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1 Introduction

The exploration of the phase diagram of Quantum Chromodynamics (QCD) (see, e.g., [1])
is a very active area of ongoing research in both, experimental and theoretical physics.

It is well known that the zero temperature ground state of QCD (at normal nuclear den-
sities) has two important features: chiral symmetry is broken spontaneously and the color
charges are confined to the interior of the individual hadrons (the scale is about 1fermsi).
However, the studies in lattice QCD predicted that, beyond a temperature of about
150 MeV (in fact, the critical temperature is T, ~ 200 MeV), the hadronic matter undergoes

a transition from the confined phase to a deconfined color phase (of quarks and gluons).!

! Also, by increasing the temperature and/or density the QCD vacuum restores its chiral invariance.



Since the transition temperature is not extremely high, it was expected that this phase
of matter can even be produced in the laboratory. Indeed, the experimental data obtained
at the Relativistic Heavy Ion Collider (RHIC) have confirmed the ‘theoretical’ expectation.

What came as a big surprise, though, is that the experimental data indicate that
the quark-gluon plasma is a new state of thermalized matter, which exhibits almost ideal
hydrodynamic behaviour. The early thermalization and a very small viscosity to entropy
density area (n/s) are characteristics of a strongly interacting system — at weak coupling
(9 < 1), the equilibration time and ratio n/s are proportional with the mean free path
(~ 1/¢*) and so they are parametrically large.

In other words, the experimental data are consistent with the interpretation of the
new state as a strongly interacting plasma (see, e.g., [2] and references therein). This new
phase of nuclear matter (the state of deconfinement super-hot hadronic matter) is known
as the strongly coupled quark-gluon plasma (sQGP).

Obviously, the perturbation theory is not useful to investigate the properties of sSQGP.
Also, the lattice QCD study is not suitable for computing the dynamical quantities of
sQGP. Interestingly enough, valuable guidance for understanding the near perfect fluid-
ity observed at RHIC was obtained from the Anti-deSitter(AdS)/conformal field theory
(CFT) duality [3].2

It is important to emphasize that the gravity dual of QCD is not known. However, the
QCD matter of interest is in a deconfined phase for which the ‘conformal anomaly’ (due
to the running of the coupling) appears to be relatively small. Therefore, since QCD is
approximately conformal at sufficiently large energies, one expects some similarities with
some of the gauge theories that can be studied by using the AdS/CFT duality.

Indeed, a study of quantum field theories (QFT) with a gravity dual revealed the fact
that, when heated up to finite temperature, these QFTs behave hydrodynamically (see,
e.g., [5] and references therein and, also, [6]) at large distances and time scales.

The holographic hydrodynamics (the first attempt to study hydrodynamics via
AdS/CFT was [7]) is an important tool for understanding some properties of strongly
coupled quantum field theories in terms of AdS black holes physics. A notorious example
is the computation of the ratio of the shear viscosity (n) to the entropy density (s). It was
proposed in [8] that there is an universal viscosity bound,® which is also satisfied by sQGP:

ny b (1.1)
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Kubo formula relates the shear viscosity to the two-point function of energy momen-
tum tensor in zero frequency limit (see appendix A for a review). From the field /operator
correspondence of AdS/CFT duality, we know that the energy momentum tensor of
boundary field theory is sourced by bulk graviton excitations. In [7], the authors have
considered graviton excitations polarized parallel to the black brane, which are moving
transverse to it. They found that the graviton absorption cross section is related to the
shear viscosity coefficient.

2A concise review of phenomenological problems that can not be solved by the standard field theoretic

approach, but for which the AdS/CFT duality may be useful, can be found in [4].
3However, there are known examples for which the bound is violated (see [9] and references therein).



In this paper, we use holographic techniques to investigate the properties of 4-
dimensional gauge theories with finite electric charge density in the presence of a constant
magnetic field. Strong magnetic fields are created in heavy ion collisions at RHIC, and
some models were studied in [10-14].

A study of black branes solutions of Einstein-Maxwell AdS gravity with a gauge Chern-
Simons term can be found in [15-17]. We use the entropy function to carefully study the
near horizon geometry of these black branes at zero temperature and discuss different
branches with finite area horizons. This allows us to obtain an analytic expression for the
entropy density that supports the numerical analysis of [17] (though, we find a larger class
of near horizon geometries). That is, there is a critical value of the magnetic field for which
the entropy vanishes.

We also extend the work of [15, 16] by including a modulus, which is exponentially
coupled to the gauge field kinetic term in the action. This kind of coupling appears in con-
sistent truncations of type IIB supergravity on Sasaki-Einstein manifolds [20-23]. In the
extremal limit, we argue that, due to the attractor mechanism, the near horizon geometry
is stable under scalar fields fluctuations.

More importantly, unlike [15, 16], our main focus is on the hydrodynamics properties
of this system. We use the membrane paradigm approach [24] and its higher derivative
generalization [25, 26] (see, also, [27]) to compute the shear viscosity (related work for finite
chemical potential can be found in [28-37]). In particular, we study the effect of the moduli
(in the presence of a generic set of four-derivative interactions) on the viscosity bound.

Our results are given in terms of near horizon data, and not in terms of the field the-
ory parameters that would be measured at the AdSs boundary. For a computation of the
viscosity of our system, that is enough. However, there is a non-trivial flow for other trans-
port coefficients, e.g. the conductivity. Also, it will be interesting to express the entropy
in terms of asymptotic parameters — in [17] this problem was solved analytically (for van-
ishing scalar field). We will present some of these results in the forthcoming work [18, 19].

An overview of the paper is as follows: In section 2, we present the bulk action, set-up
the conventions for our model, and provide some useful holographic data. In section 3,
we carefully study the near horizon geometry of electromagnetic black branes at zero and
finite temperature. In the extremal limit, we use the entropy function and present exact
near horizon geometry solutions. In section 4, we compute the shear viscosity to entropy
density in the presence of a generic set of four derivative interactions. Finally, we conclude
with a discussion of our results and present some future directions. The appendices contain
supporting material.

2 General set-up

The AdS/CFT duality provides a concrete relation between the regular black brane solu-
tions in AdSs and the hydrodynamic regime of strongly coupled 4-dimensional quantum
field theories.

In this section, we fix the conventions for our model and present a brief review of
holography relevant to our work. We follow closely [15, 16], though our model is different



because we also consider scalar fields. In this way, it is straightforwardly to compare some
of the results. However, one important difference is that we do not rescale the horizon
radius to one, as in [15, 16] — the physics in the presence of a scalar field is unambiguous
if we do not use this rescaling.

2.1 The model

We will focus on a 5-dimensional theory of gravity coupled to a massless scalar and an

abelian electromagnetic field whose action is?

1

Sen = 167G /d5x\/_g (R+ 12 — ¥V F,, P — M<p8“<p> + s, 21)
¢

Sas = 167§G5 /d5x EWPMAﬂFVPFm- (2.2)

In this paper, we consider a constant moduli potential, V(¢) = 2A = —12/12, and also fix
the radius of AdS to bel = 1.

Since the equations of motion for the gauge field simplify, we choose the constant in
front of the Chern-Simons term to be (/3. The action (2.1) with various values for «
resembles (truncated) actions obtained in string compactifications [20-23]. The coupling ¢
captures the strength of the anomaly of the boundary current.

The equations of motion for the metric, scalar, and electromagnetic field (F,, = 0,4, —

0,A,) are

1
R;w + 4g,uz/ + eaap(r) <3F2g;w - 2FupFuogpo> - 8#9081/@ =0, (2-3)

1_ (v —gote) = —;aea“’(”)FWF‘“’, (2.4)

V=9
C upo
(g, (\/—gF”“) + 46“” 75Fp0F75 =0, (2.5)
where we have varied the scalar and the electromagnetic field independently. The Bianchi
identities for the gauge field are F,,. ) = 0.
Since we are interested in a theory for which the Chern-Simons term has a non-trivial
contribution, we consider the following ansatz for the gauge field:?

B B
A= E(r)dt — 5 ydx + 5 xdy — P(r)dz . (2.6)

The magnetic field, B, is fixed to be constant by the Bianchi identities. Thus, the field

“We also have to add counterterms to regularize the action — for (2.1), the counterterms are given
in [38] (see, also, the nice review [39] and references therein for a more detailed discussion).

®Please note that our P’(r) is the same as P(r) in [15, 16] and our Z(r) in the ansatz of the metric (2.8)
is their C'(r).



strength is®
0 E'(r) 0 0—P(r)

~E'(r) 0 0 0 0

F= 0 0 0B 0 , (2.7)
0 0 -B0O 0
P(r)y 0 00 0

where / denotes derivatives with respect to r.
Our analysis is on time-independent black hole solutions and so we consider the fol-
lowing ansatz for the metric

Ulr) U(r)dt® + V(") (dz® + dy?) + 2V ") (dz + Z(r)dt)? (2.8)
.

which is compatible with the symmetries of the problem.
In this case, the horizon is located at (the biggest root of) U(ry) = 0 and the temper-
ature can be easily computed on the Euclidean section — we obtain

_U'lrn)

T 4 (2.9)
By using the metric ansatz (2.8), we can rewrite the Maxwell equations as
[Q(r)e?V (ITWnFee) ) _2¢BP!(r) = 0, (2.10)
VOWO0) (U)W OP() - Qr)Z())) ~ABEE) =0 (211)
where
Q(r)=FE'(r)+ Z(r)P'(r). (2.12)

It is easier to work with combinations of Einstein equations rather than using di-
rectly (2.3). First, we extract the expressions of second derivatives of the functions that
characterize the metric in the following way: we obtain W”(r) from (rr)- , V"(r) from
(zzx)- , and U"(r) from (zz)-component of Einstein equations.

