering the ultraspinning limit of rotating Einstein-Maxwell-
Dilaton black holes in D dimensions, and showing that there exist a limit in which the
horizon flattens out along one of the planes of rotation, meaning that the horizon geometry
becomes locally the one of a boosted charged rotating membrane. This will be an important
result since it means that we can check the blackfold description by comparing it with the
ultraspinning limit of rotating Einstein-Maxwell-Dilaton black holes in D dimensions with
discs obtained with the blackfold analysis.

Then in this section we will measure the coefficient A(c) for black holes in the EMD
theory, and we will compute their magnetic dipole moment m*".

Refined ultra-spinning limit
We start by considering the metric of a charged rotating solution of the EMD model, taken
from [143], with two angular momenta in D dimensions

1
2 _ m . 12 \D-2 2 IF 2
dS = (1 + m smh Oé) {—dt + Wd?"
N
Z;(TZ + a?)(d,u% + ,u?dgb?) + er’dv? (3_14)
1=

N 2
m 2
AN IIF £ e o (cosh adt + Z a; b dqbz')
i=1

where the only nonzero spins are a; and as, and where

a2 CL2
M= (1+—2)(1+-2
(1) (1+32)

(3.15)
P V7 S 1L
r2+a? r?+a3
and where we defined
D-1 1 b
N := {2] , € :5(1+(—1) ) (3.16)
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where [-] denotes the integer part. So for even D we have that N = (D — 2)/2 and € = 1,
whereas for odd D we have N = (D—1)/2 and € = 0. Moreover no all the y;s are independent,
we need to require the following constraint

N
Z p e’ =1 (3.17)
i=1

We would like to choose a parametrization of the angular variables
[y =sinf , po = cosfsiny (3.18)
and with this parametrization we get the following metric

IIF

)
I — mr3-D dr

1
ds® = (1 + %HF sinh? a) b=z {—dt2 +
r
2

;(72 + a?)(d,u? + ugd(b?) 472 <d92 + cos® 6 (de + cos? ¢dQ%n_1)>> (3.19)

9 2
m
cosh adt + a;p2do;
rD=311F + msinh? o ( ; ik d)l)

The event horizon of this black hole is located at r = r , where r4 is the largest positive real
solution of the equation IT — mr2(=N)=¢_ For clarity of notation we perform the following
change of labelling for the spins, by replacing a; and as with a and b. We introduce also the
coordinate p; as

p1 = asinf (3.20)
This coordinate can be seen as the radius of the disc in which the black hole will pancake to.
Assuming that b < acos the angular part of the metric will reduce to

2
Z(r2 + a2)(dp? + p2dé?) = dp? + cos? O(r% + b cos® ) dy® + . .. (3.21)
i=1

at first order in a a cos 6 expansion. Now we can look at the local geometry at a fixed angle
0*. The refined ultraspinning limit with respect to the spin a of this black hole solution is
reached therefore by considering

r<acosf*, b< acosb* (3.22)

After performing the ultraspinning limit, it is useful to redefine some variables in the following
way

rT=r
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in order to make contact with the metric of a charged spinning membrane. Also other
redefinitions are important
s

mn—2

N =+ bsin’y, A=+ - —
T

(3.24)

Also, we introduce the coordinate z which will parametrize the angular direction of the disc

2= pidn (3.25)

Then, under this redefinitions and parametrization, in this refined ultraspinning limit, we
obtain

1
4s? — {1 _ (m)D_E)fQSmh?O‘}M {—dt2 20 4 d? + d2? + dy? (3.26)
T Y cos? 0* A L )
=2 T2y 2 2 (7)D5 dt * P ?
(72 4 b*) sin® ¥d¢; + > D i a (coshacos — + tan 0*dz + bsin ¢d¢2> }
r E+( ) cos2 0

In order to compare this metric we obtained with the metric of a charged Kerr membrane, we
should first compute the metric of the charged Kerr membrane itself. This kind of solution
can be obtained by using a solution generating technique which consists in uplifting a vacuum
(rotating) solution of pure Einstein gravity by adding an extra flat direction, consequently
boosting along the (¢, z) plane with a boost parameter a and later reducing the metric over
the z-direction. This technique is called uplift, boost and reduce (UBR) and it leads to a
charged (rotating) solution of the equations of motion derived by minimizing the action

/ V=g <R — f(wﬁ) —a¢F2> (3.27)

where R is the Ricci curvature tensor, ¢ is the dilaton field, with a being the dilaton coupling
and F' is the 2-form field strength of A, which is the 1-form gauge field. The dilaton coupling

is fixed and it is given by
1
=— 2
a 5D -9 (3.28)

where D is the number of dimensions. The result of applying this technique is the following

2 cos2 0 4 12
ds® = (1 L) g2 LES VT 12 a2 4 72482 4 (2 + a2 cos? 0)d6?
s +TD*3HF +7"2—T5n_3 adr + di* 4+ #°do” + (r° + a” cos” 0)
m
D—3

+a® +r7)ptde’ +

~ aldd)?
72 +a?cos? 0 + —ps sinh? o (cosh adt — ap*dg) } (3.29)

and with the following definition

A =

Y =72+ a’cos? 0

F=p (3.30)
gZ; = P1x%

@ =sin



3.2 Corrections for Rotating EMD Black Holes in D dimensions 55

becomes
h)
ds®> = (1 + TD%Q {—dﬂ + gdrz +dpi + pldz" + $db*
(0 4 1) sin® g + e 5 (coshadt — asin® wd‘é)z} 331
3 sinh” «

We would like to boost the metric along the £z direction:

by
ast = 1+ w%z) {—dﬂ + X dr? + dpt + pidz® + Bd6? + (a® + r?) sin® g
D3

_l’_

m 2
Y+ p3sinh” «

(cosh a cosh ndt + cosh asinh ndz — a sin® 1/12d¢) 2 } (3.32)

From a direct comparison with the metric we obtained by taking the ultraspinning limit of
the charged rotating solution of the EMD theory, we see that they are the same with the
following identifications

sinh? o MP6

cos2 0,
3.33
cosh a s pg ( )

sinh? ax =

cosh ai coshn =
cos b,

cosh ag sinhn = —tan 6,

which means that the boost parameters are related to the 8* angle and to the charge of the
pancake by the following relations

L coshagyp
coshn =
Vcos2 0, + sinh agap
. (3.34)
. sin 6,
sinhnp = —

\/0052 0, + sinh? agyp

This relations are the same found in [20] when you set agyp = 0.

It is also interesting to look at the refined ultraspinning limit of the Maxwell field
describing the charged rotating black hole solution of the EMD model. The Maxwell field of
the solution is the following

m

A, dzt =
K rD=31IF + msinh? «

sinh a (cosh adt — a sin? 0d¢; — b cos? 0 sin’ Ydga) (3.35)

And performing the reparametrization and the refined ultraspinning limit in the same way
we explained before, we obtain

)D—5

Ay dat = (

725+ (

sinh & [ cosh o
cos b,

)D_5 sinh? o COS 9*
cos? 0

dt — tan 0,dz — bsin® wdqﬁg) (3.36)

1:‘3’ ‘31‘01
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The Maxwell field of a Kerr Membrane, after the redefinitions (3.33) is the following

mr sinh « (
b (1 + % sinh? a)

Ay dat = cosh adt — a sin® wd¢) (3.37)

We could also perform a boost:

mr sinh a

Adet = ———m———
H Y + mrsinh? «

(cosh v cosh ndt + cosh acsinhndz — a sin’ Ydo) (3.38)
and the result matches with the identifications given before. Therefore we conclude that the
refined ultraspinning limit of a charged rotating black hole solution of the EMD theory is
indeed a boosted charged rotating disc. The fact that there is a limit in which the charged
rotating black hole can be locally seen as a black membrane is important since it means that
it is possible to describe it using the blackfold formalism. In the following we are going to
analyze the setup from the blackfold prospective.

Magnetic dipole moment for rotating EMD black holes

The goal of this section is to find an expression for the magnetic dipole moment for rotating
black holes in the EMD model. This is very important for our work because we are going
to use these black holes as seed solutions in the blackfold effective theory in order to
construct exotic bent black branes with intrinsic spin. The method for calculating such
dipole corrections was explained in the section 3.1. We just need to expand in a large r
regime the metric and the gauge potential of a boosted charged rotating kerr membrane
(which will be the membrane that we are going to use as seed solution in the blackfold
theory). As it can be read off from the equation (3.32), the effect of performing a boost on
the metric is to generate other components in the following way

957" = gup coshn
gr2°** = 2sinhn cosh n(gr + g-2) (3.39)
92" = gy sinh 7y

where g"¥ is the metric of the unboosted rotating charged membrane of equation (3.31). The
same can be done for the gauge potential: the boost also generates new components on the
gauge potential, as can be read off from (3.38)

Abeosted — A, cosh

Alpested = A, (3.40)
Aboosted — 4, ginhp
where A, are the components of the unboosted gauge potential of the rotating charged mem-
brane of equation (3.37). We can look at linearized Einstein equation for those component,
in particular for dipole contribution (we omit the boosted label):
Viﬁ(D)td) — Vrcosg(ugjaqﬁrcos 9)
V3 RP0 = ¥, oeg(uljoo" =) (3.41)

Vih(D)t'Z = V' cost (ugjazr cos @ + ugjar cos @ + uzuidabr cos 0)
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From the first two equations we can simply read off j%¢"°°5?  We have almost the same
situation for the Maxwell field

V2 AP = 7 (m + ul p)
ViAPS =V, (m* + uip™) (3.42)
V2 AP = 7 m®P

Now we may use some properties of the magnetic dipole moment and of the dipole spin
current which are described in [12]. The first property is that the second index of dipole
spin current is orthogonal to the worldvolume of the brane, meaning that u2;®? = 0. The
second property we use is that the magnetic dipole moment should be transverse in both
indices. Using this knowledge on the spin current and on the magnetic dipole moment, one
can read off the transport coefficients from the above equations and they are the following

jireos?  —  2am cosh a cosh 7 cos (3.43)
2oreost — 9am cosh asinh 1) cos 0 (3.44)
m? %  — 2amsinh a cos (3.45)

From this equation it is possible to calculate also the A(0) coefficients of equation (3.13) for
this particular type of rotating charged membrane, which is

Ao) = 2cotha (3.46)

We recall also that, whenever we are dealing with stationary blackfold solution, the boosted
factor of the brane is connected to the k vector through

1
coshn = k (3.47)

Stationary blackfold solutions

In the blackfold approach one constructs new stationary black objects starting with known
black brane solutions (seeds) of a supergravity theory. In the specific case we would like
to study in this paper, we need to start from a seed solution which should be charged and
rotating. In order to compute the potentials for a charged rotating brane, we need to apply
the UBR technique. The potentials of the rotating (Kerr) brane are the following

n — 2bw b
_ D= 3.48
T drg v r3 + b2 (348)
and after the UBR procedure they become
n — 2bw b 1
4mrgcosha ' w 7“(2) +b2cosh?a anha (349)

In this paper we are interested in new solutions in stationary equilibrium since they give
rise to stationary black holes. In this solutions the fluid velocities u* must be in the same
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directions of a worldvolume Killing vector field k* with modulus k, and we assume its
existence. Without loss of generality we can write it as

k*0y = 0r + Y _ Dy, (3.50)

with 7 being the time coordinate on the submanifold, 2, the angular velocity on each angular
coordinate ¢, on the worldvolume. We furthermore assume that this killing vector fields
(that lives on the worldvolume of the brane) maps to a background Killing vector field
(k# = k%et,) and that the global transverse velocity of the solution w is the angular velocity
associated with a background transverse Killing vector field k’j_@u = w0y, where ¢ labels
the transverse angular coordinate. In equilibrium we also have that the global temperature,
the global chemical potential and the global angular momentum are determined via redshift
of the local thermodynamics potentials such that T'= kT, ¢ = k® and w = k&. These
equations are indeed what we usually call the intrinsic blackfold equations and they can be
inverted. We find three relations between the global thermodynamics potentials and the
three parameter of the solution we are seeking: 7y (horizon size), a (charge) and b (intrinsic

spin).
Ji-4 (27mT— sz\/l & \/1 - fji\/mﬂ <2\/1 — - n) +47r2T2>

To .
k 87272 + 2w? (1 - i—z)

27TT\/(1 - %z) <nw2 <2\/1 — %z - n) —|—47r2T2> — nw? (1 — %2) —472T?\ /1 — i—z
b
k 2(w* (1= &) +4m27%0)
a = tanh% (3.51)

There are several reality conditions of the square roots to take into account, depending on
the values of the seeds potentials, which are a remanent of the Kerr bound of the Kerr brane
and the usual conditions that one has when studying charged blackfolds.

As explained in [15] it is possible to write down an effective free energy in a derivative
expansion on some parameter € (that for the blackfold approach is typically related to the
thickness of the blackfold as it was explained in the previous section of the thesis), and for
intrinsically rotating branes it takes the following form

F_ _/B V= AP(T,w) + 27(T, w)u’wa + . .. (3.52)

where the scalars P and J are respectively the pressure density and the density of transverse
angular momentum of the blackfold and they take the following form

Q b2 Q b2
(nt+1) n (nt+1) n
P=— 1+ 2 - 142 .
167G 0 < r%)  J 167G 0 < r%) (3:53)

The result obtained in [15] can be generalized to charged blackfold by performing the UBR
technique. After a direct computation one realizes that the form of the effective free energy
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doesn’t change if you add charge, as it happened also for non intrinsically rotating objects
[43]. It is impressive that, despite the presence of the charge, the effective free energy of
the blackfold still depends directly just on the thickness rg and on the density of intrinsic
rotation b.

The equation of motion of such configurations (i.e. the extrinsic blackfold equation) can
be obtained by minimizing the action (3.52).

It is possible to study also configurations with boundary, that are obtained by finding the
values of the parameters such that 7o = 0. As in the non intrinsically rotating (but charged)
configurations, the equation 79 = 0 does not have as solution just k = 0 (as it happens in
the uncharged case), but it has also some other solutions. For a given fixed ¢, the horizon
ro vanishes also for k = @, and this is satisfied when the charge boost « diverges, therefore
the brane become locally extremal.

From the free energy (3.52) it is possible to compute all the thermodynamics of the
blackfold. In particular the angular momentum along the worldvolume directions and the
transverse angular momentum are given by

oOF oOF

J - J = —— 354
@ 000 7t 90 (3.54)
while the charge and the entropy can be obtained by
oOF oOF
S=-55 @= g (3.55)

The thermodynamic mass can be obtained instead by using a property of the effective free
energy, which is
F=M-TS-> 0V, -QJ —&y0Q (3.56)
O]

These thermodynamics we just wrote obey the Smarr relation

(D=3)(M-2Q) —(D-2) [ > oWy + QI +TS | =T (3.57)
(1)
where T is the total tension, that can be obtained, as explained in [17], by
< oOF
. .
T 3L (3.58)

where L is the actual size of the background where the blackfold is placed. The thermody-
namics also obey the 1st law

dM =TdS + > QVdJg) + QdJ, + ®ydQ (3.59)

O]
Moreover, as explained in [17], whenever there is an intrinsic length-scale Eiescribing the
background where the blackfold is placed in, i.e. whenever there is a tension 7, the mass M
computed by (3.56) does not correspond to the physical Komar mass. The physical mass

must take into account the binding energy of the blackfold with the background and it is
find to be

A

- T
M=M- 25— (3.60)
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Some interesting limits

The first limit we are interested in is the low frequency limit, which is the limit for small w.
The parameters of the solutions in this limit take the following form

0) "1 @

2
© _ nonw, 9 5
b 47T 47T k2 (3.62)
)
o = tanhTH (3.63)

In the following sections we are going to study solutions under this limit.

An other limit which is worth analyzing is the extremal limit, which is obtained by taking
T — 0. Setting T'= 0 in (3.51) leads to

ky/1— ;ﬁi\/n (2«/ - & —n>
rolett)  — (3.64)

2w\/1— &

—_

kn

b(ea:tr) nie
2w

(3.65)

(e2t7) should be real and non-vanishing, we should require that

n<2\/1—i2 (3.66)

We will try to analyze further also this limit in future works.

Since 7g

Examples of configurations with small w

In this section we construct novel perturbative charged and slowly intrinsically spinning
black holes solutions in (Anti) - de Sitter, plane wave and Lifshitz spacetimes using blackfold
approach. We also compute their magnetic dipole moment, and their gyromagnetic ratio.
Since the intrinsic spin is small we take as potentials the ones of equation (3.61), (3.62) and
(3.63).

(A)dS background and low intrinsic spin

Here we would like to construct novel solutions of electrically charged intrinsically spinning
blackfolds in global (A)dS background. We write the global (A)dS metric in the following
form

T2

ds* = —f(r)dt* + f(r)"Hdr® + %0, ), f(r) =1+ (3.67)

where L is the AdS radius.
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Discs

Here we would like to construct an electrically charged intrinsically spinning rotating disc in
(A)dS background. The Killing vector field on the worldvolume for this configuration takes
the following form

k0, = 0, + Q0 (3.68)

This geometry develops a boundary when k = 0 corresponding to the maximum radius of

the disc
/11— @2 1
T, oe=1 (3.69)

rmar = g ST e

The thickness of the disc, the charge parameter and the intrinsic spin, at leading order in w,

are given by
ny/1— €202, /1 - &
ro© = e (3.70)

47T
2
o n2o/T— 6202\ 1 - & 3)
N 16272 '

a® = tanh™! 7¢
N

We can now proceed to evaluate the free energy for these configurations from which all
thermodynamic properties can be obtained. At next to leading order in w, the free energy
functional is given by

_ Qo (1-0%) [ n’(n+2) (w2 | n4s
F= 8G £N2(n+2) [1_M<%> V1-¢2,F, (2,172,1—¢>](3.73)

(3.72)

where we have defined

fo= () (1-oh)* (3.74)

It is not worth to write down the thermodynamics of the configuration since the expressions
are cumbersome and they do not say anything more about the configuration, but it satisfies
the first law of thermodynamics and the following Smarr relation

(d—3)(M — Jyw— Qo) — (d—2)(TS + Jo2) = T (3.75)
where 7T is the total tension and it is computed by

OF _ Qpanyio(l —§) (1 - 2F)
oL 4G £202(n + 2) (376)

T=L

With the definition of magnetic moment given in (3.45), one can compute it

1 4
oh (p1 - ) (3.77)

Qg 1 nPwies (1 - 9%)"?

H=78G 8aT €Q2(n+2)
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and one can also compute the gyromagnetic ratio for this configuration using the formula
(3.2)

g T E-D 42

3.78
¢ (3.78)
which has two interesting limits

limg=1 extremal charge (3.79)

p—1

1 2
(})in%)g = (Rt DE+2 e n+3 zero charge (3.80)
—

Rings

In this section we show that, using the theory of charged rotating blackfolds, we can construct
novel charged black rotating rings. In the metric (3.67) we have to place a ring geometry of
radius R, and we want this ring to spin in two direction, one along the worldvolume and the
other orthogonal to it. In order to do so we rewrite the metric (3.67)

ds® = —v(r)dt* + v(r)dr® 4 r* <d02 + sin? 0dy? + cos? Odx? + dQ%d_E))) (3.81)
where v(r) is the same function of (3.67), and we choose the following embedding
t=7, r=R, =0, x=1% (3.82)

We set the ring to rotate with angular velocity €2 along the direction ¢ while with angular
velocity Qa long the transverse direction 1. This setup is described by a surface Killing
vector field and a transverse killing vector field

k%9, = 0, + Q9 , k9, =00, (3.83)

The first thing to notice is that the background is non-rotating. This means that w® = 0 and
that the second term in the general action of rotating blackfold (3.52) described in [15] is
absent. Therefore if we set a ring rotating with angular velocity 2 along the direction ¢ and
with velocity w along the transverse direction v, the corresponding equilibrium condition
can be easily computed. In particular, we have that the free energy functional takes the
following form in terms of k and ¢, at next to leading order in w

ey [ e igaeng

F = Ror? | — - 1+ 572 (3.84)
47T k 167=T [1_ ¢

Tk

Note that the term proportional to w? is k independent when ¢ is set to zero. This means
that whenever the charge is set to zero, the intrinsic spin does not change the equilibrium
condition of the ring, as it is experienced in [15]. We are able now to compute the equilibrium
condition by minimizing the free energy functional. The result we get, at next to leading
order in w is the following

R? (cosh®>a +n+p) +p
R?2 (cosh2a +n+p) +ncosh?a +p
n2w? sinh atanh a(p + (1 + p)R?)
167272 [p + R(1 + p + ncosh® a)] [p + ncosh? a + R2(1 + p + n cosh? )]

Q?R* = (1+R?

