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The search for the QCD critical point in heavy-ion collision experiments requires dynamical simulations
of the bulk evolution of QCD matter as well as of fluctuations. We consider two essential ingredients of
such a simulation: a generic extension of hydrodynamics by a parametrically slow mode or modes
(“Hydro+") and a description of fluctuations out of equilibrium. By combining the two ingredients, we are
able to describe the bulk evolution and the fluctuations within the same framework. Critical slowing-down
means that equilibration of fluctuations could be as slow as hydrodynamic evolution, and thus fluctuations
could significantly deviate from equilibrium near the critical point. We generalize hydrodynamics to
partial-equilibrium conditions where the state of the system is characterized by the off-equilibrium
magnitude of fluctuations in addition to the usual hydrodynamic variables—conserved densities. We find
that the key element of the new formalism—the extended entropy taking into account the off-equilibrium
fluctuations—is remarkably similar to the 2PI action in the quantum field theory. We show how the new
Hydro+ formalism reproduces two major effects of critical fluctuations on the bulk evolution: the strong
frequency dependence of the anomalously large bulk viscosity as well as the stiffening of the equation of
state with an increasing frequency or wave number. While the agreement with known results confirms its
validity, the fact that Hydro-+ achieves this within a local and deterministic framework gives it significant

advantages for dynamical simulations.

DOI: 10.1103/PhysRevD.98.036006

I. INTRODUCTION AND OUTLINE

Hydrodynamics is a universal and versatile theory which
describes (as the name implies) the dynamics of fluids or,
more generally, systems whose evolution at long distance
and timescales essentially consists of the redistribution
of conserved quantities (energy, momentum, and charges)
towards achieving global thermodynamic equilibrium
throughout the system. Although many results of this
paper are general, its primary focus is the application of
relativistic hydrodynamics to the evolution of the fireball of
hot and dense QCD matter created in heavy-ion collisions.
In particular, this work is motivated by one of the major
goals of the heavy-ion collision experiments—the discov-
ery of the QCD critical point through the beam energy scan
of the QCD phase diagram [1,2]. The hydrodynamic
description has shown remarkable and nontrivial agreement
with many results of heavy-ion collision experiments (see,
e.g., [3] for a concise review and further references). So far,
however, such applications of hydrodynamics have been
limited to the regime where the equation of state does not
contain a critical point, e.g., at negligible baryon number
densities. In order to facilitate the search for the QCD
critical point, it is essential to extend the hydrodynamic
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description of heavy-ion collisions into the regime of finite
baryon densities and, specifically, into the vicinity of the
critical point.

There is, however, a major problem with applying
hydrodynamics near a critical point. The applicability of
hydrodynamics rests on the possibility of a certain scale
separation. The timescales for achieving local equilibrium
are usually much shorter than the timescales needed to
reach global equilibrium throughout the system. This scale
separation exists because the conserved densities relax to
equilibrium by diffusion and the relaxation time is propor-
tional to the square of the size of the inhomogeneity
involved. The local equilibrium is achieved at timescales
necessary to smooth out inhomogeneities on the scale of the
correlation length & which is, typically, microscopically
small. The global equilibrium may require times which are
arbitrarily long for arbitrarily large systems. This separation
of scales disappears at the critical point as the correlation
length & diverges (see, e.g., Ref. [4] for more discussion).

At first sight, it might seem that hydrodynamics works as
long as the correlation length &, while becoming large,
remains much shorter than the scale of the inhomogeneities,
¢. For heavy-ion collisions where the relevant size of the

© 2018 American Physical Society
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system is of the order of 10 fm while the correlation length is
most likely not to exceed 2-3 fm [5,6], one would then expect
a reasonable scale separation. However, such an argument
would miss an important point: The time for relaxation of
inhomogeneities of size &, essential for establishing local
thermodynamic equilibrium, grows faster than their size and
becomes very long near the critical point (critical slowing-
down). This time grows with £ as &%, where z =~ 3 [7]. Since
z > 1, hydrodynamics breaks down even earlier, at much
longer time and distance scales than the naive argument
would suggest. For example, a sound wave with a period
shorter than the time of relaxation to local equilibrium cannot
be described hydrodynamically, which happens when the
wavelength # ~ £ (in units of temperature) or shorter,
which is much larger than just . For heavy-ion collisions,
the timescales needed to reach local equilibrium could
become comparable to typical evolution times, invalidating
the hydrodynamic description near the critical point well
before £ is as large as 7.

One way this breakdown is manifested is in the growth of
gradient corrections to the constitutive equation for the
stress tensor, i.e., nonequilibrium corrections to pressure,
proportional to bulk viscosity ¢ and expansion rate (gradient
of velocity) § = V - v ~ 1/£. The bulk viscosity diverges at
the critical point as { ~ &~%/¥ ~ & (for simplicity, we round
exponents to integer values). This leads to the breakdown of
the gradient expansion, i.e., of the locality of the hydro-
dynamic description, when {0 ~ £ /¢ > 1, i.e., already for
¢ < 8,i.e., earlier, at much larger # than just & suggested by
the naive argument.

The goal of this paper is to develop an extended
hydrodynamic description which overcomes this short-
coming of ordinary hydrodynamics. One way to under-
stand the predicament here is to compare this situation
with the breakdown of an effective theory for low-energy
modes at scales comparable to the energy scales at which
the mode which is next to lowest can get excited. The
solution in this case is well known—include the latter
mode into the effective theory description. Therefore, it
is logical to consider extending hydrodynamics by adding
an additional mode or, rather, as we shall see, a set of
modes, describing relaxation processes responsible for
the critical slowing-down.

Of course, this makes sense only if the mode we add
is still parametrically slower than the remaining (infi-
nitely many) microscopic modes which are not included
explicitly." We shall consider the role of such parametric
separation, in general, and in the vicinity of the critical

'Hydrodynamics is a truncation of the full theory, justified by
the slowness of hydrodynamic degrees of freedom (d.o.f.).
Because of conservation, the relaxation rates of these modes
are controlled by the scale of inhomogeneity # and are propor-
tional to #~2. The rate for the slow mode we add should be also
controlled by some parameter independently of Z.

point, in particular, where it is controlled by the diver-
gence of the correlation length.

A. Outline

Broadly speaking, our paper contains two major ingre-
dients. They are independent but, obviously, related. The
first is presented in Sec. II and the second in Secs. III
and IV. They are combined in Sec. V.

First, in Sec. II, we consider a generic extension of the
relativistic hydrodynamics by a mode which is slow, not
because it is a conserved density but because a parameter
controlling its relaxation rate can be independently tuned to
make the rate arbitrarily small. Such a model could describe
many different systems where, due to microscopic dynamics,
some relaxation processes are slow, for example, if an
additional charge exists which is only approximately con-
served, so that its relaxation is not diffusive but nevertheless
slow. In Appendix A, we discuss a specific example with a
partially conserved axial charge playing this role. Another
example could be a system where some channels of chemical
equilibration (of relative particle abundances) are slow. Such
situations arise in cosmological and astrophysical contexts
due to slowness of electroweak processes.

We use this simple model which we shall call “Hydro+”
to illustrate how the competition between the two relaxation
scales (hydrodynamic and nonhydrodynamic) produces two
regimes, one where ordinary hydrodynamics is sufficient
and another where Hydro+ is necessary. This allows us to
illustrate the basic mechanisms and, in particular, show how
the divergent bulk viscosity and corresponding breakdown
of the hydrodynamic gradient expansion is related to the
slow mode. This mechanism is known [8-10], and our
purpose here is to review and present it in a relativistically
covariant form, setting the stage for the generalization
necessary near the QCD critical point.

To introduce the second ingredient, we need to address
the question of what is the physical origin of the critically
slow processes near the critical point. It is known that the
critical slowing-down affects relaxation of fluctuations at
scales of the order of £, essential for establishing local
equilibrium. In order to find an appropriate description of
these processes, for our purposes, we develop a more
general approach to evolution of fluctuations in hydro-
dynamics in Secs. III and IV.

In Sec. III, we introduce the notion of the partial-
equilibrium entropy S, which is a functional not only of
the average values of the conserved densities but also of
the magnitude of their fluctuations (and correlations), i.e.,
one- and two-point functions of these densities. We show
that this entropy has a remarkable (mostly mathematical)
similarity to the two-particle irreducible (2PI) action in the
quantum field theory.

Having derived the “2PI entropy” S,, we then use it in
Sec. IV to write evolution and relaxation equations for the
conserved densities (which are ordinary hydrodynamic
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equations) together with the relaxation equations for the
two-point correlators. The equations for two-point corre-
lators show a remarkable similarity to kinetic (Boltzmann)
equations, as has been observed a long time ago in a related
work by Andreev et al. [11-14] or, more recently, in the
context of heavy-ion collisions away from the critical point,
in Refs. [15,16]. Kinetic equations for correlations func-
tions have also appeared in the work of Kawasaki [17] and
others [18-20] in the calculations of kinetic coefficients
and higher-order correlation functions near critical points in
nonrelativistic systems. In this paper, we use a similar
“kinetic” approach together with the 2PI entropy formalism
we introduced to extend the applicability of hydrodynamics
for simulations near the QCD critical point.

To this end, we defer further development of the 2PI
entropy formalism to future work and focus on its appli-
cation to Hydro+ near the critical point in Sec. V. We
identify the slowest mode of fluctuations and propose the
equation which describes its evolution as an extension or
generalization of ordinary hydrodynamics. To demonstrate
how this extension works near the critical point and to
verify its validity, we compare the frequency-dependent
bulk response in Hydro+ to the existing result due to Onuki
[21,22] obtained using a different approach based on a
stochastic hydrodynamic model of critical fluctuations. We
find that the new formalism simplifies this analytical
calculation while also providing a different intuitive per-
spective. The main advantage of the new formalism is that it
is local and deterministic while still capturing the dynamics
of fluctuations. These properties make it much easier to use
for simulating dynamics of the heavy-ion collision fireball
expanding in the vicinity of the QCD critical point.

II. HYDRODYNAMICS WITH AN
ADDITIONAL SLOW MODE

A. The general framework

In this section, we will formulate a local description of
the evolution of hydrodynamical variables such as energy
density ¢, a conserved charge (e.g., baryon number) density
n, and fluid velocity u* coupled to one additional non-
hydrodynamic, but nevertheless slow, scalar mode which
will be denoted by ¢ (see also Ref. [23]).

If the mode ¢ is parametrically slower than other
microscopic modes, we can, in a window of timescales,
consider a partial-equilibrium state in which the entropy
reaches its maximum under an additional constraint that the
expectation value of that slow mode is ¢. We can then
introduce partial-equilibrium entropy s(;(e,n,¢) as the
logarithm of the number of states satisfying this constraint.
The generalized thermodynamic potentials are defined as
usual via derivatives of entropy

dS(+> = ﬂ(Jr)dé‘ - a(+)dn - ﬂdQ’) (1)

Here f(,)(e,n,¢) and ai (e, n,¢) are the generalized
inverse temperature and chemical potential to temperature

ratio, respectively, in the partial-equilibrium state. The
variable (e, n, @) is the generalized thermodynamic poten-
tial (or “force”) corresponding to ¢. In a complete equi-
librium at a given € and n, the variable ¢ must relax to its
equilibrium value ¢ (e, n) which maximizes the generalized
entropy, i.e.,

s(e,n) = mqaslxs(ﬂ(e,n,qﬁ) = s(+)(£,n,§§(e,n)), (2)

and thus

n(e.n, d(e,n)) = 0. (3)

Hydro+ equations are usual energy-momentum conserva-
tion 9,7" =0, charge conservation 9,J# =0, and an
additional equation which describes the relaxation of ¢
towards equilibrium that we will specify shortly.

