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Fluctuation dynamics in a relativistic fluid with a critical point
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To describe dynamics of bulk and fluctuations near the QCD critical point we develop general relativistic
fluctuation formalism for a fluid carrying baryon charge. Feedback of fluctuations modifies hydrodynamic
coefficients including bulk viscosity and conductivity and introduces nonlocal and noninstantaneous terms
in constitutive equations. We perform necessary ultraviolet (short-distance) renormalization to obtain cutoff-
independent deterministic equations suitable for numerical implementation. We use the equations to calculate
the universal nonanalytic small-frequency dependence of transport coefficients due to fluctuations (long-time
tails). Focusing on the critical mode we show how this general formalism matches existing Hydro+ description
of fluctuations near the QCD critical point and nontrivially extends it inside and outside of the critical region.
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I. INTRODUCTION

The classic subject of relativistic hydrodynamics [1] has
experienced a renaissance of interest in recent years [2,3]. The
interest is driven in large part by the progress in heavy-ion col-
lision experiments which allow us to create and study droplets
of hot and dense matter governed by physics of strong interac-
tion described by quantum chromodynamics. The increasing
body of experimental evidence that relativistic hydrodynamics
is describing the evolution of the expanding fireball created
in these collisions motivates technical developments as well
as a closer look at many fundamental theoretical concepts in
hydrodynamics.

The subject of hydrodynamic fluctuations is particularly
relevant to heavy-ion collisions. The system size L is not
astronomically large compared to the typical microscopic
scale, £;c (factor 10 at most is a typical scale separation).! As
a result, fluctuations are large enough to be easily observable
in experiments. In addition, since the leading corrections to
hydrodynamics are due to the nonlinear feedback of fluctu-
ations, we cannot afford to neglect them—a luxury one is
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'In the context of heavy-ion collisions, £y ~ 1/T ~ 1 fm, while
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used to in ordinary fluid dynamics. Fluctuations are even more
important when enhanced by critical phenomena.

From the modern point of view, hydrodynamics is a sys-
tematic expansion in spatial gradients. More precisely, it is
the expansion of constitutive equations for stress tensor (and
conserved current). The expansion parameter is the ratio of
a typical hydrodynamic wave number k = 1/L to a micro-
scopic scale, say, temperature 7T'; inverse scattering length; or,
generically, 1/€ .. In this view, the ideal, nondissipative (i.e.,
reversible) hydrodynamics is the truncation of this expansion
at lowest (zeroth) order. At first order in gradients [i.e., at
order k' or, more precisely, (k€mic)'] one recovers standard
Landau-Lifshitz or Navier-Stokes hydrodynamics. It is the
following order in this expansion that concerns us here. That
order is not k% but rather is k> (or k?/? in d dimensions).
Such nonanalytic behavior in k and, therefore, nonlocal con-
tributions come from fluctuations in hydrodynamics. Thus it
is essential to understand the physics of hydrodynamic fluctu-
ations to faithfully describe physics of heavy-ion collisions.?

Furthermore, in addition to modifying hydrodynamic equa-
tions by effectively nonlocal contributions, the fluctuations
themselves are measured in heavy-ion collision experiments.
In particular, one of the most fundamental questions these
experiments aim to answer is the existence and location of the
critical point on the QCD phase diagram [5,6]. The signature
of this phenomenon is a certain nonmonotonous behavior of
event-by-event fluctuation measures when the parameters of

2Second-order (k?) corrections could be dominant instead of fluctu-
ations in special cases, where fluctuations are suppressed, as in some
large-N theories [4]. Also for dimensions greater than 4, fluctuations
are parametrically smaller than k> terms. This paper shall be con-
cerned with the generic hydrodynamics in three spatial dimensions,
relevant for QCD fireball evolution in heavy-ion collisions, among
other applications.
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the collision (such as center-of-mass energy) is varied in order
to “scan” QCD phase diagram [7,8]. This nonmonotonous
behavior is driven by critical phenomena and thus predictable
without being able to determine the QCD equation of state at
finite density (still an unsolved theoretical problem).

The existing predictions for critical behavior rely signifi-
cantly on the assumption of local thermal equilibrium. How-
ever, near the critical point, the equilibrium is increasingly dif-
ficult to achieve due to critical slowing down and a finiteness
of expansion time. Essentially, this limitation determines the
magnitude of the observable signatures of the critical point
[8,9]. Therefore the ability to describe the dynamical evolu-
tion of fluctuations during the fireball evolution, in particular,
in the proximity the critical point is crucial. The goal of this
paper is to provide such a description.

One of the recent advances toward this goal has been the
introduction of Hydro+ in Ref. [10], with a recent numerical
implementation in a simplified setup reported in Ref. [11].
Focusing on the mode responsible for the critical slowing
down, identifying it with the fluctuation correlator of the
slowest hydrodynamic mode, the authors of Ref. [10] pro-
posed the evolution equation which describes the relaxation
of this nonhydrodynamic mode to equilibrium.> Extending
hydrodynamics by addition of such a mode one is then able
to broaden the range of applicability of hydrodynamics near
the critical point and describe the dominant mode of critical
fluctuations at the same time. The crucial ingredient of this
formalism is a nonequilibrium entropy of fluctuations derived
in Ref. [10].

We approach this problem from a different direction. We
start with the general formalism of relativistic hydrodynamic
fluctuations introduced earlier in Ref. [12] for neutral (charge-
less) fluids and extend it to include a crucial ingredient—
baryon charge density. The QCD critical point, if it exists,
is located at finite baryon density. The approach we pursue,
in which the two-point correlators of hydrodynamic variables
play the role of additional nonhydrodynamic variables, has
been introduced and developed recently in the context of
heavy-ion collisions, but limited to special types of flow such
as longitudinal boost-invariant expansion in Refs. [13-15].
In a more general but nonrelativistic case this approach was
pioneered by Andreev in the 1970s [16]. The approach is often
referred to as “hydrokinetic” to acknowldge the similarity be-
tween the two-point correlators and the distribution functions
in kinetic theory. In particular, the dynamics of the correlators
of the pressure fluctuations is essentially equivalent to the
kinetics of the phonon gas. This physically intuitive picture
was the original source of this formalism [13,17] and was
rigorously derived in general relativistic context in Ref. [12].

The hydrokinetic approach should be also contrasted with
the traditional stochastic hydrodynamics where the noise is
introduced into hydrodynamic equations as in Refs. [18,19].
From this point of view, the “hydrokinetic” approach could

3Note that the two-point correlator of a conserved density is not a
hydrodynamic mode itself, since it is not a conserved quantity. Such
two-point correlator is not a part of ordinary hydrodynamics.

also be called “deterministic,” as it replaces stochastic equa-
tions with deterministic equations for the evolution of cor-
relation functions. Of course, the two approaches solve the
same system of stochastic equations but in complementary
ways. The advantage of the deterministic approach is that it
allows one to deal with the problem of the “infinite noise”:
The noise amplitude needs to become infinitely large as
the hydrodynamic cell size is sent to zero, even though the
physical effect of the noise is finite due to its averaging out
in a medium whose properties vary slowly in space and time.
The effect of the infinite (or more precisely cutoff dependent)
noise can be absorbed into renormalization of hydrodynamic
equations—a procedure which can be performed analytically
in the deterministic approach. This avoids having to deal with
numerical cancellations which would otherwise be necessary
in a direct implementation of stochastic equations.

Near the critical point the deterministic approach we de-
velop here, although different from Hydro+ in Ref. [10],
nevertheless leads to the description of fluctuations in terms
of two-point correlators as in Hydro+-. In this paper we verify
that in the limit of large correlation length the two approaches
exactly match. This is a nontrivial check of the validity of both
approaches. Furthermore, since the deterministic approach is
more general it allows us to extend the Hydro+ approach both
closer to the critical point and further away from the critical
point to describe also ordinary, noncritical fluctuations.

The paper is organized as follows. In Sec. II we start from
stochastic hydrodynamics and derive linearized stochastic
equations for the fluctuations of hydrodynamic variables. In
Sec. III we use this result to derive deterministic evolution
equations for the two-point correlators of hydrodynamic vari-
ables. These equations bear resemblance to evolution equa-
tions in kinetic theory. In Sec. IV we expand the stochastic
hydrodynamic equations again, now further, to second or-
der in the fluctuations. On averaging over noise, we obtain
the equations for averages of hydrodynamic variables (one-
point functions). These equations, due to nonlinearities, now
contain the contributions of two-point functions. These con-
tributions lead to renormalization of “bare” hydrodynamics
equations, i.e., they change the “bare” equation of state and
“bare” transport coefficients into physical quantities. All the
cutoff dependence is absorbed at this stage. The remaining
contributions are nonlocal and are known as long-time tails.
As an example, we work out explicitly the nonanalytic small-
frequency dependence of transport coefficients. In Sec. V
we study the behavior of the equations we derived near the
critical point, perform comparison with Hydro+ and propose
an extension to shorter time-/length scales which we refer to
as Hydro++.

II. STOCHASTIC HYDRODYNAMICS
AND FLUCTUATIONS

A. Hydrodynamics with noise

The starting point of our analysis is the relativistic hy-
drodynamics with stochastic noise which drives the thermal
fluctuations of hydrodynamic variables. The amplitude of the
noise is proportional to the dissipative transport coefficients
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as a consequence of the fluctuation-dissipation theorem. For
macroscopically large systems we are considering, fluctua-
tions are small because they originate from the noise at mi-
croscopically short scales and average out over macroscopic
distances. This allows us to treat the effects of these fluctu-
ations systematically in a power expansion. We shall discuss
the corresponding power counting in Sec. VI. In particular, in
this paper we will focus on the quadratic order in fluctuations
and neglect cubic and higher order. In this section, we lay out
this basic setup, up to the quadratic order of fluctuations that
we are working with. This is a generalization of our previous
work for fluids without conserved charges [12] to the case of
relativistic plasma with a conserved charge.
Stochastic hydrodynamics with a conserved U(1) charge is
defined by the conservation equations
9, T"" =0,

) 2.1)

Here we follow the conventions in Ref. [12] and distinguish
stochastic quantities by the breve accent ~. Defining the
stochastic hydrodynamic variables (¢, 71, i#**) by the Landau’s
conditions

T, = —&i*, (2.2)
we can write 7" and J* as
TH =T @&, i, i)+ S, JH=J"¢E )+ 1", (2.3)
in terms of the “bare” constitutive relations
T (e, n,u) = € uu’ + p(e, n)A*" + 1",
JH (e, n, u) = nut + v*, 2.4)

where A*Y = g" + uu” is the standard spacelike projection
operator. The function p(e, n) is the pressure, given by the

equation of state. As usual, p, in terms of entropy s:
p=Ts— €+ un, 2.5)

where temperature 7 and chemical potential u are defined via
derivatives of s (the first law of thermodynamics):

B=1/T,

Throughout the paper we will also use the enthalpy density,

ds = Bde — adn, a=u/T. 2.6)

w=e+p=Ts+ un, 2.7
and, most importantly, entropy per charge ratio
m=" (2.8)

_
The constitutive equations in Egs. (2.4) are organized as an

expansion in powers of spatial gradients. The terms first order
in gradients are given by

™ = —2p(0"" — 1AM0) — ¢ AM, (2.92)
V= —AAM Yo = -2l a, (2.9b)

and
0" = 3(u’ +0Vu"), O=0u' =9 u  (210)

The shear and bulk viscosities are denoted by 7 and ¢, and
the charge conductivity is denoted by A.* The fluctuations are
sourced by random noise terms ($*V, I*) that are sampled over
a Gaussian distribution with an amplitude determined by the
fluctuation-dissipation theorem,

§#(x) = (I"(x)) =0,

S (x)) =0,

O () = 20 AP 8 (x — X)),

S ()8 (x)) = 2T [n (AP A" + A AYY)
+ (¢ = 2n) AW A8 D (x — x'),

@2.11)

o~ e~~~

where A, T, 1, and ¢ here assumed be functions of averaged
thermodynamic variables, such as energy density and number
density. Equations (2.1) together with constitutive equations
(2.4) determine evolution of stochastic variables €, 77, and ii.
Since we have the freedom to choose an independent pair of
scalar variables arbitrarily, we use this freedom to keep our
calculations and resulting equations relatively simple. We find
the following set of variables particularly convenient:

m=mE, i) and p=pE, i), (2.12)

where m(e, n) and p(e, n) are the entropy per charge and the
pressure, expressed as functions of the energy and charge
densities, defined in Egs. (2.8) and (2.5). This choice sim-
plifies our calculations because the fluctuations of m and p
are statistically independent in equilibrium and correspond to
two eigenmodes of linearized ideal hydrodynamic equations.
We shall denote the ensemble averages of these variables by
simply removing the accent, i.e.,

m=(m), p=(p), u= (). (2.13)

Having defined variables m and p as average values (one-
point functions) of primary variables in Eqs. (2.13) we shall
now define other deterministic variables, which appear in our
equations, such as € and n as functions of m and p obtained
via equation of state:

€ =€e(m,p), n=n(m,p). 2.14)

Note that, due to nonlinearities in these relationships, € # (€)
and n # (in).

In order to describe the evolution of these deterministic
quantities we shall perform the ensemble average on the
stochastic equations. Although this eliminates the noise terms,
because of the nonlinearities in the constitutive equations the
averaged equations cannot be simply obtained by substituting
stochastic variables by their averages. We shall describe the
effect of these nonlinearities on the evolution of average
values [i.e., one-point functions in Eq. (2.13)] in Sec. IV.
These effects, to lowest order in the magnitude of the fluc-
tuations, are given in terms of the two-point functions. Our
goal in Sec. III will be to derive evolution equation for these
correlators. We should also keep in mind that these two-point

“Note that in terms of the conventionally defined conductivity at
constant temperature defined as J = —odu: A =oT.
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functions are of interest in their own right, since they describe
the magnitude of the fluctuations and correlations which, in
heavy-ion collisions, are measurable [6].