Let us now consider the (t¢z)-component of Einstein equations in which we replace
W"(r),V"(r), and U"(r) — we obtain

VO 2V (1) Z' () + 3W (1) Z'(r) + 2" ()] — 4Q(r)P (e 0. (2.13)

An important observation, which can be drawn by studying the system of equa-
tions (2.10)—(2.13), is that a non-zero magnetic field is not compatible with a constant
function Z(r) (and, also, P(r)).

The other (independent) combinations of Einstein equations are obtained as follows:
by replacing U”(r) in the (rr)-component of Einstein equations we get

2827V 1 2Q(r)2e ") + U (r) 2V (r) + W (r)]

HU ) V() + W' ()] + ;&W(’ﬂz'(r)? —12=0 (2.14)

50Our convention for the coordinates is (r,t,x,y, 2).



by replacing W”(r) in the (zz)-component of Einstein equations

—4Q(r)2e® ") L U (r) + U'(r)[2V' (1) — W'(r)] — 2e*V ") 2/ (1)?
+2U (r)[2V" () = 2V (1YW (r) + 2V (r)* + & ()] = 0 (2.15)

and the last one is, in fact, the (zx)-component of Einstein equations

62W(7’) [_4B26aap(7’) _ 364\/(7’) U/(’I“)VI(’I“) + 1264V(r)] _ QQ(T)264V(T)+2W(T)+CWP(T)
+U (r)etV 2P (r)?e*?) — 3e2W ) (V" () + V/(r)W'(r) + 2V'(r)?)] = 0. (2.16)

We also use the ansatz of the metric in the equation of motion for the scalar (2.4) and so
this equation becomes

[U(T)BQV(T)JFW(T)QDI(T)]/—{— aeQV(r)JrW(r)Jratp(r) [B2674V(r) + U(T)672W(T)Pl(,r)2 . Q(T’)2] —0.
(2.17)

Due to the non-trivial coupling between the scalar and gauge fields, the equation (2.4)
has a non-trivial right hand side. The non-vanishing electromagnetic field may also be
understood as a source for the scalar field. Thus, the scalar charge is determined by the
electric and magnetic charges and so it is not an independent parameter that characterizes
the system — this charge plays an important role when the asymptotic value of the scalar
is not fixed (see [41, 42]).

We would like to conclude this section with an observation on the Hamiltonian con-
straint. A vanishing Hamiltonian is a characteristic feature of any theory that is invariant
under arbitrary coordinate transformations — for our system, we can obtain a first or-
der differential equation by replacing W”(r), V" (r), and U”(r) in the (tt)-component of
Einstein equations.

The Hamiltonian constraint, which can be enforced as an initial condition, has the
following expression:

2B V) 4 () [=2P! ()2 V) L aV ()W (r) + 2V (r)? — (2.18)
—¢' ()2 4+ 2Q(r)?e™?™) 42U (r)V'(r) + U’ (r)W'(r) + ;eQW(T)Z’(r)Q ~12=0.

2.2 Holographic data

The AdS/CFT correspondence [3] is a concrete example of open/closed string duality.
Remarkably, at strong coupling N' =4 SYM is best described by classical supergravity —
in this section, we closely follow the reviews [39, 43].

The observables in the field theory side of the duality are the correlation functions of
gauge invariant operators, which are composites of the elementary fields. Any supergravity
field, ®, corresponds to an operator, O, in the (boundary) field theory — in particular,
bulk gauge fields correspond to boundary symmetry currents.

We are interested in planar black hole solutions in AdS and so we will consider the
topology of the AdS timelike boundary to be R? x RT — the intrinsic coordinates of the
boundary are denoted by z and the radial coordinate by r. A concrete prescription to
do computations on the Euclidean section was given in [44, 45]. That is, the on-shell



bulk partition function with the boundary conditions ®(x, )]s = Po(z) is the generating
functional of the boundary QFT correlation functions:

Zsuanral®o(x)] = / <ef d4:c<I>o(:v)(9(:v)> (2.19)

QFT

We work in the saddle point approximation and so the generating function of QFT is de-
termined by the on-shell supergravity action, Wopr[®o] = —Sonshen[®o]. To compute the
two-point function of a particular operator in the field theory, we should first solve the
linearized equation of the corresponding supergravity field with the appropriate bound-
ary conditions, then evaluate the on-shell sugra action, and, finally, compute the second
functional derivative with respect to the source:

5250nshell
O(x)O = — . 2.20
<O@OW) >= = 55 (2)6®0 (1) lo0=o (220)

We are interested in a bulk gravity theory with an electromagnetic field non-minimally
coupled to a scalar. In general there are two types of perturbations of AdS: those that
modify the bulk but preserve the AdS asymptotics (e.g., a black hole is interpreted as a
finite temperature state in dual QFT) and those that do not modify the bulk and act as
sources for operators in the dual QFT. The AdS metric (graviton) couples to the stress
tensor and the gauge field A, couples to the R-charged current J# of the field theory.

To obtain the viscosity (conductivity) we should compute the two-point functions of
the stress tensor (current). Due to the coupling of the gauge field with a scalar, there
will be a non-trivial 3-point function mixing two currents with a scalar operator — in this
work, we are not interested in this correlation function.

The bulk solution is a geometry with a horizon (at zero or finite temperature) and
to get the information about the hydrodynamics one should compute the retarded Green
functions directly on the Lorentzian section. One reason is that, on the Euclidean section,
there is a discrete set of frequencies, the Matsubara frequencies (w = 2minT for bosons
and w = i7T(2n + 1)/2 for fermions). However, since we are interested in a small w in the
hydrodynamic approximation, an analytic continuation from the Euclidean section where
there is a minimum frequency (w,, = 2miT) is not useful.

The general prescription for real-time retarded Green’s functions within AdS/CFT
duality can be found in [46, 47]. The existence of hydrodynamics modes is reflected by the
existence of the poles of the retarded correlators. However, to compute the viscosity bound,
we will use a different prescription, namely the membrane paradigm proposal of [24].

We would like to present now a discussion on the boundary conditions for gauge fields.
The bulk gauge field (2.7) is invariant under translations in the boundary coordinates (x).
The component tangent to the boundary of the gauge field is constant at large r, which
corresponds to a magnetic field B, perpendicular on the (zy)-plane.

If there is an electric field, F,, in z-direction, then the effect of a magnetic field in z
direction induces a current along y-direction. For, A;(x) # 0 and A; = Ay(x) # 0, the
conserved currents on the boundary are the charge density, ¢, and the current density, J



— they are defined as

5 .68

_ . Ji= . 2.21
(5At boundary (5142 boundary ( )

q
To obtain the boundary current, we have to impose the following boundary conditions:
6At|boundary =0, 5Ai|boundary free. (222)

The condition of regularity of the gauge potential at the horizon requires that A,
should vanish (on the Euclidean section, the radius of the Euclidean time shrinks to zero
at the horizon). Therefore, we should add a gauge term, T so that A;(ry,) — T = 0. This
term, which remains constant at the boundary, plays the role of a chemical potential for
the electric charge.

Let us end up this section with a comment about the Chern-Simons term. The coupling
of the gauge Chern-Simons term is proportional to the chiral anomaly of the corresponding
current in the dual field theory. The current anomaly is given by a one-loop triangle
Feynman diagram to the 3-point function of (R-)currents. Therefore, there also exists a
chiral magnetic current which is induced parallel to the applied magnetic field, J* ~ (BY.

3 Near horizon geometry

Shear viscosity of the boundary fluid can be computed from the knowledge of the near
horizon physics only [24] — in section 4, we will present a detailed analysis. This obser-
vation is very useful when the bulk Lagrangian is very complicated. For example, for the
model we are interested in, gravity is coupled to various matter fields in a non-trivial way
and it is technically difficult to find an analytic solution of the system.

However, it is not a very complicated problem to find the near horizon geometry, i.e.
how the metric and other fields behave in the near horizon limit. The reason is that,
in principle, we do not have to solve any differential equation to find the near horizon
geometry. A study of the extremal near horizon geometries is interesting in its own because

it provides information about the instabilities that may appear in the theory.

The algorithm is as follows: first we obtain the field equations. Then, we consider a
suitable near horizon ansatz for different fields — all fields should be regular at the horizon.
Substituting the anséatze for fields in the corresponding equations of motion, one can solve
them consistently order by order in (r — r3).

In this section, we will first find the near-horizon geometry of the non-extremal black
hole, which we will need to compute the shear viscosity to entropy density ratio in section 4.
In the extremal limit, we will see that, due to the attractor mechanism, the near horizon
geometry is universal regardless of the asymptotic values of the scalars. We present a
detailed analysis of the branches of solutions with finite horizon area.