The components of 7 must be local functionals of the
variables u*, ¢, n, and ¢. One can expand in powers of
derivatives, as usual:

T = eu'u” + p<+>g’f + AT, (4)
where
g =g (5)

is the transverse (spatial in the local rest frame) part2 of g
and the function p (e, n,¢) is the generalized partial-
equilibrium pressure. Here AT*¥ denotes contributions to
the stress-energy tensor due to the gradients of u”, ¢, n,
and ¢, which vanish in a static homogeneous system.
Throughout this paper, we will use the Landau frame
choice to define & and 4-velocity u, i.e., u,AT" =0.
Similarly, the definition n = u,J* implies

JH = nut 4+ AJ# (6)

with u - AJ = 0. Again, AJ* will vanish in a static and
homogeneous system and can be expanded in powers of
derivatives.

The five equations for hydrodynamic variables can now
be written explicitly:

De = —w ()0 — (,u,)AT",, (7a)
Dn=-nf—9-AJ, (7b)
WDt = =3 p - 8,40,ATH. (7c)

The equation for ¢ must describe relaxation of this quantity
to the equilibrium value ¢(e,n) and can be written as

*We use the mostly positive convention for the metric; there-
fore, u-u = —1.
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Here F (e, n, ¢) is the “returning force” which, at given &
and n, drives ¢ back to its equilibrium value. In other
words, Fy =0 when 7 = 0 [see Eq. (2)]. The coefficient
A,(e.n,¢) describes the susceptibility of the quantity ¢

to isotropic compression or expansion. In I A, we also
introduced the notations

W) = €+ P4 D=u-0, and 0=0-u. (8)

For conventional hydrodynamics, the system of equa-
tions is closed once we supply the equation of state and
constitutive relations for AJ, and AT**. Similarly, Hydro+
will be closed if we, in addition, supply F,(e, n,¢) and
A¢(8, n, ).

The second law of thermodynamics imposes constraints
on the form of the constitutive equations. For ordinary
hydrodynamics, it requires fp = s — ffe + an and positivity
of kinetic coefficients in AJ# and AT*". Similarly, there are
constraints on p(+)(e,n,¢), Fy(e.n,¢), and Ay(e, n, )
from the generalized second law of thermodynamics which
requires 8”s,(4+) > 0. The generalized (partial-equilibrium)
entropy current is given by

sﬁ) = s ut + As*, 9)

where As# denotes the contribution to the entropy current
from gradients. The divergence of the entropy current then
becomes

0+ 5(4) = (5(1) = Braywia) + agyn + 74y)0
+ay (0 AT) + 7F y + By (0,u,) AT
+0-As, (10)

where we used Egs. (1) and (7¢), while neglecting terms cubic
in gradients. In order to guarantee 0 - 5.1y > 0, we need the
first term on the r.h.s. of (10) to vanish. This condition relates
pressure p(,), “compressibility” A,, and other generalized
thermodynamic functions such as s, (4, and (.

Peoypi) = Sy —Pe Tagn + zdy. (1)

Therefore,

B)dp ) = =W dp(+) +ndag) —zdp +d(zA,).  (12)

where we used (1). The last term, O - As, in Eq. (10) must
cancel total derivatives arising from integration by parts in
the preceding three terms, leaving only positive definite
contributions to 0 -s(;. This condition determines the
form of As*.

The dissipative terms AT*, AJ¥, and F, are also
constrained by the second law of thermodynamics similarly
to ordinary hydrodynamics.

To the first order in gradients, we still find the usual form
for the gradient corrections to the stress-energy tensor:

2 v
ATH — —N(4) (a’iuv +8’iuﬂ —gdie> —C<+>gli 0. (13)

The second law of thermodynamics
Sy M4y 2 0.

To first order in gradients, we now have an additional
term in AJH:

requires that

AJH = _ﬂaaa’ia - loma’i”’ (14)
and
F{ﬁ =V = aJ_ ) (’17[7[87[ + A(maaH»))’ (15)

with y, >0 and a semipositive definite matrix A4,
(a,b = a, m). Equations (14) and (15) take into account
Onsager reciprocity. The first term in Fy is allowed,
because D¢ can remain finite even if the system is
homogeneous, since ¢ is not a conserved quantity.
Equation (7d) for ¢ reads, upon substituting Eq. (15),

D¢ = =Vt — aJ_ . (/1””871' + /10,,,8(1(+)) — A¢9 (16)

At sufficiently long times, i.e., in the limit 7z =0,
Eq. (14) reproduces the conventional constitutive relation
for the dissipative part of J# with 4,, giving the conven-
tional conductivity (times the temperature), o7, i.e.,
AJ¥ = —cTd' a. In Appendix A, we use hydrodynamics
with the partially conserved axial charge as an example of a
theory with nonzero yy, dgg> Aqr> and 4,,.

A note on the power counting in the gradient expansion
of constitutive equations is in order here. Unlike ordinary
hydrodynamics, where the small parameter controlling the
expansion such as Eq. (14) is the typical wave vector
magnitude k, Hydro+ has an additional independent small
parameter—the relaxation rate I', of the slow nonhydro-
dynamic mode. Given y, ~ I'; [see Eq. (23)], the two terms
in Eq. (15) are the lowest-order terms in the expansions in
I', and k, respectively, allowed by isotropy and the second
law of thermodynamics.

Furthermore, the need for retaining terms of the order
of k* in Eq. (15) depends on the relative magnitude of k>

In general, k% terms which are not total derivatives could also
appear in Eq. (15), e.g., y17(0 a(4))?, etc., (obeying second law
constraints, i.e., y; > 0). In the most notable example, which we
present in Appendix A, where ¢ is an approximately conserved
density whose conservation is violated by a controllably small
parameter (e.g., quark mass, mq), such terms must vanish, i.e.,
y1 = 0,inthe limitI'; — O (i.e., m; — 0) due to the conservation
of ¢ in this limit. That means that such terms are parametrically
smaller (by a power of I'; or m,) than the k? terms in Eq. (15) in
such a case.
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and I',. For the purpose of the power counting, in this
paragraph, we measure parameters, such as k or I',, in
microscopic units, e.g., units set by the mean free path or
temperature. Note that the Hydro+ regime, where ordinary
hydrodynamics fails, begins already at k~1, (more
precisely, I';/c, [23]). The terms of the order of k* in
Eq. (15) need to be kept if we want to apply Hydro+ to
even higher k of the order of 1/T",. On the other hand, in the
regime k < /T, (including the Hydro+ regime k > T,),
the k% terms in Eq. (15) are negligible.

It is instructive to compare and contrast the single-mode
Hydro+ and the model of chiral fluid dynamics (see, e.g.,
[24,25]) considered recently in the context of the QCD
critical point. The equation (linearized for simplicity) of the
nonhydrodynamic mode ¢, 0 - 96 + 1,0,6 + mic = 0, is
different from the (correspondingly linearized) Eq. (16).
Most notably, the mode ¢ is propagating, not relaxational,
unless, or course, one considers @ < 7,,. In this case, the
relaxation rate I', = m2/n, is vanishing when m, — 0,
provided 7, does not vanish in this limit, which, however, it
does in the model. If one ignores the physics of the model
and considers 7, as a free phenomenological parameter,
then the model will become an example of a single-mode
Hydro+, provided the Lorentz invariance is also restored
by replacing 0,6 - Do. This should be expected, since
Hydro+ is a general effective theory which should match
any model in the appropriate limit, the specifics of the
model being reflected in the values of phenomenological
parameters such as y, A(/,, etc. It should be also noted that,
due to the mixing of the scalar field with the baryon density,
the addition of such a field to hydrodynamics, generally,
will not produce an independently slow mode even when
m, — 0 [26] unless an additional parameter is tuned.

Summarizing this section, we have considered a gener-
alization of hydrodynamics, or Hydro+, which describes the
coupled evolution of hydrodynamic d.o.f. and an additional
parametrically slow scalar mode. As in ordinary hydro-
dynamics, the second law of thermodynamics imposes
constraints on the form and parameters of the theory.
The inputs of Hydro+ include the generalized entropy
S(4) (g, n, ¢), the “compressibility coefficient” A, and trans-
port coefficients such as 771, { (1) and v, Agas Aqrs Az Which
appear in constitutive equations (13)—(15).

For very slow processes, i.e., processes slower than the
relaxation time of the slow mode (equivalently, at 7 = 0),
Hydro+ reduces to conventional hydrodynamics. While
the relationship between 7, and 4,, to the conventional
hydrodynamic coefficients # and 4 (given by Kubo for-
mulas at @ — 0) is trivial, this is not the case for the bulk
viscosity £, because it receives a contribution from the
slow mode proportional to its large relaxation time, as
pointed out long ago by Leontovich and Mandelstam
[8—10]. In the next section, we discuss this effect in more
detail using Hydro+ with a single slow nonhydrodynamic

mode. The generalization of this effect to the case of the
critical point leads to the critical divergence of the bulk
viscosity which we discussed already in the introduction.

B. Bulk viscosity and sound in Hydro +

The presence of the slow mode has a profound effect on
the response of the system to expansion or compression.
In hydrodynamics, the fluid’s expansion or compression
leads to the corresponding change in the densities of the
conserved quantities. If the size of the system (or its part)
undergoing expansion or compression is large enough that
the contribution of diffusive processes is negligible, the
conserved quantities, energy and charge, remain the same
and the densities, € and n, simply scale with the volume.
We can describe this process by the linearized Eqs. (7a) and
(7b), where @ = V - v is the expansion rate:

De=-wl+--- and Dn=-nf+---, (17)
where the ellipsis denotes the terms of higher order in
gradients.

The pressure, on the other hand, is a function of the
variables € and n only in equilibrium (at 7 = 0). In ordinary
hydrodynamics, the pressure adjusts to its equilibrium
value p(e, n) on a microscopically short timescale, negli-
gible compared to the timescale of expansion. In Hydro+,
in contrast, the pressure p( ) depends also on the variable ¢
or z, whose relaxation rate to equilibrium, 7 = 0, can be
arbitrarily slow. As a result, if we write the linearized
deviation of pressure from equilibrium due to infinitesimal
expansion or compression ¢, we find an additional term
proportional to z:

pesy(enm) = plecn) + palen)r . (18)

The deviation of z from equilibrium is due to expansion,
and the amount of this deviation is proportional to 6.
To express this explicitly, we can substitute ¢(e, n, ) into
Eq. (7d) to rewrite it as an equation for z:

R (IR
(19)

where we used Eq. (17) and defined

Using Maxwell relations (see Appendix B), one can
express the quantity in the square brackets in terms of p,:

o))
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The frequency dependence of the contribution of the slow mode to the bulk viscosity, or to —ImG/® (left), as well as to the

speed of sound, or ReG/w (right). Dashed horizontal lines represent the (lack of) frequency dependence of these quantities in ordinary

hydrodynamics.

and rewrite Eq. (19) as

PDx

Dr=-T'n— 0+, (22)
br
where we defined the relaxation rate
Yz
r,=—. 23
5 (23)
This linearized equation can be solved for 7 as
1
P 0 (24)

¢p io—T, "

where o is the frequency of the oscillation of the variables
around equilibrium. Substituting into Eq. (18), we find that
the pressure deviates from its equilibrium value by an
amount proportional to the expansion rate 0:

ppz 1
=P ¢, Ty —iw (25)

By definition, the coefficient of € at @ = 0 is the con-
tribution of the slow mode to the bulk viscosity:

Brz
AL(0) = . (26)
7
This contribution diverges when I, vanishes.
At nonzero w, the coefficient of € can be related to the
Green’s function G of the operator Tf /3, which is natural,
since it describes the response to compression:

Brz 1 iAGg(w)
o, T,—iw ©

(27)

The frequency-dependent bulk viscosity can be defined as
the real part of that coefficient, or —ImGy/®, in accordance
with the Kubo formula:

7
2ot

Af(w) = AZ(0) (28)

This quantity describes dissipation during expansion or
compression at frequency . Note that A{(w) drops off
when @ 2 I',. This means that, if we were to naively
extend the conventional hydrodynamics with frequency-
independent { to w 2 I',, we would overestimate the
amount of dissipation [see Fig. 1(a)].

