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ABSTRACT: We study the quasi-hydrodynamics of a system with a softly broken U(1) global
symmetry using effective field theory (EFT) and holographic methods. In the gravity side,
we consider a holographic Proca model in the limit of small bulk mass, which is responsible
for a controllable explicit breaking of the U(1) global symmetry in the boundary field theory.
We perform a holographic Schwinger-Keldysh analysis, which allows us to derive the form
of the boundary effective action in presence of dissipation. We compare our results with
the previously proposed EFT and hydrodynamic theories, and we confirm their validity
by computing the low-energy quasi-normal modes spectrum analytically and numerically.
Additionally, we derive the broken holographic Ward identity for the U(1) current, and
discuss the recently proposed novel transport coefficients for systems with explicitly broken
symmetries. The setup considered is expected to serve as a toy model for more realistic
situations where quasi-hydrodynamics is at work, such as axial charge relaxation in QCD,
spin relaxation in relativistic systems, electric field relaxation in magneto-hydrodynamics,

or momentum relaxation in condensed matter systems.
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1 Introduction

Symmetry, as wide or as narrow as you
may define its meaning, is one idea by
which man through the ages has tried
to comprehend and create order,
beauty and perfection.

Hermann Weyl

The notion of symmetry plays a central role in the theoretical description of phys-
ical phenomena. This pivotal role is even more fundamental in the context of effective
descriptions, in which the information about microscopic details is not accessible. This is
especially the case for effective field theory (EFT) [1] and hydrodynamics [2]. Those are
low-energy effective descriptions with a finite regime of validity, which are constructed in a
perturbative fashion in terms of only the relevant degrees of freedom. In the context of hy-
drodynamics, the regime of validity is that of late time and large distances (or equivalently



small gradients), and the perturbative structure is known as the gradient expansion. In
general, symmetries not only play a role of guidance in the construction of the theory, but
they also strongly constrain the low-energy dynamics and the nature of the physical exci-
tations. The case of non-linearly realized symmetries and Goldstone bosons is emblematic
in this sense [3]. As a consequence of Noether’s theorem, symmetries imply the presence
of conserved quantities, whose dynamics is governed by the so-called hydrodynamic modes,
protected excitations whose frequency goes to zero in the limit of zero wave-vector. The
possibility of separating the hydrodynamic modes from the non-hydrodynamic, and in this
sense irrelevant, ones is a fundamental assumption in the construction of hydrodynamics,
also known as separation of scales.

EFT and hydrodynamics have been widely used in many different physical situations
(e.g., [1, 4-7]), and their success is ultimately due to symmetries. Nevertheless, despite
Nature preferring symmetry and simplicity, symmetries are very often approximate or
softly broken. Several examples can be mentioned. Finite quark masses in QCD explicitly
break chiral symmetry giving a small but finite mass to the pions [8]. Impurities or disor-
der explicitly break translational symmetries, pinning the corresponding Goldstone modes
(e.g., charge density waves [5, 9]). The effects of explicitly breaking a certain symmetry
are reflected in the appearance of almost conserved quantities, and of relaxing excitations
which decay exponentially in time. These modes are not anymore hydrodynamic, in the
sense that their frequency is finite even in the limit of zero wave-vector, kK = 0. In par-
ticular, the imaginary part of their frequency at & = 0 determines their relaxation rate,
—Im[w(k = 0)] = ' = 77! (where 7 is the associated relaxation time), while their real
part at kK = 0 gives their mass gap. In the time domain, these modes decay exponentially,
as ~ exp (—I't). Therefore, their dynamics is completely negligible for times larger than
1/T, i.e., in the hydrodynamic limit. On general grounds, we do expect the relaxation rate
I' to parameterize the breakdown of the conservation law and therefore the strength of
explicit symmetry breaking. Larger explicit breaking implies a larger relaxation rate for
the corresponding non-conserved quantity.

Because of these motivations, and also as a fundamental theoretical question, enlarging
the EFT and hydrodynamic descriptions in the case of explicitly broken symmetries is of
extreme importance, but it encounters foundational problems. In general, this may appear
as a challenging or even impossible task. The main difficulty lies in the capability of sepa-
rating the non-hydrodynamic modes arising due to the broken symmetries from those who
are just parameterizing the dynamics of microscopic quantities, which are irrelevant at late
time or large scale. A simplification might arise when the explicit breaking strength A can
be tuned to be parametrically small, i.e. much smaller than the microscopic scale A, deter-
mining the location of the other non-hydrodynamic modes (see figure 1 for a cartoon). In
first approximation, we can therefore define the explicit breaking scale to be small whenever
A/A < 1. In finite temperature systems, the microscopic scale is usually of the order of the
temperature T', and therefore the small explicit breaking regime is then defined by the con-
dition A\/T < 1. Following the arguments above, one does expect the relaxation rate I' to
be also small (compared to T') in such a limit. In that case (left panel in figure 1), one could
safely separate the modes associated with the broken symmetries from those related to the
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Figure 1. Left: the small breaking regime in which the explicit breaking scale A is much smaller
than the microscopic scale A. The red symbol corresponds to the non-conserved quantity, the black
ones parameterize the microscopic physics, and the blue ones are the protected hydrodynamic
modes. Right: the large breaking regime in which the explicit breaking scale A is of the same order
of the microscopic scale A. In this case, no quasi-hydrodynamic description can be pursued. For
simplicity, the cartoon is taken at zero wave-vector, K = 0 and only a single non-hydrodynamic
mode, corresponding to a single non-conserved quantity, is considered.

microscopic physics. Therefore, one could enlarge the validity of the effective description
by incorporating the modes corresponding to the broken symmetry, while still neglecting
the rest of the UV ones. Notice that this is possible only because the scale of the non-
hydrodynamic modes related to the explicit broken symmetries can be directly controlled
by the explicit breaking parameter, and can be made in principle parametrically small. In
the context of relativistic hydrodynamics, this extended framework has recently been la-
belled as quasi-hydrodynamics [10]. On the contrary, in the opposite limit where the explicit
breaking parameter is large, A\/A > 1, such an extended effective description does not exist.
Indeed, in such a situation, the non-conserved quantities decay very fast in time, and the
imaginary part of the frequency of the corresponding modes is very large, of the same order
of the other microscopic excitations (right panel in figure 1). One has simply to discard the
non-conserved quantities from the low-energy effective description and live without them.

So far, we have mostly discussed the homogeneous dynamics in which the wave-vector
of the excitations is taken to be zero, £ = 0. In the complete scenario at finite wave-vector,
the discussion about the separation of scales and the various regimes becomes more compli-
cated, since it involves the size the wave-vector k itself. We will discuss this in more detail
in section 2. Notice that a similar quasi-hydrodynamic scenario always appears in the vicin-
ity of a critical point, where critical modes approach the hydrodynamic limit. In that case,
the role of the explicit breaking scale is played by the distance from the critical point (e.g.,
(T'—T,) for a finite temperature critical point). In that context, the extended hydrodynamic
description is known as Hydro+ [11], and the slowly relaxing non-hydrodynamic mode usu-
ally corresponds to the fluctuations of the order parameter [12]. Let us emphasize here that



all these extended frameworks are profoundly different from the generalized hydrodynam-
ics or mode-coupling theory used in liquid dynamics [13], in which the non-hydrodynamic
modes are not parameterized by a tunable perturbative parameter, but they are just a
manifestation of some unknown microscopic physics. Needless to say, the extension of hy-
drodynamics beyond its original regime of validity has attracted a lot of interest in the
context of classical fluids, with the appearance of interesting phenomena such as the cutoff
wave-vector for propagating shear waves [14], and the positive sound dispersion for longi-
tudinal sound [15]. Recently, the important role of non-hydrodynamic modes has been also
appreciated in the context of relativistic hydrodynamics and heavy-ion collisions [16, 17].
Apart from the conceptual difficulties, writing down an enlarged effective description
in the presence of broken symmetries comes with additional operational difficulties. In
particular, allowing for all the possible effects of this soft explicit breaking might be cum-
bersome. On top of that, the structure of the gradient expansion and the order therein of
the various quantities (frequency, wave-vector, explicit breaking scale) become very subtle.
At the same time, the role of frame redefinitions is not clearly established. In the past,
these obstacles have created a lot of confusion and contrasting results (some of which still
exist). In this direction, holography has emerged as an extremely useful and effective tool
to help with the construction of hydrodynamics and effective field theories with broken
symmetries (see for example the case of charge density waves, [4, 18-22]). The merits of
holography are twofold. On the one hand, holography provides the full structure of the hy-
drodynamics or EFT expansion at all orders in the perturbative parameters (frequency and
wave-vector, for example). There is no space left for missing terms or neglected effects.
On the other hand, holography gives a fully microscopic description able to concretely
predict the numerical values of all the coefficients involved in the hydrodynamic or EFT
perturbative expansion. In the case of systems with broken symmetries, holography has
another big advantage. The holographic description is valid not only in the limit of small
explicit breaking but at every order in its effects. This implies that holography can also
play an important role to ascertain and quantitatively predict the regime of validity of the
extended effective description described above, i.e., how far quasi-hydrodynamics can go.
One of the main critiques towards the so-called bottom-up holography pertains the
complete (or almost) ignorance about the structure of the dual field theory descrip-
tion. This could be a well motivated criticism, even though in several contexts (e.g.,
holographic superfluids [23], holographic systems with broken translations [22], magneto-
hydrodynamics [24], etc.), a quantitative match between the EFT /hydrodynamic descrip-
tion of the dual field theory and the holographic results has been shown. On top of several
numerical checks, in recent years, the situation has drastically changed thanks to the so-
called holographic Schwinger-Keldysh (SK) techniques [25-27]. This new tool allows for a
direct and explicit determination of the dual effective theory including all its dissipative
terms, and is particularly useful as it provides an (symmetry-based) action principle for
hydrodynamics,’ and directly computes real-time observables. Using the aforementioned
methods, one is able to obtain the full SK effective field theory description [30, 31] of a

See [28, 29] for some earlier attempts.



given holographic model directly from its gravitational bulk dynamics. These techniques
have been rapidly growing and have already been applied to many holographic systems [32—
39, 39-46].

Hydrodynamics and effective field theory with explicitly broken symmetries have
been recently considered in the context of translational symmetry [47-53], U(1) symme-
try [51, 54, 55], non-Abelian symmetries [56-58] and also higher-form symmetries [59, 60].
Holography has played a fundamental role both in verifying but also falsifying the pro-
posed effective descriptions (see for example [19]). In this work, we will consider the
simplest scenario possible for studying the effective description of systems with explicitly
broken symmetries and its quasi-hydrodynamic regime. More specifically, using both SK
field theory and holographic SK techniques, we will study in detail a system which explic-
itly breaks a global U(1) symmetry in the limit of small explicit breaking, which can serve
as a toy model for the more complicated cases of translations and non-Abelian symmetries.
For simplicity, we will also work in the probe limit in which the dynamics of the stress
tensor (i.e., temperature and momentum fluctuations) is kept frozen.

1.1 U(1) quasi-hydrodynamics

Let us consider a finite temperature system which possesses a global U(1) symmetry. The
latter is associated to the conservation of a charge Q (e.g., electric charge) and of a current
density J*:

ouJ" =0, (1.1)

which, in absence of sources, arises as the Ward identity for the aforementioned U(1)
symmetry. In the probe limit, neglecting the dynamics of the stress tensor, the only
relevant hydrodynamic degree of freedom at low energy corresponds to the fluctuations of
the charge density dp(t, ). At lowest order in the gradient expansion, or equivalently in
the wave-vector k, charge fluctuations obey a diffusive equation given by:

(at + DVZ) Sp(t, %) =0, (1.2)

which is a direct consequence of the macroscopic Fick’s law. In the context of hydrody-

namics, the latter manifests itself in the so-called constitutive relation for the current J*.

Finally, still within the effective description, one can derive that the diffusion constant D
is given by:

D:i, with prz@,

Xpp o

with o being the electric conductivity, x,, the charge susceptibility and p the chemical

(1.3)

potential. What we have just described is what one observes by dissolving color in a glass
of water. For a formal derivation using standard hydrodynamics see [2]; for a derivation
using SK techniques see [31].

What happens when we do break the U(1) global symmetry explicitly? The total
charge is not anymore conserved and charge fluctuations decay exponentially in time at a
rate I', proportional to the amount of explicit breaking (at least, for small explicit breaking).
If this rate is too large, charge is gone before we have the time to actually see it, meaning



that the late time description of such a system does not need to take into account the
dynamics of charge fluctuations at all. What happens on the contrary if the breaking
is very soft and the relaxation rate I' small? Then, one expects that the conservation
equation (1.1) can be somehow retained, but modified by the addition of new terms in the
r.h.s. which parameterize the amount of non-conservation:

Dt = A\ . (1.4)

Recall that the general philosophy of hydrodynamics is that we can expand any opera-
tor in terms of gradients of the slow degrees of freedom, and this will hold in particular for
the operators appearing in the r.h.s. of (1.4). When the only relevant degree of freedom is
the charge density p, the hydrodynamic expansion will give rise to (in a generally covariant

form)?

B " =Ty g + -, (1.5)

at leading order, where u, is the four-velocity vector, and I' is a dissipative transport
coeflicient from this point of view. In other words, flowing to the IR of the deformed QFT
is expected to lead to the effective Ward identity eq. (1.5). Alternatively, one can postulate
eq. (1.5) directly as the effective description of the system. This approach is quite common
from the EFT point of view, and is inherently agnostic of the microscopic details of the
underlying QFT; for instance, (1.5) simply encodes that the current operator J# acquires
an anomalous dimension in the IR.

Recently, a lot of activity has focused on the pinned or relaxed phase of superflu-
ids, in which the U(1) is also spontaneously broken, on top of the soft explicit breaking.
The hydrodynamics of such systems has been derived in the probe limit in [48, 51, 55].
Holographic models have been employed in [55, 63] in order to analyze this problem in
more detail. Ref. [63] took a standard approach by breaking the global U(1) symmetry of
the dual field theory with explicit sources for charged scalar operators. On the contrary,
ref. [55] considered, in addition to the scenario just mentioned, a different one in which
the global U(1) symmetry of the dual field theory is explicitly broken by the presence of
a mass term for the bulk gauge field. This kind of gravitational action is known as Proca
theory, and its use has been inspired by the applications of the holographic correspondence
to mimic the dynamics of non-conserved axial charge [64-71].

Despite the compatibility of the numerical results of [55] with the hydrodynamic de-
scription and with the broken Ward identity in eq. (1.5), several points of the analysis
therein have not been clarified. First, there is a lot of confusion in the literature about
the broken Ward identity in eq. (1.5) for the holographic Proca model. Additionally, in
presence of a finite charge density state, it is unclear how one can even define thermal equi-
librium in presence of a softly broken U(1) symmetry and a non-conservation equation as
in eq. (1.5). At most, one expects the possibility of creating a steady state by balancing the
charge relaxation term in the r.h.s. of eq. (1.5) with some external source and/or driving
(see for example [72]). Finally, ref. [48] identified additional transport coefficients which

2See [61, 62] for further discussions on relaxed hydrodynamics and covariance.



appear when the U(1) is pseudo-spontaneously broken, and it would be interesting to gain
a better understanding of their origin.

In this manuscript, we consider the holographic Proca model and we study in detail
its low-energy dynamics using holographic SK techniques. We see the emergence of the
SK effective action and we explicitly compute many of its coefficients in terms of bulk
quantities. As a corollary, we derive the Ward identity in eq. (1.5). We also find analogous
transport coefficients to the ones introduced in [48], albeit they appear at higher order
in the explicit breaking scale. Finally, we derive the dispersion relation of the pseudo-
diffusive hydrodynamic mode, and observe that, to leading order, its diffusion constant
does not receive corrections. Apart from these investigations, we aim to pave the way
towards extending the holographic Scwhinger-Keldysh techniques in presence of explicitly
broken symmetries into the quasi-hydrodynamic regime.

