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By making use of the chiral kinetic theory in the relaxation-time approximation, we derive an
Israel-Stewart type formulation of the hydrodynamic equations for a chiral relativistic plasma made
of neutral particles (e.g., neutrinos). The effects of chiral asymmetry are captured by including an
additional continuity equation for the axial charge, as well as the leading-order quantum correc-
tions due to the spin of particles. In a formulation of the chiral kinetic theory used, we introduce
a symmetric form of the energy-momentum tensor that is suitable for the description of a weakly
nonuniform chiral plasma. By construction, the energy and momentum are conserved to the same
leading order in the Planck constant as the kinetic equation itself. By making use of such a chiral
kinetic theory and the Chapman-Enskog approach, we obtain a set of second-order dissipative hy-
drodynamic equations. The effects of the fluid vorticity and velocity fluctuations on the dispersion
relations of chiral vortical waves are analyzed.

I. INTRODUCTION

The concept of spin of elementary particles has been known for almost a century now. It has vast practical
applications in science and technology. For massive particles, the spin is defined as the intrinsic angular momentum of
the particle in its rest frame. For massless particles, such a frame is absent, and the spin can be defined indirectly via
the particle’s helicity as the spin projection on the particle’s momentum. In the case of massless fermions, one can also
use the concept of chirality instead of helicity. In fact, chirality and helicity are same for particles (positive-energy
states) and opposite of each other for antiparticles (negative-energy states). In a classical theory, the chirality of
massless fermions is a conserved charge (quantum number). However, the chiral charge conservation is anomalous
[1, 2] and, thus, cannot be enforced in a quantum theory.

In recent years, there was a surge of interest in chiral relativistic plasmas, in which chirality and/or chiral structure
play a fundamental role. Theoretical studies of such plasmas revealed a number of unusual phenomena, including the
chiral magnetic [3], chiral separation [4] and chiral vortical [5-7] effects among others. Their applications range from
a possible generation of primordial magnetic fields in cosmology [8-11] to observable correlations of charged particle
created in heavy-ion collisions [12-15], to unusual transport properties of Dirac/Weyl materials in condensed matter
physics [16]. For recent reviews, see Refs. [17-21].

In addition to the first-principles quantum-field theoretical methods in studies of chiral relativistic plasmas, several
quasiclassical approaches were proposed as well. They include the chiral kinetic theory [22-26] and chiral hydro-
dynamics [27-29]. In particular, in the kinetic theory, which has an intermediate status between the microscopic
approach and hydrodynamics, a chiral plasma is described in terms of a one-particle distribution function f(x,p)
in the phase-space spanned by spatial coordinates and momenta. The fact that such a description may be possible
for a plasma of massless fermions is interesting by itself. It is even more amazing, however, that the corresponding
framework reproduces exactly the quantum chiral anomaly.

The chiral anomaly is also taken into account in chiral hydrodynamics [27-29], which describes local properties of
plasma in terms of its conserved charge densities and the energy-momentum tensor. Among the three approaches
discussed above, hydrodynamics is the least detailed one. Also, its range of validity is limited to the states of matter
in the vicinity of equilibrium. Often, however, this is the most efficient and practical framework for the description
of physical properties of matter in the long-wavelength limit.

One of the most difficult tasks in a hydrodynamic description is the inclusion of dissipative effects. This is a
particularly sensitive issue in the case of relativistic hydrodynamics, where a naive use of the gradient expansion is
in conflict with the causality of the theory [30-32]. The problem can be resolved by inclusion of higher moments
of the distribution function [33, 34] beyond the basic hydrodynamic variables (e.g., the density of matter, energy
density, and fluid velocity) [35]. The second-order theory by Israel and Stewart [36, 37], which employs additional
purely damped degrees of freedom, solves the acausality problem and is widely used in the analysis of relativistic
hydrodynamic systems. In principle, the dissipative form of hydrodynamics for chiral plasma can be derived from
the chiral kinetic theory. Several generic algorithms for building such a theory are well known [38]. They utilize
the definitions of conserved charges in the kinetic theory together with the gradient expansion for the distribution



function in order to derive a consistent set of equations for hydrodynamic quantities. In order to obtain a closed set of
equations, however, certain approximations are usually required. For example, one can use the moment expansion [39]
or the Chapman-Enskog method [40] and truncate the expansion at a given finite number of moments and gradients.