The imaginary part of the coefficient of € in Eq. (25),
i.e., the real part of AGy in Eq. (27), is related to the
contribution of the slow mode to the sound speed. This can
be seen from Eq. (25) by expressing oscillation ép of
the pressure in terms of oscillations de of the energy density
and also using Eq. (17) to express 0 in terms of de
(0 = iwde/w):

5p4) = (2 + AGg/w)se. (29)

The expression ¢? + AGg/w in Eq. (29) can be viewed as
the speed of sound (squared), or equation of state stiffness,
in two limits when it becomes almost real, with the
imaginary part related to the attenuation of the sound.
Let us define the frequency-dependent contribution to
the speed of sound (corresponding to the phase velocity):

ReAGg(w) Pp, @
Aci(w) = w :(]5 vlt[/l“z—f—a)z

(30)

[see also Fig. 1(b)]. The imaginary part (attenuation)
becomes negligible in the limit w << I";, when the sound
speed is given by c2—the usual hydrodynamic sound
speed—and also in the limit @ > I', when the sound speed
is given by a larger value:

where Ac2(co) = v’i’i (31)

c§(+> =2 + Ac?(),
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FIG. 2. Sound dispersion relation, i.e., real (right) and imaginary (left) parts of the sound frequency as a function of k, in single-mode
Hydro+ determined by solving (33), compared to ordinary hydrodynamics (dashed lines for @ < I',). The quantities are normalized to
make the plots scale independent. The dimensionless ratio Ac2/c? is set to 2 for concreteness.

Comparing Egs. (26) and (31), we find

Ac?(oo
£0) = wB®) 32)
the Landau-Khalatnikov formula (cf. Ref. [10]).
Note that Ac? > 0 is a consequence of thermodynamic
stability. The fact that c% > 2, i.e., the Hydro+ equation

of state, is stiffer, is natural, since some (slow) d.o.f. are
effectively “frozen” at high frequencies. Thus, naively
extending ordinary hydrodynamics with an equilibrium
equation of state to higher frequencies would underestimate
the stiffness [see Fig. l(b)].4

Substituting the pressure oscillation given by Eq. (29)
into the linearized hydrodynamic equations, we find the
dispersion relation for the sound as well as the non-
hydrodynamic slow mode given by the three solutions of

[0

2 k2 2 -
W (cs +a)+iF,,

ad(e)). (3)

In Fig. 2, the real and imaginary parts of the sound
dispersion relation given by Eq. (33) are plotted for
illustration. Note that the behavior of the sound attenu-
ation rate changes from quadratic in the regime o < I'; to
a constant for @ > I',:

K* Ac? K2 AL(0
w<T,: Ima):——M:___g( ); (34)

2 T, 2w

*Also note that, while the hydrodynamic speed of sound ¢? is
given by the usual derivative (Op/0de) at de/w = dn/n and
7 = 0, the speed cz( +) is given by the derivative where instead
of 7 =0 the condition d¢/Ay = de/w =dn/n holds (see
Appendix B). This is different from the ¢ = const condition
in Ref. [10], because, even if the relaxation term in Eq. (7d) can
be neglected in the Hydro+ regime (w > I';), the variable ¢
oscillates with @ if its compressibility A is nonzero.

I, Ac2
w>T,: Imw:——”ﬁ. (35)
2 G

For even larger w, one also has to take into account
the usual O(k?) contribution unrelated to the slow mode
coming from () (as well as from 7, and 4(4)).

To summarize this section, we have considered the
response of a system with a parametrically slow mode,
described by Hydro+, to bulk expansion and compres-
sion. Most notably, for frequencies w = I', the effective
stiffness 6p/de, or the sound speed, increases [see
Figs. 1(b) and 2(b)], while the frequency-dependent
bulk viscosity drops [see Fig. 1(a)]. Note that without
this drop the sound attenuation rate in Eq. (34) would
have overcome the sound frequency [compare dashed
lines in Figs. 2(a) and 2(b)]. Instead, the sound attenu-
ation rate (rather than growing as k”) saturates at a
constant [Fig. 2(a)]. Such frequency and wave-vector
dependence is beyond the reach of conventional
hydrodynamics.

We want to emphasize again that these results, for
w 2z ', are reliable if the slow mode ¢ is parametrically
slower than all the other nonhydrodynamic modes, i.e.,
if ', is much smaller than the microscopic (nonhydrody-
namic) relaxation rates. This is an essential condition
which distinguishes Hydro+ from other descriptions
which add d.o.f. not parametrically separated from other
microscopic modes, e.g., conventional Israel-Stewart
hydrodynamics [27] [see, e.g., Ref. [28] for a discussion
of the (in)applicability of the Israel-Stewart theory].
If, however, one treats the relaxation time 7 of the trace
of the stress tensor as a parameter which can be made
arbitrarily large, then the Israel-Stewart theory becomes
an example of a single-mode Hydro+ (with p, = 1).
As expected, the bulk viscosity diverges as 7y — oo in
such a theory [29].
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III. ENTROPY OF FLUCTUATIONS
AND 2PI ACTION

A. Introduction

The purpose of this section is to introduce a particular
new set of d.o.f. into hydrodynamics. Unlike the usual
hydrodynamic d.o.f., which describe local averages of
conserved densities, these additional d.o.f. describe fluc-
tuations (and their correlations). This section explains the
conceptual framework which makes this possible, i.e.,
explains how one needs to think about these d.o.f. and
the type of states of the system that they describe. Our
limited goal here is to make this understanding quantitative
enough that we can determine the entropy associated with
these additional d.o.f,, i.e., $(4)- However, the conceptual
framework we lay out is general and broad and could be
extended to other interesting problems (e.g., non-Gaussian
fluctuations).

We shall attempt to answer the question: What is the
physical meaning of a state characterized by given magni-
tudes of fluctuations and correlations which are not equal to
equilibrium values? What we need to know is how much
entropy the state with nonequilibrium fluctuations or
correlations is missing (because we “know” more about
it) compared to a complete-equilibrium state. The answer
to that question will be given by Eq. (57) at the end of
this section. The result and the formalism leading to it is
remarkably similar to the formalism of the two-particle
irreducible (2PI) effective action in the quantum field
theory [30-34]. The similarity is mathematical, while the
physical origin and meaning are different.’

The purpose of this section is to derive Eq. (57) in such a
way as to elucidate its conceptual meaning in the present
context. A reader who finds Eq. (57) and its physical
meaning evident following the intuitive explanation in the
paragraph below it may skip directly to Eq. (57) on first
reading. Another important result in this section is Eq. (56),
which describes “renormalization” of the equation of state
by fluctuations.

The discussion will be pedagogical and self-contained.
We shall begin with a standard textbook introduction (e.g.,
Ref. [36]) to statistical mechanics and the concept of local
thermodynamic equilibrium in order to emphasize the
points which will be essential for our purpose.

The most important point to keep in mind is that a state
in statistical physics describes an ensemble of microscopic
quantum states of the system. The concept reflects the
impracticality of describing the evolution of a macro-
scopic system by specifying and evolving its (highly
excited) microscopic state. Not only is such a description

>The 2PI action formalism has been used before to describe
nonequilibrium evolution of quantum systems [35]. Although
still different, this application of 2PI bears the closest similarity to
our approach. We hope that our discussion will provide an
intuitive insight into the meaning of this formalism as well.

unworkable, it is also unrealistic when we have no
practical way to prepare such a pure microscopic state
for a macroscopic system.

Instead, the statistical description deals with the ensem-
ble of ‘“similar” microscopic states. The ensemble is
characterized by the set of probabilities of each state to
be in the ensemble (the density matrix) or, alternatively,
the set of correlation functions or expectation values of
operators in the ensemble. The space of all possible
statistical states is thus greater than the Hilbert space of
microscopic (pure) states.

B. Equilibrium fluctuations

Equilibrium states form a special class of the statistical
states in which the probability of a microscopic state to
appear in the ensemble is a function only of conserved
quantities (quantum numbers) of this state, such as the
energy, charge, momentum, etc. An equilibrium state is a
very good approximation to a macroscopic system (i.e., a
system with many d.o.f.) averaged over time intervals
sufficiently long compared to microscopic timescales
(e.g., mean free time between collisions in a gas).
Below, we shall denote the set of the conserved quantities
by a vector V.

As a warm-up, let us first consider the simplest equi-
librium statistical state—the microcanonical ensemble—
where the only microscopic quantum states in the ensemble
are those with W within a small interval AY around a given
value P. The size of the interval A is assumed to be small
compared to the characteristic scale of the variation of the
density of states but much larger than the level spacing. For
a macroscopic system, with a very large density of states,
this is easily satisfied. The probability of each state in this
interval is the same. Then entropy, which we shall denote
So(P), is given simply by the logarithm of the number of
the states in the ensemble.

Next, let us consider a canonical ensemble—an open
system in contact with a much larger (infinite) reservoir of
conserved quantities P. All states of the system can now
appear, but the probability of each state is now weighed by
the exponential exp(J¥), where J is a set (a vector) of
thermodynamic variables conjugate to W (e.g., /T for
charge or —1/T for energy): J = —0S,eservoir/ 0¥, and we
use symbolic notation J¥ = > J,¥, for the sum of the
products of each variable and its conjugate. This extra
weight reflects the dependence of the number of states of
the reservoir when it exchanges energy with our system.

The entropy of the canonical ensemble can be calculated
by using the standard formula

S=-> pilogp;, (36)

where the sum runs over all states and p; is the probability
of a state labeled i. Since this is an equilibrium state
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(by definition), the value of p; depends only on the value ¥
for this state. The probability of each state is the same up to
a factor ¢’¥. Since the density of states is large, we can
replace the sum over i with the integral over WP, taking into
account the density of states:

> - / (d¥/AWP)e%.

The normalized probability for each microscopic state is
given by

(37)

pi = exp(J¥ - W(J)), (38)

where

M) = / (%) AW) SV, (39)

The entropy of the canonical ensemble in Eq. (36) is then
given by

S=- / () AW) eSO HIY-W) (7 _ W (J))

=W(J) - J(¥). (40)
Since (¥) =dW/dJ, S((¥)) is a Legendre transform
of W(J).

C. Partial-equilibrium fluctuations

As the next step, let us consider so-called partial (or
incomplete) equilibrium states [36], i.e., the states where
equilibrium has been achieved locally, for regions of a size
of the order of, say, £, much larger than the microscopic
scale (such as the mean free path), but global (complete)
equilibrium has not yet been achieved. This is a common
situation when the system is observed over finite periods
of time, because the relaxation time grows with the size of
the system. The evolution of these states is described by
hydrodynamics. We can generalize the calculation of
entropy for these states by using additivity of entropy.
Each of the subsystems of size £ can be treated as an open
system in equilibrium with its local environment and its
entropy calculated using the formulas for a canonical
ensemble above. The total entropy is then the sum of
the entropies of the parts. More formally, this means
considering microscopic state probabilities p; as func-
tionals of the (slowly varying on the scale ¢) fields ¥
and replacing the integrals in Eq. (40) with the path
integrals. We thus find the entropy of a partial-equilibrium
state as a functional of slowly varying ¥ = (¥):

S| [¥] = - / DY SV (g — WJ])

= W[J] - J(¥), (41)

where DY is the functional integral measure and J¥ now
denotes the sum over the variables as before as well as
the integral over space (i.e., sum over the locally
equilibrated subsystems): J¥ =", [ J,(x)¥,(x). The
entropy of a partial-equilibrium state is thus given by the
Legendre transform of the “one-particle irreducible”
(IPI) generating functional W[J] of the correlation
functions of .