3.1 Non-extremal case

As in [15, 16], we work with a coordinate system in which the solution takes the canonical
form at the horizon. That is, the field strength Fp and the metric dsfq are

Fg =qdr ANdt+ Bdx ANdy —p dr Ndz,
ds3; = r¥(dz® + dy* + dz*), (3.1)

where ¢ and B are the charge density (of the black brane) and the magnetic field at the
horizon, respectively. In this way, the gauge freedom is removed and the initial conditions
are

U(rp) =Z(rp) =P(rp) =0,  V(rp) = W(rg) = In(rp). (3.2)

A similar analysis (and numerical solutions) in the presence of the Gauss-Bonnet term but
without the Chern-Simons term was presented in [48].

The generic solutions have a non-degenerate horizon. Near the event horizon, they

admit a power series expansion of the form (using the definition of the temperature (2.9)
in the expression of U):

(r)
(r) (
(r) = In(ra) + wi(r =) +wa(r —ra)? + -+,
Z(r) =z (r—rh)—l—z2(r—rh)2+---,
(r) =qlr—rp) + @ (r—r)* +q(r—ry)* + -,
(r) =p(r—rp) +pr(r —rp)*+--
(r) = pn+o1(r —rp) +oa(r —rp)* + - (3.3)

It is important to emphasize that, what is generally called near horizon geometry for a
non-extremal black hole is just a truncation of the above series expansion. To compute the
shear viscosity, though, we need also some data at the order (r — rp,)%.

Another observation is that, in principle, one can use a boost transformation in z
direction to set p = 0 (see [15, 16]). However, the boost transformation is singular at some
point outside the black hole horizon. In our analysis we keep the value of p non-zero and
determine it in terms of other horizon data. We will see in section 4 that the expressions
for the entropy, shear viscosity, and their ratio remain unchanged if we set the horizon
value of P’(r) to be zero (in other words, they do not depend of p). This is expected due to
the fact that the physical quantities should be invariant under the boost transformations.

By substituting the ansatz (3.3) in the field equations, we get the following expressions



for the coefficients at the order (r — 7y):"

L 2B (e )

67TTT’;1L ’
0 — 4B2en — T‘;ll (4q260“ph + 3;2%7“,21 — 24)
247 Tr} ’
_ g(@BCe + )
b= 47TT7“h ’
B ae®¥h (QQT% — Bz)
pL= 47TTT’% ’
—2app
e
— 2B2 2 9 3oy 4 2
a 167TT’I“;4L ( [(a + ) € +4 ]
—r;lle%“"h [2q2 (a2 - 2) e“¥h 4 z%r,% + 24]>. (3.4)

However, in higher derivative gravity theories the only coefficient at the order (r—1y,)?,
which we need for viscosity bound computation, is us. But, for completeness, we present
the expressions of all the other coefficients that appear at order (r — r3,)?, in appendix B.

A non-extremal charged scalar black hole is characterized by four independent param-
eters: the mass, electric charge, magnetic field, and also the value of the scalar at the
horizon, @p. In this case, the horizon radius (and so the entropy) and the horizon value
of the scalar depend of the asymptotic boundary data (¢o,). We will see in the next sub-
section that this is in contrast with the extremal case for which we obtain an attractor
behaviour at the horizon.

At first sight, it may seem surprising that the data (3.4), (B.1) we need to compute
the entropy and shear viscosity depend also on z1, a coefficient that we do not compute
explicitly. However, we will see in section 4 that the final values of the physical quantities
depend in fact just on four independent parameters, namely (q, B, rp, pp) — we ‘trade’ the
mass for the horizon radius and so the independent parameters that completely characterize
the black hole are the ones mentioned above.

3.2 Extremal limit and attractor mechanism

It is by now well known that the extremal black holes in theories of Einstein gravity with
scalar fields non-trivially coupled with abelian gauge fields have an enhanced symmetry
of the near horizon geometry [49, 50]. That is, the near horizon geometry contains an
AdS5 spacetime.
The attractor mechanism [51] is also valid for non-BPS extremal black holes [52-54]% —

a qualitative explanation is that, due to the infinite long throat of AdSs, the near horizon
geometry has no memory of asymptotic data. Consequently, the near horizon geometry is
universal and the entropy does not depend on the asymptotic values of the scalars.

"We obtain the results as functions of the coefficients (T, ¢, B, @n, T, and z1) — this will simplify the
computations of the shear viscosity.

8A generalization to stationary non-susy black holes was given in [55]. More details on the non-
supersymmetric attractors can be found in the nice reviews [56-60].

,10,



In this section we present a careful analysis of the extremal near horizon geometry
by using directly the equations of motion and also the entropy function formalism. The
advantage of the latter is that we can compute the physical charges and obtain analytic ex-

pressions for the entropy density. In this way, we can confirm the numerical analysis of [17].

The (non-supersymmetric) attractor mechanism in AdS and its embedding in string
theory were studied in [61]. In the rest of this section we follow closely [48, 61], though we
should keep in mind that our goal is not to investigate just the flow of the entropy but also
the flow of some hydrodynamic transport coefficients, and we also consider a non-trivial
Chern-Simons term.

3.2.1 Attractor mechanism

In AdS spacetime, the BPS condition is different than the extremal limit. For static
black holes, the BPS limit is a naked singularity, but in the extremal limit the entropy
can remain finite.

Unlike the non-extremal case, in the extremal case the near horizon geometry is an
ezxact solution of the equations of motion and not a truncation in a Taylor expansion. Let
us consider the most general ansatz for the near horizon geometry:

2
ds® = L <Cf; — rzdt2> + vy (de + dy2) + vg (dz + zlrdt)2 ,

F = qdr Ndt + Bdx N dy,

o(r) = on. (3.5)

Another important difference with the non-extremal case is that, due to the enhanced
symmetry of the near horizon geometry, p vanishes (the z component of the gauge field is
constant). As a consistency check, it can be shown that with this ansatz, in the absence
of the scalar field, we obtain the results of [15, 16].”

Let us consider now in more detail the non-trivial case when the scalar is turned on.
The first Maxwell equation can be easily integrated and we obtain

vivagPeeh

Q=171 (3.6)

where the integration constant is related to the physical charge.!”

9We emphasize again that the authors of [15, 16] have shifted the radial coordinate, r, to set the horizon
at rp, = 1.
19Q, includes the contribution from constant z component of gauge field.

— 11 —



We use the following system of independent equations:!!

AB%[2vye®®eh + v%vgea“’h (24L2 — 6L + 3v2z%) + 8L2Q12, =0,

AB% L vpe®n — 4L2 (QIQ, — 61}%1}260‘%) — 3viviL2e¥h = 0,

2,—app
e
—2B2e%Pn — @ + 602 =0,
U2
4B2e¢n 4Q2een 322

24) — 7P () 3.7
() ( ’U% + > ’U% L2 ) ( )

2B%uyeeh B v1v323 _ 0

(%] 212 ’

8BL(e—o%h
4 =0
Qp< Ul\/’Uz + Zl> )

L2 26*20“;0h
a <B2L2 e = 0.

U2

As we already explained above, we expect that the near horizon geometry to be com-
pletely fixed by the charges. By solving the system of equations (3.7), we obtain the
following expressions for AdSs radius, size of transverse space, strength of fibration, and
horizon value of the scalar:

L= BCP ( Q )2 B¢ 21n(¢)
= , U1 = , U2 = , Rl = — y  Ph = .
12 V2 B¢2/3 3v2Q, 3a
The radius of AdSs is the same as the radius of AdS5. This is due to the fact that we work
with planar black holes — for extremal spherical black holes in AdSs, the radius of AdSs

does not match the radius of AdSs [61].

One important observation is that the horizon value of the scalar is fixed by the Chern-

(3.8)

Simons coupling. We will reobtain this result by using the entropy function.

For a regular extremal solution whose entropy does not vanish, there is a large ground
state degeneracy. However, an important question is then, if the entropy is ‘stable’ against
changes of the boundary conditions for fields in the bulk. In [15, 16], the authors argue
that the near horizon geometry (AdSs x R?) of the purely electrically charged brane is
unstable under the addition of a magnetic field.

In the rest of this section we argue that, in the presence of the scalar and electro-
magnetic field, the entropy does not change under general perturbations of the scalar. A
similar discussion for a 5-dimensional theory without the Chern-Simons term can be found
in [48, 61].12

The arguments are as follows. Due to the non-trivial coupling between the scalar and
gauge fields, there is an ‘effective potential’ for the scalar [54]. If the effective potential

"'The first one is the (rr)-component of Einstein equation, the second equation is a combination of (r7)-
and (tt)-components, the third one is the (zz)-component, the fourth one is the (¢z)-component, the next
one is a combination of (zz)- and (zz)-components, and the last two are the remaining non-trivial Maxwell
equation and the scalar equation, respectively.

2Recently, the authors of [62] have used the same kind of arguments to discuss charged scalar black holes
in AdS4
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has a stable minimum at the horizon, the solution is regular and the entropy is deter-
mined completely by the charge parameters (if there are flat directions, not all moduli are
stabilized, but the entropy does not depend of the flat directions).

