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We study energy-momentum and charge transport in strongly interacting holographic quantum field
theories in an anisotropic thermal state by contrasting three different holographic methods to compute
transport coefficients: standard holographic calculation of retarded Green’s functions, a method based on
the null-focusing equation near horizon and the novel method based on background variations. Employing
these methods we compute anisotropic shear and bulk viscosities and conductivities with anisotropy
induced externally, for example by an external magnetic field. We show that all three methods yield
consistent results. The novel method allows us to read off the transport coefficients from the horizon data
and express them in analytic form from which we derive universal relations among them. Furthermore we
extend the method based on the null-focusing equation to Gauss-Bonnet theory to compute higher
derivative corrections to the aforementioned transport coefficients.

DOI: 10.1103/PhysRevD.110.066007

I. INTRODUCTION

Quark-gluon plasma produced in heavy-ion collisions is
well described as a strongly interacting relativistic fluid, see
Refs. [1-4] for reviews. Anisotropies in pressure gradients in
directions transverse to the beam, that are present in off-
central collisions, played an important role in establishing
this hydrodynamic description early on, through matching
the experimentally observed flow parameters to hydrody-
namic simulations, see Refs. [5—7] for recent updates. There
is a second source of anisotropy that arises from expansion
of the plasma along the beam direction which is faster than
its transverse expansion. Finally, intense magnetic fields'
are produced in off-central collisions, leading to yet another

lLarge vorticities are produced in off-central collisions which
break the rotational invariance in the plasma [8] also leading to
anisotropic transport. We will however not discuss vortical effects
in this paper.
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source of anisotropy in the plasma. Indeed, a back-of-the-
envelope estimate based on the Biot-Savart law leads to a
maximal magnetic field of B ~ 10'°-10'" G at Relativistic
Heavy Ion Collider and B = 10'°-10%! G at LHC [9-16].

Another important physical system subject to extremely
high magnetic fields is a neutron star. The strength of the
magnetic field can reach 10" G on the surface of a
magnetar [17] and 10'® G inside it [18,19]. Moreover,
the strength can be amplified during a binary merger and
can exceed 10'°~17 G [20-23], overlapping with the values
of the magnetic field produced in heavy-ion collisions [24]
in the later times of the plasma evolution before freeze-out.
Although it is still an open question whether neutron stars
with quark matter cores exist, the characteristics of neutron
star matter have been demonstrated to agree better with the
anticipated features of nearly conformal quark matter than
with those of nuclear matter [25,26]. Even if quark matter
does not exist inside isolated neutron stars, it can be created
in neutron star binary mergers [27-29]. When the antici-
pated extremely large magnetic fields during a merger event
are taken into account, the deconfined quark matter
accommodates magnetic-field-induced anisotropy. As sug-
gested in [30], neutron star matter during a merger event is

Published by the American Physical Society
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not only sensitive to the equation of state but also to the
bulk viscosity. A complete understanding of the transport
properties requires the inclusion of effects arising from
anisotropy, even though these effects might be subdominant.

Despite abundant experimental evidence and numerical
hydrodynamic simulations, transport of energy-momentum
and charge in these anisotropic plasma states has not been
adequately addressed from a theoretical point of view. There
are two obvious reasons for this: First is the insufficiency of
perturbative QCD in computing associated transport coef-
ficients in the presence of strong correlations. The second is
the shortfall of lattice QCD methods, which are suitable to
compute Euclidean rather than retarded correlation functions
which are required in Kubo formulas for transport. These
shortcomings hold as well in the isotropic plasma states.
Nevertheless, while further advances in computing isotropic
transport coefficients in lattice QCD are within reach by
analytic continuation from Euclidean to real-time correlators,
see e.g. [31], this will be much harder to achieve in
anisotropic states.

Gauge-gravity duality [32-34] comes into play here.
Anisotropic plasma states in holographic quantum field
theories have been extensively studied in applications to
condensed matter, seee.g. [35,36] for recent reviews, but also
in applications to QCD and the quark-gluon plasma
in [37-52]. On the gravitational side these states are realized
by planar black hole solutions with coordinates (r, ¢, x;)
where r is the holographic direction, ¢ is time and x; are the
spatial field theory directions, with the spatial metric g;;
being diagonal with unequal components. These holographic
studies include plasmas where the anisotropy is due to an
external magnetic field, see Refs. [53-55] for reviews.

The main purpose of our paper is to explore transport of
conserved quantities, energy-momentum and charge in
anisotropic plasma states in strongly coupled holographic
quantum field theories. We will do this using various
different approaches: (i) traditional holographic technique
to compute retarded Green’s functions from fluctuations of
the background; we will refer to this as the Gubser-Pufu-
Rocha (GPR) method after [56] which improved the standard
holographic computation and applied it to computation of the
bulk viscosity, (ii) extending the method of [57]—based on
the null-focusing equation near the horizon—to anisotropic
black holes which we refer to as the Eling-Oz (EO) method,
and (iii) using a novel method [58] that relates transport
coefficients directly to horizon data by varying parameters of
the background. We refer to this latter method as “back-
ground variation” (BV) for short.

An obvious motivation to invoke the gauge-gravity
duality here is that the strong coupling limits of transport
coefficients, such as the shear viscosity to entropy ratio
obtained from the duality [59], are much closer to obser-
vation [5-7] than perturbative QCD results [60,61]. In
addition to shear, in nonconformal but isotropic plasmas
energy-momentum transport is characterized also by the
bulk viscosity which has also been extensively studied in

holography [56,57,62—72]. There is however an important
difference between the holographic computation of shear
and bulk viscosity. Shear viscosity is obtained from the
transversely polarized graviton fluctuation on AdS (anti—de
Sitter) black hole and does not mix with the other
fluctuations, leading to a single massless fluctuation
equation. For isotropic and homogeneous fluids, the result
is universal, that is, independent of presence and details of
the other sectors in the gravitational action e.g. scalar
potentials, and given by /s = 1/4x. It is easy to under-
stand the reason for this universality. As clearly explained
in [56], in the absence of a mass term in the fluctuation
equation, one can define a “graviton flux” that is conserved,
hence its value on the boundary and at the horizon becomes
the same. Thus one can read off the transport coefficient
directly from the horizon which leads to universal values.
The same holds for electric conductivity which can also be
directly read off from the horizon, see Ref. [73].2

This argument is also valid for shear viscosity in non-
conformal holographic theories® as presence of other matter
fields that break conformal invariance of the dual field
theory does not affect universality at the horizon [81].

This ceases to be the case for the “massive” fluctuations,
e.g. dual to bulk viscosity, which maps to trace of the
graviton fluctuation and mixes with fluctuation of other
scalars in the dual background. Even though one can again
construct a conserved flux [56,82], its value depends on a
nontrivial coefficient that can only be fixed by determining
the full solution to the fluctuation equation from boundary
to horizon which is now hard because of the mass term. The
bottom line is that horizon data itself does not seem to be
sufficient to fix transport coefficients that are dual to
massive fluctuations.

An independent approach was put forward by Eling and
Oz in [57], see also [83,84], based on relating the null-
focusing (or Raychaudhuri) equation [85] near the horizon
to positivity of entropy production in the dual quantum
field theory (QFT). This approach does determine the
transport coefficients in terms of the horizon data, however
it is built on positive entropy production. In particular, it
will not work for nondissipative transport, e.g. anomalous
conductivities, which does not contribute to entropy pro-
duction (see e.g. [86—88]). Certain types of coefficients
associated with dissipationless transport, such as anoma-
lous conductivities in the presence of ‘t Hooft anomalies,
turn out to be free of radiative corrections and hence can be

>The horizon formula for conductivity leads to “bulk univer-
sality” and it does not imply any universality from the boundary
perspective. However, it has important applications in quantum
critical phenomena [74,75].

The result is modified if one goes beyond the two-derivative
(super)gravity approximation [76], see Ref. [77] for a review and
[78] for a recent study. Adding such corrections is important to
reproduce the temperature dependence of 77/s observed in heavy-
ion collisions [5,7,79] as was shown in [80].

066007-2



HOLOGRAPHIC TRANSPORT IN ANISOTROPIC PLASMAS

PHYS. REV. D 110, 066007 (2024)

obtained directly in perturbative QFT without resorting to
holography. However, contribution of dynamical gauge
fields to anomalous transport at strong coupling remains an
open problem. Even though this has been addressed in
holography in [89-91], analytic expressions that relate
transport to horizon data are hard to get.* Nevertheless, the
approach of Eling and Oz will be crucial to our paper. We
will not only prove the EO formula for bulk viscosity using
the traditional holographic techniques, but also extend them
to anisotropic states and to include a certain type of higher
derivative corrections, in particular in the Gauss-Bonnet
theory.