1+ (3.85)

_|_



3.4.2

3.4 Examples of configurations with small w 63

This result reproduces the result of [17] when w is set to zero, and of [15] when ¢ is set to
zero. Given the equilibrium condition, one can compute the thermodynamics of the ring,
and in particular it is possible to compute the total tension, using the formula (3.58). We
recall that, since we put the ring in a curved background, the true mass of the blackfold
is not M, but one should subtract a proper factor of gravitational tension, as explained in
(3.60). It is not worth to write down the thermodynamics of the configuration since the
expressions are cumbersome and they do not say anything more about the configuration, but
this thermodynamics obey the first law and the Smarr relation (3.57), and it reproduces the
results of [17] when w is set to zero. In this section we write down two novel thermodynamic
feature of the ring, which are the angular momentum Jg (associated to the intrinsic spin)

_ Qi)W P

&G (47T)

Jo 570V 1+ R?(2 — cosh a)secha (3.86)

and the magnetic dipole moment

Qney)Vip) nw i1
= —a0rG 270 sinh « (3.87)

We are able now also to compute the gyromagnetic ratio for this novel configuration using
formula (3.2). We write down the gyromagnetic ratio at leading order in w

(1+ R2)3/2 cosh a(n cosh(2a) +n + 2p + 2)

= 3.88
g 7(2 — cosh(a)) (n (1 + R?) cosh(2a) + n (1 + R?) + 2 (pR? + p + R?)) (3:88)
This gyromagnetic ratio has an interesting zero charge limit
n+p+1 9
=—(1+R 3.89
90=""" ( ) (3.89)

Generalization of odd-spheres result to any v(r) backgrounds

The result obtained in the last section can be easily generalized for all background with the
following form of the metric

ds® = —v(r, L)dt* + v(r, L)~ dr® + r?dQ3,_,, (3.90)

keeping v(r, L) general. Belongs to this category for instance (A)ds, which the case studied
in the previous section, but also plane wave background and Schwarzshild background. Since
all this backgrounds are non rotating, the term second term in the action (3.52) of [15] is
zero since w® is zero. The free energy functional is already described in the action (3.84).
The final result for the equilibrium condition is the following

v(2pv 4 r(1 + ncosh? a)v')

O’R* = 1+ 3.91
rv' + 2(p + ncosh? a)v (3:91)
win? | hotanh (2v —r/")(2pv + 1))
—— sinhatanh
8m2T (2pv 4 2n cosh? av + rv/)(2pv + rv/ + nr cosh? av)

where v is really v(r, L) and v/ means derivative with respect to r, we wrote in this way
in order to simplify the formula. This formula gives back the same equilibrium condition
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(3.85) when you set v(r, L) to be the function described in(3.67) and it reproduces know
results of [17] whenever you set specific background selecting the function v(r, L), plane
wave background and Schwarzshild background and you set the intrinsic spin w to zero.

The background function v(r, L), in order for the configuration to obey the first law
of thermodynamics and the Smarr relation (3.57), need to fullfill the following derivative
relation

0 3}
8—Ly(r, L)= —raz/(r, L) (3.92)

which is obeyed for all the background we are interested in (AdS, plane waves, and
Schwarzshild).

In this section we write down two novel thermodynamic feature of the ring, which are
the angular momentum Jg, (associated to the intrinsic spin)

QpiyVip n’w

87G (47T)?

Jo = 7o (2sech(a)) — 1)\/v(r, L) (3.93)

and the magnetic dipole moment

Lt )Vip) nw _nia
= -l sinh 94
9 C 47TTT0 sinh o (3.94)

We are able now also to compute the gyromagnetic ratio for this novel configuration using
formula (3.2). We write down the gyromagnetic ratio at leading order in w

cosh(a)y/v(ncosh(2a) +n + 2p + 2) (2(n + p)v + /')

- _ 3.95
27 (cosh(a) — 2)(n + p) (v(ncosh(2a) + n + 2p) + rv/') (3.95)

This gyromagnetic ratio has two interesting limits, one is zero charge

n+p+1
=—v 3.96
90 n+p ( )
and one is extremal charge

gextr _ 2(” + p)l/(T, ’i) + TV(LO) (Ta K) (397)

2 (n + p)\/v(r, k)

Odd-spheres in Lifshitz spacetime

An other interesting setup one could study is the odd-sphere in Lifshitz backgrounds. The
metric that describes the background is the following

2z 2 2

2 2 2702 _
v(r)dt® + () dre+rodQy_oy, v(r) =1+ BT—Q (3.98)

2 r
ds” — L2z

where we have defined the constant S5 as

p= (&)2 (3.99)
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This metric does not belong to the previous family because of the parameter z the g and g,
are not one the inverse of the other. The same consideration done in the previous sections
hold for this configuration. The equilibrium condition is then

r?v (2pv + 22(1 + ncosh? a)v + r(1 + n cosh® o))
221 4 2(p + ncosh? a)v + rv/
n2w? sinh atanh «(2(z — )v + /) (2pv + 2zv 4+ 11/
p
87T (2zv 4 2(p + ncosh? a)v + rv') (2pv + 2z(1 + ncosh? a)v + r(1 + ncosh? a))

O2r22L72% = 1+ (3.100)

+

In order for the Smarr and the first law to be satisfied we need to require the same condition
(3.92) and the function in (3.98) satisfies that condition. The computation of the magnetic
dipole moment and of the gyromagnetic ratio for this configuration is left for the future.






4. Applied Newton-Cartan geometry

Newton-Cartan geometry can be used to geometrize Newton’s theory of gravity. This
geometry describes spacetimes that exhibit non relativistic symmetries. Over the recent
years the interest in such geometries has grown because it has been understood that this
geometrical framework for non-relativistic physics opened up many areas of applications in
different directions. In fact many branches of physics are not controlled by Lorentz symmetry
but by some non-relativistic symmetry or some other effective symmetries. This chapter
begins with an overview of the possible application of Newton-Cartan geometry. This is
not meant to be a exhaustive picture of the possible application of this novel geometrical
framework, since a lot of work has been done in this research direction, but it is an overview
describing some of the research developments. Three main areas of application in which the
Newton-Cartan geometry plays an important role have been developed:

Non-relativistic holographic models

Holography is essentially a map between a gravity theory which lives
in the bulk of a spacetime, often with negative cosmological
constant, and a conformal field theory that lives on the
boundary of that spacetime. This duality between field the-
ories and gravity theories is very important because through
gravity we can access some dark corners of field theory in
which the particles are highly interacting, and viceversa
through field theory we can access corners of gravity in
which the gravitational force is very strong. In particular,
concerning our interest in this thesis, this means that gravity
is interesting not only in its own right, meaning describing
the gravitational force that governs nature, but also as a
tool for learning more about (conformal) field theories. This
opened up many branches of research. In this direction
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it is also insightful to study holography in which the bulk
space-time is not AdS. In fact if one would like to study strongly coupled conformal field
theories which exhibit non-relativistic scaling, this necessitates the consideration of a bulk
space-time with asymptotics which is not AdS. In the past years there has been a lot of
activity in this direction studying non-AdS bulk space-times that exhibit non-relativistic
symmetries, like Lifshitz or Schrédinger space-times. It has been shown in [56] that the
holographic dual of Lifshitz space-time solution of the Einstein-Proca-Dilaton model is
described by a boundary theory which lives on a new extension of Newton-Cartan geometry,
which has been called torsional Newton-Cartan geometry.

Pushing this area of research further, one may ask if it is possible to have a bulk which is
described by a dynamical Newton-Cartan geometry, or better to some non relativistic string
theory. This is an interesting open area of research [102, 107] but this argument is beyond
the scope of this thesis.

Field theories: Condensed matter and statistical physical systems

There are many physical systems in nature that exhibit non-relativistic symmetry. One
of the first application of Newton-Cartan geometry has been to effective theories for the
Fractional Quantum Hall effect [93, 163].

Moreover Newton-Cartan geometry could be used not only for studying specific non
realitivistic systems, but also as a theoretical tool for writing field theories with non relativistic
symmetries. In fact one can use the background field method, writing down the coupling of
a non realtivistic field to the underlying (fixed) NC geometry and computing the energy-
momentum tensors, Ward identities and the anomalies.

A lot of work has been done in this direction, developing the coupling of Galilean invariant
field theory to curved spacetime [132]| and for studying coupling of different type of matter
(different spin and mass) to NC space-time using limiting or null reduction technique [33,
32].

An other important application of NC geometry is that it could be used to give a covariant
formulation for non-relativistic hydrodynamics [37, 38|

Gravity

The study of non-relativistic theories of gravity has its own importance. In fact, one of
the biggest difficulties in finding a meaningful theory of quantum gravity is that general
relativity in non-renormalizable. Hofava-Lifshitz (HL) gravity has appeared [123, 124] and it
is a tentalizing possibility of a non-Lorentz invariant and renormalizable theory of gravity,
because it has been shown that it is power-counting renormalizable and it is expected to be
renormalizable and unitary. Therefore, while observational constraints put severe limitations
on the application of HL gravity to the studies of the universe, it still has a high theoretical
interest as an effective theory of gravity. In fact it is an example of gravity with anisotropic
scaling between time and space. In particular it could be very interesting to provide, through
HL gravity, an alternative way for constructing gravity duals to strongly coupled system
with non relativistic scaling [130]. As we are going to see later in this thesis, the dynamics of
the Newton-Cartan geometry is a covariant formulation of HL gravity. Therefore, studying
the dynamics of (T)NC geometry becomes really important because on one hand one can try
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to use it as a toy model to build theories of non-relativistic quantum gravity; on the other
hand one can try to develop new holographic bulk alternatives.

HOLOGRAPHY

developing non-AdS
correspondence

condensed
matter system

toy model
for quantum gravity

background
field method

HL cosmology

FIELD THEORY GRAVITY

Figure 4.1: A schematic overlook to some of the applications that have been pursued over
the last years in the realm of Newton-Cartan geometries

It is well known that local Lorentz symmetry give rise to (pseudo)-Riemannian geometry
and therefore it is used to describe the kinematics of general relativity, which means that
local symmetries of space and time are connected to the geometry of space and time, In the
same way, local Galilean symmetry give rise to Newton-Cartan geometry and it can be used
to describe the kinematics of non-relativistic gravity.

Examples of non relativistic symmetries are given by the Galilean or the Bargmann
algebra, that are transforming space and time in the following way

t—t, T—>I+ut (4.1)
There are also ultra-relativistic symmetries: for instance the Carroll algebra, that induces on
space and time the following transformations

t—=t4+v-7, x—z (4.2)

which is a ultra-relativistic symmetry. In both these transformations, the main difference
with respect to the relativistic symmetry, generated by the Poincaré algebra, is the type of
boosts.

Newton Cartan Kinematics

A General Relativity review

In order to better understand Torsional Newton Cartan formulation of gravity, we would
like to give a very brief review of Einstein gravity. In the Einstein picture, free falling frames
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are those without gravitational force and they are connected to Poincaré symmetry, which is
described by the Poincaré algebra

[P, Mpc] = 2naigPey , [Map, Mcp] = 4npajcMpi .- (4.3)

where P is the generator of space-time translations and M4p is the generator of Lorentz
rotations. All the other commutators are zero. Usually the gravitational force is described
by a symmetric tensor field g,,, and in order to describe the kinematics of gravity, one
needs to introduce other geometric objects. In particular one needs a way to take covariant
derivatives of tensor. In the Riemannian geometry, by requiring metric compatibility, i.e.

Vubup =0 (4.4)

you can introduce the Christoffel symbol and you can take covariant derivatives in the
following way

1
Lufy = 59" (Ougn + 0ugru — Orguw) (4.5)
V/,LAIIP = aqu/p + F,up)\Az/)\ - F,u)\VA/\p (46)

It is possible to write down the Christoffel symbols in terms of the metric tensor by requiring
metric compatibility. Moreover one can introduce the Riemann tensor, the Ricci scalar, and
the Einstein tensor

Rufs = 0,00, —0,I0, +T0,T0 —ThT", (4.7)

R, = R, (4.8)
1

G;w = R,uu_ig,uuR (49)

and with these objects one can write down the Einstein equations, which describe how
gravity couples to some matter fields through its energy-momentum tensor. Those equations
can be find also from a variational principle, minimizing the Einstein-Hilbert action.

1
R, — §Rg,“, = KT, (4.10)
S = /d:c\/—gR—l—SM (4.11)

It is well-known also that Einstein gravity can be written also in the vielbein formulation,
just defining the vielbein field in the following way

Juv = E,uAEZ/Bnab (4'12)

where 1), is the Minkowski metric (we use mostly plus signature). In this formulation
the kinematics of General Relativity will be described from the vielbeins and from their
spin-connections Q#AB. The spin-connections are required to obey a constraint which is the
following

20,,E," — Q. PE,npc =0, 47 =Q,"P(e) (4.13)
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which means that using (4.13) one can write the spin-connections in terms of the vielbeins.
The metric compatibility in the metric formulation of GR correspond to requiring that the
vielbein is covariantly conserved in the vielbein formulation.

VuBE,A =0,E,T, B, — QPe,npe =0 (4.14)

From this equation one can obtain the relation between the spin-connections and the
Christoffel symbols.

General relativity by Gauging Poincare’

The vielbein formualtion of General Relativity can be viewed as the gauging procedure of
the Pioncare’ algebra, as it was explained in [50, 114|. The gauging procedure of Poincare’,
leading to GR, will be as follows. The starting point is the Poincare’ algebra (4.3). It is
possible to introduce a Lie algebra valued connection 4, which is a way for introducing a
gauge field for each generator of the algebra

1
A, =PaE,* + 51\4,4,39,/“3 (4.15)
The connection 4, will transform under the adjoint representation
1
SA, = DA+ AL A, A= Pyt + §MABUAB (4.16)

For each gauge field it is possible to write down their transformations properties (under
diffeomorphism and under Lorentz rotations)

SE, Y = ¢0,B,* + E,49,¢" + \'5E,” (4.17)
0047 = 0,01 + 00,80 + 90 + 22100, (4.18)
and their curvatures
R, (P) = 20,E,"-2Q,"sE," (4.19)
Ru*P(M) = 20,9, — 20,49, (4.20)

In order to take contact with familiar objects in General Relativity, in is possible to relate
the curvature of P to the torsion, and this is why it is called the torsion tensor, and the
curvature of M to the Riemann tensor. This is done in the following way

R,A(P) = T/, E} (4.21)
R’y = EpAEj'SRWAB(M) (4.22)

In general these two curvatures can be different from zero. In General Relativity usually
one considers metrics which are covariantly constant (the constraint which is usually called
metric compatibility). Moreover the common choice in General Relativity is to deal with
theories without torsion, i.e. one usually imposes the curvature of P to zero (curvature
constraint). With this choice, the spin-connection w#AB are fully dependent connection
expressible in terms of the vielbeins and their derivatives. Otherwise, without fixing the
torsion, the vielbeins and the spin-connection remain independent, as it happens for instance
in the Palatini formulation of Einstei gravity.

These informations are sufficient to define and understand the kinematics of General
Relativity from a gauging procedure. If one is interested also in the dynamics of General
Relativity, this can be obtained by putting the theory on-shell, imposing Einstein equations.
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Newton Cartan geometry by limit of relativistic gravity

In non relativistic theories the falling frames are connected with Galilean symmetry instead
of Poincare’ symmetry. For reasons that will become clear at the end of this section, it is
useful to work with the Bargmann Algebra instead of the Galilean algebra. The Bargmann
algebra is just a central extension of the Galilean algebra, and the central extension will
become important in the gauging procedure. In [31] it was argued that the Bargmann
Algebra can be obtained by an Inonii-Wigner contraction of the direct sum of the Poincaré
with an abelian factor with generator Z. The abelian factor will be represetend by the
gauge field M), and it will transform under diffeomorphism and gauge transformations in
the following way

5Mu = fpapMu + Mpa,ufp + 8MA (4.23)
and its curvature will be
FW(M) = 0,M, — 0,M, (4.24)

Starting from the Poincaré algebra (4.3), with the central extension Z (which is a generator
that commutes with everything, as it should be since it is a central extension) it is possible
to define the following generator, using a contraction parameter w

1 1
Ph——H+wtZ, Z——H+7, My— wG, (4.25)
2w 2w

and all the other generators of the Poincaré algebra are left untouched (i.e. P, = P, and
Mgy = Jup). Plugging in this ansatz (4.25) into (4.3) and taking the limit for w — oo one
gets the following algebra

[Jabs Jed] = 40(ajcapy (4.26)
[Pay Jed] = 2645 (4.27)
[Pay Jed] = 2045 (4.28)
(H,G) = P, (4.29)
[Pa,Gy] = banZ (4.30)

where a, b, ¢ indices run over the spatial directions and all the other commutators are zero.
This is the Bargmann algebra. Now we know that General Relativity can be obtained by a
gauging procedure of Poincaré, and we know that the Iononii-Winger contraction of Poincaré
is Bargmann, therefore we can argue that also the Bargmann algebra can be gauged.

The gauging of the Bargmann algebra can be done, and the result of the gauging is a
new geometry, that has been called (Torsional) Newton Cartan geometry (TNC).

In this few pages we would like to present yet an other point of view. In [31] it has been
argued that the limiting lononii-Winger procedure can be done not only at the level of the
generators, but at the level of the gauge fields. This will not give you the most general (T)NC
geometry, but a sub-case of it. We will comment later on some more general frameworks. In



4.1 Newton Cartan Kinematics 73

this setup, one can give the following redefinitions of the gauge fields

1
EA = & <mu - 2wm“> +8ite,” (4.31)
a 1 0 1
Ety = %€y + —0,0" + O — (4.32)
w w
1
M, = Wy = 5Ty (4.33)

From the properties of vielbeins in the relativistic picture, it is possible to derive the
properties of the geometrical objects we just defined

etae,l =00, vhr, = —1, vhe, =Tty =0, efue, =0T, (4.34)

Moreover, if you perform the substitution and the limit at the level of the gauge field (4.15),
using the redefinitions of the gauge fields and the redefinitions of the algebra generator, you
get

PAE,* + MapQ,48 = Poe,® + Hry + Zmy + +Mupw,” — 2Gw,* (4.35)

and the explicit form of the spin-connections wﬂab and w,® are given in terms of e,“, 7, and
v through the existing relativistic relations between the relativistic spin-connection QMAB
and the relativistic vielbein E#A. Therefore we ended up by having one gauge field for each
generator of the Bargmann algebra. We can push ourselves a step further, and compute the
transformation properties of those gauge field (up to diffeomorphism for simplicity)

0ty = 0 (4.36)
Se, = Neu + N7, (4.37)
dmy, = 0,0+ Age,” (4.38)
8w, = AP 4220, 4w, (4.39)
dwy® = A+ N %w,t — W, N (4.40)
and the expressions for the curvatures

Ru“(P) = 20,el — 2wy, el — 2wl 7, (4.41)
R (Z) = 20,m, — 2w, e," (4.42)
RO(J) = 20,0," — 2wy, " cw,) (4.43)
Ry (G) = 20pw) — 2wy, w) (4.44)
R (H) = 2e!q.e"p0p,1y (4.45)

The curvatures of P and Z are automatically zero if you take the expressions for w,ﬂb and

wpu® in terms of e,*, 7, and v# computed by taking the limit of Q#AB (this resembles
the imposition of the momentum constraint in the relativistic theory). Imposing the H
constraint, meaning setting the curvature Ry, (H) to zero, one has a restriction on 7, which
is the following

O[Mm = b[uTy] (4.46)
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where b, is an arbitrary vector field. This resembles the constraint which was found in [7],
where the twistless torsional Newton Cartan geometry was developed (TTNC). If you set b,
to be the zero, you obtain a geometry without torsion where time is absolute.

This ends the kinematic of the TTNC geometry. If one is interested also in the dynamics,
the exercise to do is to take the non relativistic limit of the Einstein equations. This can be
done and it leads, for the specific case in which the torsion is zero, to the same equation
of motion presented in [7]. One of this equations, once gauge-fixed, reproduces the first
Newton-Cartan equation of motion A® = 0 (which is the well-known Poisson equation).

As in General Relativity, it si possible to write an action that can be minimized in order
to obtain the NC equation of motion. This work has been done in [100].

It is also possible to introduce a spatial metric h,, from the NC vielbeins as follows

hyuw = euaeybnab (4.47)

Looking at the transformation properties (4.36) it is possible to derive some combinations
of Newton Cartan vectors that are invariant under Galilean boosts, and these objects are
going to be very important in the future works

o= o+ hm, (4.48)
hw = hy — T(my) (4.49)
~ 1

o = —v“mu—|—§h’“’mumy (4.50)

These will be the geometric invariants, together with 7,, h#*” and the determinant e =
(Tu,eu®), we need to use to build tensors that transform covariantlly under local diffeomor-
phism transforamtion and that are invariant under the internal symmetries (boost, space
and time translations, but not for the Bargamann U(1) symmetry).

The metric compatibility condition in the relativistic setup, imposes £, to be covariantly
conserved, as we already said in the previous section. This implies that also 7, and h*" are
covariantly conserved

V,h =0, V7, =0 (4.51)

In this non-relativistic case, however, this equations do not solve uniquely for the Christoffel
symbols, as it happens in the relativistic case. One can perform the Inonii-Wigner limit of
the relativistic connection, simply by substituting the redefinitions (4.31) and taking the
limit for w — co. With this method you will obtain a valid Christoffel connection in the
non-relativistic setup. But it will not be the only connection that satisfies (4.51). In fact, in
the Newton Cartan framework, we will have a family of connections, as it was argued in
[114], that satisfies (4.51)

(6% ~ 1 g (0% (03 (03
L7, = —0°0,7, + Sh* [auH50> +0,H — 9,H) (4.52)
where
H/S,Oj) = h + a7, ® (4.53)

where « is any constant. They are all equivalent, and we will use one or the other in different
setup we would like to study.
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Generic torsion and the Stiickelberg Scalar

As we previously said, there is no need in setting to zero the curvatures. This happens when
you construct the non-relativistic geometry using the limiting procedure explained in the
previous sections. But this is not the general case. In general the curvatures can be non-zero,
and this will give us the torsion feature. We will see that in order to construct a theory with
generic torsion, one need to introduce an extra scalar field in order to preserve covariance.
The first thing to notice is that the antisymmetric part of the connection (4.52) is fixed

because the second term of it is totally symmetric
T8, = =0 (07, — Ou7y) (4.54)

Moreover, given the compatibility conditions (4.51) and the form of the curvature of P given
in (4.41), it follows that

R, (P) = e""my (0u1y — 0uTy) (4.55)

From this expression we see that the left hand side transforms under our internal symmetries
in the same way of the right hand side only if we ignore the transformations due to the
central extension N, and this is due to the presence of m,, that transforms also under N as
it is evident from equation (4.36). One way to solve the problem is to introduce and other
scalar, that we call Stiickelberg Scalar y. which will transform under the N transformation
as a scalar, i.e.

ox =0 (4.56)
and it will be a shifting of m,, in the following way
My =my, — Oux (4.57)

In this way, M, will be invariant under N transformations. Therefore, in order to have a
theory covariant under IV, it is important to replace all the m,, with the M, defined in (4.57)
(note that it is not the same M, that it was used in the limiting procedure: that one was a
field of the relativistic framework). Therefore, if we want theory which preserves this U(1)
symmetry, one way is to introduce the Stiickelberg Scalar y. This new scalar is necessary if
one wants the U(1) invarance whenever there is torsion, i.e. whenever the right hand side of
(4.55) is nonzero.