We can see that, without a gauge field, the theory is scaling invariant and so the scalar
field is always massless. By turning on just one gauge field (electric or magnetic) the
symmetry is broken and one expects that the solution is not regular. The reason is that,
even if an effective potential is generated, the potential has no stable minimum.

However, by turning on a second gauge field (in our case, we consider an electromag-
netic field) we expect to obtain regular solutions. The effective potential can have stable
minima and the near horizon geometry is universal.

One important observation, though, is that the ansatz of our solution is different than
the one of [54] — we have non-trivial terms (dzdt) in the metric. A concrete expression
for the effective potential in this case is not known. However, in the near horizon limit the
effective potential method should be equivalent with the entropy function method of Sen.
In what follows, we will use the attractor equations to find the near horizon geometry (and
so the entropy density) of the extremal solutions.

3.2.2 Entropy function

By using the entropy function formalism we can explicitly compute the physical charges
and obtain an analytic expression for the entropy density. Since our theory contains the
gauge Chern-Simons term, which is not gauge invariant, we have to Kaluza-Klein (KK)
reduce our action to four dimensions.

Let us consider first the case with the scalar turned off. We consider the z direction
compactified on a circle of radius 4 and a general KK ansatz

Japdrdr® = Gudr®da® + Gap(dy™ + A2dx)(dy® + ABdx®),
A®) = AB dzt = AV da" + Cp(2*)(dy® + AP dx), (3.9)

where a, b are 4D indices and A, B are compact indices (z in our case). With this notation
we have splitted the coordinates as z# = (2%, 5*) and so A,(f) is the 5-dimensional gauge

) is the 4-dimensional gauge potential, and AP is the KK gauge potential.

potential, A((;l
We use the following results of the dimensional reduction [40] (there is no dependence

of KK coordinates):

V=g = V-G\/det(Gap) , FO?=FOmwp® — pO®EO) | opGaBp()
1 _ 4= 1 1
Rs = Ry — 4G“0deGABF;},F£ + 48aGA36“GAB — 4GABaaGABGCD8aGCD —
—04(GABd*GaB). (3.10)
Now, we are ready to write down the ansatz we are interested in — the metric, gauge

field, and relations between the 5-dimensional gauge potential, KK gauge potential, and
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4-dimensional gauge potential are
2 dr? 2 1,2 2 2 2
ds* = L{ — 2 + rédt* | + vi(dz® + dy”) + va(dz + 2zrdt)”,

B B
Af?dx“ = Jrdt — ) ydx + 0 xdy — p1(dz + zrdt),

FO =qg=0-mzn, FO=FY =B, FY =9, F;==. (3.11)

xT

The on-shell action and entropy function are

Ay 8 2B2 20 —p121)? w92 — 4L P121
§ = L\/ 20 [ — L 12) + 8B ( —q9>
167G [ I\ T T e T g TR TORD 160y ’

£ = 2B Ay, <Q 9+0 2 — (3.12)

S )
BAzy )’
where @ is the 4-dimensional physical charge, © is the physical charge associated to K K
gauge field, and A,y = [ dzdy.

The equations of motion in the near horizon limit are

_ 67;}/;2 [AB?L* + v} (AL + 241 + 4¢* + v227)] = 0,

LU?T/UQ [4B?L? — v}(—4L + 24L% + 4¢° + 30223)] = 0,
6%1) P[ABL? 4 of (=241 + 40 + va2d)] = 0 (3.13)

ziﬂ [L (© —4Bpi() +viy/va(dpig — v221)] = 0,

SﬁL”q [2BL( + viy/vz21] = 0,

273 <83p1< - 4U1\L/U2q + Q) =0

First, we solve the last equation to obtain the 5-dimensional electric potential. Then,
we use this result in all the other equations, and from the forth equation we obtain the
following expression for the KK potential:'3

_LmQR+O+ 4Bp%§).

21 3/ (3.14)
V1V
Next, we compute p; from the sum of the first two equations — we obtain a 4th order
equation with the following four solutions:
L@+ Q2% — 16B(2Bvsy + ©)¢ Lo QT Q% — 16B(2Bvy + ©)¢
pL= 8BC I 8B(C
L —Q+ Q% +16B(2Bvy — ©)¢ L__Q+ V/Q? +16B(2Buvy — ©)¢
pL= 8B(C T 8B(C '

13We note that by combining the first equations we get L = 1/12.
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In the absence of the magnetic field, we expect a trivial fibration for our geometry: we can
see that the physical solutions are the second and third ones because p; is finite in the limit
B — 0. Therefore, depending on p; solution, we have two distinct families of solutions.
To compute the other near horizon parameters, we proceed as follows: by subtracting the
third equation from the first one we solve for v, and get

_ L(Q*-16B6X)
Y27 82 + 4B2L(~1 Q)] (3:.15)

The +/— solution corresponds to the second and third solution for pp, respectively.
The 5th equation, which is very important for understanding the solutions, and the
entropy are

V3uv? —B? B Q% — 16B6¢
B(1+() v, 0 S=pur 602 1 2B2( 1) (3.16)

It is now clear that, from the equation (3.16), there are three distinct branches:'*
B=0, ¢=0(wi=B%*/3), (=1 (3.17)
From (3.16), we can also read off the corresponding entropy for all three branches:

Branch 1: B=0

This branch corresponds to the usual Reissner-Nordstrom solution and its entropy is

_ B-Axyﬂ'Q .

S /6

(3.18)

Branch 2: ¢ =0 (B/v; = V/3)

We compute all near horizon parameters in terms of physical charges. We obtain

P = — sgc and also find two possible solutions for z; and wvs:
21/2B 1 2
setl: 2z =— Q\Q/ V2= gom <(§_ — 16B@> , (3.19)
v3,/¥ ~ 1680
or
21/2B 1 2
set2: oz = v . V2= goma (16B® - % ) . (3.20)
v3,/16B0 — ¢
The corresponding entropies are
2 2
g = FAn™ Q7 jepg g, = FANT g @ (3.21)
V6 | ¢ V6 ¢
/302 B2

1We rewrite ¢ in terms of the physical parameters ¢ = to obtain the constraint between v

and B for ¢ = 0.

61201
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Branch 3: ( = £1

In this case, one of the near horizon equations of motion, in fact, is used to get a fixed
value for (. Therefore, we can not compute all the parameters, one of them can not
be fixed. However, as expected, the entropy depends only on the physical charges:
S = ﬁAa;yﬂ\/QQ :F616B@ when (¢ = +1. (3.22)
Now, we are ready to compare our analytic results with the numerical results of [17].
We just saw that with the entropy function formalism we get a similar condition as the
one of [15-17], namely ¢B(1 + () = 0. Therefore, we also obtain solutions for ¢B = 0 or
¢ = £1. In the first case, when ¢ # +1, there is a regular solution (when B = 0, branch 1)
with the expected near horizon geometry (AdSs x R3).
For the case ¢ = 0 (branch 2), depending on the sign of ¢, we have different situations.
Let us assume that the physical KK charge is © > 0. When ¢ > 0 (but # 1)2, the positivity

of vy (which is also reality of z1) implies that B has a critical value B, = solution set

1?@( (
1). Once B crosses that critical value, the solution set 1 becomes singular and the solution
set 2 takes over. In this case, for a generic value of the magnetic field, the near-horizon
geometry is always AdS3 x R? (see, also, [15, 16]). For ¢ < 0 (and # —1), the solution set
1 does not exist for any positive value of the magnetic field. In this case, the only possible
solution is set 2, which is a regular (finite horizon area) solution for any positive value of B.
We would also like to point out that, when the Chern-Simons coupling vanishes, it seems
there is no finite area solution in the case ¢ = 0 and non-zero magnetic field.

In the second case, ¢ = 1, there is a family of solutions for which 2(B/v)?+ (¢/L)? —
6 = 0 (this constraint is obtained by solving the third and fifth equation in (3.13) and
matches the condition of [15, 16] where the horizon radius is rescaled so that v; = 1). In

2
this case for ( = 1 there exists a critical magnetic field B, = 1%@ above which the solution

becomes a naked singularity. For ¢ = —1 the solution exists for any value of B.

The near horizon geometry smoothly interpolates between AdSs x R? (for B = 0) and
AdSs x R? (for ¢ = 0) — in between, the near horizon geometry is in fact an warped
AdS3 x R?.1

Let us know discuss the case when the modulus is turned on. The analysis is very
similar with our computations above — we present the details in appendix C. Unlike in
the previous section where we have solved the equations of motion in the near horizon
geometry, by using the entropy function we can compute the physical charges in four
dimensions. In five dimensions, due to the existence of the gauge Chern-Simons term, one
has to be careful about the definition of the physical charge — we will present a detailed
analysis of this aspect in the forthcoming work [18].

By using the attractor equations from appendix C, we obtain the same horizon value
of the modulus

2
op = 20 In|C| (3.23)

5The AdSs3 spacetime is a special fibration of S* over AdSs and the case ¢ = 0 corresponds to this special
fibration.
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as in the previous subsection. In general, due to the attractor mechanism, in the extremal
case the horizon values of the moduli are fixed by the charges. Interestingly enough, this
is not the case here: the modulus is fixed by the Chern-Simons coupling alone. We will
present in Discussion section an argument of why this is the case.

