PUBLISHED FOR SISSA BY €} SPRINGER

RECEIVED: November 18, 2015
ACCEPTED: December 29, 2015
PUBLISHED: January 19, 2016

DC conductivity of magnetised holographic matter

Aristomenis Donos,” Jerome P. Gauntlett,’ Tom Griffin® and Luis Melgar®
@Centre for Particle Theory and Department of Mathematical Sciences,
Durham University, Durham, DH1 SLE, U.K.
b Blackett Laboratory, Imperial College
London, SW7 2AZ, U.K.
E-mail: aristomenis.donos@durham.ac.uk, j.gauntlett@imperial.ac.uk,
t.griffin@imperial.ac.uk, luis.melgar@imperial.ac.uk

ABSTRACT: We consider general black hole solutions of Einstein-Maxwell-scalar theory
that are holographically dual to conformal field theories at finite charge density with non-
vanishing magnetic fields and local magnetisation currents, which generically break trans-
lation invariance explicitly. We show that the thermoelectric DC conductivity of the field
theory can be obtained by solving a system of generalised Stokes equations on the black
hole horizon. For various examples, including Q-lattices and one-dimensional lattices, we
solve the Stokes equations explicitly and obtain expressions for the DC conductivity in
terms of the solution at the black hole horizon.

KEYWORDS: Gauge-gravity correspondence, AdS-CFT Correspondence, Holography and
condensed matter physics (AdS/CMT)

ARX1v EPRINT: 1511.00713

OPEN AcCESs, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP01(2016)113


mailto:aristomenis.donos@durham.ac.uk
mailto:j.gauntlett@imperial.ac.uk
mailto:t.griffin@imperial.ac.uk
mailto:luis.melgar@imperial.ac.uk
http://arxiv.org/abs/1511.00713
http://dx.doi.org/10.1007/JHEP01(2016)113

Contents

g O @ »

=

Introduction
The background black holes

A users guide to DC conductivity
3.1 Some properties of the Stokes equations

Derivation for a subclass of black hole solutions
4.1 Perturbing the black holes
4.2 Constraints at the horizon
4.3 Electric and heat currents
4.3.1 Radial evolution of currents
4.3.2 Magnetisation currents

Derivation for general black hole solutions
5.1 Stokes equations

5.2 Electric and heat currents

5.3 DC conductivity

Examples

6.1 Extra scalars and Q-lattices
6.2 Comparison with [24]

6.3 Homogeneous black holes

6.4 One-dimensional lattices

Discussion

The time-like KK reduction

Holographic renormalisation
Magnetisation comments

The one-dimensional lattice calculation
S-duality transformations of conductivity

Analytic black hole solutions with NUT charges

11
11
11
13
14
14

16
16
17
18

19
20
21
22
23

25

26

27

29

30

31

33




1 Introduction

In seeking applications of holography to quantum critical systems observed in Nature an
important observable to study is the thermoelectric conductivity. At finite temperature
the quantum critical theory is generically described by a black hole spacetime. Within the
framework of linear response, one analyses the linear perturbations about the black hole
that are induced by applied electric fields and thermal gradients. By solving the linear
equations for the perturbations in the bulk spacetime and then examining their behaviour
at the boundary one can extract the electric and heat currents that are produced by the
applied sources and hence obtain the matrix of thermoelectric conductivities.

It has recently been shown, quite generally, that the calculation of the DC conduc-
tivity actually simplifies dramatically and boils down to solving a generalised system of
Stokes equations on the black hole event horizon [1, 2]. For some simple classes of black
hole solutions the Stokes equations can be solved explicitly in terms of the behaviour of
the black hole solution at the horizon and one recovers the results obtained in [3-6], thus
placing them in a more general context. The black holes considered in [1, 2] were electri-
cally charged and static solutions of Einstein-Maxwell-scalar theory in D > 4 spacetime
dimensions and allowed for general spatial inhomogeneities at the AdS boundary. Such
inhomogeneities, which break translation invariance explicitly, provide a mechanism for
momentum to dissipate [7] and are, generically, essential in order to obtain finite DC re-
sponses. A particularly interesting aspect of the inclusion of bulk scalar fields was the
appearance of a novel viscous term in the Stokes equations on the black hole horizon.

The Stokes equations can be used to obtain some important insights about transport in
the holographic setting. For example, some interesting results can be obtained for the class
of black hole solutions which have horizons that arise as perturbative expansions about flat
horizons. Indeed explicit expressions for the leading order behaviour of the conductivity
were obtained in [1, 2] by solving the Stokes equations perturbatively. In particular, while
the Wiedemann-Franz law is violated, it was shown that to leading order &(cT)~! =
s2/p?, where s and p are the entropy density and the charge density, respectively. One
interesting application is in the context of “coherent” or “good” metallic ground states
whose low temperature behaviour is governed by a translationally invariant ground state
with momentum dissipation being associated with RG irrelevant operators, with the latter
governing the perturbative expansion. The results in [1, 2] complement those obtained using
the memory matrix formalism [8, 9]. Another application is in the context of perturbative
lattices i.e. where the UV deformation is a small perturbation about a translationally
invariant solution. Related results were also obtained from a hydrodynamic point of view
in [10]. Other work on DC conductivity in a hydrodynamic limit includes [11-16]. In
a slightly different direction, the Stokes equations have been used to show that Einstein-
Maxwell theory in D = 4, with some additional assumptions, cannot exhibit metal-insulator
transitions [17]. This result is consistent with the fact that such transitions have been
observed in systems that have extra matter fields or higher dimensions [4, 18, 19].

The principal purpose of this paper is to extend the results for the DC conductivity
in [1, 2] from static black holes to stationary black holes that can also include spatially



varying magnetic fields.! In particular, we will consider black hole solutions in which
the asymptotic behaviour of the spatial components of the bulk gauge-field, A;, at the
holographic boundary are associated with magnetic field sources which include constant
as well as spatially varying pieces. The latter provide sources for the electric currents in
the dual field theory and while they have not been considered much in the holographic
literature (an example is [26]), we advocate here that they are an interesting framework
for considering holographic duals of magnetic impurities.

In the dual field theory these deformations break time reversal invariance and so the
background black holes can have non-vanishing local electric current densities, Jéo) , and
heat current densities, Qoo i, where i is a spatial index and the superscript (B) refers to
the background black hole solution. We will assume that the black holes have Killing hori-
zons which corresponds to the dual field theory being in thermal equilibrium. In general,
thermal equilibrium and the Ward identities imply? that the current densities are con-
served: 0; Joo = 0; Q = 0. Furthermore, since momentum relaxes in the backgrounds
that we consider there will be no net current fluxes (defined in section 3) and we deduce
that the dual field theories can have currents which are magnetisation currents of the form
T = amBri, QB = o, MP with MB)ii = — M3t and MPT = (P
Explicit expressions for the local magnetisation density, M P4 and the local thermal
magnetisation density, M:(FB)ij , in terms of the bulk fields of the background solution will
be given in section 4.3 (and also section 5.2). It is also worth mentioning that black holes
with such magnetisation currents also arise at finite charge density in the context of phases
in which translations and time reversal invariance are broken spontaneously e.g. [26-34].

In addition to the asymptotic behaviour of the gauge-field A; described above, we will
also include analogous sources for the off-diagonal components of the metic g4, where ¢
is the time coordinate. The analogue of a constant magnetic field is now a kind of NUT
charge. In appendix F we discuss a simple analytic black hole solution with such a charge,
but we note that it has closed time like curves. While the physical role of the NUT charges,
in general, is a little unclear, our analysis will nevertheless include them. On the other
hand, again analogous to the gauge-field, the asymptotic behaviour of g;; will also allow
for local sources for the heat currents, which appear to be interesting deformations worthy
of further exploration. All of these deformations break time-reversal invariance and will,
in general, also give rise to magnetisation electric and heat currents.

We will show that the DC conductivity for this very general class of black holes can be
obtained from a generalised Stokes flow at the black hole horizon. The Stokes equations
contain some extra terms that are analogous to those appearing in magneto hydrodynam-
cs.? There is also an additional viscous term arising, roughly speaking, from the behaviour
of g4; at the horizon. These new generalised Stokes equations retain many of the properties

! Conductivities for black holes with constant magnetic fields were studied without lattices in e.g. [20-22]
and for Q-lattices in [23, 24]. Results in the context of massive gravity were reported on in [25].

2The result for J immediately follows from the fact that time derivatives vanish in thermal equilibrium.
The result for @ follows after contracting the Ward identity for diffeomorphisms with the vector k = 0.

3In a different setting non-linear magneto hydrodynamics was related to solutions of Einstein equations
in [35], extending [36].



proved in [1, 2] for the static, electrically charged black holes. One difference, however, is
that we have not managed to derive them from a variational principle.

In generalising the results on DC conductivity to this more general class of black
holes there is an important subtlety. In the presence of magnetic fields and magnetisation
currents one needs to carefully identify the correct transport currents. A general discussion
of this issue was first made in [37]. In the holographic context, in the special case of constant
magnetic fields and for special classes of black holes, the precise transport currents were
identified in [11, 24]. Here we will make a more general identification.

In section 2 of this paper we introduce the general class of black hole solutions that we
shall be considering. section 3 is a simple “users guide” that summarises the computational
procedure for obtaining the DC conductivity of the dual field theory by solving a precise
set of generalised Stokes equations on the black hole horizon. This section also includes a
brief discussion of some of the properties of the Stokes equations. In section 4 and 5 we
provide two derivations of the results explained in section 3.

