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ABSTRACT: We study one-loop corrections to retarded and symmetric hydrostatic correla-
tion functions within the Schwinger-Keldysh effective field theory framework for relativistic
hydrodynamics, focusing on charge diffusion. We first consider the simplified setup with
only diffusive charge density fluctuations, and then augment it with momentum fluctua-
tions in a model where the sound modes can be ignored. We show that the loop correc-
tions, which generically induce non-analyticities and long-range effects at finite frequency,
non-trivially preserve analyticity of retarded correlation functions in spatial momentum
due to the KMS constraint, as a manifestation of thermal screening. For the purposes
of this analysis, we develop an interacting field theory for diffusive hydrodynamics, seen
as a limit of relativistic hydrodynamics in the absence of temperature and longitudinal
velocity fluctuations.
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1 Introduction

Hydrodynamics provides an effective description of near-equilibrium thermal states, by
focusing on the conserved charges and their transport properties. However, despite its gen-
erality, hydrodynamics is incomplete as a true effective field theory (EFT), as it accounts
only for dissipation but not the stochastic fluctuations that are present even in equilibrium.
Over the past few years, there has been significant progress in our understanding of how
to combine the symmetries and the relevant fluctuation degrees of freedom into a complete
hydrodynamic EFT, building off the microscopic Schwinger-Keldysh (SK) formalism [1-7]
(see [8] for a pedagogical review). Proper consideration of stochastic fluctuations has al-
ready led to qualitatively new results in the non-equilibrium (non-hydrostatic) regime. For
instance, it was recently discovered that new “stochastic transport coefficients” emerge at
higher derivative orders due to stochastic interactions that have no analogue in “classical”
hydrodynamics, but nonetheless affect the low-energy behaviour of hydrodynamic correla-
tion functions [9]. EFT tools have also been recently used to revisit long-time tails due to
density fluctuations at one-loop order [10].



Despite these qualitative departures from classical hydrodynamics, one expects that
the EFT results will still boil down to their well-known hydrostatic form as we dial back
to equilibrium. In particular, it has been appreciated that careful consideration of the
equilibrium limit provides a powerful set of consistency conditions on the hydrodynamic
framework [11, 12]. These conditions restrict the hydrodynamic constitutive relations in a
manner that was understood previously to be due only to a local formulation of the second
law of thermodynamics. Focusing on relativistic hydrodynamics with a conserved U(1)
charge, in a nutshell, one demands that the equilibrium values of the conserved energy-
momentum tensor T*” and charge current J* can be derived from a hydrostatic generating
functional, W = Ty * [ d%w\/—g F(gw, A,), expressed in terms of the background metric
9w and gauge field sources A,,. Here Ty is the constant temperature of the global thermal
state and d is the number of spatial dimensions. To wit,

1
WG, Ayl = Ty / dz/—g <2 TH gy + J@AO ) (1.1)

The associated conservation equations V,T*" = I’ vA Jy and VJ# = 0 follow directly from
the diffeomorphism and gauge invariance of WW. An important ingredient in implementing
the ensuing constraints on the hydrodynamic constitutive relations is the finiteness of the
static correlation length. This feature is expected for generic thermal systems that are
not at second order critical points and do not have spontaneously broken symmetries, and
implies that retarded hydrostatic (time-independent) correlation functions should fall-off
exponentially at large distances. Equivalently, the Fourier space zero-frequency retarded
correlation functions must be analytic in an expansion in small spatial momentum. The
generating functional thus admits a derivative expansion, and one can obtain the hydro-
dynamic constitutive relations in the static limit order-by-order in this expansion.

Moving away from thermal equilibrium, the full EFT formalism of hydrodynamics
should capture the physics of small fluctuations about the hydrostatic equilibrium state.
Thus, hydrodynamic correlation functions should reduce to those derived from the equi-
librium generating functional on integrating out all the fluctuation modes. Of particular
interest is the requirement of analyticity at small spatial momenta noted above, that follows
directly from thermal screening and the finite static correlation length. In the presence of
stochastic interactions, it is known that hydrodynamic correlation functions are generically
non-analytic out of equilibrium due to the presence of long-time tails [13]. The requirement
that these long-distance or infrared non-analyticities must drop out at all loop orders as we
specialize to hydrostatic configurations, is quite non-trivial and poses a rigid consistency
check for the EFT framework. This question is particularly important because the tree-
level propagators for the fluctuation degrees of freedom in these EFTs lack any intrinsic
scale that could define the finite spatial correlation length. In fact, the lack of such a scale
is precisely what leads to the physics of long-time tails out of equilibrium.

A crucial ingredient in the EFT framework is the discrete Kubo-Martin-Schwinger
(KMS) symmetry [4]. It is motivated from its namesake KMS condition in thermal field
theory [14, 15], and ensures that the non-linear fluctuation-dissipation theorem [16] is sat-
isfied by the EFT framework. While the KMS condition captures the fact that the system



in question is fluctuating around the thermal state, by itself it does not guarantee the
finiteness of the spatial correlation length. However, combined with the structure of hy-
drodynamic EFTs, we find that the KMS symmetry does, in fact, conspire in a nontrivial
way to ensure the analyticity of hydrostatic correlators. The goal of this paper is to illus-
trate how this analyticity emerges explicitly at one-loop order in relativistic hydrodynamics
for density-density two-point functions.

For simplicity, we will work in a kind of “incompressible limit”, where sound modes are
frozen and the theory only has longitudinal charge diffusion and transverse shear diffusion
modes in the low-energy spectrum (see [17] for an early discussion along this direction).
Since sound modes are typically “higher energy” compared to diffusive modes, we expect
that the simplified model faithfully captures the low-energy behaviour of the EFT. Existing
notions of “incompressibility” in the literature, however, are only consistent with linearised
hydrodynamics. As we include interactions, due care has to be taken while defining this
limit so as to not violate the underlying structure of the EFT, in particular the KMS
condition. To reaffirm the role of KMS symmetry in ensuring the analyticity of hydrostatic
correlators, for the majority of this paper we will lift the KMS symmetry by untying the
dissipative and stochastic fluctuation parameters in the EFT. The simplified model that
we develop in this paper, which we dub diffusive hydrodynamics, will also be helpful more
generally to probe stochastic signatures in hydrodynamics in the presence of interacting
momentum modes. In the remainder of this introductory section, we will elaborate further
on the analyticity features of interest, and also summarize our results.

1.1 Thermal correlators and summary of results

Recall that for a generic set of bosonic Hermitian operators Oy, the retarded and symmetric
correlators are defined respectively as

GVt —t,x—x)=i0(t —t'){([Or(t,x), 05 (t,x)]),
{O1(t.x), 04(t',x)}). (1.2)

| =

GYt—t,x—x)=

The thermal expectation values are taken in the grand canonical ensemble with the Hamil-
tonian H' = H — pu@, where Q is a conserved charge. These correlators are not indepen-
dent. For example, working in Fourier space and specializing to the hydrodynamic regime
w/Ty < 1, one can derive the relation

G5 (w k) = % Im R (w, k). (1.3)
This is an incarnation of the fluctuation-dissipation theorem, which ties together statistical
fluctuations in a thermal system to dissipation, and follows from the KMS periodicity
condition in Euclidean time for equilibrium states.

For generic systems in thermal equilibrium, at least away from second order critical
points and in the absence of any spontaneously broken symmetries, screening implies a

finite static or spatial correlation length. It follows that retarded (or Euclidean) correlation



functions fall off exponentially at large distances, or equivalently the Fourier space retarded
correlators at zero-frequency are analytic at low spatial momentum k, i.e.