Turning back to the main focus of anisotropic transport,
we notice that computation of these “massive” transport
coefficients in anisotropic states in the traditional approach
will be quite cumbersome. First, the number of transport
coefficients multiply in the presence of anisotropies. Now
there will be two shear viscosities: one when shear
deformation is on the plane transverse to the direction of
anisotropy,” and another when it’s along the direction of
anisotropy. Similarly, there are two electric conductivities
and three bulk viscosities, see Sec. III. Second, the bulk
fluctuations dual to a generic fluctuation will mix other
modes becoming “massive.”

These difficulties led us in our companion paper [58]
to introduce the BV method which computes generic
transport coefficients directly from the horizon data. This
is based on the realization that, as the transport coefficients
in QFT are computed from the vanishing frequency limit of
retarded Green’s functions, they can be naturally mapped to
variations of the background parameters, such as charge
and mass, in the dual gravitational black hole background.
We introduced this method in [58], which we then used
to calculate anisotropic bulk viscosities. We also compared
with GPR and EO using the holographic QCD model
of [92-94]—see Ref. [95] for a review—finding perfect
agreement.

In the present work, we provide derivation of the BV
method in more detail and expand on its applications to
anisotropic transport coefficients, including anisotropic
conductivities and charged plasmas. Moreover we extend
the EO method to include anisotropies and higher deriva-
tive corrections which allows for computing small ‘t Hooft
coupling corrections to transport coefficients.

The structure of this work is as follows. In Sec. II, we
review the computation of bulk viscosity by Gubser et al.
[56], which requires solving fluctuation equations. We
then show how this result can be incorporated into back-
ground variations. In Sec. III we use this method to obtain
an expression for the magnetic bulk viscosities in terms

*Analytic or semianalytic expressions are essential to obtain
generic relations between transport coefficients, and hence highly
desirable.

*We will assume a single anisotropic direction in this paper.

of background variations. In Sec. III, we also discuss
magnetic conductivity and a universal relation between
magnetic conductivity and magnetic shear viscosity. In
Sec. IV, we show how the obtained result coincides with an
alternative method for computing transport at the horizon,
which was first used by Eling and Oz [57]. In addition, we
investigate here anisotropic transport in a class of higher
derivative theories given by the Gauss-Bonnet correction.
In Sec. V, we employ a specific holographic model [92-94]
(with the full back reaction of flavor sector) to obtain
numerical results for the viscosities based on the derived
expressions. Finally, we conclude with the discussion in
the Sec. VL

II. ISOTROPIC VISCOSITY
A. Viscosity with GPR method

As explained in the Introduction, we will switch back
and forth between the three different holographic methods
to compute transport coefficients. We first review the
holographic bulk viscosity computation put forward by
Gubser et al. in Ref. [56] and generalized and further
developed by [82] and others. After reviewing the GPR
method in the case of isotropic states below, we will then
extend this method to study transport in anisotropic states
and, in addition, use this as a starting point to introduce a
novel means to compute transport coefficients that we coin
“background variations” [58].

For an isotropic and relativistic fluid, conservation laws
for energy-momentum and charge are given by

0,T" = F*J,, 9,J* = 0. (1)
Given the four-velocity u, of the fluid, the constitutive
equations can be written as
JH = qu”—i—Jz’l), TH zeu”u”+pA””+T’(’1”),
A = g + utu”, (2)

where the quantities with subscript (1) denote the dissipa-
tive contributions at first derivative order. At this order T’( ;')

is given by

Ty, = =208V 0,up — CA AP0,

N 1
A/,wa/} — Aﬂ(aAﬂ)l/ _ g AIH/Aaﬂ’ (3)

whereas for J’(‘]) we have J’(U = —oTA"d,%. Here we

denote A“WBY" = (A"#B*" 4+ A"*B*")/2. In holo-
graphic computations, the shear viscosity was found to
be universally given by [96]

’YZE‘ 4)
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For a conformal fluid, the bulk viscosity is zero, so to
obtain a nonvanishing bulk viscosity we must consider a
fluid that is nonconformal, which can be done by intro-
ducing a dilaton potential in the dual gravity action. We
then consider the Einstein-dilaton theory

S=N / dsx\/—_g{R — % (09)* = V() + Linager (@, F)

—./\//dsxﬁ, (5)

where the precise form of the matter action is not important.
We can take it to be the Maxwell Lagrangian as we will do
below. We consider the following metric Ansatz

ds®> = XU (f(r)'dr?* = f(r)df* + dx?

+ Hyn(r, t)dxMdxN), (6)
where Hy(r,t) are fluctuations. We can use diffeomor-
phism symmetry to choose a gauge where the dilaton
fluctuation is set to zero [56]. To compute bulk viscosity,
we only need to turn on the components related to the scalar
sector, which are H,;, H,,, H,;, as well as the spatial trace,
whereas we turn off dilaton fluctuations. To be specific,
we write

Hy = Hy = Hy; = h(r)e™™",

H, = hy(r)e™™",

Hy = =(1)(O(r) + h(r))e™™"

H,, = f(r)~(T(r) + h(r))e™"". (7)

After eliminating the other fluctuations, we obtain a
decoupled equation for 4 which reads

'(r)
f(r)

w?

+K, (r)] W (r)+ [chg(r)} h(r) =0
(8)

where the background-dependent function K;(r) = 34" +
Llog(¢*/A™*), while K5(r) depends on the choice of the
matter action. It has a simple pole at the horizon where f(r)
vanishes. Having derived the equation for %, one then
writes down the bilinear Lagrangian which will enable one
to obtain the Kubo formula for the bulk viscosity.

We can then expand the Lagrangian in (5) quadratically
in the sources to find

n'(r)+ [

g (0L oL -
£(2>:6,j+hT< - - T) h={h0.T}, (9)
oh oh

where the J-term is the only part that is nonvanishing on-
shell. This term can be related to the retarded Green’s
function as [97,98]

ImGR(w) = -NF, F =-ImJ, (10)

where the trace-trace retarded correlator in the QFT is
given by

GR(w) = —i / dzd3xeiwf<ETif(z, )?),%Tkk(o, 0)]>.
(11)

Here F is a conserved flux of background fluctuations
which, therefore, can be computed at any r, and most easily
near the horizon, where it is given by

9°f
F = —ilim exp(34) TC (W'h* — h*'h). (12)
r—ry,

Near the horizon, Eq. (8) turns into

W — n w*h
r,—r ;lz(rh —-r)

2+(9(r—rh). (13)

Solving Eq. (13) and imposing infalling boundary con-
ditions [98] yields
iw iw
h=c_(w)(r,—r)wr =c_(w)|1—--—=log(r,—r)|,
T

(14)

where we used that T = — ;- f}, and c_ () is a function that
in general depends on frequency @, however we will only
need c_ = c¢_(0). Then, plugging Eq. (14) into Eq. (12),
we find

4 1 R/ SCEPR
&= —glim S ImGH(w) = 367A72° (15)
where s is the entropy density given by
s = 4zN exp(34,), (16)

A, is the value of the scale factor A at the horizon and c_
can be obtained numerically by solving the equation for A
for w = 0 with the UV boundary condition

limh(r) = 1, (17)

r—=ry

where r;, is the location of the boundary. Clearly, the result
(15) depends on a quantity, i.e. c_, that requires the full
solution of the fluctuation equation from the horizon to
the boundary. This can only be done numerically. Below
we introduce a method which will allow one to express
the result completely in terms of horizon data in a semi-
analytic fashion.
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B. Transforming fluctuations to background variations:
Case of zero magnetic field

In this section we show that the result of Eq. (15), which
depends on a numerical constant that requires the full
solution of the fluctuation equations, can instead be written
in terms of variations of background fields. The idea is to
relate the fluctuations in the limit of vanishing frequency,
which one needs to obtain the Kubo formulas that give the
transport coefficients, to variations of the background with
|

x(r) = x(r) + ¢'(n&(r),
L0,

() 70

~ 00 +

respect to its parameters such as charge and temperature (or
equivalently entropy).