In section 4 we carry out the analysis for black hole solutions for which there is a single
horizon and in addition it is possible to choose coordinates (t,r,z") globally outside the
horizon. Furthermore, we often consider the case when all fields depend periodically on
the spatial coordinates , in which case they effectively parametrise a torus. One reason
for considering this class is that some readers might find the analysis simpler to follow,
especially with a globally defined radial coordinate. The second reason is that this is the
class of black hole solutions that are most amenable to being constructed by numerical
techniques. In section 5 we use the language of differential forms to derive our main results
for general black hole solutions, including the possibility that there is more than one event
horizon. For readers familiar with the language of forms the derivation of section 5 is in
many ways simpler than the derivation in section 4.

In section 6 we analyse the Stokes equations of section 3 for special classes of black
hole solutions where we can solve the equations explicitly in terms of the behaviour of
the solution at the black hole horizon. We consider general Q-lattice black holes [38]
with constant magnetic fields. As a special sub-case we recover the result of [24] as well
as the older result for the electric DC conductivity for the dyonic AdS-RN black brane
in D =4 [20]. We also show that in the case of black hole solutions which only depend on
one of the spatial directions, the Stokes equations can be explicitly solved in closed form.

We briefly conclude in section 7. The paper also contains various material in six
appendices. In particular, appendix E explores the interesting feature, for the special case
of holographic models in D = 4, that the generalised Stokes equations have an S-duality
invariance, independently of whether the bulk theory itself exhibits S-duality.

2 The background black holes

We will consider theories in D spacetime dimensions which couple the metric, g, to a
gauge-field, A, and a single scalar field, ¢. The extension to include additional scalar fields
is straightforward as we discuss later. We focus on D > 4 and the action is given by

S = /d%\/fg (R —V(¢) — ZT)FQ - % (a¢)2> . (2.1)



We will assume that V(0) = —(D — 1)(D — 2) and V'(0) = 0. This ensures that a unit
radius AdSp solves the equations of motion with ¢ = 0 and this is dual to a CFT with
a stress tensor, dual to the metric, a global U(1) current, dual to A, and an additional
operator O dual to ¢. Note that we have set 16mG = 1, as well as setting the AdS radius
to unity, for convenience.

Our analysis will cover a very general class of stationary black hole solutions with
Killing vector k. The solutions asymptotically approach AdSp and allow for very general
spatially dependent (lattice) deformations as well as non-vanishing magnetic fields. We will
assume that the Lie derivatives of A and ¢ with respect to the Killing vector all vanish:
LiA = Lip¢ = 0. Introducing local coordinates z# = (¢,7, %) at the asymptotic boundary,
with k& = J;, we assume that as r — oo we have

ds? — 1 2dr? + 2 [gg”)dt? + g0 datda? + 24 dtda?| |

A= A+ A e

¢ — A DHLGe) (2.2)
where g,gfo ) ete. are functions of the spatial coordinates, z*, only. The ! parametrise
a d-dimensional manifold, ¥4, with d = D — 2, that can have arbitrary topology. A
subclass of special interest is when all deformations are periodic in the coordinates z* and,
effectively, we can then consider the z? to parametrise a torus, £y = T%. Notice that (2.2)
allows for a general lattice deformation of the CFT. In particular, we have allowed for
a non-trivial spatially modulated boundary metric parametrised by ggfo ), gl(fo), g;oo )A
non-trivial ¢(°) is associated with a spatially modulated deformation of the CFT by the
operator O, which we have assumed has scaling dimension A < D — 1, corresponding to a
relevant or marginal operator. Next, Agoo) parameterises a spatially modulated chemical
potential which can, of course, include a constant piece as well as pieces that depend on the
spatial coordinates. Finally, AZ(.OO) allows for constant and spatially modulated magnetic
fields. For example, in the case that the coordinates x? parametrise a torus we can consider
Agoo)dxi = a;dx’ + fijz:id:cj where the components a; are periodic in the z* and parametrise
sources for the currents, or equivalently spatially dependent local magnetic fields, while
the f;; are constants and parametrise the constant magnetic fields. Note that there is an
analogous situation with glgfo ). the periodic components are associated with sources for the
spatial momentum while the non periodic constant components give what one might call
“NUT charges”. As somewhat of an aside we present an analytic solution with constant
NUT charge in appendix F, but we note that it has closed time-like curves.

We now discuss the behaviour at the black hole horizons, allowing for the possibility
that there is more than one.* We will assume that each horizon is a Killing horizon with
respect to k. In particular, the Killing vector £ is time-like outside all of the horizons and
becomes null at each horizon and furthermore, all of the black holes will have the same
temperature T. We also assume that it is possible to introduce a a time coordinate, t,

“Examples of such solutions have been discussed in [39].



that is globally defined outside the event horizons, with & = d;. In order to describe the
solution at one of the horizons we introduce local coordinates z# = (¢,7,2%) and consider
the general expressions

ds® = gudt® + gprdr® + gijd:cidxj + 2gpedtdr + 2girdatdr + 2gdztdt
A = Aydt + Apdr + Ayda® (2.3)

We assume that the black hole horizon is located at » = 0 and introduce a function
U(r) that is analytic at » = 0, U (r) = r(4r T +...). We demand that the black hole
horizon is regular after Wick rotating ¢t = —i7 and then employing the cartesian coordinates
X = /rcos(2nTT), Y = /rsin(2rT7). We conclude that as r — 0 we have:

gu(r,z) = —U(GO(z) +...), grr(ryz) = U"HGO () +..),
gir(r,x) = U(ger O (z) +...), g1i(r,z) = U(GO(z); D (2) +...),
©) (g
Ag(r,x) —U(G4ﬂ;)AEO)(x)+...> , (2.4)

where the dots refer to higher powers in 7 and all other quantities are, in general, non-
vanishing at the horizon:

gi(ra) =hP @) +...,  gu(rz)=gP@) +...,
Airz) =A%) + ..., Ara)=A0@) +..., ¢(ra)=¢D)+.... (25)

Note that the extra factors of G(°)(z) in the last two equations in (2.4) have been added
for later convenience.

A class of solutions of particular interest is when there is a single black hole horizon
and, in addition, the coordinates (¢, 7, %) are valid all the way from just outside the horizon
to the AdS boundary (i.e. the coordinates in (2.2) and (2.3) are the same). In particular,
the horizon manifold will be the same as the spatial sections at the asymptotic boundary,
i.e. X4, but in general, hz(?) #+ gfjoo). For ease of presentation we will sometimes use this
class of solutions to explain some results, but we emphasise that this is just for convenience.

3 A users guide to DC conductivity

In this section we will summarise the practical procedure for calculating the thermoelec-
tric DC conductivity in terms of the behaviour of the black hole solution at the horizon.
Specifically, it is necessary to solve a system of “generalised Stokes equations” on the black
hole horizon. For simplicity, here we will discuss the class of black holes that we men-
tioned at the end of the last section in which there is a single black hole horizon and the
coordinates (2.3) are valid everywhere outside the horizon. Furthermore, we will focus, at
some point below, on the case of periodic lattices for which the spatial manifold ¥4 can be
assumed to be a d-dimensional torus. In subsequent sections we will derive these results,
explaining the origin of the fluid equations on the horizon, as well as generalising away



from this class. In section 6 we analyse some concrete examples. At the end of this section
we will describe some general properties of the generalised Stokes equations.

We introduce one-forms E = E;(x)dz’ and ¢ = (;(x)dz’, defined on a general 34, which
parametrise the applied external electric field and thermal gradients, and we demand that
they are closed: dE = d{ = 0. One then must solve the following system of “generalised
Stokes equations” for the variables (v, w,p) on the black hole horizon ¥:

Jj
; it (0) . 4(0 (0) ©_~0
—2VIV uj) + v [V OV + axTdy )| — F; Q)

_ Z(O)Ago)(Ez‘ + Vw) +4rT¢ — Vip,

Vﬂ)i = O, 8ZJ(ZO) = 0, (3.1)
where
Jioy = VRO ZO(E + Viw + AP + F0F) (3.2)

Here, the covariant derivative, V, is defined with respect to the horizon metric hg.)) and
all indices are raised and lowered with respect to this metric. The horizon quantities for
the background black holes, ¢(©), x(9), A§0)7 are defined in (2.4), (2.5) and Fi(jp) = 8Z~Aj(0) —

8]-Ai(0). We have also defined Z©) = Z(¢(9)). Compared to the results obtained for the
purely electrically charged black holes in [1, 2] we highlight the term Fi(jo) J (jo), which perhaps
might have been expected by analogy with magneto hydrodynamics, as well as the novel

% involving dxl(?) = 81-)(;-0) — an§
principle, be non-zero even if gg)o )= 0in (2.2). An illuminating equivalent presentation of

viscous term 9 1t is worth emphasising that dy(® can, in
these equations is given in (3.14), below.

Having solved these linear partial differential equations for (v, w,p), we can obtain
expressions for J(io) and Qéo)v the electric and heat current densities at the horizon, respec-
tively, in terms of the sources E;, (;, where

Q%o) = 47TV hO)y" . (3.3)

To obtain the DC conductivity we need to obtain suitable current flux densities at the
asymptotic boundary from this horizon data.