G (w = 0, k) is analytic as k — 0. (1.4)

We refer to this condition as spatial analyticity. Importantly, it allows for a well-defined
derivative expansion, used previously to develop a hydrostatic generating functional for
hydrodynamics [11, 12]. In the hydrodynamic regime, where w/Ty < 1, |k|/Tp < 1 and we
consider perturbations about an equilibrium state, the combination of egs. (1.3) and (1.4)
implies a nontrivial structure for the retarded correlator.

In this paper, we will focus on the correlations of a conserved charge n = JY, which
is the time-component of a conserved U(1) current J#. We can investigate the above
features by looking at the symmetric and retarded correlators for n. At the tree level in
the hydrodynamic EFT (i.e. in the linear response theory), they are known to take the
form [18]

ixDk?

GR,tree ,ki — — GR,tree N O7 k) = iXW O 2 ’
nn (w ) w_’_kaQ nn (w ) X+ Dk2 + (w )
2T k> 26T
S,tree _ S,tree _ 2

In terms of the chemical potential p and conductivity o, the coefficients appearing here
are the static charge susceptibility x = dn/0u|r and the diffusion constant D = o/x. The
coeflicient & controls the strength of stochastic interactions. In thermal equilibrium, the
KMS condition sets & = o, leading to these tree-level correlators obeying the fluctuation-
dissipation theorem in eq. (1.3). We note that the symmetric correlator at w = 0, which is
nothing but the tree-level static propagator of n, has a pole at k = 0. This is consistent with
our discussion above because symmetric correlators are not restricted by any analyticity
requirement. Such poles are, of course, a generic feature of gapless degrees of freedom. The
relevant point here is that despite the gapless nature of these tree-level correlations, the
retarded correlator is indeed analytic at zero frequency in accordance with eq. (1.4).

While the KMS condition does not play any role at tree-level in ensuring the analyticity
of the retarded correlator, it becomes crucial as we start to include loop corrections. In the
hydrodynamic EFT, upon accounting for density and transverse-momentum fluctuations
within diffusive hydrodynamics, and specializing to d = 3 spatial dimensions, we find that
the correlators in eq. (1.5) admit one-loop corrections that behave at w = 0 as

GRo(w = 0,k) = x(Zy + cl'k| + B [k* + O(k")), (1.6)
2T
G5, (w="0k) = DT?;(ZHCM + c3|k[* + O(k")). (1.7)

Here Z, 5 are UV-sensitive renormalization factors with polynomial dependence on the
momentum-cutoff of the EFT. These are expected in the low-energy effective field theory
due to the irrelevant nature of hydrodynamic interactions. We shall not compute these
factors in detail in this paper; a thorough discussion restricted to the scalar diffusion
model can be found in [10].



The remaining coefficients in eq. (1.7) are interesting physically, because they quantify
the infrared and non-analytic corrections to the hydrodynamic correlation functions. These
can be explicitly computed in terms of three hydrodynamic parameters: pressure p(7T', i),
shear viscosity n(7T, 1), and conductivity o(T, ), and two stochastic parameters 7(7, u)
and (T, ). The enthalpy density w(7T, ) and charge density n(7T, u) are defined using
the usual thermodynamic relations dp = (w — pn)/T dT + ndu. The bulk viscosity (7T, i)
and the associated stochastic parameter ¢ (T, ) do not appear in the diffusive limit of
hydrodynamics. Using the charge susceptibility x = On/0u|r and the diffusion constant
D = o/x from above, and further defining the shear diffusion constant v, = n/w and the
cross-susceptibility x. = dw/du|r, we find

T 7 o 2/ D(D — —D
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32rD?w \n o (v + D) W+ D

y = 32:3))( [gl; 8(;/10) % 8(2}/;7) ((3m — 2)xeD + (77 — 20/3)1%)} :

T o7 | 2/ D(D — - D
3 f”ll 1D fyﬂ)-f—arccos(% )],

L™ 32rD%wo n (v + D)? Yy + D

9

C

-T &[51 (0D\? 1 7
5= aF < )+ 2 77(WX§D2+(5W_4)”X6D%7+2(37T_10/3)712%%)]

327‘(‘ng oD Oi,u w4y, M
T n(n _ o 2 2 2.2
-_— - == D* —2(37—-10/3
327Tw2XD')’n77 <77 U) (T‘-XE ( n / )n '777>
T 593/n)
16mwxD o  Ou

(31 —2)xeD + (T —20/3)nyy,) (1.8)

All the coefficients here are understood to be evaluated on the equilibrium configuration.
The explicit functional form of these coefficients is not very important. The important
point is that both the retarded and symmetric correlators are generically non-analytic in
the static limit. However, upon imposing the KMS condition, which in this case requires
setting & = o and 77 = 1, we find

KMS KMS
clf =0, 02R =0,

skvs T [2\/ YD (D — ) 1 arccos (’Yn — D)] :

T 32aD%w | (9, + D)2 o+ D

gKMS —T

2 T 395Dy

1 /OD\? 1 99 2 2
(1.9)

We see that in the presence of the KMS condition, which ensures that the correlators satisfy
the fluctuation-dissipation theorem, the non-analytic pieces in the retarded correlator drop
out in the hydrostatic limit, reaffirming the consistency of hydrostatic equilibrium in the
EFT framework. On the other hand, the symmetric correlator in the hydrostatic limit
remains non-analytic. Full analysis of the finite-w behaviour of these correlation functions
and the ensuing long-time tails will appear in a companion paper [19].



The discussion for arbitrary spatial dimensions follows in a similar manner. In d # 1,2
spatial dimensions,! the corrections inside the brackets in eq. (1.7) typically behave as
k|42, |k|, ..., while in d = 2 spatial dimensions, they behave as log(k?), |k|? log(k?), .. ..
While we will not derive the explicit form of the associated coefficients in general, we
will show in the course of this paper that the one-loop non-analytic corrections to the
retarded function drop out in arbitrary dimensions due to the KMS symmetry, maintaining
consistency with the existence of thermal equilibrium.

The paper is organized as follows. To sketch out the road-map and develop a qualita-
tive understanding of the results, we will first ignore the momentum modes altogether in
section 2, and start with a simplified EFT model of a single diffusive conserved charge as
proposed in [9, 10]. However, unlike the original references, we will lift the KMS symme-
try from the model and compute the one-loop corrections to the symmetric and retarded
correlation functions directly using the EFT generating functional. Note that we cannot
deduce the two correlators using one-another in the absence of KMS symmetry, because
the fluctuation-dissipation theorem in eq. (1.3) does not apply. We will then set up the
theory of diffusive hydrodynamics in section 3, and repeat the computation of one-loop
correlation functions in the presence of transverse momentum fluctuations. We will finish
with a discussion in section 4. In appendix A, we provide further details of the derivation
of the EFT for diffusive hydrodynamics and the explicit one-loop computations.

2 Density correlation functions in simple diffusion

In this section, we investigate the issue of spatial analyticity of hydrostatic correlators in
a simple EFT model with a single diffusive charge, which has all the relevant qualitative
features of the full problem. The generalization to full hydrodynamics will be presented in
the next section.

