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ABSTRACT: We discuss the physics of sound propagation and charge diffusion in a plasma
with non-vanishing charge density. Our analysis culminates the program initiated in [1]
to construct an open effective field theory of low-lying modes of the stress tensor and
charge current in such plasmas. We model the plasma holographically as a Reissner-
Nordstrém-AdS,11 black hole, and study linearized fluctuations of longitudinally polarized
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can be decoupled and repackaged into the dynamics of two designer scalars, whose gravi-
tational coupling is modulated by a non-trivial dilatonic factor. The holographic analysis
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the real-time Gaussian effective action, which includes both the retarded response and the
associated stochastic (Hawking) fluctuations, accurate to quartic order in gradients.
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1 Introduction

The holographic AdS/CFT correspondence provides a useful arena to understand real-time
dynamics of thermal plasmas. Under the duality, the response functions and fluctuations
of the plasma map onto the study of perturbations of asymptotically AdS black holes.



The response data is encoded in the quasinormal modes [2], while the thermal fluctu-
ations map onto the Hawking quanta. Of interest to us are the low-lying, or long-lived,
quasinormal modes that characterize near-equilibrium hydrodynamic behaviour [3, 4]. The
non-linear dissipative response of these modes is well understood within the context of the
fluid /gravity correspondence [5, 6], but it is only recently that we have begun to system-
atically understand the associated stochastic fluctuations.

A unified framework for capturing both the response and the fluctuations is in terms
of an open effective theory [7]. This description seeks to capture the real-time (Schwinger-
Keldysh) dynamics of the thermal plasma. This has been aided by the improved prescrip-
tions for analyzing real-time dynamics in holography [8], building on earlier works [9-12].

One can understand this open effective theory as follows: consider coupling the thermal
plasma to an external probe (measurement device). To obtain the low energy effective field
theory, we integrate out the fast modes of the plasma, in a suitable Born-Oppenheimer
approximation, and obtain the dynamics valid at long-distances and late-times. Since in
this limit, the low-lying modes are those that are associated to conserved currents, we
end up with an effective description of the hydrodynamic modes, allowing us thus to view
hydrodynamics as an open effective field theory.

Motivated by this logic, in a recent series of papers, the preliminary steps for construct-
ing such an open effective field theory have been undertaken. In particular, [13, 14] have
succeeded in constructing a description of a neutral plasma (dual to a Schwarzschild-AdS
black hole) at the Gaussian order. The first of these works focused on momentum diffu-
sion, while the second tackled attenuated sound propagation.! For other works analyzing
thermal real-time dynamics from AdS black hole backgrounds see [15-22].

From a hydrodynamic viewpoint, the intrinsic challenge is to separate out the slow
and fast modes of the conserved current (energy-momentum tensor for a neutral plasma).
Moreover, the diffusive dynamics of momentum is qualitatively different from that of energy
transport (which produces sound). One way to proceed is to use symmetries: pick a
direction of spatial momentum in R%%! and decompose the energy-momentum tensor into
polarizations labeled by the transverse SO(d — 2) rotation group. Transverse traceless
tensors are short-lived, transverse vectors diffuse, and the remaining longitudinal mode
transports energy.

This perspective turns out to be particularly efficacious in the dual gravitational set-
ting. The real-time gravitational saddle is the gravitational Schwinger-Keldysh (grSK)
geometry introduced in [8], which is a two-sheeted complex spacetime with a thermal mon-
odromy condition around the horizon. As explained in [7] this geometry allows for directly
computing real-time thermal correlation functions of the dual field theory. Operationally,
one starts with the Lorentzian black hole solution and restricts attention to the domain of
outer communication to focus on the ingoing modes. This can be achieved by working in
ingoing coordinates that are smooth across the future horizon. Once one has obtained the
ingoing wavefunction, one can construct a suitable boundary-bulk propagator with sources

'Non-Gaussian effects, while straightforward to include in this framework [7], are yet to be analyzed in
the hydrodynamic context.



on a boundary Schwinger-Keldysh contour. This involves an admixture of both ingoing
and outgoing modes, but as explained in [7], the latter can be obtained from the ingoing
solution by using a suitable covariance property under the discrete time-reflection isome-
try. Crucially, the thermal monodromy picked up by the outgoing mode is important in
ensuring that the correlation functions satisfy the thermal KMS condition.

We will here be interested in the correlation functions of stress tensor and charge cur-
rent of the dual plama. Since the conserved currents of the field theory map to gauge
fields in the bulk geometry, one has to additionally confront the issue of gauge choices and
boundary conditions. As argued in [13, 14] the oft-used radial gauge choice is not well
suited for the analysis. A natural way to proceed is to use the gauge invariant combination
of perturbations analyzed in [23, 24]. This description not only exploits the SO(d — 2) rep-
resentation structure, but it also repackages the dynamics of dual gravitational fluctuations
into a set of designer scalar fields.

These designer fields are non-minimally coupled scalars, with their gravitational cou-
pling modulated radially in the AdS geometry, and fall into two very natural classes.
Short-lived modes, dubbed Markovian, have the dilaton blowing up (as a power law) near
the AdS boundary. On the other hand, long-lived non-Markovian modes have a dilatonic
coupling that is decaying near the boundary and growing somewhere in the interior of the
spacetime.

For Markovian fields, the asymptotically growing dilaton requires one to freeze its
source, the non-normalizable part, at the AdS boundary. Furthermore, we want to in-
tegrate out the dual boundary degrees of freedom to derive the open effective dynamics.
Operationally, therefore, Markovian modes have Dirichlet (standard) boundary conditions
imposed on them, both for the purposes of computing the generating function of correlators,
and for the purposes of obtaining the open effective field theory.

Non-Markovian fields, on the other hand, have a decaying dilatonic coupling, which
implies that the bulk wavefunctions are dominantly supported near the boundary. Associ-
ated to this is the fact that such fields naturally come with boundary terms which require
us to freeze the normalizable part. Thus, for purposes of computing the generating function
of correlators, we impose Neumann (alternate) boundary conditions on the non-Markovian
fields.

However, in deriving the open effective field theory, we should not integrate out the
non-Markovian modes. They are the physical low-energy degrees of freedom which must
be retained in the effective action. Therefore, [13] proposed to compute not the generating
function of correlators, but the Wilsonian influence functional (WIF), parameterized by
the boundary values of the non-Markovian fields. From the dual plasma viewpoint, we are
parameterizing the effective dynamics by the expectation value of long-lived modes. Oper-
ationally, this turns out to be quite easy to do: the switch from the generating functional to
the WIF is implemented by a Legendre transform. This step has the effect of removing the
boundary term that implements the Neumann boundary condition. The upshot is simply
that the computation of the WIF for non-Markovian fields is achieved by quantizing them
with Dirichlet boundary conditions.

As noted above, the analysis of [13, 14] made these ideas quite precise in the context
of a neutral fluid. A more challenging proposition is the dynamics of a charged plasma,



where we have not only the energy-momentum tensor but also the conserved charge current.
There are certain additional novelties in this case: the non-zero density in the background
causes mode mixing between the two currents. In the transverse vector sector, we find a
mixing between the short-lived propagating current modes and the momentum diffusion
modes, while the scalar sector comprises two long-lived modes: sound and charge diffusion.

In [1] we initiated the analysis of such charged plasmas which are dual to Reissner-
Nordstrom-AdS black holes.? Therein, we analyzed the transverse tensor and vector per-
turbations, demonstrating that the Markovian charge current can be decoupled from the
non-Markovian momentum diffusion at the Gaussian order. The gravitational description
helps provide this clean separation and allows one to find linear combination of currents
which correspond to the two different modes.

In the present work, we conclude the analysis of charged plasmas by including scalar
perturbations. The main novelty here is that for the first time we encounter mixing be-
tween two non-Markovian modes corresponding to energy transport and charge diffusion,
respectively. From a technical standpoint, scalar perturbations of Reissner-Nordstréom-AdS
are challenging: there are a-priori ten functions in the metric and gauge field, which need
to be distilled into two independent physical degrees of freedom. Furthermore, as discussed
n [14], the gravity dual of the sound mode is a designer scalar whose dialtonic coupling
is modulated as a function of spatial momentum.? Heuristically, this can be traced to the
fact that energy transport results in a physical propagating Goldstone mode, the phonon,
whose attenuation only kicks in at higher orders in gradients.* On the contrary, charge
diffusion is expected to behave as a long-lived non-Markovian field all through.

Despite these complications, we demonstrate that the dynamics of energy transport
and charge diffusion can be sensibly decoupled and packaged into two independent designer
scalars. The bulk dynamics of these fields is somewhat involved, but surprisingly tractable
in the gradient expansion analysis we undertake. To this end, we are guided by the previous
analysis in [1, 13, 14]; in fact, we use the function basis constructed in the latter two works
to find an efficient presentation of the bulk perturbation equations.

Using this data, we derive the Gaussian effective field theory for the scalar sector
of a charged plasma, and obtain a convenient parameterization of the conserved currents

2The dynamics of a probe charge current in a neutral plasma was discussed in [13]. This problem was
also analyzed before in [8, 15] and revisited in [20]. These references work in radial gauge, which is a poor
choice for reasons elucidated in [1, 13]. Physically, while the ingoing solutions are fine in radial gauge,
the time-reversed outgoing solutions are singular and lead to certain ambiguities, which were handled by
certain ad hoc choices in the aforementioned references.

30ne consequence of this behaviour is that the mode is Markovian at low orders in the gradient expansion,
with its true non-Markovian character only emerging at quartic order in gradients.

4Relativistic conformal fluids are compressible, and thus always have a low-lying mode with linear
dispersion, which characterizes the physical sound mode in the fluid. This was first discussed in the context
of holography in [4]. We refer to this as the phonon Goldstone mode as we did in the neutral plasma
case [14]. This is natural from a holographic perspective, as originally explained in [5] in the context of
the fluid/gravity correspondence. Lest we cause confusion, we should remark that this phonon is produced
by compression and rarefaction of energy gradients and is a longitudinal mode. It is not associated to
translational symmetry breaking, which would be the case for phonon modes in solids, which have both
longitudinal and transverse components.



in terms of the phonon and charge diffusion operators. We match our results with the
limited data available in the literature. Curiously, while there is a large body of work
analyzing the low-lying quasinormal modes of AdS black holes, much of the literature
on linearized hydrodynamics focuses on the vector perturbations of Reissner-Nordstréom-
AdSs black holes. For the scalar sector there is little data available; our results agree to
low orders with data extracted from the fluid/gravity literature for d = 4, [25-27].5 As
a consequence, the results we describe herein are the first comprehensive analysis of the
longitudinal energy transport and charge diffusion mode in a holographic system. This
allows us not only the extraction of the dispersion relations, but also gives a clear picture
of the physical combinations of the energy momentum tensor and charge current which
drive these two independent modes (at quadratic order). We also give a heuristic picture
of the result from a hydrodynamic perspective. This discussion will be brief as we hope
to explain the connections of our linearized analysis with the non-linear effective actions
obtained using symmetry principles by various authors in the past decade in a separate
work.

The outline of the paper is as follows. In section 2 we will quickly review the back-
ground Reissner-Nordstrom-AdS 41 solution and its grSK uplift, using this to establish our
conventions. In section 3 we describe how the perturbations of the black hole geometry are
packaged into designer fields. Using their dynamics, we extract the Wilsonian influence
functional and conserved currents in section 4 and discuss some physical implications. We
conclude with a brief discussion in section 5.

As much of the technicalities parallel earlier works, we have chosen to keep only the
salient details in the main text. Readers interested in the details of our computations are
invited to consult the appendices. Appendix A describes how to distill the dynamics into
two designer scalars. This discussion is inspired by the original work of [24], but we have
endeavored to clarify some of the aspects in our presentation. Appendix B, which is new,
explains how to obtain these dynamical equations from the Einstein-Maxwell action, de-
riving in the process the correct boundary conditions for the designer fields. In appendix C
we explain the gradient expansion solution of the designer fields and use it to construct
the physical metric and gauge field perturbations. This data is then used in appendix D
where we outline how to obtain the boundary observables.

2 Background

We give a brief summary of the background geometry, parameterizing the data of Reissner-
Nordstréom-AdS,, 1 geometry, which is a solution to the Einstein-Maxwell theory, in a
suitable manner. We adhere to the conventions of [1], which the reader is encouraged to
consult for additional details.

®Note added in v2: we recently became aware of [28], who derive the dispersion relations for sound and
charge diffusion to quadratic order in momenta in d = 4. We give expressions for the dispersion relations
accurate to quartic order (in fact, a prediction of the sound dispersion to sextic order, cf., appendix C.2)
for arbitrary dimensions d > 3.



We consider the Einstein-Maxwell theory in d + 1 dimensions with a negative cosmo-
logical constant, viz.,

1 1
Sem = /dﬁﬁmﬂg[R+du—1y—EmFM3+SMW+&“
167G N 2 (2.1)
| .
= d'z /K .
Sbay 8GN / v 7

Here gap is the bulk metric, v,,, the induced metric on the timelike asymptotic boundary,
and K is the extrinsic curvature of the boundary.® The counterterm action S is necessary
to obtain finite physical answers; it is given in appendix A. We have chosen the electro-
magnetic coupling to simplify some expressions; it will lead to factors of two in boundary
conservation laws later.

The equations of motion following from (2.1) are

did—1 1
( )gAB = g“P Fac Fpp — ~ gap Fop FOP |

‘ 1
Ein — _ = R S
€A = Rap — 5 Rgap 2 1 (2.2)

Ey™ =VAFup =0,

with the Reissner-Nordstrom-AdS;y1 geometry being a two-parameter family of solutions,
parametrized by ry (outer horizon scale) and @ (a measure of the charge). In ingoing
Eddington-Finkelstein coordinates the line element and gauge potential take the form

ds® = 2dvdr — 2 f(r) dv? + r? dx? A =—a(r)dv, (2.3)

with

d 2(d—1) — d—1
f=1-0+@) () 4@ (5)7 L an =555, e

This solution describes a charged thermal plasma of the dual CFT, with intensive thermo-

dynamic parameters temperature and chemical potential being”

d—(d—2)Q? d—1
TZ(LL?T)Q“H #ZVEQH- (2.5)

The parameter @ lives in a bounded domain

4

< Q< .
0=@=\i

(2.6)

@ = 0 is the neutral Schwarzschild-AdS;1 solution and the upper limit corresponds to the
extremal solution with vanishing temperature.

6Conventions: uppercase Latin alphabet (A, B,---) indicate bulk spacetime indices, Greek alphabets
(p, v, - - - ) refer to boundary spacetime indices, and lowercase Latin alphabets (3, j,- - - ) are used to refer to

the spatial directions along the boundary.
Aas
167G N

faas = 1. Dimensions of physical quantities can be restored using the latter, eg., T' o r+/£ids.

"We define the effective central charge of the boundary theory as cog = and work in units where
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Figure 1. The complex r plane with the locations of the two regulated boundaries (with cut-off
7c), the outer and inner horizons at 71 and the ohmic radius r, marked. The grSK contour is a
codimension-1 surface in this plane (drawn at fixed v). As indicated the direction of the contour
is counter-clockwise, and it encircles the branch point at the outer horizon with the cut running
out to the boundary. The cut emanating from the inner horizon and the ohmic radius, are not

encountered by the contour.