Therefore we conclude that it is possible to have a generic torsion if we add the Stiickelberg
Scalar x. Depending on the features of the curvature constraint (4.54) we distinguish three
cases for the torsion

e 0,7, — 0,Tmu = 0: no torsion. This is called Newton-Cartan geometry (NC) and it
has absolute time.

e 7,0,7, = 0, which means that 7, is hypersurface orthogonal (HSO). This is called
Twistless Torsional Newton-Cartan geometry (T'TNC). This is a geometry in which
the induced geometry on the slices to which 7, is HSO, is described by a torsion free
Riemannian geometry. In this setup is also useful to introduce a new vector

a, = 070,71, — 7,0,0° (4.58)

which can be called the torsion vector.
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e No constraint on 7, which corresponds to the Torsional Newton-Cartan geometry
(TNC). This particular new geometry is very subtle. In this case in fact, there is no
foliation of time, and in this case the geometry violates causality. So what is the
relevance of this novel geometry? The fact is that it still can be used as a background
geometry to which a field theory can couple, and it is a more general geometry with
respect to the one in which the 7, is closed. So as a fixed background geometry it plays
an important role, because it is important to have it in order to define the most general
energy-momentum tensor of a field theory coupled to a non-relativistic geometry. The
fact that there is no foliation in the geometry does not imply non-causal effect on
the matter field, as we are going to see in the following sections. Concerning instead
its role as a proper dynamical geometry, one would like that, once you analyze the
dynamical structure of the geometry generated by the Bargmann algebra, those modes
are not allowed by the equation of motion.

4.1.4  Null reduction of metric
The Newton-Cartan geometry could be also obtained by null reduction of a Lorentzian
spacetime with one extra dimension u, as it was studied by [68, 134, 28, 56, 55]. Consider
the null reduction ansatz for the metric

ds* = yapdatdz® = 21,dat (du —m,da”) + hy,datdz (4.59)
= 2r,datdu+ hy,datdz” (4.60)
where A = (u, pt), in which a = 1,...,d. The reduction ansatz is the most general metric for

which 7y, = 0 and such that &, is a null Killing vector of y4p. The fields 7, and ez are the
vielbeins of the d + 1 dimensional TNC geometry. The metric (4.59) preserves the following
local tangent space transformations

oty = 0, (4.61)
dey, = T+ )\abez , (4.62)
omy = 00+ Aaey, . (4.63)

The local ¢ transformation requires du = o. The transformations with local parameter A®
correspond to tangent space Galilean boosts (G) and transformations with local parameter
A%, correspond to tangent space rotations (J). The metric components v,, = 7, and
Vv = ﬁ,w are invariant under these local transformations. The inverse metric is

Y =20, A =0t A =hM, (4.64)

where ® and 9" are defined in (4.48).

A TNC compatible connection can be obtained by performing the null reduction of the
Levi-Civita connection of the higher dimensional spacetime. A torsionful affine connection
I, that is invariant under the local tangent space symmetries (G, J) and that satisfies
metric compatibility, in the TNC sense, i.e.

Vo, = 0, (4.65)
Vuh? = 0, (4.66)
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is given by
_ 1 _ _ _
re, = —0%0,m + 5th (Ouhve + Ovhyo — Oohy) - (4.67)

In [109] is presented a more sophisticated way to perform the reduction. In fact, instead of
speaking about null reduction, the point of view of [109] is that TNC is the geometry on the
spacetime orthogonal to the null Killing vector 0,. This makes the reduction more general
and the result is that one can access more general connections of the TNC geometry.

Gauging Carrol algebra: Carrollian spacetime

The Carrol algebra can be obtained as a Iononii-Wigner contraction of the Poincaré algebra,
as it was explained for the Galilean algebra. The difference with the previous exercise is
that instead of taking w — oo, one should take the opposite limit, i.e. w — 0. This has been
done by [21] and the resulting Carrol algebra is the following

[ aba ] = 5ac<]bd - 6ad=]bc + 5bc<]ad - 5deac (468)

[Pca J, b] = 5bcPa - 6ach (469)

[Cc, J b] = 0pcCa — 0acCh (470)

[Pa, Cy] = dapH (4.71)

where a = 1,...,d. This Carrol algebra can be gauged in the same way as we did for the

Bargmann algebra. This work was earlier done in [30]and more recently from an other point
of view by [109]. As in the Bargmann case one could define a Lie valued algebra connection
in the following way

a a 1 a
Ay = Hry + Pacj, + Cal, + - Jap (4.72)

and as in the previous case one can study how internal transformation acts on the gauge
fields (for simplicity we don’t write diffecomorphism, but they can be considered as in the
Bargmann case)

or, = eﬁ)\a

oet = eZ)\“b

008 = 9T+ A0," — A0,
N N U N B U

and their curvatures

Ruw(H) = 01+ 2€e(, ), (4.77)
R (P) = 20e — 29, el (4.78)
Ry, (C) = 20,9 - 29“;“791;] (4.79)
RY(T) = 20,9,% —2Q,"Q," (4.80)

The following step is to impose vielbein postulates so that we can write (4.77) in terms of
the curvature and the torsion of an affine connection I' which should be invariant under the
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internal symmetry transformations. This can be done and it is possible to write down a very
general torsionful connection. In this framework we thus have a transformation ¢, which will
transform the fields as (4.73), acting on the fields 7,, ey, 2, and sz, with a connection Iy,
which is computed in such a way that is metric compatible, i.e. V,7, =0 and V,h,, = 0.
As opposed to the Bargmann case, in this Carrol framework we haven’t introduced yet any
vector M,,. This is because in the algbebra (4.68) there wasn’t a central extension (and one
can prove that the Carrol algebra cannot be centrally extended) therefore in the connection
Ay, there wasn’t any extra U(1) gauge field. In this framework one can anyway introduce an
extra M, field by hand. In the case of TNC geometry the gauge field M, was important
when curvature constraints were imposed. The effect of such curvature constraints was that
the connection I'},, became a fully dependent connection. In other words the effect of adding
curvature constraints was that of realizing the algebra on a smaller number of fields. In fact,
before imposing the curvature constraints, one had 7, ej; and € as field content; instead
after imposing the curvature constraints one has 7, e}, and M, as field content. We are not
going to add the details of this, but it is possible to do it. Once a new M* field is added,
one can also define invariants under Carrol boost C', which are the following

7A_,u = Tu— h;wMV (481)
RV = R — MPY — MPH (4.82)

= 1

¢ = —MVTV + ihngVMo— (483)

and it is possible to write the affine connection in terms of these invariants. Moreover it is
also possible to derive the Carrollian geometry by considering it as the geometry induced
on a null hyper-surface, as it was done in the section 4.1.4 for the TNC geometry. The
reduction ansatz is the following

ds? = du (2@du — 27, dz") + hyydatda” (4.84)

The Carrollian spacetime can be thought in this framework of null reduction ad the geometry
of the null hypersurface u = const whose normal is Oyu.

Moreover, as it was suggested by [69] there is a strong duality between Newton-Cartan
and Carrol spacetime, and this is evident also in the null reductions realization of such
geometries. The metric-like objects in the TNC geometry are given by 7, and hy, while
in the Carrol geometry are given by v* and h*”. One can show that there si the following
duality

Ty > 0P hyy < Y (4.85)
Moreover, also the extra U(1) fields can be related in the following way
M, < M* (4.86)
and, as a consequence, also the invariants (4.48) and (4.81) can be related
sty o B Do O (4.87)

Moreover, an other important thing to notice in this duality is that whenever there is no
coupling to ® and to @, also the affine connection of the two geometry coincides. Therefore,
when ® = ® = 0 the Newton-Cartan and the Carrol geometry are the same.
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Field theories on TNC background

There are many ways to construct field theories in curved TNC background. One of those
is of course a bottom up approach, i.e. consider a field and write down all the terms that
respect the symmetries using the Newton Cartan invariants (4.48). This method was mainly
developed in [110]. The first step is to write down an action that will be dependent on the
Newton Cartan invariants

S = S [o", b, @] (4.88)

When we will perform the variations, we need to keep in mind that not all the Newton
Cartan geometric objects are independent. In fact there are some orthogonality relations
which are described in equation (4.34). This means that we need to choose a set of fields
that we consider independent (it does not matter which field we choose at this point, what
matters is just the number of degrees of freedom). We choose as independent background
fields the set {o#, h* ®}. The reason we did such a choice will become clear soon. All the

variations with respect to other background field will be dependent from this set of variation.

For example

0ty = TuT00" — hy,m, 0R"P (4.89)

Shy = =27, 0P + (Tuhup + Tuhyp)00° — hyphyedh?? (4.90)

Here we summarize results obtained in [56, 55, 111, 112, 33, 110, 114| regarding the most
general formulation of torsional Newton—Cartan (TNC) geometry. We will focus only on
those aspects that are needed for the purposes of this work. Since here we encounter TNC

geometry through null reduction of the AdSs boundary metric we will study its properties
in this context.

Non relativistic analogue of the energy-momentum tensor and Ward identities

To make connection with some literature in the field, and also to make connection with the
holographic description that we are going to develop later, we first write the variation with
respect to the background NC fields in the following way

6S = /dwe [—5257)“ + Spdel + TOmg + T*6mq + (Oy) 6x] (4.91)

where mg = —v#m,, and m, = eﬁmu. Now we can substitute in the Stiickelberg Scalar and
the field M, by m, = M, + Opux and we can write the variations with respect to the boost
invariant geometric NC objects. In order to do so, it is convenient to define two new tensors
" = —TO%H 4 T%" (4.92)

™, = —(SY+T1°,x)+ (S%+T0,x)e! (4.93)

The variation of the action with respect to the background fields, written in terms of the

invariants, with the Stiickelberg Scalar turned on, and with these field redefinitions, will
then become

1
S = / dre {—TVTVMW — (EMT" ) EoarpOh + 5 (EhehiT") Epeoh?

(4.94)

1 1
+ 7,17"6P + <<Ox> - gﬁu (eT“)) ox + (&5 — 7 el T" ) 6 M, — QéLaeb]“T”M (épadel — épb5eg)}
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This variations of the action tells us many things. First of all that the components of the
tensors defined in (4.92) can describe physical quantities since they are boost invariant. In
fact this will be the case, and in particular they will represent the following physical quantites

e, T", — energy density (4.95)
0T, — energy flux (4.96)
7,7", — momentum density (4.97)
elT#, — stress density (4.98)
7,T* — mass density (4.99)
e, T"  —  mass flux (4.100)

Moreover the Ward identities for the Stiickelberg Scalar and for the local Galilean boost,
which are associated to local shift transformations acting on M, and Y, are

1 5 v
;8# (eT") =(Oy) , €T" —7,e'T", =0 (4.101)
and the Ward identity associated to the local rotation symmetry is
elaehlhr , =0 (4.102)

So far we have looked at general variations of the background fields. Now we would like
to look to global TNC spacetime symmetry. There is a symmetry of this type that plays an
important role in the Newton-Cartan geometry and in all physics. We are talking about the
diffeomorphism, which is the set of transformations that leave the background field invariant.
We write the variation of the action with respect to tensors that are invariant under the
internal symmetry, because it is more convenient. The variation of the action with respect
to diffeomorphism acting only on the background fields is

~

SogS = / e [~ T Lei — (hoy0"T", ) 7 Leh™
17+ - ~
+5 (b kT, ) Leh? + THTH,/:&@} , (4.103)
where L¢ is the Lie derivative with respect to the vector {#. The solution to this equation is
to ask that
Leth =0, Lehuw =0, LD =0 (4.104)

We call K* the vector that solve this equations, which will be a Killing vector for TNC
geometry. The variation of the action can yet be written in an other way (by explicitly
writing down the Lie derivatives)

SbeS = — / A2, (e€"TV ) + / A egr [e—lay (eT”,) + 7, T"9,® (4.105)
+ TV, (019,1, — eld,el)], (4.106)

hence, on-shell (i.e. after throwing away boundary terms and after imposing the equation of
motions for the NC fields) we have the following diffeomorphism Ward identity

e 10, (eT" ) + TPy (0V0uty — €40ue%) + 7TV 0, P = 0 (4.107)
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This Ward Identity can be rewritten also in the following way
V., T",, + Torsion terms + 7,779,® = 0 (4.108)

which tells us that the energy momentum tensor of the non relativistic matter we have
coupled to the Newton-Cartan geometry is influenced in this way by the Newton potential,
as we expected.

Local scale transformation and the dilatation connection

It is important also to study setups in which the theory under consideration could be scale
invariant and coupled to a Newton-Cartan background. In order to do so, it is necessary
to set appropriate weights to the fields and to the background NC field such that the scale
transformation leaves the action invariant.

One way of describing such configurations is to consider the gauging of the Schréodinger
algebra which is described by the Bargmann algebra plus a Dilaton generator which commu-
tators with the generators of the Bargmann algebra are

D,H] = —2H (4.109)
D,Ga] = (z—1)Gq (4.110)
D,P,] = —-P, (4.111)
D,Z] = (:—2)N (4.112)

Note that when D is added to the algebra, the generator Z is not central anymore, since the
commutator with D is nonzero (unless when z = 2 which is a special case). The Lie valued
connection we can define for this algebra in order to gauge it will be

1
Ay = Hry + Paell + Gaw't + §Jabwzb + Ziy, + Db, (4.113)

Among the other internal transformations, there will be also a transformation associated
to the dilatation with parameter Ap. The transformations of the gauge fields under the
dilatation operator, can be read off from (4.109). Now it is important to rewrite the
covariant derivatives and therefore the affine connections in such a way that they consider
also the transformations under the dilatation operator through Ap. One way to write down
expressions which are dilatation covariant is to replace the derivatives with a dilatation
covariant derivative. For example one can write the following connection [33, 114, 110]

fﬁy = 0P (0, — zb,) T + %hﬂ“ [(8y — 2by) o + (8 — 2b,) hpuo — (05 — 2bs) by | (4.114)

An other question to ask is how to express the Schrédinger field 7, in terms of the Bargmann
field m,, and the Stiickelberg Scalar. In the definition of M, given in the Bargmann case
we need to substitute the derivative with the dilatation covariant derivative. Therefore we
define a new M), for Schrédinger invariant field theories in the following way

My, =1y, — (9, + (2 — 2)b) X (4.115)
Therefore we conclude that

my, =my + (2 —2)b, (4.116)
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Null reduction of energy-momentum tensor

In [55, 111, 112, 110] we have worked out the coupling prescriptions of non-relativistic field
theories to torsional Newton—Cartan (TNC) backgrounds both directly in field theory and
from Lifshitz holography. The results of course agree (see e.g. [110]). Here we briefly review
these results and derive them from null reduction as done in [55].

The TNC energy-momentum tensor (EMT) is defined as the response to varying the
TNC fields via

GpgS = / e [~ 17,50 — (hoy0"T",) 7,50
|- Aprpv o F
+5 (hpuhoarhT?, ) 607 + 7,763 | | (4.117)

where e is the determinant of the 3 by 3 matrix (7, €j;,) which is both boost and rotation
invariant. We can alternatively define an energy-momentum tensor by varying the unhatted
TNC fields via

1
OpgS = /ddﬂxe [—’7;(51)“ + 57;,,5h’“’ + T“(Smu} . (4.118)
The two are related via
RPTpy —v" Ty =Ty +T"my, . (4.119)

According to the null reduction of [55] the energy momentum tensor 7%, and mass
current T* are related to the higher dimensional energy-momentum tensor t47 vial

e = 20TH — 7T+, (4.120)
= —pMTY 4 hHPTY . (4.121)

The latter relation implies due to the symmetry of t#¥
—oHTY + hHPTY , 4+ 0¥ TH — hYPTH, =0, (4.122)
from which we read off the boost and rotation Ward identities
0 = —huT*+7,h"h,,T",, (4.123)
= hupho \BNTP, — (1 v) (4.124)

The definitions (4.120) and (4.121) imply

1 N
—5t*P07ap = —n 700" — (hoy 0T, ) 7,00

1/ - )
+5 (hpwhoh T, ) 609 + 7,168, (4.125)

in agreement with the definition of T#, and T* as the response to varying the TNC invariants
", h* and ® as given in (4.117). The relation between the higher and lower dimensional
energy-momentum tensors holds for any reduction given that y4p admits a null Killing
vector. No additional assumptions such as hypersurface orthogonality of 0, are needed.

!Since t*7 is the response to varying vap there is no need for t“* since Yy, = 0.
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The higher-dimensional energy-momentum tensor corresponds to the boundary theory of
a bulk AdSs space-time and is thus traceless. Further by boundary diffeomorphism invariance
it satisfies a Ward identity for local diffeomorphism invariance. Upon reduction these give
rise to Ward identities for local scale and diffeomorphism invariance. To this end it is useful
to consider? t45, i.e.

th, = 2&7,TF — "1, T",, (4.129)
th, = 287, T, — i%h,, TP 5 + 1,07t yo , (4.130)
th, = TW, (4.131)
th, = TW,, (4.132)

where 9°97t,,, which contains ¢t**, is unspecified in terms of lower dimensional quantities as

it will drop out of the Ward identities. We can derive the following identities

Vathy, = 9, (eT"), (4.133)
Vatty = €710, (eT”,) + T, (0V0uty — €0,6%) + 7, T 0, (4.134)
thy = —20"7,TW, + éhes T, + 207, TH. (4.135)

If we are dealing with a relativistic and scale invariant theory, i.e. Vatdp = t44 = 0 we
find the diffeomorphism, U(1) and the z = 2 version of the local dilatation Ward identities
as given in [55, 111, 112, 110].

The diffeomorphism Ward identity (4.134) can also be written in a TNC covariant form
using the connection (4.67) as done in [111]. Instead of the connection (4.67) we can also
take the Riemann-Cartan connection of [109], that we will denote by I, given by

. 1 ~ ~ “
[, = =00, + b (auhpy + Oyl — ayh,w) — WK (4.136)
where K, = —%E@EW is the extrinsic curvature. This connection obeys
Voo =0,  Vuh, =0, V,"=0, V,h"*=0, (4.137)

and the relation (4.134) becomes

Vath, =V, TH, 4210 TH, — 21"

» o T+ 7T 0,P. (4.138)

This is the most compact and TNC covariant way of writing the diffeomorphism Ward
identity.

In [109] it was shown that TTNC geometry (but not the more general TNC geometry) can
be obtained by projecting the higher dimensional metric compatibility conditions involving
the Levi-Civita connection onto the surface orthogonal to 9, (null reduction) in the sense that

2Sometimes it is useful to express tap in terms of lower-dimensional quantities via

tur = BT+ hppT? 0 — huphyoh” TP\ + 71079 tpor (4.126)
T, (4.127)
= 71,T°. (4.128)

b

tuu



4.2.4

4.2.5

84 Chapter 4. Applied Newton-Cartan geometry

the TNC metric compatibility conditions follow from the projection of the higher dimensional
metric compatibility conditions only when 9, is hypersurface orthogonal. However, the
condition that the TNC metric compatibility conditions follow by projection is somewhat
artificial. Here we see that the diffeomorphism Ward identity takes the required form for any
field theory on a TNC geometry and not just TTNC geometry. At no point in the analysis
did we assume anything about 7.

Energy-momentum tensors for Non-relativistic particles

In this section we would like just to give an example of energy-momentum tensors, taking
the simplest example: the non-relativistic particle. The motion of a non-relativistic particle
of mass m is governed by the following action

S = / AL = 2 / N (4.139)
TpaP
where the dots denotes derivative with respect to A. This action has a reparametrization
symmetry, i.e. {0A =&, dz# = &}, This can be used to fix a gauge and in particular we
choose 7,4”. The equation of motion of the action (4.139) is
d?at dx¥ dz¥

re
d\? R dx dx

where T}, is the affine connection defined in (4.52) once « is set to zero. By varying the
action(4.139) with respect to the background NC fields we obtain for -T*, the following
result

(4.140)

TH, = —P, it (4.141)
where P, is the generalized momentum defined by
oL
By = il _%Tﬂhﬂvipﬂta + mhy” —mM, = py —mM, (4.142)
and the mass current is the following

TH = —mit (4.143)

Null reduction of a perfect relativistic fluid

Since we are interested in non-relativistic versions of the fluid/gravity correspondence we
study here the null reduction of a relativistic fluid3.