2.1 Simple stochastic diffusion

Thermal fluctuations are conventionally introduced into the hydrodynamic setup by in-
cluding stochastic noise sources in the constitutive relations with short-range Gaussian
correlations. One way to realize this effective theory is to add a fluctuation field for each
conserved hydrodynamic variable in the theory and require that the ensuing effective ac-
tion, when inserted inside a path integral, reproduces the full set of real-time correlation
functions in thermal equilibrium [21-23] (see [18] for a review). Focusing on a single con-
served charge n(u) with the chemical potential p, the respective classical conservation
equation at one derivative order is given by

om(p) + 0;J" =0, J' = —0o(u) 6 (0ju — Fjy), (2.1)

where J? is the charge flux expressed in terms of u and its derivatives. In the following
we will often use the “covariant” current J* with J° = n. Here Fy = 0;4; — 0, A; is the

!Note that in d = 1 spatial dimension, the leading correction to the retarded correlator goes as 1/|k|
and is relevant, signaling the fact that the hydrodynamic description does not apply [20].



electric field associated with the background gauge field A, coupled to J*. The charge
conductivity o(u) is an arbitrary function of yu, required to be non-negative by the second
law of thermodynamics. The equilibrium state is given by p = ug being a constant.

In the EFT language, the chemical potential pu is related to the fundamental “chemical
shift” field Ag as u = ToAg + Ay¢, where A, is one of the Schwinger-Keldysh background
gauge fields along with AW.2 To account for stochastic fluctuations, we add an auxiliary
field ¢, to partner the hydrodynamic field Ag. The effective action S of the theory is
fixed so that it reproduces all the two-point response functions at tree-level as predicted by
classical linearized hydrodynamics. Introducing the effective Lagrangian density through
S = [d¥'z L, we have [4, 9]

L= J" (0400 + Aap) + iTo5 (1) (3i0a + Aai) (ai% + A;) : (2.2)

Here T} is the constant temperature of the thermal equilibrium state. We have introduced
an arbitrary coefficient &(u) that characterizes the strength of stochastic fluctuations. This
is the most general Lagrangian consistent with the Schwinger-Keldysh EFT framework for
a single diffusive charge at one-derivative order. However, for this effective Lagrangian
to correctly reproduce the hydrodynamic response functions, we need to impose the con-
straint from the fluctuation-dissipation theorem. This equates the strength of stochastic
fluctuations & to the dissipative transport coefficient o (see [18] for more details),

KMS: ¢ =o. (2.3)

Assuming the underlying microscopic theory to be CPT-invariant, in the Schwinger-
Keldysh (SK) effective field theory framework of [4], this follows as a consequence of the
dynamical KMS symmetry of the effective action

po = —po,  Ap(x) = —Ap(=x),  @a() = a(—2) +iAs(—2),
App(x) = —Arp(—2), Agu(@) = —Agu(—2) — Ty (91 Ar,) (). (2.4)

In addition, it implies the charge conjugation properties for the coefficients n(—u) = —n(u),
o(—p) = o(p), and 6(—p) = &(p). In the following, we find that the KMS condition is
critical for ensuring the analyticity of retarded correlators in spatial momentum. Hence,
to keep track of the non-analytic behaviour explicitly, we will perform the majority of
forthcoming manipulations assuming ¢ and ¢ to be independent.

2.2 Linear expansion and interactions

To be able to use this theory in a loop expansion, we need to expand the Lagrangian (2.2)
order-by-order in fluctuations about the equilibrium state Ag = po/To, po = 0; see [9]
for details. It is practically easier to work with the fluctuations in the density dn =
n(ToAg) — n(po) rather than Ag. Ignoring the background fields at first, and ignoring

2In the EFT language of [4], the true fundamental degree of freedom is the phase field ., which is related
to Ag above via the definition AgTo = po + O¢¢r-. For an ordinary fluid phase where the U(1) symmetry is
not spontaneously broken, the system respects a spatial chemical shift symmetry: ¢.(z) — ¢r(z) — A(x),
and all the shift-invariant information in ¢, is contained in Ag.



certain total-derivative terms, we find the “free” Gaussian part of the effective Lagrangian
to be
Liee = —pa (%30 — DV?6n) + 150" 0udicpa, (2.5)

where D = o/x is the diffusion constant, with x = n/(u) being the charge susceptibil-
ity, and V2 = 0'9;. We have dropped the subscript “0” for clarity and the coefficients
are understood to be evaluated at equilibrium, i.e. p = pg. This leads to the tree-level

propagators
1
5 a - = —— s
(n(p)pa(—pho = ——— 715 —
—1
a (5 - = /5>
(eaP)On(=P)o = —— s I
2T 5 k> iTx6 /o  iTx6 /o N
6 5 - — = —
)P0 = S T ot Dk w— Dk P
{Pa(P)@a(—=p))o = 0. (2.6)

Here p = (w, k) collectively denotes frequency and momentum. We have denoted én by
solid and ¢, by wavy lines. Note that the (dnp,) propagator is purely retarded, (yp,0n)
propagator is purely advanced, while (dndn) propagator can be expressed as a sum of
retarded and advanced pieces. This observation generalizes to full hydrodynamics, and
will be important in the explicit loop calculations in the following discussion.

The free diffusive action (2.5) is well-known in the literature (see e.g. [18]), however, it
does not account for interactions. To this end, we can expand eq. (2.2) to the next order
in 6n and ¢, to obtain?

int

1 - .
L‘,gpt = 5)\ 577,2 V2Q0a + iXT)\ on ai‘/paal@m (27)

where the two coupling constants A and A are defined via

19D 1 95

A==——" A= (2.8)

X Op X2 Op
We can work-out the momentum-space Feynman rules for the associated vertices
I , P
_Z ~

— K2, TNk - K". 2.9

5 5 5 X (2.9)
p/I p/

The same procedure can be iterated to arbitrarily high orders in fluctuations, depending
on the sensitivity required. This form of the effective action, albeit for energy diffusion
instead of charge diffusion, was derived recently in [10].

To be able to compute the correlations functions using the non-equilibrium generating
functional [4], we also need the structure of the background field couplings in the EFT.

3See [24, 25] for discussions along similar lines, involving the dependence of transport parameters on the
fluctuating fields.



Since, in this work, we are only interested in density correlators, we only turn on the A,;,
Ag components of the gauge fields. We directly borrow the results from [9], leading to

Eggl&rce = on Agt + Xat‘PaArt + XArtAata

source

’ 1 1
£3pt _ X;6n ArtAat + ixlatgpaAzt + §X/A7%tAat
1 0o 95

/
+ (X5n Orpq — ——8i5n8icpa + iTaicpaaigoa> A, (2.10)
X X Op o

where Y/ = 0x/du. Denoting A,; by a dotted and iA,; by a dashed line, we can represent
these diagrammatically as

oo L S ¢
K?/

by Sy X

P 4 P
r.p/ W.p/
S b

I “p"

P 2

..... - i“'*ig(;’“"’“"’ ey Tng:’-k”. (2.11)
% P

The first two of these are the usual linear couplings between operators and sources in quan-
tum field theories, while the remaining are non-linear couplings. Frequency and momenta
going away from the vertex are taken to be positive.

Let us briefly comment on the dimension counting scheme that we implement in the
following discussion. For diffusive processes, it is typically argued that 9; ~ 9'0;. Following
e.g. [26], we can demand that [0;] = 1 and require that the couplings in spatial kinetic
terms in eq. (2.5) are dimensionless. If we take [0{] = 2 to ensure consistent scaling,
and thus [£] = d + 2, we find [@,] = [6n] = d/2, and it follows that [\] = [\] = —d/2
and thus both interactions in eq. (2.7) are irrelevant. We therefore expect that loops will
induce power-like sensitivity to the UV cutoff. To count loops (L), we can use the relation
L =1+ (N/2—-1)V — E/2 for N** order vertices in diagrams with E external lines.
In the case of interest below, £ = 2, and so at one-loop order, V' = 2/(N — 2). Thus,
one-loop corrections require diagrams with 2 cubic vertices. In principle, diagrams with a
single quartic vertex can also contribute at this order, however the contributions from such
diagrams to the two-point functions are purely UV-cutoff dependent and only renormalize
the classical hydrodynamic parameters [9, 10].