To do this we now focus on solutions which are periodic in the z* coordinates with
period L;: x% ~ 2 4+ L; and we illustrate for the cases of d = 2,3. For d = 2 (i.e. D = 4)
we define the following current flux densities at the horizon

_ 1 L1
1 1 2 2 2 1
To =1 /J(O)d:z: =1 /J(O)d:n : (3.4)

5Tt would be interesting to see if similar terms can also appear in the non-linear Navier-Stokes equations
that arise in different gravitational calculations, such as [36, 40-42].



where J! and J? is the current flux density through the 2 and x! planes, respectively, and
we define Q' in a similar way. Similarly, for d = 3 (i.e. D = 5)

_ 1 - 1 - 1
1 2 371 2 1 3 72 3 1 2 713
(3.5)

It is an important fact that these current fluxes J_(io) are constants. For example, J_(lo)
in (3.4) is clearly independent of z2. In addition, the derivative with respect to x!' can
be seen to vanish after using &;J(io) = 0 in the integrand. These fluxes could thus also be
defined by doing an averaged integral over all spatial directions.

For the sources we write
E = Eidz' + de, ¢ = Gdz' + dz, (3.6)

with constant E;,(; and e, z arbitrary periodic functions. The thermoelectric DC conduc-
tivity matrix is then obtained via

T\ (o Tail (B
()~ (7o) (2) o

If this is in fact the thermoelectric DC conductivity, as claimed, we must be able
to identify the sources and the current flux densities at the horizon with those at the
asymptotic boundary. For the sources (in the present context) this is trivial because Ej;, (;
are constant. For the currents, however, there is an important subtlety in the presence of
magnetic fields [11, 24, 37]. In order to extract the physical transport currents that couple
to the external sources, we must subtract out the magnetisation currents. As mentioned
earlier, the holographic current densities of the background black holes, éf )i, ng )i, are
magnetisation currents of the form

TP gm®i QW= oM P (3.8)

where explicit expressions for the local magnetisation density, M (59 and the local thermal

magnetisation density, M}BW , in terms of the bulk fields of the background solution will

be given in section 4.3. In particular the background black holes have vanishing current
flux densities: jéf i — 7&5 i 0. The constant “transport current flux densities” of the

dual field theory, J¢, Q, are then defined via

T =T + M B¢,

Q' = Qi+ MBiiE; +2MP¢; (3.9)
where J'_, Q% are the total holographic currents of the dual field theory.% A key fact is
that the transport current flux densities have exactly the same value as the current flux
densities at the horizon:

Ti= Ty, Q=0 (3.10)

SThere is a small subtlety concerning counterterms which we will come back to later. We emphasise,
though, that it does not affect 7* and Q.



and hence (3.7) is relating the transport current flux densities of the dual field theory to
the sources which defines the DC conductivity matrix.

3.1 Some properties of the Stokes equations

The generalised Stokes equations (3.1) satisfy various properties, for general 3,4, that were
shown to hold in the case of purely electrically charged, static black holes in [1, 2]. For
example, if we multiply the first of the Stokes equations (3.1) by v# and then integrate over
the horizon we obtain

/ d?a\/hO) (QV(%J')V(WJ-) + [W/V;6O1 + ZO|E; + Viw + Fv? |2)
— /ddx(J(iO)Ei + Q) (3.11)

The left hand side is a positive quantity which implies the positivity of the thermoelectric
conductivity matrix.

We next consider the issue of uniqueness of the solutions to the Stokes equations with
the same F, (. Taking the difference of two such solutions we obtain a solution to the
equations with £ = ¢ = 0. Denoting such a solution again by v, w,p, we easily deduce
from (3.11) that we must have V0?) = 0, v'V;6(0) = 0, V,w + iji(jO) = 0. From (3.1)
we then deduce that V;p + (47rT)vjdx§?) =0, and viViAgo):O. Thus, we must have, in
particular, that v’ is a Killing vector which preserves w,p and Ago), but we note that in
general this smaller set of conditions are not sufficient for finding a solution to the source
free equations.” A solution to the source free equations on the horizon, supplemented
by the rest of the perturbation in the bulk, is in fact a quasi-normal zero mode of the
background black hole. If the black hole admits such a zero mode then the DC conductivity
is not defined.®

As in [2] we can eliminate the sources locally from the equations but not globally.
Indeed, locally, we can write F = dé and { = dz, for locally defined functions €, Z, which
we can then eliminate by redefining w, p, respectively. This also shows that the exact part
of the forms F,({ does not contribute to the DC conductivity, and this justifies why we
ignored the exact terms in (3.6) in obtaining the DC conductivity above.

Unlike the case of static black holes with purely electric fields of [2], when dx© £ 0,
Fz-(jo) # 0 we have not found a way to obtain the generalised Stokes equations (3.1) from a
variational principle. For the static black holes the variational principle was used to argue
that Onsager relations were always valid. In general, the Onsager relations imply that the
transpose of the full matrix appearing in (3.7) is symmetric provided that one replaces the
source terms with their time reversed quantities. For the black holes of this paper we need
to reverse the sign of XEOO) and AEOO). Since we have assumed that the time coordinate ¢
is globally defined (outside the event horizons), this corresponds to reversing the sign of
X(O) and AEO) at the horizon. For particular classes of black holes, discussed in section 6,

"For example, consider the standard D = 4 dyonic black hole given in (6.16). The vector v* = (1,0) is
Killing, but we cannot just demand that w is independent of x we also need d,w = B.
8We expect that there are no solutions to the sourced Stokes equations if and only if a zero mode exists.



we will show that the Onsager relations are indeed satisfied. We leave a general proof to
future work.

It is also interesting to write the Stokes equations at the horizon in a way that further
highlights their structure as equations for an auxiliary fluid at the horizon. The current
densities at the horizon can be written

Ty = prv’ + T (950 + By + F*) |
Qloy = Tsuv', (3.12)

where we define the horizon quantities

pir = VO 2040 sy = 47V h(O)

N = \/ﬁz@hzf)), ng = — . (3.13)
The generalised Stokes equations are then

77H( —2V/V ) + Ujvj¢(0)vi¢>(o)) - dX(Q)Q{o) - Fi(JQ)J(jb)

j

e . . P . p
= pH(Ez + Vzw) + T'spr <Cz Vi 47TT>

9iQp) =0, al-Jg’O) =0, (3.14)

In (3.12) we see that pp, sy and Ez are local coefficients in constitutive relations for the
auxiliary fluid. We emphasise that, in general, Zg is not the same as the physical electrical
conductivity 0% of the dual field theory obtained via the horizon calculation (3.7). However,
for some special sub-classes of black holes they happen happen to be the same.”

It is also worth noting that similar comments apply to 7. In fact, since the background
black holes we are considering can be anisotropic, the holographic shear viscosity is actually
a tensor and clearly is not directly related to ny. On the other hand, the total charge
density, p, and the entropy density, s, of the dual CF'T can be obtained by averaging pp
and sg over the torus, respectively.

As noted earlier, we have set 167G = 1. Reinstating factors of G we would find
nH,pH,sH,J(iO) are all rescaled by 1/(16wG), consistent with (3.14). This also leads to
an overall factor of 1/(167G) appearing in front of the conductivity matrix in (3.7), from
which one can deduce the overall dependence on N, the number of colours of the underlying
dual CFT.

For the special case of D = 4 spacetime dimensions the Stokes equations have an
S-duality invariance, independent of whether or not the bulk equations of motion are S-
duality invariant. The implications for the DC conductivity are explored in appendix E.

9Furthermore g is sometimes the same as the electrical conductivity at zero heat flow, cg—o = o —
Tak '@, but again they differ in general.

,10,



4 Derivation for a subclass of black hole solutions

In this section we will explain how the results for calculating the DC conductivity sum-
marised in the previous section can be derived. As in that section we will assume that
there is a single black hole and the coordinates (¢, r,z") are valid everywhere outside the
horizon. Similarly, for the most part we will allow for arbitrary >;. We will generalise to
other cases in section 5 using a more general formalism.

4.1 Perturbing the black holes

In order to introduce suitable sources for the electric and heat currents we consider the
following linear perturbation of the black hole solution (2.3):

5(d82) = 0gdatdx” — 2t g Cidtda’ + t(guC + gtjg}-)d:ridxj + 2t gy, Cdrda
§A = dayda” — tEdx’ + tA¢dat (4.1)

as well as §¢. The source terms E = E;(x)dx' and ¢ = (;(z)dz’ are one-forms on Y4,
but the other functions in the perturbation depend on both r and 2’. We impose that £
and ( are closed forms, dE' = d¢ = 0. This generalises what was studied in [1, 2] and in
particular all time dependence of the equations of motion is satisfied, to linear order in the
perturbation.!©

At the AdS boundary we assume that the fall-off of the perturbation as r — oo is such
that the only sources are given by F and (. We do not need to make these conditions more
explicit to obtain our results.

It is important that the perturbation is regular at the black hole horizon. Switching
Inr

from the time coordinate ¢ to the Kruskal coordinate v =t + ;~% + ..., near r = 0 we
demand that we have:
Sgi = U(6g) +..), Sgrr = U (699 +..),
Sgre = 69 + ..., 5gt¢=5g§?)+---,
0gi; = 592-(](-)) +..., 0Gri = U_1(5gt(?) +...), (4.2)
where 5._%(1?) + 597(»9«) - 2697(3) = 0. Also:
day = 5a§0)(x) +..., da, = U*I(éago)(x) +...),
Inr
daj = o (=Ej + AGy) + .. 6 =660 + ... . (4.3)

4.2 Constraints at the horizon

We have assumed (in this section) that the black hole solution admits a global foliation
by surfaces with constant r. Thus we can rewrite the equations of motion using a radial

1075 see this, note that since E and ¢ are closed, locally we can write E = de and ¢ = dz. First make the
gauge transformation 6 A = d(te) = edt+tE;dz’. This removes the time-dependent tE;dz’ term from (4.1).
Then make the coordinate transformation ¢t — (1 — z) so that dt — dt(1 — z) — t(;da’. This removes the
remaining time dependence present in (4.1) (to linear order in the perturbation).
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Hamiltonian decomposition. To do this we introduce the normal vector n*, satisfying
n*n, = 1. The D-dimensional metric g,, induces a (D —1)-dimensional Lorentzian metric
on the slices of constant r via h,, = g, — n,n,. The lapse and shift vectors are given by
n, = N(dr), and N* = h*,r", respectively, where r* = (0,)". The gauge-field components
are decomposed via

b, =h," Ay, o =—-Nn'A,, (4.4)
and we define f,, = d,b, — 0,b,. The momenta conjugate to h,,, b, and ¢ are given by

T = —/—h (KM — K h*) |
= \/—7hZF“pnp,
Ty = —V —hn" V¢, (45)

respectively, where K, = %Enhuy. As usual the Hamiltonian density can be written as a
sum of constraints

H=NH+N,H"+®C. (4.6)

Explicit expressions for H, H,, and C' in terms of canonical variables were given in equations
(A.9)—(A.11) of [2].