B. Linearized equations

To obtain equations for the two-point functions we first be-
gin by writing stochastic hydrodynamic equations linearized
in deviations of the stochastic variables from their average
values in Eq. (2.13):

m = (m) + ém, it = ") + sut.
(2.15)
To linear order, the fluctuations of 7z and p are simply related
to fluctuations of € = e(si1, p) and 7i = n(7n, p) by a linear
transformation with coefficients given by thermodynamic
derivatives. We shall use the following intuitive short-hand
notations for these derivatives:

p=(p)+ép,

de =epdm+€,dp, dn=ny,dm+nydp, (2.16)

whose exact definitions are given in Appendix A. Similarly,
we find it useful to express the fluctuations of the thermody-
namic function & = «(é, 17) defined in Eq. (2.6) in terms of
dm and § p and define corresponding coefficients:

da = a,dm + a,dp. 2.17)

Of course, due to nonlinearities in the equation of state
the relationship between fluctuations of (€, 71, &) and (71, p)
is nonlinear, and we shall deal with this in Sec. IV
where we consider the second-order terms in the fluctuation
expansion.

Now we are ready to expand the constitutive equations to
linear order in fluctuations:

TH ~ TH (e, n, u) + €uu'u”dm + [g* + (1 + €,)uu"15p
+w(usu” + u"sut) — n(d'su” + 9" su")
— ({ — %r/)A’“’a SSu+ 8",
JH = JH (e, n, u) + nputSm + nyut8p + ndu

— Ay, 04 8m — ha, 04 Sp + I*. (2.18)

The equations of motion for both the background and the fluc-
tuations are obtained by substituting Eq. (2.18) into Eq. (2.1).
By definition, Eq. (2.15), one-point averages of fluctuations
vanish, (§m) = (6p) = (Su) = 0. Therefore, on averaging the
equations of motion, (3, 7"") = (d,J*) = 0, we obtain

0, T" (e,n,u)=0, 9d,J"(e,n,u)=0. (2.19)

At leading order in gradients, this gives us equations of ideal
hydrodynamics,

u-d0e =—wb, 0d,,p=-—-wa,, u-don=-—nb,(2.20)

which we shall use in the following calculations below. Here
a, = udu,, is the fluid acceleration. Inserting Eqgs. (2.19)
back into the original stochastic equations, Egs. (2.1), we
obtain the linearized equations of motion for the fluctua-
tions. To present these equations compactly we introduce the

relaxation/diffusion coefficients,

_n _¢ apw 2 2
Vo = E’ Ye = E’ Yo = —)\.ﬁ, Yp = )\.CSOlpTlU.
2.21)
We also use the thermodynamic relation,
1 T
Ed<£> = ——(1 - ﬂTn)dp e, 22)
n w w Uy Ay W

and express our equations in terms of gradients of p and
«. With the help of above expressions, including the ideal
equations of motion (2.20), we find, after some amount of
algebra, the following equations of motion for our fluctuating
variables:

1
u-38m = ——~(aywa, + d,0)8u” + y)\aiém
o

O 2 8p— —— 4 g0
+ " ¥,.016p Tn O u, S + T 9, 1",
u-38p = —ciend(1 — €,)8m — (1 4 ¢ +2¢,)05p
o
- w[cfal\, - (1 — cf)av](?u” + a—ypaiﬁm
P
+ y,,BiSp — TBMMDS”V - cfoszw 30",

m 1 1+¢?
u-88uﬂz—6 a“Sm——(8lH+ +Csau>8p
w w c

2
s

— (= wpay + 8101, — 2N ,0) 80"
1
+ [VﬂAﬂvai + (V{ + §y,,)amalv}8u”

1 o
— — A, 05" (2.23)
w

We also introduced a useful notation “dot” for the operation

defined as:
% - dlogX\ s (0X
~\dlogs /,, x\as/,

for a given thermodynamic quantity X. Note that since this
operation is a logarithmic derivative it satisfies

(XY) =X +7Y. (2.25)
This operator appears in our equations because, to leading
order (ideal hydrodynamics), (ud)m = 0 and (ud)(logX) =
—X0.

The quantity 7, similarly to coefficients defined in
Egs. (2.16) and (2.17), involves second-order thermodynamic
derivatives, i.e., second derivatives of the entropy s(e, n).
Since there are only three independent second-order thermo-
dynamic derivatives, all such quantities can be expressed in
terms of three independent ones. We find that a convenient
choice, making equations most transparent, at this stage of the
calculation, is a,,, o), defined in Eq. (2.17) and

C2E<@> .
s d€ /),

In the intermediate steps of the following calculations, we
shall sometimes use other second derivatives also, if neces-
sary, in order to keep our expressions as simple as we can.

(2.24)

(2.26)
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At the end, to express our final results, we shall switch to
another set, ¢, ¢p, and T, which contains more commonly
used second-order derivatives. The quantity 7" is not common,
but it appears naturally and makes equations more transparent
and concise. It also has a reasonably simple meaning, in
particular, in a neutral fluid and also in a conformal fluid,
where T = c? (see Table I). If desired, it can be traded for a
more common quantity, such as c,, using Eq. (B8). Converting
second-order derivatives defined in Egs. (2.16) and (2.17)
into different independent sets is easily accomplished via the
relations below (see also Appendix A):

T
€n = (Tn)zap = Tn<l — —), €, = cs_z,

2
_(apTn—1DTn?  TTn? 2.7
" w o w’ '
n w
n,=——, Oy =——7.
P2 c,T

The quantities ¢, and €, involve third-order thermodynamic
derivatives [i.e., third derivatives of a s(e, n)].

Another commonly known quantity we shall find useful in
what follows is the heat conductivity coefficient

_(2Y, 2.28
in terms of which the diffusion coefficient is simply
K
Y= — (2.29)
Cp

We introduce a collective notation for the fluctuating
modes,

¢a = (Tném, 5p/cy, wéu,,), (2.30)

where normalization of the modes is chosen to make result-
ing matrix equations simpler and more symmetric. We can
then write the above equations for the linearized fluctuations
[Eq. (2.23)] in a compact matrix form,

-3¢y = —(L + D + K)upo® — &4,

where L, D, and K are 6 x 6 matrix operators. The operators
L and D are the ideal and dissipative terms, respectively, K
contains the corrections due to the first-order gradients of
background flow, and six-vector §4 denotes the random noise.
Explicitly

(2.31)

0 0 0 —yxai (csocan)_lypai 0
L=1|0 0 cdi, ], D= cso:,,Tnyanz_ —y,,BJZ_ 0 ,
0 ¢d, O 0 0 — VD03 — (Ve + 3v)01.000
(1+T7)0 0 I (apay + 20.1,a)
K={cop(d—e)Tnd (1++6)0  [2— I )ea, — <27, (2.32)
2
a,Tnay, l": ay + 01,65 —uuay, + 911, + A0

£ = (— %am, s, Twds I, A,MaAS“).

Equation (2.31) for linearized fluctuations provides the foun-
dation for the fluctuation evolution equations for the two-point
correlation functions, derived in the next section.

III. FLUCTUATION KINETIC EQUATIONS

The physical effects of fluctuations on hydrodynamic flow
manifest themselves through two-point functions. This is be-
cause, by definition, the first-order fluctuations average to zero
[i.e., (pa(x)) = 0via Eq. (2.15)] and the leading-order correc-
tions to (T} and (J*) come from the second-order terms in
the fluctuation expansion (i.e., the two-point functions) whose
time evolution equation we derive in this section. How these
two-point functions modify the hydrodynamic flow, in other
words the feedback of fluctuations on background flow, will
be discussed in Sec. IV.

Our strategy is to use equations of motion for linearized
fluctuations, Eq. (2.31), to derive an evolution equation for the
“equal-time” two-point correlation function of fluctuations,
{pa(xT)pp(x7)), obtained by averaging over the statistical
ensemble generated by the stochastic noises. Before we do so,

(

we discuss some general features of the two-point correlator
of hydrodynamic variables

Gap(x,y) = (pa(xT)pp(x7)), where x*

=x=xy/2.

(3.1)
In a static homogeneous equilibrium state of the fluid, the
correlator is translationally invariant, i.e., depends only on the
separation y = x™ — x~ and not on the midpoint position x =
(x* + x7)/2. Furthermore, because equilibrium correlation
length is shorter than the coarse grained resolution of hydro-
dynamics, the equilibrium equal-time correlation function is
essentially a § function of the separation vector y with the
magnitude determined by the the well-known functions of
average thermodynamic variables € and n.

However, in a generic relativistic hydrodynamic flow sev-
eral new observations need to be made. First, the concept
of “equal time” is no longer obvious, as it depends on the
frame of reference. The most natural choice, the rest frame of
the fluid, is now locally different in different points. We will
discuss how to implement it in the next subsection, following
the formalism introduced in Ref. [12].

034901-5



AN, BASAR, STEPHANOV, AND YEE

PHYSICAL REVIEW C 102, 034901 (2020)

Furthermore, not only the local thermodynamic conditions,
and thus equilibrium magnitude of fluctuations, slowly vary in
space-time, but also the fluctuations themselves are driven out
of equilibrium. Therefore, not only the fluctuation correlator
depends slowly on x, but it also acquires nontrivial y depen-
dence, beyond the equilibrium § function. It is crucial that the
scale of that y dependence is short compared to the scale of
the dependence on x.

The estimate of the y-dependence scale can be made by
observing that the equilibration of fluctuations of hydrody-
namic variables is a diffusive process (since the variables obey
conservation equations). This means that the scale of equili-
bration’£, is the diffusion length during time interval charac-
teristic of the evolution. For the reciprocal quantities such as
fluctuation wave number ¢, = 1/€, and the frequency c;k of
the sound, one obtains y g2 ~ c,k and thus g, = /c;k/y > k.
In other words, ¢, < L = 1/k. This separation of scales of
y and x dependence of the correlation function, or between
characteristic wave numbers ¢ of the fluctuations and k of
the background will be used to systematically organize our
calculations and results in the form of an expansion in k/q <
1 as well as k€. < 1. Note that, for the characteristic wave
numbers of the fluctuations and the background, the ratio
k/q ~ (kfuic)"?. In other words, this expansion is controlled
by a power of the same small parameter as the hydrodynamic
gradient expansion itself.

With this separation of scales in mind, it is convenient
to work with the Wigner transform of Gyup(x,y), that is
essentially the Fourier transform with respect to (spatial com-
ponents of) y, which we shall label as Wy5(x, ¢). Since g corre-
sponds to the wave vector of fluctuating modes that contribute
to Gap, it is similar in concept to the momentum of a particle
in quantum mechanics. In this quantum mechanical analogy,
the Wigner transform would be the (matrix valued) phase-
space distribution of the fluctuation modes or a density matrix
in phase space, (x, g), in an effective kinetic theory of fluc-
tuation quanta. The evolution equation of Wyg(x, ¢), which is
derived in this section, closely resembles a Boltzmann-type
kinetic equation for the fluctuation degrees of freedom that
are, in the case of hydrodynamics, phonons. In our previous
work, Ref. [12], we derived and studied such an equation
for relativistic hydrodynamics without a conserved charge.
In this paper we present its generalization to the case with
a conserved U(1) charge, which contains additional nontrivial
features we will discuss in the subsequent Secs. IV and V.
Some of these features, such as the existence of the slow
scalar mode, play an important role in the critical dynamics
near the QCD critical point which we discuss in Sec. V.
The derivation in this section closely parallels the analysis
presented in Ref. [12]. For completeness of this paper we will
briefly summarize the key concepts and steps from Ref. [12]
here before presenting our final result at the end.

SReference [12] uses notation £ for this scale; £, = £eg.

A. Confluent correlator and confluent derivative

The concepts of “equal-time” and “spatial” y coordinates
we invoke when defining Gap(x,y) and its Wigner trans-
formation in the above discussion become nontrivial in a
general background of relativistic flow. Both concepts require
choosing a frame of reference. The most natural choice—the
local rest frame of the fluid, characterized by the (average)
fluid velocity u" (x)—varies point to point with x. The change
of the frame from point to point is responsible for changing
the values of various vector components of hydrodynamic
fluctuations ¢4, such as du,,, entering in the definition of Gap
in Eq. (3.1). This variation is purely kinematic (Lorentz boost)
and has nothing to do with the local dynamics of fluctuations
that we are interested in. Our goal is to define a measure
of fluctuations and a measure of its changes with space and
time to be independent of such mundane kinematic effects.
We achieve this by introducing the notions of “confluent cor-
relator” and “confluent derivative” which we describe below,
summarizing Ref. [12].