Another observation is that the physical magnetic field is also fixed by the Chern-

Simons coupling:
B _ y peaenr (3.24)
U1
or, equivalently, the parameter vy is fixed only by the magnetic field parameter and the
Chern-Simons coupling and does not depend on the electric field. This is due to the fact
that we can rescale x and y coordinates in our solution to make v; = 1, and this rescaling
affects just the magnetic field — that can be easily seen from our ansatz for the metric and
gauge potential (3.11).
In appendix C, we present a detailed computation of the entropy — the result is

2 -16B©
S = B.Amyw\/Q 6|C P23 C. (3.25)

It is not our goal to make a detailed analysis with the scalars turned on here (for
different o and ‘anisotropic near horizon geometries’), but we observe that, when just the
electric or magnetic field is turned on, the solution is a naked singularity. This is similar
with our discussion at the end of the previous subsection, when without the Chern-Simons
term, we have argued that the effective potential does not have a minimum and so there
is no regular solution [48, 61]. We do not know the form of the effective potential when
the Chern-Simons term is present, but that can be easily seen from the equation of motion
of the scalar (the last equation in (C.1) ). Consequently, there is just one branch of finite
area solutions when the modulus is turned on.

As in the case with the scalar turned off, there also exists a critical value of the
magnetic field for which the entropy shrinks to zero (for ¢ > 0). So, the geometry is stable
against scalar fluctuations but not against the magnetic field. However, this interpretation
(and also the interpretations of [15-17]) should be taken with caution. It is expected that
the higher derivative corrections will ‘dress’ the singularity with a horizon and so a more

general analysis is important in this context.

4 Shear viscosity to entropy density ratio

For black objects with translation invariant horizon, for example black brane geometry,
one can also discuss the hydrodynamics — long wave length deviation (low frequency
fluctuation) from thermal equilibrium.

In addition to the thermodynamic quantities the black brane is also characterized by
the hydrodynamic parameters like viscosity, diffusion constant, electrical conductivity, et
cetera. The black D3-brane geometry with low energy fluctuations (i.e. with hydrodynamic
behaviour) is dual to a finite temperature gauge theory plasma living on boundary with

hydrodynamic fluctuations.
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In this section we will study the low frequency behaviour of boundary plasma dual
to the gravity model presented in section 2. To do this, we use the membrane paradigm
proposal of [24] and its generalization to higher derivative gravity theories [25, 26].

4.1 Membrane paradigm and viscosity bound

To an external observer, the black hole physics appears to be equivalent to the physics of
a dynamical fluid membrane [63, 64]. In other words, the black hole is equivalent with a
set of surface charges and currents at the stretched horizon.'

In the Lorentzian prescription of [46] for computing the Green functions, one should
impose in-falling boundary conditions for the fields at the horizon. However, when com-
puting the two-point functions, just the contribution from the boundary has to be taken.
An explanation of why the surface terms coming from the horizon must be dropped was
given in [47] (see, also, [65-67]): the boundary conditions should be defined in Kruskal
coordinates and one has to work with the full analytic extension of the black hole.

An important observation, which relates the work of [46] with the membrane
paradigm, was made in [24] (see, also, [27, 68]). That is, the response functions in
AdS/CFT are similar with the membrane response when the membrane is ‘pushed’ at the
boundary. In this way, the membrane paradigm physical quantities are in fact concrete
gauge theory observables.”

Interestingly, it was observed in [69] that only with the knowledge of the near horizon
geometry one can easily calculate the shear viscosity of boundary fluid. One does not need
to know the full analytic solutions of Einstein equations — this method is especially useful
in higher derivative AdS gravity theories.

As a warm-up exercise, let us consider first the model presented in section 2.1. We
apply the method of [24] to compute the shear viscosity coefficient of the boundary fluid
for the action (2.1).

Let us consider a metric perturbation of the form:

Jzy = ;g:?/) + hﬂ&y(n .%') - gé(g]} [1 + ECI’(VE .%')] (4'1)

At first sight, it seems that the dual gravitational mode (4.1) does not generally decou-
ple. Interestingly enough, the decoupling occurs when the momentum vanishes and this
is what we need for the computation of the viscosity in the hydrodynamics limit — we
provide a detailed derivation of this claim in appendix D.!8

By plugging (4.1) in the action and keeping the terms at order ¢ (at the first order
in €, we obtain the equations of motion for gravitons), we get the following effective action

5The stretched horizon is a timelike surface just outside the true horizon. We emphasize that the charges
and currents are fictitious in the sense that a falling observer through the stretched horizon does not detect
any surface sources. However, for an external observer, their presence is consistent with all external field
configurations.

"The infalling boundary conditions at the horizons are the regularity conditions in the membrane
paradigm: near the horizon the fields depend trough a non-singular combination of r and ¢, namely
dv = dt + \/grr/gttdr.

18We would like to thank Alex Buchel for a discussion on this point.
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for the perturbation:'?

1 Pk
= 16265 / 2mpt @ D Apalr KOV (r. =R)$ (1, ). (4.2)

p,qg=0

Here, we use the Fourier transform to work in the momentum space k = {—w, E}

d*k
Brn) = [ 55 HHE)., O ) = ) (4.3
and ¢ (r, k) denotes the p'* derivative of the field ¢(r, k) with respect to r (p + ¢ < 2).

Next, we integrate by parts to obtain the bulk action for the graviton in the following
form (up to some total derivative terms):

4
S = 1671G5 / (;ZW]; dr[Aq(r, k:)¢/(7~, k)¢/(r, —k) + Ao(r, k)p(r, k)o(r, —k)], (4.4)

where
V(r)+W(r) ,2

2U(r)

62
(4.5)

Ay(r k) = —;eQV(THW(”U(r), Ao k) =
At this point, it is important to emphasize that there are many total derivatives in this
action that do not affect the equations of motion for the graviton. For the computation of
the imaginary part of the two-point function, the coefficient of the term ¢'¢’ in the bulk ac-
tion is important. The other total derivatives in the bulk action and the Gibbons-Hawking
surface term contribution exactly cancel on the boundary [27]. It was also shown [27] (it
is straightforwardly to check it also in our case) that, in the case of Einstein gravity, the
ratio of viscosity and entropy density is not affected when the matter fields are minimally
coupled. The effective coupling [27, 71] is

1 Ai(r k) 1
off = - — (4.6)
167G5 /—gg™™ 327G
and so the viscosity coefficient of the boundary fluid stress tensor is
n=e2VInIWIn) (oK q(rp)). (4.7)

In this case, the shear viscosity to entropy density ratio turns out to be universal,
namely

n_ b (4.8)

s Ar
The terms that contain the derivatives with respect to the spatial coordinates, &, combine in terms

whose coefficient is proportional with $°. Since we work in the hydrodynamic approximation 7 = 0, these
terms do not play any role in our analysis.
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4.2 Four derivative action

Let us now consider the action (2.1) supplemented with the most general four-derivative
interactions [28]:

a/
Sup = Seum + 167Cs /d%\/—g [clRabcdRade + caRapeaFF + c3(F?)? (4.9)
+c4 F* + ¢5 6GdeeAa}%bcfg]:idefg

Since in supergravity actions the gauge kinetic terms couple to various scalars, it will
be interesting to understand the role of the moduli in computing the viscosity bound.
Unlike [28], our action contains a scalar, ¢, and the coefficients ¢; depend on the value of
. This resembles the four-derivative supergravity action [72, 73].

We treat the higher derivative terms perturbatively and apply the method of [25, 26]
to compute the shear viscosity coefficient of the boundary fluid. However, to obtain the
viscosity bound we also need the entropy density. We start by using the Noether charge
formalism of Wald [74] (see, also, [48, 75] for a discussion in AdS) to compute the entropy
density — we will need just the data in section 3.1 and appendix B.

When we add higher derivative corrections to the action, the entropy is no longer given
by the area law — instead, we use a general formula proposed by Wald

s = —27 5 agfl:cd €abEed, (4.10)
where €, is the binormal to the surface H.
By using (4.10), we obtain the following expression for the entropy density:

3 o
s = 455 + e 3 [e1(323r7 — 4ug) — 2c2¢%] + O(a/?). (4.11)

We use the expression of us given in appendix B to rewrite this expression as

3 /.3
T, _ozrh

TG, T Gs

[cl <5B;2 ¥ 4 Tg%eh — 6) + qZ] +0(a?). (4.12)
3\ ry, 2
As expected, the entropy density depends on four independent parameters, namely
(rn,q, B,@p). Since in Wald formula only the four derivative interactions that involve the
curvature tensor are important, the entropy only depends on ¢; and ¢z (¢5 does not appear
because the binormal has just 7t components and the contribution from this term vanishes).
To compute the four derivative corrections to the shear viscosity coefficient, we have to
find the quadratic action for the transverse graviton moving in the background spacetime.