The manuscript is organized as follows. In section 2, we review and extend the EFT
description for systems with broken U(1) symmetry; in section 3 we perform the Schwinger-
Keldysh analysis for the holographic Proca model; in section 4 we present the main results
of our work and the lessons learned, and finally, in section 5, we conclude with an outlook
and some perspectives for the future. The details of the holographic Schwinger-Keldysh
computations appear in appendix A.

2 Schwinger-Keldysh effective field theory for relaxed U(1) diffusion

The EFT for a single conserved U(1) charge and its diffusive dynamics has been constructed
in [73], and later confirmed by holographic methods in [25, 36, 74]. Here, we will extend the
construction of [73] to the situation in which a soft explicit breaking of the global U(1) sym-
metry is introduced. Our building blocks will be the gauge-invariant quantities B, and 9,

Bs,u = Asu + 6u¢57 Vs = Ops + ¢s, (2'1)

where s = 1 (s = 2) corresponds to the upper (lower) branch of the SK closed time path,
¢ is the dynamical field, A, is an external gauge field coupling to the U(1) current,
and 6y is an external scalar source introduced in order to artificially restore the U(1)
symmetry [48]. The terms constructed from the building block 9, will be responsible
for the non-conservation of the global U(1) current, c¢fr. eq. (1.5). In general, it is more
convenient to work with the Keldysh retarded-advanced basis

1 1
BT'M = 5(31#4‘32#), 197 = 5(01 +192), Bap, = BI’LL_BZ'UJ 79(1 - '191 _192 . (22)

The EFT action can be organized in a perturbative hydrodynamic expansion in derivatives
as

Sep = / &'z (L1 + La), (2.3)



where:

L1 = goBaoBro + 91Ba0d0Bro + foBriBai + f1BaiOoBri + hoBao0; Bri

+ h1 Bai; Bro + To¥ar + T02009; + T19030, + D292079, + co¥aBro

+ 19,00 Bro + €29,0; Bri + do¥,Bag + d1099, Bag + d20;9,Bg;

+ JunB + w1 BaodiBai + JuaBl 4 Jwst + witlad P L5t

+ we¥aBao + w79a00 Bao + ws940; Bai, (2.4)
Lo = c39,05 Bro + c40,000; By + 59407 Bro + d3030y Bao + dadod;Vr Ba;

+ d5 079, Bao + T'30,00070, + 149,059, + 92Ba00g Bro + 93Ba00; Bro

+ f2Bai0iOk Byi + f3Bai0? Bri + ha Bagd00; Bri + h3Bai0o0; Bro

+ T502080, + De0202020, + T70,02030, + c60a03 Bro + 19,0007 Bro

+ c04030; Byi + CgﬁaajzaiBri + dg B0V + d7 Bagdo020y + dg BaiOa 09,

1
+ dg Bai 03059, + w9003 Bao + w100402 Bag + w1194000; Bai + 5101219(18081'219(1

1
+ §w1319a3319a, (2:5)

where we have imposed rotational invariance along the spatial coordinates. Setting
U, =Y, =0, (2.4) and (2.5) reduce to the effective Lagrangian for single conserved U(1)
charge, as in [73]. Thus, the coefficients in (2.4) and (2.5) generally scale as

go—3, fo—3, ho—3, wo_2 ~ O(m"), T, To_7, co—9,do_9, w3_13 ~ O(m?), (2.6)

as a function of the parameter m, which is the scale characterizing the soft explicit
breaking of the U(1) symmetry. Here, we have clearly assumed that m/T < 1, and
that therefore such an expansion is legitimate. This scaling makes the terms £ leading
compared to those in Lz, in an O(9, m?) expansion, justifying the splitting made in (2.3).

Importantly, in this work, we will only consider a (soft) explicit breaking of the global
U(1) symmetry and not an additional spontaneous breaking of the latter, as in [48, 51,
55]. This will have two crucial consequences. First, in absence of spontaneous breaking,
chemical shifts are an exact symmetry of the system which the SK functional should obey.
Second, the leading scaling of several coefficients with respect to the explicit breaking scale
will be profoundly different in the purely explicit case compared to the pseudo-spontaneous
one. We will return on this point later in the manuscript.

We turn to the various constraints among the coefficients appearing in (2.4) and (2.5),
which are imposed by the general rules of the Scwhinger-Keldysh effective field theory (SK
EFT) [73, 75].

Here, we provide a list of them and the corresponding constraints.

o Zs-reflection symmetry.

(Seﬁ[Br;u Uy Ba;u 19(1])* = —eff [Br;u Oy _Ba;u _ﬁa]u (27)



which directly follows from the SK formalism. This symmetry implies that the coefficient
for any term with an even number of a-variables shall be purely imaginary, while the
coefficient for any term with an odd number of a-variables must be real. Thus, all the w;’s
are purely imaginary, and all the other coefficients are real.

e Chemical shift symmetry. This symmetry simply reflects the redundancy of the
description in labelling the U(1) phase of each local fluid element. It defines the normal
phase of a fluid, and is broken only when the U(1) symmetry is spontaneously broken [73].
Then, the EFT action is invariant under a diagonal time-independent shift

¢r — & + A7), Ga = Pa
= By — By + 0\ (%), U = U + ND), By, Bay, ¥4 unchanged, (2.8)

which leads to

da = — fo, ho =0, ey = =Ty, Lo=0, do =0,
ds = —hy, Jo+ f3 = —dy, I'7 = —c9. (2.9)
e Omnsager relations. The Onsager relations follow from the symmetry properties of

the retarded (or advanced) correlation functions under a change of the ordering of opera-
tors [73]. Imposing them, we find

ho = hy ho = hg,
cp = —dp, c1 = —dy, co = —da, c3 = —d3, cq = —dy,
c5 = —ds, ce = —dg, c7 = —dy, cg = —dg, cg = —dy. (2.10)

e Dynamical KMS symmetry. When the system is in a thermal equilibrium state, the
KMS condition sets important constraints on the generating functional W = ilog Z, with
Z = [[Dér][Ddalexp (iSer) being the partition function. At quadratic level, as considered
in this work, the constraint is simply the celebrated fluctuation-dissipation theorem. Within
the SK EFT, the KMS condition is guaranteed by imposing that the EFT action satisfies
the dynamical KMS symmetry [75]

Seft[B1, 91; Bay, 92] = Sest[Biyi, U1; Bayi, U2l (2.11)
where, in the classical statistical limit [75],

Byy(—v,—%) = (=1)"B,,(v,%), Bau(—v,—%) = (=1)" By (v,&) +iB0 Byyu(v,7)]
) [Dap(v,Z) +iB00 0, (v, T)] . (2.12)
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Here, (—1)™ and (—1)" are the eigenvalues of a discrete symmetry transformation © (con-
taining time-reversal 7) acting on B, and ¥, respectively. We use v to denote the time
coordinate, and 8 = 1/T is the inverse temperature. Physically, the dynamical KMS sym-
metry (2.11) amounts to imposing microscopic time-reversibility and local equilibrium [75].



Indeed, by taking the classical statistical limit (2.12), the EFT becomes a classical sta-
tistical theory, in which only statistical thermal fluctuations survive. Eventually, after
imposing (2.11) and (2.12), we find

1. 1. ~ 1,
g1 = 5151110, fi= 5251112, ho =0, hy =0, r= 5@61113,
1
co =0, do=0, w1 =0, ws=0, c3 = —d3 = 51'5107,
1. 1. 1.
c4 = —dy = §Zﬁw87 cs=0, d5=0, T3= §zﬁw4, Iy= §zﬁw57
wy = wip = wi1 = wiz = wig = 0. (2.13)

It is interesting to note that in this quasi-hydrodynamic setup, not all of the Onsager
relations follow from the dynamical KMS conditions, in contrast to fluids with preserved
or spontaneously broken symmetries [75].

o Well-defined path integral. Recall that some coefficients in the EFT action are
purely imaginary. Then, for the path integral based on Se.g to be well-defined, we shall
impose

Im(wp) > 0, Im(wsy) > 0, Im(ws) >0, ... (2.14)

where the second requirement, combined with KMS relations, indicates that the diffusion
constant and conductivity (i.e., the dissipative coefficients) are non-negative. At quadratic
level, this is equivalent to the positivity of entropy production, as commonly imposed in
hydrodynamics.

In section 3, through a holographic study, we will confirm the structure of £; in (2.4),
as well as various constraints set by symmetry rules. Moreover, we will compute all the
coefficients in (2.4) within the holographic model. L5 in (2.5) contains higher order deriva-
tive terms, which are crucial in obtaining a correct prediction for the dispersion relation of
the low energy modes up to order O(m?k?).

3 Schwinger-Keldysh effective field theory from holography

In this section, we apply the holographic prescription for the SK closed time path [25] to
the holographic Proca model. In addition to a holographic derivation of the EFT action
written down in section 2, we also compute the unknown coefficients in the EFT action.
For simplicity, we will work in the probe limit and consider zero background charge density.

Let us consider the 5-dimensional Proca theory using the Stiickelberg formalism?

m2

1
Shulk = /d%\/jg [_4FMNFMN - T(CM — Vuo)(cM —vMo)|, (3.1)

3 Alternatively, we could use a more standard Maxwell action coupled to a charged scalar field with a
non zero source at the boundary. For the appropriate choice of the scalar conformal dimension, this would
lead to a similar asymptotic analysis as the one performed in section 3.3, and a similar structure for the
SK EFT action. This comparison is for example discussed in section 4.1 of [67].

~10 -
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Figure 2. The holographic prescription for the Schwinger-Keldysh closed time path [25]: complex-
ified radial coordinate and analytical continuation around the horizon ry,.

which, in the unitary gauge 6 = 0, reduces to the “standard” Proca massive vector theory.
The AdS radius has been set to unity Lags = 1, and can be reinstated from dimensional
analysis. While the U(1) gauge field C) is massive, the Stiickelberg theory (3.1) still enjoys
a gauge symmetry

Cyv — Cyr + Vi, 60— 0+¢, (3.2)

which will play a crucial role in the subsequent analysis. The bulk action (3.1) shall be
supplemented with a counter-term action S¢; which will be specified in section 3.3.

In the ingoing EF coordinate system, the metric for the fixed background geometry is
given by the AdS black brane

ds* = gynde™Mda™ = 2drdv — r? f(r)dv® + r?6;da’da?, (3-3)

with f(r) = 1 —r}/r%. In order to construct Schwinger-Keldysh EFT on the boundary,
we adopt the holographic prescription of [25]. Then, the radial coordinate r varies on the
contour in figure 2.

Latin indices, M, N, ---, are used to denote the 5-dimensional spacetime coordinates,
Greek indices, p, v, - - -, indicate the 4-dimensional boundary ones.

3.1 Holographic dictionary revisited

In order to derive the effective action from a bulk theory in AdS space, we need to consider
the holographic Wilsonian renormalization group, as outlined in [26] for pure gravity. In [36,
37], this analysis was adopted to the examples of a probe Maxwell theory and scalar QED,
respectively, in a fixed AdS black brane. Here, we carry out such an analysis for the
Stiickelberg theory in eq. (3.1).

The starting point is the Gubser-Polyakov-Klebanov-Witten (GPKW) master rule [76,
77

Zads = ZCFT, (3.4)

where the partition function Zcpr is expressed as a path integral over the low energy modes
collectively denoted by ¢,

ZcFr = /[Déb]eiseff[% (3.5)
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Here, Ser[¢] is the desired effective action to be derived from the holographic model. On
the other hand, the AdS partition function is given by

Zaas = / [DCY, ][ D] e?SoulCor 01+ St (3.6)

where a primed field means no gauge-fixing has yet been imposed.
When m # 0, the asymptotic behavior for the bulk vector field gets modified dramat-
ically. Accordingly, we set the boundary conditions for C,, 6" as follows (i.e., fixing the

non-normalizable modes):
T_ACL(T =00,2%) = Au(z%), 0 (r = 00, 2%) = Op(z®), (3.7)

where A = —1 4 /1 + m2 is the conformal dimension of the boundary U(1) current.
The bulk gauge symmetry in eq. (3.2) allows to bring an arbitrary field configuration
(Cy,0') to a desired one (Cyy, 0) by means of the following transformation

Cy — Cu = Chyp + 0ué, 0 —0=0+¢ (3.8)
Immediately, under (3.2), the boundary values of the bulk fields transform as
rA0,(r = 00,2%) = A, + 8,6 = By, O(r =o00,2%) =0, + ¢ =, (3.9)

where
o= T_Af(r = 00,z2%). (3.10)

For an infinitesimally small mass m, we will elaborate on the near-boundary behavior for
the bulk fields later on in section 3.3.

Importantly, the bulk path integral (3.6) can be equivalently expressed in terms of
gauge-fixed configurations (once the gauge transformation parameter is included)

Zngs = / [DC,|[DE|[D6] o iSbutc[Cpu 0] +iSer _ / [Dg]ez’sbulk[CH[Bu,ﬁ],G[Bu,ﬁ]”p‘oAs-i-iScc

~ /[ D) o Souk[Cu[By,9], 01B,.,] |p.o's+isct’ (3.11)

where the Jacobian determinant, arising from going from (C};,0) to (C, =
—Cy/(r*f(r)),Cu,0), is neglected (hence, the ). In the right-handed side of the first
line in (3.11), the heavy modes dual to C,,, 0 have been integrated out in the saddle point
approximation, yielding the partially on-shell (p.o.s) action Spuk[C, [Buvﬁ]’e[Bmﬁmp,o,s’
which is eventually identified as the desired effective action for the boundary theory

Ser = Sbulk[C#[B#,ﬁ], Q[Bu,ﬁ]” + Set- (3.12)

p.o.s

Here, in the partially on-shell action, we shall not impose the constraint equation, which
corresponds to the “conservation law” for the boundary current. More details will be
provided in section 3.2.

The analysis above can be slightly modified in order to be compatible with a different
gauge choice, e.g., C,, = 0. While some details might change, the main conclusion does not.
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3.2 Bulk dynamics: variational problem revisited

In the saddle point approximation, the bulk dynamics reduces to solving the classical
equations of motion for the bulk fields C'y; and 6. However, we shall do this in a partially
on-shell approach so that the low energy mode will be kept as dynamical in the effective
action. It turns out that this prescription becomes more natural by reconsidering the bulk
variational problem based on gauge-fixed field configurations.

First of all, it is direct to carry out such a procedure based on the field configuration
(C'y,¢'), which can be varied freely

Chyr — Cy +6CYy, 0 — 6 +450'. (3.13)
Therefore, the variation of the bulk action reads

5 Sl = / o/ =g [VarFMN6C — 60k m* (™M — VM) — m? T (O™ — M50
+ Spay
_ / Pay=g [V FMNSCY — 6Chm?(CM — TMG) — m?V (CM — V¥ 0)50
+ Shdy, (3.14)

where Shqy is a potential boundary term which is irrelevant for the subsequent discussion.
Now, we are ready to express dSpyuk in terms of a gauge-fixed configuration. To this end,
via (3.8), we have

5C,
2 f(r)

Thus, from 0 Spulk, we obtain the dynamical equations of motion (EOMs)

5C! = ~ V.06, 6C, =38C, —V,5E, 60 =60 — b¢. (3.15)

1
; FMU . 2 v v - FMr _ 2 T X" —
5Cy £ 0= Vi m?(C? — V°0) e Vs m?(C" —V'0)] =0,
6C; #0 = Vy FM—m?2(CF - Vi) = 0,
60 #0 = Vi (VMo — M) =0, (3.16)

and the contracted Bianchi identity
66 #0= Vy VyFMYN =0, (3.17)

Lastly, we also have a potential boundary term due to variation of the gauge parameter,

6&, which is given by
6 Shulk — / d*z/—ynn [—VMFMN +m2(CcN — vNe)] O] gy (3.18)
The latter gives the constraint equation

0| gy #0=E" = VuFMT —m2(C" - V"o 0. (3.19)

)|bdy -
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Using the radial gauge
Cy

T o)
the dynamical equations (3.16) fully determine the profiles of bulk fields C; and € in the
bulk spacetime. Indeed, after solving the dynamical equations (3.16), the value of the con-
straint E" will become known at any spacetime point. Moreover, the Bianchi identity (3.17)
allows to obtain a compact expression for E" at any radial slice.