2.3 Omne-loop corrections from density fluctuations

Defining the Schwinger-Keldysh generating functional as [4]*

exp W[A,,, Agu] = /D(Sanpa exp (i/dd+1x £> , (2.12)

we can compute the retarded and symmetric correlators of n via

—i6*W
GR = ! =x —wx{(on o(—p)) 4 (source coupling diagrams),
nn(P) = 5 An)odn(—p) X x(n(p)pa(—p)) + ( pling diagrams)
Y
GS i (2.13)

wn (D) = A0 A ) (6n(p)on(—p)).

Using the propagators in eq. (2.6), it is trivial to check that we reproduce the tree-level
results for the two correlation functions given in eq. (1.5).

We will now compute the stochastic loop corrections to the classical tree-level propaga-
tors in eq. (1.5). This amounts to integrating out the stochastic noise field ¢, at one-loop
order using the interaction vertices defined above in egs. (2.7) and (2.10). Let us start
with the retarded function. At one-loop order, we have two diagrams contributing to the
(0np,) propagator (see [9] for details)

(2.14a)
In addition, we have two diagrams involving non-linear background source couplings

..... } ) (214b)

We can compute these diagrams to find the one-loop correction to the retarded density
correlator; see appendix B for calculational details. We find the one-loop correction to the
retarded correlator to be

oo iTAK? G
GRo-0op () (

. (/o)

2 2

———— | —wx* A — Dk*)yo——— | T 2.15
(w+iDET2 \g Dk o ) () (2.15)
where p = (w, k) and Z;(p) is the result of the loop momentum integral

k* (A ddk! 1 i=g3 K? 5 2w
Li(p) = . 5 = k*— —
2 (2m)?iw — D(E”? + (k — K')?) 327D D

+ O(A),

d=2 k2 2 2w
= 1 - — InA). (2.1
167an<k: D)+0(n ). (2.16)

4Technically, the EFT path integral should be performed over the phase field ¢, with the field space
volume divided by the associated spatial chemical shift symmetry; see footnote 2. Passing over to dn or Ag
might generically result in additional Jacobian factors that we shall ignore for now.

~10 -



The value of this integral depends on the UV-cutoff A and the number of spatial dimensions
d. Above, we have explicitly computed it for d = 2, 3 for reference. We see that, generically,
the one-loop corrections at finite frequency exhibit IR-sensitive non-analytic dependence on
w, reflecting the physics of long-time tails, which invalidates the hydrodynamic derivative
expansion at a given order [27]. However, if we restrict to the hydrostatic (w = 0) limit, we
have argued that thermal screening should render the correlator analytic. Setting w = 0,
the one-loop correction reduces to

GRP(0, k) = —TxA 8(2/ 7 1,(0,k) 25 0, (2.17)
1

which vanishes trivially upon imposing the KMS condition & = o, irrespective of the
dimensionality. Hence, we see that the KMS condition is crucial to reproduce the analyticity
of retarded correlators in the hydrostatic limit.

We can repeat the same procedure for the symmetric correlator. In this case, we do
not have any background coupling diagrams at one-loop order. We only need to consider
the seven diagrams correcting the (dndn) propagator

(2.18a)

O o

Relegating the explicit computations to the appendix, we find that

T2X2A2k2 5.2 I ( ) N T2X2>\2k2 5’2
(w+iDEA2 o2 W T (DR o2
It can be explicitly checked that, on imposing the KMS condition, these corrections satisfy

G100 (p) = Ti(—p). (2.19)

the fluctuation-dissipation theorem (1.3) along with the retarded correlator corrections in
eq. (2.15). Finally, in the w = 0 limit, the symmetric correlator behaves as

G P (0, k) = — —T(0.k), (2.20)

which survives the KMS limit & = ¢. This indicates that IR-singular non-analytic terms are
generated in the hydrostatic limit, as a manifestation of the lack of any intrinsic mass scale
in the tree-level propagators (2.6). This may appear surprising, given the earlier discussion
of thermal screening. However, the symmetric correlator is not determined explicitly by the
hydrostatic generating functional and does not have to meet the analyticity requirement.
The leading IR-singularity, proportional to 1/ k2, to the symmetric correlator is still given
by the tree-level propagator. Also, note that the one-loop correction to the symmetric
correlator in the static limit does not depend upon .
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3 Density correlation functions in diffusive hydrodynamics

The discussion of charge diffusion above can be extended to the full theory of relativistic
hydrodynamics. We will again focus on the transport of a single conserved charge, but
consistently incorporate additional hydrodynamic momentum modes in the thermal bath.
We will develop an effective field theory for diffusive hydrodynamics, where the sound
modes have been frozen and the theory only contains diffusive charge and shear modes.
This allows us to compute the hydrodynamic correlators in a slightly simpler setting, while
still incorporating the non-trivial effects of momentum modes. Our goal is not to provide
a comprehensive analysis, but to test the spatial analyticity of retarded charge density
correlators in a system with additional gapless modes, specifically those associated with
momentum fluctuations.

3.1 Stochastic diffusive hydrodynamics

The classical dynamical equations for relativistic hydrodynamics are given by charge and

energy-momentum conservation,
OuJ* =0, 9, T = F" (3.1)

along with the constitutive relations expressing J# and T#" in terms of the hydrodynamic
variables: temperature T', chemical potential p, fluid four-velocity u#, and their derivatives.
For instance, in the Landau frame up to first order in derivatives we have®

JH = (T, p) ut — o (T, ) AP <T8A <§ﬁ) - qu“> , (3.2)

T = e(T, p) v’ + p(T, p) A
— (T, p) (Ap(“A”)Uﬁpuo - éAW&\u’\) — (T, ) AP 0. (3.3)

We have introduced the background gauge field A, coupled to J#, and the associated field
strength F),,, = 20,A,), but have avoided introducing the metric source for 7"” that we
do not require for our purposes. Here A* = nM¥ + ufu¥ is the projector transverse to
the fluid velocity. The thermodynamic pressure p, energy density €, and charge density
n are functions of T' and u, and related to each other via the thermodynamic relations
dp = sdT +ndy and € + p = T's + pn for some entropy density s. The charge conductivity
o, shear viscosity 7, and bulk viscosity ( are non-negative functions of 7" and p. We shall
be interested in fluctuations about an equilibrium state with u = pg at a constant global
temperature T' = Tp in the rest frame u* = (1,0).

The EFT for hydrodynamics is formulated in terms of a thermal vector g* and “chem-
ical shift” field Ag, along with their stochastic noise partners X and ¢,. These are related
to the aforementioned hydrodynamic fields as u# /T = p* and pu/T = Ag + *A,,,. Similar
to the diffusive EFT, we introduce the Schwinger-Keldysh double copies of background

5The symmetrization of indices follows the convention A“B*) = % (A*B” 4+ A¥B*). Similarly, antisym-
metrization follows the convention AFBY! = 1 (A¥B” — AVB*).
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gauge fields A,,, Aq,. With all the ingredients in place, the full non-linear effective action
for relativistic hydrodynamics takes the form [2]

L=J"(0ppa+Aap+ £x,Arn) +iTGA" (Oppa + Aap + £x, Arp) (Ovpa + Aaw + £x, Arv)
+ T 0y Xy, +T (25APC AT 4 (= 3) A A7) 0y Xy Op X+ (3.4)

where £y, denotes a Lie derivative along X#. We have introduced the stochastic coeffi-
cients &, 7, and ¢, which are also arbitrary non-negative functions of T and u. We can re-
cover the previous diffusive model in eq. (2.2) by simply setting X* = 0 and u*/T = §}'/Tp.
This is the most general effective action for relativistic hydrodynamics, in Landau frame,
compatible with the Schwinger-Keldysh framework of [4], truncated at one-derivative or-
der. We utilize the usual derivative counting scheme for relativistic hydrodynamics: in the
“r” sector we take u”, T, i, Ay, ~ O(8°), while in the “a” sector we have X%, p, ~ O(9°),
Agp ~ O(0Y).