To proceed we first consider diffeomorphism gauge
symmetries of the sources in a generic background. In
the GPR computation, the gauge symmetries are used to
turn off the dilaton fluctuation, which we will denote
below as y(r). We will require the same. Under an
infinitesimal diffeomorphism r > r + &(r) the fluctuations
transform as

h(r) = h(r) 4+ 2A'(r)é(r),

I(r)

AU

=T =7

&(r) +28'(r). (18)

In order to eliminate y(r), we take &(r) = —=8¢(r)/¢'(r). We can then write the fluctuations in Eq. (6) as background

variations,

The mapping outlined above is not one-to-one because
setting @ = 0 and taking @ — 0 limit do not necessarily
coincide. To make these two equivalent, in particular, one
needs to start with the fluctuation equation and impose an
additional constraint that arises from the r#-component of
Einstein’s equations. The w — O limit of this fluctuation
that satisfies the constraint would then coincide with the
background variation defined at strictly @ = 0.

That is, solving the equations (19) for the background
variations, we obtain

0 L [r
1 A
5A:§h+$5¢,
5f:f®+§6¢, (20)

which is guaranteed to be a proper variation of the back-
ground so long as A, ©, and T satisfy the full fluctuation
equation, including the constraint coming from the
rt-component of the Einstein equations.6

®One might be worried that this argument fails because (19) is
not an algebraic equation for the full variation, so that the solution
contains the integration constant C,. However, as we shall see
explicitly below, this constant is identified with the infinitesimal
constant variation of the r-coordinate (denoted by ¢, below),
which confirms that the solution is a variation of a regular
background.

h(r) =256A(r) -2

Al(r)
o(r),
TICMAY
_ g0, )
L(r) = =55 + i 60 () (19
() 8 (50)
290 T2 e

However, these relations do not completely absorb
fluctuations into background variations yet, as the fluctua-
tions are turned on at the UV boundary, whereas the
variations of the background fields are not if the sources
are kept fixed when the background is varied. To turn off
the fluctuations at the boundary as well, we further consider
reparametrization symmetries of the background, which are
given by

r—r+ro, (21a)

A > A+ logA, r— Ar, p = Np, (21b)
1

fofof  A—A+Zlogfo,  po f%p. (21¢)

where r, A and f are the holographic coordinate, scale
factor and the blackening factor in the conformal coor-
dinate system (6) with H,y set to zero, and p is the charge
density. These symmetries were shown to hold in the
absence of charge in [99] and above is a natural generali-
zation with charge. The infinitesimal versions of these
symmetry parameters are

ro = €, A=1+¢y, fo=1+e€q (22)
and they generate the following variation of the back-
ground:

066007-5
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€
S5.A=¢€p+ (reA—l—e,)A’—l-?f, O f = (re,\+er)f’—|—€ff,

5e¢ = (reA + €r)¢/v 5ep = (3€A + 3€f/2)p (23)

We can now use these infinitesimal reparametrizations to
turn off the fluctuations at the boundary, i.e. we will undo
the UV boundary condition of Eq. (17). The symmetry
transformation of Eq. (23) also modifies the UV value of ©.
However, because only the r-derivative of ® turns out to be
physical, the UV value is arbitrary and we can take

limO(r) = Ce. (24)

r—=ry

where Cg is an arbitrary constant that will drop out at the
end of our computation. To turn off these UV values, we
take the infinitesimal parameters to be

(Co —1). (25)

N[ =

€f:—C®, [N

Absence of the sources also sets €, = —Cy — r,e,, but as it
turns out, this parameter cancels in our analysis so its value
is not important. Note that the values of these infinitesimal
parameters are not necessarily small, this is due to the fact
that the wave functions of the fluctuations, contrary to what
their name suggests, are similarly not infinitesimal at the
boundary [see Ref. (17)].

To obtain a formula for viscosity in terms of background
fields we want to express the GPR expression for the bulk
viscosity in (15) in terms of background variations.
Consider then the near horizon expansion of the back-
ground fields:

A(r) = A, + A, (r=ry) + O((r = rp)?),

f(r) = filr=r) + O((r = r)?). (26a)

Let us also write down the horizon expansion of the
fluctuation equations:

h(r) = hy, + h),(r=r,) +O((r — r)?), (27a)
o(r) = . ?rr, + 0, + 0 (r=r,) +0O((r—r,)?). (27b)

In addition, we note that ® +I" is regular at the horizon.

A crucial observation here is that the horizon value
of h, i.e. hj,, becomes the same as the quantity that was
introduced in (14) in the @ — 0 limit: A, = lim,_c_.
Moreover 0, is not independent but can be obtained from
the fluctuation equations. Using the rr-component of the
Einstein fluctuation equations near the horizon, we obtain

i
0, =0, (28)
241,

so that for the total variation of the background fields, i.e.
the sum of the variations in (20) and in (23) at the horizon,
we find

~ 1 1 A

SA =3 hy —Ag,ér—§+7hrh(c@ —1)+0(r—r),
(29a)
n ! f/
Sf == hy— f10r +=Lr,(Co—1)+O(r—r,),  (29b)
24), 2
/
5¢:—qﬁ;l&r—i—%rh(ce—l)—i—(’)(r—rh), (29C)

where 6r = —3 [+ dF(O(F) + T'(F)) = r,(Ce — 1)/2. We
will also need the shift of the horizon location, which can
easily be worked out from the variation of the blackening
factor as

5f ry 1
- = ax (30)

The full variation of the horizon values of A and ¢ are
found to be

N 1
8y = Ayry + 8Al_,, = =3,
) o h
5¢h - ¢;15rh + 5¢|r:rh = - 21/:4/}1 . (31)
h

Note the cancellations between the first and second terms of
0A;, and 6¢;,. Now, using these expressions we can express
the quantity that appears on the rhs of (15) neatly as

¢lhhh — 5¢h
A, A,

(32)

This means that we can express the bulk viscosity entirely
in terms of horizon data as

_N 34, % :
(="5¢ <5Ah>' (33)

We can further simplify this expression by considering
what 6A; really means. The charge p is only affected by
the transformations (23) so that the total variation is
dp/p = —3/2. Because s~ exp(34,), comparing with
(31) we see that s and p transform in the same way and
therefore the ratio ¢ = p/s is invariant. Consequently,
one has

16¢) _ Sa¢h(s’ q) _ Sa¢h(s7/)) +pa¢h(s’/’).
3064, as as ap

(34)
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Finally, from Eq. (15) we obtain an expression for the bulk
viscosity given by

S oy, gy, \ 2

This result agrees with the expression that was found by
Eling and Oz [57] and which was numerically shown to be
equivalent to Eq. (15) in Ref. [69]. Derivation of [57]
followed from the Raychaudhuri equation near the horizon.
Our derivation instead follows from a reinterpretation of the
holographic Kubo formula for bulk viscosity in terms of
variations of the background fields.

III. ANISOTROPIC TRANSPORT INDUCED
BY MAGNETIC FIELD

A. Anisotropic viscosities with the GPR method

After the warm up in the previous section, we now focus
on the main interest of this paper: holographic transport
in anisotropic states. In particular we assume that the
anisotropy is brought by the presence of an external
magnetic field, which we holographically model by the
spatial components of a bulk gauge field. In the presence of
a background magnetic field B# and when the field theory
enjoys parity and time-reversal symmetry, the leading order
dissipative correction to stress tensor reads [100,101]

T

() = =21, 1P 0,u, — 25 bW TIbP 0 u,

= III%0,u; — &, (T b°bP + b*b*TI%)0,u,
— § b b b b O up, (36)

where we defined the projectors used the definitions

[#vaB — Tl — %Hﬂvnaﬁ , I = A — pHpY,

b* = B*/|B|, (37)

with A, being the projector transverse to fluid velocity. For
the charge current we have

) = =0 b"b*T9, % — o, T T9, % (38)

The following constraints on these transport coefficients
arise from positivity of entropy production [100]

n, >0,

£1g) =,

n =0, 120, £ =0,

O'” Z 0, O Z 0 (39)
Holographic values (at infite ‘t Hooft coupling and infinite
N) of magnetic shear viscosities 7, and 57 were obtained in
Ref. [102],

ne | mo_ 1 gn

= , 40
N 471'911 ( )

r=ry,

where the z-direction points along the magnetic field.

We will now compute the bulk viscosities |, {1, and .
We will do this first by deriving the associated holographic
Kubo formulas, following the GPR method, by modifying
the computation in Sec. II A to include a background
magnetic field. We will then generalize the background
variation method in Sec. II B to this case.