As described in [1], it will be useful to introduce a function parameterized by the ohmic
radius &, (which determines the DC conductivity)

r
h(r)=1-6, rb , (2.7)
where s
(e d—1 2Q?
S, =2, pd=2 ==~ rd=2 2.8
Q 7{1;2 Q d 1+ QQ + ( )

For Schwarzschild-AdSg; S, =0, while S, =1 for the extremal Reissner-Nordstrom-
AdS441 solution. This parameter characterizes the DC conductivity, o4, = rfif?’ (1-6 Q)Q,
and serves as a proxy for the charge. The physical ohmic radius 7, is sandwiched between
the inner and outer horizons (see [1, Fig 6]). We will call i the ohmic function.

Let us collect some useful thermodynamic and transport properties of the unperturbed
charged plasma. We have the pressure Py, the charge density pg, and the dc conductivity

04c to be given (up to central charge factors) by

Po=(1+Q)r, (2.99)
po = (d—2)uri?, (2.9b)
Ode = Tfi[g (1- C‘SQ)2 . (2.9¢)

The pressure and charge density can be read off directly from the thermodynamic formulae.
The aforementioned expression for the dc conductivity was introduced in [1], where it
demonstrated to be equivalent to the earlier result obtained in [29]. Note that we are
stripping off a factor of the central charge cog from the energy-momentum tensor and a
factor of 2 ceg from the charge current in these expressions for convenience.®

Real-time correlation functions of the energy-momentum tensor and charge currents
are computed by uplifting this solution to an appropriate Schwinger-Keldysh form. This
results in the grSK geometry, a particular complexification of the Reissner-Nordstrom-
AdS;y1 geometry, with line element
dr % 2F

ds? = —r? fdv? +i pr® f dvd¢ +r? dx?, T (2.10)

8The relative factor of 2 between the charge current and the energy-momentum tensor originates from
the normalization of the Maxwell term in (2.1), see also footnote 18.



The coordinate ¢ is the mock tortoise coordinate with f = 7!, defined on the complex
r plane along a contour that encircles the cut emanating from the horizon at r = ry, cf.,
figure 1. Our analysis employs the time-reversal’ covariant bases introduced in [13]. The
tangent space basis is {Dy, 0y, d;}, while {5 f,dv -2 f,dazz} provides the dual cotangent
space basis. The derivation D, is defined to be a dressed radial derivative

0 0
2 — 2 i
Di—rf—ia Di—rfar:sz, (2.11)

in the time and frequency domain, respectively.

Some conventions: we adopt a short-hand notation for the measure on the Fourier

[/

to keep expressions compact. In writing various expressions, we will use the outer horizon

domain

radius to scale out dimensions, in particular, defining

w=—, q=-—. (2.13)

3 Dynamics: designer sound and charge diffusion fields

We are interested in analyzing the dynamics of sound and charge diffusion in a charged
holographic plasma. On the dual gravitational side, the two modes correspond to pertur-
bations of the Reissner-Nordstrom-AdSg41 black hole, specifically, the scalar polarizations
of gravitons and photons. We pick a direction for the spatial momentum and decompose
the fields into planar harmonics with respect to the transverse SO(d — 2) little group. The
scalar polarizations are the only modes we shall consider here, tensor and vector modes
having previously been analyzed in [1]. The metric and gauge field including linearized
perturbations, schematically are

s> = dsjy +dsfyy, A =—adv+Aada?, (3.1)

with the subscript ‘(0)’ referring to the background solution (2.3).

A priori there are seven metric components and three gauge potentials. Owing to dif-
feomorphism and gauge symmetry, not all of these ten functions are physical. By analyzing
gauge invariants (which are suitable components of the curvatures) and the transformation
under the time-reversal, charge conjugation Zy involution, we can zero in onto a useful
gauge choice. We employ the Debye gauge, one where components that multiply deriva-
tives of the SO(d — 2) scalar harmonic are set to zero. This leaves behind six functions,
four in the metric and two in the gauge potential. Examining the component of the Ein-
stein equation that transforms as a tensor, we find that one of the metric functions can be
algebraically eliminated. The Maxwell constraint equation furthermore implies that the
vector potential itself can be parameterized in terms of a single scalar field. All told, we

“Time-reversal is a Z involution v + i8¢ — v which leaves (2.10) invariant.



can, with a suitable rescaling of functions by powers of the radial coordinate, write the
perturbation ansatz as

O, —rfd D
dsfyy = —F—5— a3 - dv® + g (®, — @y +7f Dy) dodr +1° sz"z dx?
1
- T‘d+1f2 [2(¢.O - (I)E) + ’f‘f (d - 1) (bw} dTQ, (32)
1 d
A _
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The above ansatz does not yet account for the momentum constraint equation. This
can be solved by introducing a single field © to parameterize ®, and ®_,. Consistency of
the parameterization for metric fields says that © and ®, are not independent, but can
be expressed in terms of a single field Z. This parameterization takes the form:

d, = —iwO, d, =D;0 —2d r?fV,
r r2 f! 2(d—1)r3fad

0=—|D; — 24+l
Ak[ Ty | AT A ) (3.3)
1 k2 2(d—1)r3fa

b, =-— |rD V.

W Ak |"I" ++d—1 Z+ Ak

The admixture of the function V, which encodes the gauge potential in the above
parameterization, originates from the coupling between the gravitational and gauge degrees
of freedom. As such one can show that V and Z obey a pair of coupled second order
equations, which in turn imply all of the Einstein-Maxwell equations of motion.

One can, however, do better. It is possible to decouple the dynamics with a final
change of variables. We introduce two functions V and Z, which are gravity duals of the
charge diffusion mode and the phonon mode, respectively, as

A
2="fVihz,
Ch (3.4)
(d-2 p2+2)\ V v 9\ h '
We have introduced in the above a modulation function
1
Ap =K+ (- Dr3f, (3.5)

and a deformed momentum parameter!”

2 _ Cli_ g K _Q(d—2)
p _\/1+2d1/5€2 1, ¢=(d 2)r+6Q’ Vs_id(d—l)' (3.6)

2dvs
2

2
q-.
When we solve the equations (3.8) we will expand p in powers of q°. However, while computing boundary

107t is important to realize that p is defined with no approximations and satisfies p? (2 + p2) =

data, especially the on-shell action and the boundary sources we will treat them exactly. There will be
instances in the computation of the spatial part of the stress tensor where we guess that certain terms
resum into p. These we shall highlight; therefore, unless otherwise noted all such factors can be traced back
to the diagonalization of the equations above.



The function Ay is the charged analog of the sound modulation function that was encoun-
tered in the analysis of the neutral plasma [14]. The deformed momentum p arises from
the decoupling of the metric and gauge field perturbations. We note here a useful identity

po _ d(d—2)

Py 2¢ry (37)

which we will employ in the sequel to simplify various expressions.
These two fields obey the following decoupled equations:

1
d—3 12 2 2 _
rd=3 A2 h? (d—2) 2+p2 r3f
D D,Z 2_(1- 2 Z=0.
AR P T vhanl Rl 2 T4p hAg ) NS Tz E=0

(3.8)

The functions Yy and YUz appearing in the effective potentials are somewhat involved;
they can be found in (A.25) and (A.26), respectively. These terms contribute only at
O(kQ), i.e., they do not affect solutions in a boundary gradient expansion which solely
depend on temporal variations. What is crucial for our discussion is that the equations
are manifestly time-reversal invariant. In particular, this implies that it suffices to solve
them with ingoing boundary conditions for Z, V. The full grSK solution is then obtained by
using time-reversal properties as elucidated in [7]. The equations were originally obtained
in [24]; we give a clean presentation outlining various intermediate terms in appendix A.

The fields V and Z are generalizations of the designer scalars introduced in [1, 13, 14].
They are both non-Markovian, with index M = 3—d, and their bulk dynamics is modulated
by the dilatons:!!

XV — 1
r2d-2)p2°
X 2 (3.9)
zZ —
T Az

The non-Markovianity of V is explicit (since h — 1 asymptotically), while that for Z is
only valid for k # 0.2

The field V is the gravitational dual of the charge diffusion mode; in fact, taking @ — 0
we recover the equation for a probe Maxwell field analyzed in [13] (see their equation
(8.14) with M = 3 — d). In that case the description corresponds to charge diffusion in
a neutral plasma, whereas here we are interested in the dynamics of charge diffusion in
a background with non-trivial charge density. This results in the effective dilaton having
further charge modulation through the ohmic function h. This behaviour is analogous to

"'The Markovianity index was defined in [13] by the large r behaviour of the dilaton, specifically,
lim, oo X — rM~=4+1 particular, that of a minimally coupled scalar is M =d — 1.

128patially homogeneous modes in the background can be understood by examining large diffeomorphisms
and gauge transformations in the background (2.3), as explained in [14]. We expect the dynamics of
gravitational zero modes be Markovian, similar to the zero momentum behaviour of a minimally coupled
scalar field.

~10 -



what we encountered in our analysis of charge propagation; the transverse vector photons
in the Reissner-Nordstrom-AdS,,1 background analyzed in [1] obey Markovian dynamics
with a similar modulation by h. The designer field in that case was denoted Y, and had
Markovianity index M = d—3. We will be able to use its solutions, with suitable analytical
continuations, to write down the solutions for V.

The field Z is the gravitational dual of the sound mode of the plasma. Setting ) — 0
we recover the equation for the analogous field analyzed in [14] (denoted in that work as Z).
The modulation function Ay has similar origins — in fact, (3.5) is identical when expressed
in terms of the emblackening function f.

The main novelty here is that charge diffusion interacts with sound propagation. With
a judicious choice of variables they can be decoupled, as exemplified by the above equations.
We will interpret these in terms of the conserved current components in due course.

Plugging in the above ansatz and field redefinitions into the Einstein-Maxwell action
and the associated Gibbons-Hawking boundary term, one can obtain a (decoupled) action
for the fields V and Z. While our field redefinitions involve higher derivatives (eg., @, ~
D2 Z), the action is second order in the designer fields and can be shown to be

\

_g u u
szl == [ [ o [ s+ SV,

S\l/)ulk — 8 Nv(p) kz

h?

S = d N, () [(HLZ)Q - <w2 ~ (1 =2 24y T3f/> K f + ‘172> 22] :

(D4V)* = (w? = K2 + By ) V2] :

2 1 +p2 hAk
(3.10)

with!3
Ny () = = (1+92) (2+9).

5 (3.11)

N, (p) = @'d:jpz (1+9?) .
The complications of the field redefinitions are confined to the boundary term Syqy[V,Z],
which is an involved functional of {V, Z,]D)+V,]D)+Z,]D)3_V,JD)?FZ}. The structure, however,
closely parallels the discussion of the designer field dynamics for the sound propagation in
a neutral plasma described in [14]. As we demonstrate in appendix B the boundary term
after various simplifications can be shown to be

2
{(d 86();d_ 2)1)P0 (Hjj_?) ~2k2N,(p) VIL, — 2'\/'\1@) ZIL, + - }
(3.12)
The ellipses above indicate subleading terms which have a vanishing limit at the asymptotic
boundary (as 7 — 00). We have also expressed the final answer in terms of the background
plasma pressure P defined in (2.9a).

Shay [V, Z] = /

k

13The normalization of N, (p) has been chosen to ensure that it limits to k* as Q — 0.
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The conjugate momenta for the fields V and Z are defined as

m, — —TT{SMV, 1, — —%T%mz. (3.13)
These have finite limit asymptotically, unlike the fields which need to be renormalized. It
is the presence of the II, V and II, Z terms that dictates that these designer fields obey
Neumann boundary conditions asymptotically at large r, viz., I, = ¢6II, = 0 in order
for the variational principle to give the equations of motion (3.8). We emphasize that
this statement applies to the computation of correlation function (or generating functional
thereof) using the standard AdS/CFT dictionary.

We will however, be interested in computing a different object: a Wilsonian influence
functional (WIF), in the grSK geometry, for which we will impose different boundary con-
ditions. This functional is a Legendre transform of the generating functional parameterized
by field values or operators, as opposed to sources in the generating functional. The Leg-
endre transform effectively amounts to removing the II, V and II, Z boundary terms, and
changes the boundary conditions to Dirichlet for these decoupled non-Markovian fields.

4 Sound and charge diffusion in the grSK geometry

With the dynamics for the Einstein-Maxwell system distilled into that of the designer
scalars V and Z, we are now in a position to analyze the solutions on the grSK geometry.
We wish to obtain the full solution for the two fields parameterized by their boundary
values, i.e., by the expectation values of the dual boundary operator, on the two boundaries
of the grSK geometry. Thankfully, the decoupled dynamics obeys time-reversal invariant
equations of motion (3.8). Therefore, as explained in [7], it suffices for us to solve the
equations with ingoing boundary conditions; we can then use time-reversal invariance to
obtain the full grSK solution.

With this in mind, we characterize the solution in terms of the ingoing boundary to
bulk Green’s functions for the two fields, G}’ and G'. We parameterize these in a boundary
gradient expansion as:

o0

Gy (rw,q) =exp | D (=)™ ™ g* QI (r) | - (4.1)

n,m=1

We note that we have normalized the ingoing Green’s functions to be unity at the bound-

m,2n
v,z

obtained by solving the equations of motion recursively. In fact, the natural way to param-

ary and are demanding regularity at the outer horizon. The functions ¢ (r) can be

eterize them is using the basis of functions discussed in the context of tensor and vector

14

perturbations in [1] We demonstrate this explicitly in appendix C and construct the

“The solutions we are constructing are linearized versions (in amplitude) of the fluid/gravity solu-
tions [25-27] (all of who studied a four dimensional plasma). The operative point here is that those
solutions are characterized using SO(d — 1) representations, which is natural if one wants to parameterize
the currents by intensive thermodynamic quantities (temperature and chemical potential) and hydrody-
namic velocities. We, however, employ SO(d — 2) representations, to disambiguate different physical modes
of the plasma. Nevertheless, the solutions in different sectors we study must have similar origins to be
assembled into complete SO(d — 1) irreps, which can then be checked explicitly.
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solutions to quartic order in the boundary gradients. For now, it suffices that there exists
a clean function basis to work in, and that one can extract the physical information such
as asymptotics therefrom.

4.1 The grSK solution for the designer fields

As explained above, we want to parameterize the grSK solution by the boundary values
of the fields themselves, i.e., the boundary data are the expectation values of the dual
operators, viz.,

((Ouw) Y =Vinwk).  ((Owk), ) =Znwk),  (42)

where
Vir(w, k) = T—}})g:ll:io [V + counterterms] , w3
Z, /r(w, k) = lim [Z+ counterterms]. .
r—roo£i0

In terms of this data, the full grSK solution is given using the ingoing Green’s func-
tion (4.1) as'®

v

- 1\ y
V(¢ w, k) = GV + [<n + 2) G —n, Pe1-0) Gﬂ b

n s 1\ . § (4.4)
Z(Cw, k) = Gy Za + K” * 2> Gy —n, M0 Gﬂ 2,
where G777 (r,w, k) = GI'_(r, —w, k), and n is the Bose-Einstein distribution:
1
"s = B 1 (4.5)

The boundary sources for the fields V and Z, which we denote as é and é , respectively,

are in fact the asymptotic values of the conjugate momenta, which as discussed in section 3
have finite limits. We define

lim II, = —& /g, lim I, = —k%{y/p - (4.6)

r—o0011i0 r—o00+1i0

Using the grSK solution (4.4), together with the asymptotic behaviour of the functions
wvmf” worked in appendix C.2, we can determine the relation between the sources and the
expectation values. We will give the expressions below once we write down the boundary

influence functional.