The key to defining these new concepts is a parallel trans-
port, or, equivalently, a connection, that takes care of the
change of u(x) between two points, say, x and x + Ax. We
introduce a boost A (Ax) which maps u(x + Ax) to u(x), i.e.,

A(AX)u(x + Ax) = u(x). 3.2)
In principle, this boost is not unique. In our previous work,
Ref. [12], we propose to use the most natural choice, that is a
pure boost without a spatial rotation in the local rest frame of
u(x). Note that the boost in Eq. (3.2) is defined for arbitrary
Ax. In practice, however, we only need its infinitesimal form:

AL (Ax) =8 —u, Au” + Auyu®,

Aut = u'(x + Ax) — u(x) = Ax®(9,u™). (3.3)

Next, we introduce the notion of “confluent correlator.”
This notion arises because a certain property of the “raw”
definition of the two-point correlator G4 prevents us from
cleanly separating x and y dependence and performing Wigner
transform. Specifically,

W (X)Gap(x, y) = Gag(x, y)u’ (x7) =0, (3.4

where uy = (0,0, u,). These constraints follow from the
orthogonality u* (x* )8ult(xi) = 0 and relate different vector
components of G4p(x, y) in a y-dependent way. We can deal
with this problem by using Eq. (3.2) to boost G4p(x,y) in
such a way that instead of being orthogonal to u*(x*) and
uB(x™), it is orthogonal to u*(x) and u®(x). Thus we define
the “confluent correlator” as

Gap(x, y) = AS(v/2) AG(=y/2) Gep(x, y),

where Ag(Ax) =A M"(Ax) when AC = pv, and an identity
transformation otherwise. It is straightforward to check that
the confluent correlator indeed satisfies

Ut ()Gap(x, y) = Gap(x, y)ub(x) = 0,

(3.5)

(3.6)
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i.e., the constraints are now independent of y. This allows us
to meaningfully perform the Wigner transformation of this
object with respect to y coordinates without affecting the
constraint. Correspondingly, the confluent Wigner function,
defined as a Fourier transform on the locally spatial hyper-
surface u(x) - y = 0, is given by

Wap(x, q) = /d4y S(u(x) - y) e Y Gup(x, y), 3.7

and obeys

! ()Wan(x, ¢) = Wap(x, @u(x) = 0. (3.8)

Note that, although the wave vector ¢ is a four-vector, Wyp
depends only on its projection on the hyperplane defined by
u(x)g = 0. In order to eliminate the redundant component
along u(x) we can impose the constraint #(x)q = 0. Because
this constraint depends on u(x), a meaningful derivative of
Wap(x, g) with respect to x should be then defined with a
parallel transport of ¢ by A(Ax) from Eq. (3.2) to maintain the
constraint. We shall also use the same transport to eliminate
the purely kinematic effect of the boost on the vector compo-
nents of variables ¢4. This leads to the notion of “confluent
derivative,” VHWAB (x, ), which we define as

AXMV, Wap(x, @) = A(AX)SA(AX)S
x Wep(x + Ax, A(Ax) "' q) — Wag(x, ¢).
(3.9)

It is straightforward to see that VHWAB(x, q) is equal
to the Wigner transformation of the confluent derivative
V,.Gap(x, y) similarly defined by

AX*V,Gap(x,y) = A(AX)SA(AX)Y

x Gep(x + Ax, A(Ax)™'y) — Gag(x, y).
(3.10)

Although the above confluent derivative is well defined
conceptually, its practical evaluation requires us to introduce
a local basis in the spatial hypersurface of u(x)q = 0 at each
point x, the triad e/ (x) (a =1, 2, 3) satisfying u(x)e,(x) =0
and e e, = S45. The choice of the triad field e,(x) is arbitrary
and different choices are related by local SO(3) rotations.
Using this basis, we can write ¢ = e,(x)g” with an internal
three-vector ¢ = {g°} € R? and consider W (x, ¢) as a function
of q:

W(x,q) =W(x, g = eqs(x)q"). (3.11)
Working out (3.9) explicitly, we obtain
V, Wap(x, q) = 0,Wap — cb,fAch - CT),SBWAC
o b 0
+ @, gy=—Was, (3.12)

094

where the connection,

(3.13)

~V v v
@, = Updhu’ — u dhuy,

arises from the Lorentz boost acting on indices A and B,
whereas the internal SO(3) connection,

ob __ b i
w;, =€, 0¢,,

(3.14)
is due to the fact that A(Ax) 'e,(x) is in general not equal
to e,(x + Ax) but could be related by an additional SO(3)
rotation.® Note that the partial derivative d, in Eq. (3.12) is
taken at fixed ¢, not fixed ¢ = e,(x)q“. From here on we will
use the notation Wyp(x, ¢), with understanding that it is a
function of x and g given by Eq. (3.11).

B. Kinetic equation for the Wigner function W,p

Having introduced the necessary mathematical tools, we
now derive the evolution equation of Wyp(x, g) by using,
as the starting point, the stochastic equation of motion for
linearized fluctuations, Eq. (2.31). The crux of this derivation
is expressing the equation for Wyp in terms of the confluent
derivatives, which have a clear physical meaning as the
derivatives in the comoving frame. This leads to many
nontrivial cancellations.

We start with the evolution equation for the two-point func-
tion Gap(x,y) = (pa(xM)pp(x7)), with x* =x £y/2, and
choose y to be spatial in the frame u(x). The time evolution
of Gup(x, y) is obtained by

u(x) - 9Gap(x, y)
= ([u(x) - 3a(x pp(x 7)) + (pa(x)lu(x) - dpp(x7)1)

1 u-xt 8t u-x~+68t
+Jim £ / u-dy’ f e (G,
(3.15)

where the derivative operator, 9, always acts on the first
argument of the function, such as x in G(x,y), or xT in
¢(xT). Derivative with respect to the second argument, if
there is any, will be labeled explicitly. Next, we convert the
time derivatives in the right-hand side of (3.15) into spatial
derivatives. In order to do so we have to expand u(x) =
u(x®) F %y - du(x) and use the evolution equation for the one
point function, Eq. (2.31). To perform the resulting averaging
in the right-hand side of Eq. (3.15) we need to know the
average of the two-point function of the noise, which can be
calculated using the definition in Eq. (2.32) and Eq. (2.11):

(Ea(x)ER(X")) = 2Qups™P (X' — x7), (3.16)

®One can introduce W, (x, g) by Wag = €%e5W,,, so that the conflu-
ent derivative of W, involves only the SO(3) connection @. In other
words, @ reduces to a SO(3) connection when it acts on Wyp. It is a
simple matter of choice to work with W,;,(x, g) or with Wyg.
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where
a,1,02 (csa,Tn)~ly,d? 0
Q= Twy (e, Ty, ~pdd o0 . (3.17)
0 0 — v A0 + (ve + 572) 01010 ]

Proceeding from Eq. (3.15) along these steps we arrive at

1 , y o, 1 :
u-aGAB(x,y)z—[[L@>+§[L+D0>+u<+v} GCB(x,y)—[—m<>)+§[L+D<>>+u<+v] GS(x, y) +2Q08 (1),

AC BC

(3.18)

where the superscript (y) on an operator indicates that the derivatives within that operator act on y, the second argument of
Gap(x,y). For example,

0 0 0
1O =0 0 ()9 . (3.19)
0 c(x)d?) 0
The matrix Y,
A 0 0 | |
Y=| 0 (1—c)An Cotty A ik 9t + S del®, (3.20)
Cs

0 CSMHA)\K AMUAM{ —C?AMAAUK

results from the y dependence in u(x*) and ¢;(x*). Note that in deriving Eq. (3.18), we neglected higher order terms in y, based
on the scale separation between background wave number k and fluctuation wave number g: (du)y ~ (dcy)y ~ k/q < 1.

Equation (3.18) for G4p can then be used to derive the evolution equation for the Wigner function Wz, while expressing all
derivatives in terms of the confluent derivatives. After some algebraic manipulations, we find the following result, as expressed
in matrix form:

_ 1_ ow
u-VWx,q) = —[ilL'", W] - [E[L + D9 + K, W} + 209 + @) 5~
q>

1 01,Cs ow 0 1
b o+ S e, 28 T (10, Wy — [, L9, W), (3.21)
2 Cs 9g;. 9. 4

where [A, B] = AB — BA and {A, B} = AB + BA are the usual matrix (anti) commutators, while a new notation is introduced for
the “quasicommutator” which appears naturally in this context:

[A,B) = AB + BA". (3.22)
The matrices that appear in Eq. (3.21) read
0O 0 O 0 0 0
L9=¢l0 0 g, L=c¢l|0 0 V|,
0 ¢q. O 0 Vi, 0
]/qu _(CsTnOlp)ilypqz 0
DY = —cSTnoc,,)/,\q2 y,,qz 0 ,
0 0 VnAuvq2 + (Vl + %Vn)%tq‘)
—a,'vag? —(cs0,Tn)  ypg? 0
QY =Tw{ —(c;a,Tn)"y,q° e 0 , (3.23)
0 0 [y wd® + (ve + 3vn)duas ]
9 1 0 0 0
K=K+AK, AK=-——=1--{0 0 csay + 01,6 |,
2 0 cya, + 01,0 —2uy,a,
0 0 0 0 0 0
=20 wug 0 |, Hi=c¢l|l0 0 dul,
0 0 Wyrgy 0 8;,}4)L 0
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where K is defined in Eq. (2.32) and w,,, is the fluid vorticity,

Oy = 311, — 31yuy). (3.24)

Equation (3.21) is linear in W. The inhomogeneous term
2Q@ is the source for random noise, and the matrix D@
characterizes dissipation. In a static uniform background, the
balance between the two gives the equation for the equilib-
rium value for the Wigner function:

_[iu_(q)’ W(O)] _ [|D(t])7 W(O)} + 2@(4) =0, (3.25)

which is a fluctuation-dissipation relation. This equation is
solved by

c,T/w 0 0
wO =Tw 0 1 o |,
0 0 A

(3.26)

where we used Eq. (2.27): oz,;l = —c,T /w. Equation (3.26),
taken together with Eq. (2.30), is in agreement with the
well-known thermodynamic expectation values: V ((§m)?) =
cp/nz, V((p)*) = c?Tw, V{(6u)?) =T/w and (8mbp) =
(6méu) = (§péu) = 0, where V is the volume of the system.
The matrices K’, 0);, and H, encode the effects of background
gradients, that drive the system out of equilibrium.

C. Averaging out fast modes

Some of the components of Wyg(x, ¢) oscillate fast with a
characteristic frequency w ~ c,q, due to the L9 ~ ¢,q term in
the matrix kinetic equation (3.21). According to our hierarchy
of scales, the other terms in Eq. (3.21), are of order either
k or yg* which are smaller than this oscillation frequency,
csq. This separation of timescales leads to a new effective
description of the system where the fast components of Wyp
are eliminated by time averaging and only slow modes remain.
The corresponding coarse-graining timescale b, satisfies

ek < b < cgq. (3.27)

The slow components of Wyp that survive time averaging
correspond to effective distribution functions in a Boltzmann-
like kinetic theory of fluctuations. Note that this is also similar
to how we diagonalize a quantum density matrix to identify
the particle distribution functions starting from quantum field
theory.

To identify the fast components, we express the kinetic
equation in the basis where L9 is diagonal. L@ has six
eigenvalues:

(3.28)
J

Ar =Falql, Am=ray =i =2 =0,

(U cs§) - VW = —y1*We — Tw) + [(csa, + 31,¢)|q] + (DLuu)q" + 262 @3, .

B {<1 +c2 460 + 004"

where the sound damping coefficient y;, is given by

Yo=Y+ 3V + Vo

corresponding to six eigenvectors Y, Wwhere A =
m, +, —, (1), (2), ||. We arrange the eigenvectors to form
an orthogonal transformation matrix

1 0 0 0 0 0
yh=10 1/4/2 —1/4/2 0 0 0, (3.29
0 ¢/vV2 V2 1V P

where § = ¢/|q| is the unit vector along ¢ and ¢! and +® are
two transverse unit vectors that satisfy

D=0, 9. ux)=0. (3.30)
Note that the last eigenvector is a consequence of orthogo-
nality constraint and is not a physical fluctuation mode. The
choice of the dyad ¢”(x, ¢) is not unique, and is subject to
SO(2) rotations that are local in both x and g spaces. This
local freedom will bring about additional connections in the
confluent derivatives, after we project Wyp onto the slow
components.

We go to the basis where L) is diagonal by the orthogonal
transformation M — 7 M1, on which Wy transforms to

Wag = VA Wapyp. (3.31)

The spurious components Wy, Wi, and W vanish automat-
ically due to the constraint, Eq. (3.8), and we are left with
5 x 5 matrix Wag. In the basis, we have

[L9 W]ap = (Aa — AB)WaB,

0 40) = gl

(3.32)

which means that the modes with A, # Ap are the fast modes.
They average out on the coarse grained timescale b, and thus
can be neglected. The remaining modes are not all indepen-
dent. In particular,

W++(.x, q) = W——(xy —C]) = WL(X, q)

is the longitudinal mode associated with sound fluctuations.
The remaining diffusive modes form a 3 x 3 matrix and obey
Was(x, ¢) = Wpa(x, —q), i.e., only six of these modes are
independent. These seven independent components, W, and
Was [A, B =m, (1), (2)], constitute the degrees of freedom
in the new effective kinetic description of fluctuations. Note
that the 3 x 3 block of Wag =W [A,B =m, (1), (2)] still
contains off-diagonal components, which reflects the fact that
the three modes of A = m, (1), (2) are degenerate and can mix
with each other.