A background magnetic field can be incorporated in the
holographic action as follows:

S:N/QpﬂR-;ww—va+gW4¢F%
(41)

where for the matter sector we simply take the Maxwell
term given by

Ematter(¢’ F) = _%Z(gb)Fz (42)

We consider a background magnetic field and chemical
potential. This necessitates an anisotropic metric

d 2
ds* = ) <—f(r)dt2 + 2V (dx? + dy?) + dZ? —I-ﬁ}’)) :
r
(43)
The gauge field is given by the Ansatz
B xB
A, = {cp(r),—y?%,o,o}, (44)

where the chemical potential is given by the source of the
temporal component @, i.e. ®(r)l4, = . When the above

Anscitze are substituted into Einstein equations,

1
R, — Egm,R =T, (45a)
1 1 , 1
Tm/ = E aﬂ¢av¢ - ng/(a(ﬁ) + Eg/wv[¢]
A x
+—- <4F/FM — GuF i F* > (45b)

one obtains the following system of differential equations:

2 1
Al — A2 § (W" Wrz) _ _647/2’ (46)
2B%Z[¢p
(‘17/63A+2Wf)/ _ ezw_[A ] , (47)
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/! A
T+ 24" + § (SA” +2W') + 24/ (3A" +2W')

2024V[p] 8D2Z[p]  4B*Z[P]
T 3f 3fe™ - 3fe2(A2w)” (48)
! ! f/ ! ! ' ! 1 / eZAV[¢]
34 <4A +7+4W>+2W <7+W>_§¢2_ !
2 2
L 20°7l¢)  2B°Z[4)] (49)

erA er(A+2W) '

Let us analyze these equations in some detail. For the
moment we do not want to specify the UV boundary
conditions. We will only assume that there is a UV
boundary at r, where the conformal factor A(r) becomes
large. In fact, choose the scale function A to monotonically
decrease from boundary to interior and everywhere satisfy
A’ < 0 which is consistent with the requirement that A itself
can be used as a holographic coordinate.

On the other hand Einstein’s equation (47) leads to the
inequality (W’eBA+2W) £) < (. This follows from the fact
that Z[¢] in the action should be positive definite which
itself follows from the requirement of a positive definite
kinetic energy of the bulk gauge field. In addition, for
asymptotically AdS boundary one needs that W — 0O as
r — r,. Finally, the blackening factor f > 0 everywhere
outside the horizon, that is r, < r < rj, and it goes to 1 on
the boundary. The aforementioned inequality guarantees
that W exp(3A 4+ 2W)f — 0" as r — r;, which, in turn,
requires that W is a monotonically increasing function
everywhere outside the horizon:

W'(r) >0, ry < r<ry. (50)
This equation will be very useful in proving inequalities
below that will restrict transport properties.

In fact the metric functions satisfy more restrictions. It is
straightforward to obtain a modified version of the holo-
graphic a-theorem in the presence of anisotropy from
Einstein’s equations, see e.g. [103],

d 2 2
- A/ - i —A+sW <0. 1
dr{( +3W>e 3 }_0 (51)

Furthermore, assuming asymptotically AdS boundary, one
can show that A’ +2W' — —co at the boundary. Let us
assume r, = 0 as usual. Asymptotically AdS means that
A" — —1/r. Solving (47) near the boundary, with the addi-
tional assumption that Z approaches a constant, one finds
W — Wortlogr/¢ with Wy < 0. That is A’ +3W <0
everywhere. Multiplying this with W', which we showed to
be positive definite above, we find that A’ < O which is
consistent with the discussion above.

Then we consider the fluctuated metric

d 2
ds? — o2A() <—f(r)dt2 + VO (A + dy?) + d? _’_?’;)

+ Hyy(r, t)ddexN), (52)

where the scalar sector metric fluctuations are given by

Hyjy = Hy = @O (r)e7, H, = h,(r)e”"",
Hsy = hy(r)e™™", H,, = f(r)™{(T(r) + hy(r))e",
Hy = =f(r)(©(r) + hy(r))e™™". (53)

We see that we now have two spatial scalar fluctuations
hy(r) and hy(r), which satisfy coupled fluctuation equa-
tions, unlike the case for the isotropic h(r) whose
decoupled equation was given in Eq. (8). However, to
obtain an analytic result for the bulk viscosity, only the near
horizon behavior will be relevant. For this purpose, one can
construct a linear combination of fluctuations for which a
decoupling indeed occurs near the horizon. Specifically, the
following fluctuations which we call A(r) and 2(r),

1 A
A(r)=§{h|(r)—mhl(r)] and
hy(r) +2h(r)
2(r) = ”f (54)
satisfy the equations of motion
/ 2
A"+ (J% - K&“)A' + <% - IC?)A +KkYz =0,
(55a)
! 2
'+ (J% + ICS))Z' + <% + ICQ)Z + KA =0,
(55b)

where }C(Al), IC(A2), IC<A3>, ICEZI), IC(ZZ), IC(Z3 ) are coefficients that
depend on the background fields and are subleading near
the horizon. We now have two spatial fluctuations in the
scalar sector, and we must choose which one to turn on at
the boundary. To distinguish these choices, we define

lim (A(r)) — v, (56)

r—ry Z(r)

where [ is a label. We consider two cases, namely

I
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Near the horizon, we can solve Eq. (55) analytically and
impose infalling boundary conditions, leading to

i i
(r)~Z(ry = r) e m 2L {1 —M—Tlog(rh - r)} , (58a)

10} iw
Al(r)= Al (r,—r) 3~ A [1 —mlog(rh - r)} ,  (58b)

where X} and A} are coefficients that can be obtained by
numerically solving the fluctuation equations from the
boundary to the horizon for @ = 0. Again performing
integration by parts, we can write our quadratically

expanded Lagrangian Eg) evaluated on the fluctuations
satisfying the boundary conditions 7, J as [82]

2 i (0L oLy, T
L] =0J;;+h (aﬁ* —0 7). h={AX,0,T)}.

(59)

Here the index [ (J) refers to the boundary condition for the
conjugated (unconjugated) fields, and

27€3A+2Wf(A/ + W/)Z
(34" +2W')?

9 e3A+2Wf¢/2 ,
4WZI( r)Z;(r). (60)

JI.I:

A7 (r)a;(r)
+

From Eq. (59) we can obtain the retarded Green’s function

ImGfy(0) = -NF ;. Fry=-ImJy.  (61)
Taking F;; to the horizon, we obtain
ws 1

9 2
- | = R AR
7 (3A}, + 2W})? [16¢h e<( 2 h)

27
+ " (A}, + W’h)zRe<(A{,)*A£>}

N./,T]JI

+ O(w?).

r=ry

(62)

The on-shell action only depends on the boundary values of
2 and A, and taking derivatives with respect to them yields
the following dictionary in terms of the components of the
boundary stress tensor,

1 aSon—shell
T )
V, 0%(r,) Z ”‘
I 0Son—shent 33 1 22
__Zron=shell _ 33 _ (T T%)/2, 63

where V, is the volume of spacetime. By using the
expansion of the boundary stress tensor in Eq. (36), we
can find the Kubo formulas for the bulk viscosities

1 1
L= —(}}%EImGO o(®), (= —3}%EImG0 (@),

1
Z_:H = —ii_r}(l);ImGran (0)), (64)
where O = (T'! + T?%)/2. Applying these formulas to
our case, we identify the coefficients of the corresponding

terms i.e. the anisotropic bulk viscosities with the following
specific combinations of the flux of bulk fluctuations:

Faa 47:m+4}'zz
-0 @ 9 9 9

(L= th ) (65a)

2 2 4
C Ni1%w<_§fAA +§-7:2A +§.7:zz>, (65b)

. 1 /4 8 4
o —Nil_fg)a <§~7:AA +§-7:2A +§fzz>- (65¢)
These are the holographic Kubo formulae which will serve
as the starting point for our derivation in terms of back-

ground variations below.