4.2 The Wilsonian influence functional of designer fields

We now have all the data necessary to evaluate the Wilsonian influence functional for
charge diffusion and sound propagation from the designer fields. Evaluating the on-shell
action on the grSK solution, and implementing the Legendre transform to parameterize

'5The average/difference basis is defined by a Keldysh rotation: ¢, = % (¢r + ¢1.) and ¢q = ¢r — ¢L.
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it in terms of the boundary operator expectation values, we find two contributions: a
Schwinger-Keldysh factorized contact term and an influence functional. To wit,

C; S ﬁ),Zu} = Scontact [f}, Zu} + Swir ﬁjvzu} : (4.7)

Let us first examine the influence functional contribution; it is given by
Z v “, . ™~ 1 ~
SWIF [V,Z} = —/ k2 {Nv(p) V:; K\‘/n (Va + (TLB + 2) Vd> + CC}
k

(s 1\
—/k [NZ@)z; K (Za + (nB + 2) Zd> +cc] :

We have introduced here the inverse boundary Green’s functions for the fields K" (w,k)

(4.8)

and its time-reversed counterpart K% (w,k) = K" (—w,k). These are themselves given
by the dispersion functions, up to some dimension and charge dependent factors as

. K (w,k
K (w, k) = _ Ke(wk) = K (w,k)
(1—6Q)2T+ Odc 49
Ko K) 2 (+9)
K (w, k) = = Ks(w, k),

2d(d—1)2rT2(1+Q2) 2d(d—-1)2F

where we have employed the background data (2.9).
The function K.(w,k) characterizes the dispersion locus for charge diffusion. It is

given in terms of the horizon values of the gradient expansion functions characterizing the
solution'® for the field V

, S q° .
K.(r0,q) = —ito + (1 7 Ql) T 5" AS’O(M_) % — 2i g08’2(7“+) ro q°

— i (2620(r) = A2 )P od

(4.10)

The reader can find the expression accurate to quartic order in (C.14).

Similarly, the function Kg(w,k) characterizes the dispersion locus for sound propaga-
tion with attenuation. Once again it can be expressed in the boundary gradient expansion,
and takes the form:

2
2y Vs o2
K,(10,q) = —to T T2 [s(r0,q),
3 2 i3, © R (4.11)
r, . A2 Q _
(,q) = =i + A% (re) w7+ Gy =g +d_2<m d—1>+

We have quoted here the sound attenuation function I's accurate to quadratic order (and
thus the dispersion locus to quartic order). It is possible to extract a prediction for this
function to quartic order in gradients (even though we are only solving the equations

1 Functions with subscript Y and d — 1 correspond to the basis used to solve for the Markovian transverse
vector photon, and transverse tensor graviton polarizations, respectively, and were introduced in [1]. For
completeness, we give integral expressions and asymptotic expansions of these functions in appendix C.
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accurately to that order) as we explain in appendix C. We give our prediction for this
function in appendix C.2; see (C.27) and the discussion surrounding it.
From Swir ﬁ/, Z] given in (4.8), we can determine the boundary Schwinger-Keldysh
sources corresponding to the designer fields to be
E in " 1 in rev s & rev "
€= KVt (ny+5 (K= Ky ) Va, €a=K Va,
1 (4.12)
(o= K" Z, + (nB - 2) (K= Ky) 24, o= K24,

One can check that this relation is consistent with our identification (4.6), which employed
the standard asymptotic fall-off conditions to extract the sources.

Before turning to the contact term contribution, it is worth noting that we recover
pre-existing results when we switch off the charge ) — 0. The charge diffusion function
V simplifies considerably, and reduces to a non-Markovian probe Maxwell field of index
M = 3 — d analyzed in [13] (see their section 8; the field V reduces to ¢, , studied there).
Likewise, the designer phonon field Z limits to the sound field Z analyzed in [14] (compare
with their eq. (5.2)). The normalization for N,(p) specified below (3.11) ensures that
this works out naturally, modulo the fact that the prefactor is given here in terms of the
dimensionless momentum g2. Moreover, in the charged plasma, the normalization factors
N, (p) and N,(p) are closely related to those obtained in [1] while decoupling the vector
perturbations. This is not altogether surprising given the unified origin of the perturbations
from a fluid/gravity perspective, but serves as simple sanity check of our results.

To write the contact term contribution it will be necessary to record the boundary
metric and gauge field source, parameterized by the sources for the fields V and Z. This
information can be extracted using the asymptotic behaviour of the designer fields, as we
explain in appendix C.2. We introduce the induced boundary chemical potential

Cur= lim A,

r—0011i0
24p2 . dd—1) B o4 (4.13)
=Tt 4 EL/R_I_T%IJ CL/R?
and the boundary metric induced on the two boundaries of the grSK geometry

== (1= (@ =3) Wyyn) do? + (1+ W, ) dx®.

We have parameterized the above in terms of the boundary value of the metric fields @,
and D, © using the asymptotic relation &, =D, 0O + ---, and
1 ) D, O ) d

W, . =—— lim = lim W
LR T 029 roookio 741 royootio rd—2

) éL/R (4.15)

¢

8 .
+ T%CL/R‘
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With the boundary sources identified, we can write down the contact term

. oo (d—1)(d—2)
Ceiﬁ Secontact [V7Z} =F ;— P()l/de2 (WR - WL) + 2 pg /k (CR - CL) (4.16)
+ (D=2 —6>POA<W;WR_WIWL).

This contact term includes the background free energy density, which is proportional to the
pressure P introduced in (2.9a). This entire contact term originates from the on-shell ideal
fluid action evaluated on the background (4.14). The ideal fluid additionally contributes
to part of the Wilsonian influence phase. The details of this calculation are similar to the
analogous analysis in [14]. We will add some further commentary in section 4.5, but en-
courage the reader to consult the aforementioned reference for a more complete discussion.
The main change is that we have mixing between the phonon mode and the charge diffusion
mode, but once we have diagonalized the modes, at Gaussian order, we have decoupled
effective dynamics, which allows us to infer the result directly from the boundary metric
deformation.

4.3 Conserved currents

The conserved charge current and energy-momentum tensor can be extracted from our
solution using standard techniques. We sketch the basic derivation of these results in
appendix D.2. There are two contributions that are relevant: the background Reissner-
Nordstrom-AdSg41 black hole has a non-vanishing free energy and charge current, which
is corrected at linear order in amplitudes by contributions which can be expressed in terms
of the field operators Y and Z.

Charge current: to express the U(1) conserved current on the boundary, let us first
introduce the boundary charge diffusion operator

2 po IR

dd-1p2+p " (4.17)

QL/R = % (2 +p2) CU)V -
L/R
This is a particular linear combination of the operators (5\, and (52, which are the boundary
duals of the bulk fields V and Z, respectively. It can be identified as the renormalized
boundary operator dual to the field V which parameterizes the bulk gauge field fluctuations.
The factors of p in its definition originate from the diagonalization of the bulk equation,
and can be traced back to (3.4).
In terms of this operator we have a simple expression for the current,

1
2 Cof

(JﬁonmCt)L/R dxt = 00 [_1 + (d — 2) / SW:| dv .
k

L/R

(TS, dat = (JEOM) it 4 /k (WS dv +iwkS;dat) Oy,
(4.18)

We have written the current in terms of the background charge density (2.9b).
The operator content is captured by the specific combination of the bulk charge diffu-
sion and sound modes introduced above. Once we identify the energy operator, we will be
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able to re-express the operators dual to the decoupled gravitational designer fields in terms
of the physical boundary operators. The second line includes the background charge den-
sity, and an additional polarization contribution arising from the change of the boundary
conformal frame (the W piece).

Current conservation demands that 7V, J# = 0 on both the left and right boundaries
of the grSK geometry. If we examine the operator part of this statement, viz., the contri-
bution from Q, we find that the Ward identity is trivially satisfied, since J” o« —k?S and
J' o< —wk; S. Tt is straightforward to check that the source term proportional to W is also
covariantly conserved (it cancels against the connection term for the background (4.14)).
As a result we should view the current as a sum of a polarization term on the deformed
boundary geometry, which is the second line of (4.18), and a physical operator part, pro-
portional to Q, as we have indicated.

Energy-momentum tensor: the boundary stress tensor is computed by the usual
Brown-York result supplemented with suitable counterterms. We give the details of how
to write this in terms of fields we are using to parameterize the metric in appendix D.2.
The result after some simplifications can be expressed in terms of an energy operator:

Eujn = [OZ + k2 V] : (4.19)
¢
L/R

Once again, this operator is the boundary value of the renormalized field Z, which is the
distillation of gravitational perturbations. One infers the relation above directly from the
definition (3.4), with the factor of k? originating from the modulation function Ay.

In terms of this field, we can give a simple expression for the energy-momentum tensor
density.!” We decompose it again into separate contact and operator contributions:

v 05 v
(TéLFT)L/R =92 [ ] = Coff (Tégntact)L/R =+ Ceﬁ‘T L/R - (4.20)
/

0Ypw L/R

The physical operator part of the stress tensor is quite simple and can be shown to be

( L/R / d—1 SSL/R’

~ _ wk P
(7, )L/R a1 Gum (4.21)
y g1 [ K2 ]
] 2 T\ J
(Tz LR —1/[ i (d—l w>(8 )Z]&/“'

We have decomposed the spatial part of the stress tensor into a diagonal ‘pressure’ and a

traceless ‘shear-stress’ part, utilizing the invariant Kronecker delta and the traceless derived

"Working with the densities leads to simpler expressions and is also more natural from the computation
using the renormalized Brown-York tensor. Note that, /—y =1+ fk WS.
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scalar harmonic. The contact term is obtained as
contact) ¥ _ o - d—2 /
(Teom ) = (d 1)P0{ 1+ = kSW]L/R,

contact J _ 1 contact) d(d_l) T J 4 £0
(TL/R )z T od—1 (TL/R )v 2 PO/,C(S ) W+d(d72)ﬁ)c

L/R '

(4.22)

We notice that the stress tensor is manifestly traceless (note that (ST)! = 0). Furthermore,
the operator part and the contact terms are separately conserved. Note that since we have

a background charge density, the conservation law includes a Joule heating term'®

WV, Ty = TP IS (4.23)

Since we have a non-trivial boundary chemical potential, 'YAN # 0, from (4.13), it follows
that there is a non-trivial boundary field strength 7F,, which contributes to r.h.s. of the
conservation equation (4.23). Nevertheless, it turns out that the contact terms in the
currents conspire to cancel each other out, effectively implying that the SiTj component of
the contact term is the gravitational response to the background charge density. We will
return to analyzing the currents from a hydrodynamic viewpoint in section 4.5.

4.4 Current correlators

For the purposes of computing physical correlation functions, it will be useful to record
the Green’s functions for the boundary charge diffusion and phonon operators, (5\, and (52,
respectively. From the influence functional (4.8) we infer that

) 1
7 - s
Ceff k2 Nv (p) K\l/n (wu k)
1
Ceft Nz (p) K3 (w, k)

(O (0, ~K) O, (w10)) " = -
(4.24)

(0,0, 1) O, (1)) " = i

The Keldysh Green’s function can be determined by the fluctuation-dissipation relation

y y Kel 1 Bw Im [K\i/"(w,k)]
- (4.25)
<é2(_w’ —k) @z(w’k)>Kel = _20163 coth (%) M

_ 2
Ky (w, k)|
We will therefore only quote the retarded Green’s functions below.
To write the current correlators we first pick a spatial direction for the propagating

modes, setting k = k 2, decomposing R?~! coordinates into {z,zs} withs =2,--- ,d— 1.

8Note that we have a bulk Maxwell term with unconventional normalization. The boundary charge
current defined in (4.18) consequently has an extra factor of 2, as indicated in footnote 8. This ensures that
the Joule heating term has the conventional normalization, consistent with what one would derive from a
diffeomorphism Ward identity.
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One can check that with this choice Sj; = 5 diag{—(d — 2),1,--- ,1}. We will write the
correlation functions of the currents in terms of the corresponding answers for the operators
Q and & , so let us therefore first record the retarded Green’s functions for these charge
diffusion and energy operators. From (4.17) and (4.19) we find

| . . Ret  gge 2+ p° 1
1 Ceff <Q(_Wa _k) Q(w’k)> o 2r+ 1 —|—p2 k2 Kc(qu)
d—2
riv46 1
Y (d—2 i Q ’ 4.26a
(d=2) 4N (p) k2 K,(w,q) 26
. g . Ret 2po 21 K
1 Coff <5(—w, —k)g(w7k)> = 0dc T+ (d(d _ 2) PO> Nv(p) Kc(m,q)
Py 2+ p? 1
did 2 Fo 4.26h
+d(d—1) r2 1+ p2 k2 Ky(w,q)’ (4:260)
. y . Ret 204, 2p0 1 1
i Coff <Q(_W7_k)g(w’k)> Corp d(d—2)Py (14 p?) Ke(,q)
2(d—1) po 1 (4.26¢)

(14 p?) K2 K (w,q)

In these equations we have used (4.9) to convert K" and KI* to the dispersion functions
K. and K, respectively.
The correlation functions of the U(1) current and stress tensor are then compactly

presented in terms of these correlators as

12 v Re A~V < g Ret
(Thon (08 Tl (w0 B)) =4 3w, k) (Q(—w, —k) Q(w.k))
. - Ret Qﬁl“/’pa w k o o Ret
(Th2 (~w, ~K) T27, v (w,k)>mmdealzc2ﬂ(d7<g k) Ewk)) , (42)
- Ret RPI (. k o Ret
(om0 T2 )™ =22 TTER (5 a9 £010)™

where we have parameterized the tensor structure data into certain momentum and fre-
quency dressings.
For the current-current correlators these are

TV, k) =k, 3w k) =wk L 3w, k) = w2, 3W(w, k) =0. (4.28)

The naive pole at k = 0 from (4.26) is cancelled by the factor of k? in this dressing tensor.
Likewise, we parameterize the energy-momentum tensor correlators using

k2
vv,ov 1.4 VU,VT 3 VU,88 __ 2 2
B — kA guer — g3 @ _7d_2(1€ w),
BYUTT — w2 1{22 7 BYTVT — w2 kZ7 BYTSS — dw k2 <k2 . w2) ’
iy (4.29)
vr,xr __ , 3 zxxr 4 xT,ss __ 2 2
& =w’k, & =w", o] _7d—2(k w),
88,88 __ 1 2 2 2
& _(d—2)2(k —w).
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Finally, the mixed current-stress tensor correlation functions depend on

k2
ﬁv,vv:_kll? ﬁv,vm:_wk?)’ ﬁv,x:r:_WQkZ, ﬁv,ss:_d 2<k2—w2>,

B (4.30)
TV 3 Tor 2712 T,z _ .3 CC,SS__w 2 2
ATV = k3, R = 2k AT = Bk, R —d_2</<: w),

with R5* = 0.