As in [1, 2], for the perturbed metric we want to evaluate the constraints on a surface
of constant r close to the horizon and then take the limit » — 0. The calculations, which
are rather lengthy, closely follow those in [2]. For the background black hole solution we
find that the constraints are all satisfied on the horizon. At linear order in the perturbation
we find that the Gauss Law constraint C' = 0 implies 9;7° = 0 on the horizon, which is
the equation &J(io) = 0 given in the generalised Stokes equations (3.1). Similarly, the time
component of the momentum constraint, H; = 0, implies the incompressibility condition!!
Vgo)vi = 0, as does the Hamiltonian constraint, H = 0. Finally, the ¢ component of the
momentum constraint, H; = 0, implies the remaining equation given in (3.1). In terms of
the perturbation, the variables v?,w, p in (3.1) are given by

(0)

v = =00y
w= (5a§0) ,
_ ArT (0) ij(0) (0) ¢ (0) i(0) &G(O) (0)

0)
ij
We emphasise that evaluating the constraints close to the horizon picks out just the

subset of the perturbation involving 5@%0), (592-) ) and (599

where hi7(0) is the inverse metric for h

, as well as the sources F, (.

Furthermore, for a given set of sources the resulting generalised Stokes equations are a

closed set of equations for 5a£0), 59;9 ) and (591(2).

"Recall that we dropped the superscript (0) in (3.1).
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We also emphasise that the derivation of the Stokes equations we have just outlined
only depends on the local behaviour of the metric and the perturbation near the horizon.
In particular it only assumed that one can locally foliate the spacetime with surfaces of
constant r near the horizon. We will return to this point later.

4.3 Electric and heat currents

We define the bulk electric current density J¢ = (J, J%), which is a function of (r,z?), as
JO = /=g ZF°T . (4.8)

In the radial decomposition we have
J =7, (4.9)

The current density of the dual field theory is obtained by evaluating J¢ at the AdS
boundary. Defining J(io) = J%|,—o we find the expression for J(io) given in (3.2).
For the heat current, as in [1, 2] we first define:

27 1
wo= oyl - 22 _plepvleq -~ [(3-D ZFH 4.1
o = o~ 2L a, - L (3 D)+ glzE, (410)
where ¢ = i A and we write i ' = ¢ + df for a globally defined function 6. We will take
0 = —A;, so that ¢ = —0 = A; and ¢, = 0;A,. We then define the bulk heat current
density, Q°, via

Q= /—gG"". (4.11)
Using the radial decomposition we can express @Q° as
Q' = —2r'y — Ay (4.12)

An explicit calculation shows that this is time independent. Furthermore, Q° at the AdS
boundary, Q°_, is the heat current density of the dual field theory.'? We also note that at
the horizon, we have Q‘@ = 47 TVhO) .

Notice that G is not gauge independent. However, this does not affect our results.
We should only allow gauge transformations that leave i; A fixed at the AdS boundary, to
ensure that we do not change the chemical potential, and also at the horizon, to maintain
regularity. We then see that such gauge transformations will not change Q° at the horizon
nor at the AdS boundary.

A subtlety, which we will return to below, is that the electric and heat currents at
the boundary, J, and Q°

‘o, will be divergent in general and need to be renormalised by

boundary counterterm contributions.

12At the AdS boundary we have 2(7%;)oo = (v/—gt't)oo Where t is the stress tensor.
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4.3.1 Radial evolution of currents

We now examine the radial evolution'? of the bulk current densities J?, Q*. The equation
of motion for the gauge field is:

Du(v/—gZF"™) =0, (4.13)

which implies the conditions

OnJ' = 0j(V/=gZF") + /=g ZFU¢;,
;0 = JG . (4.14)

We also have 0;J! = —J'(;; the local charge density is changing in time due to the presence
of the sources F, (.

A little more work is required for the heat current. Using the equations of motion,
kEtV,,¢0 = 0 and the fact that

1 1
V=0, VvV, VHE) = <2vug#> K = 5 (dk)G, (4.15)
we can show that
2V D-3 ZALE(FY7)
(73 0 v vp Vi _ 7
V.G ( V¢ + _2> kY + (dk)"P¢, + D—QZF Yy D5 ,  (4.16)

where 1 was defined below (4.10). It is worth highlighting that unlike for the purely
electric black hole solutions studied in [1, 2], in general (dk)"?(, k. From this expression
we deduce

0,Q" = 0;(v/—gG) + 2y/=gG¢; + —gZFVE;
8iQ" =2Q'¢i + J'E;. (4.17)
4.3.2 Magnetisation currents

We begin by considering the currents for the background black holes (i.e. when we set
E = ¢ = 0 and hence the whole of the perturbation to zero). One can show that J* and
Q' then both vanish at the horizon. Hence, upon integrating (4.14) and (4.17) we deduce
that the holographic current densities for the background black holes, denoted with the
superscript (B), are given by magnetisation current densities of the form

JB)i — 8jM(B)ij 7

QB = ;MBI (4.18)

where the local magnetisation density, M%(x), and local thermal magnetisation density,
M (z), are given by

MY = —/ dr\/—gZF" |
0

M:ZF] = —/ dr/—gG . (4.19)
0

!3Recall that in this section we are assuming that the radial coordinate is defined all the way from the
AdS boundary down to the black hole. This condition is relaxed in the next section.
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Clearly 0; J(B = 0;Qx (B)e

odic lattice with ¥, (effectively) a torus, as in section 3, then we deduce that the cur-

= 0. If we now assume, for simplicity, that we have a peri-

rent flux densities for the background black holes, defined as in (3.4), (3.5), must vanish
7(B)i _ A(B)i
Joo = Qoo =0.

When we switch on E,(, we want to study the local “transport current densities”,
J4(x), Q'(x) of the boundary theory that are obtained by subtracting off magnetisation
currents generated by M, Mp. Following the lead of [37], these can be defined at the
holographic boundary via:

T’ = T+ MG — ;M7
= Qi+ MPUE; 1 oMP¢; — oM (4.20)
Notice that the terms on the right hand side added to J, and Q°_ ensure!? that
XTI =0, 9,9 =0, (4.21)

as one can deduce from (4.14), (4.17) and (4.18).

By integrating (4.14), (4.17) we now deduce that these local transport current densities
are exactly the same as the local current densities at the black hole horizon: J*(z) = J, (io) ()
and Q'(x) = Qo) (). Specialising now to the case of a periodic lattice with X, (effectively)
a torus, then we deduce that the transport current flux densities, relevant for the DC
conductivity, are given by the horizon current flux densities:

J'=Jg, 2=, (4.22)
where
ji — jz + M(B)ijCj,
= Q'+ MOWE, + 2P, (4.23)

We now write the closed one-form sources as E = Ejdz’+de, ¢ = (;dz’ +dz, where e, 2
are periodic functions and F;, (; are constants. If we solve the generalised Stokes equations
at the horizon we obtain the current densities J ,Q at the horizon as functions!® of
E;,(;. We can then obtain the constant current ﬂux densities j(io), Qfo) by integrating as
n (3.4), (3.5), and hence obtain, via (4.22), J*, Q" as functions of the E;, ¢; and hence the
thermoelectric DC conductivity via (3.7).

In appendix C we make some additional comments concerning the total magnetisation
of the equilibrium black holes using notation that we introduce in the next section.

To conclude this section we return to the issue of counterterms. We noted above
that J, and Q% will be divergent and receive contributions from boundary counterterms.

" Notice that the terms 9; M and 9, M;«j7 which contain both background terms and terms linear in the
perturbation, are not necessary to ensure this and furthermore they also make no contribution to the flux
densities 7 and Q', consistent with (3.9).

5Recall that we showed in section 3.1 that the currents at the horizon are independent of the exact parts
of E and (.
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Similarly M% and MF}J defined in (4.19) and appearing in (4.20) will also need to be
renormalised. We explain in appendix B how, in effect, we can replace the quantities on
the right hand side with renormalised quantities leaving J%(x) and Q'(x) unchanged. This
cancellation of divergences is consistent with the fact that we have already shown that J*(z)
and Q'(x) are finite quantities through the relations J*(x) = J(io) (x) and Q(z) = QZ('O) (x).

Similar comments apply to the fluxes J¢ and Q.

5 Derivation for general black hole solutions

In this section we will generalise the analysis of the previous section to cover black hole
solutions discussed in section 2, for which we do not assume that there is a single black
hole horizon with the coordinates (¢, 7, 2*) globally defined everywhere outside the horizon.
This covers the possibility that there are multiple black hole horizons all with the same
temperature. We do assume, however, that there is a time coordinate, ¢, globally defined
outside the event horizons, with the Killing vector given by k& = 9;. At the AdS boundary
the solution behaves as in (2.2) with spatial sections ¥;. We do not assume that the
topology of the black hole horizons are also .