A relativistic perfect fluid is given by a conserved energy-momentum tensor t 45 that is
of the form

tap = (E+ P)UaUp + Pyag, (4.144)
where Uy satisfies UsU# = —1. Consider the following parametrization of Uy,
P
Uz = —— 4.145
« T Eip’ (4.145)
o, = U, @o"—ud"), (4.146)
1 . -
U, = U (huyu“u” 20+ Uﬁ) , (4.147)

3This has also been done in [27] but our approach differs in that we do not need to introduce what is
called a null fluid in [27].
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where u* satisfies 7,u* = —1. It follows that
1 A ~ A
Up = —5UuTa (hpouru” + 28 + U2) = Unhyuu” (4.148)
1
= U, [QTM (hpotPu” + U, %) + hypu” + mu} , (4.149)

which (except for the U, 2 term) takes the form of the velocity of a point particle. The
components of U* are given by

1 . -
Ut = =30 (hate =28+ U7 | (4.150)
vt = —Uuut. (4.151)
Further redefine the energy density F as
E=28+P. (4.152)

Using the above results it follows that T*, and T* are given by
-1 . .
T, = <<5' + P+ pd + 2ph,\,$u’\u”> ut't, + Pél + puth,,uf

1
= <5 + P+ 2ph>\,{u)‘u”> ut't, + P8l + puthy,u” + put'm,, (4.153)
™ = —put. (4.154)
This can be shown to agree with the notion of a Galilean perfect fluid as given in [131].

The null reduction ansatz has a local U(1) symmetry which is the diffeomorphism
ou = —£" and dm, = —9,£". If we act with this diffeomorphism on UA and Uy via

oUA = EBOgUL +UpdacB,  oUA =ePogU? —UPopel, (4.155)

with €4 = §¢" we see that U, and U* are U(1) invariant. It follows from (4.151) that the
fluid velocity u* is particle number invariant.
The z = 2 trace Ward identity reads (for d = 2 spatial dimensions)

4y = =207, TH, + ehel T, + 287, TH = —2€ + 2P = 0. (4.156)
The null reduction only leads to theories with z = 2 scaling relations.

Schrédinger field on NC curved backgroung from limiting procedure

The NC theory can be coupled to some matter content also in an other way, using the
non-relativistic limit procedure. The matter couplings can be derived by taking some
relativistic matter coupling and taking the non relativistic limit of it. This method was
mainly developed in [32] .For example we can consider a complex Klein-Gordon vector field
coupled to relativistic gravity

1 M?
Srel = / V=g (—29””DM<I>D,,<I>* — 2<1><1>*> (4.157)
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where we defined the following covariant derivative with respect to a U(1) gauge field M,
D,® = 0,2—-iMM,P (4.158)

This is not a coupling to the electromagnetic field, but it is really a U(1) curl free field. This
lagrangian is invariant under a local U(1) transformation which transforms the field in the
following way

§® = iMA®D (4.159)

As always, we can associate to this U(1) a conserved current which is given by

M
gt = % (P*DHD — PDHD™) (4.160)
7
Using the redefinitions of field described before in (4.31), and rescaling the mass parameter
as M = wm, taking the limit for w — oo this lead to the well defined lagrangian

; 1
Spel = / e <;w (*D,® — ®D,d*) — 2mh’“’D,ﬂ>Dﬂ>*> (4.161)

where
D,® = 0,® +imm,® (4.162)

This is the lagrangian of a Schrédinger field coupled to an arbitrary TTNC background, and
it has a symmetry under the following transformation

50 = ¢19,® — imo® (4.163)

Also in this case it is possible to find a conserved current associated to this symmetry, and it
is the following

1
J' =0t 4 o (27D, — $D, D) (4.164)

This is often called number current because it counts the number of particle, and the number
of particle is conserved. In [32] the coupling to more complicated matter is derived : fermions,
bosons, massless and massive matter. There are also some details on spin-3/2 field.

Dynamical Newton Cartan geometry and Horava-Lifshitz gravity

In this section we would like to briefly analyze the work done in [114] in the context of
making the geometry described in 4.1.1 dynamical. The goal is to write down an action
which encodes the dynamics of the geometry described by the fields 7, €j; and m® only.
For simplicity we restrict ourselves to 2 spatial dimensions and to values of z between 1
and 2. This is a restriction done for simplicity, but it is straightforward to consider higher
dimensions. First of all, since we demand manifest G and J symmetry, the terms that will
be present in the action should involve the invariants (4.48). Moreover the action should
have dilatonic weight zero. The weights of the NC fields can be read off by the Schrédinger
algebra (4.109) and are given in the following table
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G and J invariants | 7, | hy, | OF | P e
dilatation weight | —z | =2 | z | 2 | —(2+2)

The terms that are going to appear in the action, can be build essentialy in 3 ways
e The first way is employing the torsion tensor, which is the antisymmetric part of the
affine connection of the NC geometry
e The second way is taking covariant derivatives of ﬁW and of the torsion tensor itslef
e The third way is building scalars out of curvature tensor of G and J
We are not going to classify all the terms that could be taken into account of this 3 types, it
is out of the scope of this brief review. This has been done in [114] and, taking into account
all the information given in this section, the action they obtain is the following

S = / dtd’ze [C (WP h"" K,y K po — MW" K,)?) = V] (4.165)

where the potential is

-V = 2A+cihaua, + coR+ 622 [cm(h“l’auau)2 + c11htfaua,V, (7 as)
+ 1V (W0, V,u(hay) + c13R2 + RV (W™ a,) + 1R a,a,] (4.166)

and K, = fﬁ,,pvuf)p, a, is the Lie derivative of 7, along 9 (and it was previously defined
in (4.58)). What it is nice in this action is that the field m,, is not explicitly present, but it
is hidden into 9* and iLW. The explicit field content of the theory is {7, 0", iLul,, h#¥}. This
means that we could effectively treat 0* and iLW as new fields and "forget" about m,,.

As we said at the beginning of this section, this is the action which encodes the dynamics
of the geometry spanned by the field 7, €j; and m® only. In the work done in [114] there is
a generalization. in which also the extra U(1) symmetry is considered and the fields P and
x are turned on. We are not going to write details about this.

The result can be generalized to higher dimensions and in the same paper they also
developed the dynamics of the geometry generated by the Schrodinger group, which should
be the analogue of conformal gravity but for non-relativistic geometries.

Moreover they showed that the action (4.165) is just the action which has been considered
when people studied Horawa-Lifshitz gravity in 3D.

Horava-Lifshitz cosmology

In the paper [114], which has been briefly reviewed in the last section, it was shown that the
dynamics of TTNC (Twistless Torsional Newton Cartan) geometry is given by non-projectable
Horava-Lifshitz gravity and that the projectable case corresponds to the dynamics of NC
geometries without torsion. It is worth to point out that, in the absence of a cosmological
constant, the vacuum of this dynamical geometry is not Minkowski space-time, but is is flat
NC space-time which has different symmetries than Minkowski space-time, as it is explained
in [110]. Therefore it could be interesting to study the propagation of degrees of freedom
and compare them with some known results in the studies on Horava-Lifshitz cosmology. In
this light is then important also to find the equations of motion for the theory and possible
vacuum solutions, such as black holes or maximally symmetric spaces. This work could
be important also because one can ideally use this dynamical geometry as a bulk in the
holographic correspondence. Moreover, if there are some black holes solution of the theory
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(and they should be since black hole solutions to HL gravity possibly exist), they can be
used some version of the fluid/gravity correspondence. I will report in the following some
preliminary results of this work, which may become a paper in the future.

The first step in deriving the equation of motion is to choose a linear independent set of
variation for NC objects. In fact, not all the NC datas are linear independent, since they
obey the following orthogonality conditions

By =0 AP =0 70t = -1 (4.167)

therefore also the variations 60, d7,, 6h*”, dm,, or 8¢ are not independent from each other.
One can choose as linear independent variations the set {60#, d0h*", 65)}, where the last
variation will come into play only when the conformal symmetry is manifest, for obvious
reasons. The other variations are dependent from those in a way such that (4.167) is fullfilled,
ie.

01y = 700" — by, OhPY (4.168)
Sh = (Tuhup + Thu)00° — ByphyehP° (4.169)

The second step is to perform the variation of the action (4.165). The first set of the equation
of motion, found by varying it with respect to 0#, for dynamical NC geometry (with torsion)
is the following

" 2C(Vy — ap)pav — 2c1TaVyay + 2c270(Vy — ay)a,] =0 (4.170)

This is often called in the Horava-Lifshitz literature, the momentum constraint. A remarkable
fact is that, ince the torsion is set to zero (i.e. a, = 0) this equation is just the "covariant"
conservation of the tensor p,,. Having the expression of the momentum constraint, one can
also try to look at linear perturbations around the flat NC background without matter, and
count the number of degrees of freedom. Considering the most general linear perturbation
around a flat NC background without matter, it can be decomposed in tensors as follows

Ty = 5; +t,+0,T (4.171)
" = =0 +wt+0'B (4.172)
huw = (14 €)0%856a + Oper + Ovey + € + Opdyer (4.173)
W = (14 &)01SL5™ 4+ O + OV + & 4 2010V éy, (4.174)

where ¢,,, wH, €, and €" are transverse and €, and €"” are traverse traceless. Diffeomorphism
invariance can be used to kill some gauge residual symmetry. In particular one can choose
& = —T and &, = —€, — Oq€er,. Moreover, recalling that the NC sources obey orthogonal-
ity conditions (4.167), the perturbations are further constrained. Applying orthogonality
conditions and killing the residual gauge symmetry one is left with the following set of
perturbations

Shuy = (658% + 6',0%) (wa + 0a9) + 6205 (2€50p + €an) (4.175)
SRHY = —(81'0Y + SEVIY + 51Oy (€% — 2€577) (4.176)
0T = Oyt + Opta (4.177)
S0 = 6t + 6 (wq + 0a2) (4.178)
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performing the redefinition ¢; = x. Transversality on t,, w", €, and €,, translates on ¢4, wq,
€ab, X and B in the following way

Oat® =0, Ouw*=0, x=0 (4.179)
Da€® = =0 | e =4° (4.180)

Before expanding the action one should solve the momentum constraint first. In this gauge,
the momentum constraint without matter is

C8a [(dN —1)é — 2(\ — 1)OB] + C(0? + D)wa = 0 (4.181)
where d is the space dimension. One can formally solve this equation and get the following

dx—1 ¢
B=——, w,=0 4.182
A—-107 ( )
which is the same result of the review [147] but for ¢, that in the review is zero (projetable
theories) but in general it could not zero. The difference with projectable theories is then
that one has a nonzero t,/w, and a nonzero t;. Now one can expand the action (4.165) and
apply the momentum constraint, getting the following result

S = /ddmdt [1% (—CO? — x0) e + (d - 1)e (—C(d/\)\__f)af +CQdD> .
2 1
_ gwa <C§8t2 —+ D) Waq — tt(Cl — CQ)Dtt:| (4.183)
2 & 2

In this preliminary work, also the Einstein tensor has been computed and it has been shown
that it obeys the corresponding Bianchi identities.

Holographic renormalization of the upliftable model
The EPD model with

Z=e%,  W=4, V(@) =23_-122%  z=3. (4.184)

can be obtained from a Scherk—Schwarz reduction of the 5-dimensional action

S 1/d5x¢fg <R+ 12 — ;awpa%p) , (4.185)

= 5.2
2K5

where k2 = 87G5 with G5 the 5-dimensional Newton’s constant and where M = (u, M).
The consistency of this reduction will be shown in section 4.4.5.

In this section we will first perform the holographic renormalization in 5 dimensions for
those asymptotically locally AdS space-times that have a boundary metric obeying the null
reduction ansatz of section 4.1.4. We then subsequently reduce the result to obtain the
counterterms and near boundary expansions in 4 dimensions for asymptotically locally z = 2
Lifshitz space-times.
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Fefferman—Graham expansions and counterterms

By using the results of [108, 150, 54, 55]* we can obtain the solution to the equations of
motion of (4.185) (that are given further below in (4.201) and (4.202)) expressed as an
asymptotic series in radial gauge, i.e. as a Fefferman—Graham (FG) expansion [89]. The
result reads®

d 2
QMNddexN = 7’% + yapdz?da? (4.186)
1
vAB = 3 [VoyaB + 27248 + 7 og Ty a8 + T Y@ a8 + O(r® log (A18T)
o= Y+ ) +rtlogriy ) + 'y + O(rflogr), (4.188)

where the coefficients are given by

1 1 1 1
Y2)AB = D) <R(0)AB - 2&41/1(0)631/}(0)) + E’Y(O)AB <R(0) — 2(81/)(0))2> (4.189)
1
Y = ZD(O)w(o) ) (4.190)

at second order and by

1 1
Y41)AB = ng’) (Vioyareyee + Vo sr@ac — VoycVe)as) — ZV(O)AV(O)BW(CQ)C

1 1 1
+’7(2)AC’Y(C2) B~ 53(A1!J(0)V(0)B)¢(2) — Y(0)AB <47(02§7’7(2)CD + 21/)(22)91-191)
1 1
bany = 3 [D(O)%) +20(2) ()4 + §3A¢(0>V(0>A7<32>B ~ ) V(0)ad8¥(0)
—0%0) Vi 1@48| » (4.192)

at order r*logr. We note that the quantity Y(4,1)AB 18 traceless. Indices of the expansion
coefficients are raised and lowered with the AdS boundary metric y)4p. At order rt we
have that v(4)4p s constrained by

1 1
MWna = a7 — 5% (4.193)

1 1
V{é)m)AB = P94y — §¢(2)V(0)A¢(2) - Z’Y(B;)CV(O)A’VQ)BC

1 1 1
—Z’Y(z)AcV(Co)V(B;)B + 5’75)CV(0)B’7(2)AC + 57(02)AV5])7(2)BC (4.194)

Following [108] we write the coefficient Y(4)AB 88

1
Yayap = Xap — Jtap, (4.195)

4We set § = 0 and redefine ¢ = 1 in [55].

SWe will denote here and further below by a(n,m) the coefficient at order r™(logr)™ of the field r®a where
r~? is the leading term in the expansion of a with the exception of the G(n,0) term which we will simply
denote as a(n).
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where tsp is the boundary energy-momentum tensor defined in (4.207). The trace and
divergence of tap will be given below together with the explicit form of Xap5. In the
expansion for the scalar we have that 14 is a fully arbitrary function of the boundary
coordinates.

The complete action with Gibbons-Hawking and local counterterms (using minimal
subtraction) is given by

1 1 1
Sten = 75 &’z —G (R + 12— 8M1/18M1/1> + 2/ diz/—yK + Se,  (4.196)
2/%5 M 2 I£5 OM
where v denotes the determinant of the metric y4p on the cut off boundary M, the extrinsic
curvature K is given by

1
K=~"YKap, Kap= —5£n74B, M= —rsM, (4.197)
and where
1 1 1 1
Set = 2/ d*z/=y <— (R(y) +12 - 8A¢3A¢) — —Alog r) , (4.198)
K5 Jom 4 2 2
with
1 1 1
A = 2 <QABQAB - gQQ + 3 (D(7)¢)2> , (4.199)

1
Qap = R(W)AB—§3A¢5B¢-

One-point functions

To compute one-point functions, we write the total variation of Sien = Shuik + Sau + Sct as

1
8Sien = =5 | d2vV=G (EpnoGMN + £400)
265 Jm
+i2 d*z/—v <1TAB<57AB + Tw&/;) , (4.200)
2/{5 OM 2

where Epqnr and &y, are the equations of motion

1 1
EMn = Gaan = 6Gpn = SOMBONY + TN (002, (4.201)
gy = Oy, (4.202)
and where
1
Tap = —2(K —3)7ap +2Kap — Qap + 5hapQ +logr Ty, (4.20)
1

T, = —nMoyy— 50w +log . (4.204)

Here we defined 2 54 2 54
) = - 2r5 04 W _ K5 0 (4.205)

VEYOABT =y ey
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with

A== /8 y dtz/—A. (4.206)

Ky

From the expansions it follows that \/—v = r~%, /—’y(o)—I-O(T*Z), SyAB = 7"2(57((1]})9—!-0(7"4)7

5t = 61(g) + O(r?), which is used to obtain the following one-point functions (we take the
cut-off boundary at r =€)

4 2 650n—shell
K5 ren — lim 6_2TAB — _47(4)AB + 4XAB , (4207)

lap =
N
2:‘?2 65;’;};5}1611 . 3
<Ow> = 5 = lime 4T¢ = 4’9[)(4) + Q/J(Q)’y(Az)A + 31[)(471) , (4208)

A /—’)/(0) 5¢(0) e—0

where
Xap = %7(2)140’78)3 - 37(02)07(2)AB + %’Y(O)ABA(O) - 27(4,1),43 , (4.209)
with
Ay = lim e A = (v(34)* =7z Y2145 — 200y - (4.210)

Using equations (4.193) and (4.194) we can compute the trace and divergence of the
boundary energy-momentum tensor and the result is

thy = Aq, (4.211)
Vout's = —(0y)0¢q) (4.212)

Dimensional Reduction of the action

The Scherk-Schwarz reduction leading to (5.3) with the choices (5.17) is obtained by the
following reduction ansatz

d 2
dsg = QMNdl“deN = % + ’yABdJJAde = eiégMNddexN + e2® (du + AdeM)2
T
d 2
= ¢ ° (e‘b:z + hw,d:n“dx”> +e® (du + Audx“)2 , (4.213)
¢ = 2u+ 2%, (4.214)

where the all functions are independent of the fifth coordinate w which is periodically
identified u ~ u + 2w L. The only exception is the term linear in ¢ which means that upon
going around the reduction circle ¢ comes back to itself up to a constant shift. This is
allowed because shifting v is a global symmetry of the higher dimensional theory. The
consistency of the reduction is proven in section 4.4.5.
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After reduction the four dimensional action is

S = /d4:c«/—g <R — gaMcpaMcp — ie:@FMNFMN — 2By BM — V)

+2/d3:m/—hK + Set (4.215)
1 1
Set = 2 / BV —h |- >e®/? <R(h) — §a,u;1>a“<1> — —¢**F,, F" — 2B, B" + 106—‘1’>]
oM 4 2 4
—logr/ Bav/—he 2 A, (4.216)
oM
where
By = Ay —0uE, (4.217)
FMN = 8MBN — 8NBM s (4.218)
Vo= 273 —12:7?, (4.219)
and where we used that 2;—5 =1.
ks

The total variation can be written as

6Sren = / d4x\/jg (gMN(SgMN + SN(SBN + €¢5<I>)
M

1
+ | duv/—h <2Tu,,5h’“’ +TV6B, + T¢>5<I>> , (4.220)
oM
with
1 1
Eun = Gun+ §€3©9MNFPQFPQ - §€3¢FMPFNP + gunBpBY — 2By By
3 po 3 1
"‘ZQMNaP(I)a P — §8M<I>6N<I> + §gMNV, (4.221)
3

s = 30— Zei’>‘1’FMN1~WN + 673 —127®, (4.222)
N = VY (PFMN) —4BN (4.223)

and

T = —2Khu + 2K, — e?Gy + 5e % 2hy,

1 1

+§e7‘1’/ 2p B — §e7‘1>/ 2hy Foe FP7 — e®?h,,B,B? + 2¢*/°B,,B,

1 7
+§e‘1’/2 (V,@aycb - hWD(h)@) + Zeq’/Q&uq)&,(I) — ¢®/%h,,0,00°® ,(4.224)
1 3 3
To = —3nM0y® — e Ry — 2e®?0,00"® — 2?0, @
1
+1—7667‘I’/2FWF“” + §e‘b/ B, B" + ge—w , (4.225)

1
T = =y PN - S <e7q’/2FW) + 2227 (4.226)
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where the extrinsic curvature is
1
K=W"Kyu,  Kup=—5Lahyw, nM = —re=®/25M (4.227)
These expressions are correct up to logr terms since we did not vary those counterterms.

Sources and Vevs

We write the 4-dimensional metric in (4.213) as
2 o dr? W o dr’ 0 720 a b
ds” =e r—2+hwda: dz¥ =e rT_EE + 0 EE” . (4.228)
In order to compute the vevs we use the identity [55, 111]
1
5 TS0 + TY6B, + Tad® = SPOEl + SUOE! 4+ T,00 + T 0 Aq + Tz02 + Tod®, (4.229)

which holds up to a total derivative, where we used that B, = A, — 0,2, A, = EZLAH and
where ¢ is defined by [111]

¢ =EjA, —a(?), (4.230)
with o = e~3%/2 for the particular model studied here [55] and where
S = —(TwES+TPEYA,) , (4.231)
S = (TwE"™ -TPE}A,) , (4.232)
T, = T'ED, (4.233)
d

To = Ts+ T”Eﬂﬁ : (4.234)
T = TYE°, (4.235)
Tz = e 9, (eTH) . (4.236)

The 4-dimensional sources are defined as the leading terms in the expansions of the
bulk fields appearing on the right hand side of (4.229). We find the sources v*, ef, m,, ¢, x
defined via

2 —1/3

Eff ~ —r g v, (4.237)
Bl ~ ragleh, (4.238)
Ay —a(®R)E) ~ —my, (4.239)
o ~ ¢, (4.240)
= o~ —y, (4.241)
p rza(zﬁ/gv“m#, (4.242)
Ay =~ —raéé)?)egmu. (4.243)
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Likewise the vevs are defined as the leading terms in the expansions of the objects that are the

responses to the variations written in (4.229), i.e. we define the vevs 52, S 79 T°, (O4),(Oy)
82 o~ 7"2@%)35’2 , (4.244)
St o~ s, (4.245)
Tp ~ —TQa%)‘?'TO , (4.246)
T ~ 3T, (4.247)
To ~ ria}(0s), (4.248)
T~ —rta(0,), (4.249)

where
gy =e 2. (4.250)

Using (4.228), (4.213) as well as the definitions of the 4-dimensional sources (4.237)—
(4.239) we can derive the following relation between the 5-dimensional boundary metric
Y(0)ap and the 4-dimensionsal sources 7, m, and e},

ds® = 'y(o)AdeAde = 27, dx" (du — mydx”) + hy,datdx” (4.251)

where hy, = 5abeZeg which is the form of a null reduction ansatz for a reduction along
u as discussed in section 4.1.4. The fact that the boundary metric of the 5-dimensional
asymptotically locally AdS space-time must have a null circle means that the source ¢ which
appears in the expansion of ® is not independent of the other sources. This can be seen by
noting that v,, = €*®, so that the 5-dimensional FG expansion via (4.187) and (4.189) tells
us that

1 1
SR+ 1= =7 (" mud,m)" +1, (4.252)

where the epsilon tensor is given by e? = ¢~ 1e¢#? where e is the determinant of the TNC
vielbein matrix (7, , ej;) and e is the Levi-Civita symbol. For more details we refer to [55].
The consequence of this is that the variation of the on-shell with respect to ¢ gives zero
since nothing depends on ¢.