(3.20)

Then, explicitly, the dynamical equations (3.16) are
2r 1 rf'(r) 020, 1

0= 0,(r30,C,) + O, + — 8,Cly + + ——(82C, — 8,0,C
CRCIT 7 T Fe T 72 e Ok kCx)
’I?’L2’l“
— = (Cy — 0,0,
7 )
3 avaicv -1 2
= Gr[r f(?“)arcz‘] + 2r0,0,C; + 9,C; + T'f(r) —+7r 8k(8kCi — (%Ck) —-m T’(Ci — 82-9),
= 8, [P £ (1)8,0] + 2r38,0,0 + 3r20,0 + 1O (040 — C1) + —— 9, Cl. (3.21)

f(r)
These EOMs will be solved on the radial contour shown in figure 2.
3.3 Holographic renormalization

We turn to the near-boundary behavior for the bulk fields. Remarkably, the asymptotic
behavior for the bulk fields depends on the value of bulk mass m. The present work will
be limited to the case of a small m. Then, within this assumption, eq. (3.21) will be solved
perturbatively

C,= C,SO) + mQCl(f) 4+ 0 =00 £ m29@ 4 ... (3.22)

Then, near the AdS boundary, we have

9B, 1 Jv
O0(r = s0,a%) = B, + = — ZE20"(0,B, — 0,B,) + L + -
N 1 log r log r j(2)
C(r = 00,2%) = 5 (B = 0p0) logr + 0+ =2=0(Byy — 040) + 5 0B + L+
(0)
0O (r — 00,2%) = 194_@4_@4_9734_10@“% 04 +eee (3.23)
where
0BY = —4J) — 8,0,B" + 402B,, + 0,(9* — 392)0,
01 = 0,0,
0 :1(62+52)19—38 B
2 4 v 4 2 )
1z o 1 n
93_5(30 —81))6@19—78@8“3,
1. - 1 1 /= 2
_ Ly guo (52 392\ gro L (52 _ 92
O = 0, +16(a 302) 0uB +16(a 02)" 0. (3.24)
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Since we will truncate the boundary action up to @(m?), the knowledge of #(?) is irrelevant.
The underlined terms in (3.23) indicate the free boundary data which will be fixed by AdS
boundary conditions. We will elaborate on this point in section 3.4.

We proceed by explaining the derivation of the counter-term action S, by applying
the standard procedure of holographic renormalization [78, 79]. Once the dynamical equa-
tions (3.16) are solved, it is direct to evaluate the partially on-shell bulk action. For a
quadratic action like (3.1), it is possible to reduce it into a surface term via integration by
parts. It turns out that

1 r=001
Sbulk = /d4$\/ —num [CNFMN +m*0(VMo — CM)}
r=002
1 r=001
= / d'ey/ =g [CuF™ w0V — )| |
r=009

_ _% / dz {—TSCU(?TCU - %Cvavc,, 3 £ (1) O C + rCdyC

+m?r® f(r)00,6 + m2r398v0} . (3.25)

Here, we utilized the dynamical equations (3.16) and the radial gauge choice, but have not
assumed the constraint equation (3.19). Using the near-boundary behavior (3.23), it is
straightforward to obtain the divergent part of the bulk action (3.1) near to the conformal
boundary r = co. The result is given by

log 7.
Sa = / a'-2%(0,B, — 0,B,)(0" B — 0" B")

+m? /d%; {—17;%(3“ — 9,9)(B* — 9"9) —

g (log2 re —logre)(0uBy, — 0,B))

<(0"B” — 9" B") + élog re [Ou(B" — aw)P} , (3.26)

where 7. is a UV cutoff. In a minimal subtraction scheme, the counter-term action S¢t may
be taken as

1 1
S — / Py = {_ %L (2~ 3mPlog 1) Fu P + ;m?(Cu — 0,0)(C" — 9"9)
1
—E L2 9, (0" aue)P} (3.27)

=00

In the counter-term action (3.27), while the first piece and the third piece are written
down based on minimal subtraction scheme, the second piece will unavoidably bring in
finite contributions when r — oo. Here, we briefly compare our counter-term action (3.27)
with that proposed in [66, 67]

st = [ate=1 {20, - aoncn o)

" " 1
Tag o =)+ F2}.
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While (3.28) does cancel most of the divergences in (3.26), it becomes ill-defined as m — 0.
Eventually, the boundary EFT action is given by
. 1 .- . -
Seft = /d4a; [Bﬂ(a:) (J“(O) (x) + isz“(O) (z) +m2JH?) (a;)) +2m29(2)0) (z)

3 27109 9 '
_gm u +...

, (3.29)
2

where - - - denotes contact terms beyond order (’)(82). As evident, eq. (3.29) has a smooth
m — 0 limit.

3.4 Boundary conditions and perturbative scheme

We will impose AdS boundary conditions and fix the underlined terms in (3.23). However,
in order to fully fix C,, we shall additionally impose a vanishing condition for C, at the
horizon [25]

Cy(r=rp,z%) =0. (3.30)

This condition corresponds to the chemical shift symmetry in (2.8), which becomes more
obvious if we examine the residual gauge symmetry. Indeed, with the radial gauge-fixing
C, = —C,/(r?f(r)), we still have a residual gauge symmetry for the configuration (Cyy, )

Oy — Cu+ 0,A=%), 0= 0+ A, (3.31)

where A(z®) is to distinguish from the gauge transformation parameterized by ¢ that has
brought (C,,8") to (Cas,6). Now, the condition (3.30) requires A to be time-independent,
A(z®) — A(Z). Eventually, the boundary version of (3.31) is nothing else but the chemical
shift symmetry (2.8).

Note however that preserving chemical shift symmetry actually allows for a more gen-
eral condition at the horizon, which can be generally written as Cy,(rp,, %) = F(z®) for any
fixed function F' of the boundary coordinates z®. It is tempting to relate such a redun-
dancy in the horizon condition to the freedom of choosing a specific hydrodynamic frame.
In other words, we expect that the choice of the F' function above would entirely fix the
zero modes of the bulk differential operators derived within the fluid-gravity correspon-
dence, which indeed encode the hydrodynamic frame transformations [80].* We leave such
an exploration as a future task.

In all our discussions, we assume that the bulk mass m is small. This is equivalent to
assuming that the explicit breaking term in the dual field theory is small compared to the
characteristic microscopic scale of the system. More specifically, we will work within the
approximation of m/T < 1, where T is the temperature of the dual field theory. Within
this assumption, (3.21) can be solved perturbatively, cfr. Eq. (3.22). At each order in the
m~expansion of (3.22), we perform a hydrodynamic expansion

C,SO) = EC;SO)(l) 4+ g2 C;SO)@) e C}(f) — 50}22)(1) s C,SQ)(Q) e
9 = gO©) 4 £ gO1) 4 29O2) 4 ... (3.32)

4See also [81-83] for the appearance of these zero modes in explicit holographic constructions of hydro-
dynamic modes and for discussions on hydrodynamic frames in related holographic settings.
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where the bookkeeping parameter € ~ 9, helps to count number of boundary derivatives.
In Fourier space, € has to be identified with the frequency w and the wave-vector k. Here,
the derivative expansion in (3.32) is motivated by the fact that B, = A, + 0,¢ is first
order in boundary derivatives, while ¥ = 6, + ¢ is zeroth order in boundary derivative.
Notice that, at this point, we are performing a double and independent expansion in the
parameter m and the spacetime derivatives d,, hence the double indices.

Consequently, at each order in the double expansion, C,Sn)(l) and 00 gatisfy decou-
pled ordinary differential equations (ODEs)

o, 0,0 0] = §M0, o, [P r(ra, M| = i o, v pra,6™0 | = MY,
(3.33)
where the sources are built up from lower order solutions. For our purpose, we record the
first few source terms

:(0)(0) O _ ;O0) _

.]0 = jv - j’L

j(go)(l) = —230,8,00©) _ 3729,00)0)

(0)(2) __[ 2r 5, L _rfC )] 00

Jv = + 0,Cy
f(r) fr) F(r)

JOB _ _9,9,.6,000 _ g,cO0)

(21 — " [o01) _ g 90)0)

]

OO =[O0 _ gg010],

@@ _ _[2r 1 0]y con L T (a0 g p0n
4 6% 7~ | O + g [0 - 0.0,

ji(2)(2) _ _QTaTavCl'( ) _ 81)01-(2)(1) ipe [Ci(O)(Q) _ aiQ(O)(l)} ’

i = —2%9,0,600 — 320,000 — 1oy (9,600 — V) —fz"r)avcy)(l). (3.34)
The double expansion has been truncated as follows. First, since 6 is always multiplied by
a m? factor, we will keep its lowest order in the m-expansion. Then, we cover the derivative
terms in 8% up to second order. Second, ignoring the backreaction of @ on the bulk gauge
field, we will construct C,SO) up to second order in boundary derivative expansion. Finally,
the backreaction effect of # on the dynamics of the bulk gauge field is important, and will

2_corrections C,(f) up to

not be neglected. For this purpose, we track the leading order m
second order in boundary derivative expansion.

The truncation scheme specified above guarantees that we will obtain the structure
of the EFT Lagrangian (2.4), along with the specific values for the coefficients. Since the
perturbative computations are rather cumbersome and not very illuminating, we will defer

all the details and results to appendix A.

3.5 Summary of results

With the perturbative solutions presented in appendix A, it is straightforward to evalu-
ate (3.29). Limited to the truncated order, we do obtain the desired EFT structure as in
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eq. (2.4) in which the various coefficients are given by

9o

ho
co

do

1 1 1
:2Tf2L+§m2T121 |:210g(2rle)+1:| y g1 :07 fOZ 5777,27’%“ fl :_Th_imthlog(zr%)v

- 1 1
=0, h1=0, Ty=0 T'=-m?r}, F1:§m2r§(1—1og2), F2:—§m2rﬁ,
1 1 1
=0, 01:§m2r,2110g(2r,21), 02:§m2r,21, do=0, d1:—§m2r,2llog(27“,21),
1 2 2 -2 -4
:_imzﬁ%? wo =0, w;=0, w2=ﬂ+m2w—hlog(2r%), w3:2m2w—h,
T T T
210w 9 2
wy =m?2Th08% w5:—m2”—h(57r2+2410g2—1210g22), we =0,
T 247
2 2
:TrLQZ—7’;(210g2—log2 2), wgzmQZ%logrh. (3.35)

wr

We have checked that the holographic results (3.35) indeed satisfy all the constraints sum-

marized in section 2. Notice that the AdS length scale is set to Lagqs = 1; restoring it will

make the arguments in the logarithms dimensionless. Before continuing, let us discuss a

few important points related to the various transport coefficients above.

In the absence of explicit breaking, fi; and gg correspond respectively to the electric
conductivity and the charge susceptibility, with their ratio giving the charge diffusion
constant.

The vanishing of the g; coefficient, g = 0, which was also observed in [25, 36, 74],
is related to the hydrodynamic frame that the holographic models naturally choose.
Indeed, in the absence of explicit breaking, ¢g; can be consistently set to zero by an
appropriate redefinition of the dynamical field, at the cost of having an additional
higher-order terms. In other words, its value is not frame independent. On the
contrary, in the case of spontaneous or pseudo-spontaneous breaking, chemical shifts
are not anymore a symmetry of the system and the corresponding horizon boundary
condition is lost. As a matter of fact, for superfluids, g; gives the Goldstone diffusivity,
which is a “measurable” transport coefficient (see for example [51]).

In the EFT language, I'g = 0 corresponds to the vanishing of the so-called pinning
frequency. This is expected since there is no spontaneous symmetry breaking in our
model and therefore no Goldstone mode to be pinned.

I' determines the relaxation rate of charge and will play a major role in the analysis
of section 4.

In section 4.2, we will comment on the relationship between some of other coefficients
we found, particularly I's,c1, 1 and the m2-part of g (or equivalently co, da, dy),
and some novel coefficients proposed in [48] (see also [51]).

4 Lessons from effective field theory and holography

After explaining in detail both the EFT and holographic sides, we are now in a position

to bring all the results together and present them in a coherent form. The purpose of this
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section is twofold: present a derivation of the non-conservation Ward identity using EFT
and predict the dispersion of the relaxed charge diffusion mode.

4.1 The broken U(1) Ward identity

We define the non-conserved U(1) currents as the functional derivative of EFT action with
respect to the external gauge field

0Sefr

Tt , f .
5 Ay 5Arp

(4.1)

Meanwhile, the expectation values of the scalar operator (dual to the bulk scalar field 6)

are

0O, = ?;Zj, O, = ii;f (4.2)

For simplicity, we will take £ to illustrate the derivation. Then, the results are

JY = goByo + 9100 Bro + 1069, + woBao — w700Ya,

Ji = foByi + f100Byri + d20i0, + waBai — ws0ida,

Jy = goBao — 9190 Bao — €100Ya,

Ji = foBai — f100Ba; — c20;Ya,

O, = T8V, 4 T1030, 4+ T90%0, + 100 Byro + c20; Bri + w3, + w4030,

+ w503 ¥a + w700 Bao + ws0; Bai,
O, = T4 + 110204 + 12030, — d199Bao — d20; Ba;. (4.3)

The equations of motion for dynamical fields ¢, and ¢, are simply the Ward identities for
the currents defined above

5Seﬁf . 5Sef'f o
5pa 5pr

The physical current J# and scalar operator’s expectation value O, can be split into a

0= 0,J} = O,

T

0= 9,J% = O, (4.4)

a

mean-field part and a stochastic part
Ji=Jb+ Jk, Oy = Ot + Ogt, (4.5)

corresponding to the hydrodynamic current and the noise respectively. Here, we can per-
form a Legendre transformation to turn the variable ¢, into ¢, which now obeys Gaussian
distribution (see [36, 73] for more details). Then, the Ward identity for the physical current
can be rewritten into a Langevin-type equation

A d e = Ome + ¢, (4.6)

where ( is the stochastic force.
Therefore, when the noise term is ignored, the Ward identity becomes

Op s = O, (4.7)
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where

J2¢ = goBro + g100Byro + d100Yy,
it = foBri + f100Byi + d20;9,,
Ot = L0009, + T10309, + 12029, + ¢100Bro + ¢20;By;. (4.8)

As an approximation, we focus on the leading order term I'dyd, in Omg:

- - r
909, — Ty, ~ P Jo . (4.9)
Then, the Ward identity simplifies to
Opdliy = =T J0e + -+, (4.10)
where the relaxation rate of the U(1) current is
r 1 1
r= i s §m2rh = §m27rT, (4.11)

which will be further confirmed by numerical study in section 4.3.2. We thus see how (1.5)
emerges in our field theoretic SK construction in a similar way as discussed in section 1.1.

4.2 Novel coefficients

In this section, we would like to clarify the relationship between some coefficients in our
analysis and some new coefficients proposed in [48] (e.g., A, fs therein).