B. Transforming fluctuations to background variations:
Finite magnetic field

The GPR result in Eq. (65) depends on the horizon
values of fluctuations. In this section, we will see that, in
analogy to Sec. II B, we can express these results solely in
terms of horizon values of background fields by rewriting
fluctuations with vanishing frequency in terms of variations
of the background. As before, we will relate fluctuations to
background variations in the gauge where dilaton fluc-
tuation is turned off, yielding the following relations:

x(r)=0, (66a)
= r) — Ar) r
iy (1) = 20A(r) = 253, (66b)
s AW W
hJ_(r)_zéA( )+25W( ) 2¢/<I")5¢( ) 24)/(}’) 5¢( )’
(66¢)
S
o0 =T e 1064
I LRt
MO = =50 T 7 e 2" 2
L, 900 60
NG

for the wave functions defined in (53). On the other
hand, we will also need global symmetries of the
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background—which can be obtained from symmetries of
the action—in order to switch off the boundary values of
the sources as above. At the level of background solutions,
these symmetries are [52]

r—r+r, (67a)
A= A+logA, r—Ar, B—>A’B, p—Ap, (67b)
f=tof s AmA+S logfo, B foB. p—fy’p. (67c)
B - A% B, W — W+logAj, p— Np, (67d)

where each line corresponds to a separate class of sym-
metry, hence there are four separate classes of symmetry
transformations. The infinitesimal version of these sym-
metry parameters are

ro=¢, A=1l+ex fo=1+e€p, Ap=1+e€l, (68)

and they generate the following variation of the back-
ground:

' 6 /
55‘4 =epx+ (r€A+€r)A +E’ 5ef: (r€A+€r)f +€ff’
Scp = (rex+e,)d',  Sp=(3ex+3er/2+2¢,)p,
5W=e, +(rey+e, )W, 6.B=(es+2ep+2€,)B.
(69)

We will then perform a symmetry transformation to remove
the fluctuations for two boundary conditions labeled by / in
Eq. (57). Using Eq. (54), we find that the fluctuations A(r)
and X(r) at the boundary are given by

lim &(7) = lim (% () - hg(r)D,

- (70)

lim%/(r) = lim <

r—ry r—ry

Using Egs. (66) and (70), this relates the variation of the
fluctuation to the shifts in the background as

2
liméeA’(r):—ge'l and lims,X!(r)

r—ry r—ry

4
=2¢l +€}+§€’l.
(71)

Turning off the fluctuations at the UV boundary then
requires

1 3
6?:_C®, gﬁ:—]«FEC@, €JA_:§7
1 1
g? = —C®, Gi = _§+§C®’ 6?_ =0. (72)

As in the previous section, the value of ¢, is also determined
by requiring the absence of the source term for the generated
O¢, but its value is not needed in the analysis below.

In analogy to the warm-up exercise in the previous
section next we work out fluctuations near the horizon in
order to relate them to horizon values of background
variations. In general one has

A(r) = Ay + Ay (r =) + O((r = r)?),

F(r) = filr=r) +O((r=r)?),

W(r) = W, + Wi, (r—r) +O((r = r)%),

G(r) = g + @i’ (r = 1) + O((r = r)?). (73)

Let us also denote horizon expansion of the fluctuation
equations as

AN(r) = AL+ Al = 1) + O((r = )?). (74a)
S1(r) = 51+ 5(r = ) + O((r = 1)), (74b)
() = L0l 4O (r—r,) 4 O((r=ry)?).  (T4e)

r—ry

®, is the only coefficient that must be obtained from
the fluctuation equations. From the rr-component of the
Einstein fluctuation equations, we extract

3%/

Ol=—h
2(3A), + 2W})

(75)

Using Eqgs. (75), (66), and (72) we obtain the total back-
ground variations at the horizon

o 3ALEL 4 6(A) + WAL ¢
SAT = 22h=h h W=h _ Al sl 4l L g _f’
2(3A), +2W}) BT TEAT AT
(76a)
. 3W S —9(A + WAL
SW!==—1 2;&3A;l —|-hZW}l)h b Wisr + €l + ryel W,
(76b)
" 321](/
sH — Wh sl L4 Or= 1),
f 2034, + 2W7) fior' + repfy + O(r —ry)
(76¢)
5! = =), 6r + rel ), + O(r — ). (764)
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where, following the steps outlined in the previous section,
1 T
orl = —ryeh = / YA @(R) +TI(R).  (77)
Ty
The horizon values of W, A and ¢ change as

0Aj, = Ajory, +8A|,_,. W, = W)dr, +W|._, .
6¢h = ¢;zérh + 5q§|r:rh’ (78)

where the shift of the horizon location can be computed
from variation of the blackening factor as before:

A
ﬁ =or! ! 32{1

srl = — — &l — e
T, TN T 204, + 2W)

(79)

Now we will relate fluctuations at the horizon to variations
of the background. As in Sec. IIB, the variations we
consider here keep the ratio ¢ = p/s invariant. This means
that variation of a general function g, (s, g, B) obeys

a s ,B a ) 7B
9, (5, 9 )+5B 9,(5. q )_

I ,q,B) =96
9i(s.q. B) s s OB

(80)
All in all, combining Egs. (76), (78)— (80) we arrive at the
following relations between horizon values of fluctuations
and variations of the background:

AP, 2 op(s.q.B
/h h _—_Zp bi(s. q ) (81a)
(3A), +2W)) 3 0B
) op,(s,q.B) 2 0¢,(s,q,B
(34}, +2W)) ds 3 0B
3(A) + WAy _ _Ba(Ah(S’CLB)+Wh(s7q’3))+l
20341 +2wW)) 0B 2’
(81c¢)
3(A;'l + WIh)A% _ ésa(A/’l(S’ q7B) + Wh(sa q’B)>
2034, +2W)) 2 Os
L p0An(s.4.B) + Wi(s.4.B) 1
0B 2

(81d)

We can further simplify these equations upon using the
following relations:

g 0An(s.q.B) + W,(s.q.B)) _ BOW,(s.q.B)

, 82
OB 3 0B (82a)
sa(Ah(S’q,B)‘f'Wh(SvC],B)) 1 lSaWh(S,CLB)

0s 303 Os ’

(82b)

which follow from the relation
s = 4N exp(3A, + 2W,,), (83)

that constrains the derivative of the combination 34;, + 2W,,.
Combining Eq. (82) with Eq. (34), one finds

S, 2,050 B) 9
TR T AR i S (34a)
(GA, +2w}) 3 0B

Eith __ Ou(s.p.B)  0pu(s.p.B)

2 a¢h(su01 B)
o 84b
3 OB (84b)
(A, + Wi)Ay _ BoW,(s.p.B) 1 (840)
2(34}, +2w)) 3 0B 2’
3(A), + W), A _ s OW,(s,p,B)  poW,(s,p, B)
203AL +2W,) 2 s 2 op
B ow B

3 oB
Substitution of Eq. (84) into Eq. (65) through Eq. (62), yields

s oy, oy, o\ 2
=2 (5D )P g TP
e (S as "o TP B
S 0Wh 0Wh 6Wh 1 2
S j Rl 85
+3n<s o " TP B 2) (852)

S oy, opy, oy, oy, oy,
[ — _ — B_ _rr _rn
S an (s as P TP )\"as TP
S 0Wh 0Wh OW;, 1
I -
+37r< B o "o 2)
oW, oW,
Sy )20 ), 85b
X<S0s+p0p+> (850)
S 0¢h 0¢h 2 S OWh aWh 2
L s I U I A A AT B
d 47z<s s ") T3\Ues P T
(85¢)

These relations constitute our final result for the anisotropic
bulk viscosities induced by an external magnetic field. The
results are (semi)analytic, in the sense that values of transport
coefficients directly follow if one knows the background
analytically. We also note that, as in the cases of isotropic
bulk viscosity and anisotropic shear viscosities, the transport
coefficients are expressed purely in terms of horizon data.
When taking the nonmagnetic limit for Eq. (85), it is
important to note that the anisotropic shear viscosities
introduced in Eq. (36) are only traceless for the transverse
tensor I1*. This means that part of the isotropic shear
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viscosity, which is traceless for the tensor A*’, will be
contained by the dilaton-independent part of the anisotropic
bulk viscosities in Eq. (85). Specifically, taking the non-
magnetic limit yields

. 1

g_%élj_ ={ +§’77 (86a)
. 2
. 4

}}_I)r(l)él\\ = C + 577. (860)

Finally, it is straightforward to check that all the constraints
that arise from the second Eq. (39) are automatically satisfied
for Eq. (85).

C. Anisotropic conductivities induced by magnetic
field and universal relations

We can easily generalize our analysis to compute electric
conductivity in the presence of an external magnetic
field. As the magnetic field breaks isotropy, as above,
there are separate components parallel and transverse to B.
Holographically the situation is modeled by considering a
gauge field

yB xB

A”: {C[)(r), 7,7,0,0}+aﬂ, (87)

where a, is a small fluctuation. Metric fluctuations
decouple completely from fluctuations of the gauge field.
Focusing solely on the gauge field fluctuations then, we
expand the Lagrangian quadratically in the sources as

? w?
cmzﬁﬂ@<MPfPMM+ém%prémmﬁ
T, (88)

This can be put in the standard form

0 0
L? =0T +a, ( dcﬁ - %) (89)
14 M

where the 7-term is the only part that is nonvanishing on-
shell. This term can be related to the retarded Green’s
function as [97,98]

ImGR(w) = -NF, F =-ImJ, (90)

where GR is the thermal retarded Green’s function of the
electric current J; in the boundary field theory

G (o) = —i / dtde™ (] (1, %), J,0,0)]). (91)

Here we find from the flux F from the holographic action
(41) as

F =~ imzZ(g) exp(A)f((d}a} — ayay)

r—ry

+exp(2W)(d5a3 — aj'az)]. (92)

Fluctuation equations for a; and aj are of the form

U a)z
aj + <7+K>a§ +?ai =0, (93)

where K is some function depending on the background
fields, which we can solve near the horizon as

a4 = ¢ [1 _ %log(rh _ r)] . (94)

For @ =0, it follows from Eq. (93) that we have a trivial
flow which allows us to obtain ¢ =1 and we can thus
extract from Eq. (92) the conductivities

o, =Nexp(A,)Z(¢y).
(95)

o) = Nexp(A, +2W,)Z(¢y),

Interestingly, comparison to Eq. (40) leads to an interesting
relation between the magnetic shear viscosities and con-
ductivities:

m oy
— = 96
P (96)

This relation between anisotropic viscosities and conductiv-
ities were already observed’ in [104,105].