We now relate the 5-dimensional vevs to the 4-dimensional vevs. For all solutions
obeying the reduction ansatz the variation of the on-shell action can be written in both a
5-dimensional and a 4-dimensional notation. From a 5-dimensional perspective we have

e* = Y2)uu = —

1 1
on-shell __ s T 4 — - AB
0Sen = 251(1] 212 /Ted T\ = <2TAB57 + Tw5w>
1
= / dre <2tAB(5"}/E%)B + <Ow>(51/1(0)> , (4.253)
oM
where we used the fact that | /=) = e = det (TH, eZ) as follows from (4.251) and the fact

that nothing depends on u so that we can perform the u integral. At the same time from a
4-dimensional perspective we also have, using (4.220), (4.229),

1
gSgmshell - — lim [ d*zv/=h <2TW5W +TY8B, + T¢,5<I>> (4.254)
€=U Jr=¢

_ / de (060" + Sudelt + T8mo + T*6mq + (O)dx + (0g)56) |
oM
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with mg = —v#my, mg = egmu and where we used
Yoy =2u—2x, (Oy) =—3(0y), (4.255)

so that §1)g) = —2dx and where furthermore O¢ is given by
A 1 a a
Op = Oy — 3 [0 (5’2 +T%m,,) + e (85 +Tm,)] =0, (4.256)

which must vanish because of the comment below (4.252). The extra terms added to Oy
come from the variation of ¢ due to the a(g)(¢) factors in (4.237)-(4.239). Equating (4.254)
with (4.253) we obtain

%tAB(Sfy{(‘f +(0y) 61y = —Spovr + Sadelt +T5mo + T*0ma + (Oy)6x + (Og)6¢ , (4.257)
up to total derivatives. The right hand side can be rewritten as follows
— SO0vH + Sdel + TO5mo + T*6mq + (Oy)6x + (Og)¢ = (4.258)
— T = (1,0 ) O+ % (AP T ) S 4 7, TV 5,
+ <<Ox> - éau (eT“)> ox + (éxZT“ - TvelmeVu) oMy — %éxl[xaeb}uTxyu (éxpa‘seg - épréeg) )

where 0}, &,¢ and ®, are given by (4.50), (4.48) and (4.49) but with m,, replaced by M,
which is

M, =my —0ux. (4.259)

This does not affect their orthonormality propertier. Further we defined M, = e, M,, and
T, = —(S)+T°0,x) v" + (St +T"0,x) el (4.260)
T" = —TO%H 4 T%H". (4.261)

The definitions of the 4-dimensional sources (4.251) and (4.255) imply that they transform
under the local symmetries

et = T+ A%l (4.262)
omy, = 0uo + Aeey,, (4.263)
ox = o, (4.264)

for the same reasons as discussed in section 4.1.4. From this we conclude that
Sl = A\lel, (4.265)
M, = Mo+ MMy, (4.266)
so that we must have the off-shell Ward identities
e It = TeT",, (4.267)
0 = élaeny,, (4.268)

0, = %au (T . (4.269)
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Hence we obtain the following relation between the 5- and 4-dimensional vevs
1 ~ 7 ~o
51&,4357(%])3 +{O0y)6%) = —T,,TX”H&J; — (T(“hi‘)vaTXpa> ohH

U 3
5 (WS IITT ) 60 4 7 6%y . (4.270)

Using the same reasoning as in section 4.2.3 we conclude from this that the relation between
the 5- and 4-dimensional vevs can be summarized as

= 20TH — ¥ (TyH, — TF,X) , (4.271)

Y = TV o pEe (TXVP — TVapX) . (4.272)

Note that T\ ", — T"0,x is independent of x because we absorbed T"0,x into the definition
of T\#, (see also (4.260)). Put another way we can use equations (4.126)—(4.132) with

T, = T\, — TH9, X . (4.273)

The Ward identities are then obtained by the dimensional reduction of (4.211) and (4.212)
using (4.255) and equations (4.126)—(4.132) with 7%, = T\**, — T"0,x. On a flat boundary

with 7, = 5}1, hyw = 5@']'5,3513/7 m,, = 0 and x = 0 this becomes

2T +T% = 0, (4.274)
o,T", = 0, (4.275)
T = (0y). (4.276)

Consistency of the reduction

In this subsection we will show that the Scherk—Schwarz reduction (4.213) and (4.214) is
consistent. We performed the reduction at the level of the action in section 4.4.3. It remains
to show that also the equations of motion of the 5-dimensional action reduce correctly. The
5-dimensional equations of motion (4.201)and (4.202) can be written as

1
Rl = —4Gmn + 500Ny, (4.277)

A (\/ngMN aw) , (4.278)

0

where the superscript on the Ricci tensor is used to distinguish its M N component from the

4-dimensional Ricci tensor RS\?N.

The Kaluza—Klein ansatz for the metric (4.213) tells us that

Gun =e Pgun + A An ., Guu=e"Ay,  Guu =€, (4.279)
gMN — 6CI)QMN, gMu — _€<I>'14M7 guu — 6724) + e@AMAM ) (4280)

Further we have v/—G = e~ %/ —g. The reduction of the 5-dimensional Ricci tensor follows
from standard results on circle reductions of gravity (see for example [149]). The components
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of the 5-dimensional Ricci tensor can be written as follows

1
RG) = —00 + 5TF2, (4.281)
1
Ry, = RG) Ay + §VN (**Fun) , (4.282)
3
Ry = AR + ANRY) — A ANRE) + Ry — ~0n @Oy
1 1
+§9MND<I> - ie?@FMpFNP. (4.283)
Using the Scherk—Schwarz reduction ansatz for ¢ given in (4.214) we also have
RO) = _—4e?® 12, (4.284)
RO = —4e®® Ay, +20yE, (4.285)
RE\Z)N = —de Pgyn — 4’ Ay Ay + 200 Z0NE . (4.286)

It is now straightforward to verify that combining (4.281) and (4.284) leads to the
equation of motion for ® given in (4.222). Continuing with (4.282) and (4.285) we obtain
the equation of motion for By = Ay — O E given in (4.222). Finally the equations (4.283)
and (4.283) lead to the trace-reversed versions of the Einstein equation given in (4.221).
We also have the 5-dimensional equation of motion for ). This can be seen to reduce to
oM (\/TgBM ) = 0 which is a consequence of (4.222). We have hereby shown that the
reduction (4.213) and (4.214) is consistent.

Comparison to other approaches

The works [52, 53] and [111, 110] both study asymptotically locally Lifshitz solutions of the
EPD model. The setup of [52, 53| includes in principle what we refer to as the upliftable
model but does not study it explicitly. Below we will make a first attempt at a comparison
between the two approaches. We will do this for the general class of EPD models for as much
as possible. Some statements will however be more specific for the case of the upliftable
model.

In the notation of [52, 53| the solution to the equations of motion of the EPD model near
a Lifshitz boundary is written as

ds® = dr?+ vy da'da? (4.287)
A = Ads', B=A-dw. (4.288)

The U(1) gauge transformations have been partially fixed by setting A, = 0. In [111, 110]
we make the same gauge choice only for z = 2. In our notation we would replace the ¢ index
by a u index and replace r by logr. Further w here is denoted by Z¢ and 7vij is called hy,
here.

In |52, 53| they employ a radial gauge (F> = 1) for the metric while in [111, 110] we allow
for a general function in the rr component of the metric. For example for the upliftable
model it is more natural to work with a gauge in which” F, = e~® so that the 5-dimensional

5The source wyoy of the Stiickelberg field w is what we call x.
"Similar gauge choices for Fy are also important for some other EPD models that do not admit an uplift
(see the z = 2 and A = 0 cases discussed in [111]).
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uplifted asymptotically locally AdS metric is written in radial gauge. This difference is more
than just a matter of choice because we have shown in [55] that one cannot transform to the
Fy = 1 gauge unless the leading term in the expansion of ®, that we call ¢, vanishes®. This
is not always the case and when we impose this extra condition it leads via (4.252) to the
condition that 7, is hypersurface orthogonal. Hence if we make the assumption that the
asymptotically locally Lifshitz boundary conditions of [55] are compatible with radial gauge
we need to put the source ¢ = 0.
The authors of [52, 53] write the metric v;; in ADM decomposition as

Yijdr'de? = —n?dt* + ogp (dz® + ndt) (dmb + nbdt) , (4.289)

where a labels the number of spatial dimensions which here is d = 2. In order to make
contact with the way we set up the definition of the sources we write the ADM decomposition
in terms of vielbeins as follows

yijdatde) = —E°E° + 6,4, E2F2, (4.290)

where underlined indices a refer to flat tangent space indices that take as many values as
there are spatial coordinates. We keep here with the notation of [52, 53|. Since they do not
use tangent space indices we introduced these underlined indices only in this section for the
sake of comparison. We can take without loss of generality

E%=ndt,  E2%=e2(dz®+ ndt) . (4.291)

This allows us to establish the following dictionary between the sources in |52, 53| and those
defined in [111, 110]

= (n.0), v =ng (—1 ,ngo)) , (4.292)
hywdz*dz” = g(oyap (dma + n‘(lo)dt) (d:vb + nl(’o)dt> . (4.293)

Hence in [52, 53] the source 7, is always taken to be hypersurface orthogonal.

In the work [111, 110] has been introduced the Newton-Cartan vector m, as a source
or rather the U(1) invariant combination M, = m, — d,x. By fixing local tangent space
transformations (with parameter \,) we can fix all but one component of M,,. The remaining
component is related to ‘i)x which is defined by (4.50) with m,, replaced by M. The scalar
® has scaling weight 2(z — 1). Similarly there is a scalar source in the work of [52, 53] that is
denoted by 9 following [160]. The main difference between the approach of [52, 53] and [111,
110] lies in the fact that the dilatation weight of 1) denoted by A_ does not in general agree
with the dilatation weight of ®. The number of sources (when comparing both approaches
in radial gauge and taking 7, to be hypersurface orthogonal) thus agrees but for one of them
the scaling dimensions differ.

8For general EPD models we set ® ~ ¢ [111, 110] where the value of A depends on the details of the
EPD action. To the best of our knowledge this A parameter does not appear explicitly in [52, 53]. However
there is a comment below their equation (5.25) stating that the asymptotic form of the dilaton depends on
the potential which is essentially allowing for a A in the fall-off of the dilaton.
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To see where ® appears in our near boundary expansion we consider purely radial
solutions, like we studied in section 5.2.2. Recall that in section 5.2.2 we set ® = 0 by hand.
If we do not do this then we obtain, using the results of appendices 4.1.4 and 4.4.1,

1-
Ye)ap = 0405 — 3 PY0)aB; (4.294)
4 ~ 2.
Yanas = 32040 — 3P*Y0)an (4.295)
1= U SU 5 = 1
TWAB = —5‘1’5/153 + T8¢2V(0)AB - ztAB ) (4.296)
Yy = Yy =Ya =0. (4.297)

Components such as y(4,1)4p correspond to logarithmic terms in the expansion. This implies
that for example the expansions of the matter fields become

2. 1 .

o = §¢r2 logr — ~(p+ 20)r% ..., (4.298)
.4 - 1- 1

Ay = o1, — 3 log r®7,, + E(I)TM + 1P +..., (4.299)

where the dots denote subleading terms.

It would be nice to make a direct comparison between the case studied here where V'
is a sum of two exponential potentials as given in (5.17). However the case where V is the
sum of two exponentials is not explicitly studied in [52, 53| so this would have to be worked
out first?.

9There exists another model used in [55] that contains two dilatons that can be obtained by a similar
Scherk—Schwarz reduction as used in the present work admitting a z = 2 Lifshitz solution. This model is
related in [54] (see around equation (6.40)) to an EPD model with a single exponential potential, which
is a case explicitly worked out in that paper. This is done by setting a linear combination of these two
scalars equal to a constant, which, however, is not a consistent truncation of the model discussed in [54].
The relation (6.40) of [54] only holds asymptotically at leading order in a near boundary expansion.



5. Lifshitz Holography

Hydrodynamics is a powerful tool to describe the long wave-length physics of quantum
field theories at finite temperature. Remarkably, holography provides a dual realization
of such effective descriptions, typically at strong coupling in the field theory, in terms of
the long-wave length dynamics of black holes. The seminal example of this has been the
calculation of the viscosity to entropy ratio [154, 140] (see [162] for a review) of strongly
coupled plasmas using black hole via the AdS/CFT correspondence. This deep relation
between fluid dynamics and gravity has led to the fluid/gravity correspondence [36, 23| (see
[157] for a review) which as sparked numerous novel insights on both sides of the duality.!

These developments initially focused on the dual gravitational formulation of relativistic
hydrodynamics, since in the standard AdS holography the dual field theories are relativistic.
Motivated by applying holography to more general settings, in particular strongly coupled
non-relativistic field theories, more general bulk theories with anistropic scaling between
time and space, charactererized by the dynamical exponent z, have been introduced [164, 24,
135, 170]. These include include Schrodinger and Lifshitz spacetimes, and in the latter case?
there are different bulk realizations (e.g. Einstein-Maxwell-dilaton (EMD) and Einstein-
Proca-dilaton (EPD) models) which have distinct physical features. All these bulk models
serve to describe different types of non-relativistic field theories, where in the former there
is Galilean boost symmetry, while in the latter there is a broken boost symmetry. For
possible applications to condensed matter systems, but also to further our understanding of
holography in non-AdS setups, it is thus a natural question to generalize the fluid/gravity
correspondence to these different classes of non-relativistic field theories. This may also serve
as a step towards a more general classification of such field theories.

For theories with Schrédinger symmetries a corresponding version of (conformal) non-
relativistic fluid/gravity correspondence was developed in Refs. [121, 146, 1, 158|. Certain

'For asymptotically flat black branes the blackfold approach [87, 84, 46] also gives a relation between the
long wave-length dynamics of black branes and fluids that live on dynamically embedded surfaces. Applied
to D3-branes this has been shown to encapsulate AdS fluid/gravity [77].

2See Ref. [169] for a review on Lifshitz holography.
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realizations of Lifshitz hydrodyamics and their holographic description have subsequently
been considered in Refs. [127, 126, 125|. Another class of Lifshitz theories and their
hydrodynamics was holographically studied in the context of a bulk Einstein-Maxwell-dilaton
(EMD) model [138]. In these theories there is an extra bulk U(1) symmetry and since the
dilaton runs logarithmically close to the boundary, there is a new scaling exponent on top of
the dynamical exponent z.

In this paper we will focus on yet another class of Lifshitz theories, namely those that
have Lifshitz symmetry in the bulk and Schrodinger symmetry with broken particle number
on the boundary. For a large class of EPD models, it was shown in [56, 55, 111| that
holography in such bulk theories is dual to non-relativistic field theories of this type, coupled
to a background torsional Newton-Cartan geometry that is induced on the boundary. Our
aim is therefore to find a gravitational dual realization of the hydrodynamics, or rather
the perfect fluid limit, of this class of non-relativistic theories by constructing appropriate
Lifshitz black branes.

A classification of the different version Lifshitz hydrodynamics will be given in the
companion paper [37] using a field theory perspective. The novel version of Lifshitz hydrody-
namics that we find in this paper is a holographic realization of one particular class, which
will be also discussed in [37] with field theory examples.®> We will find in this paper that this
version of Lifshitz hydrodynamics requires the construction of a new class of four-dimensional
z = 2 Lifshitz black branes that have a non-zero linear momentum. While, as mentioned
above, a large class of general z Lifshitz spacetimes can be constructed in the EPD model,
we restrict for technical reasons to a particular EPD model with z = 2 solutions, that can
be obtained by Scherk—Schwarz circle reduction of AdSs gravity coupled to a free real scalar
field.

Our new z = 2 Lifshitz black brane solutions exhibit the following features:

e The linear momentum of the black brane cannot be obtained by a boost transformation,

and hence this class of solutions is physically distinct from unboosted solutions.

e The (squared) magnitude of the boost velocity plays the role of a chemical potential
dual to the mass density. Consequently, the mass density occurs asymptotically as an
extra parameter on top of the energy, even when the velocity is zero.

e The black brane configurations describe a new class of Lifshitz perfect fluid that are
obtained by breaking particle number symmetry in the Schrédinger perfect fluid.

In further detail, the thermodynamics for these Lifshitz black branes can be summarized by

1

E+P = Ts—|—§pV2, (5.1)
1

6 = Tés+ §V25p, (5.2)

where £ is the energy density, P the pressure with equation of state P = £ (2 spatial
dimensions with z = 2), T temperature, s entropy density, p mass density and V2 = V*V*
with V* the fluid velocity.

Outline
The outline of the paper is as follows. In section 5.1 we introduce the Einstein—Proca-dilaton
(EPD) theory which consists of Einstein gravity coupled to a massive vector and a dilaton

3See also [110] for a discussion on field theories coupled to TNC with broken Schrédinger symmetries.
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with arbitrary dilaton-dependent couplings between the massive vector and the dilaton. In
section 5.1.2 we show that this model admits, under some mild restrictions on the dilaton-
dependent coupling functions, Lifshitz solutions for any value of the dynamical exponent z.
Important for the rest of this work we show in section 5.1.3 that there is one EPD model
that can uplifted to a 5-dimensional AdS gravity theory coupled to a free real scalar field.
This specific model will be referred to as the upliftable model and it admits z = 2 Lifshitz
solutions.

For the higher-dimensional AdS theory it is known how to perform holographic renor-
malizaton and by reducing the result to one dimension lower we can obtain the relevant
counterterms and near boundary asymptotic expansions. This reduction is of the Schwarz—
Schwarz type meaning that the 5-dimensional scalar field is required to come back to itself
up to a shift (which is a global symmetry) upon going around the compact 5th dimension.
In section 4.4 we provide the details of the holographic renormalization before and after the
dimensional reduction. In section 4.4.5 we give a proof that the reduction is consistent.

The reduction in the bulk is everywhere along a spacelike circle however on the boundary
(due to conformal rescaling) the circle is null. Hence from a boundary perspective we are
dealing with a null reduction. It is well known that null reductions of Lorentzian geometries,
in this case the boundary of the asymptotically AdS5 space-time, lead to Newton—Cartan
geometries. The details of this null reduction for both the metric and energy-momentum
tensor are given in chapter 4.

Section 5.2 is concerned with the construction and properties of Lifshitz black branes
with linear momentum. We start with the ansatz in section 5.2.1 where we also show that
the effective action, that reproduces the equations of motion of the EPD model in which
our ansatz has been substituted, possesses two scale symmetries. This leads to two Noether
charges or first integrals of motion that are constant along the holographic coordinate. The
following sections 5.2.2-5.2.4 study the properties of the solution near the boundary and
near the horizon. In the last two subsections 5.2.5 and 5.2.6 we work out the thermodynamic
properties of the solution showing that the magnitude of the velocity acts like a chemical
potential whose conjugate variable is the mass density. We further derive an Euler-type
thermodynamic relation for Lifshitz perfect fluids using the conserved Noether charges and
once more using the Killing charges associated with bulk Killing vectors. We end with a
discussion of the first law of thermodynamics (summarized in (5.1)) for these Lifshitz black
branes.

The final section can be read independently from sections 5.1 and 5.2. It only requires
chapter 4. It takes the point of view that these Lifshitz perfect fluids can be obtained by
dimensional reduction of a relativistic perfect fluid (as discussed in appendix 4.2.5) in the
presence of a scalar source that is linearly dependent on the circle coordinate. It presents
the Ward identities of a Lifshitz fluid and the expressions for the energy-momentum tensor
and mass current at the perfect fluid level. The goal of this section is to derive the first
law of our Lifshitz perfect fluids from the requirement that the Ward identities lead to the
existence of a conserved entropy current.

The bulk theory

Lifshitz space-times as a solution of a theory with Einstein gravity coupled to matter fall
into 2 classes. These are the Einstein—Proca-dilaton (EPD) theories of [92, 96] and the
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Einstein-Maxwell dilaton (EMD) theories of [170, 51]. We are interested in Lifshitz black
brane solutions of the EPD models and to ultimately use them as a starting point to set up
a fluid /gravity correspondence for Lifshitz space-times. Black brane solutions of theories
with massive vectors were studied for models without a dilaton in [34, 35]. However in
such theories the solutions are not analytically known. Nevertheless it is possible to work
out the thermodynamics of these solutions by using first integrals of motion (with respect
to the holographic radial coordinate) that allows one to relate near horizon expansions to
asymptotic expansions. We will follow a similar approach here.

Regarding Lifshitz black brane solutions of the EMD models, they are known analytically
however they have different physical properties due to the presence of an extra bulk U(1)
symmetry and the fact that the dilaton is running logarithmically close to the boundary which
introduces a new scaling exponent on top of the dynamical exponent z. The fluid/gravity
correspondence for these black branes was studied in [138].

In this section we will introduce the EPD model and discuss its Lifshitz solutions. In the
last section 5.1.3 we will show that there is a specific EPD model that can be obtained from
dimensional reduction of an action in one dimension higher that admits asymptotically AdS
solutions. This so-called upliftable model will be used throughout the rest of this work.