First, let us discuss the dissipative nature of the various coefficients in the EFT La-
grangian (2.4). Inspired by the old Martin-Siggia-Rose formalism [84], ref. [85] recently
showed how to separately construct the non-dissipative and dissipative KMS-invariant
terms in the effective Lagrangian

L=Lr"4 L0 (4.12)

The non-dissipative part £"? can be derived from a real Lagrangian Q[p,] by setting

o0

ﬁnd — ==
Soa a‘,@r

(4.13)

where we use ¢, and @, to denote all r-type and a-type fields (including sources), respec-
tively. The dissipative part £ is derived from a suitable, quadratic in ¢,, quantity X as

1

£ = S [X(¢r pa) + Xrcars (0, 9a) = X(r,0) = Xrcwrs(ior, 0)], (4.14)

where X g g is what we obtain after applying the KMS transformation (2.12) on X.
In our case, it is useful to define the gauge invariant source combination

Sop = 0ulps — Ay, = 0,0, — By, (4.15)
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Using (4.15), we can equivalently build the effective action in terms of B;,, E,,, and 9
without derivatives acting on the latter. In fact, in order to construct the relevant ra-terms
of £; in (2.4), we can use the seed functions €2 and X

Q= (g0 +T1+2c1) Bjg + (T1 + ¢1) BroZro + 1157 + Ta=y;
1 -
X =2 (91B% + 1B +T2) . (4.16)
Eq. (4.16) clearly shows that the coefficients gg, c1,'1 and I'y are non-dissipative, while

g1, f1 and T are dissipative. Then, following the procedure outlined above, we obtain the
alternative form of £;

EY“) = (g0 + I't + 2¢1) BaoBro + 91Bao00Bro + (I't + 1) (BaoZr0 + Ea0Bro)
+ f1BaiO0Bri + T9a(Bro + Z10) + T'1Z00Zr0 — T2Z4iZ0i (4.17)

which automatically satisfies the chemical shift symmetry, the KMS conditions and the
Onsager relations, (2.8) and (2.10). We recall that go, g1, f1 have contributions of order
O(mP) along with O(m?) corrections, whereas I',I';,T's, ¢; are of order O(m?) and they
appear only after explicitly breaking the global U(1) symmetry.

From (4.17), one can observe that I'; and I'y are contact-type coefficients. These
terms are not shown in [48] because they are subleading in their derivative counting. On
the other hand, here, the coefficient labelled as f, in [48] does not appear, because we are
in the normal phase and chemical shift symmetry implies that it vanishes identically.® The
relation between the other coefficients found in our setup and the one denoted by A in [48]
can be understood as follows.

Turning the sources Z;, off, the constitutive relations at leading order take the form

I = (g0 + c1)Bro + 9190 Bro,
e = f1(0;Bro + Fui),
Omt = 'Byo — (I'1 + ¢1)90Bro - (4.18)

Using a frame redefinition, we could define the chemical potential p by

9= (90 + ¢1)Bro s (4.19)

where g(()o) represents the m®-part of go. This leads to

e =96 1+,
Jie = f1(Oip+ Fo) + . ..,
Omt =Tp+..., (4.20)

where the dots involve higher order terms in our perturbative scheme.
From (4.19), we see that the combination go + ¢; is analogous to the new coefficient A
identified in [48], in the sense that it is an m-dependent proportionality constant between

®We would like to thank Akash Jain and Jay Armas for discussions on this point.
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the chemical potential © and the time derivative of the dynamical field ¢. Of course, in
the case of spontaneous symmetry breaking, ¢ is a Goldstone mode and its relation to pu
is a physical, dynamical equation of motion, i.e. the Josephson relation. In the case of
pure explicit breaking, all of the dynamics is captured by eq. (4.20), while eq. (4.19) is a
trivial choice of hydrodynamic frame. Indeed, from (4.17), we can easily see that only the
combination of coefficients (go + I'1 + 2¢1) enters in the dispersion relation. Despite gg+ ¢
appearing in a similar fashion as A of [48], it pops up at a different order in terms of the
explicit breaking scale m, and would appear as subleading in their analysis because of the
different symmetry breaking pattern. We also note that, while X in [48] is dissipative,’
here all the relevant coefficients gg,['1, c1 are non-dissipative.

In summary, in our purely explicit case, all these coefficients are at least O(m?), and
not order O(m) as those considered in [48].” In presence of only explicit breaking, the
possibility of having such a coefficients O(m) cannot be realized. On the contrary, whenever
the additional spontaneous scale (the condensate) is introduced in the EFT description,
then a combination of the spontaneous and explicit scales could bring such a term down
to order O(m). In general, it is not surprising that the existence of additional scales
allow for a richer set of possibilities in the scaling of the various coefficients. A similar
situation happens for example in the case of translations for the pinning frequency and the
Gell-Mann-Oakes-Renner relation, see [86-88].

4.3 Charge relaxation mode

In this section, we focus on the dispersion relation of the charge relaxation mode. In absence
of any explicit breaking terms, such a mode corresponds to the diffusion of conserved charge
and obeys the following dispersion relation

o
w=—i—k?+... (4.21)
Xpp
where o is the electric conductivity and x,, = dp/0u the charge susceptibility. In presence
of soft explicit breaking of the U(1) symmetry, this mode acquires a finite relaxation time
at zero wave-vector and its dispersion relation becomes

w=—il —iDk? + - -- (4.22)

where D, does not anymore correspond to the standard charge diffusion o/x,,, as even-
tually will get corrected by terms proportional to the explicit breaking scale. The charge
relaxation mode is the lowest non-hydrodynamic mode in the quasi-normal modes (QNMs)
spectrum, and it is expected to be well separated from the other microscopic degrees of free-
dom as long as the explicit breaking is kept small. Because of this reason, the relaxational
late-time dynamics in that limit will be dominated by its dynamics.

5This happens because A involves a combination of the new, non-dissipative coefficient denoted by o
in [48], and the usual dissipative Goldstone diffusivity o4, which is absent in the purely explicit case.

"This is consistent with results for the linear axion model by Blaise Goutéraux and Ashish Shukla, to
appear soon.
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With the EFT Lagrangian (2.4) and (2.5), we can show (4.22) and predict the relax-
ation rate I' and diffusion constant D,. To this end, we turn off external sources and obtain
the dispersion relation from 6Seg/0¢, = 0 (setting ¢, = 0 in the equation)

0 =iwaq + w2a2 + k2a3 + a4 + a5iwk2 + aﬁiw3, (4.23)

where for safety we have kept all third order derivatives. The various coefficients in the
dispersion equation are expressed in terms of those in EFT action

ai=go—c+d —T'1 = a(lo) + m2a§2),

aga=¢g1—c3+ds—I'y= aéo) + m2a52),

a3 = fi+ho+hy —ci—cs+dy+ds —T'3 :ag0)+m2a§2)7

ay = =0+ mzaf),

as = —g3 — ho —h3 +1T'¢ +c7 +cg — d7 — dg :ago) +m2aé2),

ag = —g2+1's +c6 —dg = aéo) + mzaé?), (4.24)
where we have expanded each coefficients to order O(m?). In the hydrodynamic limit, the
dispersion equation is solved and yields the dispersion shown in eq. (4.22) with

2 0 2 2) (0 2) (0 0) (0) (2
re 2 po_ o afa afa)+aPel)  2ea)el) o0
@)’ a” Lo ()”)? (")’

Using the explicit holographic results in eq. (3.35), along with the KMS conditions (2.13),
we find

1
ago) = 27“;21, agg) = 57“}% log 2, ag)) =0,
ago) = —Tp, a:(f) =0, af) = 73, (4.26)

while, from ref. [74], we can read off the coefficient of the k* term in the dispersion relation
of normal diffusion, implying that

1
aéo) =5 log 2. (4.27)

Using these expressions in eq. (4.25), we immediately obtain

r— %m%h, D, = 271% +O(mY), (4.28)
where, surprisingly, the O(m?k?) term in the dispersion relation vanishes. In principle, this
might be simply an artifact of the holographic model used, or of the probe limit that we
assumed. However, there is also the possibility that such a result is a generic feature of the
quasi-hydrodynamics structure revealed by holographic calculations. In order to validate
this prospect, one should check other concrete models or prove it directly from a more
careful field theory analysis. We plan to investigate this point further in the near future.
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We will confirm the validity of the results above with two alternative methods. First,
we will compute the dispersion relation using standard holographic perturbative techniques,
which do not involve the SK contour. Second, we will perform a numerical computations
for the QNMs of the field theory dual to our holographic model. As we will see, all the
three methods give compatible results.

4.3.1 Analytic computation of the lowest quasi-normal modes

In this section, we will consider the bulk action presented in eq. (3.1) and investigate the
dispersion relation of the lowest non-hydrodynamic QNM, the charge relaxation mode.
Here, as a major difference with the computations presented in section 3, we shall follow a
fully on-shell formalism. More precisely, we will solve all the components of bulk EOMs for
the fluctuations. For this purpose, we find it more convenient to work in the Schwarzschild
coordinate system where the background line element is defined as

ds? = Lﬂ — 2 f(r)dt* 4+ 125, dxda’ . (4.29)

r2f(r) Y

We denote the bulk fields in Schwarzschild coordinates using an extra tilde, Cj; and 6. For
convenience, we also assume the radial gauge, C, = 0. We decompose the bulk fields in
Fourier space

. dwdk it ; dwdk -
CM(’F, x“) = / WCM(T,W, ]’C)e—zwi&—i-zkac7 9(,,“7 xu) — / WG(T’ w, k)e—zwt+zkx‘
(4.30)

Since all bulk fields vanish in the background, the equations for the fluctuations correspond
to those for the bulk fields themselves.

The transverse components of the gauge field C’y or C, satisfy a single ordinary differ-
ential equation (ODE) given by

w2

rf(r)

Since we are mainly interested in the charge relaxation mode, we will only consider the

0=20, {r:)’f(r)&«éa} + Co — k*r~1Cy — m?rC,, a=uy,z. (4.31)

fluctuations in the longitudinal sector and skip those in the transverse sector. We do not
expect any (quasi-)hydrodynamic modes in the transverse sector.
The longitudinal modes {C‘t, Cs, 5} satisfy a system of linear ODEs which reads

_ 39 A 1 2~ ~ m2r m2riw -
0= 87«(7" 87«015) — W(k’ Ot + chx) — WCt — WG,
Oz&w#ﬂM&GJ+h&ﬂ@%z+wmm—nﬁfg+m%m@
Oz&{ﬁﬂm&ﬂ+}%ﬂﬁé—wég—dﬁé+wdﬁ
0 = —iwd,Cy — ik f(r)0,.Cy + m2r2 f(1)0,0, (4.32)

where the first three equations are dynamical, while the last one is a constraint. The
constraint equation, when computed at the boundary, is related to the UV Ward identity.
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Here, it is important to notice that imposing any two of the three dynamical equations
in (4.32), plus the constraint equation, will automatically yield the remaining dynamical
equation. Because of this reason, one of the three dynamical equations can be discarded.

Here, we start by clarifying the generic structure of solutions to the linear system
in (4.32). Near the horizon, the ingoing solutions behave as
CE(r,w, k) = [f()]' /) [C 4 CHr =) + CRr = 1) + -+
Ct(r,w, k) = [f(r)]72/0m) [Ch 4 CRr = o) + C2r =)+ -],
0% (r,w, ) = [F(r)] 72/ ) [ 8 (r — ) + 02 — 7)o+ ] (4.33)
where C" and 6" are two independent horizon data. In other words, all the rest coefficients

C~’th, C’tl, C’f, C’;, C’%, 6', 62, --- are fully determined in terms of the horizon data C’g’;‘ and
6". For instance

CT _ ikCh — m27'}2l9~h

4drp, — iw
ol Cl {2m?r? (4ry, — iw) + iw(—2k% — 1617 + 16iwry, 4 3w?)} — Sikm2r3H"

x

Y

4r2 (8r} — 6Giwr), — w?)
L SikrpC + 0" {K2(8r), — 2iw) + iw [—2m%r? + 3w(4ir), + w)]}
B 4r2(8r2 — Giwry, — w?) '

6 (4.34)

Thus, the number of linearly independent ingoing solutions is two. These have to be
supplemented by the pure gauge solution (labelled as “pg”)

C’fg(r,w,k) = —iwé, C’Eg(r,w, k) = ikg, 5pg(r,w,k) = E, (4.35)

which is characterized by the residual gauge transformation parameter £.

Therefore, after imposing ingoing boundary conditions near the horizon (i.e., ruling
out outgoing solutions), a generic solution for the linear system (4.32) can be written as

Ci(r,w, k) = biC (r,w, k) + 0208 1 (r, w0, k) + b3CFE (r,w, k),
C’I(r,w, k)= bléixg’l(r,w, k) + bgé;g’ H(r, w, k) + bgégg(r,w, k),
O(r,w, k) = 0101 (r,w, k) + b0 L (r,w, k) 4 b36P8(r, w, k), (4.36)

where the ingoing solution {C’;g’l, é’ig’l, éig’l} may be uniquely fixed by taking horizon
data Ch # 0,0" = 0 in (4.33), and the other ingoing solution {C’;g’ H, Cig 11 g's 11 to
taking horizon data (C! = 0,0" # 0) in (4.33). The coefficients by 23 will be fixed by
the AdS boundary conditions. At this point, the original task of determining the QNM
spectrum for the bulk theory reduces to working out the two ingoing solutions (4.33). We
will work perturbatively in the bulk mass m so that

) 4 m20® ... G=60 4.... (4.37)
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Additionally, at each order in the m-expansion above, we will work in the hydrodynamic

limit, say w,k < T. The QNM spectrum corresponds to solving the following expression®

G5 (00) C#"(00) CF*(o0)

Cig'(c0) Ci#M(00) CPE(00) | = 0. (4.38)

g8l (c0) 5 (c0) GP(o0)
Recall that our goal is to obtain eq. (4.22) using holographic calculations. However, the
presence of a gap (~ I') makes the calculations subtle, which requires (4.38) to properly
cover third order derivatives in the dispersion equation (4.23). After careful examination,
we find this will be achieved if one covers second order derivative corrections in each ingoing
solutions.

Without presenting more details, we summarize the main results for the two ingoing

solutions (4.33). For the first ingoing solution, we take the horizon data as (C,6") = (1, 0)
and find that

9
ig, T 1) — 1—iw/(47p) ikr 200
C’ (ryw, k) = [f(r)] [2%(7“2 —i—r,%) + C, + )
2,2
I (o, k) = L]0 14 B 105 TR L eI o
T v 21y, 272 v ’
. 2, .2
e, T _ —iwf(ary) |_ Gk TT TR 2
0% (r,w, k) = [f(r)] [ e log 5,2 +---+0(m)|, (4.39)
where
.9 2
~ig,1(2)(1) — ikr 2 _ .2 1 2Th 4.4
Ci 8rp(ry — ) lr ri+ (% 4 i) log r2 42|’ (4.40)

7‘2+7‘h )
— —l —_— 1 2+ 12log21
27% . T+48 (77 + 6log? 2 + 121og ogrp) +O(r~ )

and the second term is expressed only near the boundary, in the limit 7 — co. The omitted

gislm — 1,

terms denoted by --- in (4.39) represent second order derivatives, which are too lengthy
to be presented. However, some of them are crucial in correctly producing (4.23).
Near the AdS boundary, the first ingoing solution behaves as

~ig. 1 o 1k ik log2 o ik 9
C®(r— o0)=m Elogr—i— T + ka—m 8 {1+10g(27“h)}

o T2 +121og? 2 1

———wk+0O

38472 o),

iy 1 dwlog?2 72 4 61og? 2
Cigl(r — 00) = 2(— )1 = ggg T TOlB72 »
5 (ro0)=m 2 4ary, BT T 2rp 48,

1
— mQZ log(2r3) + m? (7r2 + 61og?2 + 121log 2log rh)

W
487y,
+ 1w+ #Hag? + O(r Y,

- ik 2 _24(log2 — 1) log 2
0 1(r - 00) = ! lg2—7T (log 5 ) log
4rh 192r2

where #1, #5 will play no role in subsequent calculation of QNM.

wk 4+ 01, (4.41)

8Here, we shall subtract the logr-terms at the AdS boundary.
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For the second ingoing solution, we take the horizon data as (C%,8") = (0,1) and find
that

2
TpT ~ig,11(2)(1)

C ..