It is convenient to write the black hole solution combined with a suitable linear per-
turbation in the following compact form

ds? = —H2(dt + a +1¢)* + ds*(Mp_1),
A=ay(dt+o+1t0) —tE + 8 (5-1)

Here H,a; and the scalar field ¢ are functions on Mp_1, and the metric ds?>(Mp_1) is
also independent of ¢. In addition «, 3 are, locally, one-forms on Mp_q: it is important
that we allow «, 3 to be not globally defined in order that da and df can define non-
trivial cohomology classes, corresponding to NUT and magnetic charges, respectively. We
emphasise that all of these quantities include the background black hole solution as well
as a linearised perturbation. In addition F, ( are one-forms on Mp_; and we demand that
they are closed: d¢ = dE = 0. Locally one can remove the explicit time dependence from
this ansatz!® but not globally. At the AdS boundary we assume that the perturbation is
chosen so that the only source terms are given by E,(. In the local coordinates (t,r,z%)
near the boundary, used in (2.2), we have that E, ( approach closed one-forms on %,.

5.1 Stokes equations

Near each black hole horizon we can introduce local coordinate systems (,7, %) and then
carry out a local radial decomposition of the equations of motion. Evaluating the constraint
equations near each horizon, exactly as outlined in section 4.2, we will obtain a generalised
set of Stokes equations on each horizon. Note that if a given horizon has topology g,
then the source terms will approach closed one-forms on ¥4, with their precise form fixed
by solving the closure condition in the bulk dF = d{ = 0, as well as by the specific closed
forms they approach on Y, at the AdS boundary.

'6This can be seen by writing, locally, E = de, { = dz and then doing the change of coordinate t = (1 —2)f
as well as the gauge transformation A — A + d(fe).
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5.2 Electric and heat currents

We now consider the electric and magnetic currents, working at linearised order in the
perturbation. Using the same notation, the one-form dual to the vector k& = O; has the
form k = —H?(dt + o + t¢). We also have

1 1
V=0, Vv, VE) = <2vugﬂ> K = 5 (dk)"G, (5.2)
and we note that the last term in (5.2) is not proportional to k when da # 0 in the
background solution.

For the electric current we first note that F' = dA with
F=—-H %da; — a;¢ + E) Nk + ayda + dB + a A (E — al) , (5.3)

and we will shortly use the fact that the gauge equation of motion is d * Z(¢)F = 0. For
the heat current we consider the two-form
Z(9)

G=—-dk— ——=kANs—

D—2 55 (B=D)0+¢lZ(9)F, (5.4)

where we have defined s = —iaF, ¢ = it A and i F' = df + 1), with ¢ a one-form and 6 a
globally defined function. For our set up we take ¢ = —0 = a; and ¢y = —E + a; (. We can
show that the equations of motion imply

dx G =(-1)P <—VMC“+1)2Y2) #k — QA *dk
+ 37D sy AP AN L s (Z(6)F) (5.5)
D—2 D—2" """ ' '

We proceed by calculating diy x Z(¢)F = Ly x Z(¢)F = Z(p)0y x F', where the first
equality used the gauge equation of motion, and similarly for diy * G. Proceeding in this
way (and using (A.7)) we obtain the key results

di  (Z()F) = —C Am,
dip*G=—-EAm—2( Amr, (56)

where the (D—3)-forms m and my are given by the following expressions for the background
black holes

m = —HZ*(a;da + df3) my = —H3%do — aym, (5.7)

and * refers to the metric ds?>(Mp_1). Note that (5.6) generalises (4.14), (4.17) of the
previous section. Since F, ( are closed we can deduce from (5.6) that m, mp are also closed:

dm =0, dmp =0. (5.8)
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5.3 DC conductivity

At the AdS boundary of the background solutions, at fixed ¢, we introduce a basis, C,,
a=1,...,b4-1(34) of d — 1 closed cycles. We can then define the holographic current
fluxes through these cycles via

jgoz—/caik*Z(gé)F, ngz—/oaik*G. (5.9)

We emphasise that J2, Q% depend on the choice of cycles C, and not just their homology
class. This is because diy * Z(¢)F|oo = —C A m|so # 0, in general. This is a manifestation
of the fact that these are not the correct transport current fluxes due to the magnetisation
of the background, parametrised by m. We remedy this as follows.

Consider a d-dimensional surface S, in the bulk spacetime which has boundary C, at
the AdS boundary and possible additional boundaries C1, at the black hole horizons. We
first define the horizon current fluxes via

Jf = —/Ca ix* Z(P)F . (5.10)

Since dig * Z(¢)F|g, = —C A'm|pg, = 0 we deduce that jl‘?li only depends on the homology
class of C . We next define the transport current fluxes via

jango+/ CAm. (5.11)
Sa

If we continuously deform S, in the bulk, keeping C; and CF. fixed, then J? does not
change since d(¢ Am) = 0. Furthermore while each of the two terms in J* does depend on
the particular representative chosen for C,, the sum only depends on the homology class
of C,. With these definitions in hand, after integrating (5.6) along S, we immediately
deduce that

TE=>"Jh.. (5.12)
Similarly defining

ngxx,+/(EAm+<A2mﬂ,

Sa

Qfy, = —/C ir* Z(Q)F, (5.13)

a
H;

we have
QL => QY- (5.14)

We have shown that transport current flux densities 72, Q% , are equal to the sum of
the J o 7‘}11, at the horizons. In turn the latter are fixed by solving the generalised Stokes
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equations in terms of the cohomology class of the sources (F, () at the horizon (since the
exact parts do not affect j&_, Q(}L) In turn the cohomology classes of the sources at
the horizon are fixed by the cohomology classes of the sources at the AdS boundary. By
expanding F = E%% + ..., E = E%%% + ... at the AdS boundary we can extract the
DC conductivity.

We can now make the connection with the formulae in the last section explicit. We
first note that when X, is closed it is helpful to use Poincaré duality. The cycle S,, with
fixed homology classes C and C7; is Poincare dual to a closed one-form 7 on Mp_; which
approaches closed one-forms n% on ¥, at the AdS boundary and Ny, at the horizons. We

then have
ja:—/ ngo/\ik*Z(qﬁ)F—i—/ n*ANCAm,
2a Mp_1
Qa:_/ ngo/\ik*G—i—/ n* A (EAm+CA2mr), (5.15)
P Mp_1
and

Th = —/ . Nigx Z(9)F

H;
Q4 :—/ nh A G (5.16)
H;

These definitions only depend on the cohomology class of n®, 75, and nj; .

We now consider black holes with a single black hole horizon, with ¥; = 79 and for
which we can choose the coordinates (r,z%) globally outside the black hole horizon. We
can then take a basis of closed one-forms to be n' = n’, = n%; = ([, L;)"*{dz’} (which
in general are not harmonic). After substituting into (5.15), after a little calculation we
obtain the transport current flux densities (4.23).

In appendix C we make some additional comments concerning m, my and the total
magnetisation of the equilibrium black holes as calculated from variations of the free energy.

6 Examples

In this section we will solve the Stokes equations for several examples and hence obtain
explicit expressions for the DC conductivity using the procedure outlined in section 3. We
will only consider solutions in which the coordinates (t,r,2%) are globally defined outside
a single black hole horizon and moreover just consider periodic lattices, for which ¥; can
be taken to be a torus.

We will express some of our results in terms of the total averaged charge density, p,
of the dual CFT. We recall that the time component of the bulk electric current density
has the form J' = \/=¢Z(¢)F'". At the black hole horizon we thus have py = J|g =
V=902 (O)AEO), as in (3.13). Recalling the equation of motion for the gauge field is d *
[Z(¢)F] = 0, we have

p=ar [ AVTIZOF N = o [ dspn (61)

VOld

where voly = [ d?z+/—h(>) is the volume of the spatial metric at the AdS boundary.
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6.1 Extra scalars and Q-lattices

If we replace our bulk Lagrangian with one containing several scalars, ¢!, with the functions
V., Z depending on all of the scalars and the kinetic-energy terms generalised via

1 1
—5(%52 - —igIJ(QS)(%S]aGva (6.2)
then this leads to the Stokes equations (3.1) as before, with the only change given by
VJ-(l)(O)Vid)(O)vj N QU((b(o))Vj(bI(O)V@'QﬁJ(O)Uj ) (6.3)

We can now obtain the DC conductivities for general Q-lattices in a magnetic field, gener-
alising the results of [24] and [2]. The derivation is very similar to [2] so we shall be brief.

In order to obtain the Q-lattice solutions we assume that the model admits n shift
symmetries of the scalars:

¢l — ¢lo + el (6.4)

with @ = 1,...,n and constant e/«. These could be, for example, shifts of the phase of a
complex scalar. Notice that the function Z must be independent of the scalars ¢!=. Using
the coordinates z* = (¢, 7, x'), the black hole solutions are constructed using an ansatz in
which the scalars associated with these shift symmetries take the form

ple =l 2l | (6.5)

everywhere in bulk with C a constant n by d matrix. For simplicity of presentation we
assume that all spatial coordinates are involved. We then take the remaining scalar fields
and the metric'” to only depend on the radial coordinate. Since Z is independent of
the scalars at the horizon we have Z(©) is a constant. For the gauge field we take A =
adt + a;dzt + Fijxid:vj with a¢, a; functions of r and constant magnetic field Fj;. The
spatial metric at the AdS boundary is taken to be flat and hence the spatial metric on the
horizon, hg-]), is also flat, but there can be a change of length scales with respect to the
coordinates.