The EPD model

The general class of 4-dimensional bulk EPD models is described by the following family of
actions

1 T

S = /d4x\/—g (R - %Z((I))lﬂ - 5W(<1>)B2 - 5(ac1>)2 - V(<I>)> : (5.3)
where F' = dB. The equations of motion are

T 1 1
Gun = 5 <8M(I)6NCI) - 2(8(1))29]\4]\7) - §V((I))9MN

1 1 1 1

+ 5Z(<1>) (FMPFNP — 4F29MN> + 5VV(q))(BMBN — 5B?gMN) , (5.4)
g (gt L2 1AW oV

\/?gaM (v—90 <I>)_4dq)F t55 8 T (5.5)
1

——0u (V=9Z(@)FMN) =w(@)BN . (5.6)

V=9

It is convenient to keep x arbitrary. Of course one can always set it equal to one but often it
is more convenient to take some other value for it. We will also write

By = Ay — OuE, (5.7)

and F' = dA. The axion = has dimensions of length while all other fields are dimensionless.
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Lifshitz solution

The equations of motion admit the following Lifshitz solutions (with z > 1)

1 1
ds® = —T@alt2 + 2 (dr? + dz? + dy?) | (5.8)
1
o = O, (5.10)
provided that
2(z—1)
AR = 5.11
Wo
— = 2 12
= % (512)
Vo = —(22+2+4), (5.13)
Vi = (za+2b)(z—1). (5.14)
where
VA Wi
= b= — . 5.15
a= e (515)

Above we have defined the notation

S

v %

4V 5.16
d® lgp=¢. d®? lgp=¢. (5.16)

etc. In (5.10) we indicate that the scalar is constant in this solution. Equations (5.12)
and (5.13) determine the value of ¢, and z in terms of the functions appearing in the
action. Equation (5.11) determines Ay, and (5.14) is an extra condition that makes Lifshitz
a non-generic solution of the family of actions (5.3). We note that there are also solutions of
the EPD model with a running scalar whose metric is a Lifshitz space-time [96, 92]. These
will not be considered here.

Without loss of generality we can always perform a constant shift of ® and redefine the
functions Z, W and V such that for the new ® the solution has ®, = 0. We will from now
on always assume this has been done.

In order to study the boundary fluid properties (or even only thermodynamic properties as
we will do here) one needs to understand the near boundary expansion and the identification
in that expansion of all the sources and vevs. Despite a lot of effort we do not feel confident
that this problem has been tackled fully. We will therefore restrict our attention to a specific
model for which this problem has been solved because it can be related to an AdS holographic
renormalization problem in one dimension higher. The general features of Lifshitz black
brane solutions of other EPD models will have to wait until we have understood fully the
problem of performing holographic renormalization for asymptotically Lifshitz solutions
of the general class of EPD models. The model for which we do have full control of the
asymptotic expansion is called the upliftable model and will be the subject of the next
subsection.
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The upliftable model

When we make the choices

Z=¢e?, W =4, V(®) =2e3% — 1272, z=3. (5.17)
the action (5.3) can be uplifted to
1 1
S = 57 /d%\/—g (R +12 — 28M¢8M¢> , (5.18)
K5

where 12 = 87G5 with G5 the 5-dimensional Newton’s constant and where M = (u, M).
The relation between the 5- and 4-dimensional theories is via a so-called Scherk—Schwarz
reduction whereby we demand that the scalar field ¥ when going around the compatification
circle comes back to itself up to a shift. This is also known as a twisted reduction. This is
possible because the higher dimensional theory has a shift symmetry acting on the scalar.
The Scherk—Schwarz reduction leading to (5.3) with the choices (5.17) is obtained by the
following ansatz

2
dsg = gMNddexN = d% + WABda:Ad:cB = e Pgundz™MdzN + e (du + AMd:C]V[)2
r
d 2
= ¢ 2 <e¢:2 + h#,,dx“dm”> + 2 (du + A#dac“)2 , (5.19)
6 = utiE, (5.20)

where the four dimensional fields gyrn, Ay, = and @ are independent of the fifth coordinate
u which is periodically identified u ~ u + 27 L. In our normalization the 4-dimensional

Newton’s constant G4 obeys 16mG4 = 1. This means that 5-dimensional Newton’s constant

omL 1
Gs obeys TonCs = T6nC,; — L-

What the Scherk—Schwarz reduction does is that it gauges the shift symmetry of v using
the Kaluza—Klein vector. This results in 4 dimensions in a covariant derivative acting on
=. This covariant derivative can be read as a massive vector field B where B is given by
(5.7). The consistency of the reduction will be proven in appendix 4.4.5. We now specialize
to the case of the upliftable model (5.17) because for this theory we have full control over
the asymptotic solution space.

Black branes with linear momentum

The goal of this work is to construct the gravity dual of a Lifshitz perfect fluid. The
Lifshitz algebra does not contain a boost generator. We will be interested in cases where the
Lifshitz algebra arises from a larger algebra that contains boosts? by some explicit symmetry
breaking. The bulk Lifshitz space-time has no boost Killing vector and the EPD model has
no additional local symmetries that could combine with a space-time transformation to give
an additional global symmetry like a Galilean boost®. Hence in order to study perfect fluids

“These can only be Galilean or Carrollian boosts as these are compatible with a z > 1 scaling. We cannot
obtain a Lifshitz algebra by breaking Lorentz boosts because these require z = 1.

"What we have in mind here is some bulk dual of the mechanism discussed in [112, 110] whereby a
boundary space-time transformations combined with a certain U(1) transformation leads to an additional
global symmetry. For example Galilean boost symmetries of the Schrédinger equation come about by a
combination of a space-time Galilean coordinate transformation and a U(1) phase transformation of the
wave function. The latter can be traded for a U(1) transformation of a background gauge field.
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with a non-zero velocity we cannot simply boost a static Lifshitz black brane and promote
the boost velocity to the fluid velocity. If we do that for a static Lifshitz black brane solution
of the EPD model we simply describe a static black brane in a moving coordinate system and
that is not equivalent to a moving black brane in a static coordinate system because of the
absence of a boost symmetry. That means that we need to construct a new class of Lifshitz
black branes that have a nonzero velocity or as we shall say nonzero linear momentum. We
will construct these solutions near the Lifshitz boundary and near the horizon. We will then
construct first integrals of motion to relate near horizon quantities such as temperature and
entropy to near boundary quantities such as energy and mass density®.

The ansatz

We assume that the black brane solution admits time and space translation Killing vectors.
We can perform a rotation to make sure that the linear momentum is only along the
y-direction. The full non-linear solution is thus of the form

2 2 22 2
dsi = —Fl(T)Cfi+P,21(7,)CiQ2+F3(T)Ci’2+F4(T) <CZ£J+N(T):};> ) (521)
B = Gl(r)% + Ga(r) <ciy + N(r)ﬁ) , (5.22)
> = o(r), (5.23)

where we did not fix the r reparametrization invariance. The powers in r are chosen for
convenience to match with the Lifshitz scaling of the boundary coordinates ¢, x and y.

We can go to Eddington-Finkelstein coordinates” by defining V and Y coordinates as
follows

dt = dV +r(FFy) Y2dr, (5.24)
dy = dY — N(F\F) Y?dr, (5.25)
leading to
dv? N\ Y2 avadr dz? Yy — _dv\?
2 1
av G d y —_dv
B = G1—2+711/2—T+G2 <+N2> . (5.27)
T (FlFQ) T T T

Substituting the ansatz (5.21)-(5.23) into the bulk equations of motion (5.4)-(5.6) for
(5.17) and integrating the equations to an action leads to the following effective Lagrangian

51f we assume that a Galilean boost symmetry has been broken, the velocity V* or rather by rotational
invariance, its magnitude V?, will be a chemical potential. On dimensional grounds it follows that the dual
thermodynamic variable must be a mass density denoted by p. We will show that Lifshitz black branes
indeed contain such a quantity.

"Null geodesics with generalized momenta g—é = 0 and % = 0 where L = %gwa’:“a’c” correspond to
V =cst and Y = cst.
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for the equations of motion

2F/ Fl 7,,2 F/ FI F/ F/ F 7“2 F/F/
L = 5 (FERRE)/2 s e Ty T o e T 3T
FRRE SRR T R R R R TR T I RA

1Fy(rN' = N)?2  1Z(rG, —2G,)? G2 3 1% G2
G L LZUG 223G o GL Bage Vo, G (5.28)
2 F 2 F FE, 2 B, " FF,
1 ZG2 (rN' — N)? 5 ZG1Gy (rN’ = N) N ZGoG (rN' = N)  1Z (rGl — Gs)?
N _ . _:
2 F1 F1 Fl 2 F4 ’

where the independent variables are Fy to Fy, N, G, G2, ® and their derivatives with
respect to r. This effective Lagrangian can also be obtained by substituting the ansatz
(5.21)—(5.23) into the bulk action (5.3) with (5.17) and performing a few partial integrations.
This ansatz is a generalization of a static black brane with zero momentum corresponding to
setting Go = N =0 and F3 = Fjy.

The effective Lagrangian (5.28) has the following two scaling symmetries

FI = M2F, F3q— A 'Fy, N-oM3N, G —AG, Go— AY2Gy, (5.29)

and
F3 — N2F37 Fy— /1,72F4, N —uN, Go— ,LtilGQ . (5.30)

Both of these transformations are symmetries of the ansatz (5.21)—(5.23) provided we
transform the coordinates appropriately. For the A transformation that means that we must
rescale the coordinates as

t— A1t z— A2z, y— A2y, (5.31)
while for the p transformation it means that we must rescale the spatial coordinates as
z— p e, Y — LY. (5.32)

Using Noether’s theorem the associated charges are Q) and @, respectively, that are given
by

oL 8L 8L 3 oL oL 1 0L
oL 8L 8L oL
Qu = 28F,F3+28F4F AN N+8G,G (5.34)

Using that L is given by (5.28) these charges can be shown to be equal to

3 -1 -4 12| Z2Gi o, F| rF, rF
Qr = —<r QNN +r*(F\F,F5F. G, —2Gy) —2+r2L_-23__"4
A 2?“ N r (1234) F1 ( 1) TFl 2 Ty 2 7y
ZG1Gy (rN' = N 1ZGy (rGy — G
_ i (r ) 124G (rGy 2) ’ (5.35)
o 2 Fy
and

F,  F ZGy(rGly— Ga)
B
F3 Fy Fy

Qu = —r'QNN +r (R F2F5Fy) /2[ . (5.36)
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where we defined the charge Qn

OL Fy(rN'— N) ZG%(rN'— N Z7G1G
Qv = o= (F1F2F3F4)1/2{ alr - ) 4 2(TF1 ) o
/ —
4SS Gl)] , (5.37)
Fy

which results from the fact that L does not depend on N. The Noether charges @ and Q,
are first integrals of motion and thus independent of the radial coordinate r. This will play
an important role later when we derive the thermodynamics properties. We will see that Q
relates to the energy and @, to the linear momentum of the black brane.

The ansatz (5.21)—(5.23) has a third global scale symmetry namely

t— v, F, = V*Fy, N — vN, G — vGy . (5.38)

However this transformation does not leave the effective Lagrangian (5.28) invariant because
it is not a symmetry of the prefactor. On top of the 3 global symmetries whose parameters are
A, 1 and v the ansatz also has one local symmetry which corresponds to r-reparametrization
invariance. This symmetry acts as

6Fy = ETFy 4+ 2F, (r'¢" — 0,67,  6A;=¢"A}, 5.39
2

where Aj is any of the functions appearing in the ansatz that is not F5 and £" is the local
parameter generating the r reparametrization. This local symmetry can be fixed by choosing
a gauge. This local symmetry implies that using the F5 equation of motion (which is first
order and needs to be differentiated with respect to r) and any 6 of the other A; equations
of motion the remaining 7th A; equation of motion can be derived.

The asymptotic solution

The 4-dimensional near boundary expansion follows by dimensional reduction using the
reduction ansatz (5.19) and (5.20) as well as the 5-dimensional Fefferman—Graham (FG)
expansion (4.187) and (4.188), the details of which are given in appendix 4.4.1.

The ansatz for the black branes with linear momentum are such that all 4-dimensional
fields only depend on the radial coordinate r. From the 5-dimensional FG expansion point
of view that implies that all sources and vevs must be constants. The only exception to
this is of course the fact that ¢ is allowed to be linear in the reduction circle coordinate u
because we are performing a Scherk—Schwarz reduction. That means that our ansatz forces
us to consider a FG expansion in 5D with the following sources and vevs

YoyaB = cst, with v(yuu =0, (5.40)
tap = cst, (5.41)
Yoy = 2u, so that = =0, (5.42)

(Oy) = 0, (5.43)

where t4p obeys the Ward identities (4.211) and (4.212). Setting (Oy) = 0 is a consequence
of the Ward identity V(O)AtAB = —(Oy)0pY for B = u and constant t4 5. Since the field
= always appears differentiated it makes no difference if we set it equal to zero or equal to
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some constant. The choice (), = 0 is rather important and is necessary in order that the
lower-dimensional theory has a z = 2 scaling exponent. This is explained in detail in |54, 55].
It is shown in section 2 of [55] that the reduction in the bulk is everywhere along a spacelike
circle (due to 1(gy = 2u) but that this circle is null on the boundary®.

It is well known that reductions along null Killing directions turn a Riemannian geometry
into a torsional Newton—Cartan geometry [70, 142, 134, 55|. For details see appendix 4.4.3.
In particular see the reduction ansatz for the AdSs boundary metric (4.251). In the language
of TNC geometry the uu component of the inverse metric is called ® which is defined in
(4.50) where M, = m, — d,x with m, the Kaluza—Klein vector associated with the null
reduction as given in (4.251). Since here we have y = 0 we can take M, = m,. From the
inverse metric we know that

Vi = 2@ (5.44)

We will be interested in flat boundaries of the 4-dimensional z = 2 Lifshitz space-time. A
flat space-time in TNC language means that there exists a coordinate system in which we
have [110]

_ st
T =0,

M,=0, hu=hy=0,  hy=0;. (5.45)

This means in particular that ® = 0. Turning on ® corresponds to turning on a Newtonian
potential for the boundary theory [33, 110]. We will thus not consider this possibility.

The expansion of the 4-dimensional fields follows from (5.19) and (5.19) which imply
that?)

2 = ., (5.46)
A, = Yu (5.47)
Y
by = ('YuU)l/Q <,7#V_’7uu'7uu>’ (5.48)
Yuu

where y4p5 is FG expanded using the results of appendix 4.4.1. In order to carry out this
reduction we need to know how to reduce the AdS boundary energy-momentum tensor into
the laguage of the energy-momentum tensor of the TNC boundary of the lower-dimensional
Lifshitz space-time. The relation between a relativistic energy-momentum tensor and the
TNC energy-momentum tensor related via null reduction is explained in appendix 4.1.4
where we derive the following relations

tuw = P, (5.49)
tup = 1T, (5.50)
ty = hyuphueh0 TP, — (r,,iz#,, + Tuh,,p) VTP + (P07t o) Ty (5.51)
where
Pt py = " — 4D2p + 4D T, TP, . (5.52)

8Here we use a model that is simpler than the one used in [55] but regarding this point the properties are
identical.

9We warn the reader that we use h,, both to denote the yr component of the bulk metric as well as the
spatial metric-like quantity (??) on the boundary. We hope that this will not cause any confusion.
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Recall that here ® = 0. The TNC energy-momentum tensor is denoted by T*, and the TNC
mass density is denoted by p. We note that t** has no lower dimensional interpretation in
terms of energy-momentum or mass density. As shown in appendix 4.1.4 it does not appear
in any of the Ward identities involving T*, and p. Hence we will set t** equal to zero. It
would appear in 4 dimensions for the first time at order r? in that part of the expansion of
huw that is proportional to 7,7,. We refer to [55] for more discussion on the role of t**.

In order to find out where the momentum flux, the spatial projection of 7,77, which is
one of the quantities of interest, the spatial stress tensor etc appear upon reduction we need
to know what happens with ¢, upon reduction. Clearly in 5 bulk dimensions ¢,, appears
in v, at order r2. Therefore in order to see it in four bulk dimensions we need to expand
A, and hy,, up to order r?. This follows from (5.47) and (5.48) and implies that we need to
expand 7y, to order 15, Yuy to order r* and Yuv to order r2.

We will now proceed to construct the 5-dimensional solution up to the required order.
Since the sources and vevs only depends on r so we have that [y = 0 implies that

V=Gr’o.p = C, (5.53)
where C' is an integration constant. Using that
V-G =1+0(), (5.54)

it follows that
r20.p =C (1+0(r%) , (5.55)
so that the fact that ¢4y = 0 implies that C'= 0. Hence 8,9 = 0 or in other words ¢ = 2u

to all orders. With this result the Einstein equation simplifies to

Gmn = 6Gmn + 205405 — Grany™, (5.56)

which is equivalent to
Rmn = —4Gmn + 20540 - (5.57)

To find the solution up to order 7® we make the following ansatz

—_ u SU 1
Yap =12 (’V(O)AB +r70% 0% — 17“4@13 +7%%6)a8 + Y (8) 4B + O(Tlo)) : (5.58)

The log terms at order 72 logr are zero and so it is expected that they are zero to all orders.
This is a correct assumption as long as we do not need to put constraints on the sources and
vevs coming from the nature of the expansion. The inverse metric reads

u u 1
yAB — 2 <’y$])3 — 7"27((‘]) ”y(%) + Zr4tAB + r%é’)g + rsaéj)g + 0(7“10)) , (5.59)
where
AB AB 1 AuyuB 1 BujyuA
o6 = Mo — ot ~ O (5.60)
1 1
AB AB Au_uB Bu, uA AC, B Au, Bujuu
o) = ) TA0Ne T T gt et ot (5:61)
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The Christoffel symbols are

1 1
T==—, =0, Thp=-5r"0"ap,

1
rd =0, T4= ifyAC@r’yBc, 4. =0. (5.62)

From this we conclude that
1
Ry = —4r 2 4o (—127{(‘5) A~ 2t““) +r° <—247(;) A+ 187 + St AB) +0(r%). (5.63)
The 77 component of (5.57) tells us that R, = —4r~2 so that

1 3 1
A uw A un
Te)a = _6t ’ T®)a = 176) + 2 48 ABtup. (5.64)

The rA component of (5.57) brings nothing as both sides are identically zero. Using that

Rap = —4r*y)ap — 20405 +r’tap + 1 (ituu'Y(O)AB — 10v(6)a8 — %5%”3 - ;5%tu,4>
+70 (207(8),43 — V(6 Y(0)AB — it DtCD'Y( 0)aB + 60476 5 + 6057(6)a
+%tACtCB + ;5;35}_4;#“) + 00, (5.65)

as well as the equation of motion Rap = —4vyap + 20 6%, we find that

Y6)AB = **5,4?5“3 - *5Bt At ﬂf Y(0)AB (5.66)
Y®)AB = —% “o%0E — %475 tepYo)aB + 3%1% tBC - (5.67)

From the reduction (5.46)—(5.48) it follows that

1 1 1
¢ = —§r2p+ r (66”TPTP — 674’O > + 0(7“6), (5.68)
—2 1 2 1 p 1 2 1 13 4
A, = T+ Pt 127'pT ut 67 T ghupT +0(r), (5.69)
- 1 1 - 1
b = —7'747%7',, + 72 <h;w — 8p7'u7',,> — gphw + 1 (Tt TPy + 1,7, T7 )
> Lior 1o 2 (L5 hwere, + L (nh hy, ) 07T
128p _EU Tod s | Ty + 1 _Z upllvk o+ﬁ (Ty wp + Tu yp)v o
1 o 1 - 1 o
+ gv T, 1Py — 58’0 huw — 16 p (tum, TPy + 11,17 )
3 ~o p o 1 o 1 Luu 4
+ 61" 7,17°5 + aT 7,174 1024p - 3—2 TuTy | +O(r%). (5.70)
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For the interested reader we have included the term t“*. But as said earlier we will set this
independent quantity equal to zero. If we choose the boundary sources to correspond to a
flat TNC boundary as in (5.45) then the expansions become

1 1 1
é"_g%_#<¥ﬂ+mf>+aw% (5.71)
) 1 2 1 t 1 2 4
1
A, = _ZTQT% +0(r), (5.73)
—4 1 -2 1 t 3 2 2
hyy = —r " — 3" p+ gT t~ 198" +0(r7), (5.74)
1 1 - 1
hii = ZTti + 72 (—125ijT]t + 32th1,> + O(r4) ] (5.75)

1 1 1 1 1
hij = T‘_25ij - gp(sij + r? <<12Ttt — 128p2> 51']‘ — Zdikaj + 8Tkk5ij> + O(T4()3,76)

where in the last expression we used the z-deformed trace Ward identity (equation (4.135)
with zero on the right hand side)

2Tt +T%), = 0. (5.77)

In this work we are interested in gravitational duals of boundary perfect fluids so without
loss of generality we can assume that T, takes the form of a perfect fluid. This form is
derived in appendix 4.2.5 by the null reduction of a relativistic perfect fluid. On flat TNC
space-time it reads

1 . 1 ;
Th = — (5 + 2PV2> ; T = — (5 + P+ 2PV2) v, (5.78)

where & is the total energy density, P the pressure, p the mass density and V* the velocity
of the fluid. The z-deformed trace Ward identity tells us that the equation of state is P = &.