Furthermore we find by substituting the analytical expres-
sions (40) and (95) for the transport coefficients in the above
ratio, that one can express it in terms of horizon data:

o
1L _ 2 _ o, (97)

m oL

This simple expression is quite useful and leads to a universal
inequality. Using the fact that W is a monotonically increasing
function that is positive definite everywhere, see Eq. (50) and
above, we find the universal inequality

T _ %l g, (98)
m oL

"This observation was in a different setting where the
anisotropy gave rise to a different kind of boost symmetry
breaking, namely along the direction of anisotropy as opposite
to on the transverse plane [102]. This leads to a different relation
with one side of this equation being inverted.

066007-12



HOLOGRAPHIC TRANSPORT IN ANISOTROPIC PLASMAS

PHYS. REV. D 110, 066007 (2024)

We note that these type of inequalities in ratios of different
components of transport coefficients are ubiqitious in holo-
graphic QCD theories, see for example [106] for a similar
inequality for the ratio of Langevin diffusion constants.

IV. TRANSPORT FROM EO METHOD

In this section we will use the EO approach, introduced
in [57,83], to compute the entropy production current of a
plasma by considering Einstein equations near the horizon.
This will allow us to reproduce the results for bulk and
shear viscosities in anisotropic plasmas shown in the
previous section, however we will also go beyond this
and extend the result to a class of higher derivative theories.
We work with the following generic two-derivative action
with a Gauss-Bonnet term®

[ dxyG[, (0g) Z(¢)F*
S_/ o [R— V) ———
n % (R2 — 4R"BR 5 + R**PR ) (99)

where A is the Gauss-Bonnet coupling constant. The
equations of motion that follow from this action read

VyulZF"N) =0, (100)

1
Esp=Rup - EQABR +2AHap — T ap =0, (101)

where H,p is the Lanczos tensor given by

1
Hap= 5 (RRsp—2Rac5pRPC —2R4cR 5+ Ra1 “PRepih)

1

_ggAB(RZ —4RPRcp +REFPRppr). (102)

and 7 45 is the energy-momentum tensor given by

1 Z
Tap = §5A¢33¢ + EFACFCB

1 1

— 598 1% +§(a¢)2 +§F2]. (103)

Our starting point is the O(d”) background with a metric
Ansatz that holds for an arbitrarily boosted frame with
arbitrary magnetic field direction, specifically

ds* = (_gttuﬂuy + glln;w + 933bybv)dxﬂdxu + g,,rdI‘Z,

(104)
Bﬂ
le = A/w bﬂbu, bﬂ = E, (105)
8Note that we are choosing the normalization to be N' = m,

with Gy = 1.

where {9,911, 933, 9,r} are functions of only the holo-
graphic direction, and at this point both the four-velocity u/*
and the magnetic field B* are taken to be constant. The
background is assumed to be that of a black hole, namely
there exists a horizon at r;, such that

gtt(rh) = =0. (106)

The temperature 7 and Hawking’s entropy s are given by

r=(g)| =G| oo
where we defined
i =g, eV =92 (108)
gn
The Ansatz for the gauge field is given by
A, =-Au, + A, (109)

where A, is the magnetic potential related to the external
magnetic field through

— vpoc
B! = e""u,0,A,.

(110)
The O(d°) field strength associated to this gauge field is

F = —Au,dr A dx' — e

wpo B7dxH N dx. (111)
At this order, Maxwell’s equations can be integrated once

into

A/ —gZVA; 4SZVA;
pr— j2 p— j N

0 (112)

where Q is an integration constant. Just as in [83] we will
assume the following horizon behavior:

Aﬂ(rh> = _ﬂuy+“4;t7 (113)
where y is the associated chemical potential.9
HAB ZBABB
|:EAB (—— ):| :4JTT[A2 _Al
g1 933 I
+27AT (A — A,)]
— Z(4se"n) B2, (114)

%As discussed in [87], this choice corresponds to introducing
the chemical potential in the dual quantum field theory through
twisted boundary conditions of the fermions along the thermal
circle.

066007-13



TUNA DEMIRCIK et al.

PHYS. REV. D 110, 066007 (2024)

A

4 2
|:EAB A (59 — 4 /‘(ﬁu‘*)} = 47T(Ay + 2A) = 2V, + Z,(4se"n)5B2 + Q
J 9u Y

115
16S2Zh ’ ( )

where the subscript /4 denotes that the function is evaluated at the horizon, and A; and A, are defined as follows:

14, 14,
A =S A =m0 (116)
J 9itly, J 9331y,
which from (114) and (115) can be evaluated as'
1+7) [V, ©° ZA w1=T
220TA, = ) Th_ O (45 ) TR 4 117
s 2 \3 92z,52) 12 ( 5¢ ) T (117)
v, 0 Z2 i
2ATA, = A2 = T) (2~ ——(4 W/:) B4 (T 1), 118
wrs; =2 -1) (%= 5 2 ) -2 (asem) o (- (18)
with Y defined as
A(4se"i)i0? + 82,5 (Bzzhz — 4(4se" )V, — 9))
Y =|1+321Z25°B*(4se") . (119)

Notice that in the absence of magnetic field T = 1.
Following the standard fluid-gravity procedure we will
now assume functions {g,, 91,933, 9,-} and tensors
{u,.11,,.B,} to be slowly varying functions of the boun-
dary coordinates, note that the magnetic field will now
satisfy the following Bianchi identity:

2
u'0,B* = =3 0B" +0*B, ~ @B, +u'd,B’. (120)

‘We focus on the near horizon, so it is convenient to switch
to Eddington-Finkelstein coordinates using the coordinate
transformation

u,dx* = u,dy* — /%dv, A, dx’ = A, dy",
dr =dv (121)

In this coordinate system, the metric takes the form!!

dS2 = (_gttuyuu + glln;w + g33bybu)dy”dyy + 2ju”du”dv.
(122)

""There are two solutions for {A;, A,}, we pick the one that
matches the known B — 0 limit.

In principle we should also add higher order corrections
to the metric, however at this order in the derivative expan-
sion we expect to be able to chose a fluid frame such that
we can reabsorb these corrections into a redefinition of 7T
and u* [57].

(AQ% +32(3 = AV},)Z,s%)?

|
Following [57] we consider the following projection of

Einstein equations evaluated at the horizon:

Eh EEABZAZB| (123)

Iy’
where [4 = (##,0) is a null vector when evaluated at the
horizon. We can now evaluate (123) order by order in

gradient expansion, making an extensive use of the Bianchi
identity (120),

EY <o, (124)
2xT
B} =20, (su"). (125)

@_ 2

2 1 g
B =3 1—§nT/1(4A1—A2) S”—ESL—u"aaWh]

—2(1=2aTAA)e2V122 — (1 =22T2A,)0%

1 Z .
—E(aﬂ(p,,)2 —7’1(4seW)-% eV (VrB,)? + Vav/fna,,}
+ 0, (su®)O(9), (126)
where we defined
S, =T1"0,u,, S| = B"B“0,u,.
o =110 ,u,, S =TI"B0u,, (127a)
N 1
H;wﬂo‘ = Hy(pnn)u - Enyynpm Va = _aaﬂ —Hdg- (127b)
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We can then rewrite the projection of Einstein’s equation
at the horizon E;, =0 as

2xT 2 2 1 2
TO(,S” :g |:1 —gﬂ'Tﬂ(‘lA] —Az):| |:S —ESL —u"d(lwh}

- 2(1 —27TAA ) —2Wiy2 4

( /4¢h)2

(1-27TAA,)0%

(4se ) -
x [e2W(Vﬂéﬂ)2+vavﬁnaﬁ] +0(%),  (128)

where S* = su®. Identifying S” as the entropy current in the
dual boundary theory allows us to understand (128) as
the entropy production rate in the system.12 To have a
positive definite production rate, in accordance with the