The dynamical KMS symmetry in eq. (2.4) generalizes to a covariant version,
po = —po,  P) = pH(=x),  Ag(x) = —Ap(—w),
al®) = pa(—7) +ihg(—2),  XlM(@) >~ Xl (~z) =i (B"(~2) - T;'}),
Arp() = =App(=2),  Aau(r) = —Aau(=2) —i(£p4r,)(-2), (3.5)

where £ denotes a Lie-derivative along 5*. In addition to the charge conjugation proper-
ties of various coefficients, the KMS symmetry relates the stochastic fluctuation coefficients
to the dissipative transport coefficients via

KMS: 6=0, f=7n  (=C( (3.6)

However, we shall not implement these constraints for now to investigate the role of KMS
in ensuring the analyticity of hydrostatic retarded correlators.

Similar to our discussion in section 2, we can expand the Lagrangian order-by-order
in the hydrodynamic fluctuations 68* = g — 6}’ /Ty, 6Ag = Ag — p0/Tp, and associated
noise X%, @q. The full theory turns out to be quite complicated in practice. To make
our lives simpler, we will focus on a sub-sector, which we call diffusive hydrodynamics,
where the temperature and the longitudinal velocity fluctuations have been frozen and so
can be ignored. This is similar to the well-known “incompressible limit” of non-relativistic
hydrodynamics and amounts to ignoring the sound modes and only focusing on the diffusive
modes. We take

58t =0, ;68 =0, Xt =o, %X =0. (3.7)

The last two conditions are required for consistency with the KMS condition (3.5). This
removes the energy conservation equation and the trace of the spatial stress tensor from
the effective action. In terms of the original hydrodynamic variables, the first two condi-
tions imply®

T .
5TET—T0:?0’U,2—|-..., ou'=0+..., (3.8)

STf we were to decompose the relativistic fluid velocity according to u* = (1,v)/+/1 — v2, these conditions
will imply 8;v* = 0 exactly, making contact with the incompressible limit of hydrodynamics.
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where u?

= u'u;. We have suppressed terms that are cubic or higher order in §3°. To
impose these conditions in the EFT, we include additional constraint terms in the effec-

tive action

ﬁﬁxing = \Ijaaidﬁi + \I/raiX(ia (3'9)

for arbitrary Lagrange multipliers ¥,., ¥,. For consistency with the KMS condition (3.5),
these multipliers must transform as

U, (x) = ¥, (—x), Uy(x) = —Vo(—z) + iV, (—x). (3.10)

3.2 Linear expansion and interactions

It turns out to be more convenient to work with density fluctuations dn = J| 4,0 —n(uo)+
2iTéu'0;p, and momentum fluctuations 7 = T +2iT7H(u* 0, X! +upd* XF).” The free part
of the effective Lagrangian (3.4), along with the Lagrange multiplier terms, takes the form

Livee = ~a (0 — DV?) 0n + 15 0ispad @ — X (0 — 1 V2) i + iT7 9 X[ X,y

1 , .

The explicit calculational details can be found in appendix A. As before, D = o/ is the
charge diffusion constant with x = 9On/du|r being the charge susceptibility, while v, = n/w
is the shear diffusion constant with w = ¢+ p being the enthalpy density. We still have the
same tree-level propagators in the charge sector, eq. (2.6), but we also find new momentum
dependent propagators given by

. . N ] 1 — e

1 X] _ — 61] _ , . -
(' (D) X4 (=)o ( = ) . o

4 , I %3] -1

i . i f’n’tmw\)_
(X (p)m (=p))o = <5J ~ 2 > s i D]

S o KR\ 2T7k? _—
(7" (p)™? (—p))o = <5J T2 ) w2 + %27,{:47 1 p J

(Xa(P)XI(=p))o

0. (3.12)

We have denoted 7° with a bold and X! with a coiled line. All the cross-propagators
between the momentum and the charge sectors are zero. This is a feature of the simplified
diffusive hydrodynamic theory eq. (3.7), and will not be the case in full hydrodynamics in
the presence of sound modes. These propagators are made transverse to momentum by the
presence of the Lagrange multipliers. The propagators for the multipliers themselves can
be computed, but they do not have any physical poles and drop out for our case of interest.

"These definitions of én and 7, including the imaginary parts, are the true charge and momentum
densities that are conserved in the presence of stochastic fluctuations, unlike J° and T°! that are only
conserved classically; see appendix A for details.
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At the next order in fluctuations, we have the three-point interaction Lagrangian

1 - ) 1 . 1 . .
E}Q’Iﬂt = §A5n2V2<,0a +iTxA 0N 0;pa0"pq + Eﬂzén 0ipa + EW”WJE)Z-XW
1 . - .y .y
+ iAWﬂ'ZVQgpa — Y 0;0j0q — 1T WY (WjBZXg + TFjan;) 0ipa
— 7y on IV X,j — 20000 0; X o5 + 20Twl 5n 0V XD 9, X,

- T;C;? U, 0;0m, (3.13)

which generalizes eq. (2.7). Various coupling constants are defined as

ow 10D ~ 1 0o 1
€ — A )‘:77) )‘:775 >‘7T:_7 ED )
X ou X Op X2 O w2 XD+ )
nmn -~ 2n7 n(n + Xe) 1 (nn 877) ~ 1 07
= == = DC T Xe) =— =), 6=—21 (3.4

The vertices arising from the first two interactions in eq. (3.13) are the same as given in
eq. (2.9). In addition, we get six more vertices

—1
%(k‘j(sik + kidij),

—1 . . .
7)\7r5ijk2 + i kikja Z’)/(Siij + ZH((SZ'jk k' + kjk;/),

— Twip(6;;k - K" + KK, Two (6;;k - k" + k-k").
J ] J 777

(3.15)

There is another interaction vertex involving the Lagrange multiplier ¥,. However, all the
loop diagrams involving this vertex include a purely retarded/advanced loop integral and
hence do not contribute to the problem at hand.

Finally, we need the coupling structure to the background fields. Turning on only the
Ay, Age components of the gauge fields, we find

L2t —6n Ag+ XatcpaArt + XArtAat7

source

£t X 5“ ArtAat+ X 8t<PaArt+ X ArtAat

source ~

+ <5n Orpa — la—aﬁzénﬁma—HTa 0;pa0" cpa) Ap+ < 705 — Xé@ﬁn) Ay
X X Op o

+ (’“matxg 200 5209, X o+ 20707 a“x@aixaj) A, (3.16)
w w O o
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See the appendix A for details of the derivation. Most of these are the same as the
ones found in the diffusive case in eq. (2.10), but we do find four additional background
interaction vertices, given by

p p
........ » ;Xk/, i ) "

) p (I p v

(o (o

P P/
i Xe i dn T/ 1 i on T/ 1
i p) Ew 0ii + E%(ézjk -k Jrk]l{?l), & p) T@(éwk -k +k]kz)>

! !