2(r? + T}QL) G +

)

Gy, k) = [ () T/ [—

~. . 1 2 2
G811, 0, ) = [(7)] /04 2 l‘“‘f tog " E 4
4 2ry
el = )]/ 14+ 0m?)] (4.42)
where ) ) s
Sigll(2)(1) _ _ wr 2,2 r 2100 1T Th
Ct = 4(7447_74;11) [(T — Th) (10g % — 1> + Tn IOg 2,’“}211 (443)
Here, as in (4.39), the terms denoted by --- in (4.42) represent second order derivatives

and are too lengthy to be presented above. Similarly, they are important for correctly
covering third order terms in the dispersion equation (4.23).
Near the AdS boundary, the second ingoing solution behaves as

2
2 T 2

2"h w
1927y,

1 1
2 5 —mzziw(1+2logrh)—m

Ziwl _
5iwlogr —m

é;g’ H(r —00) =m

log 2
m? 2202 L O(rY),

8ry,
- 1 1 2 1 4log?2
Ciell(r 5 00) = —m?Ziklogr + m?~iklog(2r}) + m? T O S o),
2 4 647y,
. —712 4+ 12(log 2 — 2)log 2 log 2
ng,II(r - OO) — 14+ T+ (Og ) og w2 + og q2 —I—O(’I”_l). (444)

967”% 47“,21

With (4.41) and (4.44), it is straightforward to solve (4.38) in the hydrodynamic limit.
As expected, we obtain the dispersion relation (4.22) with

Th o 1 4

r=— D,=—+0 . 4.45
ym®. Dy=5 -+ O(m) (4.45)
As anticipated in section 4.3, we find the diffusion constant does not receive correction at
the order O(m?). As already mentioned, further studies are needed to ascertain whether
this property is a reflection of a deeper, and maybe even universal, underlying structure.

This result will be further confirmed through numerical calculation in next section.

4.3.2 Numerical computation

The analytical computation presented in section 4.3.1 is perturbative in the bulk mass m,
the frequency w and the wave-vector k. In other words, the result in (4.22) and (4.45) re-
produces only the dispersion relation of the lowest QNM in the hydrodynamic limit, and in
the limit of small explicit breaking, m/T" < 1. The complete QNMs spectrum beyond such
approximations can nevertheless be obtained using numerical methods. The idea is exactly
the same as that in the previous section, but the EOMs (4.32) will be now solved numer-
ically using the same boundary conditions. In this way, we can search for the solutions
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Figure 3. Left: the charge relaxation rate extracted from the imaginary part of the lowest QNM
at k = 0 (black symbols) vs. the prediction from the perturbative SK computation in eq. (4.45).
Right: the dispersion relation of the lowest non-hydrodynamic mode for different values of the
dimensionless Proca mass. The solid lines are the SK perturbative results in eq. (4.45). The inset
shows a zoom for small values of the wave-vector k.

of (4.38) at any order in w, k, m. For simplicity, we focus only on the lowest QNM, i.e., the
charge relaxation mode. First, we extract its imaginary part at zero wave-vector as a func-
tion of the explicit breaking parameter m. The result is shown in the left panel of figure 3.
As expected, for small values of the explicit breaking parameter m /T, the perturbative re-
sult in eq. (4.45) is in good agreement with the numerical data. Beyond a critical value, the
numerical results start to deviate from the perturbative formula (first equation of (4.45)),
suggesting that the neglected higher order corrections become important. In the right
panel of figure 3, we show the complete dispersion relation of the charge relaxation mode
for different values of m/T'. For small values of that parameter we see that eq. (4.45) is in
good agreement with the data up to k/T ~ 1, within the hydrodynamic limit. By increas-
ing the value of the explicit breaking parameter, we observe that the perturbative result
deviates from the numerical data. In summary, the numerical computation confirms the
validity of our results both in the SK formalism and in the single AdS perturbative scheme.

One of the main results of the previous analysis is that the quadratic term in the
dispersion will be not affected at order m?, but only at higher order. In order to check this
with the numerics, we focus on the low mass regime, m/T < 1, and carefully track the
quadratic term in the dispersion relation.

In figure 4, we consider the quadratic term ~ k? in the dispersion relation of the
relaxing charge fluctuations. We subtract from it the value at zero mass, and carefully
look at the corrections at order m?. We define the variation of such a coefficient from the
zero mass value AD, and plot it, after normalizing it by m?, as a function of the mass
itself. For small values of m?, we see that the resulting numerical data are scattered in
a region +2% around zero. Therefore, within that confidence, we can conclude that the
O(m?) correction to the quadratic coefficient is compatible with zero, as derived from the
previous theoretical analysis. Our numerics show that, if such a correction existed, it would
be extremely small, of order 1072, which is rather unnatural from the EFT perspective.
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Figure 4. The deviation of the quadratic coefficient in the dispersion relation from its zero mass
value, AD, as a function of the mass squared.

5 Summary and outlook

In this work, we have initiated the study of quasi-hydrodynamics using holographic
Scwhinger-Keldysh methods. We have focused on the simplest example of a system with a
global U(1) symmetry which is explicitly broken in a controllable way, and whose breaking
can be made parametrically small. In order to do that, we have considered a holographic
massive vector Proca model, where the bulk mass m is responsible for the breaking of the
U(1) symmetry. We take this as the simplest example of relaxed hydrodynamics. Using
holographic SK techniques, we have derived the low-energy effective action of the boundary
field theory in presence of dissipation and finite temperature effects, in the limit of small
breaking m/T < 1, i.e., the quasi-hydrodynamic regime. The results obtained within
holographic SK approach are compared and confirmed using standard EFT methods, al-
ready presented in [48, 51], and the analytical and numerical computations of the lowest
QNMs. We find perfect agreement between all these different methods. Interestingly, we
find that the term O(m?k?) in the dispersion of the damped charge diffusion mode vanishes
identically. It would thus be interesting to determine whether that is just an accident of
the model considered or a manifestation of a more fundamental, and perhaps universal,
characteristic of the quasi-hydrodynamics structure.

Among the various results, we have formally derived the field theory Ward identity
for the U(1) current from the holographic Proca model. We have confirmed that its form
is in agreement with the EFT predictions, and with the form previously assumed in the
literature, e.g., [55, 67] (see [64] for a previous formal derivation in the context of string
theory). Taking advantage of the derivation of the boundary effective SK action, we have
directly observed the appearance of additional transport coefficients, which are analogous
to those proposed in [48], appearing in the case of pseudo-spontaneous symmetry breaking.
By direct analytical computation, we have shown that terms of that kind naturally appear
in our effective action. Nevertheless, in the case of explicit breaking, they always appear
at quadratic order in the explicit breaking scale, indicated as m in our analysis, and not
at linear order, as for the terms described in [48]. This difference in the orders is not a
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coincidence, nor a result of the different counting scheme chosen, but rather a direct mani-
festation of the different symmetry breaking pattern; in presence of only explicit breaking,
it is impossible to realize those coeflicients at linear order.

From a more practical point of view, even though we are not aware of any realistic
system where a vector U(1) symmetry is explicitly broken, our setup could serve as a toy
model for several physical scenarios which are of great interest in different fields of research,
and they are all connected by the same quasi-hydrodynamic structure. A first important
case is that of axial charge relaxation in the context of QCD and condensed matter systems
with anomalous transport. In QCD, for example, axial symmetry is broken by gluonic
effects, which can be parameterized in holography using an explicit mass for the bulk gauge
field [64] (see for example [66, 67]). A similar situation appears in the context of relativistic
spin hydrodynamics, where the spin current is not conserved, but at least for massive
fermions, its relaxation can be made parametrically long by taking the non-relativistic
limit of large fermion mass [89]. This is as well the case for magneto-hydrodynamics, in
which the global U(1) electric symmetry is broken, and where both electric field and charge
fluctuations relax in time [90, 91] (see [24, 92, 93] for the holographic realizations).

Additionally, any system close to a critical point also displays a similar behavior, since
the fluctuations of the amplitude of the order parameter relax very slowly close to crit-
icality. This has been formalized in the context of relativistic hydrodynamics with the
so-called Hydro+ formalism [11], but it appears more general in the study of critical phe-
nomena [12] (e.g., the amplitude mode in superfluids/superconductors [94, 95]). Moreover,
several hydrodynamic models (e.g., Maxwell’s model [96], Cattaneo’s model [97], Israel-
Stewart model [98], and generalizations [99]) involve at least one non-hydrodynamic mode
(which is necessary in relativistic theories to preserve causality), and therefore fall in the
more general class of quasi-hydrodynamics. In the context of classical liquids, the quasi-
hydrodynamic structure is not a theoretical framework but it is responsible for several
physical phenomena, such as the onset of gapped shear waves, which can be observed exper-
imentally [100]. Finally, a widely studied framework where quasi-hydrodynamics is at work
is that of momentum relaxation in condensed matter systems, where disorder, impurities,
or simply Umklapp scattering produce a dissipation of momentum (e.g., the Drude model).

We believe that extending our computation to these more complex cases would be very
fruitful in the near future, not only to understand better the validity and the meaning of
quasi-hydrodynamics but also to reveal in depth the structure of the low-energy effective
descriptions for such systems. We are confident that holography might always be a good
partner in these explorations, and we are planning to consider some of these problems in
the near future.
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A Details of the holographic Schwinger-Keldysh computations

In this appendix, we present the perturbative solutions for bulk fields. When the source
terms are ignored, all the EOMs become homogeneous ODEs, which can be solved analyt-
ically

2 2 _ .2 4_ 4
re—r h L9, Th—T
o 5 r%’ 0" (r) = cg + c5log " h o (A1)

h 1, ¢ h 1 2
CU(T):%‘F?@ Ci(r)zci—{'cilogr n

Obviously, the two linearly independent solutions for C,, are regular over the entire contour.
This is one of the reason why the extra condition (3.30) has to be imposed at the horizon.
Thus, C, will have a piecewise solution at each order. Later on, the linearly independent so-
lutions for C; and 6 will be used to build Green’s functions on the radial contour of figure 2.

The solutions for C’I(LO)(I) and 6, The solution for 0750)(” is piecewise
o) i
Cy"(r) = By —2 ) r € [r, — € 001),
o) i
Cy"(r) =By |1 — 2 r € [y, — €,002). (A.2)

The solution for C’i(o)(l) is

(0)(1)
Gi (1) = Bai + 5 T (A.3)
The solution for (0 jg
) rd—pd
0)(0) (1) — | h A4
0 (r) =92+ 5 108 — 3 (A.4)

It is straightforward to check that all the lowest order solutions satisfy the respective
EOMs with correct boundary conditions. It is important to stress that, in contrast to C’z(,o) )
which is regular over the entire contour, both Ci(o)(l) and 00O contain a singular part,
which roughly behaves as log(r — r1,) near the horizon, which is a multi-valued function.

Near the AdS boundaries, we read off the normalizable modes for the lowest order

solutions
J](S)(” = —r2By,, JQ(S)(” = —17 Bay,
70 = b, 790 = L,
. 4 4
5(0)(0) _ Ty 50)(0) _ Tp
0, =5 D, () - Ya, (A.5)
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which, via (3.29), give the leading-order result for the effective action. Here, we record the
explicit results for each of the terms in (3.29)

1 P2

~ ir

BM‘]#(O)(I) = QT}QLBM,BN, + %BaiBaia
2

Lo #u0)(1) bl 2 2 irp
§m BNJ == im 2thavBrv + 7BaiBai s
2

1 .4
2m290©O | — p2Thy 9
T

2
3 - ! 3 j
—gsz”(O)(l)ﬁuﬁ — —§m2 {r,%Bavamr + 77 BryOylq + ;r,%Baiama] , (A.6)
2

where the first and third lines are in perfect agreement with those of [25]. Here, the diffusive
field ¢ appears explicitly, representing the effect of explicit symmetry breaking. The last
line represents a renormalization scheme-dependent contribution.

Solutions for Cz()o)@) and 052)(1). Beyond the lowest order, the EOM for Sn)(l) can
be solved via direct integration. To this end, we examine the behavior of the sources near
the AdS boundary and horizon

GO (r — 005) = —9,Bgy + O(r72),

‘ T
FO@ (o) = — h 9yBey £
r—7"Tp

2
FEW( > 00,) = 1(Buw = 0,0s) = 2By + 067,
1 —
og(r —rp) N #1

3PW (=) = #h :
r—rp r—rp

(A7)

where the leading order terms near the AdS boundary essentially correspond to those in
the near-boundary expansion of ngo) and Cq(,l). The divergent behavior near the horizon
prohibits integrating the EOMs from the horizon. Similarly, the near-boundary behavior
implies that we cannot just perform the integration from the AdS boundaries. To circum-

vent this problem, we redefine the bulk fields as

C(O)(2)(r) _ ~150)(2)(T) n 3vst’

,
CPW(r) = CPW(r) + %(st — Oy0s)logr + ’“’321;)57"3 (A-8)
so that the relevant EOMs are modified into
0, [r*0,C0P (r)] = O (1), 0 [r*0,CR W (r)] = AW (1), (A.9)
where the new sources are
JOO) = JOO) + 0,8,
FED @) = JOD )~ (B - By00) + LB, (A.10)
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which now behave well near the AdS boundaries. Then, the solutions are

o r 1 g B0
OBy - [ [xg/oo 0y) ]dx,

s
) r [ o (2)(1)
01(12)(1)(70) :/ [x?’ qu )(1 )( ) ] dz, (A.11)

which should be understood as piecewise, and the lower bound oo helps to distinguish
between solution on the lower branch and that on the upper branch. The remaining
integration constants are fixed by the vanishing horizon conditions for C,

0O = 92 / " [13 / 350><2>(y)dy] dz + 27,0, Bsy,
X 00g

Th 1 x ~
B0~z [ [T GO0 @)ay] de+ (2B, - 0,0.F g (A12)

Then, the normalizable modes are determined in terms of integration constants

jo@ — _L 0@ F@) _ _%cg)(n, s=1or2 (A.13)

SV 2 S ? SV

(2)(1)

For later convenience, we record the explicit expressions for 05(8)(2) and Cgy (with s =
1,2)

Oy ( > W—Qarctan ( ) +1lo T+Th} ,
Th r—rp
2)(1) _rplog(2r}}) 108;( ) 2
Csv (T) 972 By + EBS’U 1 + log(T + T'h) T+ (A.14)
where the --- denotes J-terms that are too lengthy to be written here. The normalizable

modes of ng)@) and C’ég)(l) are

J(O)(2) j2(2)(2) -0,

P2

sy _ |ir 7 _ ’i
Ji, = 8—h(2 log2 — log?2) + gh log(2r%) | Dua + Zh log(2r}) Oy
i

r? rh
— " [t 210g(20)] Bay — - [~1 + 2l0g(2r3)] B,

M. 9o 2 i 2
jéi)(l) = ZJ(QlogQ — log? 2) - %h log(%izz) Vo + % log(2r}2b) Oy
T

2 2
+ %h [—1 + 210g(27’,%)] Bay — % [—1 + 210g(27’;21)] By, (A.15)
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which yield
B,J*O®| _q
L an 700)@)
—m*B,J" =0,
2

) 2
m2B,J' M| = mz%(logz 2 — 2log 2) Bay0y9, + mz% {2 log(2r2) — 1} Bao B
9 T

2
— m2% IOg(Qr%) (Bavavﬁr + Brvav’ﬂa) )
1

= 0. (A.16)

327 0@ 9
8 2

Solutions for (1) Ci(o)@) and Ci(2)(1). The EOM for 8O0 can be solved ana-
lytically. With vanishing boundary conditions imposed at the AdS boundaries, the final
solution is given by

4 .4
9O () = 0uV2 7 — 2arctan (r) + log i log SRR
41y, rh r4 r—Tp
0, Sl
+ sm*h [(2 — )7 + 27 arctan <7:L) —ilog : —_F ::] log . ! T (A.17)
Immediately, we can read off the normalizable modes of 9(0)(1)
- 1 1 ~ 1 1

Ogo)(l) _ gri Oy, — 17% 0,0, 050)(” _ _grf;avﬁa — Zr;’;avm. (A.18)

From this result, the relevant part in the boundary effective action is given by

1
= —m%r$9,0,9,, (A.19)
2

2m29 OO

which is exactly eq. (3.23) in [25].
Similarly, the EOM for Ci(o)@) can be analytically solved. Here, we just record the

result
UB 7
C’i(o)@) (r)= 9B [77 — 2arctan <T> + 2log(r + rp,) — log(r? + r%)]
4ry, Th
Oy B ) i r i r—rp r? — 7",%
—— = |—-(2- -2 t — | =il 1 . A2
p— { (2 —i)m — 2iarctan (m) i Ogr—krh} og 2 (A.20)
So, the normalizable modes of C;O)(Q) are
70)(2) _ Th _Th , jO)2) _ _Th _Th .
14 - 4 avBm 2 avBru 2 4 avBaZ 2 8UB7"L’ (Azl)
Then, we obtain the following pieces in the boundary effective action
. ! 1 - oo
B J* O = ) By, By, §’mQBka(O)(2) = =5 BakOu By (A.22)
2 2
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where the first equality exactly reproduces the wvgo-term in [25], see equations (4.6) and
(4.69) therein.