The kinetic equation for the surviving slow components
follows straightforwardly from Eq. (3.21). The sound fluctua-
tion mode completely decouples from other components and
satisfies

(3.33)

ow,,
‘m
o n 2
1 + [2 - ( IZXT ) ]C&2 A CsapTznz A
g-a— ———q- 0o W, (3.34)
Cs AW
(3.35)
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and y;, y,, and y,, are defined by Eq. (2.21). Here the confluent derivative of W;, is defined as

- oW,
VW = 8, Wy + 6%y qa =, (3.36)
dqp
consistent with the fact that W, behaves as a Lorentz scalar. Defining
WL,

b
cslglw

(3.37)

such that its equilibrium value, Néo) = T /cslql, is equal to what one would expect for the distribution function of “phonons”
with the dispersion relation w = ¢,|q|, Eq. (3.34) can be recast into the form that resembles a Boltzmann kinetic equation for
phonons,

_ 0 T
LLIN] = {(u +¢54) - V = [(csap + d1ue0)lgl + Qru)g” + 2¢iq"w;, ] 3 ) (3.38)

}NL =-nq <NL -
Cs|Q|

Remarkably, the advection operator £;[N.] is precisely equal to the Liouville operator in the relativistic kinetic theory of
massless (quasi-) particles which can be identified as phonons propagating in a flowing fluid. Their dispersion relation can
be written as an on-shell condition g’:f‘;-(x)qﬂq,, = 0 in terms of an effective space-time-dependent inverse metric g’;f‘;(x) =
—utu’ + c2 AM that gives the dispersion relation of sound waves @ = c,(x)|q| in the local rest frame of the fluid (see Sec. VI in
Ref. [12] for the derivation). It should be emphasized that the Liouville operator £, [N, ] in Eq. (3.38) emerges after 9, « terms
vanish due to rather nontrivial cancellations. Equally striking is the simplicity of the collision (relaxation) term in the right-hand
side of Eq. (3.38), emerging after cancellation of all the background gradient terms in Eq. (3.34).
The diffusive and transverse shear modes, contained in 3 x 3 matrix W, satisfy the matrix equation

- VW =—(D.W — WO} + @1,u,)q" Vo W — [K, W}, (3.39)

c,T
S_ (" 0 )2 wo_ - 0
D= (o si,yn)q , W= Tw( 0 &)

P sa+27)0  laya-19 4 119 9o ;
a,Tna-t® %9 89+ t/f)t(j) - dut '

"

where

=1,2. (3.40)

Here we introduced a covariant g derivative that takes into account the rotation of the basis t(x, ¢) of the transverse modes in
q space:

=)

SN ST B P
+ [w*, W], where w;{ =O_—_ G Gmm Gt = " =, (3.41)

"YU —
V(q)W = v gh © w W

(o5

‘m

The confluent derivative in Eq. (3.39) also includes additional SO(2) connection c‘bZ = t\fi)aut(j)”, associated with the x
dependence of the basis vectors t®:

VW =0, W + &y gV, W + [, W1. (3.42)
Introducing the rescaled variables
Woum Wonii Wi
Noum = —, Npi) = ,  Niih= ——=, 343
T2 0= ) (3.43)
and also a Liouville-like operator,
LIW] = [u- ¥V = (0L,m)g" Vi W, (3.44)
we can simplify Eq. (3.39) substantially:
E[Nmm] = _ZVqu (Nmm - c_p) - it(i) . 8’n[lv(i)m +Nm(i)]’ (3453)
n w

T2 .
EeZ D N, (3.45b)

LINuiy] = —(ry + )@ Nuwiiy — avbt“l,il)llfj)Nm(j) - Et(” - 0mN(jyi) +

2
a,T"n

Tw . . . .
LINo)] = =2mq° [N(txn - 75:'/'] — 0w [t 18 Naojy + 11Ny | + 3" [ty Nujy + 1 Npm ], (3.45¢)
where ), = (1 — T/cf)/Tn, given by Eq. (2.27).
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The kinetic equations for fluctuations, Eqs. (3.34) and
(3.39), are the main results in this section. In the next section,
these equations will be used to isolate short-distance singular-
ities in the energy-momentum tensor and the charge current,
when we consider two-point correlator contributions to these
observables. This procedure can be done analytically, which
allows us to absorb the short distance singularities into the
renormalization of the equation of state and the first-order
transport coefficients. After the renormalization procedure is
carried out analytically, the resulting renormalized first-order
viscous hydrodynamics with fluctuations will have no short-
distance ambiguity (i.e., cutoff dependence). These equations
can be then applied to numerical studies of fluctuations in
hydrodynamically evolving systems, such as heavy-ion col-
lisions.

IV. FEEDBACK OF FLUCTUATIONS

Having studied the dynamics of the fluctuating modes
described by the two-point functions, Wyp(x, q), in the pre-
vious sections, we now discuss how these fluctuations affect
background hydrodynamic flow. Hydrodynamics describes
the evolution of the average values, or one-point functions, of
hydrodynamic variables, such as €, n, u, or more precisely, by
our choice, m, p, u. The equations governing this evolution are
obtained by averaging conservation equations (2.1). However,
the evolution of the one-point functions is affected by the
feedback from the higher-point functions. This is because

J

energy momentum-tensor and charge current are nonlinear
functions of the fluctuating variables, m, p, and i, as follows
from the constitutive relations, Eq. (2.4), as well as the equa-
tion state. Therefore expanding the fluctuating variables in ¢4
inside (T"") and (J*) to quadratic order, we get contributions
proportional to

(pa(x)pp(x)) = Gap(x,y = 0)
d3
f 2y —=Was(x, q)
= GAB(X). (41)

In this section we discuss two aspects of the fluctuation
feedback: (i) the renormalization of the variables, the equation
of state and the transport coefficients as well as (ii) the time
lagged hydrodynamic response, falling off as a power of
time, known as “long-time tails” or, equivalently, nonanalytic
frequency dependence of the response at low frequencies.

In order to calculate the contribution of the two-point func-
tions, we begin by expanding the energy-momentum tensor
and the charge current given in Eq. (2.3), up to second order
in ¢4. On averaging over the ensemble, the linear terms in
¢4 vanish by definition, (¢4) = 0, and only the two-point
function contributions, expressed in terms of G4p(x), remain.
Expanding the (bare) equation of state up to second order in
fluctuations leads to

€@, p) = €(m, p) + €,0m + €,8p + L€ (3m)* + €,,Smdp + L€,,(8p)* +

(i, ) = n(m, p) + nudm + np8p + S (Sm)* + nyydmdp + in,,(8p)* +

4.2)

where the coefficients of linear terms were already defined in Eq. (2.16). The coefficients of bilinear terms are third-order
thermodynamic derivatives and are defined similarly [see Appendix A, Egs. (A10)]. Similarly to expressions for second-order
thermodynamic derivatives in terms of three independent ones ¢, ¢, and T in Eq. (2.27), the third-order thermodynamic

derivatives can be also expressed in terms of two independent third-order derivatives ¢, and ¢, as

Tn? ) . 2¢,TT T 2¢,
- |:1—CP+T—CSZ+I)T<1__>:|7 6pp=_ Ya

7

Emm = c2cp c2 ctw
Tn® . 2c,TT (c2 4 2¢5)n
i — —————— 1—-¢ T — P s === . 4.3
" cf,cpw< v czw ) "rp chw? (+3)
As a result, we obtain the following expansion for (7#") and (J*):
2
(T™(x)) = T" (e, n, W+ 3 u”‘u G (x) + ”; Lyt 0 Gp(x) + — G“”(x)
€m mu v my n CS( +e P) P v pv 0
+E[G @’ + G™ ()u"] + —[G @’ + G (x)u'], (4.4a)
w
Pyt cinpput cn
(@) = J"(esnw) + T G () + =G TG+ G (4.4b)

"Note that there are four independent third-order derivatives (four independent third-order derivatives of entropy), but only two are needed in
Eqgs. (4.3). We do not need expressions for €,,, and n,,, because they will drop out on time averaging, as described below.
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The mixed term, G,,,(x) ~ (8mép), is dropped because it
is a rapidly oscillating component of G whose contribution
vanishes after time averaging, as explained in Sec. IIC.
Furthermore, we neglect the fluctuations of the viscous part
IT*Y relying on the scale hierarchy ygq ~ q/T < 1. The two
point functions G4p(x) given by solutions of fluctuation ki-
netic equations are nontrivial functionals of the background
gradients and contain both local and nonlocal terms which are
associated with renormalization and long-time tails, respec-
tively.

A. Renormalization of variables and hydrodynamic coefficients

The locality of the noise in stochastic hydrodynamics is
manifested by the § functions in Egs. (2.11). In the coarse-
grained picture, this singularity is smeared out and the ampli-
tude of the noise is proportional to b=3/? where b is the size
of the fluid cell. That means taking b — O requires infinitely
large noise. The fluid cell must be larger than the microscopic
correlation length, say 7~' or & whichever larger, for hydro-
dynamic description to be valid, but it is otherwise arbitrary.
And because it is arbitrary, the physical results obtained from
hydrodynamic equations cannot depend on the cutoff b.

Because of the infinite (§ function) noise, in our determin-
istic formalism, the singularities appear as infinite contribu-
tions to G4p(x), which arise as ultraviolet (UV) divergences
in the integrals over the fluctuation wave vector g in Eq. (4.1).
Introducing the UV cutoff A = 1/b, we expect that these
A dependent terms must be absorbed into the renormalized
variables, equation of state and transport coefficients in order
for the physics to be cutoff independent.

This renormalization procedure has been by now well
understood in both nonrelativistic hydrodynamics [16] and
relativistic hydrodynamics without conserved charge [12,14]
or in some special cases, such as, e.g., conformal fluids [15].
In this section, we complete this line of developments by
performing the renormalization of hydrodynamics of arbitrary
fluid with conserved charge in arbitrary backgrounds.

It must be kept in mind that, while A is a high-wave-
number cutoff from the perspective of the scale of fluctua-
tions, ¢, it is still small compared to the microscopic scales,
T or &', Therefore even the most dominant UV divergent
contribution to G4p/w A3T is still a small correction to the
average background variables that are of order 7*. However,
in practical numerical simulations, these corrections will in-
troduce a noticeable cutoff dependence, and the elimination of
the cutoff dependence via renormalization is not only a matter
of principle, but also an issue of practical importance.

Our starting point is to identify the physical, or “renor-
malized,” fluid velocity ug and the physical local energy and
charge densities (eg, ng) which are determined by Landau’s
matching condition

(4.5a)
(4.5b)

—(T Y = et

—(j“WRu = HR.

in terms of the “bare” variables u, €, and n. Although the
fluctuating fluid velocity is properly normalized (i.e., it - &t =

—1), the average velocity, u = (i), is not since

(4.6)

1

We define ug such that it is normalized, u3 = —1. Expanding
ug to first order in G4p, we obtain®

w6 () + U G )

_ w2Tn
MR = =
V14 Gh(x)/w
€m 142 ut

~ u" G LGP (x) — — G (x).

wet w?Tn )+ csw? x) 2w? v(x)
“@.7

From Egs. (4.5a) and (4.5b) we then find

€p = € + 0p€, ngr =n-+ Sgn, 4.8)

where the fluctuation corrections to local rest frame energy
and charge densities are given by

2
€mm Cs

€
T2 Gum(x) + 2pp Gpp(x)a

1
Sre = —Gl(x) + (4.92)
w

nmm

Sxn = ——G* G Sy 4.9b
RN = 2_w2 M(x)+ T2 mm (X) + 5 pp(x)- (4.9b)

In terms of the eg, ng, and ug, we have now the following
expressions for (T"") and (J*):

} 1
(T"V(x)) = egubup + p(e, n) A" + TI*" + EGM(X)’
(4.10a)
) = gty + v — =G (x) — 2 GP(x). (4.10b)
w w

The transformation to physical variables is not yet com-
plete in Egs. (4.10a) and (4.10b)—the “bare” values € and n
still appear in, e.g., p(e, n), which will need to be expressed
in terms of physical ez and ng. We shall do this below.

After establishing the expressions for physical energy and
charge densities, our next goal is to determine the physical
values of pressure and transport coefficients. Their physical
values differ from their “bare values” that appear in the
constitutive relations Eqs. (2.4) and (2.9) due to fluctuations.
The fluctuations contain local terms that are zeroth order
(nonvanishing for homogeneous backgrounds) and first order
in gradients. We shall denote these as Gf&)(x) and Gf,lg(x)
respectively. The former contributes to the physical value of
the pressure and the latter contributes to the physical values
of the transport coefficients. The remaining parts of Gap(x),
denoted by G(x)p, are higher order in gradients (in fact, as
we shall see, they are nonlocal functionals of hydrodynamic
variables):

Gap(x) = GOx) + GH(x) + Gup(x), (4.11)

8This expansion is based on the assumption that the two-point
function contributions are parametrically smaller than the corre-
sponding bare quantities, due to A < min(7’, &1, as will become
clear shortly. Because of this separation of scales, bare quantities that
multiply G4p can be simply replaced by their renormalized values.
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where the superscripts “(0)” and “(1)” denote the terms that are zeroth order and first order in gradient expansion.” Similarly
since dge and dgxn in Eq. (4.9) are linear combinations of G4p(x), these quantities can be also expanded:

Sre = 83 + 8 +3ge,  Spn=8n + 8 n + 5gn, (4.12)

where expressions for 5120)(6, n, 81(;)(6, n), and ER(e, n) are the same as dg(€, n) in Eq. (4.9) with G4 replaced with Gg)g, Ggg,
and Gz respectively.