Finally, we must realize that the partial-equilibrium state
we described above is still a special case and in many
important situations is inadequate for describing a real
system out of equilibrium even on the timescales sufficient
for local equilibration. Since only local equilibration had
enough time to occur, the profile of ¥ in the system on
scales longer than 7 is still different from the equilibrium
(constant in space) value. Also, each local value of ¥ s
different in different members of the ensemble. In the states
we just described, these fluctuations within the ensemble
are, however, completely determined by ¥ (or, alterna-
tively, J) and the density of states. This property of the
ensemble is, however, unrealistic in many important cases
when not only ¥ but also its variations in space on scales
longer than # between different members of the ensemble
are not what they should be in equilibrium. The relaxation
time of such long-wavelength fluctuations is of the same
order as the relaxation time for long-wavelength inhomo-
geneities of ¥ itself, and thus these fluctuations would
typically be out of equilibrium at these timescales.

In other words, we must consider states where not only
the one-point function ¥ = (¥) but also the two-point
functions (¥, (x)¥,,(y))), which we shall denote symboli-
cally as (W¥), and, in general, higher-order correlation
functions are still away from equilibrium values. In other
words, the state should be characterized by the probability
functional p;[¥], which is not completely determined by
the average value ¥ but can be an arbitrary functional,
which will evolve in time as it approaches the equilibrium
form.

To formalize this observation, we recall that the equi-
librium probability of the microscopic state we considered
is given by Eq. (38). To allow for a state with an arbitrary
value of a two-point function, we can consider the
probability in the form

1
Di —exp(J‘P+§‘I’K‘P— W, J, K])’ (42)

where we introduced an arbitrary quadratic form matrix or
operator K to parameterize the deviation of the probability
distribution from equilibrium. The normalization of the
probability is given by

eWallK] — / Dlyeso[w]wwgpm’ (43)
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where WK¥ denotes [, 3=, ¥ (%) K (¥, 3)®,,(v). The

entropy of such a partial-equilibrium state is given by the
standard formula Eq. (36):

Sy = _Zpilog Di
— / DY o Sol¥+/ ¥+ K¥=W, [/ K]
X (J\I’ + %‘I’K‘P - W,[J, K])
= W,[J,K| - J(¥) — % (PKY). (44)

We find that the entropy is the Legendre transform of the
2PI generating functional W, [J, K]. It should be possible to
generalize this to higher point correlators, and this should
be important to do in order to study higher moments of
fluctuations near the critical point. We defer this to
further work.

Here we focus on states described by one- and two-point
functions. It is convenient to introduce a correlator

G = (P¥)-P V¥ (45)
in terms of which
(PKY) = rKG + PK'P. (46)

It is convenient to substitute Eq. (46) into Eq. (44):
1- - 1

and express S, as a functional of ¥ and G using implicit
equations

- W, 56 oW,
P=2"2 and P =222 4
5 G+ e (48)
It is useful to note that the derivatives of S,[¥,G] are
given by

0S8, oS,
50 J and 25G_ K. (49)
Therefore, one can think of K as a thermodynamic restoring
force bringing the system back to equilibrium.

To be more explicit, we shall evaluate W, in Eq. (43) in
the saddle-point approximation (which should be appro-
priate in the regime # >> £ due to the central limit theorem):

- |
WZ[J,K]zSO[‘P]+J‘P+§‘PK‘P—§Iogdet(C—K),
(50)

where we introduced quadratic form matrix or operator

88
T2

(51)

The value of ¥ is determined by J and K via the saddle-
point equation

M -
—+J+K¥Y=0. 52
5 (52)
Substituting Eq. (50) into Eq. (44) and using (46), we
find

- -1 1
To eliminate K in favor of G, we apply Eq. (48) to Eq. (47)
to find

G=(C-K)™, (54)

which we substitute into Eq. (54):
- _ 1 1
S,[P, G| ~ Sy[P] — Etr(CG -1)+ Elog detG. (55)

It is more convenient to express microscopic action Sy in
terms of the 1PI effective action S defined in Eq. (41). Itis
easy to see that S| = S,|x_y, i.€.,

1
Sy~ 8+ Elog detC (56)

and thus
- _ 1 1
SV, G] ~ S, [¥] - Etr(CG —1)+ ilog detCG. (57)

One can see that S, < §y. The entropy is maximized
when G = C~!, i.e., when the fluctuations (characterized
by the two-point function G) are in equilibrium (K = 0).

To understand this result physically, it is useful to keep in
mind that entropy is a measure of the uncertainty of the
system. Since larger fluctuations mean larger uncertainty,
the entropy should increase with G. The last, logarithmic,
term in Eq. (57) describes this. One can think of v/det G as
a measure of the “spread” of the thermodynamic state
probability distribution over the microscopic states, and the
logarithm of it is the entropy. However, the increase in the
magnitude of fluctuations around equilibrium comes at an
expense: Because of the convexity of the entropy, the
average entropy of a state decreases when the fluctuations
get larger, i.e., (S) = Sy + 65/ (6WSY) (SYSY) < S,. This
effect is described by the second term in Eq. (57). The
balance of these two effects leads to the maximum at the
equilibrium value of the fluctuations given by G = C~.
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D. Scale separation and mode
distribution function

Let us consider a system in a partial-equilibrium state
where the equilibrium is “complete” only for subsystems of
a macroscopic size ¢ (or smaller). If £ > £, in such a state
the contribution of fluctuations is suppressed according to
the central limit theorem, where ¢ is the correlation length
of fluctuations. This separation of scales £ > ¢ is also
reflected in the dependence of the fluctuation correlator
G(x;,x,) = C7'(xy,x,) on x; and x,. Indeed, in the fully
equilibrated state (£ = o0), which is homogeneous, the
local value of ¥ is position independent, and the two-point
correlator, G(x;,x,) = C™'(x;,x,), depends only on the
difference x; — x,. The typical scale for this dependence is
lx; —x,| ~& In the partial-equilibrium states, P(x)
depends on x very slowly, and similarly the dependence
of G(x;,x,) on (x; + x,)/2 is slow and is associated with
the scales longer than ¢, which is much longer than the
scale & of |x; —x,| dependence.

This separation of scales is most conveniently exploited
by performing a Wigner transform of G, i.e., Fourier
transform with respect to x; — x,:

Go(x) = /MG<x+%,x—%>eiQAx. (58)

The states we consider are characterized by Gy which
varies slowly with x, compared to the scale set by
characteristic value of Q.

For such states, the 2PI action simplifies. The functional
trace in Eq. (57) becomes an integral over x and over Q of a
matrix function of Gy(x), i.e.,

- - 1
x JQ

(59)

where Cg = Gp' is the Wigner transform of C from

Eq. (51). We use intuitive short-hand notations for spatial
and wave-vector integrations. respectively:

l...—/cﬁx... and /Q...E/d3(Q/2ﬂ)....

(60)

It is notable that a similar scale separation occurs in the
kinetic theory where the particle distribution function is
also a Wigner transform of a two-point correlator.
Mathematical similarity notwithstanding, the physical ori-
gin of the separation is different in that case—the slowness
of the collision rate compared to typical particle momenta.
In our case, such a Wigner transform would be more

appropriately called a mode distribution function, since the
variable Q is a wave vector of the mode and not a particle
momentum. The integral over variables x and Q is the
phase-space integral. The evolution equation for the mode
distribution function is similar to a kinetic equation, and
one could use this term to describe it, with the under-
standing that it does not describe particle kinetics but rather
the mode kinetics.’

IV. KINETICS OF FLUCTUATIONS

A. Relaxation equations

The evolution of the system we are describing is
governed by the second law of thermodynamics; i.e., the
evolution proceeds towards the maximum of the entropy
under (energy-momentum, charge, etc.) conservation con-
straints. Hydrodynamic equations are essentially these
constraints (supplemented with constitutive equations).
We can use the same approach to describe the evolution
of the two-point (as well as one-point) functions towards
the maximum of the 2PI entropy S,. In order to do that, we
need to supplement the usual set of hydrodynamic equa-
tions for the conserved densities P, with the equations
which describe the time evolution of the two-point func-
tions G. Following the same logic, we can write these
equations as relaxation equations. Since we focus on the
quadratic fluctuations, we would need the linearized form
of the hydrodynamic equations. Writing the hydrodynamic
equations (in matrix notations) in the Onsager form and
linearizing them, we find

DY = —yJ = —L5¥ + O(5%2), (61)

where y is the Onsager matrix and L is the linear evolution
matrix which are related via

y=LC™. (62)

The explicit form of these matrices is presented in
Sec. IV D.

We can now write the linearized evolution equation for
the two-point functions in matrix notations as

0,G=-L(G-G)-(G-G)L" +O(G-G)>, (63)

where G = C~! is the equilibrium value of G. This
equation is easy to derive from Eq. (61) with a noise term.

®For the sound channel, the similarity is not just mathematical
but also physical: The corresponding matrix element of G can
be identified with the distribution function of phonon quasi-
particles, and the corresponding equation with the kinetic
(Boltzmann) equation for the phonon quasiparticles as in
Ref. [11].
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In order to determine the full nonlinear form of Eq. (63),
we need to use the expression for the entropy Eq. (57) and
the second law of thermodynamics. In order for the law to
hold, we need the relaxation equation to have the Onsager
form; i.e., the relaxation rate should be proportional to the
thermodynamic force

K= -2%: —(G'-G ) =C(G-G)C+0O(G-G)?,

(64)

where we used C = G~! (the factor of 2 is due to the
symmetry of G). It is easy to see that the equation which
obeys this condition and agrees with Eq. (63) has the form

9,G = —yKC' = C 'Ky =y(G'G - 1)+ (GG = 1)y.
(65)

So far, the discussion of the kinetics was general and did
not assume the separation of scales, Q > 1/, discussed in
the previous subsection. Such scale separation simplifies
equations in terms of the Wigner transformed functions.
Symbolically, the form of equations in terms of G remains
the same, but we can replace all matrices and operators
(G, C, L, y) by their Wigner transforms evaluated at the
common wave vector Q.

B. Mode decomposition

One can solve the linear equation (61) by decomposing
the set of variables W into the right eigenmodes of the
operator L. Then the solution is given by the sum of
projectors

L= J,P, whereP,=uy,0, (66)

and yw and O are the right and left eigenmodes of L,
respectively:

Ly, = AW, OhL = 1,0} (67)
Although the right and left eigenvalues are the same (roots
of the characteristic polynomial), the right and left eigen-
vectors are, in general, different (i.e., P} # P,) and not

orthogonal among themselves. Instead, they form a set of
dual bases which are mutually orthogonal, i.e.,

ejll//m = 5mn or Pan = 5mnPn' (68)

One can show this by multiplying the first and the second
of Egs. (67) by 6} on the left and by v, on the right,
respectively.

Although L is not Hermitian, the Onsager matrix or
operator in Eq. (62) is, which means

LC' =C LY (69)

Therefore, matrices C and C~! (which are Hermitian) can
be written as

C=> c,0,00.

C =D Gy (70)

The result for C~! can be derived by “sandwiching” Eq. (69)
between 6}, and 0, and using Eqgs. (67) and (68), while the
result for C by doing the same to equation CL = L' C using
yi, and y,,.”