It is interesting and insightful to take a closer at look at this V-dependent solution from
the 5-dimensional point of view. Using the relations between the lower and higher-dimensional
energy-momentum tensors (5.49)—(5.51) we see that the 5-dimensional energy-momentum is
given by

1
tuw = P tut:—g—gp‘ﬂ, tui = pVi,
1
ty = — <g + P+ 2pV2> Vi ti; = Péij + pV;V] , (580)

with ¢;; being undetermined. A convenient way of writing this is in terms of £4 pdridzP
which can be seen to be equal to

1 2 |
tapdetdz® = p (du + Vidz' — 2V2dt> — 2&dt (du + Vida' — 2V2dt> (5.81)

+P6;j (da* — V'dt) (da? — VIdt) + <ttt - <5 + P+ ;pv2> V2> dt* .
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The rest of the solution is fully determined by the following boundary data

’y(o)ABda;Ade = 2dtdu + 5ijda:idmj , (5.82)
Yoy = 2u, (5.83)
(Oy) = 0. (5.84)

If we now perform the following coordinate transformation, which from a lower dimensional
point of view is a Galilean boost and a U (1) gauge transformation (acting on the Kaluza—Klein
vector my,),

1 . . . :
u=1u — §V2t’ — Via", t=t, =2+ VY, (5.85)
we obtain

tapdxida® = pdu'? — 2&dt' du’ + P(Sijdw’idsc'j

1
+ (ttt — (8 + P+ 2,0V2> V2) dt' (5.86)
Yoyapdzida® = 2dt'du’ + 6;;da" da’ (5.87)
Yoy = 2/ —VH —2Via", (5.88)
(Oy) = 0. (5.89)

We thus see that the boundary metric y)ap remained invariant and that all the V-
dependence now resides in the expression for . The t't" component of t4p is not
important for the lower dimensional boundary EMT and its Ward identities. It is thus
clear that due to the presence of ¥, and the Scherk—Schwarz reduction ansatz ¥ = 2u + =,
solutions with different V* are not diffeomorphic. We will later see this reflected in the fact
that V2 plays the role of a chemical potential. The ansatz in section 5.2.1 used rotations to
orient the flow in the y-directions. We will see further below that indeed V* = 0.

The near horizon solution

The near horizon expansion is entirely straightforward. Referring to the ansatz (5.26) and
(5.27) in EF coordinates we can make the following observations about the behavior of the
solution near the horizon.

The horizon is located at the locus where the r = cst hypersurface becomes null, i.e. at
g"" = 0. That means that F5 will have a first order zero at r = r,. Regularity of the metric
in EF coordinates, in particular of the component gy, then tells us that F; must also have a
first order zero at r = rj. Note that for IV # 0 this is not the locus where 0; becomes null.
In other words the stationary limit surface g = 0 comes before the horizon (viewed from
outside). Regularity of the massive vector at horizon forces G to have a first order zero
at v = rj,. The functions Fy and N are both regular without any zeros at the horizon, i.e.
Fy(rp) # 0 and N(rp) # 0. The latter quantity can be zero but as we will see in the next
subsection that corresponds to a brane without any momentum so we take it to be nonzero.
The remaining functions Gy and ¢ are regular at the horizon, but they do not have to be
non-vanishing.

A convenient gauge choice to fix the r reparametrization invariance of the ansatz to study
the near horizon solution is to take F3 = 1. In this gauge we will refer to the radial coordinate
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as R to distinguish it from the radial coordinate r used in the previous subsection!®. The
horizon is now located at R = Ry,.

The ansatz also has three global scale symmetries (5.31), (5.32) and (5.38) that leave
the ansatz invariant. These can be viewed as rescalings of x, y and t. We have used these
symmetries to set the asymptotic values of Fi, F3 and F4 equal to one. This fixes the
asymptotic values of ® and thus of F (via the asymptotic gauge choice F» = e¢~®) as well as
of GG1 via the equations of motion. That means that we cannot use these rescaling symmetries
a second time to fix parameters in the near horizon solution. We thus take for the near
horizon solution the following expansion

R—R
o= p—"r (5.90)
Ry,
R—R
Py = h—"y (5.91)
Ry
F o= 1, (5.92)
R—R
Fy, = po—l-plTh—l—..., (5.93)
h
R—R
Ry,
R—R
Gl = g —"4. .., (5.95)
Ry,
R—R
Gy = mo—l—mlih—l—..., (5.96)
Ry,
R—R
d = lg+h——"g . (5.97)
Ry

Most but not all of the coefficients appearing in the near horizon expansion will be
determined by solving the equations of motion of the effective action L in an expansion
around R = Rj. We studied the solution up to second order in R — Ry, and it leaves 8
parameters unfixed. These are f1, po, g1, Mo, no, N1, lo and r,. The parameter h; is fixed
by the equations of motion to bel!

2f1 (2730 — 12e710)
hy = - 5, (5.98)
4f1 — e (g1 +mony)

where the numerator is 2f; times the potential (5.17) evaluated at R = Ry,. We expect that
most of these parameters will be determined by matching the solution onto the asymptotic
region.

There are not many examples known of analytic black branes solutions of the EPD
model. However in the context of Schrédinger space-times we can obtain analytic solutions
by applying a sequence of duality transformations known as TST transformations [146] to
obtain black brane solutions from known AdS black branes [1, 121, 116|. The resulting

We permit ourselves to also use r for the family of gauges parametrized by the ansatz (5.26) and (5.27).
We hope that this will not cause any confusion.

1T find this result one solves the leading term of the Fy equation of motion for p; and the leading term
of the F3 equation of motion for f. The expression then follows from the leading term in the Fy equation of
motion. A similar expression has been observed in [34].
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Schrodinger black branes have a nonzero charge associated with particle number. Since
in Schrédinger holography particle number is realized geometrically this means that these
correspond to black branes with a linear momentum along a direction that asymptotically
becomes null. If we study these black branes near the horizon in the same coordinates
in which the AdS black brane has a flat boundary Minkowski metric written in Cartesian
coordinates then we see the exact same near horizon boundary conditions as we imposed for
our Lifshitz black brane!2.

Comments on the interpolating solution

We have used different radial gauges in the near horizon region (F3 = 1) and in the asymptotic
region (F» = e~®). The two coordinates are related via the coordinate transformation

hew = R72, (5.99)

where hg, is given in (5.76). In order to write both the near horizon and the near boundary
expansion in the same gauge it is convenient to rewrite the expansions (5.71)—(5.76) in terms
of the radial coordinate R. This can be done as follows. The expansions (5.71)—(5.76) in
terms of the ansatz functions correspond to

L o= 1+ é?“Qp + 7t (—;TQ + 1‘;’8p2> +0(r%), (5.100)
—_® 1 2 4 1 t 3 2 6

F2 = e :1+§T‘p+’l“ (6Tt+128p)+0(7“), (5101)

Fy = 1-— 1T'Qp 4+t <1Ttt - in - 1pV2> +0(r%), (5.102)
8 12 128 8

F, = 1- 17«2/) +rt <1Ttt — in — 1pV2> +0(r%), (5.103)
8 12 128 8

N = %rng +0(r%), (5.104)

G = 1+ Zr2p + 7 (112Ttt + 116,02) + O(r9), (5.105)

1 3 5
Gy = —r°pV +0(7), (5.106)
O = 12,4 <1Ttt n 1p2> O (5.107)
8 6 64 :

where we remind that V' = V¥ and V¥ = 0. The change of gauge (5.99) implies that we
define R asymptotically as

1 1 1 1
-2 -2 2 4 t 2 2 6
1 T Vel + . 1
R *“=r ( 81“ p+r (12 t 128;) —I—Sp > O(r )> (5.108)

2More explicitly if we use equation (62) of [116] setting &€ = V' the TsT transformation (113)—(115) provides
us with a z = 2 Schrédinger black brane solution of some EPD model. If we then perform the coordinate
transformation t =T — X and 2§ = 2V =T + X we find that the near horizon geometry has exactly the
same properties as the Lifshitz black brane solution studied here.
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We can invert this order by order to obtain r = r(R) up to any desired power of R. Inverting
(5.108) up to order RS we find

1 1 1 1 1
=R(1—-—Rp+-R" T+ —p*+-pV?) +O(R%) ) . 5.109
r ( TR <3 t+ g1 T3P + O(R”) ( )
This can be used to express (5.21)—(5.23) with the above expansions for the various functions
as an asymptotic solution that is written in terms of the same radial coordinate R as the
near horizon solution. If we carry out these steps we obtain the following expressions for the
ansatz functions in the new gauge

_ § 2 1 4 _mt g 2_1 2 6
R = 1+8R p+2R < Tt—i—64p 2pV +O(R°), (5.110)
_ 3 2 af Loy A1 5 1 o 6
P = 1+8R p+R < 6Tt+128p 2,OV +O(R®), (5.111)
o= 1, (5.112)
1
F, = 1—ZR4pV2—|—O(R6), (5.113)
1
N = ZRf”pv+0(R*'>), (5.114)
_ Spo Loy 9 9 1 o 6
G = 1+8R p+2R <64p 4,0V +O0O(R”), (5.115)
1
Gy = —1R3pV+O(R5), (5.116)
1 1
b = —§R2p—6R4Ttt+O(R6). (5.117)

In order to find an interpolating solution we thus need to solve the equations of motion
of (5.28) in the F3 = 1 gauge such that near the horizon the solution looks like (5.90)-(5.97)
while near the boundary it looks like (5.110)—(5.117). It would be interesting to study the
interpolating solution numerically. For the purposes of this work we do not need this explicit
solution, but we will need to assume that it exists.

We also see from the asymptotic solution that even for V = 0 we still can turn on the p
deformation. Hence static Lifshitz black branes can have a nonzero mass density. Further
even though the full non-linear solution breaks rotational symmetries the near boundary
solution has an asymptotic Killing vector for rotations. Hence rotations are spontaneously
broken.

Thermodynamics
The most general Killing vector that (5.21) admits is of the form

KM = (0™ + Ay (8.)M + A (9,)M (5.118)

where Ay and As are constants. The norm is given by

F, F (N 2 F.
IK|)? = —— + = ( - A2> +AS (5.119)
T T T T
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In order to find the generator of the horizon we demand that ||K||?> vanishes at R = R,
which will be the case if and only if

N(Rn)

A1 =0 Ay = — 5.120
1 3 2 Rh ( )
Hence the horizon generator which we will denote by X is given by
N
XM = (g)M — ](%Rh) @, . (5.121)
h

We thus see that there is a chemical potential —N(Ry)/ Ry, associated with the motion in
the y-direction.
The metric and vector field expanded near the horizon read

~ : N(Rp)
2 2 172 2
ds; = —p“dt®+dp +thx +R2(d + o dt) , (5.122)
1 Z1n1/2 L N(Rp)
B = Zg (Y7 pPdi+ = (dy dt 12
291( i) + Rh( + Ry ; (5.123)
where we defined
i R— R\ /2
= 2 5.124
: ( e ) , (5.124)
- 1 _
P= 5(f1h1)1/2Rh2ze. (5.125)

We next ask which linear functions f(t,z,y) solve the equation XMdy;f = 0. These are =
and y + Mt The metric induced on the common intersection of the hyperplanes x = cst

and y + ( )t = cst, after Wick rotating the time coordinate ¢t = —itg, is called the bolt
and is glven by
dR?
ds* dt2 :
‘bolt R4 F2R2
We expand this metric around R = Ry, with a periodic ¢ £ demanding the absence of conical
singularities. Because we are on the hyperplane y + (hh)t = cst this forces us to also
Wick rotate y = —iyg and make it periodic as well in agreement with the interpretation of
—N(Rp)/Ry, as a chemical potential. The inverse temperature is the periodicity of 5. The
temperature and entropy density are given by

(5.126)

1

T = (frh)V? (5.127)
47TR,%
1/2
s = Ar @22 , (5.128)

where we used units in which 167Gy = 1.
In the Wick rotated geometry tg and yg are periodic. The thermal cycle parametrized by
tg is contractible while the cycle parametrized by yg + N(Rh)t £ 1s non-contractible. Hence
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we can compute fR: Ry B where we integrate along the cycle parametrized by yg + %Izh)t E.
The result is A
7{ B = OO (5.129)
R=Ry, (fih1)"
In general using our ansatz the massive vector field can be written as
G M N oom CIINNY
BM=-R*— ()" - = (0 R—=(9,)™ . 5.130
o (@ - 0)") +rE2 @) (5130

It thus follows that for mg = 0 the massive vector field BM is proportional to the horizon
generator XM at R = Ry,.

It can be shown by using the near horizon solution that the charges @ and @, (5.35)
and (5.36) are such that

Qx— %Q# =Ts. (5.131)

Using the asymptotic form of the solution (5.71)—(5.76) with (5.78) and (5.79) to compute
the left hand side of (5.131) we conclude that

1
E+P=Ts+ §pV2. (5.132)
The equations of state follows from (5.77)
P=¢. (5.133)

We have thus been able to derive the thermodynamic relations without knowing the
full solution analytically using the Noether charges @, and (),. This is similar to what
has been done in [34, 35]. We will see further below that we can also derive the first law
of thermodynamics without having full analytic control of the solution. All that we need
to know is the near horizon expansion, the near boundary expansion and the existence of
an interpolating solution. The latter we assume to be the case. It would be interesting to
provide numerical evidence for the interpolating solution.

Charges

The goal of this subsection is to find an alternative derivation of (5.132) which can be
thought of as an integral form in terms of the renormalized on-shell action and certain
horizon charges. The second goal is to find additional relations between near boundary and
near horizon quantities. In particular we will show that the velocity V¥ = V is equal to the
chemical potential —N(Ry)/Rp,.

In order to define the black brane charges we use the boundary diffeomorphism Ward
identity which on a flat TNC geometry reads (4.275). Given a boundary Killing vector K*
in the sense that

LxkTy=0, Lghw=0, Lg®=0, (5.134)

it can be shown (see [112, 110]) that we find the conserved current

8, (K"T",) = 0. (5.135)
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The conserved charge associated with the boundary Killing vector K* is thus

Qi = — /t tda:dyK”Ttl,. (5.136)
=CS

For our case the integrand is independent of x and y and so it is better to consider the
charge per unit boundary volume. We will often write ft:cst dxdy as a formal integral that
we never really perform. We can always divide the charges by it. We will assume that K* is
the p component of a bulk Killing vector K.

Using the definitions of the vevs in (4.231), (4.232) and (4.244), (4.245)'3 as well as the
boundary energy-momentum tensor in (4.260) and (4.273) we find that

=2 0
T, = — lim (TwEy + TPE)By) . (5.137)
Using (4.224) and (4.226) we find that for purely radial solutions (no dependence on boundary
coordinates)

TwE§ + T EYB, = oy Ep 4+ 2K, By + 2" n™ Ef o, By, (5.138)

1
V—h
where L35, is the on-shell value of the counterterm Lagrangian (4.216) including the
Gibbons-Hawking boundary term, i.e.

iy = V—h <2K —5e=®/2 4 e¢’/2BpB”) . (5.139)
The extrinsic curvature K = h*” K, where K, is the v component of Ky;y = —%Enh MN =
Vuny —nyun®Vgny with the unit normal vector nys given by nys = —(g”’)_l/25}“\4. Since

the Killing vector K™ is a boundary Killing vector we have K nj; = 0. Further we employ
a radial gauge choice such that E(])V[ ny = 0. Using these results we can write

1
_ : —2 os M 120 M pNO
Qg = /t:CSt dIdy}lLr(l]T <\/jh bdryK Eyy+n"E ZNM) s (5.140)
where ZNM = _ZMN14 is given by
Znwm =2V Ky + e Fyy KP Bp . (5.141)

The integrand is over a t = cst hypersurface. Its timelike unit normal is given by

1 1 51
= U} U=r2(14+—rPp+rt (2T +-—p* ) +O00° 5.142
unm M r (+16rp+r ¢ttt 9560 ) TO0) ), (5.142)
where we used the boundary expansions of section 5.2.2. It can be shown using these same
expansions that
Ut=£e%+0@(%, U'=0(@", (5.143)

13The quantity ooy defined in (4.250) equals unity because for our solutions ® = O(r?) so that ¢ = 0 as
follows from (4.240).
4 The antisymmetry follows from the fact that K is also assumed to be a bulk Killing vector.



5.2 Black branes with linear momentum 121

where B0 = U~ + O(r%). We also have that E = O(r?). Using these results together
with the near boundary expansion of Zyjs it can be proven that we can replace EN? by u/Y
everywhere in the integrand of Q, i.e. we can write

1
QK:/t tdacaly}"i_r)]r(l)r*2 (m gfjryKMuM—i—nMuNZNM) . (5.144)
=CS -

Let us define the projector Pﬁ = 51\]\2 +upu® which projects onto the t = cst hypersurface
whose metric we will denote by Hyy, i.e. using the ADM decomposition we obtain

ds®> = —U?dt* + Hpy (dz" + u'dt) (da’ +u’dt) . (5.145)

Let us furthermore define ZM = u™ Zx s We can derive the following identity

1
PNV ZM = 0 (Jﬁzf) . (5.146)

Hence it follows that

Ry,
/ BaevVHPYVNZM = dzdy / dROR (\/ﬁZR) : (5.147)
t=cst €

t=cst

where we used the radial R coordinate of section 5.2.4, i.e. the F3 = 1 gauge, with a cut-off
boundary at R = € and the horizon at R = Rj. The integration measure in terms of the
ansatz functions can be written as

VH =r73F, PF}? (5.148)
It follows that
/ BrvVHPYVNZM = / dzdyR 1y ZM | p—.
t=cst t=cst
+ / dedyR=3F, P F P 2R pep, . (5.149)
t=cst

We conclude that the charge Qi can be written as

1 Bin
Qx = / dadyR™>——L% KM Un| p=c + / dxdy / dRVHPYV xyZM
t=cst V —h t=cst €

+ / dedyR>F}* X YP Zxplp—n, . (5.150)
t=cst

where we send € to zero. In the horizon integral X* is the horizon generator (5.121) and
YV is given by (in the EF coordinates of (5.26) with F3 = 1)

£\ 172
vV = R <Fj) 5N (5.151)

The vector Y is a null vector that satisfies X - Y = —1 at the horizon.
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Using the equations of motion (5.4)—(5.6) with (5.17) as well as the fact that the Killing
vector K is a symmetry of the matter fields which means that

LxBy =0, LxP=0, (5.152)

it can be shown that .
PNV NZM = ﬁcgileMuM. (5.153)

The charge can now be written as

Qr = K'TSY + / o XNYP Zyp|p=r, , (5.154)

t=cst

where we used that KMy, = KU with \/—g = U+ H and where we defined Vo = F41/2R_2
which is the determinant of the metric on the ¢ = cst and R = cst submanifold. In this
expression for the charge S% is the Euclidean on-shell action, i.e.

Ry
TS = lim [ / dR /t d*x LY + /t td%: Doty [R=e| - (5.155)
€ =cst =cs

Equation (5.154) is the result we were looking for. It expresses the asymptotic charge
associated with the Killing vector K™ in terms of a horizon integral and the Euclidean
on-shell action.

This result can be used to compute the charges associated with the Killing vectors 0
and 0, twice, once near the boundary using (5.136) and once at the horizon using (5.154).
Near the boundary we find

1
Qo, = —/ d:zdyTtt:/ dedy [ €+ =pV? ), (5.156)
t=cst t=cst 2
Qo, = — / dxdyTt, = — / dxdypV . (5.157)
t=cst t=cst

Using (5.154) we can derive the following relation

N(R
Qo —TSE =T / drdys — ;{h)Qay , (5.158)

t=cst h
where we used (5.127) and (5.128).
The momentum @y, can be written in terms the Noether charge @, defined in (5.36)
via N(R
MQE, - / dzdyQ,, . (5.159)
Ry Y t=cst

This can be proven by computing the left and right hand side at the horizon where for the
left hand side we use the integral form given in (5.154). The Noether charge @, can also
be computed near the boundary where it gives @, = pV2. Hence with (5.157) we conclude
that
N(Rn)
Ry,

— VY=V, (5.160)
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i.e. the chemical potential is the velocity of the fluid. From this and (5.158) it follows that
the Euclidean on-shell action relates to the pressure as follows

TSy = —/ dxdyP . (5.161)
t=cst

We believe that similar arguments allow one to derive the first law of thermodynamics
for these Lifshitz holographic fluids. For example using arguments similar to those of [151]
that do not require an explicit knowledge of the interpolating solution. However there are
quite compelling arguments that fix the first law in a more straightforward manner so we
will refrain from using a more general approach. One of these arguments uses the Ward
identities of the dual holographic fluid and the existence of an entropy current. This will
be discussed in the next section. The other argument results from the assumption that
the pressure only depends on temperature and chemical potential. Given, say, a numerical
solution this could be tested by evaluating (5.161). For us this is a rather minor assumption
because it is essentially assuming that a solution with a horizon generated by XM exists. If
we assume that P = P(T,V?) we can vary it and use (5.132) to derive

oP oP 1 1
— ) == =T —y? .162
<6T>V2 s, <0V2>T 5P o0& 58+2V op, (5.162)

where the latter relation is the first law for our holographic Lifshitz perfect fluid. More will
be said about this in the next section.

Lifshitz perfect fluids

This section is independent from holography and derives the Lifshitz perfect fluid from
dimensional reduction. In appendix 4.2.5 we have discussed the null reduction of a relativistic
perfect fluid. This gives rise to a Galilean perfect fluid. If furthermore the relativistic fluid
is scale invariant, i.e. conformal, the lower-dimensional Galilean perfect fluid has a z = 2
Schrédinger invariance. The z = 2 Schrodinger algebra contains the z = 2 Lifshitz algebra
as a subalgebra. Hence a Lifshitz invariant system can be obtained by starting with a
Schrédinger invariant system and breaking the generators that are part of the Schrodinger
algebra but not of the Lifshitz algebra. One of these symmetries is particle number N. By
breaking N explicitly the z = 2 Schrédinger algebra reduces to the z = 2 Lifshitz algebral®.
This is precisely what our holographic model for Lifshitz invariant field theories does.