We turn to C’Z-@)(l), which is more involved due to presence of #@©) in the source
ji(Q)(l), cfr. (3.34). The final result is

; 2.2 2
@),y _ B | 2 2(9,.2 T 2, .2 (1 7
C;7(r) =— 24'71; 7 + 3log®(2rj) + 3log o log(r* 4 rj;) + 6Lis (2 — 27%)]
1 2,2 1 2, ,2 i 2 . r
+ ZBQZ‘ log(r® +r7) — 181-192 log(r* +17,) + 48781-19(1 ¢ — 12i7 log o
2 2 2 . 2
—6log%log %—1 — 12logr log %4_1 +610g(7“ +Th)log %—1
4
—3Lis [ — ||, (A.23)
Th

where Lig(z) is a polylogarithm function, which has a branch cut point at * = 1. The
normalizable modes of C’Z»(Q)(l)(r) are

2 i a2 P2
FOO | Th ik o,
17 8 27T+27T Og( /r.h)

r2 r2  irZlogr r2
Bai"i_ZhBri_ §h+ h2ﬂ_g h 8i19a_zhaﬂ9ra

2 2 2 2 .2
~ ryooAry ar ry  irylogr
o[ g 3,

8 2 2 8 2T

2 7
Bai—l—Zth‘-f- 8i79a_zhai197"7 (A24)

from which we obtain the following part in the boundary effective action

1 2 2
r T
= inBrk(Bak - ak’ﬂa) + m27hBak(BT'k - 81“97,)

2 §7(2)(1)
m* By J), ) 1 1

P2

")
i ir; logry
-m?oh [1— log(2r})] BuxBa, — m? =150

™

BarOxVa. (A.25)

The computation of CI()z)(z) and jlgz)(z). The knowledge of 01()2)(2) will yield By,0,B,
and B,020. Here, we are more interested in the first structure B,0,B,, so that it is
sufficient to set 91 = 199 = 0 when solving 052)(2)

EOM for ¢P®

. Then, we are able to directly solve the

o, [r*0,CP ()| = 5P (r). (A.26)
We skip the expression for 0752)(2) but just record the final result for the normalizable modes
JPC) = 0+ 0(8%9), (A.27)

which means at the order O(mQ), the term B,,0, B, again has a zero coefficient?

1
m?B, J*@A)| = . (A.28)
2

9But see the discussion in section 3.5.
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Higher order corrections to 6 and C;: Green’s function approach. For the higher
order corrections 092 and C’i@)@), the source terms in their EOMs turn out to be very
lengthy. Therefore, we will solve them via the Green’s function approach.

We turn to the construction of the Green’s functions based on the linearly independent

solutions for homogeneous EOMs. The Green’s functions Gx (r,r') and Gy (r,r’) obey
O [P ()G (r,7)] = 3(r = 1), O, [FPF(NGy ()| =3 =1'). (A.29)
c@®

Since higher order corrections C; , 002) gatisfy vanishing-type Dirichlet boundary con-

ditions,'? we require the Green’s functions to satisfy similar conditions
2 1
GX(r—>002,7"):0+#—§, GX(r—>ool,r’):O+#—§,
r r
/ #%/ / #%/
GY(T_H)OQ’T):O—'_TT’ G’y(r—)ool,r)zo-i-TT. (A.30)

Accordingly, we make linear combinations over the linearly independent solutions in
eq. (A.1) to get

1 r2 —r? 1 r2 —r?
X — _Zlog—h X — ] h |
2(7) 5 %8 r2 +r2’ 1(r) 9 %8 r2+r? o,
1 rd —r} 1 rd—rd
Yo(r) = =5 log —+, Yi(r) = =5 log — +im, (A.31)
which satisfy “good” boundary conditions near the AdS boundaries:
r2 r2
Xg(r—>002)20+—g+~--, XQ(T’—>001):—Z'7F+7]2L+"',
r r
2 r2
Xl(r—>002):i7r+r—’2‘—l—-~, Xl(r—>ool):0+rfg+-~-, (A.32)
and
oo it
YQ(T%OOQ)—O"‘%"‘"', YQ(T-}OOl)——ZW+ﬁ+"‘,
! !
Yl(r—>002):i7r+2—7{2+-~-, Yl(r—>ool)=0+2—:4+~--, (A.33)

Now, we are ready to build the Green’s functions based on the new set of linearly indepen-
dent solutions above

Gx(r,r") = W [O(r — ) X1 (r)Xa(r') + O — 1) Xa(r) X1 (r")],
Gy (r,r") = L —~ [O(r — rY1(r)Ya(r') + O — r)Ya(r) Y1 (r')], (A.34)

7 F )W ()
where Wx and Wy are the Wronskian determinants of solutions {X1, X} and {Y7,Y5},
respectively

inr?
W (r) = Xo(r)0, X1 (r) — X1 ()0, Xa(r) = fg .
Wy (r) = Ya(r)0,Yi(r) — Yi(r)0,Ya(r) = % (A.35)

10We have subtracted the leading terms near the boundary, as read off from the general analysis (3.23).

— 36 —



The function O(r — ') is a step function compatible with the radial contour. Apparently,

near the AdS boundary, thus-constructed Green’s functions behave as

n_ . Xa() 1 N X2() 1
Gx(r—o002,7") =0+ 5ir 72 ,  Gx(r—o001,7)=0+ Y- ,
Yi(r') 1 Yo(r') 1
/ —_— — DI / = —_—
Gy (r—o009,7") =0+ R ,  Gy(r—oo1,7)=0+ i 5y (A.36)
Then, the solutions for CZ-(Z)@) and 00®) are
[e.e]
POy = [ Gy (r )PP
02
Xl( ) d /X ( ) (2)(2) / dT/X )( )( )
2Z7T7’h 003 2@7r7“h
0(0)(2)(7”) :/ d?” Gy(T, ?”/)jéo)@)(?"/)
002
_ Y / (0)(2) Yo(r) [0 v o 0@
Yo —— Y ) A.
= gt L AP0+ S [P (s

In order to extract the normalizable modes in C’i(Z)(Q) and 092 we take the near-boundary
limits r — oco1,2 of (A.37)

22 X (r )/’“ 2 X (¢ 1D (1 ~ Xy(r) /T I X (1) 7D (0
C (1 = 001) = Simr? |-, 2(r")j; 7 (1) T ()37 ()
X .
210 T o220,
zm‘h 009
2)(2) _Xy(r) b oy 2@ Xa(r) /T Fyr (o (D(@)(
C; 7 (r — 002) = 2012 oo, " dr Xo(r')g; 7 (r") 2012 ey dr' X1 (r')g; (1)
Xo(r) er ()0 ()
20712 Joos Ji ’
Yi(r) Yo(r) (7 (0)(2
(0)(2) _ N / (0)(2) 1y _ 12 / oy 2 (0)(2)
00 (r = 00y) = Simer] 001d r'Ya(r') g (1) i mldrYl(r)Jg (')

L he )/ 'Y ()0 (1),

2Z7T7“h
Ya(r Y: r
90D (p _ 0y) = 22175r) 'Y )(><2>(r/)_2227£:31 / 'Y ()50 ()
h /002 h Y002
Ya(r) / (0)(2) (s
dr'y; A.
sinrt Lo, ¥ (r)gg 7 ('), (A.38)

Indeed, in each equality above, near the AdS boundary ' = oo; or ' = co09, the integrals
diverge, but the final sum is free of such divergences. For safety, we introduce a regulator,
r’ = Ag, near the two AdS boundaries.

We would like to stress that we are interested in extracting the large r behavior for
C’i(z)@) and #(O®), The contour integrals in (A.38) will be computed by splitting the radial

contour as
001 Th+€ X 01
dr = / dr + / ieePdp + dr,
C

002 002 Thte€

(A.39)
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where C denotes the infinitesimal circle, and the angle ¢ runs from 0 to 27, as one goes
from upper branch to lower branch. Here, it is important to note that as e — 0 is taken,
the contribution from the circle does not vanish, and moreover brings in log e-divergence.
The contributions from upper and lower legs cancel significantly. Below, we present the
respective results for the gauge sector and scalar sector.

ji(2)(2)' The correction at this order

e The results for the normalizable modes
yields to the terms 0,B;, 0,0;¢ in the normalizable modes ji(z)(z) . For simplicity, we
will not capture 0,0;¥-terms so that we can simply drop the #-term in the source jl~(2)(2)
of (3.34). To this end, we have collected the compact expressions for CZ_(O)(2) and 052)(1)
in (A.20) and (A.23). Skipping the details, we present the final results

= 1 1

JOO _ [_Tg + g 1og(2rz)] 9yBai — ru | ~1+ log(2r})| 0, By,

= 1 1

TP = [ Srutog(2r)| 0B - o [1 4+ g2 0B (A40)

The relevant terms in the effective action are

1
m2B, JH)

= mQ%h (1= log(2r})| BaruBr. (A.41)
2

e The results for the normalizable modes O (), The result at this order yields
terms 9924, 198,%19, Y0, By, 90 By, in the boundary effective action. The source j(go)(2)
of (3.34) involves #(O©) HO)1) C,SO)(I), which have been presented in (A.4), (A.17), (A.2)
and (A.3).

The calculations are in parallel with those of

just present the final results. For O~§O)(2), we have a linear combination of the following

C’i@)@), although more tedious. Here, we

terms with coefficients given by

2
8y By : % (=3 +2log2 + 4log ) ,
r? ir?
OyBay : 3—}2’(—3+2log2+4logrh)+ﬁ(210g2—log22>,
1
Ok By, : §7“/2p
2 9
r ir
By, : B —h(3 4]
Ok Bak 16~ 16, (3~ 4log7n),
2
209, : 7%‘(1 — log 2),
2 .2
8249, : %(1 ~log?2) — ;g—’; (572 + 241082 — 1210g22) ,
2 h
akﬂr . - g,
2 .2
29 . _Tho  Yh
0;04q : 16 + ym log 2. (A.42)
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The results for Oéo)@) are quite similar

2
Ov By : —g( 3+2log2+4logry),
"2 2
Oy By : 3—}‘( —2log2—4logrh)+#(2log2 log22),
1
Op By, : 8 2
2
r2 o ar
B : —h_ Zh(3_4]
% B T6 160 AlosTn)
2
%0, : gh(l —log2),
2 72
029, - 16(1 —log?2) — 96 (57‘(’ + 241og 2 — 121og? 2)
O, : - %‘,
2
%0, - % + —hl g2. (A.43)

Thus, the relevant terms in the effective action are

1

2m29002)| o, 21g(3 2log2—4logry,) (Bay0y ¥y — a0y Bry)
2

2 2
+2m TT( B 0p0,—19 OkBrk)+2m Zh(l_log2)"9aaz2)’l97“

—2m? h19 8k19 +2m 216 (2log2—10g%2)194 0, Bay

—|—2m Tom (3 4logrh)19 Ok Bak

+2m2Wh(57r2+2410g2—12log22)19a8319a—|—2m2 ”h log
T

9,020,, (A.44)

where the fourth line and fifth line are in perfect agreement with eq. (3.29) of [25], and all
the rest terms are new. The expressions (in terms of contour integrals) for the last two
lines have been presented in [25], without explicit values.

Open Access. This article is distributed under the terms of the Creative Commons
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References

[1] R. Penco, An introduction to effective field theories, arXiv:2006.16285 [INSPIRE].

. Kovtun, Lectures on hydrodynamic fluctuations in relativistic theories, J. Ys.
2] P. K L hydrod ) j ; lativistic theories, J. Phys. A 45
(2012) 473001 [arXiv:1205.5040] [INSPIRE].

[3] A.J. Beekman, L. Rademaker and J. van Wezel, An introduction to spontaneous symmetry
breaking, SciPost Phys. Lect. Notes 11 (2019) 1 [arXiv:1909.01820] [INSPIRE].

[4] P.C. Martin, O. Parodi and P.S. Pershan, Unified hydrodynamic theory for crystals, liquid
crystals, and normal fluids, Phys. Rev. A 6 (1972) 2401.

-39 —


https://creativecommons.org/licenses/by/4.0/
https://arxiv.org/abs/2006.16285
https://inspirehep.net/literature/1804324
https://doi.org/10.1088/1751-8113/45/47/473001
https://doi.org/10.1088/1751-8113/45/47/473001
https://arxiv.org/abs/1205.5040
https://inspirehep.net/literature/1115740
https://doi.org/10.21468/SciPostPhysLectNotes.11
https://arxiv.org/abs/1909.01820
https://inspirehep.net/literature/1752578
https://doi.org/10.1103/physreva.6.2401

[5]

M. Baggioli and B. Goutéraux, Colloquium: hydrodynamics and holography of charge
density wave phases, Rev. Mod. Phys. 95 (2023) 011001 [arXiv:2203.03298] [INSPIRE].

A. Gromov, A. Lucas and R.M. Nandkishore, Fracton hydrodynamics, Phys. Rev. Res. 2
(2020) 033124 [arXiv:2003.09429] [INSPIRE].

B.I. Halperin and P.C. Hohenberg, Hydrodynamic theory of spin waves, Phys. Rev. 188
(1969) 898 [INSPIRE].

C.P. Burgess, Goldstone and pseudoGoldstone bosons in nuclear, particle and condensed
matter physics, Phys. Rept. 330 (2000) 193 [hep-th/9808176] [INSPIRE].

G. Griiner, The dynamics of charge-density waves, Rev. Mod. Phys. 60 (1988) 1129
[INSPIRE].

S. Grozdanov, A. Lucas and N. Poovuttikul, Holography and hydrodynamics with weakly
broken symmetries, Phys. Rev. D 99 (2019) 086012 [arXiv:1810.10016] [NSPIRE].

M. Stephanov and Y. Yin, Hydrodynamics with parametric slowing down and fluctuations
near the critical point, Phys. Rev. D 98 (2018) 036006 [arXiv:1712.10305] [InSPIRE].

P.C. Hohenberg and B.I. Halperin, Theory of dynamic critical phenomena, Rev. Mod. Phys.
49 (1977) 435 [INSPIRE].