If the matrix L were Hermitian, this would reduce to a
familiar result that C can be diagonalized in the same
basis as L, since Eq. (69) would become a commutativity
condition.

C. Projection onto the slowest mode

Our discussion of fluctuations in this section is general.
In Sec. V, we shall consider a special case where a
parametric separation of scales appears between the
relaxation rates of different modes of fluctuations, such
as the case near a critical point. The slowest relaxing mode
in this case is the heat diffusion at a constant pressure (see
Sec. IV D), whose relaxation time afz/Dp is the longest
because the diffusion coefficient D, vanishes at the critical
point. This is due to the divergence of heat capacity c,, ~ &
and the relation D, = «/c,, where k = A(fw/n)? is the
heat conductivity. As a result D, ~ &1, even despite the
divergence of A~ & (we round all powers of &£ to integer
values for simplicity).

In such a situation, one may consider a partial-equilibrium
state where the “complete” (local) equilibrium of all modes is
achieved on length scales ¢, except for the slowest mode,
whose equilibrium still needs more time to be reached. In this
case, we can neglect the fluctuations of all equilibrated
modes, since their contribution is typically suppressed by
the central limit theorem by a factor of (£/¢)3 < 1.* The
unequilibrated fluctuation mode can then be treated using
the formalism we introduce in the next section.

The slowest mode of Eq. (61), y, corresponds to
the smallest (in terms of its real part) eigenvalue of

"The coefficients ¢, can be chosen arbitrarily by adjusting
the normalization of y,, and 6, while still preserving Egs. (68).
One could, for example, choose ¢, = 1. However, there are
other considerations which make certain other choices prefer-
able.

$There are, of course, special measurements where such
fluctuations give leading contributions, e.g., in long-time tails
of correlators [11,37]. In this case, since £ ~ t, the suppression
factor (£/£) ~ t73/2 leads to the characteristic half-integer power
tail.
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L, 11.9 In other words, the slowest mode is the projection
PY¥Y =y, (GI‘P) It is easy to see that the relaxation rates in
Eq. (63) are given by 4, + 4,,; i.e., the slowest relaxation
rate corresponds to n = m = 1, and the slowest mode is
given by the projection P;(G — C~")P]. If we neglect all
other (faster) modes, the matrix G will take the form

G=C"'"+P(G-C"P]
=C 4 (=T v
= (1+ (¢ —P)C, (71)
where we introduced
¢ = 0,G6; (72)

and used Eq. (70).

Since G is not just a discrete matrix but an operator whose
kernel G(x,y) is a 5 x 5 matrix, the spectrum of modes is
not discrete but a continuous spectrum of hydrodynamic
modes. For the partial-equilibrium states we consider, where
the rate of variation with respect to x +y is much slower
than with respect to x —y, ie., 1/ < Q, the problem
simplifies, as we have seen in Eq. (59), where the action can
be written as a local functional of the Wigner transform
Gg(x). We can then consider the lowest eigenmode of G,
locally and define the corresponding projection

bo(x) = 0,Gy(x)6,. (73)

which is related to Gy as ¢ is related to G in Eq. (71).
Substituting this expression for Gy into the 2PI entropy in
Eq. (59), we find

12,6~ 519+ [ [ (1= do/ibo-+108(d0/ o).
(74)
where
bo(x) = c7! = 0]Gy0,. (75)

Here ¢ (x) is an additional d.o.f. whose local equilibrium ¢
depends on x via the dependence on the local equilibrium
value of hydrodynamic variables (one-point functions) V.
In order to write the kinetic equation of the slowest mode
¢, we would need to eliminate faster modes using the
equations of motion such as Eq. (65). For linear equations,
this would simply amount to the projection we described
above. However, due to nonlinearities this procedure is
more complicated and should essentially capture the known
physics of the “mode coupling” [21,38,39]. Here we shall

°It is also useful to note that due to L = yC that mode is also
the flattest direction of the quadratic form C. A simple explicit
example of this could be found in Ref. [26].

use the result of the mode-coupling calculations in
Refs. [21,39] to write the resulting equation as

Do = ~1+(Q)7g, (76)
where
oS 1 -
no === 5 0~ g (77)

The coefficient y,(Q) can be related to the relaxation rate
['(Q) which is known from the mode-coupling calculations,
and we shall discuss it below [see Eq. (95)]. We have also
omitted the A,(Q) term, because we shall choose the
slowest mode to be s/n (see Sec. IV D), which has zero
compressibility, i.e., D(s/n) =0-6 + ---. We remind the
reader that the choice is arbitrary (see Appendix C), and a
more detailed calculation would be needed to determine
what the optimal choice of the slow mode should be and if
that choice has nonzero A,/,. In addition, one should also
consider Hydro+ terms with 4, and 4, but we shall defer
this as well as a more nuanced choice of ¢y and the
derivation of Eq. (76) to future work.

D. The slowest mode

For completeness, we present here an explicit form of
the matrix operators L, C, and y and identify the slowest
mode (or, more precisely, the branch of modes).

Writing linearized hydrodynamics in coordinates 6¥W =
(wov(k), de(k), on(k)) we find

VvV ikp, ikp,
1 0 0 , (78)
n/w k*la, kla,

L

where subscripted thermodynamic variables p,, p,,, @,, and
a, denote derivatives of the variable with respect to the
subscript variable (¢ or n) while the other variable is held
fixed [e.g., p. = (9p/0¢),] and V = nk? + ({ +ink @ k
is a matrix of viscous relaxation.

B/w 0 0
C= 0 ﬂe ﬁn s (79)
0 -a -a,

which is symmetric by virtue of the Maxwell relation
p, = —a,. Therefore, the Onsager matrix is given by

wV  ikw  ikn
—ikw 0 0 , (80)
—ikn 0 k*BA

1
y=LC'=-
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where we performed some standard thermodynamic
Jacobian calculus to simplify the result.

To lowest order in k (ideal hydrodynamics), the smallest
eigenvalue of matrix L is 0, and the corresponding
(unnormalized) right and left eigenvectors are

wi~(0.1,=p./p,). 01 ~(0.1,-w/n). (81)
Since —p,/p, = (On/0e),,, this simply means that in the
mode O¥ ~ | the de and én fluctuations are such that
op = 0; i.e., the pressure does not fluctuate. The projection
on that mode from an arbitrary fluctuation, i.e., 6;0¥ ~
be — (w/n)dn, is proportional to the fluctuation of s/n

since
5(5> _p <5e - Y&) . (82)
n n n

Thus, we can describe the slowest mode as the diffusion of
entropy per baryon at a fixed pressure.

Therefore, the variable ¢ defined by projection on the
slowest mode in Eq. (73) can be identified with the Wigner
transform of the correlator of s/n:

¢Q(x)"’/Ax <5m<x+A2x>5m( —A2x>>e"QAx, (83)

where we defined
m=2, (84)

The normalization of ¢y, is arbitrary, as can be seen from
the expression for the 2PI action in Eq. (74), where it
cancels. Moreover, it is worth noting that any function of
¢¢ can be chosen to represent slow relaxation, due to the
reparameterization invariance of Hydro+. However, one
needs to be aware that the value of compressibility A, may
depend on that choice (see Appendix C).

V. HYDRO+ NEAR THE QCD CRITICAL POINT

A. Formulation
In Sec. IV, we identified the slow d.o.f. near the QCD
critical point ¢ and derived partial-equilibrium entropy
density s(4)(e, n, ¢):

s (&1, ¢g)

=s(e,n 1 e - %o
=ste, ”2/9{1"%@,@ $Q<e,n>“}’ ®5)

where s(e,n) is the ordinary equilibrium entropy and
$g (e, n) is the local equilibrium value of the nonhydrody-
namics slow mode ¢, determined by local values of ¢ and
n. Similarly to € and n being the energy and charge density

in the local rest frame defined by 4-velocity u#, Q is also a
wave vector in the same frame, thus ensuring Lorentz
invariance of (). We are now ready to write the Hydro+
equations which we propose to describe the evolution near
the critical point. The equations are usual conservation laws
0,T" =0, 0,J* =0 and a relaxation rate equation (76)
for ¢g.
The constitutive relations for 7% and J# now read

T = eu'u” + p g\ —ne (8’114” + 0w — %gff@)
— {910 (86)
JH = nut + 20 ag. (87)
Here p(,) is related to s, by

PP = ) = b€ +agn. (88)

In this subsection, we shall discuss the necessary
ingredients for Hydro+. Our central ingredient is the
partial-equilibrium equation of state, which depends on
the equilibrium entropy s(e, n) and the equilibrium value of
$o(e.n). Here, s(e,n) is the complete-equilibrium equa-
tion of state which includes the thermodynamic behavior
near the critical point. For QCD, the equation of state in the
relevant region, i.e., at a finite baryon density, is not reliably
known from the first-principles lattice simulation. An
approach which is being pursued is to use an efficient
parameterization of the equation of state which, on the one
hand, matches the reliable lattice data at a small density
(chemical potential) and, on the other hand, incorporates
correct universal critical behavior, in order to minimize the
number of free parameters to be determined by comparing
the simulation with experimental data [40].

In this work, we shall take ¢ to be the Wigner transform
of the correlator (6m(x)ém(y)). We shall assume the
separation of scales 1/7 < Q ~ &1, where ¢ is the scale
of the spatial variation of local values of €, n, and u* as well as
$g- The local equilibrium value q?ﬁQ is given by the Wigner
transform of the equilibrium correlator (5m(x)ém(0)) at
given ¢ and n. In the scaling regime (£ much larger than the
microscopic scale, such as 1/7), the dependence of this
quantity on Q and £ must enter through a universal scaling
function, i.e.,

Jo= [0 (om(ax)m(0) = urs(02.0). (59

where f is a universal function of two scaling variables with
® = O(¢g,n) denoting the variable which, similarly to &,
depends on the local values of € and # but in contrast to & is
invariant under scaling (e.g., parameter € in RO parameter-
ization of the universal scaling equation of state [41]).
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The value of ¢, is given by the magnitude of the
fluctuation of m = [ m(x)/V. This can be found from
the standard textbook analysis of the equilibrium fluctua-
tions and is given by

b = V{(6m)?) =5 (90)

(see Appendix D for derivation).

The universal function f, is normalized as f,(0,0) =1
and can be determined, in principle, using methods
described in, e.g., Ref. [42] or by a lattice computation.
Similarly to the equation of state s(e, n), it is a static
thermodynamic quantity. The asymptotic behavior of
f(x,0) at large and small x is given by

fo=1+ax>+--, x <1, (91)

far = x721(by 4 byx~ =0V - pyx=/v ), x> 1,

(92)

where coefficients a; and b; are functions of ® (see
Ref. [43]).

For practical purposes, a simplified expression indepen-
dent of O,

falx) m (14227 (93)

often referred to as the Ornstein-Zernike (OZ) form
[7,17], could provide a reasonable approximation in limited
applications. However, even though it gives correct small-x
asymptotics, the incorrect large-x asymptotics leads to
incorrect large-w behavior of the frequency-dependent bulk
viscosity which we discuss in Sec. V B.

The coefficient y,(Q) in Eq. (76) is given, similarly to
Eq. (23), by

7:(Q) = ¢.(Q)T(Q) = 243T(Q). (94)

where we defined ¢, (Q) = (0¢g/07y)., and used Eq. (77).