In this paper, we will derive a closed set of dissipative hydrodynamic equations for a relativistic plasma by using
the Chapman-Enskog method and following a truncation method similar to that in Refs. [41-44], but paying a special
attention to the effects due to chiral asymmetry and fluid vorticity.! In this approach, instead of the 14-moment
approximation of the original Israel-Stewart theory, an iterative solution of the Boltzmann equation is employed in
order to derive the dissipative evolution equations. In particular, one of the novel features of our analysis will be the
inclusion of the effects associated with a fluid vorticity in a chiral plasma.

The paper is organized as follows. The key details of the chiral kinetic theory in the relaxation-time approximation
are presented in Sec. II. The dissipative hydrodynamic equations are derived in Sec. III. In Sec. IV, we discuss several
types of solutions in the form of attenuated propagating waves that involve the oscillations of chirality. The summary
of the main results and general conclusions are given in Sec. V. Some technical details and derivations are presented
in Appendix A. In this paper we use units in which the speed of light is ¢ = 1.

II. CHIRAL KINETIC THEORY FOR PLASMA WITH NON-UNIFORM FLOW

The starting point in our analysis is the chiral kinetic theory [22-26] in the relaxation-time approximation. The
governing equations of such a theory are generalized Boltzmann equations for the distribution functions of chiral
(Weyl) fermions. The corresponding particles can be of the left-hand (A = —1) or right-hand chirality (A = +1).
Also, in view of the relativistic nature of the system, the semi-classical framework at hand will not be complete
without introducing both particles (x = 4+1) and antiparticles (x = —1) as independent species. In general, therefore,
the chiral kinetic theory has four different distribution functions for the description of all four species of particles,
Fax(z,p), where A = £1 is the chirality and x = £1 is the sign of energy. In order to simplify the notation, we will
suppress the indices A and x in most formulas below.

As already stated, we will use the chiral kinetic theory with a relaxation-time collision term as a starting point
in the derivation of the second-order dissipative chiral hydrodynamics. The relativistic form of the relaxation-time
approximation was developed in Ref. [46]. However, it should be noted that the chiral kinetic theory in the relaxation-
time approximation, while providing a great toy model, appears to be in conflict with the Lorentz covariance of the
theory. In fact, it is argued in Ref. [47] that a collision term consistent with the Lorentz covariance should necessarily
be nonlocal. For the purposes of this study, however, we will ignore this deficiency of the relaxation-time approximation
in order to explore the structure of the theory in the simplest possible framework.

For the purposes of this study, we require that the chiral kinetic equation be valid up to the linear order in A (or,
equivalently, in spin). While such a form was proposed in Ref. [47], it has to be recast in a format that allows one to
describe a plasma with a spatially inhomogeneous flow velocity. By implementing the relaxation-time approximation
as in Ref. [46], we write the kinetic equation in the following form:

PFOul + (0uS)00f = ~=(] = fea): M

where p* is the four-momentum of the particle, u* is the time-like four-velocity of the local plasma flow (by assumption,
ufu, = 1), and 7 is the relaxation time. The spin tensor S* [47] and the equilibrium distribution function feq(z,p)
are defined as follows:
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As is easy to check, the only nonvanishing components of the spin tensor in the local rest frame of the fluid are
the spatial components: S% = \he*p¥ /2|p|. Note that, in a general frame determined by the four-velocity u*, the
antisymmetric spin tensor satisfies the following relations: u,S*" = p,S** = 0.