As in previous section, we consider again the following metric perturbation
Goy = 983 + hay(r, ) = g3} [1 + €®(r, 2), (4.13)

where € is an order counting parameter.
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In the presence of a generic n derivative term in the bulk Lagrangian, the action (in

momentum space) can be written as

1 d*k -
— @ (r _Vo@D
S 167G / (2m) drp qEO Ap q(r, B)oP (1, = k) o'V (r, k). (4.14)

Here, ¢®) (r,k) denotes the pt" derivative of the field ¢(r, k) with respect to r and
p+ q < n. The coefficients A, 4(r, k) depend, in general, on the coupling constant o'.

It is important to emphasize that A, , with p + ¢ > 3 are proportional to o’ and
vanish in o/ — 0 limit [25, 26] — these terms appear as an effect of higher derivative terms
in the action.

This action does not have the canonical form as in the two derivative case. Therefore,
it is not obvious how to generalize this approach for higher derivative case. The proof
given in [24] was based on the canonical form of gravitons action. This problem was solved
in [25, 26] and we use this method to compute the shear viscosity coefficient.

Let us now write the effective action for the transverse graviton in the canonical form

with arbitrary coefficients:

Seft = 1 / ddekdr [Bl(r, K)o (r, —k)¢' (r, k) + Bo(r, k)p(r, k)p(r, —k)|. (4.15)
167Gs ) (2m)*

We demand that the equations of motion obtained from the action (4.15) and original
action (4.14) match at order o/. By comparing the equations of motion for ¢(r, k) from
the two actions, we get the function By and B;.

Once we have the effective action for ¢(r, k) in the canonical form, the effective coupling

can be easily read off:
1 Bl (T’ k)

where ¢"" is the rr-component of the inverse perturbed metric and /—g is the determinant
of the perturbed metric. Therefore, the shear viscosity coefficient is

n=ri[—2Kesp(r =r4)]. (4.17)

Evaluating the effective coupling in the near horizon we obtain the shear viscosity coefficient

1
n= 167G
o (clrﬁ (8q260‘*"h + 32’%7",21 — 327Tv, — 36nTw; — 10uy + 48) — B?(c3 — 80160‘*"’1))
* 87TG57“;1L
+0(a’?) (4.18)

which can be rewritten as (we use the results in appendix B)

3 ! 2 2
Ty oy 5, B apn c B (o2
— — + + + . 4.19
" 167Gy 27Gy [cl <q rﬁ)e 4 rfl (@) ( )
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The ratio of the shear viscosity and entropy density turns out to be

n 1 dJe , B? o 2 o B2 9
_ N _ _ . 42
T [3 ((q s e 6 )+ N t + O(a®) (4.20)

In B — 0 limit this result matches with [28].2°

Let us end up this section with a discussion of the extremal limit. In the absence of
the moduli, the extremality condition is 2B? + Tfl (q2 — 6) = (0 and so the shear viscosity
to entropy density ratio becomes

n 1 o B? 3¢ B? 2
= — 2 — @) . 4.21
s 47T+7T|:Cl7“;1l+2 r,‘i +0(e”) ( )

Therefore, there is a drastic change when the magnetic field is turned on. That is,
unlike the electrically charged solution studied in [28], the leading correction of 7/s in the
extremal limit depends on both, ¢; and ¢o. As expected, in B — 0 limit our result matches
with the one of [28].

In the presence of the scalar field, the extremal limit is more constrained. The scalar
is fixed by the Chern-Simons coupling only, and by using some of the formulas derived in
section 3, namely

2Bt + 1y (4% —6) = 0
q2rﬁ —-B?=0
2
-1 =0. 4.22
on— 2 nlC (1.2)
we obtain the following expression for the shear viscosity to entropy density ratio:

n_ 1 (1 —8c1a’) + O(a). (4.23)

S 47

Interestingly enough, we observe that there is no dependence of the horizon value of the
modulus as in the non-extremal case. Also, the coefficient of ¢y vanishes and so the depen-

dence of ¢o drops out.

5 Discussion

The goal of this paper was two-fold. First, to extend the work of [15, 16] by including scalar
fields. Second, to compute the low frequency transport coefficients of a (34 1)-dimensional
field theory whose gravity dual is an electrically and magnetically charged planar black
hole in AdS5 Einstein-Maxwell theory with a gauge Chern-Simons term.

Since, in the extremal case, we have used the entropy function method to study the
near horizon geometry, we were able to find analytic expressions for the entropy density and
the near horizon parameters. In the absence of the scalar field we confirm the numerical
results of [17], in particular the existence of a critical value of the magnetic field for which

20Note that our ‘¢’ is different than ‘g’ of [28]. In [28], ¢ is the physical charge (up to some normalization).
In our case, the physical charge is ~ 79q.
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the entropy density vanishes. However, we have found a larger class of solutions — we have
presented a detailed discussion in section 3 and we do not want to repeat the details here.
We would also like to point out that one of the special values of the Chern-Simons coupling,
¢ = 1, for which there exist finite horizon area solutions with both, electric and magnetic,
fields non-zero corresponds to a special embedding of the gauge field U(1) € SU(4)g [15, 16].

In [17], it was proposed that (3 + 1)-dimensional gauge theories holographically dual
to (4 + 1)-dimensional Einstein-Maxwell-Chern-Simons theory undergo a quantum phase
transition in the presence of a finite charge density and magnetic field. The authors of [17]
also argue that a non-vanishing entropy density is ‘exotic’ from the point of view of CFTs
that arise in the AdS/CFT duality. By turning on the magnetic field, instabilities can
appear and this is consistent also with our analysis.

However, we believe that this result should be taken with caution. It is well known that,
in many situations, by adding higher derivative corrections the singularities can be ‘dressed’
by horizons.?! Also, by turning on the moduli the geometries become more stable, though
there can appear other kind of instabilities, e.g. the ones associated to the AdS, spacetime.

Since in string theory, typically, the gauge kinetic terms will couple to various
scalars [20-23], we have considered a simple extension of [15, 16] by considering an ex-
ponential scalar coupling. In the presence of the moduli some important changes occur.
First of all, in the non-extremal case, the near horizon data depend on the boundary value
of the scalar. Therefore, the hydrodynamic properties of the dual field theories with higher
derivative terms will be also controlled by the moduli.

Let us start with a discussion of the extremal case for which there is a drastic change.
That is, due to the attractor mechanism, the near horizon geometry is universal and does
not depend of the asymptotic values of the moduli. The horizon area is finite and so there
is a large ground state degeneracy. One important question is what is happening in the
presence of scalars? Is the ground state degeneracy still unstable under inclusion of a
(large enough) magnetic field? Are there finite horizon area solutions for any value of the
Chern-Simons coupling when both (magnetic and electric) fields are non-zero?

Before providing concrete answers to these questions, we would like to emphasize that
the attractor mechanism plays an important role in classifying the bulk theories where the
extremal entropy vanishes. A detailed discussion of the attractor mechanism in AdSs and
its embedding in string theory was presented in [61].

The universality of dual theory, which means that the IR physics does not depend
upon the UV details, becomes in the holographic context the statement that the bulk
solution near the horizon does not depend upon the details of the matter at large values
of radial coordinate (boundary). Indeed, within the attractor mechanism, the black hole
horizon (IR region) does not have any memory of the ‘initial conditions’ (UV values of
the moduli) at the boundary. This is due to the existence of an infinite throat in the
extremal near horizon geometry. In the presence of one gauge field (electric or magnetic)
coupled with one scalar, the extremal limit is a naked (null) singularity. The reason is

2Tn [76], D’Hoker and Kraus have found a new solution with a near horizon geometry that does not
contain an AdS>. Based on the symmetries, one can argue that higher curvature corrections do not change
the near horizon form of the solution.
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that the effective potential [54] does not have a minimum at the horizon. However, when
the effective potential has a minimum at the horizon, there exist extremal solutions with
finite horizon area. In our case we are not able to define an effective potential, but we have
used, instead, the entropy function formalism. Therefore, the attractor mechanism can be
regarded as a ‘litmus test’, which all extremal black holes with finite area should pass (the
horizon values of the moduli should be finite).

In the presence of Chern-Simons term, there is no known concrete expression for the
effective potential (there is a non-trivial fibration for AdS3). Instead, we have used the
entropy function and shown that the horizon value of the scalar is fixed. What came
as a surprise was the fact that the modulus is fixed by the Chern-Simons coupling only.
A simple argument?? of why is so is that, by rescaling the metric, we can connect the
(near horizon extremal) solution in the absence of the modulus with the solution when
the modulus is turned on. The starting point is a finite area solution and so we use the
solution for ¢ = 41 in the absence of the modulus. We then obtain a finite area extremal
near horizon solution for which the modulus is fixed by the new Chern-Simons coupling.
Therefore, in the presence of the moduli, there exist finite area horizon solutions for any
value of the Chern-Simons coupling. We can also safely argue that the large ground state
degeneracy is stable against scalar field perturbations. However, as in the case when the
modulus is turned on, there also exists a critical value of the magnetic field and so we
expect similar physical interpretations as the ones in [17].

Let us now comment on the second part of our paper. We have computed the shear
viscosity to entropy density ratio in the presence of the most general bosonic four-derivative
action (with one electromagnetic field) with moduli dependent couplings.

In general, there are two types of first-order corrections due to higher derivative terms.
The entropy/area law is modified due to the additional terms in the action and/or the
modification of the area due to the change of the metric at the horizon (the extra terms
in the action change the equations of motion). Therefore, one has to use Wald formula to
compute the entropy.