In writing these expressions, we have made a particular choice of the contact terms.
While this writing appears to suggest the presence of a double pole at k = 0, stemming from
the k% K factors in (4.26), these are spurious. They can be removed by adding suitable
contact terms. The only physical poles are at the vanishing loci of K and K., which
correspond to the dispersion relations for sound and charge diffusion. By adding suitable
contact terms we can replace of w? — k? (ﬁ + L Fs) in &, and /4,19 This

14+Q?
manipulation does not affect the residue at the sound pole, which is the physical data, one

can extract from these results. We have refrained from implementing such contact terms
explicitly to retain the simplicity of the expressions above.

4.5 A fluid dynamical perspective

We have motivated our analysis by arguing that the low-lying modes in scalar sector of
the charged plasma are the phonon and a charge diffusion mode. With the correlation
functions at hand, we can see that they have poles at the dispersion loci characterizing
these modes. We can obtain the explicit dispersion relations and confirm that they can be
understood directly in terms of the transport data obtained in the earlier literature.

First, solving K.(w,q) = 0 we obtain the result for the dispersion function governing
charge diffusion to be

d-1-6
o) =g gy T (e )
d—1-6
GGy o ) 2 (431)
d—2 2 A 0,4 2v, & =

The constants appearing here are horizon values of functions defined in appendix C. In
obtaining this result we have used the expression for K. accurate to quartic order in
gradients (C.14). From the quadratic part of the dispersion we can obtain a prediction for

D, = d _12) o (1 — d6_91> : (4.32)

the charge diffusion constant

One can check that this agrees with the result obtained in d = 4 in [25].%°

9Tn [4, 14] such a choice was made to simplify the stress tensor correlators of a neutral fluid.

20Much of the literature computing charge diffusion rate focuses on the diffusion of a current in a neutral
background. The general result for the charge diffusion constant in finite density medium (4.32), insofar as
we have been able to discern, is therefore new.
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The charge diffusion constant D, and the dc conductivity (2.9¢) are proportional to
each other:

5
Oge = =P D.. (4.33)

T (%) P fixed

To see this, recall that the leading dissipative contribution to the hydrodynamic charge
current can either be expressed as the gradient of the charge density or as the gradient of

chemical potential (normalized by temperature), viz.,?!

1
2 Coff

JH = put—oq. T PV, (;)Jr L (4.34)

JH = put—D.P*" DY p+---,
2 Coft
with P*” being is the spatial projector orthogonal to the velocity. The two expressions
are the canonical and the grand canonical expressions for the charge current, respectively,
with the translation being made with fixed energy density or pressure (to ensure that we
are not turning on the phonon). Using the background charge density (2.9b) and the
thermodynamic data (2.5), we find

5p d—2 (1 - GQ)2
—(d—2)ri2——9 (4.35)
T5(%) P fixed - 1—%

This shows that the results (2.9¢) and (4.32) are indeed related as claimed in (4.33).
For the sound dispersion locus, we solve Kg(t,q) = 0 with K given in (4.11) and
obtain

q . Vg 2 Vs b3

(a) = -1 20+ Tavicia+r oy

o d(d—-2)—4  d-3 , 2\ A 2,0
b= gy T a—a @ QDA

7 q3 _|_ S
(4.36)

For simplicity, we have only quoted the positive branch of solution. Since sound has

a propagating mode there are two solutions which start off as w = =+ \/(fj 4+ ---. In
appendix C.2 we conjecture the cubic and quartic corrections to the sound attenuation

function and use it to derive the dispersion relation to quintic order, see eq. (C.30). This
exploits the asymptotic expansion of the metric functions and how the stress tensor is
assembled from the solution.

The quadratic term in (4.36) captures the leading sound attenuation which originates
from shear viscosity. The coefficient of the ¢? term, denoted Dy, arises from viscous
damping of the sound mode. It is related to the shear viscosity of the conformal charged

plasma via,
d—2 7 -1 _ S
= — > = = —
K d—1 ¢+ Fy = Ceff T 4dr’

reproducing the well-known result. The background energy density ¢y is given by the

(4.37)

conformal equation of state eg = (d — 1) Fp.

21For conformal fluids, we can express the results in a Weyl covariant manner using the Weyl covariant
derivative D"V, which is defined using the Weyl connection for the fluid. The charge density has Weyl
weight d — 1, implying that the contribution to current takes the form D}Yp = (V, + (d — 1) u® Vau,) p.
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The cubic term in the dispersion (4.36), which gives the correction to sound atten-
uation, arises from a second order contribution in the constitutive relation for the cur-
rents. We can use the results of [25, 26] and the classification of second order transport
in [30] to argue that only a subset of second order transport data contributes to the linear
dispersion relations. Specifically, we can only have contribution from two terms in the
stress tensor, Ty, O T u*DVao,, + T, %Dl‘:" D)’ p, and two terms in the charge current
J* > Cy P*o, + C,, P*w,, as these are the only terms which are non-vanishing at linear
order in the amplitude expansion. However, upon computing the equations of motion,
one finds that only 7, contributes to the dispersion relations at third order. The other
three contribute at fourth order, but their contribution mixes with third order constitutive
relations. In any event, solving the conservation equations, one finds:

g d-27n ¢ <d_27—7r (d-2)? 772) q°
d—1 d Pd-1 2d P 2d?2 P2 (d—l)%
Comparing the prediction from hydrodynamics with the gravity analysis, we deduce

+oo. (438)

that 7, is given in terms of the horizon value of the function Aif)l. This coefficient also
appears in the shear dispersion but only at fourth order [1]. Second order transport co-
efficients for a charged fluid have only been evaluated hitherto in the literature for d = 4
in [25, 26]. We have been able to evaluate A2%(r) in closed form in this case, and find

2 T L4002
A20(ry) = % (1 + e log (3 — Vit 4Q2>> . (4.39)

V1+4Q? 3+ V1+4Q?
We have confirmed that this result agrees with the values for the transport coefficients
obtained earlier. The comparison with the result of [25] is straightforward (they refer to
the coefficient 7, as A7, while that to [26] (who instead use 77, for their coefficient) requires
small algebraic manipulations to rewrite the temperature and chemical potential in terms
of the black hole parameters. The numerical result for Aif)l in other dimensions 3 < d < 6

can be found in figure 4 of [1].

Let us finally turn to understanding the boundary currents from a fluid dynamical
perspective. We will examine the thermal one-point function of the stress tensor, which we
express using (4.2). As explained in [14], there is an interesting complication with energy
transport. The sound mode has a propagating degree of freedom, one that is already visible
at the level of an ideal fluid. Therefore, any decomposition in fluid dynamical terms must
treat the contributions from Z and V asymmetrically. In particular, we will have to break
up the simpler packaging in terms of the charge diffusion and energy operators Q and & ,
and treat the contributions from Z and V asymmetrically.

We claim that the currents can be decomposed into an ideal, a non-ideal,?? and a
polarization contribution, respectively, in the following manner:
1 9 .
2 Coff <JI$FT> - Jil:ieal [W7 Z] + Jl!;on—ideal [V7 Z] )
el (4.40)
. (TErr) = Tiea W, Z] + Thopidea Vs 2] + Thail€, €] -
€.

22We refrain from characterizing the non-ideal part as dissipative, since this part includes non-dissipative
contributions as well starting at second order in gradients.
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This separation works independently on both the R and L boundaries, so we will drop the
corresponding subscripts in the expressions henceforth. The ideal fluid currents are of the
standard form

Lo = V=P (duu” +4") , Jg

ideal

=put. (4.41)

We need to ascertain if we can isolate the deformed expressions for pressure P, charge den-
sity p, and velocity u*, noting the background values Py and pg given in (2.9a) and (2.9b).

To motivate this split, we first rewrite the stress tensor density as follows:

(Torr)y")ym = (d—1) P { 1+ 7/ SWL/R:| / T < L+ K VL(,:/R> :

. V
<(TCFT vl / SZ( L/R+k2 L(,:/R> ;

k2 vsTs(w,q)
j _ ] s+ S8 )
<(TCFT)Z' >L/R - 1 <(TCFT) >L/R 5@ rd—2 1+ Q2

Ok k2 1%
J o 2 L/R
+/ ‘ l (d—l w) ¢
T . (pors €upm—2d(d—1) Po¢ )}
2(d—2) 07+ SL/r OSL/r /| -

(ST)ij ZVL/R

(4.42)

In obtaining this expression we have separated the contributions from Vand Z (and their
sources). Furthermore, in the spatial part of the stress tensor we have replaced f in terms of
Z using (4.12), and used the explicit form of K (4.11). The upshot is that the contribution
of Z to the stress tensor is now considerably simpler with the spatial shear-stress part being
proportional to the sound attenuation function.

In the limit where we switch off sound attenuation I'y — 0, we see that the entire
contribution of Z to the stress tensor density can be understood as that of an ideal fluid
with

P =P <1—d/SW )+/k2§;}
L/rR — 10 L/R k(d— )2 L/R >

(4.43)
uy, dot = [1— /SWL/R] dv — / d S ZL/Rda;

In the absence of charges, this result coincides with that obtained for neutral fluid in [14].
Note that the temporal component of the velocity is arising from the background red-shift

Uy = = ~Yov-
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In the present case we have additional contributions from the charge diffusion mode.
These are captured in the dynamical and polarization terms. To wit,

u

<(Tnon—1deal L/R = / L/R )

i . w k VL/R
<(Tnon—idea1)v >L/R - . d 1 S 3 )

; k2 2 (d o 1)2 k2 ) ; ]}L/R (444)

: A = B — . — T A
<(Tnon—1deal)z >L/R /k; (d — 1)2 [k 62 S+ d—2o (d 1 w > (S )z ] ¢
k2 v, T, 10, q o
rd—2 1 +(Q2 : (87 Zuyms
and
<(Tpol)z“>L/R d 2 / p f pors €y —2d(d—1) Py é/a} : (4.45)

Since the charge diffusion is dissipative, it follows that the contribution from V cannot be
included in the ideal fluid part. For similar reasons the Ty, Z contribution is also non-ideal.
The novel feature is the additional polarization in the spatial part of the stress tensor
proportional to the sources. This term is present to account for the Joule heating effect,
but we do not have a heuristic explanation for its presence.

Given the decomposition of the stress tensor, we can examine what it implies for the
charge current. We have the modified charge density

1 k2 o
PrL/r = PO ll —(d—1) /k S <2 WL/R - m ZL/R)] ) (4.46)

with the background density (2.9b). Along with the velocity field determined from the
stress tensor in (4.43) these charge densities reproduce the contact term of the current as
an ideal fluid contribution. The additional piece is purely dynamical and can be shown
to be:

<J11)10n—idea1>L/R — / ki2 QE?E 1dea1>

. (4.47)
<Jinon—1dea1>L/R =4 /ka:Sz <QE(/)§—1deal> ’
where (using the identity (3.7))
Anon-ideal T+ 2\ A Po p2 A
Qi/n :l4(2+p)Ov+d(d_1>P02+pQOZ]L/R. (4.48)

Owing to the fact that the ideal fluid already supports a propagating sound mode, we
see that the non-ideal part of the charge diffusion operator is not quite (4.17), but a

modification thereof to QE?g‘ideal.
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Not only can one give a simple interpretation for the conserved currents, but it also
turns out to be possible to give a similar decomposition of the on-shell action. First of all
one can check that

/k B Thes 0w + V=7 JH 674, jg—jm C; SV, Z]. (4.49)
In writing this expression we are assuming that the currents are correctly normalized as
indicated in footnote 18. The ideal fluid contribution is isolated by setting I's — 0 and
dropping the contribution from V. The contributions from V are associated with charge
diffusion, which is non-ideal. On the other hand, the phonon, owing to its propagating
degree of freedom, contributes non-trivially to the ideal fluid part. Switching off I's ensures
that we ignore the non-ideal sound attenuation piece. Specifically, turning off all the sources
of dissipation, we anticipate that the surviving part of the WIF can be obtained by a
Legendre transformation of the ideal fluid action (the integrated pressure), viz.,

Sideal,LT = S []7 =0, ZU} (4.50)

I's—0

The ideal fluid action for a charged plasma is given by the zeroth order Class L action
of [30]. We can view this as a functional of the background metric 7,,, the vector b#, and
scalar A, = p/r4, which are the related to the thermal vector and thermal twist introduced
in the aforementioned reference. The variation of this ideal fluid action has pieces that lead
to the stress tensor and the current, as in the r.h.s. of (4.49), but additionally it also has
contributions proportional to db* and dAy, which are the change of these variables from
their background value. Once we account for this effect, the Legendre transform of the
ideal fluid action should reproduce the contact term and the propagating part of the sound
mode. We have not checked this explicitly, but the fact that (4.49) holds provides strong
evidence for our statement.

In recent years, various groups have constructed effective actions for non-linear, dissipa-
tive hydrodynamics using symmetry arguments. These actions are argued to be universal,
governing the low-energy behaviour, with the dynamical equations of motion being the
energy-momentum and charge conservation. The dynamical fields in this approach are
target maps from an auxiliary space, the worldvolume, onto the physical fluid (cf., [31]).
The physical temperature and chemical potential are pushforwards of reference data (fixed
thermal vector and twist) from the worldvolume into the fluid target under these maps.
These non-linear analyses, while interesting in their own right, are per se not optimal for
understanding loop effects in the effective field theory. For these it suffices to have an action
which isolates the physical modes. For a charged plasma, these are the shear and charge
diffusion waves, and the sound mode. An effective action parameterized by the associated
operators suffices to understand the dynamics in an amplitude expansion.

In [1] we have obtained the Gaussian effective action for the shear modes, while the
results (4.8) herein give the corresponding results for the charge diffusion and sound modes.
Using the bulk graviton vertices one can work out non-Gaussian corrections systematically.
This data is useful since thus far there does not exist in the literature a precise proposal
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for a charged plasma. Even the adiabatic Class L action for such systems has not been
constructed, though [30] classified the various tensor structures under the eightfold classifi-
cation of transport up to second order in gradients. Moreover, the non-linear fluid/gravity
dual of a charged plasma has also not been constructed in general dimensions. The original
works [25, 26] focused on d = 4 with no background sources, while [27] turned on general
boundary metric sources (also in d = 4) but not background gauge field sources. The com-
bined results of the current work and [1] are the first steps towards a better understanding
of charged fluids from holography.

5 Discussion

We have used holography to understand the dynamics of charge diffusion and sound propa-
gation in a charged plasma. Both of these physical effects arise from the longitudinal scalar
modes of the energy-momentum tensor and charge current, but owing to the presence of
background charge density they mix non-trivially. One advantage of the holographic mod-
eling is that it provides a clear mechanism to decouple the modes and indicates which
combination of the currents leads to the diffusive dynamics of charges, and which leads
to the phonon mode. The fact that one can decouple the modes at the Gaussian order is
not a surprise per se, since one only needs to find a suitable diagonal basis of the physi-
cal modes. The gravitational modeling simplifies this considerably, since one is essentially
diagonalizing a pair of coupled differential equations. While this result dates back to the
analysis of [24], it has thus far not been employed to extract general lessons for a charged
plasma.