The equilibrium distribution function (3) is defined in terms of the local values of the temperature T'= 1/ and
the chiral chemical potentials py. (Instead of using the chemical potentials uy = p + Aus, it may be also convenient

L A different approach to study the role of spin polarization in relativistic plasmas was presented in Ref. [45].



to use the number-density and axial-charge density chemical potentials p and us5, respectively.) In this formalism, the
dispersion relation for a chiral fermion is given by

hp-w
€peq = Xp'uu# + /\Ez—ua (4)
where the last term accounts for the spin contribution to the particle’s energy connected with a nonzero vorticity
of the flow w# = %a“o‘ﬁ’yuaﬁﬁu,y. Here we use the conventional notation e#*# for the four-dimensional Levi-Civita
symbol. In the fluid rest frame, the vorticity takes its usual non-relativistic form: w = V x u/2.
In terms of the distribution function, the fermion-number and the axial-charge current densities are defined by the
following expressions [47]:

=3 [wi+smon. (5)
A
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where we introduced the shorthand notation for the Lorentz-invariant momentum integration and the particle-
antiparticle summation over x
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It should be noted that, in addition to the usual orbital (or convective) part described by the first term in Egs. (5)
and (6), the definition of currents also contains a magnetization contribution connected with the spin. In the fluid
rest frame, the latter for the fermion-number current takes the standard form of the curl of magnetization [24, 25],
ie., V x M, where M =23 X\ [pfand p=p/|p|.

In this study, we neglect the correction to the current densities associated with the so-called side jumps during the
collisions [47]. There are two reasons for this. Firstly, it is not clear whether such a correction is meaningful and how
to account it in the kinetic equation when the relaxation-time approximation is used. Secondly, we assume that the
relaxation time 7 is rather large and, thus, the current corrections due to the side jumps are small.

In terms of the particle distribution function, the energy-momentum tensor is defined as follows:
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It is important to note that, unlike the case of the currents, there is no room for an “axial” counterpart of the
energy-momentum tensor. In the context of hydrodynamics, as we will see later, this is intimately connected with the
fact that the two chiral components of the plasma should have the same temperature, even if they are characterized
by different chemical potentials.

The definition in Eq. (8) is a straightforward generalization of the energy-momentum tensor introduced in Ref. [24]
to the case of a plasma with non-uniform flow. Just like the charge density, the energy-momentum tensor (8) contains
both orbital and spin contributions. By construction, this tensor is manifestly symmetric. Such a symmetric form
of the tensor appears natural because the kinetic theory can be viewed as a semiclassical approximation to the
microscopic quantum-field theoretical description, in which the corresponding tensor can be always symmetrized. A
symmetric form of the energy-momentum tensor is also the most “physical” from the viewpoint of general relativity,
see Ref. [48]. Tt is interesting to mention, however, that hydrodynamics may allow for a nonzero antisymmetric part
in the energy-momentum tensor (i.e., the torque tensor) which can be connected, for example, with the spin [49].
While we do not explore such a possibility here, it is intriguing to suggest that a spin-related torque tensor might be
induced in a chiral plasma made of Weyl fermions.

IIT. HYDRODYNAMIC EQUATIONS

In this section, we derive a closed set of hydrodynamic equations for an inhomogeneous chiral plasma slightly out
of local equilibrium. The corresponding local state is described in terms of the hydrodynamic variables T', uy, and
u”. Within the chiral kinetic theory, which is the starting point in our derivation, these variables are sufficient to
specify the local equilibrium distribution function (3).



In essence, the hydrodynamic equations are the continuity equations for conserved quantities, such as the energy
and momentum, as well as various conserved charges. In order to close the corresponding system of equations, one
should also add a number of constitutive relations. One of such relations is the equation of state that relates the
energy density € with the pressure P of the fluid. In a relativistic plasma at hand, the latter is given by P = €/3.
[Note that the corresponding equation of state also follows from the definition of the energy-momentum tensor in
Eq. (8) combined with its representation in terms of the pressure and energy density, see Eq. (11) below.]