To compute the shear viscosity, we have used the method of [25, 26]. Since we needed
just the near horizon data, the computations are not very complicated even in the presence
of higher derivative terms. We would like to emphasize that there is no ambiguity in
defining the overall coefficient of the effective action and the results are consistent. Another
important observation is that, in the presence of a magnetic field, there is a ‘preferential’
direction in the plasma. A priori it is not clear that the dual gravitational mode, hy,,
decouples. Indeed, that is not the case when the momentum is non-zero — however, in the
hydrodynamic limit we have the required decoupling [70] and this is what we needed for
the computation of the corresponding correlation function.

The shear viscosity to entropy density ratio is controlled by the horizon values of the
scalars and so, in the non-extremal case, an operator deformation in the QFT will produce
an interpolating non-trivial flow in which the moduli approach the (IR) black hole horizon.
In the extremal case, though, the horizon moduli values are fixed and so the shear viscosity

22We would like to thank Rob Myers for a discussion on this point.
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to entropy density ratio does not depend on the asymptotic values of the scalars. Therefore,
QFTs with different UV fixed points can flow to the same IR fixed point.

In the presence of the moduli, /s also depends only on the ¢; (~ (¢ — a)/c, where ¢
and a are the central charges in the CFT) and ¢ (the coupling of the stress tensor to the
U(1) current) coefficients. The other two coefficients, c¢3 and ¢4, parametrize couplings of
the four-point function of the U(1) currents and so they should appear in the expressions
of the charge density and conductivity [28].

It can be easily checked, that, when the scalars are turned off we recover the results
of [28]. Since [28] contains a very detailed discussion on the relation with the previous
results in the literature, we do not want to repeat it here. We would like to point out
just that, in the extremal limit and in the presence of the magnetic field, we also obtain a
deconfined ‘plasma’ in the dual CEFT. However, in the presence of the magnetic field, /s de-
pends on both coefficients, ¢; and ¢o — when the magnetic field vanishes, /s only depends
on ¢y and we recover the result of [28]. In N = 2 supergravity, the bulk supersymmetry
constraints all four derivative couplings to be proportional to a single overall constant.

When the modulus is turned on, the extremal limit is more intriguing. The dependence
of /s on co drops out and so n/s depends only on the central charges in the dual CFT.
This is somehow similar with the N = 2 supergravity case mentioned above for which all
the coefficients are fixed by the central charges.

We close with some future directions.

Due to the presence of a Chern-Simons term, there is a more interesting kind of in-
stability,?® which can appear [77, 78]. This instability is caused by a non-normalizable
mode of the AdS, factor in the near horizon geometry.?* This instability appears for large
enough Chern-Simons couplings and a finite momentum.

It will be interesting to check [79] if this kind of instability appears also in our case. We
would like to point out that the near horizon geometry, when there are background electric
and magnetic fields, is in fact a fibered AdSs x R3, not a direct product as in [77, 78]. In
this case an analysis of the near horizon geometry as in our paper (see, also, [80]) is more
appropriate.

Using arguments as in [81], a computation of other transport coefficients is also possi-
ble [19]. However, since the near horizon data are not enough, a more involved analysis is
needed. Another reason of why the analysis is more complicated is that the hydrodynamic
limit does not commute with the limit of small magnetic fields. Therefore, one expects
drastic changes of the transport properties of magnetized fluids. In this context, it will be
interesting to study how the attenuation and the speed of sound waves are affected by the
background magnetic field — a similar analysis for a (2 + 1)-dimensional plasma was pre-
sented in [70]. It will also be interesting to see if new dissipative transport coefficients can
appear in the effective hydrodynamic description of plasmas in external magnetic fields [82].

2We would like to thank Hirosi Ooguri for pointing out this to us.

24Tt was shown in [77, 78] that the near horizon analysis gives a sufficient but not necessary condition.
The reason is that, for the Reissner-Nordstrom case studied in [77, 78], there are unstable modes in the full
bulk geometry that do not reduce to normalizable modes in the near horizon limit.
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A Kubo formula and shear viscosity

In this appendix we present a brief review of Kubo formula in the context of relativistic
hydrodynamics. Since we are interested in computing the transport coefficients by using
the AdS/CFT duality, we follow closely the nice reviews [5] (see, also, [83] for a good
introduction in relativistic hydrodynamics).

Current understanding is that the matter produced in the heavy-ion experiments
at RHIC behaves collectively like a fluid. That is, the system rapidly thermalizes and
comes into local thermal equilibrium; then it evolves according to hydrodynamics until it
hadronizes and the temperature becomes smaller than the deconfinement temperature.

Therefore, the relativistic hydrodynamics — in short, the Navier-Stokes equations and
their relativistic generalizations — is the best method currently available for modeling the
spacetime evolution of sQGP.

Hydrodynamics can be understood as an effective theory, which describes the dynamics
at large length and time-scales. It relies only on the assumption of local equilibrium.?®

In order to describe essential non-equilibrium phenomena in heavy-ion collision, a
transport theory approach seems necessary. The first important step to investigate small
perturbations of a high temperature hadronic matter is the linear response formalism.

If l,,gp is the mean free path — the average distance traversed between collisions by
particles (of the liquid) — then, a perturbation of the liquid (in equilibrium) will disappear
at distances of order l,g,. However, the fluctuations associated to some conservation laws
can propagate without being damped off. For example, a perturbation of (mean) energy
can propagate to infinity if there is no internal friction (viscosity) of the fluid.

In the rest of this section we would like to explain why a measure of /s is important
and we also briefly review the Kubo’s formula, which is useful for computing the viscosity.

Unlike in standard thermodynamics where the system is in global thermodynamic
equilibrium (the intensive parameters, e.g. the pressure (P) and temperature (T'), are

%50One does not have to make other assumptions on the classical/quantum nature of the phenomena
involved or the type of particles/fields and their interactions.
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constant throughout the volume) and at rest, we are interested in systems whose pressure
and temperature vary with space and time, and which are not at rest.

Though, we request that the system is in local thermodynamic equilibrium. That is,
the fluid is characterized only by local temperature and velocity fields that vary slowly
on the scale set by the temperature. Consequently, one can assume the thermodynamic
equilibrium in some neighborhood about any point.

In hydrodynamics, it is useful to work with densities per unit volume: the energy
density e = U/V and the entropy density s = S/V. The usual relation for the energy can
be rewritten as T's = € + P — note that all these densities are intensive quantities.26
In hydrodynamics, we work directly with the equations of motion and assume an

—1

mfp- We express the stress tensor through the

expansion in derivatives so that 0, < I
temperature T'(x) and velocity u#(z).
For an ideal fluid, the hydrodynamic equations are equivalent with the laws of conser-

vation of energy and momentum:
0,T*" =0, T" = (e+ P)u'u” + Pg". (A1)

It is clear from the above expression that the momentum density is (¢ + P)¢ and so, unlike
the non-relativistic fluid, the pressure contributes to the inertia of a relativistic fluid.

At the next order we obtain the energy momentum tensor of a relativistic viscous
fluid whose conservation equation reproduces the relativistic version of the Navier-Stokes
equation. The stress tensor at this order becomes

TH = Pg"" + (e + P)ut'u” — o

with the dissipative part
2
oM — phaprB [77 ((%uﬁ + Ogug — 3gaﬁ(9uu“> + ggaﬁauu“} . (A.2)

Here, P* = gM" + utu” is the usual projector operator: for a fluid at rest it becomes
P = diag(0,+1,+1,+1) and so it projects on space.

The numerical coefficient of the traceless part, 7, is called the shear viscosity. The
numerical coefficient of the trace part, o, is called bulk viscosity.

To understand better the physical interpretation of the transport coefficients and why
a measure of /s (and p/s) is relevant (see, also, [84]), let us work in the fluid rest frame
uM = (1,0,0,0) and consider a small fluctuation around the thermal equilibrium: u® < 1,
u’ 214+ O0W?), T =T + 6T, etcetera.

For the ideal fluid, we find the following perturbed stress tensor at first order:

T =¢+e, TY=(c+Pu', T9Y = (P+5P)5. (A.3)

26 All thermodynamic quantities associated with a fluid element, e.g. s, ¢, and P, are defined in the rest
frame and so they are Lorentz scalars by construction.
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The deviation from the ideal fluid stress tensor (at first order) in the fluid rest frame

(we use the properties of the projector) is
5T = g =0 | s + O ._254.3 k 8-k
ij = Oijg = 1] i + Oiu; 39 LU + 00;;0ku

— 17]5 <ajTl.0 + oY — §5ijaka0> + ﬁs@jakT’fo. (A4)
In the last expression we used (A.3) and T's = ¢ + P.

Now it is clear that, since the temperature is the only relevant energy scale (exper-
imental parameter), the viscous terms are characterized by the coefficients 1/s and o/s
(medium parameters). The physical interpretation is as follows: the bulk viscosity encodes
the resistance of the system to uniform expansion and the shear viscosity controls the rate
of the momentum diffusion in the transverse direction to the flow.

For conformal fluids the energy-momentum tensor should be traceless in flat space,
which implies o = 0 and € = 3P.