In perturbing these black hole solutions, the sources are taken to be E = E;da’,
¢ = (jda’ with Ej,(; constants. All background quantities at the horizon entering the
Stokes equations (3.1) are constant and hence they are solved with constant v*, p and w.

The fluid velocity is given by
) i 4
vl = (MY (MT@- + ?NjkEk) : (6.6)

where we have defined the constant d x d matrices

YAS)
dmp

dmp

Mij =Dij — —LF; + ZOFFF . N7 =6+ Fi, (6.7)

S

"Note that this implies in particular that we have set possible NUT charges to zero. It is simple to
include them e.g. see appendix F.
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and the symmetric d x d matrix:
_ 1o 1o
'Dij = G[a1[a2 C 1iC 2]' . (6.8)

Furthermore, the averaged charge density, p, defined in (6.1) and the entropy density, s,
are given by

p=pu=VhOZOAO sy = dxVRO) (6.9)

both of which are constants.

The current densities J(io)’ Q’@ at the horizon can easily be obtained and are constant.
From (3.7) we can then deduce

y 7(0) Aro? . ,
oW = 847T hlj(o) + 7;p le (M_l)kley
kj

o = dmp Ny (MY

& = Amp (M_l)ik/\/’kj,

R = axTs (M) (6.10)
We easily see that we have the Onsager relations o’ (F) = a(—F), &7 (F) = &(—F) and

ol (F) = o(—F). Note that in general we do not have a = @. Also, the conductivity when
Q=0,00-0=0— Tar~'a, is given by

pid (6.11)
Observe for this case, and recalling (3.13), that we have 08:0 = E?]

6.2 Comparison with [24]

We apply the above formulae to the anisotropic Q-lattice black holes with magnetic fields
in D = 4 considered in [24] (see also [43]). In particular, we can consider the action

5=/ dwj‘q[R — 200 + 21(@) (D) + Da(0)(Ox2)) + Vi(e) - 2 F2)

(6.12)

where we now break translational invariance in the z and y directions by constructing
background solutions with y; = kjz and y2 = koy. The metric is of the form

ds? = —Udt> + U dr? + e®V1da? + e2V2dy? (6.13)
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and F,, = B is a constant. Dropping the superscript on the constant Z ©) for simplicity
of presentation, we then find

g1 eV2tVik3Dy(p? + ZePV2k3®) + B2Z2)  Bp(p* + Ze*2 k30, + Ze2V1k30, + B2Z?)
oY = — ,
A\ —Bp(p? + 2e2V1k3®y + Ze2V2 k20, + B2Z%)  V1TV2020) (02 + Ze2V1k2Dy + B2Z2)
G pk3®oeV1 V2 B(p? + Ze?V2k3d, + B2Z?)
ol = — ,
A\ —B(p? + Ze2V1 k20, + B2Z?) pk2®,eV1tV2
s pk3®oel2 N B(p? + Ze2V1 k304 + B2Z?)
a’ = — ,
A\ —B(p? 4 222 k2®, + B2Z?) pk2® V2tV
iy ST 4me?V2 (e2V1Kk2Dy + B2Z) spB 610
kY= — 6.14
A —spB 4re?V1 (e2V2 k20, + B22)

where A = B2p? + (e2V2k2®1 + B2 Z)(e®V1k3®5 + B?Z) and the right hand side is evaluated
at r = 0. Furthermore, p, s are defined as in (6.9). The expressions agree with [24] and we
note that in general o™ is not equal to a™.

The expression for og—g given in (6.11) is a simple diagonal matrix. We can also cal-
culate the thermal conductivity for zero current flow, % = &% — T@ikalzllalj . Interestingly
it can be obtained by making the substitution B — —p, p — B and Z — 1/Z in the
expression for k. The reason for this will be clarified in appendix E.

6.3 Homogeneous black holes

We can also apply the results we have obtained to the special case of homogeneous black
holes in the absence of a lattice. We simply take the conductivity results for the Q-lattices
given in (6.10) and set D;; = 0. In fact, we can simplify (6.10) further in this case, and

we obtain
o = _p(F—l)m 7 aij — g9 = _g (F—l)z] ’
iy Ts2 . .
Rl = - (NTH(FHM (6.15)
p
Note that we have o = a¥ = %aij. Furthermore, we see that we require F}; to be

invertible as a matrix if we want the DC conductivities to be finite, which requires d to
be even.

A particular example is the standard dyonic black hole solution in D = 4 with ¢ = 0.
It is convenient to define Z(0) = 1/e%. The solution is given by

ds? = —Udt*> + U™ dr? + r?(da® + dy?),

1
A= Adt + §B(xdy — ydx), (6.16)

with constant magnetic field B, U = r? — % + QQ:;HZ and Ay = p(1—=5), with M =r3 +

2 2 . . . .
Q ;;H , H = % and QQ = “2% The event horizon is located at » = r4 in these coordinates.
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The black hole has temperature T' = 31—;(1 _ @+H 2), charge density p = 2Q/e, energy

37"i
density ¢ = 2M and entropy density s = 47r7“_2|r. The conductivities for this black hole can
be obtained from (6.15) (or alternatively directly from (6.14)):

ij_ P (01 ij _ ~ij _ S5 ( 01

”‘B<—1o T T ~10)0

s s2Te? B 2

—ij __ pe

R = BT B (_pGQ B)' (6.17)

The result for 0 matches that found in [20] while the expressions for a, &, k are new.

The broad structure of these results have a simple heuristic interpretation. Suppose
p = 0. Consider applying a thermal gradient in the z; direction: ¢ = ({1,0). Let us now
imagine the system to be made of charged “particles” and “holes” with opposite charge.
The thermal gradient will cause the particles and holes to move in the z! direction and the
magnetic field will deflect them in opposite directions in the z? direction. This sets up a
net current in the 22 direction, corresponding to a'? # 0, but there is no net momentum
flow in this direction and so &2 = 0. When p # 0 the charge density gives rise to &2 # 0
as well as o'2 £ 0.

Other work on thermoelectric conductivity for homogeneous black holes appears
in [21, 22].

6.4 One-dimensional lattices

We now shift gears and consider inhomogeneous black hole solutions which only depend,
periodically, on one of the spatial coordinates, x = x 4+ Lq. To illustrate we just consider
the D = 4 case. On the horizon we assume the background black hole solutions have
the form!®

hg?) da'dr? = ~(x) dx? + Nz)dy?

F{9 = By(z),
—(4rT)x? = x(z), (6.18)

and Xéo) = 0. The scalar field at the horizon is a function of z, ¢(©) = ¢(©) () and hence so
is Z(0). We continue to take the electric and heat sources Fi, (; to be constants.
The incompressibility condition 9;(vV'h(©v?) = 0 is solved by taking

v = (YA) 2 g, (6.19)
with vy a constant. The components of the current density at the horizon, (3.2), can be
written

N A\L/27(0) A§0)71/2
J(O) = T <Ex + axw -+ W’UO + BHUy> 5 (620)
1/2 7(0) B
y _ 0,y _ H
‘](0) =iz (Ey +AA; (7)\)1/2110> , (6.21)

The equation 0;.J 10 _ 0 implies that J 2(0) is a constant.

18We demand that the ansatz for the full solution is invariant under y — —y, t — —t, with the gauge-field
going to minus itself (which is a symmetry of the equations of motion).
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With a little effort we can write the x component of the final Stokes equation in
the form

1/2A(0)
200 Oy (y—l/Z axxlﬂ) ~ Y+ LT — Oup

2\1/2
ONC) v, Bo o _
+<amx Z Al BH>1} oty = TG, (6.22)

where we have defined
I T SR LT
Y= S 0N+ (0:60) + T — (6.23)
On the other hand the y component has the form

)\3/2
8m (71/28%1}3/> = Oz X0 + BHJ(Jjo) _ Z(O)A§O)(7A)1/2Ey o (47TT)(’7)\)1/2Cy ) (624)

We need to use the above equations to solve for four unknowns, namely, the two
constants vy and J(IO) and the two functions v¥ and J(yo) in terms of the sources. From this
we can extract all of the thermoelectric conductivities. We have presented a few details of
the calculation in appendix D and here we just state the final result.