During our analysis, we have simplified the derivation of the linearized Einstein-
Maxwell equations. In addition, we have undertaken a careful analysis of the variational
problem for the decoupled modes, an exercise that had not been carried out earlier. In par-
ticular, we note that the decoupled fields parameterizing the perturbations of the Reissner-
Nordstréom-AdS black hole are to be quantized with Neumann boundary conditions for
purposes of computing the generating function of boundary current correlators. Further-
more, we have solved these equations in a gradient expansion to quartic order. Note that
the non-linear fluid/gravity analysis for charged AdS black holes has only been analyzed
to quadratic order in gradients, and that too only in d = 4. Thus, our results for the
most part are largely new, a surprising fact considering the extensive investigation into
hydrodynamics using holography.

For the boundary theory we are not interested in computing the generating function of
current correlators as a functional of the sources as one is wont to do conventionally in the
AdS/CFT context. The conserved current correlators have hydrodynamic poles, and the
resulting generating function does not admit a well-behaved low-energy expansion. Rather,
we are interested in developing a systematic low energy effective field theory parameterized
by the physical low-lying degrees of freedom: the phonon and the charge diffusion mode.
This is achieved by a suitable Legendre transform of the generating function, but oper-
ationally, as argued in [13], it amounts to quantizing the dual bulk fields with Dirichlet
boundary conditions. We have obtained the Gaussian part of the real-time effective action,
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and the Wilsonian influence phase for the charge diffusion and sound modes. This can
then be used to recover (and extend) the Schwinger-Keldysh two-point functions of the
conserved currents.

The physical results of the boundary currents and the Wilsonian influence phase can
be nicely understood in hydrodynamic language. We have demonstrated that the currents
can be separated into an ideal part, a non-ideal part (which includes both dissipative and
non-dissipative contributions), and background polarization terms. A similar statement
holds for the effective action. The non-ideal part includes non-dissipative contributions
in the functions K. and 'y, which can be extracted. These should be matched against
the higher order gradient terms in the Class L charged fluid action. The latter is easy to
construct following the analysis of [30]. However, it has not yet been analyzed explicitly
in the literature; we therefore leave a detailed hydrodynamic analysis to the future.

Together with our earlier analysis of momentum diffusion and charge propagation
modes in [1], the analysis of this paper completes the derivation of the effective action for a
charged plasma. The rapidly decaying Markovian modes are the @ modes of the tensor
sector and the (d — 2) modes that correspond to transverse photons. The hydrodynamic
modes are the (d — 2) momentum diffusion modes, and the two modes analyzed herein.
Altogether these make up the set of a stress tensor and charge current, modulo tracelessness,
and the d + 1 conservation equations.

An interesting physical output of our analysis is the identification of the combination
of currents which correspond to the physical charge diffusion mode and the sound mode.
The charge current is parameterized by an operator O and the stress tensor by E , cf., (4.17)
and (4.19), respectively. Inverting these, we find

. 2 . 2 p &
OV_(1+p2)r+ Q+d(d—1)Fo2+lo2 ’

L 24 p? ¢ d(d—l)&p2(2+p2)é

(5.1)

£ T 21 +p7) R
We employed the identity noted in footnote 10 to simplify the above. What is curious

in these expressions is the presence of the deformed momentum factor p defined in (3.6).
These factors, we emphasize, are exact, arising as they do from the decoupling of the
gravitational equations of motion. This quantity p is an interesting prediction of gravity,
and its origins deserve to be better understood. The occurrence of such momentum factors
is, in fact, quite ubiquitous in the analysis of probe fields in a black hole background.
They have been encountered in various explorations in the AdS/CMT literature. While
it is not therefore a surprise to see them in the context of linearized photon and graviton
fluctuations, one ought to understand their presence more clearly. One could speculate,
without any evidence, that such factors appear even in weakly coupled charged plasmas, a
possibility that should be investigated further.

While we have focused herein on obtaining the Gaussian part of the real-time effective
action, the grSK geometry, as explained in [7], is sufficient to allow one to obtain the non-
Gaussian terms in the influence functional, which can be computed by standard Witten
diagram techniques suitably adapted to this two-sheeted geometry. The only ingredient one
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needs are the bulk vertices for the various fields. These can be obtained from the Einstein-
Maxwell action. Note however that there is mixing between the scalar, vector and tensor
modes, from the cubic order onward. One can however combine the parameterization of
the scalar modes in this paper, together with that adapted for the tensor and vector modes
in [1] to compute the vertices. This computation is straightforward, albeit technically
challenging, and has the potential to shed further light on the nature of hydrodynamic
effective field theories.
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A  Dynamics

The dynamics we study is governed by the Einstein-Maxwell action with its Gibbons-
Hawking variational boundary term and appropriate counterterms. As we work to quartic
order in boundary gradients, we expect that we would need counterterms accurate to
that order. While it will transpire that we can make do with the quadratic gravitational
counterterms, we nevertheless include below the full set for completeness.

The gravitational dynamics we consider is??

1
Sgrav = /dd—HfU vV —g <R+d(d_1)_2FAB FAB) +/dd$v - (2K+LEH,ct+LMax,ct) )

1 1 d
Lipes = —2(d—1)— —— TR~ "R, TR LR
FHct (d=D)-7= (d—4)(d—2)2( v A(d—1) )
1
It ot = R A O vpm)
Masct 4(d4)< w N T a—e) T >

(A1)

The counterterm action accurate to quartic order was originally obtained in [32, 33]. The
equations of motion have been recorded in (2.2). We will first analyze them, before turning
to understanding the variational principle.

The perturbations of the background are parameterized in terms of the metric functions
and gauge potentials recorded in (A.3). As explained in [24] and in our earlier works [1, 14],

23In the appendices we will drop the normalization factor 167Gy to keep the expressions simple. We

also work in units where £aqs = 1. Boundary quantities can be easily obtained by scaling up the results by
d—1

¢
a factor of ceg = 16i‘éSN at the end.
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we can work with suitable gauge invariant combinations made out of curvatures. We work

in the two-dimensional {v,r} spacetime, the orbit space, which has a connection®*

=5 (7). (A2

The discussion of the metric perturbations parameterized in terms of ¥ 45, as presented
in (A.3), is unchanged from [14], since the organization into SO(d — 2) harmonics and
orbit space transformations are unaffected. The main change is the addition of data from
the Maxwell potential, but this has also been previously explored in [13], who analyzed
the dynamics of probe Maxwell fields in the Schwarzschild-AdSg,1 background. Much
of that can again be imported with some slight modifications. Indeed, we shall see that
the dynamical equations can be suitably understood by combining the analysis of the

aforementioned two papers.

A.1 Dynamics in the Debye gauge

A generic perturbation of the background is captured by ten functions, encoded in Vg
and A 4, for we can parameterize them in terms of SO(d — 2) harmonics as

dsh) = /k { (20 dsfyy + Wy dv? + 2 Wy, dvdr + Uy dr?) S
= [27 (W dv + Wy dr) Sy da’ — 202 W, S} da'da | } , (A:3)
Apda = / { (\Tlvdv+\ffrdr> S+\f1xSidazi}.
k

Here S = KX~ js the scalar plane wave on R 1! and S; and S;; are derived harmonics,

defined as . ) 5
. __ 5 T _ (99 _ % 92
S; 2 0; S, SZ] 12 (81 0; 1 0 ) S. (A.4)

S;; is traceless but not transverse, 9;S;; = % 0%29;. It is to be distinguished from the
derived harmonic S;; defined in [13], which is neither transverse nor traceless.

We can use the gauge invariant combinations to help choose a specific gauge and
simplify the linearized equations. The natural choice is to use an analog of the Debye
gauge employed in [14]. The idea is that we set to zero, a priori, the perturbations that
depend on the derived harmonics S; and SZTJ To wit, we have the gauge conditions:

Debye Gauge: V., =V,, =¥ _ =0, v, =0. (A.5)

This immediately reduces us to six functions {Wy, Uy, Uy, Uy, Ay, Ay 120

241n this appendix, we use lowercase early alphabet Latin characters to indicate orbit space tensors in
addition to the conventions specified in footnote 6.

25 As described in [14] there is a subtlety with the spatially homogeneous modes, but we will not analyze
them in any detail, focusing instead only on the spatially inhomogeneous modes. One issue is that (A.12)
no longer holds at £ = 0, so one has to treat ¥, or &, as an independent degree of freedom.
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To proceed further, we introduced a certain parameterization of the metric perturba-
tions inspired by the discussion of sound modes in neutral fluids [14]. Let us introduce
rescaled variables @, ®,, O :

Oy =110y, By =1 (U £ ) By =200 (A.6)

Furthermore, we express VU,, in terms of these functions and a new function ®, as

1

Upp = ————
rr rd+1f2

2(®, —®,)+rf(d-1)d, +D,]. (A.7)

All told the perturbative corrections now take the following form:

o, —rfd

o
ds(yy = = amg— W+ gy (R0 — Bp - rf @) dvdr + 7 Ghy dx”
1
a2 = Be) + 7S (d = 1)y + D) ar?, (A.8)

Aadz® =V, dv+ U, dr.

For simplicity this has been written directly in position space. Importantly, the metric
perturbation is unchanged from the analysis of [14]. We will now present the linearized
Einstein-Maxwell equations in terms of these fields by decomposing (2.2) into plane waves.

Maxwell equations: the analysis of Maxwell’s equations parallels the discussion in [13,
section 8]. We find a constraint equation

r2f % (rdi?’ \T/U) + Dy (Tdil f ‘T’r> =0. (A.9)

This can be trivialized by introducing a designer scalar V, in terms of which

~ 1 ~ 1 d
\IIU == ED_‘_’V, \IIT = _7@7_35 . (Al())
The remaining equation is the radial component of the Maxwell equation, which can then
be shown to be equivalent to
(c/‘l\{ax — ’Lw
I

]E07

. 1
]EO:Td_?’ID)+ <7MD+V) _(ka_WZ)V+(d—2)2a f¢w+m¢3

(A.11)

Einstein’s equations: it will be helpful to assemble the equations of motion (2.2) into
time-reversal invariant orbit space tensor combinations. The scalar equation involves only

®, and takes a simple form:

k2

This allows us to eliminate another function algebraically.
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The orbit space tensor equations assembled again into time-reversal invariant combi-
nations, which when judiciously combined with the Maxwell equation Eg result in

_ d—1 /.2
El:ﬁ(r Em)—ar ]EO)
k2 2a
:]D>+(‘J’—7'<I>B)+m(<I>E—<I>B)+mr2k2f\7,
_2rd_1 9
EQZ d—1 (Evv_'_r var)
kQ
_ 2pdtly 1, 2d
EB:ﬁ (Eyr+2’r fErr>+d_1T EO
r . r
— D, <‘I—2<I>B>—zwr@o—2(]D)+—T+rf)[]D+<I’W—(d—2)rf<1>w]
T 9 k* 4+ d(d—1)r? — (d — 2)? a? 2d 5 o
— —k*f) D i J— k*r V.
Ty W )y + 2(d—1) BT 1" "
The function T introduced above is defined as
T T2f’
TET@E—(D+—2> (rdy) =7 |8, - Dy, + Lo, | (A.14)

This leaves us with the vector equations, which are the coefficients of S; and have an explicit
momentum factor. We find

Ey =27 fE,; = ik; Eq
= ik [Dy &, +iw (B, — ) + 2iwr? fa' V],
Es =2 T‘d_lf (Em + 7°2f Em) = ik; IELL')
!
= ’L'ki ((d - 1)f =+ 7’;) (I)B

D, &, +iwd, — (d—1) <D+ — ;T> (rf®y) —

—2d' r%f ]D)JFV} .

N3

(A.15)

The tilded equations strip out the momentum factor. The remaining equations, which are
orbit space scalars picking out the trace and the S;; part of the spatial harmonics, can be
naturally expressed in terms of them as

2d71fd—1
Eg = — E;;
6 d—1 l;
Es Ey d=2 4, (A.16)
=D, [ = — 49t Syl
+<f>+ f-i- d—lr T
k; k;
E; = fEj k;ET.
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Finally, a natural way to combine the equations involves taking a particular combination
of E; and Es:

2 -
Ezs=-E, +Es
r
. Ay
= s +2r ) Dy =y + @] i Po + iy Dy (A.17)
2 2 ]- 3 !/ 1" / 2k2
+(w' =k f—§r Fld+5)f +2rf") @, —2d'rf TD++d_1 V.

Apart from the contribution from the Maxwell potential, the equations for the most
part are identical to the ones obtained for the scalar polarizations of the gravitons presented
n [14]. As noted earlier, the expressions in terms of the function f and its derivatives are
in fact unchanged.?%

A.2 Parameterizing the solution space: k #£ 0

There are five physical functions {®,, @, ®,, P, V}, which implies that the equations of
motion are not all independent. Some of the relations are manifest (e.g., Eg and E7), but
we can check that there are only four independent Einstein’s equations. An efficient choice
turns out to be the set {Eg, E ., Eq,Eg, E3}; satisfying them will ensure that the reminder
are also upheld (for & # 0). We will now analyze the equations introducing © and Z to
simplify the dynamics in the process.

We first use E. = 0 to set ®,(r,w, k) = 0 for non-zero k and simplify the Einstein’s
equations to the set

k2 2a
)
i—1%" a1
2

El :]D)_;_‘I—f- k2r2f\77

)
d—1 ©’
Es = (Dy 4 27f) Dy, — D] —iw ®, + <w2—k:2f—;r3f[(d+5)f’+2rf”]> D,

2 2
—2d'rf <TD++ i )V.

EQ = —iw‘T—l—

d—1
(A.18)

These three together with Eg (with now the @, term set to zero) comprise the full dynamical
content of the action (A.1).

The Weyl factor and momentum flux fields: to solve these equations we proceed to
analyze the constraint equations, trivializing them by a suitable field redefinition. Let

2
" o P, =—iw0O, O, =D, 0 —2dr*fV. (A.19)

T=-
d—1 " ©

26The main difference is that [14] used an identity specific to the Schwarzschild-AdS4;; background to
simplify expressions.
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This ensures that the first two equations in (A.18) are satisfied. The third equation Eg,
which is a relation between ®, and ©, can be converted into a dynamical equation. We
implement one more redefinition motivated by observing that ®, and © are not indepen-
dent but related to each other through the relation (notice now a shift compared to [14]
due to the function determining the Maxwell potential V)

2
d —1‘J':<]D) —1r2f/><1> :(]D) + k 1)@—2&'7"2]”\7 (A.20)
BT T w * ‘ ‘

d—1r

The first equality follows from (A.14) and the second from (A.19). We solve this system
by introducing a field Z as in [14]:

2 g1 _ 3 /
o Tlm_rf]H?(dl)Tfav,

T A 2 Ay
1 k2 2(d—1)r3fad (4.21)
o, =—|rD Z V.
w AkP ++d—1] + Ay
Note that these two fields satisfy a linear relation
O—d, -7 (A.22)
Y (d-1) '

Armed with this reparameterization we can further simplify the system. Using the relation
D&, —®, =D, @, —-D;0+2d r2fV=-1D,2+2a'r?fV, we find that the remaining
Einstein’s equation, Eg3, reduces to a second order ODE for Z.