(3.17)

3.3 One-loop corrections from momentum fluctuations

We can use this theory to work out the corrections to the density correlation functions
arising from momentum fluctuations. The variational formulas in eq. (2.13) are still valid,
but with the modified generating functional (see footnote 4)

exp WAy, Agy) = / DénDy,Dr*DXI DV, DV, exp (z / d iy E) : (3.18)

This still leads to the same tree-level two-point correlators as reported in eq. (2.6).

3.3.1 Retarded correlation function

For the retarded function at one-loop order in diffusive hydrodynamics, we still get contri-
butions from the previous diagrams in eq. (2.14). In addition, we have the following three
one-loop diagrams involving momentum fluctuations contributing to the (dny,) propaga-

tor:
HA@—}NV HM@—)«W *NAC::E—WW (3,193)

With the incorporation of momentum fluctuations, we also have four new background
coupling diagrams:

(3.19b)
We have ignored the possible diagrams which involve a purely retarded loop and hence do
not contribute to the final result. The first diagram in eq. (3.19a) and the first two diagrams
in eq. (3.19b) involve leading derivative non-dissipative couplings and dominate in the IR.
The remaining four diagrams here and the ones in eq. (2.14) lead to subleading corrections
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in k2. The explicit computation of these diagrams can be found in the appendix B. Com-
bining the result from eqgs. (2.14) and (3.19), we find that the full one-loop correction to
the retarded density correlation function in diffusive hydrodynamics is given by

X (z 7y DK? <17 ;))Io(]?)

- A (zwx A — (iw — Dk?)aa(gl/f)> Zi(p)

+zw?( J1(p) + A T2(p) — Y T3(p) — ¥V Ta(p))

+ Dk (L i)~ 00) + 127 nial) — 04(9)

—Tk?

GR,I—loop
nn (p) = (w+ sz:z)

Ui

1
~ 50 Xe(Ar — ) (iw — DE*)Z3(0, k:)] : (3.20)
The integral Z; (p) is defined in eq. (2.16). We define three more similar integrals via

I( )_/A ddk/ k2—(k'k,)2/k§,2
W2 ] @miie — 4k — D(k—k')?

d;S ‘k" <2W(D _ %7) -+ arccos (777 - D)) + O(W)a

327D\ (v, + D)2 S
To(p) = kj A qag! 1 d=3 K @)
2T (2m)% iw — ~, (K? + (k — K')2) 327D ’
k2 A ddk/ —k2/k/2 43 |k|3 zw|k|
Bl ="y = Ow?). (321

For reference, we have computed these integrals explicitly in d = 3 for small w, with a
hard momentum cutoff A. However, the analyticity results do not depend on the explicit
form of the integrals and are valid in arbitrary d. In terms of these, the J 23 4(p) integrals
appearing in eq. (3.20) are defined as

(lw — 'y,?k2)2

) = (-2 5Tt~ e )

) = === )+ 2 () 0|

J3(p) = WI (p) + W%(p),

i) = (= 24t (= 22) ) ) - 22 () - 0

(3.22)

While J2(p) and J4(p) have a 1/w appearing in their definitions, they are perfectly regular
in the w — 0 limit.
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These expressions are fairly involved. However, if we set w = 0, the one-loop correction
to the retarded correlation function reduces to

GSﬁl_loop(O’ k) = % % (Z _ i) IO(O7 k)
A a(g;/f)zl(o”") +"a(§ﬁ’7) (AeZ2(0, k) — 0T1(0, k) |,
= (3.23)

Hence, we see that the non-analyticities drop out of the retarded correlator in the hydro-
static limit, even after the incorporation of momentum fluctuations, provided the KMS
condition is imposed.

3.3.2 Symmetric correlation function

We can repeat the same procedure for the symmetric correlation function as well. In
addition to the 7 diagrams in eq. (2.18), we find 10 more in the presence of momentum
fluctuations:

(3.24a)
(3.24b)

(3.24c¢)

(3.24d)

0 0
000

The first diagrams in eqs. (3.24a) to (3.24c) contribute to leading order corrections in k2,
while the remaining diagrams, along with those in eq. (2.18), contribute at the sublead-

ing order. We have computed these diagrams in appendix B, which yield a complicated
expression given by

o 1 o DE? fix.
G (k) = = 5 7| 2T T(p) - TN () - (e (0) — 0 T ()

n % AxJ1(p) + A Ta(p) = T3(p) = Ja(p))
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T2~ k2 n % Dk2

410 (Ax J1(p) + Ax T2 (p) =4 T3(p) — 0 Ta(p))

2A4Tn5/xk" ___o(i/n)
Tt DD o ) e dil)

+ complex conjugate. (3.25)

When the KMS symmetry is respected, the result simplifies and the remaining contributions
match the relevant terms in the retarded correlation function, in accordance with the
fluctuation-dissipation theorem (1.3). We have computed these terms in the w = 0 limit
and verified that the answer is well-defined and still non-analytic, even in the presence of
KMS. For d = 3, the results have been explicitly presented in the introduction.

4 Discussion

In this paper, we explored the spatial analyticity of hydrodynamic correlation functions
at loop-level, using the Schwinger-Keldysh EFT formalism that incorporates nonlinear
stochastic fluctuations consistent with the KMS condition. We computed the complete
one-loop correction to the retarded and symmetric two-point functions of charge density,
due to diffusive density and transverse momentum fluctuations. The symmetric correlation
function is found to be generically non-analytic, owing to the absence of a characteristic
mass scale in the EFT. Despite this, we find that the retarded correlation function non-
trivially respects the spatial analyticity requirement expected in the hydrostatic limit due to
thermal screening. Notably, the analyticity behaviour crucially depends on the dynamical
KMS symmetry in the EFT, that leads to a series of non-trivial cancellations of non-analytic
terms in the hydrostatic limit. Our final results are summarized in section 1.1.

We performed the majority of loop calculations in this paper in generic spatial dimen-
sions and away from the hydrostatic limit (w # 0). This analysis can be recycled to study
the phenomenon of long-time tails at finite-w finite-k in relativistic hydrodynamics in the
presence of momentum fluctuations, closely following a similar analysis for scalar diffusion
model in [10]. These results will appear in a companion paper [19].

During the course of our analysis, we developed a novel EFT model for “incompressible”
diffusive hydrodynamics that is consistent with the KMS condition beyond the linearised
fluctuations, accounting for the presence of arbitrary non-linear interactions. This model
can be understood as systematically integrating out the “higher-energy” sound modes from
the hydrodynamic setup and allows us to study the effects of momentum fluctuations in a
controlled setting, which is expected to have far-reaching applications beyond the context
of the present work.

Although not the focus of this paper, in computing the symmetric correlation func-
tions, we have exhibited specific non-analyticities that are computable, independent of
the UV cutoff, and determined by thermodynamic parameters and hydrodynamic trans-
port coefficients. As such, symmetric correlators are interesting quantities in themselves.
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One approach to computing transport coefficients within the microscopic theory utilizes
Euclidean correlators on a finite size lattice. Although the physical content of Euclidean
correlators most directly maps to Minkowskian retarded correlators, considering the static
limit of the symmetric correlator may be helpful for extracting transport coefficients via
finite size scaling.

In terms of future directions, its important to note that we have limited our consider-
ations in this paper to generic thermal systems that are assumed to have a finite screened
spatial correlation length. There are of course physical systems in which long-range correla-
tions survive and may lead to physical non-analyticities in retarded correlators. Examples
include conformal fixed points, and superfluids, which are known to require additional de-
grees of freedom within the hydrostatic generating functional. It would be interesting to
explore how spatial non-analyticities re-emerge in such theories. The analysis can also be
extended in the context of non-relativistic hydrodynamics using recently developed field
theory methods [7].