By substituting this gradient expansion, Eqs. (4.11) and (4.12) into Egs. (4.10a) and (4.10b) we can identify the
physical values of pressure and transport coefficients by collecting terms zeroth order in gradients into physical (renormalized)
pressure pr and terms first order in gradients into physical (renormalized) values of kinetic coefficients:

(T (x)) = egulbuy + prA™ + T + TH, (4.13a)
(JE)) = nguls + vi 4", (4.13b)
where the zeroth-order terms in gradient expansion are given by
1 d d 1
Pr(er nR)A® = ple, A" + —GO) = | pleg.ng) — (=2 ) 80 — (22} oPn|Am + —6O@),  (414)
w de /, on/, w
and the first-order terms are given by

Y
1_IR

3 9 1
e — [(f) sV + (a_i) a‘};)n] A =G0 ), (4.152)
n €

Vg =k — %G’"ﬂ“)(x) - %ZG""“)(x). (4.15b)

The remaining, i.e., higher-order in gradients (and nonlocal), contributions to constitutive equations are given by

~ ap\ ~ ap\ ~ 1~
Fuv — {(a_f) See + (a—i’) 8Rn:|A‘” + -G ()
n €

1 , ~ . . R D
> [(1 - c,,)cpiTGmm(x) + (2= T +26,)Cpplx) — (2 + T)Gg(x)] A4 G ), (4.162)

T = —%5’”"()6) _ is)—’;éﬂﬂ(x). (4.16b)

Let us now work out the explicit expressions for the physical pressure and transport coefficients. According to Eq. (4.1), the
corresponding decomposition of Eq. (4.11) in phase space is given by

Was(x, 9) = WD (x, ¢) + W5 (x, q) + Wag(x, @) (4.17)

The zeroth-order contribution GE‘O; follows from the equilibrium solution to the fluctuation evolution equations given by
Eq. (3.26):

W, g) = diag(c,T?, Tw, TwA,,). (4.18)

Since W@ does not depend on ¢, the integration over ¢ is divergent. We regularize this integral by the wave-number cutoff
qg < A.

d*q A3
ij};(x)=/(2 )3W<°>( .q) = —dlag(CpT Tw, TwA). (4.19)

Though the tensor part of the two-point function, G (x) appearing in Eq. (4.14) is cutoff dependent, it is proportional to
AM . and thus is absorbed into the definition of the physical (renormalized) pressure. Combining this contribution with the
contributions from the terms containing 8, D¢ and S O in Eq. (4.14) we find for the renormalized, i.e., physical, pressure:

1 - 3(1 — o

pR(ER, nR) = P(ER, ”R) + 2Tn) Cs G(o)u
3w iz

c2w

(
+2T3 1 e emn,,p)GfU;,)

4
o 4 s
(nmemm 6}'}'L”lmm)(;mm + 2Tn P

“Note that G{p(x) still depends on x via terms such as w(x); however, it does not contain any gradient terms such as d,,u or 9, and it does
not vanish in a homogeneous background. Gﬁ‘ll;(x) terms are explicitly linear in gradients and do vanish in a homogeneous background.
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2-3(c2+7) 1- T +2¢

= plex, s GO € s Je (/e GO

Pler ne) + ——¢ vt 2T 2w

TA? .

= p(er, ng) + — P (1 —c; —2T+c)+§(1 —¢p) |- (4.20)

where we used
Tn* Tn? .
m€mm — €mMgm = ——— (1 —¢,), m€pp — €m = 7 5 2 — T +2¢y), 4.21
& " c?cpw( €p) Mnpp = Enflpp chw? (5 =T +2¢&) 4.21)

which can be derived by using Eq. (2.27) and (4.3). This procedure of defining the physical pressure that combines “bare”
pressure with the effects of equilibrium fluctuations is similar to the standard renormalization procedure in quantum field theory.
Having performed the renormalization of hydrodynamic variables and the equation of state, in what follows, for notational
simplicity, we will drop the subscript R on hydrodynamic variables €g, ng and ug and thermodynamic functions such as pg.

We now turn to the first-order terms in the gradient expansion given by Eq. (4.15). Since these terms are linear in gradients,
they must be combined with the “bare” transport terms into the physical transport terms. It may seem that this procedure, similar
to renormalization of pressure, is guaranteed to succeed. It indeed does, but this is not trivial because not all gradient (transport)
terms are allowed by second law of thermodynamics. The fact that only those that are allowed arise from fluctuation emerges
after delicate cancellations and is a nontrivial test of the conceptual validity of the framework we develop.

Let us begin with calculating WA(;)(x, q). This calculation essentially follows the same steps given in Ref. [12] but in this
case there is an additional mode associated with conserved charge. We begin with inserting the decomposition Eq. (4.17) into
our main kinetic equation given in Eqgs. (3.38) and (3.39). This substitution leads to an equation for W(neq)(x q) which we then
expand to first order in gradients of the background flow. Because the kinetic equation already contains gradients of the leading
term WAB (x), we can use the ideal equations of motion to convert the time derivatives into spatial derivatives:

u-9(Tw)=—(14+c;+T)Twd, u-3(c,T?) = —c,T*(c,+2T)0,

1+2c2 7\’c,T 7\ c,T
3, (Tw) = —Tw|: +2 % 4 (1 - —) Cp—]aﬂ - T2n|:1 + (1 - —>CP—]3LMa. (4.22)
C w

2
s Cs w s

In deriving these, we use thermodynamic relations given in Appendix A. Keeping only the terms that are linear in background
gradients, the equations for WI&) can be solved as
Tw .
(1) . AL A
W, (x, q) = T [(T —¢)0 — 6,,4"q" ]
2

M cpl” . M )
Wom &, q) = 2 (c,— Do, W, x,q)=W, - (x,q)=
A

cpT n/w ()
(iym m(i)

da, 423
y + 74 *-239)

T . .
Wiy @) = yw [(c2+T)0 87 — 2017 0100].
nq

Note that these expressions are given in the (A, B) basis where L9 is diagonal and we need to convert them back into the (A, B)
basis:

()

Wmm Wm P Wmv Wmm 0 Wm( J )t v
Wap = VaWan¥s = (Won  Wpp Wp | =| 0 1%(W++ + W) s Wiy = W_)g, G
Wim = Wup Wi Wamt  3Wip =W_ )y 5 Wig +W_ )G g+ W 0

which finally gives WA(IL) (x, g) in components,

T? Tw .
W(x, q) = c,— 1o, Wk q)=—=[T —é)o —0,,4"4"1,
q2 g o s B
T3n/w csT*n
Wi ) = Wiher q) = 222010 g, Wi q) = WD ) = S 3G - dar, (4.25)
" a Yy +v)g* " s YLq*

w [(C% + T)Q Kp_\) - 29)«&)\#2/(1)]’

WO q) = (T = 60 — 0031l + —
’ - S K vV
e YLq? " 2ynq*
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where A, = Y2, 101 = Ay — §ugy. Then, the corresponding G (x) after ¢ integration are given by

GO (x) = C”TZA(C' 1. W) = — L2 1 35 43600 (4.262)
mm 47_[2)/)\ P ’ pp 6772)/L §77
3 2
G (x) = % s G = Cg:;;f 01,0, (4.26b)
GV(x) = — TwA [(1 —T+¢ )eA + %9 } _ Twa {[2=10(c; + T)]0 A + 146,,}. (4.26¢)
v 62y, |\ 5 Y] s 60m2y, s - -

Finally we substitute the above expressions for GV into
Eq. (4.15). The resulting contributions are linear in the gra-
dients and have the same form as “bare” viscous terms in
IT*" and diffusion term in v¥*. Therefore they can be absorbed
into the definitions of viscosities n, ¢ and conductivity A. Af-
ter straightforward computation, we obtain the renormalized
transport coefficients as

n TA (1 n 7
3072 \y - 29,/

TA
1872

NrR =1 (4.27)

1 .
r=C+ {—(1—3T+3c's)2
YL

2 3. 1T 9 .
+y—n|:1—§(T~|—cs):| +E(1—cp) } (4.28)

AR = A+

T2 2A T 2
n [ i < } (4.29)

S

3mrw? [ (yy +yw 27
A couple of comments are in order. First, all the gradients
appearing in the expansion of G’ are matched by the gra-
dients appearing in the first-order terms in the constitutive
equations, IT*" and v¥*. For [T#*", this is a simple consequence
of the fact that, by construction, IT*" involves all gradients
allowed by Lorentz symmetry, so nothing else could have
appeared in Eqgs. (4.26a) or (4.26c). However, this is less
trivial in the case of the corrections to v*. This is because
there are rwo linearly independent gradient terms allowed by
Lorentz symmetry alone, e.g., 9, and 9, p, and, naively, any
their linear combination could have appeared in the expression
for GV in Eqgs. (4.26b). However, precisely d,a appears
in Egs. (4.26b), which allows us to absorb the fluctuation
contribution into Ag. Any other linear combination would
require additional kinetic coefficient to absorb it. However,
the second law of thermodynamics only allows the gradient
9, to appear in v* in order to guarantee the semipositivity of
entropy production rate. The way this constraint is respected
by fluctuation contributions appears to be highly nontrivial,
relying on delicate cancellations that result in rather elegant
thermodynamic identities given by Eq. (4.21). Of course, we
can view this as one of the many nontrivial checks of the con-
sistency of this approach and the validity of the calculations.

Second, in a similarly remarkable deference to the second
law of thermodynamics manifested in delicate cancellations,
the correction to the bulk viscosity given in Eq. (4.28) is non-
negative. Also, as expected, but similarly achieved through
nontrivial cancellations, the fluctuation corrections vanish in

(

the conformal limit, where ¢? = 1/3 and € = 3p, when bulk
viscosity must vanish.

B. Long-time tails

After all constitutive equations are expressed in terms of
the physical, i.e., renormalized, variables, pressure and trans-
port coefficients, the remaining contributions, denoted by 7+
are cutoff independent. This is very similar to renormalization
in quantum field theory, and it works for a similar reason—
the locality of the first-order hydrodynamics (similar to the
locality of quantum field theory Lagrangian). On a more
technical level, the gradient expansion in Wy is accompanied
by the expansion in 1/¢>. This can be traced back to the
power-counting scheme in which k ~ ¢?. The terms of order
k~2 are accompanied by 1/4* leading to convergent integrals in
Gap.

Thus, expressed in terms of physical quantities, the con-
stitutive equations (4.13) do not contain UV divergences
which could lead to cutoff dependence. Together with the
conservation equations

3 (T" (x)) =0,
3 (M (x)) =0,

(4.30a)
(4.30b)

and the fluctuation evolution equations (3.38) and (3.39), they
now form a closed set of cutoff-independent, deterministic
equations that describe the evolution of the background flow,
including the feedback of the fluctuating modes W.

In principle this coupled system of equations can be solved
numerically and nonlocal effects of long-time tails in an
arbitrary background can be studied. We leave such a nu-
merical study for future work. Instead, for the remainder of
this section we will describe important analytical properties
of the long-time tails in simple backgrounds by solving the
fluctuation evolution equations (3.38).

A quick look at the evolution equations, (3.39) and (3.38)
leads to the following “impressionistic” expression for the
nonequilibrium part of the Wigner function:

af
v@P+iu+v) -k+0of’

where v = c¢;§ or 0 depending on which mode we are
considering and y and df are schematic notations for the
relaxation rate coefficients and terms linear in background
gradients respectively. Note that k ~ 9 and uk = w is the
frequency. After subtracting the term linear in the back-
ground gradients, which is absorbed into the definitions of

wred — W — w0 ~ (4.31)
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renormalized transport coefficients, we obtain a schematic
expression for the finite part of the Wigner function:

~ af af

W ~ : - L

Y@ +iu+v) - k+93f yq?
(u+v) -k df

~ — 4.32
yg*+i(u+v) - k+0f yg> ( )

This procedure could be viewed a a subtraction scheme
that regulates the phase-space integral of the fluctuation
modes where the local (and instantaneous) short distance
term is subtracted. The integration over g leads to G ~
k29 f/y3? ~ k3% which is a nonlocal functional of the
gradients [16]. Notice that k¥ in terms of gradient expansion
lies in between k (first order, viscous terms) and k? (second-
order terms) After Fourier transformation these terms lead

J

to power-law corrections which correspond to the long-time
tails.

To be more quantitative, let us consider a special case
and focus on the nonanalytic @ dependence, by taking spatial
k to zero for simplicity. This means that we only keep the
k dependence for the background gradient term o f that is
in the numerator of Eq. (4.31) which is consistent with the
order of gradient expansion that we are working with. In
other words we are looking at the frequency dependence of
the transport coefficients. From Eq. (4.32) we see that the
frequency dependence can be expressed as

W, ) = WO Olypsye—io — WP ). (433)

The contribution of the two-point functions to the constitutive
relation for the charge current is given in Eq. (4.16b). We
can calculate the relevant W(x g) by using the substitution,
Eq. (4.33), in Eq. (4.25). By plugging the resulting expression
into Eq. (4.16b), we obtain

Mw)da =210 a + —Gm“( ) + Gp“(x)
T32 AU_AAU 2T22 AAV
— 20 + io 2 8j_a/ s N PR | et 434
w ¢ [y +v)g” —iol(yy + vi)g w ¢ VLq” —io)yrq
from which we find the frequency-dependent conductivity, A(w), to be
T%n* (1 —1i) c,T c?
Mw) =1 —o'/? + —= (4.35)
w? 627 | (vy + 1) w 2)/3/2

Here A denotes the renormalized value of the zero frequency conductivity. This result is consistent with the already known result
for the special case of a conformal, boost invariant plasma with conserved charge given in Eq. (50b) in Ref. [15].
The frequency-dependent viscosities can be computed in the same way. The fluctuation contributions to the viscous tensor is

as follows:

M (w) = —2n(w) (9““ — A’“’Q) — Z(w)o AP

1~ 1 o~
= " + G"”( )+ — ﬂ G () + (7 — T +2¢y) G pp(x) — (¢ +T)Gi(x) A", (4.36)
2w c,T
where IT*" stands for IT*"(w = 0). After substituting the @ dependence in Eq. (4.33) in Eq. (4.36) we obtain
T — )0 — 010" (2 +T)9 AW — 20 RLAY
" (w) = le—l-l'a)T/ [( C‘)z 'Akq qz]q q (s ) — ZA K
p (veq” — iw)yrq 2yng” — iw)2yyq
Py SRS BN = T L T
2 | CQug* —iw)2y.q? (YLq* — io)yLq?
T — )0 — 0,67 0°  2(2 +T)0 — 205 Ay
@iy E0 10" (< 2) — 20 (4.37)
(9> — i®)yLq (2yyg* — iw)2yyg
from which find the frequency-dependent viscosities,
) Ll S T
w)=1n—
nw) =n =T @y |
1-| 1 . 4 3. 2 9
=t — w7 1 =37 +3¢)° + ———|1— (T + ¢ ————(1—¢,)¢. 4.38
(@)=t ni (1= 3T 4360+ S| = 3 (T e) | + 5, (=4 (*-38)
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Here n and ¢ denote the renormalized values of the zero
frequency viscosities.