The coupled Einstein-Maxwell dynamics: after the dust settles, our redefinitions
have resulted in reducing the dynamical content to two fields: Z and V. The dynam-
ics of these fields is described by a system of two coupled equations, which after some
simplification read

Ay

(d—2)%af KO\
+ Ak 7’]D>+Z+d_12 —0,

_ 1 2(d—2)? 5 (2h—1
d—3 42 2 _ 12 _ 2
r z%D+<M4AﬁLZ>+<w kf(l VG (1_h)>>z

202 B
+4@—2MfLu+%d—Uﬂ«d—&f—rﬂy—M—lfw—2f.Mf(?ii)]V:O.

rd=3D, (Tg_dD+\7) " <w2 T 2(d — 3)3(d — 1)r2a2f2> v

(A.23)

For purposes of computing real-time correlators on the grSK geometry, it is important that
the dynamics is governed by time-reversal invariant equations. As explained in [7], it is
this fact that allows one to construct smooth solutions on the grSK geometry.
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A.3 Decoupling the scalar modes
The equations (A.23) can be decoupled by the following field redefinitions:

Ak d 2 a Ak
2="kVinz, V= 2AkZ+4Ak<€p hz - (2—|—p)hV>, (A.24)

where p? was defined in (3.6). Using (A.24) in (A.23) we obtain the equations (3.8). While
the kinetic terms work out straightforwardly, we note that the equations have potential
functions which are quite involved. We have simplified them to the extent possible, group-
ing together terms by powers of Ag.

For the field V we find the following expression for the potential Uy:

2 3/
snvz(d—z)Mu_h)m&u(d—mﬂ pf)fh2A2p v,
4 —2h r2 A
o) = i@ (S5 s 2y
2Ak

2[(d—2—(1+2(d—3)h)h) f+ (2h — 1) rf I] :
VP =2(2h —1)h A2 +2(d— 1) [2(d-2)f—(5d—9)fh+( (d—=2) f = rf') h?] r? Ay,
—(d-2)(d-1)*2h—-1)2rff.

(A.25)
On the other hand the potential for Z takes the form
o d=2 24 1 (d—1)(d—2)rf" @)
V2= I ey P Y
9 = ANz afa (- s -y - (- 3) ()]
d—1 h (A.26)

(d—1)(d—2)r°ff (

+ 3 1+p2—2h)(2h—1),
SU(ZQ):((d—B)f—;rf’>hAk—;(d—1)( 2r°ff (2h = 1),

As noted earlier, these expressions were derived in [24], but our presentation and rewriting
of them should make some of the structure more transparent. It is important that the
modulation function Aj only appears in the potential terms in the dynamics of V.

B Variational principle in the scalar sector

The dynamics of the gravitational system is governed by the Einstein-Maxwell system
with the appropriate Gibbons-Hawking boundary term and counterterms, as indicated
n (A.1). We now describe how the effective action for the decoupled designer fields, and
the variational principle that leads to their equations of motion (3.8), can be derived. As in
the neutral case discussed in [14], we will find it helpful to proceed in stages: first we work
out the action for the fields parameterizing the perturbations in the Debye gauge, then
pass to the V and Z variables (where we can already decipher the variational principle),
before finally explaining the desired result in terms of the decoupled designer field V and Z.
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B.1 Action in the Debye gauge

We can write the action first in terms of (3.2). The bulk piece of the action can be
decomposed as

1
B ()
The final term on the decomposition has been written in terms of the simplified Maxwell

equation (A.11). Since it does not contribute to the variational principle or the on-shell
action, we shall ignore it in all future analysis. The bulk contributions are

1 AB " 9 "
/=g <R+d(d1)2FABF ) LPule 4~ LEC(;}’W+Lb lk+a Lbdy+

EOW 8

2

d—
Lok — {dr(ID)+<I> )? - ?D+¢>WD+‘I’E+2(d—3)T¢ED+¢W

EOW 4f
+2(d—2)r‘bwD+q>E+2T2(d—(d—2)(d+1)f)<1> D,
4
+(d_1)f[(d 2) 0@y, D Do+, Dy By, + f(a@ D, ®, 8U<I>E]D+<I>O)]
2r (d—f)
+W(d(d—3)+(d2_5d+8)f)q>wavq>o_m%av%
2

G W) S va e,
rld=2) @ = k) + 2 (-2 (2d - 5)+ (d+2) (d - 2)* f)] @2

- <(Z:? 730)2 [(d—z) (d—1)(4d—7)r*f2 02,

_l’_

2(d—3)rfd,, 0y®, —8(I)E8U‘I>O}},

Lo _ d’f21f (DyVDLY — (2~ K21V —2(d— 22af V) .
(B.2)

Similarly, we can expand the Gibbons-Hawking boundary term as

2y K = L1 L% (B.3)

EOW °

The second term L) precisely cancels with the boundary term arising from the Einstein-
Hilbert part of the bulk action in (B.1). We will therefore not indicate this term explicitly,
as it plays no role in our analysis, apart from providing a consistency check of our evalua-
tion. The rest of the contribution evaluates to:

1 d—1)(d—-2)
ngw = rd—1 f2 ((d - 2)7°f<I)W avq)o -, avq)o) - (Tdfsq)w Py (B.4)
d— .

+4d4((d )rf'+(2d+1)(d—2)f - d)

The remaining boundary term in (B.1) comes from integration by parts of the Maxwell
term and reads

2
L = fi VD,V (B.5)
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We note that the structure of this action can be pretty much guessed by judiciously
combining the corresponding analysis in the Schwarzschild-AdS, 1 case. In particular, the
Einstein-Hilbert and Gibbons-Hawking terms work very similarly to the analysis described
in appendix B.1 of [14], while the Maxwell part can be inferred from the probe designer
gauge field analysis reported in section 8.3 of [13]. The main changes are a contribution
from the background Maxwell field strength to the gravitational action and the difference
in the background function f(r) (see also footnote 26).

Finally, we have the counterterms for the Einstein-Hilbert and Maxwell actions:

Lct _ Lct + Lct (B6)

EOW Max *

We consider the counterterms to leading and next-to-leading order in the asymptotic ex-
pansion, i.e., to quartic order in boundary gradients. The gravitational contributions are

. _ /T _ 1 v 1 ('y ol AW_L’Y 2)]
LEOW— v/ 7{2(d 1)+d—2 R+(d—4)(d—2)2 R/w R Hd—1) R
_od-1 1 K o2
© 4rd-2 f3/2 (d—1)2(d—2)(d—4) r*| ®
d—1 2 2 2 2
+74rd_2\/f(w — K2 f—d(d—2)r’f) @2,
1 2 2
+W<k +(d—1)(d—2)T)(I)E(I)W,
(B.7)
while the Maxwell contributions are
Lt :1\/—77<'YF 'YFW—I—;VF D’YF/“’)
Max 4 (d — 4) m (d—4)(d—-6) "7
k2 w2—k2f (BS)
= — 1+ (D V)2,
2(d—4)rd—2\/j“ (d—4)(d—6)7’2f

This completes the basic analysis for the action. From the nature of the boundary
terms, it is clear that ®_,®_ ,®, have Dirichlet boundary conditions, since (B.4) is a
functional of these fields alone. On the other hand, V obeys Neumann boundary conditions,
owing to the boundary term (B.5).

B.2 Action for designer scalars

Now we would like to write the action in terms of the designer field Z eliminating the
gravitational fields @, ®,, ®,,. To this end we simply plug in (A.19), (A.20), and (A.21)
into the action obtained hitherto. For reasons explained in [14], despite the fact that the
redefinitions above involve Z, D, Z, and even DiZ, we obtain a simple two-derivative action
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in the bulk. After a series of simplifications, we find that the bulk action takes the form

2(d—2)%2h—1 (d—2)3a%k*

Lbulk:_A ID) 2_ 2_ 2 1_ 2 2 _ 2

2,y 1{( +2) [w K f( Ay, 1—n % 2(d—1)7‘d—1AiZ
k2

Taif {(D+V)2— <w2_k2f_2(d—2/i(d—1)r2a2 f2> Vz}

_2(d-2)%a’K?

M (d=1)72 ((d=3) f—r £) ~ (=27 (=17 (37 o’ f ] %

Td_lAk 1-h Ak
W(h +(d—2) (d—1)a?) rVD, 24 S V2
(d—2)ak2 2 12
(B.9)
where ) N
4 A=+ ([E=2) (=) K (B.10)

4(d—1)rd=1f A2
One can check that the variation of this action reproduces the equations of motion (A.23).

All the higher derivative terms arising from the field redefinitions can be packaged into
boundary terms. This is now complicated when written in terms of V and Z. We find it
efficacious to write the boundary action in terms of fields © and ®,,. The final result can
be written in the form

d—1
. S Apd2y {(D+@)2 + 1Py DO+ 2D + 3 DY 420 + 05 ZQ}
2 k2 1 2 s a*f 4k 341\ 12
+ g VDV — S (d =2 (d - 1) iy vl G A
(B.11)
(d=2)(d-1)a AR* /
i 2rVD O+ | =+ 2(d=2) f+rf) ) OV
2 (2(d=2)f+r A 1 4.0
+Ak( d—1 e )VZ ’
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2k? )
cl_m+r(2(d—2)f—i—rf),
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2= (d—1)%r’
= A L R —2 (1) @Rk )
T d-1) """ 2 ’

k2
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=R (=2 ) f R (R4 -1 f)rf K (W2 k2 )
o 2(d—1)2A7 2(d—=1)> Ay, (d=1)2A '
(B.12)
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Finally, the counterterms (B.7), (B.8) can themselves be combined and written as
(retaining only quadratic counterterms)

d—1 d—1)(d—-2
L = rorages (200 o D0+ 0003 )+ D 0vp 0 4 hiay )
k2 w? —k* f o (d=1)(d=2a*V] o
242yt (H (d—4)(d—6) r2f> (D V)" + rd—1 Ve
(B.13)
where
_2k%f B
= (d—l)r+2(d s (B.14)

by = (W2 — k2 f)f —d(d—2)r* f2.

While the boundary terms and the counterterms are complicated, we can achieve a
great deal of simplification by combining them. This leads to no effect on the variational
principle, but has the advantage of making clear what are the terms that dominate in the
asymptotic region, which then inform us what the nature of the boundary condition is. In
any event, putting the two terms in (B.11) and (B.13), we find the combination simplifies

to
by o  d—1 1 b
LZ,V =+ LZt,V = —W |:(1 — \/7> (D+®)2 + (Cl — \/17) (I)W D+@ + co ZD+@
+(C3327>¢3V+C429+c522]+2k21;3v1@+v
2 2 a*f 2k L 3. Ay 2
(d=1)(d—2)a 1
By (1 - \/f> VD6 (B.15)
(d—1)(d—-2)a 4 k? N b
o 9 pd—3 l((d—l)r+r(2(d_2)f+rf)_ﬁ)q)wv

k2 42 4,
_(d—1)rAk<d_1”f zy

% K2
T2 d—4) T <1 Ta-nd—o r2f) (D4)".

Written in this form, we can evaluate the coefficients in front of various terms at large

r. Additionally we can also use an asymptotic relation obtained from our solutions in
appendix C.2:

1 O
With these data, we can then show that the total boundary action can be whittled down to

(d—6)(d—1) (]D)+6>2 k2 D,O 2k

e e < Z VD,V
8(d—2) r1 ) T St T U gy
+ subleading .

bdy ct __
Lz,v + Lz,,v -
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The essential part of the action is pretty simple in this form, and the subleading pieces
capture all the terms which have subleading divergences, starting at order 744, It is not
hard to check from this action that the fields V and Z obey Neumann boundary conditions.

B.3 Variational principle for diagonal fields

We conclude our analysis of the action by finally obtaining the effective action in terms
of the diagonal fields V and Z. Our starting point is the bulk action (B.9), into which we
plug in the field redefinitions (A.24) and then simplify to obtain

dvs h2k? (d—2)2+p2r3f!
Lbulk:_ S N D 22_ 2 1— kQ 22
zZV 8T‘d_1 fA,% z [( + ) (w ( 9 1 T p2 hAk f + ‘BZ
k2N,
o pd—1 fh?

(D4V)? = (w? = K2 f +2v) V2]
(B.18)

As expected this action is diagonal, and its variation reproduces the equations (3.8). In
deriving this part we have carried out a set of integration by parts to remove some total
derivative terms (terms of the form VI,V can be rewritten this way). The coefficients N,
and N, were introduced in (3.11) and originate from this final simplification.

Next, we simplify the boundary term (B.17), including the terms that arise from
integrating by parts to bring bulk action into the form given in (B.18). We find

Ibdy — (d—1)(d—6) P (D+@)2 h k? ZD+@ n k2 Ay D,
zv 8(d—2) rd—1 2(d—1)" rd=1 " 2(d—1)he  rd-1
dik?_D;O dok* D;O 5., DyV Y ,
d—2 T'd_l +d—2v’l“d_1 +d3k Vﬁ‘i‘dzlk Zm—l-subleadlng,
(B.19)
where
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8h B.20
(1492 [ (B.20
ds = o (p +2h),
B (1+pH e/,
dy v (b2 +2(1-n)) .

At this point, we have gathered all the pieces necessary to begin deciding what bound-
ary conditions the designer fields Z and V satisfy. Recall that their conjugate momenta
were defined in (3.13). What is of import is that they satisfy a simple asymptotic relation:

k?

d
Mjm+@:(d—2)k2 w

rd—2

, (B.21)

:—4(d—1)HZ—(d—2)%HV.
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Using this relation, we can further distill the boundary action into the form

(d—1)(d—1)Py /D,0\* 2N 5 ,
Ly = ) <rd1 ) — A;: ZII, — 2k* N, VII, + subleading.  (B.22)
Putting all the pieces together we can write the full action for the designer fields as

S|V, Z] :/dr /k L‘Z’j*vlk+/kL;jlvy (B.23)

Now we have all the necessary ingredients to obtain the boundary conditions for the diag-
onal master fields. Making use of the definitions (3.13), the total variation of the action,
up to equations of motion, is
2N, 9 (d—1)(d—6)Py (DO D;©
55(Z,V] :/k {— 1, 200, — 2N, VOl 4 St (rd_l) 5(7«14)
(B.24)
which together with (B.21) implies that, when computing the gravitational on-shell action,

)

the master fields must obey Neumann boundary conditions: ¢II,, = dII, = 0.

C Solutions in the boundary gradient expansion

We describe the general solution in a boundary gradient expansion (in powers of to and g,
working in the limit w,q < 1) for the designer fields V and Z. We find it convenient to
use the basis of functions that appears in the SO(d — 2) tensor and vector perturbations
of the Reissner-Nordstrom-AdS,. 1 black hole. This has the advantage of not only utilizing
functions that have been understood in [1], but it also helps demonstrate the unified origin
of these results from a fluid/gravity perspective. We try to be self-contained below, but
the reader might find it useful to consult appendices B-D of [1] in parallel.
It will be convenient to introduce a dimensionless inverse radius coordinate
T+

0= T (C.1)
and to parameterize the solution in terms of boundary to bulk Green’s functions for the
fields. We will solve for the ingoing Green’s function, parameterizing it by unit bound-
ary expectation values of the corresponding field and demanding regularity at the future
horizon. We therefore adopt an ansatz:

Gy, (0,10,q) = exp ( Y (=)™ @Q’Tf”(g)) : (C.2)

n,m=1

We utilize the following two integral transforms to give compact expressions. The first
of these depends only on the metric function f:

o du A 2 du

z[El](@)E 0 mg(u)a f[El](@)E . mg(u)- (C.3)

On the other hand, the second transform also depends on the ohmic function A and is
defined to be

Slalle) = [ st Sl = [ e, ()
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C.1 Gradient expansion of the decoupled fields

Modulo introducing a few new functions, we will for the most part employ a function basis
comprising of solutions to the Markovian minimally coupled scalar field (index M = d —1).
Additionally, we will also use the functions appearing in the solution for the physical
photons in the Reissner-Nordstrém-AdSg,1 background. These were captured by a designer
scalar Y in [1]. We tabulate the function basis obtained in the aforementioned reference in
tables 1 and 2.