The hydrodynamic equations in a chiral plasma are governed by continuity equations for the current densities j#
and j£', as well as the energy-momentum tensor T#”. Before deriving the equations for j*, j&, and T"”, however,
let us first discuss their vector/tensor structure. As usual, we will decompose these quantities using projections
onto the Lorentz subspaces parallel and perpendicular to the four-velocity u*. From a physics viewpoint, there are
several possibilities for the choice of the four-velocity u* connected, e.g., with the energy flow (Landau frame) or the
particle flow (Eckart frame). While we will keep u* arbitrary for now, later we will see that the consistency of our
hydrodynamic equations will single out a modified version of the Landau frame [46]. The latter for particles with spin
may differ from the usual Landau frame by corrections of order h. In general, the current densities j# and j£', and
the energy-momentum tensor T*” have the following decompositions:

G* = nut + ¥, (9)
JE =nsut + VL, (10)
T = eutu” — A P + (h*u” + uth"”) + 7, (11)

where n = u,j" and ns = u,jt are the fermion-number and axial-charge densities, v* = A*j, and v} = A" j5,
are the corresponding diffusion current densities perpendicular to the fluid four-velocity [39, 43, 44], € = u,u, T™" is
the energy density, P = —A,, T*"/3 is the thermodynamic pressure, h#* = AgulgT"B is the momentum density or
the energy-flow density, and 7+ = A%” TP is the shear stress tensor. By definition, the projector onto the subspace
perpendicular to the fluid four-velocity is A*” = g* — uHu”, and the traceless symmetric projector used in the
definition of the shear stress tensor is AL = (1/2)ALAL + (1/2)AJAY — (1/3)AF Ayp.

It should be noted that, the viscous pressure II, which would shift the thermodynamic pressure P — P + II in
Eq. (11), is absent. From a physics viewpoint, such a correction would capture the effects of bulk viscosity. In the
case of a nearly scale-invariant chiral plasma of (massless) fermions, however, the approximation with IT = 0 is well
justified. Indeed, the bulk viscosity vanishes in scale-invariant theories. Of course, in realistic models such as high-
temperature QCD, the corresponding property is not exact because of subtle quantum effects. Nevertheless, as direct
calculations in Ref. [50] show, the bulk viscosity is negligible compared to shear viscosity. Therefore, in the following
we will completely ignore the effects due to the viscous pressure.

In order to derive a closed system of hydrodynamic equations from chiral kinetic theory, we use the approximation
similar to that used in Refs. [37, 39, 43, 44]. The relevant moments are €, n, ns, P, v*, vt h* and 7. (Because
of the spin contributions, strictly speaking, these quantities are not simple moments of the distribution function.) In
the kinetic theory, the corresponding quantities can be expressed in terms of the particle distribution function, using
the definitions for the current densities and the energy-momentum tensor in Eqs. (5) and (8).

By making use of the general decomposition of the current densities (9) and (10), and the energy-momentum tensor
(11) in terms of independent moments, the continuity equations d,j* = 0, 9,7 = 0, and 9, T*" = 0 take the following
form:

n+ noyut + ot =0, (12)

ns + nsdyut + Ot =0, (13)

¢+ (e + P ut + h* + u,h* — 78, = 0, (14)

(e + P)i® — VOP + h9uu® + ho (D) + AZhF + AS0, 7 =0, (15)

where we introduced the comoving and transverse derivatives as A = u*9,A and VP = A**0, P, respectively.
In dissipative regime, Egs. (12)—(15) are not sufficient to describe unambiguously the hydrodynamic behavior of
plasma. These equations should be supplemented by the equations for functions v#, vf, h#*, and 7. As is clear,
their derivation would be impossible without additional information about the microscopic processes responsible
for dissipative effects. In this study, the corresponding details will be supplied by the chiral kinetic theory in the
relaxation-time approximation.

Before attempting to derive the equations that govern the dynamics of dissipative functions, we should first discuss
the generic constraints that the chiral kinetic theory imposes on the hydrodynamic variables T, uy, and u”. The
corresponding variables determine the equilibrium distribution function, see Eq. (3), and thus define the local state
of equilibrium in plasma. It remains to determine, however, the connection between these variables and the out-of-
equilibrium hydrodynamic functions that satisfy Eqgs. (12)—(15). The needed relations can be established by analyzing



the continuity equations, i.e., 8,5* = 0, 9,4t =0, and 9,T"" = 0, for j*, jI', and T*” given by Egs. (5), (6), and (8),
respectively, in the framework of the chiral kinetic theory where the kinetic equation (1) plays the role of a microscopic
equation.