We have shown that the 4-dimensional bulk theory follows from Scherk—Schwarz reduction
of a 5-dimensional AdS-gravity model coupled to a scalar field. This scalar field leads to
an additional source in the dual field theory and the corresponding diffeomorphism Ward
identity, as derived in section 4.4.2, reads

Vatlp = —(0y)0p1. (5.163)

'5Tn the Schrodinger algebra the commutator between Galilean boosts G; and momenta P; reads [P; , G;] =
0;; N so by breaking N keeping P; intact we break G;. Further special conformal symmetries K in the
Schrédinger algebra satisfy the commutation relation [K , P;] = —G; so that breaking G; leads to broken
K symmetries. Hence by breaking N we loose the G; and K generators as well and we are left with the
Lifshitz algebra.
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Here we will be interested in flat space only so the left hand side is simply V 4t 5 = 9at? 5.
The Scherk—Schwarz reduction tells us that

Y = 2u-2x, (5.164)
©04) = —5(04). (5.165)

where x and (Oy) are independent of u. If we now set the 4-dimensional scalar source x = 0
we obtain the 4-dimensional Ward identities (see also (4.275) and (4.276))

0,1, = 0, (5.166)
O TF = (0y), (5.167)

where we used (4.131) and (4.132). We thus see that the mass current T* is not conserved
due to the presence of (O, ). The z = 2 scale Ward identity follows from (4.135) with ¢4 4 = 0
which for the case of a flat TNC space-time (5.45) reads

2T +T% = 0. (5.168)

The null reduction also implies the identities (4.123) and (4.124) which on a flat TNC
space-time read
T =T, T';=T. (5.169)

The null reduction in the presence of the scalar source ¥ as written in (5.163)—(5.165)
gives rise to a system that breaks Galilean boost symmetries and particle number. This is
due to the fact the v in (5.164) breaks these symmetries. What we are left with is a z = 2
Lifshitz invariant system in one dimension lower.

We will now apply the Lifshitz Ward identities (5.166)—(5.169) to the case of a d = z = 2
perfect fluid where & = P and V* are functions of ¢, 2*. It has been shown that the form of
T#, and T* for the null reduction of a relativistic perfect fluid take the form (4.153) and
(4.154). We now consider the fluid equations as follows from the Ward identities and demand
that there exists a conserved entropy current. The latter requirement will tell us what the
thermodynamic relations for a Lifshitz perfect fluid are.

On flat TNC space-time the form of the fluid energy-momentum tensor and mass current
for a perfect fluid are given by (5.78) and (5.79). The fluid equations are thus given by the
Ward identities which read!®

1 1 )
0 = 8 (Vi) + 8 (p(sg' +pvfw) : (5.171)
(Oy) = Owp+0(pVi) . (5.172)

These equations can be used to rewrite the equation for energy conservation (5.170) as

: 1 1 4
OE +V'0,E + <5 +P— 2pV2> Vi~ 5V2 (Op+V'9ip) =0. (5.173)

61f in the holographic setup we would make the fluid variables functions of the boundary coordinates
we would have to correct the energy-momentum tensor by derivatives of the fluid variables. The Einstein
equations will then lead to Ward identities for this corrected boundary energy-momentum tensor. At leading
order in derivatives it will however reduce to the Ward identiites for a perfect fluid.
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This gives rise to an equation for conservation of entropy,

Os+0; (sV') =0, (5.174)
provided we take
1
E4+P = Ts+ 5pv2, (5.175)
1
60 = Tos+ 51/25,0. (5.176)

These two equations together with the equation of state P = £ (that follows from (5.168))
describe the thermodynamic properties of a Lifshitz invariant system obtained by breaking
particle number symmetries. What we see here is a realization of a Lifshitz perfect fluid
where the velocity or rather, due to rotational symmetries, V2, plays the role of a chemical
potential.'” The thermodynamically conjugate variable is the mass density p. From the first
law (5.176) it follows that

1
6P = s6T + 5p5v2 : (5.177)

so that pressure is a function of 7" and the chemical potential V2.

We see here that the way in which we realize Lifshitz hydrodynamics is quite different from
what has been discussed in [127]. The approach in [127] is to start with a z = 1 relativistic
perfect fluid and to break Lorentz symmetries by adding higher derivative interactions that
break the symmetry of the energy-momentum tensor. One can then take a non-relativistic
limit to obtain system with z # 1 that break Galilean boost symmetries. This leads to a
model where Galilean boosts are broken at higher orders in a derivative expansion. On
the other hand here we realize Lifshitz symmetries by breaking particle number and hence
Galilean boosts already at the perfect fluid level. In [37] we will present more examples of
Lifshitz hydrodynamics from a field theory perspective.

As a final comment we note that in order to solve the d + 2 equations (5.170)-(5.172) we
need to know what (O, ) is in terms of the fluid variables p, V* and €. Explicit examples
will be given in [37].

17A similar extension of the first law of thermodynamics involving a fluid with boost momentum was seen
in Ref. [11] in the proposed effective theory for the dynamics of helicoidal black p-branes using the blackfold
construction [87, 84].
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6. Conclusions and Outlooks

In this thesis we discussed mainly two different directions in which higher dimensional gravity
is important. The first was about the blackfold approach. In this framework, novel blackfold
solutions were discussed. In particular chapter 2 was about finding novel charged blackfold
solutions in different backgrounds, giving a physical interpretation to the gravitational
tension, and showing that the definitions of pressure and volume previously given for black
holes in AdS space do not have the same physical meaning in different backgrounds, and their
role could be played by the gravitational tension. Chapter 3 instead was about studying novel
blackfold solution with charge and intrinsic spin placed in different background, computing
also their magnetic moment and their gyromagnetic ratio. The second part of the thesis
was then devoted to Lifshitz Holography. In particular chapter 5 was about studying the
Lifshitz/TNC correspondence, previously discovered in the literature, in a fluid/gravity
regime. It has been discovered that there is a new class of Lifshitz perfect fluids in which
Galilean boosts are broken at the perfect fluid level, and the holographic dual description
was realized by a moving black brane solution of the EPD model.

There are still some open problems and follow up projects which would be interesting to
pursue. Some fo these projects are work in progress.

Outlook for the blackfold project

In this paper we have shown that there is an infinite set of conjugate thermodynamic variables
(Bg, Lg) that can be introduced in order to describe the modifications in the first law (2.1)
due to variations of external gravitational fields. We have argued that the most natural
quantity that describes these variations is the gravitational tension (or gravitational binding
energy) that describes the extra energy associated to a black hole due to the presence of
surrounding gravitational fields. We have furthermore argued that the popular choice of
black hole volume and spacetime pressure used to describe such variations in AdS spacetimes
is not the most natural one and leads to non-universal results in the flat spacetime limit.
In order to reach these conclusions we have proposed in Sec. 2.1 that modifications to
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(2.1) should satisfy four different properties. We could, in principle, not demand property (4),
namely, the existence of a universal result when the external gravitational field is removed.
Imposing it, selects the introduction of gravitational tension instead of black hole volume to
describe the modifications of (2.1), namely, via (2.10). Not imposing it, would in principle
render any of the choices of k in (2.4) as good as any other. However, we must also recall
property (1), which requires the existence of a geometrical interpretation. Since we have
shown that the notion of black hole volume can be defined in spacetimes which are solutions
of the vacuum Einstein equations, then the geometrical interpretation in terms of Killing
potentials [137] does not hold. On the other hand, there is a well-defined prescription for
evaluating the gravitational tension, following [105|, that works for arbitrary black hole
spacetimes, at least when there are periodic or non-compact horizon directions or whenever
the black hole admits a blackfold regime. In order to complete this picture, we would need
generalise the prescription of [105] to black holes which do not admit a blackfold regime.
This interesting task we leave for future work.

Furthermore, when considering complete UV theories of gravity, we must in fact add an
extra property, namely, (5) the existence of a microscopic description. As it is well known,
the entropy of black holes has played a central role in developing and testing theories of
quantum gravity. In particular, it has led to the celebrated holographic principle [122, 167]
as embodied in the AdS/CFT correspondence [2|. The existence of a macroscopic entropy
poses the challenge of a microscopic explanation, and one of the successes of string theory
has been to provide this for classes of supersymmetric black holes [166]. Similarly, one
may expect that such microscopic description should also exist for the quantities describing
variations in the gravitational field. In the particular case of AdS, recent work [136] has
given a possible CF'T interpretation of black hole volume. However, we think that a similar
interpretation could be given for gravitational tension and this research direction would be
very interesting to pursue.

Finally, we note that we have constructed novel perturbative black hole solutions in
AdS, plane wave and Lifshitz spacetimes. In particular we constructed the analogue of the
higher-dimensional Kerr-Newman solution in AdS and we gave the first example of a class of
black hole solutions in Lifshitz spacetimes with non-trivial horizon topology. These solutions
were found using the blackfold approach and their consequences for the universality of black
hole volume in the flat spacetime limit were studied. This exercise is yet another illustration
of how the blackfold approach can be used in a very simple way to study interesting properties
of higher-dimensional black holes.

In connection with the novel Lifshitz solutions that we have obtained, we note that since
Lifshitz spacetimes play a role in holography for field theory systems with anisotropic scaling
between time and space [135, 170], it would be interesting to generalise the perturbative
Lifshitz solutions of this paper in order to include charge. In particular, an interesting
family would be the analogue of the Kerr-Newman solutions of Secs. 2.4.2, 2.4.3 in Lifshitz
spacetimes. These would be the rotating versions of the black holes constructed in [168|.
Since for these solutions the Lifshitz vacuum is supported by non-trivial matter fields, this
would require the use of the generalisation of the blackfold equations of motion to such
backgrounds [19].

We also briefly mention a number of more general settings in which it would be interesting
to examine the gravitational tension perspective proposed in this paper. These include
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Taub-NUT spacetimes!, KK bubbles [177] and the more general sequences of bubbles and
holes (see e.g. [72]), other limits of the black saturn configuration, black holes in flux
bagrounds, and high-derivative gravity theories.?

Discussion and Outlook for the Lifshitz Hydrodynamics project

We have shown that there is a new class of Lifshitz perfect fluids in which Galilean boosts
are broken at the perfect fluid level. The holographic dual description is realized by a moving
black brane solution of the EPD model. The motion of the black brane is not obtained by
applying a boost transformation to a static black brane but follows from constructing a new
class of solutions corresponding to Lifshitz black branes with linear momentum. From the
dual field theory point of view the boundary fluid can be obtained by a twisted null reduction
of relativistic fluid in the background of a free scalar source that depends linearly on the
null circle. From the lower-dimensional point of view this corresponds to a Schrodinger fluid
with broken particle number symmetry.

In this work we restricted our attention to a specific EPD model for which we obtained the
counterterms and near boundary expansion by dimensional reduction from AdS holography
coupled to a free real scalar. In order to consider similar solutions of other EPD models we
need to be able to write down the counterterms and near boundary expansions for general
EPD models. Despite a lot of effort the situation is presently still not fully understood.
There are different proposals [52, 53] and [111, 110] (see [160, 22| for earlier work) that
share certain similarilties but that also have some differences. A comparison between [52,
53] and [111, 110] is made in appendix 4.4.6. We believe that more work needs to be done
before we can state what the near boundary expansion and counterterms are for a given
EPD model in the general class that admits Lifshitz solutions. This general analysis includes
asymptotically Lifshitz solutions with hyperscaling violation exponent # and the charge
hyperscaling violation exponent introduced in [92, 96].

A special subset of the EPD models are those for which W = 0 so that the bulk vector
field becomes a Maxwell gauge potential with a U(1) gauge symmetry. It has been shown in
[138] that the corresponding global U(1) symmetry in the boundary theory leads to mass
conservation. For the EMD model we know the black brane solutions that are dual to perfect
fluids analytically [170, 51|. For the solutions of the EPD models with W # 0 we only know
the solution near the boundary and near the horizon but we do not know that interpolating
solution. Hence we have to resort to arguments based on the existence of conserved Noether
charges that are a consequence of various ansatz symmetries that allows one to relate near
boundary and near horizon properties of the solution as was done in [34, 35|]. Here we
followed a similar approach and we added to this various integral forms of the asymptotic
charges related to the existence of Killing vectors. It would be interesting to see how far
one can push this kind of analysis beyond the perfect fluid level. In other words it is worth
exploring if it possible to construct bulk solutions in which the fluid variables such as the
temperature and velocity become slowly varying functions of the boundary coordinates in
such a way that we can extract all the relevant boundary properties from the near horizon
and near boundary features. Further, it would be nice to have numerical confirmation about
the interpolating solution we have assumed to exist.

'Black hole volume and spacetime pressure have been considered for such spacetimes in e.g. [133].
2See e.g. [40] for RN-RN-AdS black holes in Gauss-Bonnet gravity.
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We also remark that it would be interesting to study the role of charge in the boundary
Lifshitz hydrodynamics by adding additional U(1) vector gauge fields to the bulk description
like in [168]. For this the recent results in [91] on non-relativistic electrodynamics coupled to
TNC could be relevant.

Finally, another interesting direction to pursue is to use Horava-Lifshitz gravity theories as
bulk theories in holography [97, 130] and examine the connection with Lifshitz hydrodynamics
[71, 60]. It would be worthwhile to pursue this further in the light of the results of this paper.
In particular in connection to dynamical NC geometry [114] and the finite temperature states
in the 3-dimensional Chern-Simons Schrodinger gravity found in [113].



A. Blackfolds Thermodynamics

A.1 Electrically charged odd-spheres in flat background

The thermodynamic properties of the configurations found in Sec. 1.5.1 can be easily obtained
from (2.42) using formulae (2.37) and (1.77), and written in terms of g, . These read
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while the temperature T' and chemical potential ®y; are given in terms of rg, R, o via the
expressions
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A.2  Uncharged odd-spheres in (A)ds background

The thermodynamic properties of the configurations found in Sec. 1.5.2 can be easily obtained
from (2.42) using formulae (2.37) and (1.77), and written in terms of 7o, R. These read

Qi yVip) 91 3/2
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while the temperature T is given in terms of rg, R via the expressions

2
dnrg \| R2(n+p+1)+n+p

Moreover using (1.43) it is possible to compute the tension of the blackfold and the result is
the following

Qi)
T — _%rgm\/m(n +p+1) . (A.5)

With this tension and the previous thermodynamics the Smarr relation (1.44) is satisfied.

A.3 Black odd-spheres with string dipole in flat space

In terms of the parameters rg, o, the thermodynamics quantities associated with the pertur-
bative solution of Sec. A.10 are
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A.4  Black discs in flat background

For these black holes found in Sec. 1.5.4, the thermodynamic properties can be extracted
from (2.53) and read
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The mass of the black hole can be readily obtained using (2.38) together with the free energy
(2.53) and the above quantities.

A.5 Electrically charged black odd-spheres in (A)dS

The thermodynamic properties of the configurations found in Sec. 2.4.2 can be easily obtained
from (2.42) using formulae (2.37),(2.38) and written in terms of 7o, R, @. These read
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where g(a) = sinh acosh o while the temperature T and chemical potential ®y are given in
terms of g, R, a via the expressions
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Black discs in (A)dS: analogue of Kerr-Newmann black holes

For these black holes found in Sec. 2.4.2, the thermodynamic properties can be extracted
from (2.53) and read
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The mass of the black hole can be readily obtained using (2.38) together with the free energy
(2.53) and the above quantities.

Electrically charged black discs in plane wave background

Here we collect the thermodynamic properties of the configurations of Sec. 2.4.3. These are

given by
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A.8 Black odd-spheres in Lifshitz background

The thermodynamic properties of the Lifshitz black holes found in Sec. 2.4.4 are given by
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where we have assumed that (2.69) holds and where 5 and ro are given by (2.65) and (2.68)
respectively.

A.9 Black odd-spheres in Schwarzschild background

In this section we collect the conserved charges for the black odd-spheres constructed in
Sec. 2.5.1. These are given by
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while the mass was given in (2.76). Also the horizon radius and the chemical potential are

given by
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Since we will need to compare this with the black saturn solution in App. A.12 it is convenient
to provide these thermodynamic properties in the uncharged limit. In this case we have
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A.10 Black odd-spheres with string dipole

In this appendix we consider a related configuration to the one studied in Sec.2.4.2 where
instead of an electric charge, the black hole has a string dipole charge. The geometry is still
characterised by (2.41) and the free energy (2.42), but it must be supplemented with the
polarisation vector [43],
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Using the free energy (2.42) where now the dependence of @ on R is different than in the
previous case, we obtain the equilibrium condition
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Again, in the flat space limit, this reduces to the result obtained in [43]. A discussion of the
different limits and static cases follows similarly to the previous section. Furthermore, we
obtain the tension
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The thermodynamic properties can be easily obtained. In terms of the parameters rg, R,

these read
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while the temperature and chemical potential are given by
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A.11 Disc with low intrinsic spin in AdS global background

From the free energy functional we are able to compute all the thermodynamics, at leading
order in w.
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A.12 The blackfold limit of the static black saturn

In this section we take the blackfold limit of the black saturn solution of [74| for which the

spherical black hole in the centre is static and compare this with the results of Sec. 2.5.1.
We are interred in the case for which the angular momentum of the black hole in the

middle vanishes. Following the notation of [74], this means that J?# = 0 which in practice
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amounts to set the constant ¢; = 0. In this case we have the following thermodynamic
properties for the black ring surrounding the black hole

3w L2 wL3  [ksko 1 [kiks
MBE — k JgbBRr T2 e BR . — A.28
4G 2 G Vor LV 2k (A.28)
_ _ 3.2 _ 3
oL 2ko (ko — ks3) G\ k1(ky — k3)(1 — ks3)

It is also important to take a look at the mass of the black hole in the centre. This is given
by

(1-ki) . (A.30)

The constants ki, ko, k3 are related to the rod intervals of the seed structure used in [74] in
order to obtain the solution. These are required to satisfy

0<ks<ko<k <1, (A.?)l)

but only two of them are independent. The balancing condition, in order to avoid conical
singularities, fixes one of them in terms of the others . This condition reads

(k1 — ko) = \VE1(1 — ko) (1 — k3) (k1 — k3) (A.32)

and has two solutions but only one satisfies (A.31), which reads

) \/—kl(kg — 1) (= (e — 20y + kg + ey (g + 1)2 + 4K3)
k3 = = +k+1 . (A.33)
2 ki(ke — 1)

Limits

From the mass of the middle black hole (A.30), we see that the limit in which we recover the
black ring, and hence the middle black hole disappears, is the limit for which k; = 1. It is
indeed useful to consider the reparametrization ky = 1 — 8 where now the black ring limit is
achieved when # = 0. An expansion in powers of 5 is thus a weak background gravitational
field expansion which can be thought of an expansion in powers of /L where § is related to
the middle black hole horizon and L is the radius of the black ring. Here we fix the radius L
which formally can be set equal to one.

Furthermore, we wish to know the limit in which the black ring is ultraspinning and
hence becomes effectively thin. Since we have fixed the radius L, this limit is achieved by
sending ko — 0 for which the black ring mass (A.28) is small and hence we have an expansion
of the form ky/L where ks is proportional to the black ring horizon radius.

Therefore, to first order 8 and to leading order in ko we find the following thermodynamic
expressions

1 1 L3rk
BR __ = 2 BR _ 2
OBR — <1+46)+0(5,k2),J G

5 2 1.2
2L (1 + 46> +0(B%k3) ,  (A34)
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L3n2k2
2G

o (1) o, s

5 2 14
o Lks <1 - 4ﬁ) +O(B% k3) . (A.35)

Furthermore, note that MP® does not get corrected with these expansions, neither does
MPBH _ To all orders in this expansion, they are given by

3w L2 3w L2
4G 4G

If we set 8 = 0 in these expressions we recover the thermodynamics of 5D ultraspinning black
rings. Here we have performed a weak-field expansion in order to gain intuition regarding
ultraspinning regimes of the black saturn. However, this is not necessary. To all orders in
and to first order in ko we obtain

BR __ 1 1_/82 BR_LBWkQ 1—|—5
. ~vaL\ 2-6 =" \'2-38+52 (A.37)

BrR_ 1 (2-p8)(1 - p)? BR __ V2037 k3 (1-2p)3
= 2L7rk2\/ 2 — 48 , 570 = (1—/3)G2 (2-p8)3 (4.38)

Comparison with the blackfold construction

MBE —

ky , MPH = B . (A.36)

We now compare this analytic solution with the construction of Sec. 2.5.1. Using the
thermodynamic charges obtained in (A.17) and taking the particular values D = 5,p =

1,n =1 we find
1 /1-R* R%ryv2+R2— R4
_ Lty o vat RY , (A.39)
R\ 2 _-R2 2G 1—2R?

1 1 — 3R2 + 9R4 0m2Rr2 | 9 - R2
- SRET2RT g 2 fing R” (A.40)
47T7“0 2 _R2 G 1 —2R2

OBE in

If we now compare the angular velocity €2 given in (A.39) with the analytic solution
(A.37) we find that we must have

R=V2L , R*=3 . (A.41)

Furthermore, comparing the temperature 7" in (A.40) with T2% in (A.38) we find that we

must have
(1 —3R2 + 2R%)(1 — 2R2
ro = f\/ 3R? +2RY)(1 —2R?) (A.42)

(2 — R2 (1— R2)
Indeed, this identification is enough to match both the entropy and the angular momentum
of the analytic solution with the blackfold approach. As for the mass, we refer to the
discussion at the end of Sec. 2.5.1, in which we have noted that the mass of the blackfold
construction does not match the mass of the analytic solution MP®. Instead we find that,
in the particular case of D = 5, we have an agreement by subtracting an appropriate factor
of the tension, namely,

1
MBE = p— 5T - (A.43)
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