The momentum-dependent relaxation rate of the critical
slow mode I'(Q) for model H has been computed by
Kawasaki [17] (see also Appendix 6B in Ref. [22] or
Appendix B of Ref. [44] for derivations):

[(Q) = 2I':K(Q¢), (95)
where
K(x) = (3/4)[1 + x> + (x* — x ') arctan(x)] (96)

is sometimes referred to as the Kawasaki function.'
This form describes the experimental data for various

The factor of 2 relative to Ref. [22] is due to the fact that
I'(Q) is the relaxation rate of a two-point function.

fluids over a range of temperatures near the critical point
remarkably well (see, for example, Fig. 4 in Ref. 7.
The characteristic critical slowing-down rate is defined as
the diffusion rate at wave number &!:

L, T
o= Dy =

(z~3), (97)
where D, is the thermal (more precisely, entropy per
baryon at a constant pressure) diffusion constant due to
the convection of critical density fluctuations, the physical
mechanism of which is described in, e.g., Ref. [7].

Finally, let us discuss the input values for Hydro+
kinetic coefficients & 4> N(4)s and A. Since the critical
behavior of bulk viscosity ¢ (at zero frequency) is now due
to the dynamics of additional slow mode ¢y, the input
value {() will not sensitively depend on the correlation
length and should match with the smooth behavior of the
bulk viscosity away from the critical point. Since shear
viscosity # has a very weak divergence at the critical point,
it is reasonable to neglect this divergence and use 74
interpolated from the smooth behavior away from the
critical point.

The implementation of conductivity 4 is more subtle.
A diverges as £ (rounding the exponent to an integer)
due to the convection of enhanced density fluctuations
[7,17]. Somewhat similar to the divergence of £, the
divergence of 1 is due to the slowness of relaxation of a
nonhydrodynamic mode involving transverse momentum
and charge density fluctuations. In principle, this effect
could be described by an extension of our approach
using 2PI formalism by introducing an additional mode.
We defer this to future work. As a provisional recipe,
consistent with other choices, one could use, near the
critical point,

nT\? nT\?2 Tc
= — D =(— P
4 <w> “rr (w) 6né (98)

B. Frequency dependence of bulk response

In order to illustrate how the Hydro+ formalism
described in Sec. VA works, we shall study the bulk
response in this theory. It is useful to keep in mind that the
formalism in Sec. VA is essentially a multimode gener-
alization of the Hydro+ theory we discussed in Sec. II and
the results here are easily obtained by generalizing the
calculation in Sec. II B. The purpose of this section is to
demonstrate that this simpler formalism reproduces known
properties derived earlier using a different approach by

"The calculation of the Kawasaki function involves function
f>, and it is an example when the Ornstein-Zernike ansatz (93) is
adequate.
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FIG. 3.
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The frequency dependence of the (critical contribution to) bulk viscosity, or A = —ImG/w (left), and the speed of sound

(stiffness of equation of state), or Ac? = ReGg/w, (right) near the critical point from Eq. (102). The quantities and the frequency are
normalized to make plots scale independent. Dashed horizontal lines illustrate the results from ordinary hydrodynamics extrapolated

beyond its range of validity.

Kawasaki and Onuki [17,21], which we briefly review in
the next section.

As in Sec. II B, we consider expansion or compression
fluctuations around the static and homogeneous back-
ground. A straightforward generalization of Eq. (27) leads
to the expression for the bulk response function:

iAGel@) [ p2@) 1
0 _ﬁ/gsbﬂ(Q)F(Q)—iw’

where we generalized the definition of p_, ¢, for one slow
mode Egs. (18) and (20) to a branch of modes labeled by Q:

_ (P _ _w (0%
pﬂ(Q) B <%) E.n B ﬁ ( ag )m’ (100)

(99)

0 -
$4(Q) = ((%’) =27

In Eq. (100), we have also used a natural generalization of
Eq. (B1). Consequently,

iANGg(w)  w? dlog g\ > 1
@ ﬁé( e LW@—M'

Substituting the expression for the equilibrium mode
distribution (ZQ, we can determine the contribution of
critical fluctuations to frequency dependent to bulk vis-
cosity and the frequency-dependent equation of state
stiffness (sound group velocity), which are related to Gy as

(101)

(102)

Al(w) = —ImAGR/w; Ac?(w) = ReAGg/w. (103)
Using the OZ form in Eq. (93), one obtains the results in
agreement with Kawasaki [39], which do not have the

correct large-w behavior. If one uses an ansatz satisfying

the asymptotic behavior in Eq. (91), the correct asymptotic
behavior is reproduced, as in Ref. [22].

To illustrate the frequency dependence of the bulk
viscosity and stiffness (sound speed), we have chosen
the ansatz for (}Q similar to the one used by Onuki in
Refs. [21,22]. Rather than choosing the function qfﬁQ,
we chose an ansatz for its derivative (9log¢g/0¢)? ~

(14 x?)~(-9/¥ where x = Q¢&, which satisfies the neces-
sary asymptotics following from Eq. (91). In particular,
(0log gg/Oe),, ~ Q~U-9/¥ at large Q, which translates

into the large-w asymptotics G ~ w®(®) in accordance
with Ref. [22], where z is the dynamical critical scaling
exponent, I': ~ 7%, as in Eq. (97).

In Fig. 3, we show the resulting frequency dependence
for A and Ac2. Note that, as in Sec. II B, the ordinary
hydrodynamics extrapolated beyond its region of validity
overpredicts the bulk viscosity and underpredicts the
stiffness.'”

Although these results are similar to the single-mode
Hydro+ theory in Sec. II B, it is instructive to compare
and emphasize the differences. For this purpose, we
combine the plots from Figs. 1 and 3 on the same graph.
To make the comparison, we need to choose what scales in
two theories to match. The relevant scale in the single-
mode theory is the rate I'; of the relaxation of the single
mode ¢. In the “kinetic” Hydro+ theory, there is a
spectrum of modes, with a characteristic scale given by
I':. We show two choices of I';-to-I'; matching corre-
sponding to I';/T"; = 0.5 and 2 in Fig. 4. One can view this
comparison as an answer to the question of how well

"The stiffening at higher frequencies is a counterpart of the
well-known effect of softening of the equation of state at @ — 0,
characterized by vanishing of the hydrodynamic sound speed c?2.
More quantitatively, since ¢ ~ &~%*, the dynamical scaling
translates this behavior into high-frequency scaling w® #2).
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FIG. 4. Comparison of the frequency dependence of the bulk viscosity, or A{ (left), and the speed of sound (stiffness of equation of
state), or Ac? (right), between the two theories: “kinetic” Hydro+ in Sec. V A and single-mode Hydro+ in Sec. II for two choices of the
matching scale ratio I, /I";. Dashed horizontal lines illustrate the results of ordinary hydrodynamics extrapolated beyond its range of

validity.

could a single-mode theory match the results of a full
kinetic Hydro+ approach.

One can see that it is hard to match both large and
small frequency behavior of the bulk viscosity, due to
completely different asymptotics of A{(w) in the two
theories.'® The same is true for the stiffness, i.e., Ac2. It is
also notable that the choice of I';/T’;, which makes Ac?
agree better, could lead to worse agreement for A(.
These differences notwithstanding, it is also clear that
even a single-mode Hydro—+ theory gives a better descrip-
tion than a naive extrapolation of the ordinary hydro-
dynamics beyond its range of validity. We can conclude
that a single-mode theory could be used as a rough
illustration of some features of the critical slowing-down,
but it cannot describe this phenomenon fully.

C. Comparison to a loop calculation

In the previous section, we have evaluated critical mode
contribution to the retarded Green’s function using the
Hydro+ formalism. To elucidate the correspondence
between this formalism and an earlier calculation by
Onuki [21,22], and to make the paper self-contained, we
shall provide here a sketch of the computation of the same
quantity using the approach of Refs. [21,22] (see also
Refs. [16,46]) in this subsection.

The starting point of Ref. [21] is the relation between
AGg(w) and nonlinear nonequilibrium pressure Ap:

i8G(w) _ [T e [ (aptexapo.0). (104

)

YThe small-w behavior Al ~ —w~!/2 evident in Fig. 3(a) is the

half-integer long-time hydrodynamic tail [11,37,45]. It cannot be
matched by a single-mode theory where Al is analytic at zero
frequency.

where we used the fluctuation-dissipation relation. The
nonlinear nonequilibrium pressure can be related to a
corresponding contribution to entropy density, As:

PAp = —wAB + nAa = —w <85:S> . (105)

where we used

Ap = (%) , Aaz—(%) . (100

and thermodynamic relation (B2). Near the critical point, it
is sufficient to keep only the contribution of the slowest
mode ém to As:

[ as==3 [ 9 amg(or

where q?ﬁQ is the equal-time correlator of om as in Eq. (89)
and 6myy is the Fourier transform of &m(x). Substituting
Egs. (105) and (107) into Eq. (104), we find (using the scale
separation 1/ < Q)

i80H(0) 1% [ g (‘gi) (mo(1)m_o(0)

x (8m_g()5mg(0)).

This result is best illustrated by a simple one-loop diagram
shown in Fig. 5. The vertex factor (8(}5(‘21/ O¢) is a third
derivative of the entropy As [see Eq. (107)], which is
intuitively natural considering the analogy between the
entropy of fluctuations and the action in the field theory.
Using the expression for the unequal-time correlator

(107)

(108)

(8mg(1)5m_g(0)) = e @112 (109)
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(6mdm)

FIG. 5. The one-loop diagram representing the critical mode
contribution to the bulk response in Eq. (108). Since k ~ 1/£ and
0 ~ 1/¢, the separation of scales £ > & means Q > k—a typical
hierarchy of scales in an HTL calculation.

and performing the time integration in Eq. (108), we obtain
precisely Eq. (102). The factor of 1/2 in the exponent in
Eq. (109) is due to the fact that I'(Q) is the relaxation rate of
a two-point function [essentially, of (m)?], while Eq. (109)
represents the correlation function of the one-point function
om [see also Eq. (95) and footnote 10].

The comparison between Hydro+ and the loop calcu-
lation in this section sheds additional light on the analogy
between Hydro+ and the kinetic (Boltzmann) description
in the thermal field theory. The response in the thermal field
theory, which can be calculated in the hard-thermal loop
(HTL) approach, is nonlocal, as manifested by the well-
known Landau damping. This response is due to almost
on-shell propagation of weakly coupled (quasi)particles.
However, one can replace the HTL approach by an
equivalent kinetic description of these particles using a
Boltzmann equation (or, in the case of gauge-field dynam-
ics, Vlasov equations, coupling particles to classical fields).
The advantage of the kinetic approach is that it is local and
thus more intuitive and conceptually satisfying. Locality is
also an indispensable property for numerical simulations of
real-time dynamics. Hydro+- is similar to the kinetic theory
in this respect. While a noninstantaneous bulk response
(e.g., frequency-dependent bulk viscosity) is hard to imple-
ment in a simulation directly, Hydro+ reproduces this
phenomenon using local (instantaneous) dynamics of addi-
tional modes very similar to the kinetic description.

VI. SUMMARY AND DISCUSSION

We considered an extended hydrodynamic theory, or
Hydro+-, which describes the evolution of partial-equilib-
rium states characterized by off-equilibrium values of
nonhydrodynamic but slow variables. In general, such an
extension can be justified if the additional nonhydrody-
namic variable is still much slower than the remaining
microscopic variables which are left (integrated) out. This
condition distinguishes our approach from other extended
hydrodynamic proposals, such as, e.g., the well-known
Israel-Stewart second-order hydrodynamics [27], where
additional variables (components of the stress tensor), in
general, relax to equilibrium as fast as the other (infinitely
many) microscopic modes. As a result, the applicability of

the Israel-Stewart theory (beyond the ordinary hydrody-
namic regime) is questionable [28]. Unlike Israel-Stuart
hydrodynamics, we wish to consider a systematic limit in
which the variables we keep are slow either because they
are conserved (i.e., hydrodynamic) or because there exists
another parameter, independent of the scale of inhomoge-
neity Z, controlling the slowness of hydrodynamic variables.