2aTA(4A| — Ay) < 3. (131)
We can compare this result to the entropy production that
follows from the dissipative energy-momentum tensor (36)
and the U(1) current (2), namely [100]

70,5 = &S} + 28,8 Sy + EL5T + 2 * + 211,07

+0)(V*B,)* + o, V'V, (132)

where V = E w—T0, ’; with E some external electric field.
Under first order hydrostatic equations, i.e. Ta, = —d,T,
and in the absence of an electric field one has that V# = V.
Then, comparing (128) and (132) allow us to compute the
viscosities and conductivities, finding the shear viscosities

secondllaw of thermodynamics, we need the following 0 = 5 e‘zwh( | — 22T Al)’ (133a)
constraints to hold: 47
22TIA, < 1, (129) N, = 41 (1= 22TAA,), (133b)
v4
27TAA, < 1, (130)  the bulk viscosities
|
S 6¢h d¢h 6¢h 2 0Wh dWh 6Wh 1 2
= —h - B -
l4( Bos) T3:\"as TP TP T2
s dW ow,, oW\ 2
A—1-2 -2, - 2B 4A, — A,), 134
warg (1= 2T 28 4y - ) (134a)
s d o d a d
£=— ﬂ+ ¢h+3ﬂ ¢h+ oy,
47 as dp 0B ap
N ow h 6Wh 0Wh OWh 0Wh
— | B —— —+1
+37r< B o P 2 s TP T
sT ow ow oW, ow,, oW,
A— |1 — — ) (1-2 -2 - 2B 4A, — A,), 134b
* 9<+s0s+p0p)< “os o op ) 4A1—4) (134b)
N 0¢h a¢h N 6Wh aWh 2
= — | s— —+1
e ( s P ) T3\%a TP T
2sT OWh ()Wh 2
—1— 1 —_— 4A, — A,), 134
o (15754 0% 4y - ) (134)
and the conductivities 7
o, = "s(4sen)3 (135b)
¥
— Zh g2 (450 135 ”»
i e (4se™)75, (135a) When writing Egs. (133)—(135) we used that
“We are finding that the entropy that enters naturally in u'o, F = a—Fuﬂaﬂs +a—Fuﬂaﬂp +0—qu"6 B?
Eq. (128) obeying positivity of entropy production is Hawking’s os dp 0B
entropy whereas the entropy of the boundary field theory is oF oF oF
expected to be Wald’s [107]. For a discussion on this see the = < —+p >(S +S,)-B—S,, (136)
recent paper [108]. 0s 9 oB
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where F here stands for any scalar function of the entropy
density, the charge density, and the magnetic field. The
identity (136) follows from the first order conservation of
both the entropy current s and the charge density p, as well
as a projection of the Bianchi identity. These last identities
are summarized as follows:

0, (su®) = O(d%), (137)
dulpu) = O(0%), (138)
U9, B — —25, B2. (139)

Note that on the 4 — O limit the viscosities match those
computed from the BV method. In the isotropic limit,
i.e. B — 0, we recover a single shear and bulk viscosities

given by]3
N PRY (7R v (140)
=4z 3 962,52) |
s (0¢y Oy \?
= 2 (%P, %Pn )" 141
¢ 4n ( 0s + op (141)

We note that there are no corrections to the bulk viscosity
due to the Gauss-Bonnet term, while the shear viscosity
does receive a correction. Note that (140) is consistent with
the bulk viscosity computed in [76,109].

V.MAGNETIC BULK VISCOSITIES IN REALISTIC
HOLOGRAPHIC QCD MODEL

In this section, we explore properties of anisotropic
viscosities applied to QCD. Certain aspects of energy-
momentum transport in anisotropic states were studied in
holographic QCD literature, see e.g. [52,110,111], but a
comprehensive analysis including both shear and bulk
viscosities is missing, which is what we aim to do here.
Specifically, we focus on the bulk viscosities in an
anisotropic state induced by an external magnetic field."
We will employ a “realistic”” holographic QCD model that
goes under the name of Veneziano-QCD (V-QCD) [92]
(that was built on the earlier improved holographic QCD
(IHQCD) model [93,94]). This model, which we review
below, is realistic in the sense that it not only reproduces the
salient features of QCD (confinement, chiral symmetry
breaking and asymptotic freedom in the vacuum state,
global aspects of the phase diagram of QCD i.e. presence of
confinement-deconfinement and chiral symmetry breaking
transitions at finite temperature and baryon chemical
potential, the baryonic phase, gapped glueball, meson
and baryon spectra and so on) but also hosts a range of

We can use relations (86) to find the isotropic viscosities.
“For anisotropic shear in the same setting see Ref. [58].

parameters that makes quantitative agreement with lattice
and observational data possible. Our approach involves
computing anisotropic viscosities using both the method of
background variations and standard fluctuation analysis,
aiming at validating the formulae presented in (85). This we
will do by numerical evaluation techniques.

The V-QCD model has been used to describe different
phases of QCD: the various phenomena at finite temper-
ature [112-116], density [29,72,117-125], and magnetic
field [45,49-52]. Transport in the anisotropic phases in this
model has been discussed in [72,123,125]. The model is
comprised of glue and flavor sectors (§ = S, + S;) with the
full back reaction of flavor onto glue sector implemented in
the Veneziano limit [126,127], that is, by taking the number
of both colors N and flavors N to infinity with their ratio
Ny¢/N, fixed. The glue sector is based on the IHQCD
theory [54,93,94]

4
S, = M3N? / dx\/=g {R - 39MN6M¢0N¢ +Vy()|,
(142)

where M, is the five-dimensional Planck mass, R is the
Ricci scalar, ¢ is the dilaton field. The flavor sector takes
the tachyonic Dirac-Born-Infeld form [128-131]. In this
article, we will only study the chirally symmetric phase
with zero quark masses in V-QCD, which means that the
tachyon vanishes."” Moreover, we restrict ourselves to
flavor symmetric configurations, i.e., all sources and field
components are taken to be equal for different quark
flavors.
In this case the flavor action reduces to

1
Sf:—EME,NCNf/dSXVfo((b)\/_det(gMN+W(¢)FMN)’

(143)

where Fjy is the field strength tensor for the Abelian
gauge field. We consider chirally symmetric deconfined
configuration at finite temperature and magnetic field but at
zero density. Magnetic field is introduced by turning on the
gauge potential Ay, = {0, —yB/22,xB/2,0,0}. The back-
ground geometry can be taken to be of the form (43), and a
nonzero dilaton depending on the radial coordinate also
needs to be included.

The V-QCD potentials V, V ; and w are constructed with
a set of parameters tuned to experimental data, lattice QCD,
and predictions from perturbative QCD. In this work we
use two different set of potentials. First, we use the 7a
potential set [114,118,132] which was fitted among other
things to lattice data for the QCD equation of state at finite

15Tachyon is dual to the chiral condensate operator in the
boundary theory, see Ref. [95] for a review.
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FIG. 1.

anisotropic bulk viscosities at eByy,

Top-Left: Temperature dependence anisotropic bulk viscosities at B — O limit. Top-Right: Temperature dependence
= 0.5 GeV?. Bottom: Magnetic field dependence anisotropic bulk viscosities at T/T, = 1.25.

Colored solid curves are obtained from standard fluctuation analysis while dotted gray curves are from background variations. In both
figures, the bulk viscosities are scaled differently (since there is ordering of ¢ /s > |Cx|/s > {1 /s) for better visibility.

temperature and small density, setting N /N . = 1. Second,
we use another potential set that was employed in [45,49]
where the flavor-color ratio was chosenas N, /N, = 0.1, so
that the effects of flavor to the geometry are reduced, to
compare with the 7a results and to study which features of
viscosities remain robust regardless of choice of potentials.
This latter set was not quantitatively fitted to QCD data, but
chosen to agree with various qualitative features. For more
details on V-QCD, we refer to [92,95].

One first numerically constructs the black hole solutions
in the V-QCD model with the desired ranges of magnetic
field and temperature. We follow [117] and use the scale
function A in (52) as the holographic radial coordinate for
the numerical solutions.