Finally, we have argued that the KMS condition, associated with the existence and
properties of the thermal equilibrium state, is the critical ingredient in ensuring the spatial
analyticity of the retarded correlators in the hydrostatic limit. While this is, of course,
consistent with the assumptions underlying the derivative expansion for the hydrostatic
generating functional, it is natural to ask whether it can be imposed in a more direct
and local manner within the EFT itself. Currently, the KMS condition is formulated as
a non-local discrete symmetry condition to be imposed on the Schwinger-Keldysh EFT,
and it would be interesting to understand if a more covariant formalism would allow for it
to be imposed directly in writing down the EFT Lagrangian. In particular, we have only
showed the analyticity of retarded correlators at one-loop level. It will be interesting to
explore whether such a result can be derived at the full non-perturbative level in the EFT
formalism of hydrodynamics.
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A The effective action for diffusive hydrodynamics

In this appendix, we provide further details on the computation of the perturbative effective
action for relativistic diffusive hydrodynamics presented in section 3.2, starting from the
Schwinger-Keldysh effective field theory.

Let us start with the effective action for full hydrodynamics in eq. (3.4), with the con-
straints eq. (3.7). We need to expand the effective action order-by-order in the dynamical
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fields 68#, 6Ag, Xk, pq, and the background fields A, Ay Segregating space and time
derivatives in the effective Lagrangian eq. (3.4), we can express it as

L = (ng + 0i) Agt — a0 — X0 + J'0ipq + T 0; Xyj + 07 X.0; Ary
4+ iT50;0a0" 0o + 1T (aixgaixaj + angaiXaj) - qfaa% + 0,0, X +..., (A1)

where we have only kept terms up to cubic order in dynamical and background fields, and
defined

dh=J —ng + 2iT&ui6i90a
1 X .
=n-—ng+ §n0u2 —oou' (Oip — 0 Apt) + 2iToo0u'Oipa + -+ -

7' =T 4 20T (b0, X1 + w0 XF )
= wu' — o (WO’ + wed'u) + 20Toiio (wh X, + wd XE) + - . (A.2)

Here w = € + p is the enthalpy density. The subscript “0” denotes that the corresponding
quantity is evaluated at equilibrium. These are the true non-classical conserved charge and
momentum densities. We can further split these into

/
1
S = on + xAp + X;énArt XAt
i i, Xe g
At =n4+ =t A+, (A.3)
wo

with én and 7 being the respective versions in the absence of background fields,

1 1 ; o~
on = xou + 5)(’5#2 + =xeu? — oouldidp 4 2iToGoudpq + - - -

2
T = wou' + xeu'dp — no (28%2 + ujajuz> + 2iTomo (uj(?ZXg + ujﬁijl) +---, (A4
where 6y = TpoAg and ut = Ty, and we have used
on Oe on on 0’n
= — N = _— = _— T* 5 ! - — . A5
X~ Bulo Xe n0+8u‘0 ”O“‘au‘ﬁ T o X 8,u2‘0 (A:5)

Note that p = g+ 6+ Ape + p10/2 u?. In the following, we shall find it easier to work with
dn, m instead of 6, u’, because this eliminates time-derivative terms from the interaction
Lagrangian. We can find the inverted relations

1 ! ; 2¢T060
op = —dén — X _gn2 . X 271'2 + 20 ' 0;i0n — 2090 T 0ipa + -+
X2 2xwg X*wo Xwo
1 . 1 . o 2% Thf o ‘ ‘
u=—m"— X€2 'on + L% (8%’2 + Wjajﬁ) -2 (;770 (wjaZXg + ﬂjﬁjX(D +-ee
wo XW§ wy \2 wg
(A.6)
The divergenceless condition in eq. (3.7) implies that
o = X wigion + ... (A7)

XWo

where we have dropped the higher-derivative terms.
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Using these expressions, we can go back and express J* and T also in terms of the
fluctuations on and 7%, and the background fields A,; and A,;. We obtain

Ji = n(T, u) ui — G(T, ,u)é” (Taj (;) — 8]‘Art) - T()O'()Uiat (;) + ...

_ o i _ 90 5is, (n()Xe _ 1) Hign 4 "0 n0770 (;81W2_’_ﬂ_]‘8jﬂ_i)
X

wo xwi  wo 0
10 - ~ 2¢Tomon - , ,
= 2)(“;//3‘)\00@5712 + %alﬂ - 2}”(2]“ (mj0'X] + 710, X})
. 10 .
+ wloArth ”‘ A dion — {X"u‘jowlauﬂ} T (A.8a)

and
T = wouiu? +p(T, 1) 67 —n(T, ) (8iuj —i—@jui) —no (uiﬁtuj —i—uj@tui) +

__%auﬂjuiﬂiﬂj_i@‘ 5ndtinrd) 4 2I0Xe 5 (i J>+<2770(”0+X6)) <60 s

wo wo Xwo Oplo Xw3 Xwa
2 Jn - 2n0 . .

220 p,,00 ])_{ g T _ FJ))\ } UL A
e 9yl AT 2 (O I3) b8+ (A.8D)

We have not expanded the trace part of 7% as it couples to 9; X! in the effective action
eq. (3.4) and does not contribute in the diffusive limit eq. (3.7). We have expressed the
terms involving time-derivatives using the equations of motion in the expressions above
(denoted in braces), which can be removed by redeﬁning ¢q and X! as
@aﬁgpafﬂﬂ'i q X HXz (7T 81Xk+7rk8 XZ) (A.9)
XWo wo

Note that the imaginary part in J¢ is not true statistical flux (which will be obtained by
varying the action), but merely one of the contributions to the effective action.

The free, interaction, and background coupling part of the Lagrangian in section 3.2,
egs. (3.11), (3.13), and (3.16), follow directly from here by substituting for 7%, J¢, 67, and
7' into eq. (A.1).

B Loop calculations

In this appendix, we provide explicit details of the calculations involved in computing the
loop integrals presented in the main text.

One-loop corrections to the retarded and symmetric correlation functions of charge
density can be computed using the variational formulae in eq. (2.13). Starting with the
retarded function, we first need to compute the one-loop diagrams correcting the (dny,)
propagator given in egs. (2.14a) and (3.19a). Let us denote the amputated version, i.e.
diagrams ignoring the external legs, by iI's,(p). Next, we have diagrams involving a non-
linear background field coupling from eqs. (2.14b) and (3.19b), whose amputated version
is denoted by iI',, (p). The full one-loop retarded correlation function is given in terms of
these as

iwxLar(p) % (P)

G (p) = (iw — DK?)?  iw— DKZ (B-1)
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For completeness, we note that the one-loop correction to the advanced correlation function
will be given by its complex conjugate,

—WXFZT (p) F:z*r (p)
(iw + DE?)2  iw + DE?’

G P (p) = (B.2)
On the other hand, for the symmetric function, we need to compute the diagrams in
egs. (2.18) and (3.24). Note that the diagrams in egs. (2.18a) and (3.24a) are the same as
those for the retarded function in egs. (2.14a) and (3.19a), except with different external
legs. Hence, their amputated version is still given by i['s,.(p). Furthermore, the diagrams in
egs. (2.18b) and (3.24b) are merely their complex conjugates, and hence their amputated
version is given by —iI'} (p). Therefore, the only diagrams that we need to compute for
the symmetric function are given in egs. (2.18¢c), (3.24c) and (3.24d). We denote their
amputated version by I'y,. In total, the one-loop correction to the symmetric function is
given by

—Taa(p) 2T5kT 4 (p) 2T5k°T, (p)

GS 1-loop + .
() = w? + D2kY (iw — DE?)(w? + D2kY) * (iw + DK?)(w? + D2kY)

(B.3)

In the remainder of this appendix, we explicitly compute T, (p), I, (p), and T'ua(p).