V. FLUCTUATIONS NEAR THE CRITICAL POINT

In the preceding sections we saw that kinetic coefficients,
¢, n, and A receive contributions from fluctuations. These
contributions are dominated by the fluctuations at the cutoff
scale A and therefore depend on the cutoff.

In this section we consider the physics of fluctuations at
the critical point. The main feature of the critical point is
that the equilibrium correlation length of the fluctuations,
&, becomes infinite. To maintain the separation between the
hydrodynamic scales L ~ k~! and microscopic scales, such as
&, we must limit the domain of applicability of hydrodynamic
description to wave vectors k < £~!. However, as empha-
sized in Ref. [10], this does not mean that hydrodynamics
applies until k ~ £, Instead, the hydrodynamic description
ceases to be applicable (breaks down) before k reaches that
limitation. This happens when the frequency of the fastest
hydrodynamic mode (the sound, with w ~ c¢;k) reaches the
rate of the relaxation of the slowest nonhydrodynamic mode.
Near the critical point this rate vanishes much faster than £~

The slowest nonhydrodynamic variable at the critical point
is the fluctuation of the slowest hydrodynamic mode (diffusive
mode m), given by N,,. The relaxation rate depends on
g and equals 2y, q* for ¢ < €. Because the contribution
of the fluctuations to pressure and kinetic coefficient is UV
divergent, it is dominated by the modes near the cutoff, which
in the case of the critical point is effectively A ~ £~!. Thus
the characteristic rate of nonhydrodynamic relaxation, I, is
of order y;&2. Together with the fact that y, vanishes as
a power of £, i.e., to a good approximation y, ~ £1,'0 we
find that the hydrodynamic description ceases to be applicable
already when the frequency reaches w ~ £ 3. For the sound
modes this corresponds to k ~ £ 3, much earlier than £,

To extend hydrodynamics past k ~ £~* we need to include
the slowest nonhydrodynamic mode, which is the idea behind
Hydro+ [10]. In our notations this mode (or modes, labeled
by index g) is N,,. In this section we intend to show that
in the regime k > £~ our formalism reproduces Hydro+.
This is a nontrivial check because Hydro+ formalism was
derived in Ref. [10] using a completely different approach
by considering a generalized entropy which depends on the
nonhydrodynamic variables (2PI entropy).

The formalism of Hydro+, while extending ordinary hy-
drodynamics beyond the scales k ~ £73in turn, also breaks

This can be easily estimated from Eq. (4.29). The contribution
of fluctuations which dominates at the critical point is in the term
proportional to ¢, i.e., Ag ~ Ac),. Given that ¢, ~ E2and A ~E71,
we find A ~ &' and y, ~ A/c, ~ &E7'. We neglected the critical
exponent 1, (c, ~ £27™) and the divergence of the shear viscosity
n ~ &% (an error of less than 10%). Taking those into account,
we would obtain the exact relation for the exponent x;, defined by
A~ EYx; =d —2 — x, — 0, (cf. Ref. [20]). Since Ty ~ y,£72, the
standard dynamical critical exponent z defined as I'y ~ &~ is related
tox; asz=4—n, —x,.

down well before k reaches k ~ £~!. The breakdown occurs
when the frequency reaches the relaxation rate I‘g of the next-
to-slowest nonhydrodynamic mode. This mode (or modes) are
the fluctuations of velocity transverse to the wave vector. This
relaxation rate is of order y,]q2 at g < £~'. Again, the domi-
nant contribution comes from modes at ¢ ~ £ ! and, since y,,
to a good approximation can be treated as finite at the critical
point [20], Hydro+ breaks down when frequency reaches
w ~ Fg ~ £72, which for the sound modes corresponds to

k ~ £72. Near the critical point this scale is still much lower
than £71.

In our formalism the next-to-slowest modes responsible for
the breakdown of Hydro+ are N, and Ny [normalized
Wigner functions obeying Egs. (3.45b) and (3.45¢)]. There-
fore, within our formalism we can extend Hydro+ beyond its
limit at k ~ £2. In Sec. V B we shall describe how to do that.
Prior to that, in Sec. V A, we shall verify that in the regime
where Hydro+ is applicable, it is in agreement with our more
general formalism.

A. Connection to Hydro+

The main ingredient of Hydro+ is the entropy density s,
of the system in partial equilibrium state where a nonhydrody-
namically slow variable ¢, or more generally, a set of variables
¢, indexed by a discrete or continuous index ¢ is not equal to
the equilibrium value <p;°)(e, n) for given € and n. For brevity
of notations we shall denote such a set of variables by a bold
letter, similar to a vector with components ¢,:

0 = {p4}- 5.1

The equations of motion for ¢ describe relaxation to equilib-
rium [maximum of s.)] accompanied, in general, by dilution
due to expansion:

(u-0)p=—F, —Ab. (5.2)

The second law of thermodynamics requires (Fy,), =
Zq, Yag g With semi-positive-definite y .Where m, is the
thermodynamic “force” defined, as usual, via

dS(+) = ﬂ(+)d€ — ()l(+)di’l — T - d(p, (5.3)

where m- @ = ) ¢ Tq%q- The coefficient A, in Eq. (5.2) de-
scribes the response of the variable ¢ to the expansion or
compression of the fluid (since 8 = 9 - u is the expansion
rate).!!

The hydrodynamic variables € and u obey, as usual, equa-
tions of the energy-momentum conservation. The equation of
state enters into constitutive equations

T = euu” + pH A" + TTH (5.4)

"For comparison, we can also cast evolution of hydrodynamic
variables or, in general, any function of € and n, in the form of
Eq. (5.2). In this case F, = 0 and A, = @¢. For example, for charge
density n: A,, = n, since n = 1, — the density changes proportionally
with inverse volume, while for the ratio m = s/n, A,, = 0, since
m = 0.
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via pressure p(4) which, as a function of €, n, and ¢, is given
by the Legendre transform of s(4:

BP) = S(+) — Bep€ +an + 1 - Ay (5.5)

This relationship between pressure and entropy is dictated by
the second law of thermodynamics [10].

Near equilibrium, the deviation of the entropy sy (€, 1, @)
from the equilibrium value s(e, n) is quadratic in 7, since en-
tropy is maximized in equilibrium. The deviation of pressure
P(+) from equilibrium p is linear in 7,

Py =D+ p, -+ OG@). (5.6)

The coefficient p, can be expressed (see Appendix B in
Ref. [10]) using Egs. (5.3) and (5.5), in terms of the equi-
librium value of ¢ at given € and n, which we denote by
0@ (e, n), as

9 3p©
—_ . A
Pp- w|: de |, " “on . A
50© ,
_ —s|: a } +A, = 9010 +4,.  57)

We wish to show that the constitutive equations in Hydro+
with generalized pressure p(;y are in agreement with the
equations we derived by expanding to quadratic order in
fluctuations, such as Eq. (4.13).

Application of the Hydro+ approach near the critical point
consists of considering the two-point correlation function of
the slowest mode (m = s/n): ¢ ~ (§mém). Essentially, using
our notations

(pq(x) =Nmm(x’ q) (58)

Due to the reparametrization invariance of Hydro+ (see Ap-
pendix C in Ref. [10]), either choice, N, or W,,,, different
by a normalization factor in Eq. (3.43), will lead to the
same result. The choice of N,,, is convenient because in
this case the compression coefficient vanishes: A, = 0 [see
Eq. (3.452)].

In order to find nonequilibrium correction to Hydro+
pressure in Eq. (5.6) we need to use the expression for the
nonequilibrium contribution to entropy derived in Ref. [10]

n 1 Ivmm Nmm
S( eq) =S+ — 5= E / |:10g W — W + 1i| (59)
q mm mm

to determine :

_ 8S(+) _ 1 1 1
Ty = — =5l o " N
a(pq 2 Ny Ny

1

= (V) TN+ O(NI) (5.10)
where
Ny = Ny = Ny (5.11)

The equilibrium value N of N, also determines the
value of p, via equation (5.7) with ¢® replaced by N®

and A, = 0. Putting this together we find, to linear order

in N,

T 0 0
P(neq) =P+ —P= ) / [thm)l] Nfg"')lNg’lzq)
—C
_ (1 _¢ )/Nmeq) PGSJZQ), (5.12)

where we used N,ﬁg,)l = ¢,/n, which follows from Eq. (4.18)
and (3.43) [and can be seen in Eq. (3.45a)] together with the
property of the log-derivative, Eq. (2.25).

We should compare this to the nonequilibrium contribution
to pressure from N, (which is dominant near critical point
due to being proportional to ¢,) in Sec. IV:

9 a
p(neq) — (f) [(SRG _ 81(30)6] + (3_Z> [(SRn — 51(30)11]

_ 1-¢ (neq)

= 26,T G,v, (5.13)
which is similar to equilibrium contribution (renormaliza-
tion of static pressure) found in Eq. (4.20) with index “(0)”
replaced by “(neq).” One can see that Hydro+4 reproduces
these nonequilibrium contributions exactly. We emphasize
that this is a very nontrivial cross-check, involving an elab-
orate thermodynamic identity for third derivatives of entropy
in Eq. (4.21). This is in contrast to Ref. [10], where Hydro+
formalism emerged via a very different route, starting from
the derivation of the nonequilibrium entropy functional s in
Eq. (5.9).

B. Hydro++

Since, as we already discussed above, the fluctuation con-
tributions are dominated by the modes near the cutoff A, and
for critical fluctuations the role of this cutoff is played by £71,
the contributions responsible for the breakdown of ordinary
hydrodynamics and of Hydro4 are dominated by fluctua-
tions at scale g ~ £~!. These modes themselves cannot be
described by ordinary hydrodynamics. The dynamics of these
modes is essentially nonlinear and nonlocal (often referred to
as mode-coupling phenomenon). However, this dynamics is
universal in the sense of universality of dynamical critical phe-
nomena and is described by model H in the classification of
Ref. [20]. We shall, therefore, use the known results from this
universality class to describe the dynamics of these fluctuation
modes.

Near the critical point, where the correlation length &
greatly exceeds all other microscopic scales, the description
simplifies due to (static and dynamic) scaling. That means the
relaxation rates, even though no longer polynomial in ¢, as in
the hydrodynamic regime where gradient expansion applies,
depend on the g and £ via functions of only the dimensionless
combination g& (times a power of &). Furthermore, these
functions (and the powers of £) are universal, i.e., independent
of the microscopic composition or properties of the system
close to the critical point in a given universality class. The
universality class relevant for our discussion is that of model
H, defined in Ref. [20] as dynamic universality class of liquid-
gas phase transitions.
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As we already said, the fluctuation kinetic equations, such
as (3.45), do not apply in the regime g€ ~ 1 as they are.
However, a modification of these equations, to match the
known results from model H is possible and shall be described
below. We must emphasize, that unlike the formalism derived
in the preceding sections, which was exact to a certain order
in a systematic expansion, here our out goal is to provide
the formalism which reproduces the physics of critical point
fluctuations correctly, but not necessarily exactly. For once,
the exact description would at a minimum require exact solu-
tion to model H, which is not available. Our approximation is
essentially equivalent to a one-loop approximation introduced
by Kawasaki in Ref. [21], which is known to be in good
quantitative agreement with experimental data [20]. Similarly
to Hydro+ formalism, the purpose of the new extended for-
malism, which we shall refer to as Hydro++ in this paper, is
to provide a practical way of simulating the dynamics near the
critical point, e.g., in heavy-ion collisions.

There are two main modifications required. First, we need
to modify equation for N,,, to make sure that the equilibrium
correlation function has finite correlation length &, i.e.,
N (x, g) must depend on momentum ¢. We shall express
this as

NO = L2 (5.14)
where we defined function ¢, (q) in such a way that ¢,(0) = ¢,
is the usual thermodynamic quantity (heat capacity at constant
pressure). In this work we shall adopt a simple approximation
for the momentum dependence:

c

—r . 5.15
1+ (¢§) G19)

J

Cp —> Cp(Q) =

»C[Nmm] = —ZVA(CI)éf [Nmm - M} - ﬁt(i) . 8’n[]\[(i)m +Nm(i)]1
n w

LINuiy] = —[¥n + va( @G Niiy — 3”““1,8%])1\7"1(‘;) — Et(]) - dmN(jyi) + Tn[

This is known as Ornstein-Zernike form and is consistent with
other approximations we are making.'”> A more sophisticated
form and a better approximation to the exact correlation
function (which is not known exactly as of this writing!*) can
be used if necessary, see Ref. [10].

The second essential modification is required to correctly
describe relaxation rate of the slowest nonhydrodynamic
mode, N,,,. The critical contribution, ~£~! dominates near
the critical point. It is given in terms of the Kawasaki function

K(x) = —32[1 +x2 + (2 —x Harctanx] = 1 + OK3).
4x
(5.16)

Keeping also noncritical contribution, we can write for the g-
dependent rate

2 ko r 2
() =2v(@)q” =2| — + ——K(4§)|q". (5.17)
cp(q)  6mné
Note that at small ¢, i.e., g§ < 1, the rate is given by twice the
diffusion rate y,¢>, where y, = « /cp with k being the zero-
frequency heat conductivity:

c,T
6mnE’

It contains a noncritical contribution «(, but is dominated,
near the critical point, by the critical contribution due to the
fluctuations. The latter increases with & as k ~ & (in Kawasaki
approximation).