In Sec. II, we describe a general formulation of Hydro+
and discuss the chiral (anomalous) fluid as a simple
example in Appendix A. We show how a competition
between scales of hydrodynamic evolution and nonhydro-
dynamic slow mode relaxation gives rise to two distinct
regimes of frequencies. For @ < I";, the slow mode is
completely equilibrated and simply tracks the hydrody-
namic variables. Ordinary hydrodynamics apply in this
regime, but the effect of the slow mode is manifested in a
large contribution to the bulk viscosity proportional to
1/T,—a phenomenon already known in the context of
nonrelativistic fluids [8-10]. For @ > I',, the slow mode is
effectively “frozen,” which leads to a different, stiffer
equation of state and the drop of the bulk viscosity.

The phenomenon of critical slowing-down near a critical
point is very similar to the situation where Hydro+ is
applicable. The slowest nonhydrodynamic relaxation rate is
controlled by the value of the correlation length &, i.e.,
[': ~ &3, independently of the scale of inhomogeneity #
which controls the slowness of the conserved hydrody-
namic modes, Tyygo~¢> for relaxation or #~' for
propagation. This sets the stage for the scale competition
characteristic of Hydro+.

Ordinary hydrodynamics breaks down when I'yy4r, 2 I,
since the condition of the separation of hydrodynamic
and nonhydrodynamic relaxation rates is violated, leading
to nonlocality of the theory. Our goal in this paper is to
determine how to add the slow mode, or modes, to hydro-
dynamics in order to extend its validity to the regime where
the evolution rate of the hydrodynamic modes is comparable
to, or larger than, the relaxation rate I';.

The central element of Hydro+-is the extended equation of
state, given by entropy, s(,), of the partial-equilibrium state
characterized by the values of the nonhydrodynamic mode as
well as the hydrodynamic variables. One of the major results
of this paper is the expression for the entropy as a function(al)
of the off-equilibrium values of fluctuations. In Sec. 111, we
derive a general expression which we find to bear a natural
mathematical resemblance to the 2PI action in the quantum
field theory. In addition to one-point functions—the local
values of the hydrodynamic variables—the 2PI entropy
depends on the two-point functions—the off-equilibrium
values of the fluctuations. In Sec. IV, we use the extended
entropy to write Hydro+ equations generalizing the single-
mode theory discussed in Sec. II.

In Sec. V, we focus on the slowest mode near the critical
point—diffusion of entropy per (baryon) charge—and
write down a set of equations for the coupled evolution
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of critically slow magnitude of fluctuations and the hydro-
dynamic modes. Since the additional slow variable is a
measure of fluctuations, i.e., a two-point function, the
corresponding variable has an index, @, which is the
Fourier transform of the spatial separation of the points
in the two-point function. In that respect, the slow variable
¢ 1is similar to the phase-space particle distribution
function in the kinetic theory and can be called a mode
distribution function.

We show that the Hydro+ theory defined in Sec. VA
reproduces known phenomena associated with critical
slowing-down. In particular, we show that the bulk vis-
cosity receives the critically enhanced contribution
Al ~ £. As aresult, ordinary hydrodynamics breaks down
when the bulk relaxation (sound attenuation) rate Iy, is
of the order of I'; ~ &3, Naively extending hydrodynamics
beyond that (to larger frequencies or wave numbers), one
overpredicts the actual amount of dissipation, because the
frequency-dependent bulk viscosity drops for larger
frequencies. This phenomenon is captured by Hydro+ as
illustrated by Fig. 3(a).

We also note that, as a consequence of the critical
slowing-down, the stiffness of the equation of state
increases for frequencies above I':. Again, the ordinary
hydrodynamics will underpredict the stiffness (measured
by the frequency-dependent sound velocity) as shown in
Fig. 3(b).

The purpose of our paper is to introduce the approach
and discuss its advantages as well as to point out limitations
which could be addressed in future work.

One of the advantages of the approach to fluctuations
encoded in Hydro+ over another popular approach being
discussed in the literature based on stochastic hydrody-
namics [47,48] is that Hydro+ eliminates the need for
solving stochastic equations. Even though the two
approaches lead to similar results, a deterministic descrip-
tion of fluctuations may prove advantageous in numerical
simulations. One of the reasons is that stochastic fluctua-
tions introduce a strong cutoff dependence of the equation
of state as well as kinetic coefficients as has been observed
and discussed, e.g., in Refs. [12,16]. This dependence
needs to be canceled, which creates a numerically ill-
conditioned problem. On the other hand, the 2PI equation
of state we introduce in Sec. III is already renormalized
[see Eq. (50)]; i.e., the UV divergences due to fluctuations
are included into it.

This paper would be incomplete without a discussion of
the domain of applicability of Hydro+. As we already
pointed out, ordinary hydrodynamics breaks down for
frequencies (or rates) larger than the rate I':, which
becomes critically slow as I'; ~ &3, Hydro+ extends the
range of applicability to higher frequencies. Unlike the
simple single-mode Hydro+ discussed in Sec. II, which
could be applicable all the way to the microscopic scale
(collision rates, or T'), Hydro+ near the critical point has

another limitation—the rate of the relaxation of the next-to-
slowest mode. This rate is parametrically faster than I
but still slower than the microscopic scale, e.g., 7. The
corresponding mode is the relaxation of the transverse
velocity (shear) fluctuations on the characteristic scale & of
density fluctuations, with the rate I'} = (i/w)¢™> ~ g2t
Comparing I}T to I';, we see that Hydro-+ extends the range
of applicability by a factor of FCT [Te~TE> 1.

The emergence of the scale FfT is due to the important
role played by the transverse modes in the model H
dynamic universality class [7]. Indeed, the characteristic
rate I'; in Eq. (97) (and the corresponding value of the
critical exponent z = 3) depends on the divergence of
conductivity A ~ & This critical behavior of 1 is driven
by the enhanced fluctuations of the charge density and
relies on transverse velocity (shear) modes relaxing faster
than w. Therefore, 4 will reach its critical behavior A ~ &
only for processes much slower than I'Z, and the use of
Eq. (97) (and z ~ 3) is meaningful only for @ <« F?. To
extend Hydro+ to timescales shorter than 1/ Fg, one would
need to add the fluctuations of shear modes as additional
nonhydrodynamic variables, which should be possible to
do along lines similar to Sec. I'V.

The 2PI formalism we introduce in Sec. III is suited for
treating the off-equilibrium evolution of Gaussian fluctua-
tions. The sensitivity of non-Gaussian measures of fluc-
tuations makes them important signatures of the QCD
critical point [49,50]. In order to incorporate the evolution
of non-Gaussianity into Hydro+ formalism, one needs to
extend 2PI formalism to non-Gaussian fluctuations. This
would lead to a generalization of 2PI entropy to, e.g., 3PI
and 4PI, and a hierarchy of kinetic equations similar to the
hierarchy of cumulant equations in Ref. [51]. We defer
these and other developments of Hydro+ to future work.
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APPENDIX A: APPLICATION OF HYDRO +
TO CHIRAL (ANOMALOUS) FLUID

We consider a chiral fluid, the constituents of which
include (approximately) massless fermions. In this system,

“Here, for simplicity, we neglect £ dependence of 7, a
common approximation, since it is very weak [7].
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the axial current J% = yy*y y is conserved only approx-
imately. The conservation is violated by a small fermion
mass (and/or by a quantum anomaly, as in non-Abelian
gauge theories, where topological sphaleron fluctuations
induce fermion chirality flips). Therefore,
5‘”]’:\ = —YAQ4. (Al)
Here y, is an Onsager coefficient describing chirality-
violating processes and a4 = fu,, where u, is the axial
chemical potential. In the absence of a background mag-
netic field B*, the currents AJj, and AJ’, are given by

A]l‘l/ = ﬂvvalfav + /IVAB/faA,

AJZ = iVAajaV + /IAAaiaA. (AZ)
Parameters Ayy, etc., are vector and axial conductivity
coefficients (conductivity times temperature). Substituting
(A2) into (A1), we then have

Dnv = —nV9 - ({h . (ivvaav + AVAaaA), (A3)
Dny = —np0 —ypap — 0y - (Aaa0ay + Aya0ay).  (A4)
We now identify axial charge density n, with ¢.

Comparing (A4) with (7d) and (15), we have Ay = ny
and y, =y4. In general, with n, finite, 1, is nonzero.
Moreover, 444 and Ayy can be different from each other.
Such an expectation has been confirmed in an explicit
perturbative computation [52].

In this theory, the analog of p, is zero due to parity, and
thus the bulk viscosity and sound propagation velocity are
not affected by the slow mode as it is in a more general case
described in Sec. II. However, a similar enhancement was
found in Ref. [53] for the conductivity along the magnetic
field, which receives an anomalous contribution from the
slow nonhydrodynamics mode:

2
A”cmw

AL = yyT ,
Xv r,

(A5)

where yy is the charge susceptibility. Similarly to Eq. (32),
AvZ,, denotes the increase of the speed of the chiral
magnetic wave between hydrodynamic regime w < ', and
Hydro+ regime @ > 1I",, and I'; is the rate of the slow
mode (axial charge) relaxation.

APPENDIX B: A THERMODYNAMIC
RELATION FOR p,

This Appendix supplies the derivation of Eq. (21), which
can be also written as

op)\ _ wl[(9p\ As _
(5). = 3lGe) ] w0

due to Eq. (82), which means

on n
— =—. B2
(3), =% (52
We begin from (12) evaluated at z = 0:
ﬂdp(+) = _Wdﬂ(Jr) + nda(+) +A(/,dﬂ'. (B3)

Considering a variation of z at & and n fixed, we
can write
ﬂpﬂ' = _Wﬁﬂ' + nay, +A¢’ (B4)

where the index 7z denotes derivatives with respect to z at €
and n fixed evaluated at 7 = 0, e.g.,

_ (9p)(e.n. @) _ (9
71:0_ 877.’ en

" or
We can then use Maxwell relations applied to the
differential

(BS)

=0

d(S(+) + 77,'45) = ﬁ(+)d8 — a(+>dn + gbdﬂ' (B6)

to relate the derivative with respect to z to the derivatives of
¢ (at # =0, i.e., in equilibrium):

_ (9B _ (99
ﬁ” - ( aﬂ >Sﬂ - <a€>7m’
(%5),=(a)
or ),  \on),

Substituting Maxwell relations (B7) into Eq. (B4), we
obtain Eq. (21) or [with Eq. (B2)] Eq. (B1).

(B7)

Ay

APPENDIX C: REPARAMETERIZATION
COVARIANCE IN HYDRO +

The choice of the slow mode is not unique, but, since the
physics cannot depend on that choice, the equations of
Hydro+ must possess reparameterization invariance, which
we describe here.

Let us consider another choice of the slow variable ¢/,
which is a function of the original choice ¢ and, possibly,
of € and n, i.e.,

¥ = f(g.e.n). (c1)
The equation governing the evolution of ¢’ must have a
similar form to Eq. (7d), i.e.,

D¢ = —F, — A0, (C2)
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where the relationship between the new parameters F;5
and Aip and the original ones can be found by substituting
Eq. (C1) into Eq. (C2) and matching to Eq. (7d):

where
_(9f _(9f\ . _(9f
f¢ B <a¢> sn’ fé‘ B <a€> n(,b’ fn B (8’1)6(/).
(C4)
One can easily check that
r=for Gr=F b Ve=fore
Pr = f¢Pr (C5)

These transformations leave the relationship Eq. (B1)
between p, and O¢/Oe invariant (note that the trans-
formation of A, and the role it plays is reminiscent of a
gauge potential). Also, the combination p2/¢, in the
definition of Ac? is invariant as it should be expected.