In writing the asymptotic expansions for the auxiliary functions appearing in the gra-
dient expansion, we have set f(u) = h(u) = 1 in the integrals, thus only indicating the
leading contribution from each piece of the integrand. In general, there are subleading
pieces, since f(u) =1+ O(ud) and h(u) =1+ O(ud_2), which lie betwixt the terms we
have quoted. We have refrained from indicated these to keep the expressions simple; these
terms have been carefully accounted for in the computation of the physical data. Later
when we give the expressions for the physical fields, we will indicate the full asymptotic
expansion.

The charge diffusion field V: the solutions appearing in the gradient expansion at zero
spatial momentum are given by the corresponding solutions to the field Y:

vy (0) = ¢y (0) + AZ(0),
#2(0) = ~#2(0) + AIO(1)AZ (o) — S AT(0)
oy (0) = =% () — AF (o) + 2A7°(0) ¢  (0)
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oy (0) =~y %(0) +283°()#) (o) — 287 (1)} () + AT (2 A} ()
+287(0)27(0) (Aj’% )= A20(0)) = AZ(1) A¥(0) + A(1)° A20(0)

+ A0 (A201)A20(0) - FA2%(0) - 262%(0) ) ~ 7AZ(0)".
(C.5)

Once we consider solutions with non-zero spatial momentum, the potentials will modify
the solution drastically. Remarkably, at leading order we can still write the solution in
terms of previously defined functions as (nb: h(1) =1—-6&,)

d—4 1 h(1
M1 L2 (0) = ~ T2 (0) + s A2 (o) + 6, ) A20(p)
h(1) v G4 h(1) 4

+6, —902’,21(@)+d 1 (% (0) — 90501(9))} d—2 1+Q2 h(o)

(C.6)
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g g Asymptotics
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Table 1. Functions used to parameterize the gradient expansion of the Markovian transverse photon

modes in [1]. We have collected the essential functions defined using the integral transform (C.3).

We also indicate the leading asymptotic behavior; note that only the last two functions diverge as

o— 0.
T[] g Asymptotics
1,0 M oltM
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Table 2. Functions appearing in the gradient expansion of probe Markovian fields of index M in

the Reissner-Nordstrom-AdSg41 background from [1].

We have expressed the solutions using the

integral transform (C.3). The two cases of interest are M = d — 1 which corresponds to minimally

coupled scalars (the transverse traceless tensor gravitons) and M = d—3 which analytically continues

to the non-Markovian solutions of index M = 3 — d (with appropriately chosen constants to ensure
the quoted asymptotic fall-offs).
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Higher order solutions can be found recursively as

cH0) = Tl ).
) =27 [nere™ (;2¢32@o—-A32u»)}, )

. 62 .
=5 oo (o4 i)

where we define some additional auxiliary functions:
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(C.8)

(1 + QQ)h(_)

The sound field Z: we begin with the solutions of Z, which, as noted above, satisfies a
second order equation that changes character from being Markovian of index M =d —1 to
a non-Markovian field of index M = 3 — d. This change of character owes to the function
Aj, which being only dependent on the spatial momentum indicates that the frequency
dependent parts are captured by previously encountered solutions. In fact, the situation
is even better, since the solutions for non-vanishing spatial momentum can themselves be
given in terms of solutions of the minimally coupled scalar solutions.

First, note that the functions appearing at (’)(qo), i.e., those that determine the fre-
quency dependent pieces, are in fact very simple. They are the Markovian minimally
coupled scalar solutions

©7%0) = (o). (C.9)
The momentum dependent pieces start to involve additional complications owing to the
nature of the potential in the wave equation for Z, but at low orders one can significantly
simplify the analysis. We will write the answers in a manner suggested by the analysis
of the neutral plasma. Let us introduce a class of functions (7™ (p), which are charged
analogs of the functions seen in the gradient expansion of the scalar graviton mode in [14].
These functions solve ODEs with specified sources — the only distinction from [14] is
that the function f(p) appearing in the equations is the one appropriate for the Reissner-
Nordstrém-AdS,11 geometry.

At second order in momenta, we find for instance

200 — L 2 6, o
¥ (9)—¢Z(9)+d(d_1)1+22h(),

(C.10)

where the first term is simply the solution found in [14] (with the charge dependent f(p)),
while the second term accounts for the additional modification coming from the coupling
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to the charged background. At higher orders we have

PO =)~ T S o).
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(C.11)

The functions @™ themselves can be expressed in terms of the minimally coupled
scalar solutions and a few additional auxiliary functions. For completeness we write them
below; the interested reader can find further details in appendix D of [14], though we again
caution that the functions appearing herein require f(p) to be the Reissner-Nordstrom-
AdS4.1 function.
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p2%(0) = —% 032 (o) - d(d4_1) 03 (o) + d(d4_1) v, ()
A0 g M0 - e e ¢ ¢
~(d=3)* o4 4(d—3) g4 2

902’4(9) BRCEEE ¢ (0) m v " (o) + dd—1)2d—2) ASA(Q),

A% (o) = —T[p* % — 1],

" 1 1
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C.2 Asymptotic data of designer fields and physical functions

The asymptotics of the charge diffusion mode V and the designer sound field Z can be
captured by giving the behaviour of the ingoing Green’s function. Note that we are nor-
malizing the solution so that the physical solution on the grSK contour is parameterized
by the moduli lV)L,R and ZVfL,R, which, in particular, demands that the constant part of Gi:z
is unity.

The charge diffusion mode V: let us begin with the charge diffusion field V, which
is explicitly non-Markovian of index M = 3 — d at every order in the gradient expansion.

4—d

It therefore diverges as p*~%, with a coefficient that is related to the charge diffusion

dispersion function K.. There are several subleading divergences, and additionally, some
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convergent terms. We collect here the terms that are necessary to compute the near-
boundary expansion of the metric and gauge potential to the order where they contribute
to the physical conserved currents.

m4 97—d

3(1-6,)%(d—4)

K. ot
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d—1 q? 2 P) i 4 4
WPICE=D) (d—1_m>>9 3 ¢ +0(e*).

+(1—iwp)

(C.13)

In writing this expression, we have assumed d > 7 for simplicity, so that we can dis-
ambiguate the constant term from the divergent terms. For low dimensions we run into
the issue that both the fast and slow fall-off modes can be normalizable with appropriate
boundary conditions. This is clear from the fact that the leading o*~¢ divergence can be
rendered normalizable with alternate boundary conditions in d < 4 [34, 35]. The sub-
leading divergences with d — 6 factors signal the higher order counterterms. We have also
assembled the terms factoring out 1 — ito ¢ factors, which indicates that the terms arise
from a D4 action and again makes it clear that V is non-Markovian (since the source term
is the conjugate momentum given by D, V).

The charge dispersion function K. can be computed accurate to quartic order in gra-
dients, extending the result quoted in the main text in (4.10). The resulting answer is
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_ _ Ve A20 2 2,001\ _ A20/112) 13
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(C.14)
+

h(1)> A24(1) +

The sound mode Z: we can similarly work out the asymptotics of the sound mode Z.
The main novelty here, as in the neutral case, is that the solution is Markovian at low
orders in the gradient expansion, and picks up non-Markovian behaviour only at fourth
order, in O(q?) and O(r?q?). Therefore, the low order solutions and all the frequency
dependent pieces are simple. We also find a simpler structure of subleading divergences.
Retaining the pieces that enter into the corresponding asymptotics of the boundary metric
and gauge potential, we find

2 4— 4
vsq° K

d
in Q . 3 d—2
G*(o,w, k) = —i—l—zmg—kZaiQ’—i—ad,QQ
z (d_2)2 (1+Q2) d—4 i—2 (C.15)
_ a _ _
+ ag_1 0" 1—Ed9d+"'+a2d7492d 4+C’)(92d 3),
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S _
where (we use 5 +52 = d(2d€22) to keep some terms simple)

_d-3 q2 26 q2
2T 5d-2) Ks_d(1+Q2) (Fﬁ (d—1)(3—2) <d—1 _m2>>’

az = 6(;“:2) {(d—5)m2—32:?q2} + 2(;[:3@2 w2 g2,

M= 8(d—d2;(1d—4) (d(le— 1 +d_5> Kg_%m4’
Gy = ;l; S, ¢ (1 B dé;s q2> 7 (C.16)
i1 =~ o S (i),

ag =I5+ Qs — dG_QZ <m2— dqj1> — ZEZ:?? GZ;? 9? K,
(g = ;i; &2 (1_511‘{@”28q2>.

The coefficient of ¢% has been singled out above. It in fact agrees with the sound atten-

uation function I'y defined in (4.11) up to quadratic order in gradients (since o = + ;_ -

on the dispersion locus defined by Ks = 0) . However, it has higher order corrections; we
have parameterized these by €),, which is

_ 5:..20 3 . Vs d—3 0,2 6@ 2
QS—ZZQDd_l(l)m —|—22 <d—2+d—1¢d_1(1)_(d—1)2 mq

+ Ao+ A gt F A2 g2

(C.17)

We defined the coefficients Ay, Ag, and A, i to simplify the expressions above. They are

Aw = 2S03f)1(1) + Agf)l(l)v
2d-5 1 (d —3)?

A = S, (d—1)2¢2 ' (d—1)2(d—2) [@231(1) - 902’1(1)} ;
i A1) —3f C.18
Aak = == {d(d _3) < dl(]';_ ;Ddl(l) i (p;fl(1)> -2 (Aiﬂ(w n A[;A(l)) (C.18)
— 2
D 1 g, + LG 2E).

In [14], it was argued that this function has the correct properties to define the sound
attenuation to quartic order; we will return to this point when we compute the asymptotics
of ®,, where we will be able to make a clear statement.

The gauge potential: the first physical function we will examine is the gauge potential
for the Maxwell field A. Our convention is to parameterize the solution using the boundary
sources for V and Z, which will allow us to read off the boundary gauge potential A, dx*
directly. For simplicity, we focus on the temporal component (which has a limiting bound-
ary value), and refrain from writing similar expressions for the radial component. Given
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our parameterization of the gauge field in (3.1) and (3.2) implies that the boundary gauge
potential is®”

lim A de? = 02D Vdo = A, dv. (C.19)
0—0
We obtain upon direct evaluation
Ay, =C(1—iwp)+ (’)(92> (C.20)
with
C*—2+p2 T‘+Kc .lu} T+€6Q VSC|2KS v

B 4 (1-6,)? (14 Q2% d(d—1)(d—2)?
ot y? ) (C.21)

_ B "z 2 %

=Ty 1 E+stQfPC-

We can view C as a chemical potential induced on the boundary from the solution when
we are off the dispersion locus. The contribution from the charge diffusion, encoded in £,
is intuitive, but we also have a contribution proportional to f , which arises from the sound
mode. The latter can be understood as being due to the coupling between the two modes.
Indeed, when @Q = 0 we can see that this piece switches off, as it must for a probe charge
field in a black hole background.

The metric functions: the rescaled metric functions {®,, @, ®,, } and the field © can
be similarly recovered from the solutions for V and Z. We start with ®, focusing on terms
that enter computation of physical quantities, eschewing subleading divergences that are
canceled by counterterms. It is helpful to first write an expression for ®, directly in terms
of the fields V and Z. Using (3.3) and (3.4) one can check that

B h(’l“) k2 1 k2 \Y,
D, = A0 (r]D++ dl) Z+ h) <HD>++ d1> ¢
d(d—1) i fr) (2 v
#a-2) (8 - TR0 @) s (1 ener)
(C.22)

This form is particularly helpful to ascertain the asymptotics. The modulation function
Ap has terms divergent near the boundary when expanded in gradients, but the structure
is such that these are cancelled between the D Z and A% terms (this is not an issue for V).
Carrying through the computation, we find at the end of the day

5
O, =Wri? 4+ Wirt T+ G+ (C.23)
j=3

where the ellipses are the decaying terms in @, (behaving as oF with k > 0). We have
checked that the subleading divergences in Wy, are taken care of by counterterms and do

2TThe expressions below are valid both on the left and right boundary of the grSK geometry, but we do
not indicate that explicitly in our notation to keep the expressions clean.
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not enter in any physical answer. The quantities of relevance are the non-normalizable
mode W and the constant piece G.

The coefficient W is related to the boundary metric source, and can be parameterized
in terms of the sources for the designer fields V and Z as

K, % 2K, .
:(1—6 )2t 1¢ d(d—1)(d—2)rd*2(1+Q2)Z
3 @ + (C.24)
_& 8 ¢
_QerdysC'

Once again, the source which parameterizes the induced boundary metric is an admixture

of the charge diffusion and sound mode pieces. In this case we see that the contribution

from the charge part vanishes when @) — 0, recovering the phonon source obtained in [14].
On the other hand the constant piece in ®, is

RN R _(1_dysq2> S, K. ﬁf}
d—2 d—1 2¢2 (1-6,)%| ¢

dv dvs o S q° s
— ° L+ Qy— —¢ 2 _ Z.
+2€26Q( 2¢2q>< " d—2<m d—1

This expression can be rewritten in terms of the boundary sources for the fields V and Z

aSZS

G =

(C.25)

1 2 ]\} Z/S >
G=4ac 2{(“’ d— ) e’ 1+Q2 (“k)zl
§
ag ™

(C.26)
B ( dv, ) 2d(d—1)Py 2 ¢
2 @2 r ¢2 24p2 7
We have defined a new function
~ dvs o
Fs(w,k)=(1- ok Is(w, k) + Qs(w, k), (C.27)

which we argue below is the sound attenuation function accurate to quartic order.

This constant piece G is important for, as we shall see, it enters into the expression
for the spatial part of the stress tensor (all other components either care about the source
terms, or about the normalizable part Z,e,, which we discuss below). The contribution
from V is straightforward, and includes both a source piece (proportional to 5) and the
field operator V. The latter furthermore involves the non-dissipative part of the phonon
kinetic term.

On the other hand the contribution from Z, while superficially similar, is a bit more
involved. The operator contribution proportional to Z picks up the coefficient ay in (C.16).
We will try to justify below that we should treat T's(w, k) defined above in (C.27) as the
sound attenuation function accurate to quartic order in gradients. We have written it

28In writing this expression we have made an educated guess that 1 — d“’% q~ resums into %g, see

footnote 10.
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in this particular manner to make the similarity with the neutral fluid analysis of [14]
manifest.

The leading divergence in O is the same as for @, as can be inferred from (3.3), since
2 diverges as ¢*~?. From here we can quickly check that the leading divergence in D, ©
and thence in @ is also simply related to that of ®,. One can, for instance, check that
the following asymptotic relations hold:

o, DO vV D.O \u
Tlfl = a1 +2(d—-2)af R +O<’I“ )
P

(C.28)

This information is all we will need for the evaluation of the boundary observables: induced
metric, on-shell action, and conserved currents, so we will refrain from giving expressions
for © and ®,.