With these two modifications, the equations for Hydro++
we propose read:

K =Ko+ (5.18)

(5.192)

. T ..
1D am 4+ —1D . 8a:|Nmm, (5.19b)
c,,(q w

Tw , . o Tzn . .
LINoG)] = —2vq° [Nux;) - 751'1] = 3" u [t 1 NGy ) + 171 Ny ] + ———=0"p[1 ' Nuijy + 1PNy ], (5.19¢)

where, again, o, = (1 — T/c?)/Tn. The function y5(gq) is
defined in Eq. (5.17). The presence of function c,(q), defined
in Eq. (5.15), in Eq. (5.19b) ensures important property of
Ny in equilibrium—proportionality to da, which follows
from the second law of thermodynamics as we already dis-
cussed in connection with Eq. (3.45b).!"* Other terms may
also contain “formfactors,” i.e., functions of g&, which could
be determined from a more detailed calculation of three-point
functions in model-H. We leave such and similar refinements
to future work. It is likely that given the general degree of

12Such as ¢, ~ &2 instead of ¢, ~ £27,

131t is the correlation function of the three-dimensional Ising model.

“Heuristically, one can obtain Eq. (5.19b) from Eq. (3.45b) by
preforming substitution of ¢, according to Eq. (5.15).

w

(

applicability of hydrodynamics in heavy-ion collisions these
will be beyond the experimentally relevant precision.

Equation (5.19a) describes relaxation of the slowest nonhy-
drodynamic mode, N,,,,, to equilibrium given by Eq. (5.14).
It would be identical to the corresponding Hydro+ equation
in Ref. [10], but for the last term describing the coupling to
next-to-slowest mode, N,,;). Because ¢, ~ &2 diverges at the
critical point, this term is indeed much smaller than the first
term sufficiently close to the critical point. However, if we
want to interpolate Hydro+ description close to the critical
point with dynamics of fluctuations away from the critical
point this term has to be kept.

C. Conductivity and its frequency dependence in Hydro++

Let us discuss physics described by Egs. (5.19) which is
pertinent to the breakdown of Hydro+ and its crossover to
Hydro++.
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We can use Egs. (5.19) to determine the critical contribu-
tion Ag to the conductivity A and verify it diverges as & —
oo. Following the procedure of renormalization described in
Sec. IV we now find that Wn(l}), i.e., the part of W, linear in
gradients, is given by Eq. (4.25) with a simple substitution
¢p — cp(q). This, in turn, makes the integral of W”(,B, anll)t (x),
finite. The cutoff is now essentially given by 1/£, instead
of A. This means that instead of Eq. (4.26) we find, using
¢,(q)in Eq. (5.15), A — 7 /(2&). Substituting this result into
equation (4.29) for the renormalized conductivity we find

a contribution to renormalized conductivity which diverges

with &:
s = Tn\?> c,T El
s\ w ) 6mne ’

a well-known result [20]. We used the fact that ¢, ~ & 2 In
particular, since y, ~ A/c, ~ £ ! we neglected y; compared
to y, ~ &£°. Denoting the noncritical contribution to conduc-
tivity by A9 we can write the total physical conductivity
as

et A+Tn2cpT Tn\? LT
— — —_ = —_— K .

0 5 0 w ) 6mné w 0 6 né
(5.21)

Note that the relaxation rate I'(g) in Eq. (5.17) at ¢ =0
matches twice the relaxation rate of the diffusive mode, y, =
K /cpqz, as it should since this is the relaxation rate of the
corresponding two-point function.

In the Hydro+ formulation in Ref. [10] the value of con-
ductivity was given directly by Eq. (5.20). In our more general
approach, which we refer to as Hydro++, the divergent
value of the conductivity is generated “dynamically” via the
contribution of the fluctuation mode W,,;y [via G™*(x)] to the
constitutive equation for the current in Eq. (4.10b). The value
of A = X in Eq. (2.9b) is finite as & — oo. This is similar
to the way divergence of bulk viscosity with & — oo is gen-
erated in Hydro+ (and, by extension, also in Hydro++), see
Ref. [10]. Similarly to Hydro+, which describes frequency
dependence of bulk viscosity (and sound speed) Hydro++
describes the frequency dependence of the kinetic coefficient
. We shall consider it below.

Hydro++ allows us to see how Hydro+ breaks down
when k (or, more precisely, the sound frequency w = k/c;
at this wave number) exceeds a value of order £2. This
happens because the characteristic relaxation rate of the
mode W”(l}) responsible for Az contribution also vanishes as
& — oo

(5.20)

Tl =y,q lge=1 ~ E 2 (5.22)

This is next-to-slowest relaxation rate, after the characteristic
relaxation rate of W,,,,, given by'> 1

Ts =2y3q lgg=1 ~ 6. (5.23)

More precisely, ' ~ &% # = &% and I, ~ £97% =
(see also footnote 10).

16Since the bulk viscosity is proportional to the longest microscopic
relaxation time, vanishing I'; is responsible for the divergence of the

€z+d—8

A Hydro Hydro+ Hydro++

ey

Log scale

FIG. 1. Frequency dependence of transport coefficients ¢ (w) and
M(w) in the vicinity of a critical point, where the divergence of &
leads to several distinct regimes characterized by frequency w (or
corresponding wave number k = w/cy). The crossover from ordinary
hydrodynamics (Hydro) to Hydro+ is marked by the fall-off of
C(w) at w ~ g ~ &3, while the Hydro+ itself breaks down at
o~Tp~§& ~2 as signaled by the fall-off of A(w), when the crossover
to Hydro++ regime occurs. Of course, in ordinary hydrodynamics
both transport coefficients are constants independent of frequency
(dashed line), while in Hydro+, which does describe the fall-off of
¢ (w), the coefficient A is still a constant. Hydro++ describes the
fall-off of both ¢ (w) and A(w).

As discussed in Ref. [10], when the evolution rate (or
sound frequency) w exceeds I'; the mode W,,, is no longer
able to relax to its equilibrium value which is responsible for
the divergence of the bulk viscosity. Therefore, the divergent
contribution to the bulk viscosity is “switched off” for @ >
I'¢. Similarly, when the evolution rate (or sound frequency) w
exceeds Fé, the next to slowest mode, W, is no longer able
to relax to its zero-frequency value given in Eq. (4.25). As a
result, the contribution of W, to the current in Eq. (4.10b)
“switches off.” This behavior and corresponding scales are
illustrated in Fig. 1.

We can further quantify this description by considering the
dependence of W,ﬁ) on frequency following the same proce-
dure as in Sec. IV B. Combining the substitution in Eq. (4.33)
with the substitution (5.15) in Egs. (4.16b) and (4.25) we
find for frequency-dependent leading critical contribution to
conductivity:

Ae(w) = A (0)F(w/TY), (5.24)
where
2 [ dxx? 1
F.() = ;/0 i) 1) =13 N (5.25)

the bulk viscosity ¢ ~ ¢2/T's ~ 7%/ In the Kawasaki approxima-
tion ¢ ~ £3. Since ¢ is the coefficient of the gradient expansion, the
expansion breaks down at k&€* ~ 1, which is an alternative way to see
that ordinary hydrodynamic description breaks down at this scale.

034901-20



FLUCTUATION DYNAMICS IN A RELATIVISTIC FLUID ...

PHYSICAL REVIEW C 102, 034901 (2020)

We do not need to regularize and subtract a divergence, as
we did in Sec. IV B, because the divergence is tamed by the
fall-off of ¢,(g) at large q.

At small o < Fg Eq. (5.24) reproduces the power-law
nonanalytic dependence characteristic of the long-time tails
in Eq. (4.35): Ag(@) — Az (0) ~ Ag (0)w'/?. Not surprisingly,
since, compared to Sec. IV B, we only changed the nature
of the cutoff A. At large » we find As(w) ~ 0~ 1/? with
no & dependence as expected from scaling behavior char-
acterizing this regime.!” The dependence of A; on w de-
scribed by Egs. (5.24) and (5.25) corresponds to the physics
we anticipated—the large critical contribution “switches off”
when w 2 T';.

It may also be helpful to note that while real part of
Ag (w) corresponds to (frequency-dependent) conductivity, its
imaginary part (divided by w) is the electric permittivity.

One can also understand frequency dependence as a time-
delayed medium response to gradient of density, i.e., do. The
diffusive current induced by the gradient is given by

t
Je(t) = Ag / dt/FéF}(Fé t —t"))oa). (5.26)
—00
The delay is given by the Fourier transform of F; (y):
. 1 . -
E@G) = | — — erfe(,/3). (5.27)
Ty

As a function of ¢ —¢' it has a characteristic width given
by 1/T; ~ &> and becomes § function in the limit £ — 0
corresponding to instantaneous response. At large r — ¢’ it
falls off as (t — t")~3/? typical of the long-time hydrodynamic
tails.

The discussion of the frequency dependence of conduc-
tivity here carries many similarities to the discussion of the
bulk viscosity in Ref. [10]. For completeness, let us present
the calculation of the leading critical contribution to the bulk
viscosity in Hydro++-, which, of course, gives the same result
as Hydro+. Near the critical point the leading contribution
of fluctuations to the bulk viscosity comes from G} in
Eq. (5.13). In Hydro++ the corresponding W) is given
in Eq. (4.23), with the substitution of ¢, with c¢,(g) as in
Eq. (5.15), as well as y; with y,(g) according to Eq. (5.17).
As a result we obtain for the leading critical contribution to
bulk viscosity:

(@) = 2y éF, (3) (5.28)
§$w —nflg I Fg ) .

where we used ¢, = 2 (according to scaling c, ~§& %) and
I'e = T /(3mng?) [according to Eqgs. (5.23) and (5.20)]. We

7As before (see footnote 10), the exact value of the scaling
exponent in Ag(w) ~ w~1/2 differs slightly from the rational value
—1/2. The exact value in model H following from dynamic scaling
—x./(2—=x,) =—(@—n—2)/(d+2—7z) is approximately —1/2
in the Kawasaki approximation we are using, which corresponds to
z~3andn, ~0.

introduced

F _/‘X’ dxx?
‘0= K =+

This is a known result in Kawasaki approximation [10,21].!8
Atw = 0Eq. (5.28) gives ¢:(0) ~ £3 (according to the scaling
of £ ~ £3/%). This large critical contribution is “switched off”
via function F; when @ > I'z.!

The resulting behavior is illustrated in Fig. 1 together with
the behavior of A(w).

(5.29)

VI. DISCUSSION, CONCLUSIONS, AND OUTLOOK

In this paper we continued the development of the deter-
ministic approach to fluctuation hydrodynamics for an arbi-
trary relativistic flow. We extended the method developed in
Ref. [12] to the case of a fluid carrying conserved charge. In
QCD the relevant charge is the baryon number. Our ultimate
goal is practical—a formalism which would allow to simulate
heavy-ion collisions with dynamical effects of fluctuations,
especially relevant for the QCD critical point search.

We emphasize that, despite its practical aim, this formalism
is based on a systematic and controllable expansion, similar to
the effective field theory formalism in quantum field theory.
The expansion parameter in hydrodynamics is the ratio of the
wave number k = 1/L associated with background flow and
density gradients to a microscopic scale which sets the scale of
hydrodynamic coefficients and which we denote 1/£,,;.. This
allows us to view hydrodynamics as an effective theory.

Instead of directly solving stochastic hydrodynamic equa-
tions, we convert them into a hierarchy of equations for
equal-time correlation functions, which we truncate at two-
point correlators. This truncation is controlled by the same
expansion parameter as the gradient expansion in hydrody-
namics. One can see how the relevant power counting emerges
by considering the effects of fluctuations on the constitutive
equations for stress tensor (or conserved current). In stochastic
hydrodynamics the noise is local, i.e., it is only correlated
inside a hydrodynamic cell, as reflected in the § function value
of the two-point noise correlator in Eq. (2.11). This locality is
the source of short-distance singularities, similar to ultraviolet
singularities in quantum field theories. Hydrodynamics is
regulated by finiteness of the cell size, which we denote by
b > lmic, equivalent to wave-number cutoff A = 1/b. As a
function of this regulator, the square variance of the noise in
each cell is proportional to A® — the regulated value of the §
function. This is, of course, the source of the cutoff-dependent
contribution to renormalized pressure in Eq. (4.20) and, as
such, is not of physical relevance.

The physically consequential contribution comes from
the fluctuations whose relaxation time is comparable to the

18As we already discussed, Kawasaki approximation only gives a
good approximation to the correct scaling behavior. To match the
exact scaling behavior on would need a more elaborate choice of the
substitution in Eq. (5.15), see, e.g., Refs. [10,21,22].

YThe large w asymptotics ¢ (w) ~ w~! in Kawasaki approxima-
tion is close to the exact asymptotics w™!T%/@),
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evolution time of the background. Correspondingly, this scale,
characterized by wave number ¢,, can be estimated by the
condition y g2 ~ c,k. The effect of these fluctuations is the de-
layed or nonlocal response to perturbations of the background
(such as long-time tails) and cannot be simply absorbed by
renormalization of the local hydrodynamic parameters such
as pressure or transport coefficients. Since g, < A, the noise
on these longer distance scales, £, = 1/q,, averages out and
the magnitude of the fluctuations is effectively reduced by a
factor (b*/€3)1/2 = (q./ A)3/>—the inverse of the square root
of the number of uncorrelated cells in a region of linear size
£,—the familiar random walk factor. Therefore the physically
relevant magnitude of the fluctuations, obtained by averaging
over scales £, is given by AY2 x (g./A)? ~ g/* ~ k34,
It is cutoff independent, of course. Therefore, the two-point
correlator of these fluctuations contributes at order k*/2, sup-
pressed compared to first-order gradients, but more important
than second-order gradients. Similarly, the contribution of
n-point functions, due to higher-order nonlinearities in the
constitutive equations, would come at order k34 One can see
that the hierarchy of higher-point contributions is controlled
by a power of k, or more precisely, a power of dimensionless
parameter klpic = €nyic/L < 1.