The next step in the standard fluctuation analysis (GPR)
is to solve the fluctuation equations (55) with the UV
boundary conditions given in (57). As mentioned earlier, it
is sufficient to solve them for vanishing frequency.
Therefore, we set @ = 0 and solve the fluctuation equations
from horizon to boundary and construct a linear combi-
nation of these solutions that satisfy the UV boundary
conditions (57). From the set of the bulk solutions con-
structed in this procedure, the boundary coefficients X/ and

A’ can be read off and consequently F,;; can be con-
structed. Finally, the magnetic bulk viscosities can be
computed by plugging F;; into the equations (65).

Using the BV method, itis possible to directly compute the
bulk viscosities after the construction of the background. One
needs to read off the horizon values {¢;, A;, W, }, comput-
ing the entropy density s and constructing them as functions
of {T, B}. Then, the computation of the derivatives yields the
viscosities as provided in (85).

The results illustrating the temperature and magnetic
field dependence of anisotropic bulk viscosities are pre-
sented in Fig. 1. The top left and right plots depict
temperature dependence of bulk viscosities in the B — 0
limit and at eBp,, = 0.5 GeV?, respectively, where e
denotes the elementary electric charge. The bottom plot
shows the magnetic field dependence of bulk viscosities at
a fixed temperature of T/T,. = 1.25, where T, = 120 MeV
is the critical temperature for deconfinement phase tran-
sition for 7a at B = 0. In all three plots, green, blue, and red
curves correspond to £ /s, [{|/s, and | /s, respectively,
scaled by numerical factors as indicated in the plot legends
in order to make the details better visible. Solid colored
curves are obtained through standard fluctuation analysis
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FIG. 2. Comparison of different V-QCD potentials: Red and gray curves denote the magnetic field dependence of anisotopic bulk
viscosities (at fixed temperature) for the potentials used in [114,118,132] and [45,49] respectively. For both sets of the curves, the
darkness decreases with temperature. The considered temperature values are T/T,. = {1.29, 1.42,1.54,1.72, 1.84}. The bulk viscosities

are scaled with B — 0 values i.e. {1(g)> {x(0)» {j(0)-

(GPR), while the dotted gray are obtained through the
formulae (85) derived using the background variation
method. We observe that the two methods, GPR and
BV, are in perfect agreement. We observe that the magni-
tudes of bulk viscosity to entropy ratios are ordered as
/s > |¢x|/s > £ /s. These inequalities are not obvious
from the analytic formulae (85). Moreover, the ratio of ¢ /sis
larger than the universal value (1/4x) of the shear viscosity-
entropy ratio, whereas the ratios of {, /s and {, /s are
smaller, but still of the same order. As evident from the top
plots in Fig. 1, {/s and /s decrease with increasing
temperature while |{,|/s exhibits the opposite behavior.
When the magnetic field is increased, they all decrease as
seen from the bottom plotin Fig. 1. We also note that both the
magnetic field and temperature dependence of bulk viscos-
ities are overall very mild. This implies that the error one
would make by treating them constant would be small in
practice.

In Fig. 2, we compare these results with a different set of
V-QCD potential sets used in [45,49]. Bulk viscosities,
normalized to their B — 0 values (£1/C 1) $x/Cx(0)s
¢)1/¢|i(0))- are depicted in separate plots. Each plot includes
two sets of curves showing the magnetic field dependence
at fixed temperature: red curves for the 7a potentials and
gray curves for the potentials used in [45,49]. Temperature

values considered for each potential set are identical, i.e.,
T/T.={1.29,1.42,1.54,1.72,1.84}. For each set, dark-
ness of the curves decreases with increasing temperature.

Even though the two potential choices are rather different,
the results have obvious similarities. First, the magnetic field
dependence becomes more pronounced at lower temper-
atures, suggesting that neglecting the magnetic field depend-
ence of bulk viscosities in simulations would be a better
approximation at higher temperatures. Second, all three
ratios, {1 /¢ 1 (0), §x/Cx(0)» €|/ ¢} 0)» decrease with increasing
magnetic field. This decrease is particularly notable at lower
temperatures because of more pronounced magnetic field
dependence as mentioned earlier. Consequently, dissipative
processes governed by these transport coefficients become
less significant as temperature decreases and magnetic
field strengthens, hence the plasma approaches the ideal
fluid limit.

To conclude this section, we discuss consistency checks
of generic hydrodynamic relations (see Ref. [100]) that we
carried out numerically: (i) the bulk viscosities satisfy the
Onsager relations in the entire magnetic field range, (ii) they
obey the anticipated relations at B = 0, i.e. Eq. (86), (iii) the
combination [from Eq. (86)] corresponding to { at B — 0
limit exhibits a temperature dependence that aligns with the
earlier observations [69].
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VI. DISCUSSION

In this work we studied transport in anisotropic phases of
matter by means of holography, focusing particularly on
anisotropy induced by a background magnetic field. Firstly,
we established a connection between the GPR method for
computing bulk viscosity, which relies on solving fluc-
tuation equations, and the EO method, which only requires
varying the background. Unlike the holographic formula
for electric conductivity or shear viscosity, see e.g. [73],
this connection is nontrivial because on the GPR side it
involves a numerical coefficient that represents the flow of
gravitational fluctuations from the UV boundary to the
horizon. We showed that the GPR formula for bulk
viscosity can be written as the EO formula by absorbing
fluctuations into background variations and turning off the
UV boundary condition for the fluctuations using repar-
ametrization invariance. This connection was then used to
compute a formula for the three distinct bulk viscosities that
occur in an anisotropic phase induced by an external
magnetic field, which is solely given in terms of back-
ground field variations. From the expression in terms of
variations of the background fields, it follows immediately
that the constraints on the anisotropic bulk viscosities
coming from the Second Law of Thermodynamics are
satisfied. Furthermore, we validated the expressions and
also the connections between the background variation
method and GPR method through a numerical comparison
of the results obtained from both approaches. V-QCD, a
realistic bottom-up effective holographic model of QCD,
was used for this purpose. In addition, the numerical results
present a thorough investigation of magnetic bulk viscos-
ities, including their dependencies on temperature, mag-
netic field, and model parameters.

In addition to anisotropic bulk viscosities, we also
derived horizon formulae for anisotropic conductivities
induced by a background magnetic field. It is found that
the ratio of the longitudinal and transverse conductivity can
be universally related to the ratio of the magnetic shear
viscosities. This relation will however be modified by
higher derivative corrections to the gravity theory as these
modify shear viscosity but not conductivity, see Sec. I'V.

The fact that transport coefficients of the boundary field
theory can solely be expressed in terms of horizon data is
consistent with the generic lore of the membrane paradigm
[133-135], see also [73,84]. Expressing fluctuations of
background fields in terms of background variations provide
this connection between the boundary and the horizon.
Apart from the practical advantage of using background
variations—one needs to solve differential equations only
once for the background, not a second time also for the fluc-
tuations as in the GPR method—it also reveals an alternative
formulation of the fluid-gravity correspondence [136]. This
is clear from the fact that background variations connect the
standard holographic calculation of retarded Green’s func-
tions to the method of Eling and Oz [84] which is essentially

based on recasting the null-focusing equation at the horizon
as the entropy balance law (local second law). EO, in turn, is
based on the fluid-gravity correspondence.

However, we emphasize that, while the EO approach is
blind to dissipationless transport, the method of back-
ground variations that we introduce here can in principle
also provide analytic formulae for transport that do not
generate entropy. It will be interesting to employ our
method to study anomalous transport. More specifically,
anomalies caused by dynamical gauge fields (e.g. gluons
in QCD) which are expected to receive radiative correc-
tions. Even though this has been addressed in holography
in [89-91,137]—see Ref. [138] for the latest study—
general analytic expressions that relate transport to horizon
data are still missing. Since the BV method is shown to
be successful for massive fluctuations and is not built on
positive entropy production, it can potentially be used to
investigate contributions of dynamical gauge fields to
anomalous transport. In addition, the BV method can perhaps
be employed to study the Hall viscosity [100,139] in three
dimensions which is another nondissipative transport
coefficient that can appear in hydrodynamics subject to a
background magnetic field. Lastly, although not nondissi-
pative, it is found for shear viscosity that metric fluctua-
tions become massive in the case of translation symmetry
breaking [140,141]. It might be that the method can be of use
here as well.

Another question is whether it is possible to incorporate
higher derivative corrections in our method of background
variations. In principle there is no obstacle apart from the
technicalities. In fact, that we were able to extend the Eling-
Oz method to include these corrections in Sec. IV strongly
suggests that this should be possible. We plan to turn to this
problem in future work.

We close with the hope that the method we introduced in
this paper, and its companion [58], will prove useful in the
vast field of applications of gauge-gravity duality to both
particle and condensed-matter physics.
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