We have defined the dissipative coefficients as phenomenological constants. However,
it is important to find a way to compute them directly from the microscopic theory. The
computation of the shear viscosity in quantum field theory relies on the Kubo formula —
the dual models of CFTs are well suited to evaluate Kubo expressions.

Let us now briefly present Kubo formula and its physical interpretation.

We are interested to understand the response of a macroscopic quantum (many-body)
system to a localized disturbance, which is created by an applied external force. Let
us consider a local observable O(Z,t) (e.g., the charge current or 7", which is a set of
conserved currents) and an external source that couples linearly to the observable so that

the new action is
S =50+ /de(w)J(x). (A.5)

The response, which is the change (from zero at the equilibrium) in the expectation

value of the observable induced by the source, is linear in the source:

< O(z) >= /dyx(w —y)J(y) = x.J. (A.6)

The coefficient of proportionality is called ‘susceptibility’ and is nothing else than the
retarded Green function of the physical observable:
i
x(z—y) == 0" =) <[0(),0()] > . (A7)
One can also Fourier transform to obtain that, indeed,
< O(w,p) >
J(w,p)

Let us know find the Kubo formula for viscosity (see, e.g., [5]). We consider a pertur-

X(w,p) = (A.8)

bation of the metric so that the only non-zero component hi5(t) does not depend of space
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coordinates (it corresponds to p’ = 0 in momentum space). Obviously, this perturbation

can not excite the temperature (which is a scalar) and the velocity (which is a vector).

One can easily compute the 12-component of the stress tensor (by using the covariant

derivative) to obtain

w—0 w

D= —1lim "TIm ( / &'z 0(t)e“ < [Tra(x), Tra(0)] >) .

B Coefficients in expansion (3.3) at O(r — ry)?

(A.9)

For completeness, in this appendix we present the other coefficients that appear in the near

horizon expansion of different fields in eq. (3.3). They are

5B%  7¢° 3
uzze“*"h<3r4 + §>+4z%r§—2
h

1 —2a¢ 4,2 ap 2 2\ 3a¢ 22
v2:2887T2T2(6 oPn (24B*(e*n + 24(5B% 4 2¢7) e’ — T2B%(

—|—(GB4 (a2 — 4) — B%? (9@2 + 8) +q* (3@2 — 4))640‘% — 144620‘%))

—dod
wy = 228:2;2 (—36BC" — 24B%C*(B* + ¢%)e**% 4 48(g* — 2B?)e™* ¥ + 288 B>

+( —3p* (a2 — 4) —8B%*¢* + ¢* (3(12 — 4))66°‘¢h — 14464a¢h)

B¢ (B2 (9¢%e 3% + 1) 45 (¢ — 6e=2%n))
Z9 = —
67T
_ BqCem%%n (302 +4) (B2 — ¢2) €% — 12B2(2 + 24¢%0%n)

= 96722 '

C Details on entropy function when the modulus is turned on

In the presence of the modulus, the attractor equation are:

_p ZV;) ? [AB2L2en 4 v} (—4AL 4 24L% + 4% 4 19212)] = 0
vy
O
Loryn [AB?L?e®?h — v} (—AL + 24L% + 4¢%e®?* + 3v927)| = 0
b ZV;) ? [AB2L2en 4+ v (2417 4 4¢%e%%h 4 1323)] = 0
vy

Qf/ﬂ— [L (@ — 4Bp%€) + Ul\/U2(4p1qea<Ph — ngl)] =0

8
T RBLC + o1z = 0
4 QP
213 (83p1< _ UMULqu n Q> — 0

2B%  24°
_Qﬂeag@hLvl\/wW( — v% + 12 )a = 0.

,29,

(C.1)



From the last equation, we observe that, in the presence of the modulus, a non-trivial
extremal black hole can be obtained if neither ¢ nor B vanish. Following the same steps as
in section 3.2.2, we can obtain the near horizon geometry. First we compute the following

quantities:

e~ L(Q + 8Bp1()

41)1\/’02

. L(p1Q + © + 4Bp2()
- 3
v1vg

—Q+ \/Q2 +16B(2BE 5" vy F ©)C
P11 = 8BC
2 _16B
vy = @° — 1689¢ (C.2)

app

3a N
32e2¢n (3v? — B2e™ 2 (e 2" +())

With these results, the constraint (5th) relation becomes

B, saph \/ 302 — B2eon
/2 + ! =0 C.3
and we obtain the following expression for the entropy:
Q? —16BOC¢
S = puim won aon sar, . (C.4)
2¢ 2 (3vie 2 — B%(e 2 +())

Now, let us rewrite the near horizon geometry in terms of the charges

1 mph/Q\/?)v% — B2ev#n
q= e
1

6v 2
9Be 2"
2
o=+ ° . (C.5)

3U1\/ ap QQ?IGB@C

2¢ 2" (31)%60“5}1 732(6302% +(¢))
By using the last equation of C.1 we obtain

V2

and from the fifth relation of C.1, we see that the only possibility is a fixed horizon value

(C.6)

vl =

of the scalar: 5
on =" mlcl. ()

What comes as a surprise is the fact that the horizon value of the scalar is fixed by the

Chern-Simons coupling. Consequently, the entropy is

2 _-16BO
S = 577\/62 617/ ‘. (C.8)
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D Decoupling of h,, mode

In what follows, we provide a detailed derivation of the decoupling of the dual gravitational
mode (4.1). We have explicitly checked that the hy, = e®™2V(ed(r) mode does not
couple with any other field when the momentum vanishes.

For two derivative gravity theory, this can be easily seen from the equations of mo-
tion (2.3), (2.4), (2.5). However, we are interested in the most general four-derivative
action (4.9). In this case, instead of writing the equations of motion in the presence of
higher derivative terms, we will explicitly compute the action up to order €2. In this way,
it can be explicitly checked that there is no coupling between h,, and the other fields.

Let us turn on the following perturbations of the metric

0
Gap = gég) + ehaﬁ

oLy et () ete(n) dtegs(r)  etet(r) eitety(1)
ett@ely(r) W) Z(r)2—U(r) et e (r) 0 W Z(r)+ et eu(r)
= e'els(r) et e (r) e2V(r) etV e (r) etex(r)
e'e&y(r) 0 etV e (1) e2V(r) 0
eets(r) W Z(r)+e™eu(r) et ex(r) 0 e2W(r)
(D.1)

and gauge gauge fields

Ao =AY +¢ef

(e”w eap(r), e™eas(r) — B(r),

Here g(oﬁ) and A&O) are the background metric (2.8) and the background gauge field; e

«
dependent terms are the perturbations.

Using these field excitations, we can now compute the action.?” The result is com-
plicated, but for our purpose it is enough to pick up the ®(r)-dependent terms — for

2"We use the Mathematica notebook for this computation. We emphasize that our system is symmetric
in x— and y—directions.
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concretness, let us write the ®(r)-dependent part of the action:

1
Sa.0=2(r) {4(](70)

—2€4V(T)U”(T‘) o 464V(T)UI(T) (QV/(T) + WI(’I“)) + e4V(r)+2W(r)ZI(T)2 + 2464V(r))
+2U (r)2eV ) (2P ()22 1 2V 4V (1) + AV (1YW () + 6V (1)?

+2W (1) + 2W' ()2 — ¢ (1)?)) + 14w264v(7‘>+2w(7">)))]

((e—QV(r)—W(r) (—U(T)GQW(T) (4326a<p(r) + 4Q(T)264V(r)+o¢<p(r)

+(r)®'(r) {(2e2v<r>+w<r> U'(r)+U(r) (3V'(r) + W'(r)))
=20/ (U )V (1) (U(r) (Bep + eV OV 2/ (1)) — 260U () 264V )
2V"(r) +3V'(r)? + W'(r)?) + 2c10%e* ) + 2, U (r)e U’ (r) 2V (1)

+c1eV U (1) (U (r)* (V"(r) + 3V'(r)?) + wQ)))/U(T))}
+0(r)®"(r) [(2U(7~)62V<’">+W<’"> — der U (r)e?V OO (r)V ()
+2U(r) (V”(T) + V/(T)Q)))]

+<I>'(7°)2 |:(O/GW(T)_2V(T)(U(?“)(BQCQ + 201€4V(T)U,(7”)V,(7") N 01€4V(r)+2W(T)Z/(T)2)
+er etV (U (r)? + 4w?) + 201U (r) 2V ) (=2V7 (r) + V' (r)? + W' (1)?))

3 T T
(e v >)]
+&'(r)®" (1) [(ZClo/U(T)eQV(THW(T) (U'(r) +4U (r)V'(1)))

()2 200U OV (D:3)

Since there is no mixing between ® and the other modes in the zero momentum limit,
this mode remains massless and a computation of the related Green’s function from the
near-horizon data is still possible.

However, the other metric fluctuations namely h,. or h,. are not decoupled from
the gauge field perturbations in the zero momentum limit (even in the absence of higher
derivative terms) — these coupled terms are proportionl to B or ¢ (CS term). Therefore,
these modes are not massless in the zero momentum limit and the near horizon geometry
is not sufficient to compute the related two point correlation functions, i.e. < [T, Ty.] >
or < [Ty, Ty:] > .
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