For clarity, we use the following notation: F(p) = w + iDk? G(p) = w + ivnkzz,
k' = 54 — kR K2 KT = 69 — k" JE"? ) along with o’ = w—w and k"' = k' —k"". We
also denote the frequency-momentum integrals compactly as fp, = [dw'd?k'/(2m)%*1, and
just the momentum integrals as [, = [d?k’/(27)¢. Momentum integrals are performed
with a hard UV-cutoff at |k’| = A and all the cutoff-dependent terms are ignored. We
make extensive use of the change of variables w’ — w”, k' — k" to simplify the integrals,

which leads to identities such as

/ W e N S U
F(p p” 2 Jgiw — D(k'2 + k"2) - 2D P’ (P’)F(ZUH)7
I 1 2 12 //2 —iF(p
/kk k <k2"’2:2 / (B.4)
F (p”) 2 k1 (k/ + k// F(p

up to cutoff-dependent terms.

B.1 Computation of Ty,

Let us start with the contributions from the two density fluctuation diagrams in eq. (2.14a).
This is a generalization of the calculation in [9] to account for & # o. We find

k/ . k//

TR [ ——
» F(p')F(p”)

klzk/a
21,2
Z]-_‘(J,?”( ) ~ 2Tk / W

Ao /o k? + \E - K"
— TR /
TR
I'xA

= (imi - iF(p)X> Zi(p). (B.5)
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In the second step, we have split the tree “rr” propagator into a sum of “ra” and “ar
propagators according to eq. (2.6), and noted that the “ar” piece does not contribute
due to a purely retarded loop. The integral Z;(p) is defined in eq. (2.16). Next, we
have contributions coming from the single leading-order “mixed” fluctuation diagram in

eq. (3.19a)

, 2T K2 Kk iTi k= (k-K)2/K? iTK®§
ZF‘“”(p) ~ 2 712 ]// = 77/ / 17 = I ( ) (B'G)
w? Jy |G)PF@p")  wnly G@)F@®") w o n

The integral Zy(p) is defined in eq. (3.21). Finally, we have two momentum-fluctuation
diagrams in eq. (3.19a) leading to

» K" (Ack?5i; — 20kik; ) KR (10K + 03k’ - K" + K{kf) )
iCar(p) ~ 277 /
"y GG
(Ark?65; — 20kik; ) KR Sk’ - K + k)
szH/
p/

G(p)G(p")
. / (Ark?6i; — 20kik; ) KR (D8 + (10 = 0) (5K’ - K" + kky) )
v G)G(p")
= iTwk? <17 =y J1(p) + (29 - é) J2(p) — %WY J3(p) — ¢ (29 - é) j4(p)> :
(B.7)
The integrals Ji 2,34(p) are defined as
K"K 50k K"™(d—2) + (K - K")? /K"
..71(2?) :/ / 1 :/ / ?
y  G)G(P") v G )G(p")
72p) = | KRS (K k”am + kky) / (K- k")((d = 3) + 2(K' - K")2/ (k”K"))
V G )G(" P G(p)G (") ’
j( ) B 7/ k”2]_€/ikl_€”jl(5¢jkkkl B 2/ (k/ . k//)(_k//Q + (k/ i k//)2/k/2>
TR T Ay T w GG ’
KK ik (K- K" S + ki)
Talp) = K? /p G(p')G(p")
B 2/ k/Qk//Q o 3(’(:/ X k//)z + 2(](:/ . k//)4/(k/2k//2) (B 8)
Tk Sy G(p)G(p") ' '

Employing identities similar to those in eq. (B.4), these four integrals can be related to
just two integrals Zs(p), Z3(p), as given in eq. (3.22).
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B.2 Computation of I

For the two density fluctuation background coupling diagrams in eq. (2.14b), we find

k/ . k//

iF;r (p) ~ P’ W

— iTX*A\K?

2T5 / K" o'k - K"+ Xiw')
X v FEFE)P
QX/Z'w/ + (g@o’ 7) k/ k//

— 2 o o
A A P
- % (ZX’Diw + ’L'F(p)aa(gl/f)> Tp). (B.9)

The two leading-order mixed fluctuation diagrams in eq. (3.19b) lead to

il (

12717 ~ 27135
2T77X / Kk k] K _2T5 K" K" ko kY
IGP)PF(p ” w Sy GO)IF(p")P
B ’LTX ( B ) k2 — (k-k')/k”
a G

w \n o p)F(p”)
. 2 ~ ~
_ zT;(}k (z B Z) (). (B.10)

Finally, the remaining two momentum fluctuation diagrams in eq. (3.19b) evaluate to

F/ ( ) QTT]/ k//Q ()\ k25” 2¢k‘ k. ) k/zkk//]l (Xelwlékl + (5klk/ k" + klk//))

GG ")
dudd (Aek?0ij — 20kik; ) KR Gk’ - K + Kk
waﬁz/
(2m)*+ G()G@")
. / (Ack?0i5 — 20kik; ) KRR (Dxci'o + (298 — 51) (Ouk' - k" + kik) )
Gp)GP")

= iTAk” (ZX (jl( ) + I(O k)) n/n G/ 7. )

=ik (D () + 3T00.0)) 41 W") Tip)) (B.11)

These expressions can be combined with the ones for I',;,. to obtain the retarded correlation
function following eq. (B.1).

B.3 Computation of I'y,
We start with the three density fluctuation diagrams in eq. (2.18c¢), resulting in

k/Qk/IQ 5 k//2 kz(k X k/)
Lua(p) ~ —2T%6 2/\2k4/ + (4T MG | ——— 2t
|E'(0") [ F'(p") !2 p F ()| F(p")
NG /o k? —2X(k - k')
_ 72,2 zg/ 2 .
A P Ty R
- T2X2)\k2§ (ZA - 2X) Ty (p) + c.c. (B.12)
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Here “c.c” denotes complex conjugate. Note that the last two diagrams in eq. (2.18c¢)
are complex conjugates of each other. Similarly, we can compute the leading order mixed
fluctuation diagram in eq. (3.24c),

47257 / k2K k' ki,
w P

Faa(p) ~ 2 / |G(p’)|2\F(p”)|2
T [k (k- K)/K?

—_— = + c.c.
w oonly GE)EP)
T?xk* & 1]
_ X gﬂzo(p)—FC.C. (B.13)
w o on

This leaves us with three momentum fluctuation diagrams in eq. (3.24d), which can be
computed to obtain

K2k (Aﬂcsijk? - 2¢kikj) ik gl (Aﬂak,k? - 2¢k:kkl)

Lo (p) ~ —27? 772

v G(P)PIG(")?
= [ K (Mr0iik® = 200k ) KRR Sk - K+ Kk
) <2iT2w¢ﬁ/p’ e zé(p’;l)G(p”)IQ( o l)+c'c'>
7l | (Ao — 20k ) KT (300 000k + Bk I+ So8kuky)
7y’ G(p)G (") ©
— TZZ]@?Z (()\le () =4 J3(p)) (no—xglzwkz> +noAr J2(p) —n0¢j4(p)> +e.c.
(B.14)

This result can be used in conjunction with Iy, to obtain the symmetric correlation function
using eq. (B.3).
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