The equations we derive form a closed set of deterministic
equations. The one-point functions (averaged values of hydro-
dynamic variables) obey conservation equations (4.30). The
constitutive equations (4.13) contain contributions 7#" and J*
which are given in terms of the subtracted two-point functions
G in Eqgs. (4.16). The unsubtracted two-point functions G are
evaluated at coinciding points and therefore contain short-
range singularities. When unsubtracted G are expressed in
terms of the wave-number integrals of the Wigner functions
Eq. (4.1), these singularities appear as ultraviolet divergences
which need to be subtracted. The unsubtracted Wigner func-
tions are obtained by solving equations (3.38) and (3.45),
rescaling according to Eqs. (3.37) and (3.43) and substituting
into the matrix in Eq. (4.24). The subtraction of terms of
zero and first order in gradients, W® and W), given by
Egs. (4.18) and (4.25) respectively, can be done analytically,
and either before or after solving equations (3.38) and (3.45),
depending on numerical efficiency. The resulting solutions to
one-point and two-point equations will describe evolution of
the average hydrodynamic variables, their fluctuations, as well
as the feedback of the fluctuations on the evolution of average
quantities.

As usual, numerical implementation of relativistic hy-
drodynamic equations is hindered by well-known causality
and stability issues which, in ordinary hydrodynamics with-
out fluctuations, can be addressed by adding nonhydrody-
namic degrees of freedom with relaxation dynamics, as re-
viewed in Ref. [3] (see also interesting recent developments
in Refs. [23-25]). In a nutshell, the approach amounts to
modification of the equations in the domain (characterized
by large gradients) where hydrodynamic description is not
applicable. As such these modifications are inconsequential
from the point of view of physics but make the equations
mathematically well posed and suitable for numerical imple-
mentation [26]. The hydrodynamic equations we obtained in

this work will require a similar treatment before they can
be implemented numerically. It is reasonable to expect that
the approaches which work for nonfluctuating hydrodynamics
will also work in this case. The additional equations for
the Wigner functions introduced in our formalism describe
relaxation (as opposed to relativistically problematic diffu-
sion) and, as such, should not lead to causality/stability
problems. Moreover, it is also reasonable to expect that the
relaxation dynamics of fluctuations could improve (if not
solve) the stability problems, similar to the way relaxational
dynamics of fluxes in Israel-Stewart approach achieve this.
We expect that these issues will be addressed by future
research.

With the equations we derived we can now also describe
the essential features of the hydrodynamic evolution near
the QCD critical point. The critical phenomena are origi-
nating from the divergence of the correlation length &. The
phenomenon of the most consequence for hydrodynamics is
the critical slowing down. Since it is caused by the fluc-
tuations of the slowest diffusive mode out of equilibrium,
our formalism is ideally suited to accommodate and de-
scribe this phenomenon. The formalism of Hydro+ intro-
duced earlier in Ref. [10] is based on the same observation
and adds the two-point correlation function of the diffusive
mode to hydrodynamics to describe critical slowing down.
The approach in the present paper is very different from
the derivation in Ref. [10], therefore, the exact agreement
between the results is a nontrivial check on the validity of both
derivations.

Since, our present approach is more general, we can now
connect Hydro+ description of critical fluctuations to descrip-
tion of ordinary fluctuations away from the critical point.
Because the validity of Hydro+ is limited by the relaxation
rate of the next-to-slowest mode, and this mode, absent in
Hydro+, is now a part of our description, we are able to extend
the validity of hydrodynamic description closer to the critical
point than Hydro4-. We propose a set of equations, which we
call Hydro++ which could accomplish this. It should be kept
in mind that, unlike the systematic approach taken in the rest
of the paper, the Hydro++ equations (5.19) are an attempt to
interpolate between the description of fluctuations outside of
the critical regime and the known properties of the fluctuations
in the critical, scaling regime described by model H (in the
standard classification of Ref. [20]). While the hydrodynamic
description still works for the background gradients for which
klmic ~ k& < 1, it breaks down for critical fluctuations, for
which ¢g& ~ 1. This means that the coefficients become non-
polynomial in ¢ and that the theory becomes fully nonlinear
and the truncation to two-point functions is no longer, strictly
speaking, controllable. However, it is known from the studies
of model H that the results obtained in one-loop (Kawasaki)
approximation are in good quantitative agreement with exper-
iment [20]. Therefore we propose a set of equations (5.19)
which incorporate the model H physics at the corresponding
level of approximation. This approach is similar to the one
taken in the derivation of Hydro+ and extends the region of
applicability closer to the critical point. More precisely, while
Hydro+ breaks down at k ~ £72, the validity of Hydro++
extends to k ~ £~!. The physical phenomenon which leads to
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breakdown of Hydro+ is the frequency dependence of (i.e.,
time-lag of) conductivity, which is described by the next-to-
slowest mode in Hydro++.

Once the fluctuation hydrodynamics in the deterministic
approach is implemented in a fully functional hydrodynamic
code,? the extension to full Hydro++ approach should be
straightforward and will allow eventual comparison with
heavy-ion collision experiments not only near, but also away
from the critical point. However, additional developments
are needed to make this comparison more impactful. First,
it should be straightforward to generalize this approach to
multiple conserved charges. In the case of QCD, of course,
fluctuations of isospin are a primary candidate. We have not
included these fluctuations in our description because they
are not exhibiting singularities near the critical point, unlike
the baryon number fluctuations, which lead to signatures
of the QCD critical point [27]. Furthermore, the approach
must be extended to description of non-Gaussian fluctuations,
which are related to most sensitive signatures of the critical
point [28,29]. This means going beyond two-point correlators
considered in this paper. It would also be interesting and
important for comparison with experiment to consider the
extension of this approach to the fluctuations near the first-
order phase transition, which is, of course, an inseparable part
of the physics near a critical point. We defer these and other
pertinent developments to future work.
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APPENDIX A: USEFUL THERMODYNAMIC RELATIONS
AND DERIVATIVES

The thermodynamic derivatives appearing in Eq. (2.16)
and (2.17), i.e.,

de = e,,dm + €,dp,

dn = n,dm+n,dp, (A1)
da = a,dm + a,dp,
are defined in the standard notation
( o€ ) (86 ) < on )
en=l—], =l—), m=(—]).
om/, op/,, om/,
on o oo (A2)
n=—1,., ax=—1), a,=(—) .
P ap/) . om » ! ap /),

A simplified example of such an implementation for Hydro+ is
presented in Ref. [11].

To obtain the relations of the second-order thermodynamic co-
efficients, Eq. (2.27), we begin with the thermodynamic rela-
tions coming from the first law of thermodynamics [Eq. (2.6)]:

de = Tndm + Edn,
n

dp = %dT + Tnda, (A3)
w 1
d(—) =Tdm+ —dp,
n n
from which we obtain
0 0
BN _ () _p, (%) v
om/, oa ), on), n
on Tn? oo w
— ) = —— — ) = ——, (A4)
om w T ), T2n

)
().
2 ¢

Therefore
n 86 on T Ny W
€y = — ) =Tn
am/, Tn?

_ ) Ba aT _ 5
= (Tn) 8T 8p = (Tn)a.

(AS5)

Noting that

T_n aT _n (0e aT ap
“1\on/),, T\on), \dp), \de/,

2
_oanpw €m
Tn

= =a ) =cl(1—a,Tn), (A6)

we obtain

T 1 T
GmZTI’l 1_c_§’ oz,,:T—n 1—2,

demonstrating the first identity in Eq. (2.27). Likewise, the
remaining nontrivial identities in Eq. (2.27) are obtained by
using Eq. (A4) and turn out to be

on n on de
Ny =\ — e ~
om/, de ), \om / ,
n Tn? TTn?
=—(e—Tn)=—=Tnop—1)=—
w w

on o€ n
n, = _— —_— = -,
b de ), \9p/, ciw
(8a) (BT) w (3T> w
O =\ 71 o = ———\\ — = ——.
oT ) ,\om/, nT? \ om » c,T

Throughout the above derivation, we have used the definition

0 0
cf op , ¢p=Tn m
e aT

(A7)

2 b
ciw

(A8)

(A9)
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TABLE I. The behavior of thermodynamic coefficients used in the paper in different limits. For nonrelativistic ideal gas y = ¢,/c, > 1

denotes adiabatic constant and M the molecule mass.

Nonrelativistic Scaling
Thermodynamic Conformal ideal gas power of £ at
quantities Definition fluid (T «M) critical point
c? (dp/ae),, 1/3 yT /M —a/v
cp Tn(0m/dT), cp yn/(y — 1) 2—n
T (0logT/dlogs),, 1/3 y —1 —a/v
& (8logc,/dlogs), 0 (r —1)/2 (1 —a)/v
Cp (dlogc,/dlogs), 1 1 1—-a)/v
Similarly, the third-order derivatives appearing in Eq. (4.2) functions, somewhat similarly to Eq. (3.43),
are defined by
W Wi
B _ mm B _ "TOU)
N, = - Noyjy = o (B1)

0% 9%
ECEm=\|T>5)> Ep=E\7T5 s
om? » pp ap? /.,

_ 0% _ 0%
Nypm = w p, npp = a—pz m.

Note that the mixed third-order derivatives are not pre-
sented here as they are not relevant in our calculation. The
results presented in Eq. (4.3) can be derived straightfor-
wardly from the known expression of second-order thermo-
dynamic derivatives given above. We leave this exercise to the
reader.

(A10)

APPENDIX B: COMPARISON TO KNOWN RESULTS

Our new results can be compared to some existing results
in the literature for several special cases.

A charged fluid studied in Ref. [15] is (i) conformal and (ii)
undergoes a boost-invariant (Bjorken) expansion. Thermody-
namic functions of a conformal fluid satisfy T = cf =1/3,
€n =0, =0¢C; =0, ¢, =1 as summarized in Table 1. The
boost-invariant flow implies that a, = w,, =0 and spatial
gradients of background scalar fields vanish (e.g., 9, ,a = 0).
Under these conditions our results are significantly simplified.
Since in a boost-invariant Bjorken flow, the charge does not
diffuse due to the absence of background gradients forbid-
den by boost-invariance, in order to generate the dissipative
(ohmic) charge current, one needs to apply an external electric
field to the system. Adding such a source term is indispens-
able for obtaining such important results as renormalized or
frequency-dependent conductivity in Ref. [15]. We find that
except for a few minor typos, our Egs. (4.27) and (4.29) for
renormalized transport coefficients, as well as Eq. (4.35) and
(4.38) for frequency-dependent transport coefficients, reduce
to Eq. (3.19) and (3.18) in Ref. [15], respectively. Notice that
¢ = 0 in conformal fluid.

Despite this agreement with Ref. [15], there are still some
mismatches. For example, our Eq. (2.31) would have matched
Eq. (3.30) in Ref. [15] in the absence of source term, if it
was not for the last term ~1/7 in Eq. (64a), which should
be ~(1 + ¢?)/t according to our results.

To compare one of the key results of our paper,
Egs. (3.45), to Ref. [15] we need to rescale our Wigner

where 7 is the Bjorken proper time coordinate, and express
the unit vectors in spherical coordinates

g = (0, sin 0 cos ¢, sin 6 sin ¢, cos 6),

tY = (0, —sin ¢, cos ¢, 0), (B2)
t® = (0, cos @ cos ¢, cos O sin¢p, —sin ).
Then, our equations read
c,T?\ 2+2T
al’Nrﬁm = _Zquz (anjm - 1’_) - —anim’
T T
2+ 7T
31N,ff(1) = _(7/77 + Vk)qunfj(l) - Tanj(l)’
24T +sin’ 0
arN;g(Z) =—-(mt+ Vk)quzg(z) - n€(2)v
Tw 2
B _ 2| AB B
ONyay = —2¥nq [Nm(l) - T] — ZNay
Tw 2(1 + sin® )
B _ 2| ArB B
0:Noy2) = —2¥nq [Na)(z) - T] - @0
(B3)

The equations for Nfj, ;) and Nj,,, match those in Ref. [15].
The remaining equations, although very similar, do not match
completely. We believe our results are correct but do not have
a definitive explanation for these disagreements.

Unlike the chargeless fluid in Ref. [12], the charged fluid
in the present paper can be taken to nonrelativistic limit,
where it can be compared with Refs. [16,30]. The most
glaring omission in Refs. [16,30] are the G,; components
of the correlators. It appears they were omitted based on the
observation that their equilibrium values vanish. They do, but
they are not zero out of equilibrium and are essential, for
example, for describing the dominant critical contribution to
conductivity as discussed in Sec. V C.

To compare the equations for remaining components of
Waup, we need to rescale our variables as
Wom —a W)

OO = Ton

(B4)
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Omitting W,,,;y terms as in Refs. [16,30] we find
CA
L[Ny = =27.4° ( P ) + 6N,
n

T 2 A
LING ] = —274° [No)(/) 5!’1} + (14 c)ONG ;)
_ (glw w’“’)[ (’)t(k)N(A)( + t( )t N(l)(k)]
(BS)

where the specific heat per mass is c;} = ¢, /n. This would
agree nicely with Ref. [30] in the nonrelativisitic limit (¢? <
1) if we also follow Ref. [30] and impose N ~ §;; which will
eliminate w,, term. Similarly to the omission of G, the
assumption G;j) ~ &;; was apparently made by neglecting
off-equilibrium contribution to this correlator.

Our equation (3.38) for sound fluctuations completely
matches the Boltzmann equation given in Ref. [16] in the

nonrelativistic limit, where the y, = Acja,Tw, appearing in
Eq. (3.35) is replaced by its nonrelativistic limit

YR = K(i - i). (B6)

Indeed, since in our units the speed of light is 1, for a
nonrelativistic fluid cf & 1 (see also Table I),

LIV T w1 )
2 c4 CZT )’

where in wntmg “~x” we used c <« T (see Table I) and
expressed T in terms of Cy, Cp, and ¢y

Qw11 9
72— GW <_ _ —), c, = <—6> . (BY)
T \c¢, ¢ aT /,

(Tn)’a, =
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