J.P. Boon and S. Yip, Molecular hydrodynamics, Dover Publications (1991).

M. Baggioli, M. Vasin, V.V. Brazhkin and K. Trachenko, Gapped momentum states, Phys.
Rept. 865 (2020) 1 [arXiv:1904.01419] [INSPIRE].

G. Ruocco and F. Sette, The history of the “fast sound” in liquid water, Cond. Matter
Phys. 11 (2008) 29.

J. Brewer, W. Ke, L. Yan and Y. Yin, Far-from-equilibrium slow modes and momentum
anisotropy in expanding plasma, arXiv:2212.00820 [INSPIRE].

W. Ke and Y. Yin, Does a quark-gluon plasma feature an extended hydrodynamic regime?,
Phys. Rev. Lett. 130 (2023) 212303 [arXiv:2208.01046] [INSPIRE].

L.V. Delacrétaz, B. Goutéraux, S.A. Hartnoll and A. Karlsson, Theory of hydrodynamic
transport in fluctuating electronic charge density wave states, Phys. Rev. B 96 (2017)
195128 [arXiv:1702.05104] [INSPIRE].

M. Ammon, M. Baggioli, S. Gray and S. Grieninger, Longitudinal sound and diffusion in
holographic massive gravity, JHEP 10 (2019) 064 [arXiv:1905.09164] [INSPIRE].

A. Donos, D. Martin, C. Pantelidou and V. Ziogas, Incoherent hydrodynamics and density
waves, Class. Quant. Grav. 37 (2020) 045005 [arXiv:1906.03132] INSPIRE].

J. Armas and A. Jain, Viscoelastic hydrodynamics and holography, JHEP 01 (2020) 126
[arXiv:1908.01175] [INSPIRE].

M. Ammon et al., On the hydrodynamic description of holographic viscoelastic models,
Phys. Lett. B 808 (2020) 135691 [arXiv:2001.05737] [INSPIRE].

D. Arean, M. Baggioli, S. Grieninger and K. Landsteiner, A holographic superfluid
symphony, JHEP 11 (2021) 206 [arXiv:2107.08802] [INSPIRE].

Y. Ahn et al., Holography and magnetohydrodynamics with dynamical gauge fields, JHEP
02 (2023) 012 [arXiv:2211.01760] [INSPIRE].

40 —


https://doi.org/10.1103/RevModPhys.95.011001
https://arxiv.org/abs/2203.03298
https://inspirehep.net/literature/2047358
https://doi.org/10.1103/PhysRevResearch.2.033124
https://doi.org/10.1103/PhysRevResearch.2.033124
https://arxiv.org/abs/2003.09429
https://inspirehep.net/literature/1787467
https://doi.org/10.1103/PhysRev.188.898
https://doi.org/10.1103/PhysRev.188.898
https://inspirehep.net/literature/60701
https://doi.org/10.1016/S0370-1573(99)00111-8
https://arxiv.org/abs/hep-th/9808176
https://inspirehep.net/literature/475530
https://doi.org/10.1103/RevModPhys.60.1129
https://inspirehep.net/literature/276247
https://doi.org/10.1103/PhysRevD.99.086012
https://arxiv.org/abs/1810.10016
https://inspirehep.net/literature/1700196
https://doi.org/10.1103/PhysRevD.98.036006
https://arxiv.org/abs/1712.10305
https://inspirehep.net/literature/1645455
https://doi.org/10.1103/RevModPhys.49.435
https://doi.org/10.1103/RevModPhys.49.435
https://inspirehep.net/literature/124884
https://doi.org/10.1016/j.physrep.2020.04.002
https://doi.org/10.1016/j.physrep.2020.04.002
https://arxiv.org/abs/1904.01419
https://inspirehep.net/literature/1727821
https://doi.org/10.5488/cmp.11.1.29
https://doi.org/10.5488/cmp.11.1.29
https://arxiv.org/abs/2212.00820
https://inspirehep.net/literature/2609870
https://doi.org/10.1103/PhysRevLett.130.212303
https://arxiv.org/abs/2208.01046
https://inspirehep.net/literature/2130091
https://doi.org/10.1103/PhysRevB.96.195128
https://doi.org/10.1103/PhysRevB.96.195128
https://arxiv.org/abs/1702.05104
https://inspirehep.net/literature/1514052
https://doi.org/10.1007/JHEP10(2019)064
https://arxiv.org/abs/1905.09164
https://inspirehep.net/literature/1736277
https://doi.org/10.1088/1361-6382/ab6036
https://arxiv.org/abs/1906.03132
https://inspirehep.net/literature/1738865
https://doi.org/10.1007/JHEP01(2020)126
https://arxiv.org/abs/1908.01175
https://inspirehep.net/literature/1747917
https://doi.org/10.1016/j.physletb.2020.135691
https://arxiv.org/abs/2001.05737
https://inspirehep.net/literature/1776039
https://doi.org/10.1007/JHEP11(2021)206
https://arxiv.org/abs/2107.08802
https://inspirehep.net/literature/1887113
https://doi.org/10.1007/JHEP02(2023)012
https://doi.org/10.1007/JHEP02(2023)012
https://arxiv.org/abs/2211.01760
https://inspirehep.net/literature/2175990

[25] P. Glorioso, M. Crossley and H. Liu, A prescription for holographic Schwinger-Keldysh
contour in non-equilibrium systems, arXiv:1812.08785 [INSPIRE].

[26] M. Crossley, P. Glorioso, H. Liu and Y. Wang, Off-shell hydrodynamics from holography,
JHEP 02 (2016) 124 [arXiv:1504.07611] [INSPIRE].

[27] F.M. Haehl, R. Loganayagam and M. Rangamani, The fluid manifesto: emergent
symmetries, hydrodynamics, and black holes, JHEP 01 (2016) 184 [arXiv:1510.02494]
[INSPIRE].

[28] S. Grozdanov and J. Polonyi, Viscosity and dissipative hydrodynamics from effective field
theory, Phys. Rev. D 91 (2015) 105031 [arXiv:1305.3670] INSPIRE].

[29] P. Kovtun, G.D. Moore and P. Romatschke, Towards an effective action for relativistic
dissipative hydrodynamics, JHEP 07 (2014) 123 [arXiv:1405.3967] [INSPIRE].

[30] A. Kamenev, Field theory of non-equilibrium systems, Cambridge University Press (2011)
[DOI:10.1017/cbo9781139003667].

[31] H. Liu and P. Glorioso, Lectures on non-equilibrium effective field theories and fluctuating
hydrodynamics, PoS TASI2017 (2018) 008 [arXiv:1805.09331] [InSPIRE].

[32] B. Chakrabarty et al., Nonlinear Langevin dynamics via holography, JHEP 01 (2020) 165
[arXiv:1906.07762] INSPIRE].

[33] C. Jana, R. Loganayagam and M. Rangamani, Open quantum systems and
Schwinger-Keldysh holograms, JHEP 07 (2020) 242 [arXiv:2004.02888] [INSPIRE].

[34] R. Loganayagam, K. Ray, S.K. Sharma and A. Sivakumar, Holographic KMS relations at
finite density, JHEP 03 (2021) 233 [arXiv:2011.08173] [InSPIRE].

[35] J.K. Ghosh et al., Effective field theory of stochastic diffusion from gravity, JHEP 05 (2021)
130 [arXiv:2012.03999] [INSPIRE].

[36] Y. Bu, T. Demircik and M. Lublinsky, All order effective action for charge diffusion from
Schwinger-Keldysh holography, JHEP 05 (2021) 187 [arXiv:2012.08362] [INSPIRE].

[37] Y. Bu, M. Fujita and S. Lin, Ginzburg-Landau effective action for a fluctuating holographic
superconductor, JHEP 09 (2021) 168 [arXiv:2106.00556] [INSPIRE].

[38] T. He, R. Loganayagam, M. Rangamani and J. Virrueta, An effective description of
momentum diffusion in a charged plasma from holography, JHEP 01 (2022) 145
[arXiv:2108.03244] [INSPIRE].

[39] Y. Bu and B. Zhang, Schwinger-Keldysh effective action for a relativistic Brownian particle
in the AdS/CFT correspondence, Phys. Rev. D 104 (2021) 086002 [arXiv:2108.10060]
[INSPIRE].

[40] Y. Bu, X. Sun and B. Zhang, Holographic Schwinger-Keldysh field theory of SU(2) diffusion,
JHEP 08 (2022) 223 [arXiv:2205.00195] [iNSPIRE].

[41] T. He, R. Loganayagam, M. Rangamani and J. Virrueta, An effective description of charge
diffusion and energy transport in a charged plasma from holography, JHEP 03 (2023) 161
[arXiv:2205.03415] [iNSPIRE].

[42] J.K. Ghosh and M.A. Momen, An effective theory of anomalous momentum diffusion from
holography, arXiv:2208.04992 [INSPIRE].

[43] T. He et al., The timbre of Hawking gravitons: an effective description of energy transport
from holography, JHEP 09 (2022) 092 [arXiv:2202.04079] [InSPIRE].

_41 -


https://arxiv.org/abs/1812.08785
https://inspirehep.net/literature/1710420
https://doi.org/10.1007/JHEP02(2016)124
https://arxiv.org/abs/1504.07611
https://inspirehep.net/literature/1365123
https://doi.org/10.1007/JHEP01(2016)184
https://arxiv.org/abs/1510.02494
https://inspirehep.net/literature/1396985
https://doi.org/10.1103/PhysRevD.91.105031
https://arxiv.org/abs/1305.3670
https://inspirehep.net/literature/1233729
https://doi.org/10.1007/JHEP07(2014)123
https://arxiv.org/abs/1405.3967
https://inspirehep.net/literature/1296289
https://doi.org/10.1017/cbo9781139003667
https://doi.org/10.22323/1.305.0008
https://arxiv.org/abs/1805.09331
https://inspirehep.net/literature/1674700
https://doi.org/10.1007/JHEP01(2020)165
https://arxiv.org/abs/1906.07762
https://inspirehep.net/literature/1740469
https://doi.org/10.1007/JHEP07(2020)242
https://arxiv.org/abs/2004.02888
https://inspirehep.net/literature/1790248
https://doi.org/10.1007/JHEP03(2021)233
https://arxiv.org/abs/2011.08173
https://inspirehep.net/literature/1830471
https://doi.org/10.1007/JHEP05(2021)130
https://doi.org/10.1007/JHEP05(2021)130
https://arxiv.org/abs/2012.03999
https://inspirehep.net/literature/1835255
https://doi.org/10.1007/JHEP05(2021)187
https://arxiv.org/abs/2012.08362
https://inspirehep.net/literature/1836650
https://doi.org/10.1007/JHEP09(2021)168
https://arxiv.org/abs/2106.00556
https://inspirehep.net/literature/1866390
https://doi.org/10.1007/JHEP01(2022)145
https://arxiv.org/abs/2108.03244
https://inspirehep.net/literature/1901736
https://doi.org/10.1103/PhysRevD.104.086002
https://arxiv.org/abs/2108.10060
https://inspirehep.net/literature/1909223
https://doi.org/10.1007/JHEP08(2022)223
https://arxiv.org/abs/2205.00195
https://inspirehep.net/literature/2075485
https://doi.org/10.1007/JHEP03(2023)161
https://arxiv.org/abs/2205.03415
https://inspirehep.net/literature/2079120
https://arxiv.org/abs/2208.04992
https://inspirehep.net/literature/2134271
https://doi.org/10.1007/JHEP09(2022)092
https://arxiv.org/abs/2202.04079
https://inspirehep.net/literature/2030192

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Y. Bu, B. Zhang and J. Zhang, Nonlinear effective dynamics of a Brownian particle in
magnetized plasma, Phys. Rev. D 106 (2022) 086014 [arXiv:2210.02274] INSPIRE].

R. Loganayagam, M. Rangamani and J. Virrueta, Holographic open quantum systems: toy
models and analytic properties of thermal correlators, JHEP 03 (2023) 153
[arXiv:2211.07683] [INSPIRE].

C. Pantelidou and B. Withers, Thermal three-point functions from holographic
Schwinger-Keldysh contours, JHEP 04 (2023) 050 [arXiv:2211.09140] [INSPIRE].

L.V. Delacrétaz, B. Goutéraux, S.A. Hartnoll and A. Karlsson, Theory of hydrodynamic
transport in fluctuating electronic charge density wave states, Phys. Rev. B 96 (2017)
195128 [arXiv:1702.05104] [iNSPIRE].

J. Armas, A. Jain and R. Lier, Approzimate symmetries, pseudo-Goldstones, and the second
law of thermodynamics, arXiv:2112.14373 [INSPIRE].

M. Baggioli and B. Goutéraux, Colloquium: hydrodynamics and holography of charge
density wave phases, Rev. Mod. Phys. 95 (2023) 011001 [arXiv:2203.03298] [INSPIRE].

M. Baggioli and M. Landry, Effective field theory for quasicrystals and phasons dynamics,
SciPost Phys. 9 (2020) 062 [arXiv:2008.05339] [INSPIRE].

L.V. Delacrétaz, B. Goutéraux and V. Ziogas, Damping of pseudo-Goldstone fields, Phys.
Rev. Lett. 128 (2022) 141601 [arXiv:2111.13459] [inSPIRE].

M.J. Landry, Non-equilibrium effective field theory and second sound, JHEP 04 (2021) 213
[arXiv:2008.11725] [INSPIRE].

M. Baggioli, Homogeneous holographic viscoelastic models and quasicrystals, Phys. Rev.
Res. 2 (2020) 022022 [arXiv:2001.06228] [INSPIRE].

M.J. Landry, Dynamical chemistry: non-equilibrium effective actions for reactive fluids, J.
Stat. Mech. 2207 (2022) 073205 [arXiv:2006.13220] [INSPIRE].

M. Ammon et al., Pseudo-spontaneous U(1) symmetry breaking in hydrodynamics and
holography, JHEP 03 (2022) 015 [arXiv:2111.10305] INSPIRE].

E. Grossi, A. Soloviev, D. Teaney and F. Yan, Transport and hydrodynamics in the chiral
limit, Phys. Rev. D 102 (2020) 014042 [arXiv:2005.02885] [INSPIRE].

E. Grossi, A. Soloviev, D. Teaney and F. Yan, Soft pions and transport near the chiral
critical point, Phys. Rev. D 104 (2021) 034025 [arXiv:2101.10847] [InSPIRE].

X. Cao, M. Baggioli, H. Liu and D. Li, Pion dynamics in a soft-wall AdS-QCD model,
JHEP 12 (2022) 113 [arXiv:2210.09088] [INSPIRE].

M.J. Landry, Higher-form and (non-)Stickelberg symmetries in non-equilibrium systems,
arXiv:2101.02210 [INSPIRE].

M. Baggioli, M. Landry and A. Zaccone, Deformations, relaxation, and broken symmetries
in liquids, solids, and glasses: a unified topological field theory, Phys. Rev. E 105 (2022)
024602 [arXiv:2101.05015] [INSPIRE].

N. Abbasi, A. Ghazi, F. Taghinavaz and O. Tavakol, Magneto-transport in an anomalous
fluid with weakly broken symmetries, in weak and strong regime, JHEP 05 (2019) 206
[arXiv:1812.11310] INSPIRE].

A. Amoretti, D.K. Brattan, L. Martinoia and I. Matthaiakakis, Restoring time-reversal
covariance in relaxed hydrodynamics, arXiv:2304.01248 [INSPIRE].