APPENDIX D: FLUCTUATIONS OF m AND p

The fluctuations of the thermodynamic quantities ¥ are
described by the probability distribution P ~ ¢S(¥)+7¥ (see
Sec. III and Ref. [36]). The change of P under a fluctuation
¥ — ¥ =¥ (of arbitrary, not necessarily small, magni-
tude) is given by

P(¥)

A(log P) = log% = S(¥ + 6¥) — S(¥) + J5F

= AS + JoY, (D1)
where AS is the change of the entropy of the system and
J&Y is the change of the entropy of the environment as
the amounts 6¥ of conserved quantities are exchanged
between the system and the environment characterized by

thermodynamic potentials J. Since W is the equilibrium
value, the O(8¥) terms in Eq. (D1) cancel. For the case we
consider, ¥ = (¢,n) and J = (—f, a), Taylor expanding
the entropy to second order in 6% we can write

A(logP)/V =

(886¢ — sadn) + O(8%),  (D2)

| =

where the factor of volume V comes from the space
integration. Expressing the variables p and m = s/n in
terms of f, a, €, and n, one finds to linear order:

pép = nda —wsp + O(8%), (D3)
n*sm = B(nde — won) + O(5°). (D4)

Solving for d¢ and da and substituting into Eq. (D1), one
finds (upon cancellation of §fon terms):

A(log P)/V = % (5(%) Sp — 5(%) 5m) + O(8%).
(Ds)

Expressing 6(1/n) and &(1/f) in terms ém and 6p and
using the Maxwell relations stemming from

w 1 1
one arrives at
2
Allog P)/V = —3 (Wﬁc S (6p) + (5m)2> + o).
s p
(D7)

In the thermodynamic limit, i.e., for large V ~ k=3 > &
(or £ > &), fluctuations are small, their probability dis-
tribution is approximately Gaussian, and we obtain Eq. (90)
for their variance.

[1] M. A. Stephanov, K. Rajagopal, and E. V. Shuryak, Phys.
Rev. Lett. 81, 4816 (1998).

[2] M. A. Stephanov, Prog. Theor. Phys. Suppl. 153, 139
(2004); Int. J. Mod. Phys. A 20, 4387 (2005).

[3] U. W. Heinz, J. Phys. Conf. Ser. 455, 012044 (2013).

[4] M. Gitterman, Rev. Mod. Phys. 50, 85 (1978).

[5] M. A. Stephanov, K. Rajagopal, and E. V. Shuryak, Phys.
Rev. D 60, 114028 (1999).

[6] B. Berdnikov and K. Rajagopal, Phys. Rev. D 61, 105017
(2000).

[7] P.C. Hohenberg and B.I. Halperin, Rev. Mod. Phys. 49,
435 (1977).

[8] L. Mandelstam and M. Leontovich, J. Exp. Theor. Phys. 7,
438 (1937).

[9] L. Landau and I. Khalatnikov, Dokl. Akad. Nauk SSSR 96,
469 (1954).

036006-21


https://doi.org/10.1103/PhysRevLett.81.4816
https://doi.org/10.1103/PhysRevLett.81.4816
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1142/S0217751X05027965
https://doi.org/10.1088/1742-6596/455/1/012044
https://doi.org/10.1103/RevModPhys.50.85
https://doi.org/10.1103/PhysRevD.60.114028
https://doi.org/10.1103/PhysRevD.60.114028
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/RevModPhys.49.435
https://doi.org/10.1103/RevModPhys.49.435

M. STEPHANOV and Y. YIN

PHYS. REV. D 98, 036006 (2018)

[10] L. Landau and E. Lifshitz, Fluid Mechanics, Course of
Theoretical Physics Vol. 6 (Elsevier Science, New York,
2013).

[11] A. Andreev, Zh. Eksp. Teor. Fiz. 59, 1819 (1970).

[12] A. Andreev, Zh. Eksp. Teor. Fiz. 75, 1132 (1978).

[13] V. Lebedev, A. Sukhorukov, and I. Khalatnikov, Zh. Eksp.
Teor. Fiz. 80, 1429 (1981).

[14] V. Lebedev and A. Sukhorukov, J. Exp. Theor. Phys. 55, 566
(1982).

[15] Y. Akamatsu, A. Mazeliauskas, and D. Teaney, Phys. Rev. C
95, 014909 (2017).

[16] Y. Akamatsu, A. Mazeliauskas, and D. Teaney, Phys. Rev. C
97, 024902 (2018).

[17] K. Kawasaki, Ann. Phys. (N.Y.) 61, 1 (1970).

[18] D. Ronis, Physica (Amsterdam) 107A, 25 (1981).

[19] J. Machta and 1. Oppenheim, Physica (Amsterdam) 112A,
361 (1982).

[20] J. Schofield, R. Lim, and 1.
(Amsterdam) 181A, 89 (1992).

[21] A. Onuki, Phys. Rev. E 55, 403 (1997).

[22] A. Onuki, Phase Transition Dynamics
University Press, Cambridge, England, 2002).

[23] M. Stephanov and Y. Yin, Nucl. Phys. A967, 876
(2017).

[24] M. Nahrgang, S. Leupold, C. Herold, and M. Bleicher,
Phys. Rev. C 84, 024912 (2011).

[25] C. Herold, M. Nahrgang, I. Mishustin, and M. Bleicher,
Phys. Rev. C 87, 014907 (2013).

[26] D. Son and M. Stephanov, Phys. Rev. D 70, 056001
(2004).

[27] W. Israel and J. M. Stewart, Ann. Phys. (N.Y.) 118, 341
(1979).

[28] R.P. Geroch, arXiv:gr-qc/0103112.

[29] A. Monnai, S. Mukherjee, and Y. Yin, Phys. Rev. C 95,
034902 (2017).

[30] J.M. Luttinger and J.C. Ward, Phys. Rev. 118, 1417
(1960).

[31] G. Baym, Phys. Rev. 127, 1391 (1962).

Oppenheim, Physica

(Cambridge

[32] C. de Dominicis and P. C. Martin, J. Math. Phys. (N.Y.) 5,
14 (1964).

[33] J. M. Cornwall, R. Jackiw, and E. Tomboulis, Phys. Rev. D
10, 2428 (1974).

[34] R. E. Norton and J. M. Cornwall, Ann. Phys. (N.Y.) 91, 106
(1975).

[35] J. Berges and J. Serreau, arXiv:hep-ph/0302210.

[36] L. Landau and E. M. Lifshitz, Statistical Physics, Part 1,
Course of Theoretical Physics Vol. 5 (Elsevier Science,
New York, 2013).

[37] P. Kovtun and L.G. Yaffe, Phys. Rev. D 68, 025007
(2003).

[38] L. P. Kadanoff and J. Swift, Phys. Rev. 166, 89 (1968).

[39] K. Kawasaki, Phys. Rev. A 1, 1750 (1970).

[40] P. Parotto, in Proceedings of Critical Point and Onset of
Deconfinement (CPOD 2017): Stony Brook, NY, 2017
(unpublished).

[41] P. Schofield, Phys. Rev. Lett. 22, 606 (1969).

[42] Y. Achiam and J. M. Kosterlitz, J. Phys. C 10, 4559 (1977).

[43] M. Combescot, M. Droz, and J. M. Kosterlitz, Phys. Rev. B
11, 4661 (1975).

[44] M. Natsuume and T. Okamura, Phys. Rev. D 83, 046008
(2011).

[45] Y. Pomeau and P. Résibois, Phys. Rep. 19, 63 (1975).

[46] M. Martinez and T. Schaefer, Phys. Rev. A 96, 063607
(2017).

[47] J. 1. Kapusta, B. Muller, and M. Stephanov, Phys. Rev. C 85,
054906 (2012).

[48] C. Young, J. 1. Kapusta, C. Gale, S. Jeon, and B. Schenke,
Phys. Rev. C 91, 044901 (2015).

[49] M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009).

[5S0] M. A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011).

[51] S. Mukherjee, R. Venugopalan, and Y. Yin, Phys. Rev. C 92,
034912 (2015).

[52] X.-G. Huang and J. Liao, Phys. Rev. Lett. 110, 232302
(2013).

[53] M. Stephanov, H.-U. Yee, and Y. Yin, Phys. Rev. D 91,
125014 (2015).

036006-22


https://doi.org/10.1103/PhysRevC.95.014909
https://doi.org/10.1103/PhysRevC.95.014909
https://doi.org/10.1103/PhysRevC.97.024902
https://doi.org/10.1103/PhysRevC.97.024902
https://doi.org/10.1016/0003-4916(70)90375-1
https://doi.org/10.1016/0378-4371(81)90022-4
https://doi.org/10.1016/0378-4371(82)90185-6
https://doi.org/10.1016/0378-4371(82)90185-6
https://doi.org/10.1016/0378-4371(92)90198-Y
https://doi.org/10.1016/0378-4371(92)90198-Y
https://doi.org/10.1103/PhysRevE.55.403
https://doi.org/10.1016/j.nuclphysa.2017.06.051
https://doi.org/10.1016/j.nuclphysa.2017.06.051
https://doi.org/10.1103/PhysRevC.84.024912
https://doi.org/10.1103/PhysRevC.87.014907
https://doi.org/10.1103/PhysRevD.70.056001
https://doi.org/10.1103/PhysRevD.70.056001
https://doi.org/10.1016/0003-4916(79)90130-1
https://doi.org/10.1016/0003-4916(79)90130-1
http://arXiv.org/abs/gr-qc/0103112
https://doi.org/10.1103/PhysRevC.95.034902
https://doi.org/10.1103/PhysRevC.95.034902
https://doi.org/10.1103/PhysRev.118.1417
https://doi.org/10.1103/PhysRev.118.1417
https://doi.org/10.1103/PhysRev.127.1391
https://doi.org/10.1063/1.1704062
https://doi.org/10.1063/1.1704062
https://doi.org/10.1103/PhysRevD.10.2428
https://doi.org/10.1103/PhysRevD.10.2428
https://doi.org/10.1016/0003-4916(75)90281-X
https://doi.org/10.1016/0003-4916(75)90281-X
http://arXiv.org/abs/hep-ph/0302210
https://doi.org/10.1103/PhysRevD.68.025007
https://doi.org/10.1103/PhysRevD.68.025007
https://doi.org/10.1103/PhysRev.166.89
https://doi.org/10.1103/PhysRevA.1.1750
https://doi.org/10.1103/PhysRevLett.22.606
https://doi.org/10.1088/0022-3719/10/22/024
https://doi.org/10.1103/PhysRevB.11.4661
https://doi.org/10.1103/PhysRevB.11.4661
https://doi.org/10.1103/PhysRevD.83.046008
https://doi.org/10.1103/PhysRevD.83.046008
https://doi.org/10.1016/0370-1573(75)90019-8
https://doi.org/10.1103/PhysRevA.96.063607
https://doi.org/10.1103/PhysRevA.96.063607
https://doi.org/10.1103/PhysRevC.85.054906
https://doi.org/10.1103/PhysRevC.85.054906
https://doi.org/10.1103/PhysRevC.91.044901
https://doi.org/10.1103/PhysRevLett.102.032301
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevC.92.034912
https://doi.org/10.1103/PhysRevC.92.034912
https://doi.org/10.1103/PhysRevLett.110.232302
https://doi.org/10.1103/PhysRevLett.110.232302
https://doi.org/10.1103/PhysRevD.91.125014
https://doi.org/10.1103/PhysRevD.91.125014