Higher order sound attenuation: in the non-normalizable mode of ®, and DO, the
contribution from the sound field Z is given by K, which to quartic order in gradients is
given in (4.11). We note that both the ag in Z and the constant term G of ®,, are given
by a combination of Iy and 4 defined as fs(w, k) in (C.27). The function Q, starts out
at cubic order in gradients, so it could indeed be viewed as updating IT';.

Much of our intuition for identification here comes from the manner in which G enters
the stress tensor (see discussion below (D.14)). That will make clear that we should actually
treat g as the cubic and quartic corrections to sound attenuation. In other words, we
conjecture L' (w, k) to be the sound attenuation function. In fact, we can further simplify
this function. We note

d—2 1) d-2
d—3
(d—1)(d—2)

_ & 2 26
To(w,k) =T+ Q, — —2 <m2—dq ) Kt
(C.29)

= —ito + A20 (ry)w® + 2+ Qe

In the first line, we rearranged terms, recognizing that the factors can be reassembled into
the sound dispersion function K (which contains a factor of I'y). In the second line we
used the explicit form of T'y from (4.11) and dropped the dispersion function contribution
(its vanishing sets the on-shell condition, so this contribution is of higher order). The
correction to I'g comes from non K, terms in the first line, but these we note are at least of

(G}
cubic order. € is manifestly so from (C.17), but so is dTQ (m2 — dq—Q), since on the sound

2 1
_ k 2
locusw—im+0(k ).

With these identifications we can solve for the sound dispersion locus accurate to

quintic order. The crucial point is that written this way, I's(w,k) and ag agree on the
sound dispersion locus. In particular, our conjecture implies that the sound dispersion
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locus accurate to quintic order in gradients takes the form

_ q o Vs 2 Vsh3 2‘V5h4 4
LTS S
(d—1)3/2 ’
hy= D=2 =4 A7 o g2y a20 (1),

2d(d—2) ' d—2
ba=d ((d—3)¢52% (1) + > (1) (1+Q%) +2— (d—2) A% (1),

(d=2) (321 +(@-3)¢22()  4(74+50%) -1 (C.30)
hs = d(1+@Q?) a3 (d—2) (1+ Q24
(d(2(d—3)Q*—(d—6)) —12) A20 (1)  3(d—2)A20 (1)
i 4d (1+@Q%)° 4d(1+Q2)?

4d(9+ Q*(134+6Q?%) —4 (31 + Q% (34 +9Q?))
16d(d—2) (1+Q?)4

B (d—1)2A+ A N d—1

2+ P aar ey Paar ey

where the functions A\, Ag, Ayr were previously defined in (C.18). This upgrades the ex-

pression (4.36) given in the main text.

A priori, it is surprising that we can obtain results for the sound pole accurate to
sextic order; we expect to find K, only to quartic order. Moreover, if we identify K
as the leading divergence in Z, we can only learn its behaviour to quadratic order, cf.,
appendix C.2. It is when we translate this information to the metric functions that we see
that non-normalizable part of ®,, picks up contributions that assemble into the quartic
order expression for K, which predicts I's as indicated in (4.11). But we are able to push
this further, by exploiting the nature of the stress tensor, and how the Ward identities
work, to glean information beyond the remit of our solution. While we do not prove that
our identification is correct, we offer it is as an interesting conjecture for the higher order
transport data damping sound propagation in the charged plasma.

D Boundary observables

With the solutions for the designer fields V and Z we can proceed to analyze the physical
data of the dual charged fluid on the boundary. Below we collect the information necessary
to parametrize the boundary sources and expectation values of the conserved currents.
To aid with this analysis it will be useful to have some intermediate results. While
we will most often directly use the fields V and Z, it is helpful to use their asymptotics to
obtain the asymptotic behaviour of our intermediate variables V and Z. We only need the
renormalized value of these fields. To obtain these we can, for instance, use the fact that

the D4V term is the leading counterterm that renormalizes V, viz.,
1

Ve =V = e D (D.1)
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with the ellipses denoting higher order counterterms. Likewise, one can check that

Zon =% — T D.2
d—2)(d—4a) r 1 T (D-2)
Using the relation to the designer fields (3.4) we can then infer
kKoo
Zren = E V + Z’

r dv 1 (D-3)

Vo~ Tty e 1o

ren 4( +p)v+2r+¢2+p2 )

where we are once again leaving implicit the boundary (L and R) labels to avoid clutter.
This data will be helpful when we evaluate the conserved current operators.

D.1 The boundary sources and operators

Let us begin with the boundary metric. From (3.2) one can deduce the induced metric on
the boundary to be

P D.©
Yo dat da” = <1 + waz> N dat dx” + Tdtl dv?. (D.4)

We can now use the asymptotic data derived in appendix C.2, especially (C.28) and (C.23),
to infer that

DO D,
rosoki0 a1 s (d-2) rd=2
=(d-2) WL/R (D.5)
é dl/s pa
=(d—2) LQ/“ + (1 Ty q2) 4(d—1)E -

As noted earlier, in the limit ¢ — 0, the charge contributions drop out and the last
expression above limits to 4(d — 1) CVL/R, which was the result obtained in [14, eq. (C.3)].
Likewise, the boundary chemical potential is given by the result in (C.21), which we record
here as

lim  Ajde? =Cypjpdv. (D.6)

r—o00=%i0
D.2 The boundary currents

We can now compute the conserved currents from the boundary action. We will give the
general expression for these in terms of the fields used to parameterize the perturbations,
and then show that the result can be written in terms of the renormalized fields, up to
source terms.

Charge current: let us begin with the charge current. It is given in terms of asymptotic
behaviour of the bulk Maxwell field, or equivalently by varying the boundary action with
respect to the (boundary) gauge potential. One has

1 CFT : d—1 1 1
CRCHE S Ll e s LR
1 1 1 (D.7)

— JZ-CFT = — lim Td_3 {’Igf F.,+ F,; — (ava' — fajFﬂ) —+ .-

2 r—00

d—4rf
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We have indicated here the leading order counterterm contribution given in (A.1) which
suffice for d < 6; there are higher order terms necessary beyond that. Evaluating this on
our linear perturbations we find a background contribution and a term proportional to V.

The background contribution to the charge current is simple: it is just given by the
background charge density pg, cf., (2.9b). Taking this into account the contribution from
the scalar component of Maxwell dynamics assembles into the following:

%JUCFT:—pO—i— <—H§f+k2 {Wﬂh—l}V—i—(d—Qﬁa@w)S

4 @

(D.8)
1 CFT . 1
= —iwk an Sl .

We have assembled this in a particular fashion, using the Maxwell equation (A.11) to
simplify the presentation (which is why @, enters in the above). The renormalized field
Vien is an admixture of the charge diffusion and the phonon fields, and is given in (D.3).

Stress tensor: the boundary stress tensor density is given by varying the boundary
Gibbons-Hawking term and the counterterms given in (A.1). This leads to the following
expression accurate to quartic order in gradients:

. 2y 1
TEET:)LIEOTQ[KVNV_KNV_(d_1)7“V+HVGHV
+ 21 <7v2 'R, +2"R,,,, "R”
(d12) (d—4) (D.9)
_d_2 i Y Y _d'Y v
+2(d_1)[( )7V, "V, 'R —d"RR,,|
1 d 1
_ = ¥ YpPo _ Y R2 Y72 Y
2’m<RmR -1 R+d_1 v R))]

Once again the stress tensor has a background contribution and a correction arising

from the perturbations. We present the results for (7°7%)

which makes it easier to see the
traceless condition by inspection. The background ideal fluid contribution is determined

by the pressure Py given in (2.9a):
(T%8),” =rl (1+ Q) diag{—(d — 1),1,...,1} = Pydiag{—(d — 1),1,...,1}.  (D.10)
At the first order in amplitudes of the perturbations one evaluates the components of the

stress tensor from the Brown-York analysis supplemented with counterterms (D.9). We
quote the results for the individual components in turn.
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Firstly, the spatio-temporal pieces are

(T7),' = = ()" = — lim ik STy,

. wk? 1
Tl—Zq)ow_w\/?q)W_(d—l)(d—2)(d—4)7’3\/7% (D.11)

= 2w (1-VF) 2
W,
d—1"

We have used (A.22) to write the expression in terms of Z. Additionally, the &, term has
been used to renormalize this field, and thus the final answer involves the renormalized
field Z,.,, which was obtained in (D.3).

ren

The temporal component is a bit more complicated, but it can be evaluated straight-
forwardly to be

(T97)," = =(d—1) Py + lim ST,

v

Ty=(d—-1)r ]D)+<I>W—(2—\/1f) O, —d(1—f)r/fo, + P,
SRS A e ey (dk—42) (d—4) r31ﬁq’E (D.12)
SYCES R T
:(d_1)2(d_2) Pow—dk_zlz,ren.

We have written the coefficient of the source W in terms of the background pressure (2.9a).

Finally, the spatial stress tensor has contributions from two tensor structures, d;; and

S;Fj, which we can think of as the pressure and shear-stress contribution. They are
. . 1 , .
TCFTNJ _ p 57 li ity A MRS g T ™I D.1
TN = Pos?+ lim |2 T8/ S+ Ty (57)/) (D.13)

The shear-stress part is actually quite simple, and is given by

Ty = —Tk\jf [rf Dy, — f_EQ} (D.14)

=-kG.

On the other hand, the pressure term, which has more intricate structure, can be shown
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to be

K2JT
W

Tp:(d—1)r\/f(1—ﬁ)@E—iwq>o+w2\/?q>W+d_1

(q)E - (d - 2) Tf (I)w)

+ 2 faa- (1—\/f)2f—rf’+d(1—f)] @, ~ 24/ [ DV ~ Es

d—1 w? d—2 4 g—s 1
=5 (1 +Q) to 1 rcn—dfk’ G+2(d-2)pry E]DMV
d— C w? d—2
—d-2p | rwira E G,
(d=2) 0[ R B

(D.15)

where we used = % in the last line.

2p

r+ (14Q%)

We refrained from writing out the quartic order counterterm term, but have used its
presence to renormalize the field Z. Another simplification we exploited is the fact that
part of Tp can be expressed in terms of the equation of motion E5. The contribution from
the constant part in the asymptotic expansion of ®,, G, assembles cleanly into the sound
attenuation function. While we find the contribution to be k? G, which to the order we are
working in, truncates the result in (C.26) to k? I's, one can show using the Ward identities
that the shear-stress part has to be the complete sound attenuation function. It is this
observation that motivates our identification (C.27).

We can simplify the spatial part of the stress tensor. Let us start with the term k% G
that enters in Tp and Ty. We first notice that the I's(w, k) contribution to G in (C.26),
when multiplied by k2, can be simplified considerably:

2 Vs s _ .2 s [ _ 2 K 5
kl—i—Q? swk)Z=r{ K, Z <w+d_1>Z

(D.16)

k2 y
= <w2—d_1>z+2d(d—1)2poc.

In the second line we replaced K s Z by the source term 5 . The above manipulation is
independent of our conjectured form for the corrected dispersion function. In computing
k2T, (w, k), we only care about the I'y contribution since all the other pieces are at least of
quintic order in gradients, and we can use the definition of K in (4.11).

Therefore, we can rewrite k? G using the original definition (C.26) as

1 k2 y %
kQG = ﬂ <W2 - d— 1) <Z+k2 €> + Gsources

1 k2
= m <W2 - d— 1) Z’ren + Gsources -

(D.17)

We have simplified the operator contribution above, and isolated all the source contribu-
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tions into Ggources Which in turn is

Gsources = 4d—1) (dys_ D R¢-rl6,q? ( 2@2 q ) g 4l Q:_z DA 22_?;2 ¢
S e n e (1 g ) £ 2
MR W (g e (5ae) ) £
w25 g
1
—d(d—1) PR [2W+Tf€]
(D.18)

In the second line we used the definition of p from (3.6) to simplify the ratio + 51, cf.,

footnote 10. The next step was to exploit (C.24) to rewrite part of the ¢ source in terms of
W. We then guessed that the contributions multiplying é resum into 1+% p2.2% Finally, we
rewrote the combination of sources in terms of the deformed chemical potential using (C.21)
in the last line. One useful identity in deriving these expressions is

S, dd—2) d(d—1) dvs

1+Q2 2¢2 2  2¢2° (D-19)

Hence we altogether claim

1 2
k2G:<w2— i )z +d(d—1)Po[ we 2. (D.20)

d—2 d—1) e r e

It is only in this derivation of k* G that we have allowed ourselves to assemble terms in
the momentum gradient expansion into functions of p — these are the terms that combine
into C.

One justification for this bold leap is the fact that the deformed chemical potential
contribution is necessary to satisfy the conservation equation, since the Joule heating term
in (4.23) produces a contribution proportional to the deformed chemical potential. Fur-
thermore, with this rewriting we can simplify the pressure term Tp considerably. Plug-
ging (D.17) into (D.15) we find

k2 d—2 Ty
(d—1)2Zrenf > WETao

Tp = (D.21)

This ensures that the stress tensor we obtain is manifestly trace-free.

29This is the second instance after (C.26) where we are assuming that we can resum terms into a function
of p.
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D.3 The on-shell action

The on-shell action of the grSK solution can be evaluated starting from the final answer
for S[V,Z] in (B.23). At quadratic order this is just a boundary term, which will give the
generating function of boundary correlation functions with sources on the two boundaries
of the grSK geometry.

To evaluate the Wilsonian influence function, we Legendre transform the resulting
generating functional. The two steps can be concatenated by adding a suitable boundary
term to implement the Legendre transform. To wit, consider the following:

S[V,Z]+2/k<k2 N, va+/'\X'2HZ z). (D.22)

This additional boundary term cancels the §V and 0Z variational terms in (B.24), effectively
quantizing the fields with (renormalized) Dirichlet boundary conditions.

The evaluation of the on-shell action produces two sets of contributions. Terms of
the form II, V and II, Z combine from the bulk action, the variational boundary terms,
and the Legendre transform, to produce the dynamical piece of the WIF, i.e., the terms
in (4.8). One can write this down by inspection since with renormalized Dirichlet boundary
conditions, the boundary sources are 11, and II, with the renormalized field values being
the boundary operator expectation values (4.3). We end up with

r=r.—10

o v 1
SWIF[Vaz]:/ =

5 [kQ Ny (p) (Ve TL, + TT) Vien) + N;ff ! (2, 1 zrcn)}

r=rc+10
o o 1\ o
_ —/ ;2 (” N, (p) V! K. (w, k) [VQ—F (nB +> vd] —i—cc)
k Odc 2
—/ oy () 21 Ky(w, k) [Z +<n +1)Zd]+cc
k\2d(d—1)2P) * d s “ ) ‘

(D.23)

We introduced a large radius regulator at » = r. to aid the extraction of the on-shell action.

The second contribution is a contact term, which originates from the (D, ©)? boundary
term in (B.22). It can be also evaluated directly using (D.5), and the contribution factorizes
on the grSK contour. We end up with

Seontact[Vs Z] O / (d—1)(d—2)(d—6)

A g Py [W; W, — Wi WL} . (D.24)

This is the quadratic piece of the contact term quoted in (4.16). The additional pieces
originate from the fact that the Reissner-Nordstrom-AdS geometry has a non-vanishing
free energy, leading to the constant and linear terms in the first line of (4.16).
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