From the z-dependent horizon quantities pg = (y\)/22© )A(O) = 4m(yA\)'/? and
By, we first define the total charge density, p, the total entropy dens1ty, s and the average
magnetic charge B, via

p:/pH, s:/sH, B:/BH, (6.25)

where [ = Lfl f0L1 dx is the period average. We emphasise that p, s, B are constants. We
next define two periodic functions, w;, given by

Jg/ BH—/ P, wQ(x)zB/ BH—T/ sH, (6.26)

where [ = fox dx. From the w; and y we then define the following periodic functions

1/2
. T A1/2y - fVAgi/QX T 1/2
1 - \3/2 f 7;;2 \3/2°
hy
/24,

A P [ Ty
uz () = \3/2 f 71/2 \3/2 7

x ,}/1/2 ;/3/1:2
ug(z) :/ \3/2 ~1/2 / 32 (6.27)

3/2

1/2

Finally we define the constant matrix

)\3/2
U = / 1/2(9 w;iOpj (6.28)

which can simplified a little after substituting in (6.27).
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In terms of these quantities, the components of o can expressed as:

o™ =0,
2
1/2 7(0) 2 1/2 By 70
T /N A A [ S i 7
A1/2 B2 | \/2Z(0) X /\Z(O) A
o = —gvo = £ ) (6.29)

B

(0
where X = [Y + [ 151;/2?3/2 + Uj1. The components of o and & are given by:

- 1 sp ,}/1/2
yy _— FYYy — . 7
ot =l = gt + / N1/2Z00)
1(, p/ pH /BHZ<°> 1, s/ pH
X\ B/ xzO A T8 B Az0) )
my__fym_i
(0% (0% B,

B 4 p DH By zZ©
yr — _/{TY = — _— -
“oTe X (u” B / AZ(0) / A ' (6.30)

Finally the components of & have the form:

e 167

==

1 s?T fyl/

e il
R —TU33+ 72 //\1/2Z(0) ( Uiz — B/)\ZO)> ;
_ _ 4nT S DI
Y pyT
K = —K b <TZ/{13 /)\Z(O)> . (6.31)

One can check that the following Onsager relations are satisfied: of (By,x) =
a(—By,—x), R (Bg,x) = k(=Bg, —x) and o7 (By,x) = o(—By, —x). Finally we note
that from these explicit expressions, one can easily obtain explicit expressions for og—o and

. In this case one can explicitly check that O’ 07 Z;j[ as defined in (3.13). For example
oo = (4m)*T/(BXdetr) [us(psmy — spm) # O

We can also calculate the thermal conductivity . As for the Q-lattice we find that
the result can be obtained by making the substitution By — —pg, pg — By and 70
1/Z2 () the reason for which will be clarified in appendix E.

7 Discussion

It was shown in [1, 2] (building on the earlier work in [4-6]) that the DC thermoelectric

conductivity for a general class of static holographic lattice black hole solutions can be

obtained by solving a system of generalised Stokes equations on the black hole horizon.'”

9The formalism also allows for the possibility of multiple black hole horizons.
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In this paper we have extended these results from the static class to also include sta-
tionary black holes. A particularly interesting feature of this more general class of black
hole solutions is that they are dual to field theories that can have local electric and heat
magnetisation currents.

We showed that the resulting generalised Stokes equations on the black hole horizon
contain some new terms that have a form that could have been anticipated based on
magneto hydrodynamics as well as some additional novel terms. In deriving our results it
was particularly important to identify the correct transport current fluxes after suitably
subtracting contributions arising from the magnetisation currents, in the spirit of [37] and
generalising what was done for constant magnetic fields in [11, 24].

The results here and in [1, 2] provide a new avenue for systematically investigating DC
conductivity and transport within holography. For example, it may be possible to place
bounds on the conductivity, extending the results obtained for the electric conductivity
in D = 4 Einstein-Maxwell theory in [17]. It would also be interesting to further develop
the relationship with studies of hydrodynamics as in, for example, [10-13, 15, 16]. Making
connections with hydrodynamical behaviour in graphene and other materials, as recently
discussed in [44-47], is another avenue for further investigation.

The Stokes equations that we have obtained have a natural extension to Navier-Stokes
equations which contain time derivatives as well as non-linear terms. It would be interesting
if our formalism can be extended in such a way that these more general equations can be
used to extract information about the AC conductivities and possibly conductivities beyond
the level of linear-response (e.g. see [48]).
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A The time-like KK reduction

We consider the metric and gauge-field

ds?* = —H*(dt + a +1¢)* + ds*(Mp_1),

A=aq(dt +a+t¢) —tE+ 73, (A1)
with H, o, 8, E, ¢ defined on Mp_1. We demand that
d¢ =0, dE=(NE. (A.2)

In this appendix, we will not be working at linearised order in F, (.
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Locally we can eliminate all the time-dependence. To see this we write ( = dz and
E = e*de, for locally defined functions e, z. We now write t = e ?t so that dt + t{ = e *dt
and also do the gauge transformation A — A + d(fe). Note that 9; = e*0; with 0; a
Killing vector.

We now introduce the orthonormal frame

eV = H(dt +a+1), e’ =e, (A.3)

with €%e® = ds?(Mp_1). After some calculation we find the following components of the
Ricci tensor in this frame:

2
Roo =V*(Voeln H — () + (Vo In H — () (V" In H — (%) + HT(dO‘ —aA C)Q7
Rio = 294 (H(da —a A Q)%) + (VT H — G) Hlda — o A s,

_ H?
Ry = Rap + 7(da — a/\g)gb —Vao(VeyInH — ) — (Voln H — () (VeIn H — () .

(A.4)

The Ricci scalar can then be written

R=R+ ff(da —aN()? =2V (Valn H — ¢) — 2(Valn H — ) (Ve In H — (%) . (A.5)

We also have
1
F = ﬁ(dat—at(+E)/\eo+atda+dﬁ+a/\(E—atC), (A.6)

For an arbitrary two-form T = T A e’ + T, built from T} and T, on Mp_;, we have
*T = (—1)P*Ty +e® AXT where % is the Hodge dual with respect to the metric ds?(Mp_1).
Thus we have

oF = ()P (day — 0+ B) + A% [adact dB oA (E—aQ)] . (AT)

Similar expressions can be written down for G and *G.

B Holographic renormalisation

In this section we will show that the counterterms do not make any contribution to the
transport current flux densities. For simplicity we will restrict our detailed considerations
to the cases of D =4 and D = 5 bulk spacetime dimensions and just to Einstein-Maxwell
theory. We will also restrict to the configurations discussed in section 4 to illustrate the
main idea.

For the two cases, we need to consider the following actions (e.g. [49-51])

Sp=4 = Spuk + SaH + Scount »
Sp=s5 = Sbuk + ScH + Scount + Slog 5 (B.1)
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where Sy is the bulk action given in (2.1) (with ¢ = 0) and Sgu the Gibbons-Hawking
contribution. The counterterm for both cases is given by

Scount = _/ dD_le v =" <2(D — 2) + Dl—SRD_1> , (B2)

where 7, is the metric on the hypersurfaces normal to the outward pointing n* on the
conformal boundary and Rp_; is the corresponding Ricci scalar. In D = 5 we also have a
logarithmic term

1 L1
Slog = 2 Inr /d4:1: V= <(R4)W (Ry)" — 3 R? — F2> , (B.3)

where we have implicitly assumed a Fefferman-Graham expansion close to the boundary
at r — o0o. For the metric and gauge-field on the boundary, we write:

dsh_y = —H? (dt + &+t () + hyda'da?
Ap_ 1 =a;(dt+a+t¢) —tE+8. (B.4)

Let us first consider the contributions of S.ount to the holographic currents. Clearly
this will not give any contribution to the renormalisation of the current of the background
Jéf ' but it will to Q&f Y However, we will see that this can be absorbed by renormalising
Mr}] in (4.20), rendering it finite. Recalling that Q' = —27%; — 7*4; we want to find the
counterterm contribution to?® —27%. There will be no contributions from terms involving
+%, which of course vanish, and we find

(ﬂ-it)count = (l)\/?g) (RDfl)it . (B5)

For the metric (B.4), using (A.4) we have
i Loy (7 < i\ L 51/2 7 < ij
V= (Bpa)'s = —5h2 Y, (H3 (dé — @A Q) J) FRV2ER (da—ane)i ¢ (B6)

where on the right hand side indices have been raised with hJ and we have kept non-linear
terms in (. Thus the counterterm contribution to the heat current can be written as

f:ount = 8J5M’ZZ“] - 25MJZ“JC] ) (B7)
where 5M%j = W2 H3 (da—an¢)? /(D —3). One can now check that if we add 5M7ij
to M7 in (4.20) then it precisely cancels the divergence proportional to rP=3 at r — 0.
Similar comments apply to the contributions of the log terms in D = 5, which renormalise
both the electric and the heat currents. Thus, in effect, we can replace the right hand side
of (4.20) with the finite renormalised quantities, leaving the left hand side (which is our
principle interest) unchanged.

20Tn our conventions the stress tensor of the dual field theory is obtained as the on-shell variation of the
action: t" = (2/y/=7)05S/6vu. We also have sign change " = 2(x"")/\/—v

— 28 —



C Magnetisation comments

We make some additional comments concerning the relationship between m and myp, de-
fined in (5.7), and magnetisation and heat magnetisation of the equilibrium black holes,
respectively. To do this we rewrite the bulk action (2.1) for the background metric using
the KK decomposition on the time direction. We are interested in the terms in the action
that involve the field strengths da and df (where we are now using the same notation for
the background solution as we did for the perturbed solution in the previous appendix).
After some calculation we find

3
S = [ dtA [g%da Ada — ?%(atda +dp) A (ardo + dB) + .. } : (C.1)

To obtain this we used the expression (A.5) for the Ricci scalar (upon setting ¢ = 0). We
Euclideanise via t = —iT and I = —iS. After recalling that the bulk contribution to the
free energy is given by Wy = T'I (on-shell) we get

o3 ZH
Whulk = —/ [ida A da — T%(atda +dB) A (ada + dB) + .. ] . (C.2)
Mp_1

We next note that the closed forms da and dfS on Mp_q1 have exact pieces as well as
some harmonic pieces (since a and 8 do not have to be globally defined). We introduce a
basis of harmonic two-forms, w?, on Mp_; that approach harmonic two-forms, wé‘o, on g
at the AdS boundary. We can then write da = " yaaw? +... and d3 = >, baw? + ...,
where a4,ba are constants and the dots refer to the exact pieces. We can then define
the magnetisation, M_a, and the thermal magnetisation, My a, as the variation of the
A’ bA

on-shell action with respect a finding the following integrals over the full bulk space

(at constant ¢):

- ow
MWAE:—/ mAw?,
Mp_1

_ oW A
My, = S—an) /MD_1 mr Aw”, (C.3)
where m and mp were defined in (5.7). Recalling that dm = dmp = 0 on shell, and that
m and mp vanish at black hole horizons, we see that the constants M_a, My, 4, which
are properties of the equilibrium CFT, do depend on the choice of harmonic form wOAO on
Y4 of the AdS boundary. Indeed if we shift w? — w? + d\ we see that the result will
depend on A.