_ 492 —


https://doi.org/10.1103/PhysRevD.106.086014
https://arxiv.org/abs/2210.02274
https://inspirehep.net/literature/2160565
https://doi.org/10.1007/JHEP03(2023)153
https://arxiv.org/abs/2211.07683
https://inspirehep.net/literature/2182406
https://doi.org/10.1007/JHEP04(2023)050
https://arxiv.org/abs/2211.09140
https://inspirehep.net/literature/2183210
https://doi.org/10.1103/PhysRevB.96.195128
https://doi.org/10.1103/PhysRevB.96.195128
https://arxiv.org/abs/1702.05104
https://inspirehep.net/literature/1514052
https://arxiv.org/abs/2112.14373
https://inspirehep.net/literature/1998054
https://doi.org/10.1103/RevModPhys.95.011001
https://arxiv.org/abs/2203.03298
https://inspirehep.net/literature/2047358
https://doi.org/10.21468/SciPostPhys.9.5.062
https://arxiv.org/abs/2008.05339
https://inspirehep.net/literature/1811438
https://doi.org/10.1103/PhysRevLett.128.141601
https://doi.org/10.1103/PhysRevLett.128.141601
https://arxiv.org/abs/2111.13459
https://inspirehep.net/literature/1977003
https://doi.org/10.1007/JHEP04(2021)213
https://arxiv.org/abs/2008.11725
https://inspirehep.net/literature/1813621
https://doi.org/10.1103/PhysRevResearch.2.022022
https://doi.org/10.1103/PhysRevResearch.2.022022
https://arxiv.org/abs/2001.06228
https://inspirehep.net/literature/1776190
https://doi.org/10.1088/1742-5468/ac7a27
https://doi.org/10.1088/1742-5468/ac7a27
https://arxiv.org/abs/2006.13220
https://inspirehep.net/literature/1802680
https://doi.org/10.1007/JHEP03(2022)015
https://arxiv.org/abs/2111.10305
https://inspirehep.net/literature/1972108
https://doi.org/10.1103/PhysRevD.102.014042
https://arxiv.org/abs/2005.02885
https://inspirehep.net/literature/1794460
https://doi.org/10.1103/PhysRevD.104.034025
https://arxiv.org/abs/2101.10847
https://inspirehep.net/literature/1842845
https://doi.org/10.1007/JHEP12(2022)113
https://arxiv.org/abs/2210.09088
https://inspirehep.net/literature/2166056
https://arxiv.org/abs/2101.02210
https://inspirehep.net/literature/1839650
https://doi.org/10.1103/PhysRevE.105.024602
https://doi.org/10.1103/PhysRevE.105.024602
https://arxiv.org/abs/2101.05015
https://inspirehep.net/literature/1840546
https://doi.org/10.1007/JHEP05(2019)206
https://arxiv.org/abs/1812.11310
https://inspirehep.net/literature/1711751
https://arxiv.org/abs/2304.01248
https://inspirehep.net/literature/2648854

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]

A. Donos, P. Kailidis and C. Pantelidou, Dissipation in holographic superfluids, JHEP 09
(2021) 134 [arXiv:2107.03680] [INSPIRE].

L.R. Klebanov, P. Ouyang and E. Witten, A gravity dual of the chiral anomaly, Phys. Rev.
D 65 (2002) 105007 [hep-th/0202056] [INSPIRE].

U. Giirsoy and A. Jansen, (Non)renormalization of anomalous conductivities and
holography, JHEP 10 (2014) 092 [arXiv:1407.3282] [INSPIRE].

A. Jimenez-Alba, K. Landsteiner and L. Melgar, Anomalous magnetoresponse and the
Stiickelberg axion in holography, Phys. Rev. D 90 (2014) 126004 [arXiv:1407.8162]
[INSPIRE].

A. Jimenez-Alba, K. Landsteiner, Y. Liu and Y.-W. Sun, Anomalous magnetoconductivity
and relazation times in holography, JHEP 07 (2015) 117 [arXiv:1504.06566] [INSPIRE].

I. Tatrakis, S. Lin and Y. Yin, The anomalous transport of axial charge: topological vs
non-topological fluctuations, JHEP 09 (2015) 030 [arXiv:1506.01384| [INSPIRE].

I. Tatrakis, S. Lin and Y. Yin, Axial current generation by P-odd domains in QCD matter,
Phys. Rev. Lett. 114 (2015) 252301 [arXiv:1411.2863] [INSPIRE].

F. Bigazzi, A.L. Cotrone and F. Porri, Universality of the Chern-Simons diffusion rate,
Phys. Rev. D 98 (2018) 106023 [arXiv:1804.09942] [INSPIRE].

N. Rai and E. Megias, Anomalous conductivities in the holographic Stiickelberg model,
JHEP 06 (2023) 215 [arXiv:2301.00361] [INSPIRE].

A. Amoretti, D.K. Brattan, L. Martinoia and I. Matthaiakakis, Non-dissipative electrically
driven fluids, JHEP 05 (2023) 218 [arXiv:2211.05791] [INSPIRE].

M. Crossley, P. Glorioso and H. Liu, Effective field theory of dissipative fluids, JHEP 09
(2017) 095 [arXiv:1511.03646] INSPIRE].

J. de Boer, M.P. Heller and N. Pinzani-Fokeeva, Holographic Schwinger-Keldysh effective
field theories, JHEP 05 (2019) 188 [arXiv:1812.06093] [INSPIRE].

P. Glorioso, M. Crossley and H. Liu, Effective field theory of dissipative fluids. Part II.
Classical limit, dynamical KMS symmetry and entropy current, JHEP 09 (2017) 096
[arXiv:1701.07817] [INSPIRE].

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253
[hep-th/9802150] [INSPIRE].

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical
string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109] [INSPIRE].

M. Bianchi, D.Z. Freedman and K. Skenderis, Holographic renormalization, Nucl. Phys. B
631 (2002) 159 [hep-th/0112119] [INSPIRE].

K. Skenderis, Lecture notes on holographic renormalization, Class. Quant. Grav. 19 (2002)
5849 [hep-th/0209067] INSPIRE].

R.E. Hoult and P. Kovtun, Causal first-order hydrodynamics from kinetic theory and
holography, Phys. Rev. D 106 (2022) 066023 [arXiv:2112.14042] [InSPIRE].

A. Donos, J.P. Gauntlett and V. Ziogas, Diffusion for holographic lattices, JHEP 03 (2018)
056 [arXiv:1710.04221] NSPIRE].

43 —


https://doi.org/10.1007/JHEP09(2021)134
https://doi.org/10.1007/JHEP09(2021)134
https://arxiv.org/abs/2107.03680
https://inspirehep.net/literature/1879738
https://doi.org/10.1103/PhysRevD.65.105007
https://doi.org/10.1103/PhysRevD.65.105007
https://arxiv.org/abs/hep-th/0202056
https://inspirehep.net/literature/582758
https://doi.org/10.1007/JHEP10(2014)092
https://arxiv.org/abs/1407.3282
https://inspirehep.net/literature/1306322
https://doi.org/10.1103/PhysRevD.90.126004
https://arxiv.org/abs/1407.8162
https://inspirehep.net/literature/1308952
https://doi.org/10.1007/JHEP07(2015)117
https://arxiv.org/abs/1504.06566
https://inspirehep.net/literature/1364740
https://doi.org/10.1007/JHEP09(2015)030
https://arxiv.org/abs/1506.01384
https://inspirehep.net/literature/1374625
https://doi.org/10.1103/PhysRevLett.114.252301
https://arxiv.org/abs/1411.2863
https://inspirehep.net/literature/1327251
https://doi.org/10.1103/PhysRevD.98.106023
https://arxiv.org/abs/1804.09942
https://inspirehep.net/literature/1670185
https://doi.org/10.1007/JHEP06(2023)215
https://arxiv.org/abs/2301.00361
https://inspirehep.net/literature/2620200
https://doi.org/10.1007/JHEP05(2023)218
https://arxiv.org/abs/2211.05791
https://inspirehep.net/literature/2181032
https://doi.org/10.1007/JHEP09(2017)095
https://doi.org/10.1007/JHEP09(2017)095
https://arxiv.org/abs/1511.03646
https://inspirehep.net/literature/1403984
https://doi.org/10.1007/JHEP05(2019)188
https://arxiv.org/abs/1812.06093
https://inspirehep.net/literature/1709340
https://doi.org/10.1007/JHEP09(2017)096
https://arxiv.org/abs/1701.07817
https://inspirehep.net/literature/1510873
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://arxiv.org/abs/hep-th/9802150
https://inspirehep.net/literature/467400
https://doi.org/10.1016/S0370-2693(98)00377-3
https://arxiv.org/abs/hep-th/9802109
https://inspirehep.net/literature/467202
https://doi.org/10.1016/S0550-3213(02)00179-7
https://doi.org/10.1016/S0550-3213(02)00179-7
https://arxiv.org/abs/hep-th/0112119
https://inspirehep.net/literature/568280
https://doi.org/10.1088/0264-9381/19/22/306
https://doi.org/10.1088/0264-9381/19/22/306
https://arxiv.org/abs/hep-th/0209067
https://inspirehep.net/literature/594622
https://doi.org/10.1103/PhysRevD.106.066023
https://arxiv.org/abs/2112.14042
https://inspirehep.net/literature/1998016
https://doi.org/10.1007/JHEP03(2018)056
https://doi.org/10.1007/JHEP03(2018)056
https://arxiv.org/abs/1710.04221
https://inspirehep.net/literature/1630495

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Y. Bu, M. Lublinsky and A. Sharon, U(1) current from the AdS/CFT: diffusion,
conductivity and causality, JHEP 04 (2016) 136 [arXiv:1511.08789] INSPIRE].

A. Donos, P. Kailidis and C. Pantelidou, Holographic dissipation from the symplectic
current, JHEP 10 (2022) 058 [arXiv:2208.05911] [INSPIRE].

P.C. Martin, E.D. Siggia and H.A. Rose, Statistical dynamics of classical systems, Phys.
Rev. A 8 (1973) 423 [iINSPIRE].

A. Kapustin and L. Mrini, Universal time-dependent Ginzburg-Landau theory, Phys. Rev. B
107 (2023) 144514 [arXiv:2209.03391] [INSPIRE].

T. Andrade, M. Baggioli, A. Krikun and N. Poovuttikul, Pinning of longitudinal phonons
in holographic spontaneous helices, JHEP 02 (2018) 085 [arXiv:1708.08306] [INSPIRE].

T. Andrade and A. Krikun, Coherent vs incoherent transport in holographic strange
insulators, JHEP 05 (2019) 119 [arXiv:1812.08132] [INSPIRE].

T. Andrade, M. Baggioli and A. Krikun, Phase relazation and pattern formation in
holographic gapless charge density waves, JHEP 03 (2021) 292 [arXiv:2009.05551]
[INSPIRE].

M. Hongo et al., Spin relaxation rate for heavy quarks in weakly coupled QCD plasma,
JHEP 08 (2022) 263 [arXiv:2201.12390] [INSPIRE].

S. Grozdanov, D.M. Hofman and N. Igbal, Generalized global symmetries and dissipative
magnetohydrodynamics, Phys. Rev. D 95 (2017) 096003 [arXiv:1610.07392] INSPIRE].

J. Hernandez and P. Kovtun, Relativistic magnetohydrodynamics, JHEP 05 (2017) 001
[arXiv:1703.08757] InSPIRE].

S. Grozdanov and N. Poovuttikul, Generalised global symmetries in holography:
magnetohydrodynamic waves in a strongly interacting plasma, JHEP 04 (2019) 141
[arXiv:1707.04182] [INSPIRE].

N. Poovuttikul and A. Rajagopal, Operator lifetime and the force-free electrodynamic limit
of magnetised holographic plasma, JHEP 09 (2021) 091 [arXiv:2101.12540] [INSPIRE].

A. Donos and C. Pantelidou, Higgs/amplitude mode dynamics from holography, JHEP 08
(2022) 246 [arXiv:2205.06294] INSPIRE].

A. Donos and P. Kailidis, Nearly critical superluids in Keldysh-Schwinger formalism,
arXiv:2304.06008 [INSPIRE].

J.C. Maxwell, IV. On the dynamical theory of gases, Phil. Trans. Roy. Soc. Lond. 157
(1867) 49.

C. Cattaneo, Sur une forme de l’équation de la chaleur éliminant le paradoxe d’une
propagation instantanée (in French), C. R. Acad. Sci. Paris Ser. I 247 (1958) 431.

W. Israel and J.M. Stewart, Transient relativistic thermodynamics and kinetic theory,
Annals Phys. 118 (1979) 341 [INSPIRE].

L. Gavassino, M. Antonelli and B. Haskell, Symmetric-hyperbolic quasihydrodynamics, Phys.
Rev. D 106 (2022) 056010 [arXiv:2207.14778] INSPIRE].

V. Nosenko, J. Goree and A. Piel, Cutoff wave number for shear waves in a
two-dimensional Yukawa system (dusty plasma), Phys. Rev. Lett. 97 (2006) 115001.

— 44 —


https://doi.org/10.1007/JHEP04(2016)136
https://arxiv.org/abs/1511.08789
https://inspirehep.net/literature/1406972
https://doi.org/10.1007/JHEP10(2022)058
https://arxiv.org/abs/2208.05911
https://inspirehep.net/literature/2134968
https://doi.org/10.1103/PhysRevA.8.423
https://doi.org/10.1103/PhysRevA.8.423
https://inspirehep.net/literature/88830
https://doi.org/10.1103/PhysRevB.107.144514
https://doi.org/10.1103/PhysRevB.107.144514
https://arxiv.org/abs/2209.03391
https://inspirehep.net/literature/2149147
https://doi.org/10.1007/JHEP02(2018)085
https://arxiv.org/abs/1708.08306
https://inspirehep.net/literature/1620197
https://doi.org/10.1007/JHEP05(2019)119
https://arxiv.org/abs/1812.08132
https://inspirehep.net/literature/1710065
https://doi.org/10.1007/JHEP03(2021)292
https://arxiv.org/abs/2009.05551
https://inspirehep.net/literature/1816719
https://doi.org/10.1007/JHEP08(2022)263
https://arxiv.org/abs/2201.12390
https://inspirehep.net/literature/2022381
https://doi.org/10.1103/PhysRevD.95.096003
https://arxiv.org/abs/1610.07392
https://inspirehep.net/literature/1494115
https://doi.org/10.1007/JHEP05(2017)001
https://arxiv.org/abs/1703.08757
https://inspirehep.net/literature/1519460
https://doi.org/10.1007/JHEP04(2019)141
https://arxiv.org/abs/1707.04182
https://inspirehep.net/literature/1609805
https://doi.org/10.1007/JHEP09(2021)091
https://arxiv.org/abs/2101.12540
https://inspirehep.net/literature/1843968
https://doi.org/10.1007/JHEP08(2022)246
https://doi.org/10.1007/JHEP08(2022)246
https://arxiv.org/abs/2205.06294
https://inspirehep.net/literature/2081851
https://arxiv.org/abs/2304.06008
https://inspirehep.net/literature/2650843
https://doi.org/10.1098/rstl.1867.0004
https://doi.org/10.1098/rstl.1867.0004
https://doi.org/10.1016/0003-4916(79)90130-1
https://inspirehep.net/literature/143160
https://doi.org/10.1103/PhysRevD.106.056010
https://doi.org/10.1103/PhysRevD.106.056010
https://arxiv.org/abs/2207.14778
https://inspirehep.net/literature/2151877
https://doi.org/10.1103/physrevlett.97.115001

	Introduction
	U(1) quasi-hydrodynamics

	Schwinger-Keldysh effective field theory for relaxed U(1) diffusion
	Schwinger-Keldysh effective field theory from holography
	Holographic dictionary revisited
	Bulk dynamics: variational problem revisited
	Holographic renormalization
	Boundary conditions and perturbative scheme
	Summary of results

	Lessons from effective field theory and holography
	The broken U(1) Ward identity
	Novel coefficients
	Charge relaxation mode
	Analytic computation of the lowest quasi-normal modes
	Numerical computation


	Summary and outlook
	Details of the holographic Schwinger-Keldysh computations