We can now make a connection with the formulae for the transport current flux den-

sities given in (5.15). Indeed we can write

ja:_/z ngo/\ik*Z(gb)F_Mna/\Cav
d

Qo = —/ Mo N i x G — Mna/\E — 2MT¢;EA( ) (C.4)
24

and we recall that the left hand side is independent of the representative chosen for the
harmonic one-form n%, .
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D The one-dimensional lattice calculation

Here we present a few details how to obtain the conductivities for the one-dimensional
lattice that we presented in section 6.4. We start by averaging (6.24) over a period in the
x direction. We immediately obtain

- P sT
S0 = gEt+ 5 (D.1)
where p, s, B were defined in (6.25). Integrating (6.24) gives:

1/2

Ocv® = 13/2 (xvo + w1 By + way + 1), (D-2)

where ¢; is a constant of integration and the periodic functions w; are given in (6.26).
Averaging (D.2) over a period, we obtain the value of ¢;:

71/2 71/2
W = — / W(X’UO — ’LUlEy — ’LUQQ;) . (DS)

Integrating (D.2) gives:

T 71/2
oY = / 573 (xvo + w1 Ey +waly +c1) +c2,
= uvg + ue By + usCy + 2, (D.4)

where the periodic functions u; are given in (6.27) and ¢ is a constant of integration.
Observe that the u; satisfy:

T
8,;U3> = O,wy = —SBH —Tspy. (D.5)
Then, using (D.1) and (D.4), we can rewrite (6.20) as

1/2 T
i (p@ﬁf;@> By + 0w +

/270 \ B ~oyvo + B (uive + ua By + usy + ca) . (D.6)

PH
pVAW)

Averaging this over a period, we can determine the value of ¢y

1/2 T 1/2 1
_ p v sT [ 42 1
Ew 1 [ pu
B (B 20 T B / BH“l)”O- (D-7)
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Substituting this back into (D.4) gives:

1/2 5T 1/2 1
v’ = <u2 + = p /)\172Z(0 — /BHu2>E + <U3 + = //\1722( oy B /BHU;),) Cy
- = _|_ < / /\Z(O) /BHU1> 0 - (D'S)

Substituting this into (6.21) gives:

1/2 7(0) 1/2 1
o _ (7 p i
I = ( A\L/2 + pluz + —5 /)\1/2Z(0) B/BHU2)> E,
ST [ A2 p
+p (Ug + — / /2700 B /BHU3 Cy — Ex

1 DH 1 Bz
+ (,o(ul “ 570 B /BHul) Y Vo - (D.9)

Finally, averaging (6.22) over a period in the x direction and using (6.21), (D.1) and (D.4),

we obtain an expression for the constant vg:

1 (p [ pu Bz
0TX (3 220 +/“2636’<+/A By

1 /s PH 47T
X (BT/Az(O) /U:a@mx) G+ —~ G (D.10)

where the constant X is given by

(0)
X = /Y+/ 132372 /ulaxx. (D.11)

Therefore we have successfully solved for the four quantities vg, J* ©) ¥ and JY© in
terms of the sources. Since Qi = Tsyv', we have Q”(UO) = Q%o) = 47Tvy and Qv =
4T [(yA)Y/20¥ while j(zo) = Jo) and Jy = Jy After introducing the matrix

)\3/2
Uij = / 1/28 u;Opuj (D.12)
and a little effort, one can obtain the expressions given in (6.29)—(6.31). Observe that
using (D.5) we can simplify the expressions for U;; a little. We also note that under the
transformation (Bg,x) — (—Bg,—x) we have wu; is odd and ug,us are even, which is
useful for checking the Onsager relations.

E S-duality transformations of conductivity

For the special case of holographic models in D = 4 there is an important S-duality
invariance of the generalised Stokes equations (3.14). We emphasise that this independent
of whether the bulk theory itself exhibits S-duality.
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For the background black holes we write By = Fagg) and py = Vh(0) Z (°>A§°), as before.
Consider transforming the background quantities via

By = pu,  pag— —Bg, 20 51/70) (E.1)

and also transforming the perturbation via

E; + 0w — —e(i) T}y, Mﬁ%»ﬁﬂ+@w, (E.2)

where ¢(zy) = 1. Note that py(E; + ow) + e(ij)J(jO)BH is left invariant under these
transformations, as is &-J(ZO), and hence the Stokes equations (3.14) are also.

To deduce how the conductivities change under this transformation we now consider
the case that (z,y) parametrise a torus. We first observe that 9;w in (E.2) make no con-

tribution to the current flux densities defined in (3.4). Thus we deduce E; — —e(ij)J(JO)

and j(io) — —¢(ij)Ej. Next we examine how the definitions j(io) = oY E; + Ta%(; and
Q’@ =Ta" Ej + TRY fj transform. After a little rearrangement we deduce that the con-

ductivities transform as

0" — —e(ik)oy (1), al — —e(ik)a];llalj,
al — —a* o te(lh), FY — kY =RY — Ta*o . (E.3)
Notice that the transformation of a involves the Nernst response, ¥ = —o 'a, which

determines the electric field that is generated by a heat gradient at zero current flow via
Ej_o=T9C.

It is important to realise that this transformation is relating conductivities as functions
of local horizon data (pg, By, Z©) to conductivities with transformed local horizon data
(—=Bp, pi,1/Z©). In general these are not the same as the holographic physical quantities
defined at the AdS boundary. Furthermore, one is not guaranteed that there is in fact a
black hole solution that has the transformed horizon quantities. It is interesting to observe,
however, that if we want to obtain x for a horizon with (pg, By, Zy) we simply need to
take the expression for & for a horizon with (pg, By, Z (O)) and then apply the inverse
transformation directly By — —pg, pg — By and 2 — I/Z(O). This explains the
observations concerning x made at the end of section 6.2 and 6.4, for the case of the Q-
lattice and also the one-dimensional lattice, respectively. Similarly, for the Nernst response
we have U(pg, By, Z0) = —ea(By, —pu,1/2).

Now consider the special class of D = 4 models which have equations of motion that
are invariant under the S-duality transformations

Fu — Z(¢) * Fu,

with the metric left invariant. This requires V' to be an even function of ¢ and Z(—¢) =
Z(¢)~" which is achieved if Z = ef, with f an odd function of ¢. By examining these
duality transformation at the horizon and using €4,y = \/—¢g we see that induces (E.1) on
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the background. In other words, the bulk S-duality transformation is mapping one bulk
black hole solution with (pg, B, Zo) to another solution with (—Bpw, p, 1/Z0).

After performing the S-duality transformation (E.3) twice, we see that the conductiv-
ities transform as

o — o, a’ — —a

al — —a¥ R — kY (E.5)

This transformation arises from the symmetry transformation 4, — —A, of the full
bulk equations of motion which is also valid in any spacetime dimension and for any
choice of Z, V.

Thus, for general theories in arbitrary spacetime dimension if we have solutions with
pg = 0, By = 0, we can use (E.5) to conclude that we must have o’/ = a“ = 0. For
general theories in D = 4 spacetime dimensions, if we have solutions with pyy =0, By =0
and Z(® =1 we can use (E.3) to conclude that in addition we have det(c%) = 1.

We note that the transformation for ¢ given in (E.3) appeared in [17] for the case of
pure D = 4 Einstein-Maxwell theory, which has bulk S-duality. In addition it was shown
for this specific model in [17] that solutions with py = 0, By = 0 have det(c¥) = 1.

F Analytic black hole solutions with NUT charges

We consider D = 4 black hole solutions given by the ansatz:

2

ds? = —U(r) [dt + k(zdy — ydz))* + dr

2V (r) ( 7.,.2 2
00 +e (dz* + dy*) (F.1)

with A, = ¢ = 0 and we set in V' = —6 in (2.1). It is straightforward to solve the equations
of motion for U,V and we find

rd 4+ 6k%r2 — 3k* — 2mr

U - k2 + ’]"2 )
eV = (K2 +17). (F.2)
where m is a constant. The solutions approach AdSy as r — co with dy(°) = —2kdz A dy,

in the notation of (2.2), corresponding to a non-trivial constant NUT charge. Note that a
holographic analysis of Euclidean AdS Taub-NUT solutions with spherical spatial sections,
rather than the flat spatial sections of (F.1), was carried out in [52].

An important point to notice about these solutions is that they have closed time-like
curves everywhere in the spacetime including the boundary. To see this we switch from
cartesian coordinates (z,y) to polar coordinates (p,f) and then notice that the Killing
vector Jg, which has closed orbits with period 27, becomes timelike on any constant r
hypersurface for p? > %

We choose m > 0. There is a black hole horizon located at the largest root of U(r).
Shifting » — r + r9 we can choose the horizon to be located at » = 0 by choosing the
appropriate root of the quartic: 'ré +6k2rg — 3k* —2mry = 0, with ro > 0. The temperature
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is given by T = (3/47ro)(k? + r¢) and the entropy density is s = (47)2Tro/3. The Stokes
equations, which have dy(®) = —(47T)2kdz A dy, can be solved in a similar manner to the
Q-lattices in section 6.1, and we find

y 10 iy s (0 -1
e (). wen(07) -
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