Let us first discuss the implication of the continuity equations for the current densities. By making use of the
definitions in Egs. (5) and (6), it is straightforward to derive the following relation:

. 1

0,5 = L n—neq) (16
. 1

au]g = _;(nn") — N5.eq); (17)

where we used the definitions for the densities n =, [(p-u)f and ns = >, A [(p- u)f. The explicit expressions
for the corresponding quantities in equilibrium are obtained by making use of the equilibrium distribution function
in Eq. (3), i.e.,

Sy (8 Ty (i + 348 + m*T%) (18)
flea = 6r2 6 ) 302 ’
3 2 2 2 22
_ 1 T2\ ps (2 4 3p? 4 72T?)
Moca = DA <W R ) - 32 ' (19)
A

As follows from Egs. (16) and (17), the requirements of the fermion-number and axial-charge conservation, 9, j" =0
and 9,75 = 0, give

N = Neg, N5 = N5 eq- (20)

These equations can be interpreted as definitions of the out-of-equilibrium charge densities in terms of given local
values of the chemical potentials u, or vice versa, as the equations that define p in terms of the local charge densities
n and ns.

By applying the same method to the definition in Eq. (8), we can also calculate the divergence of the energy-
momentum tensor in the chiral kinetic theory. The corresponding details are presented in Appendix A 1. The final
result reads

"
0,TH = —UT (e — €eq + gwa(yg‘ - Vg)eq)> - % (h“ - hgq - ge“o‘ﬁ'yuaﬁﬁ(ua.y - V570q7’y)> + O(ﬁQ), (21)
where we used Eq. (20). Due to the chiral vortical effect, the equilibrium axial-charge current density is nonzero in
the presence of a background vorticity, i.e., VE'L)L) eq X Tw!. Considering that the corresponding result is already linear in
h, it contributes to the right-hand side of Eq. (21) only at the quadratic order in i. Therefore, while we will formally
keep the equilibrium current density in similar expressions below, it would be consistent to set ng eq = 0 there.

By separating the two independent projections with respect to the four-velocity u* and enforcing the continuity
equation 9, T*” = 0, we then arrive at the following constraints:

h h
€+ 5““”5 = €eq + §W#Vg,eq’ (22)
M h pnaBy, u h waBy, -
h* — 1€ Ua Vs, = hby — 1€ UaWBV5 cq,~ s (23)
where, by definition, the equilibrium quantities are given by
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The constraint in Eq. (22) for the energy density is analogous to the relations in Eq. (20). This is most evident in the
limit of vanishing vorticity or in the absence of axial current density, when the second term on each side of Eq. (22)



is trivial. Then, the equation € = e.q allows one to define the out-of-equilibrium energy density in terms of a given
local value of the temperature T or, alternatively, to determine the value of 7" in terms of the local energy density
€. Because of the sum over A\, Eq. (22) gives a single relation that allows one to determine only one (common) local
temperature T for both chiral components of the plasma. This is a natural consequence of the definition for the
energy-momentum tensor in Eq. (8), which includes the contributions of both chiralities.

Now let us turn to the second constraint, given by Eq. (23). It can be viewed as the relation that defines the
four-velocity u* of a generalized Landau frame, in which the hydrodynamic equations derived from the kinetic theory
are consistent with the momentum conservation. This agrees with a similar constraint (i.e., h* = 0) obtained in
a model without chiral asymmetry in Refs. [43, 46]. Indeed, after taking into account that all h-terms in Eq. (23)
vanish at ns = 0 and v{' = 0, we obtain the standard relation that defines the Landau frame: h* = 0. Because
of the h-corrections, however, our definition of the generalized Landau frame in Eq. (23) is different. It would be
interesting to investigate whether the underlying reason for the difference is related to the subtleties of defining a
thermodynamically preferred frame in Ref. [51].

It is interesting that constraints (22) and (23) contain corrections of order % when there is a nonzero background
vorticity. In essence, the corresponding corrections to the energy and momentum densities are the consequences of
chirality, which locks the orbital motion of particles with their spin.

Even after taking into account Eqs. (20), (22), and (23), we still need to determine the equations that govern the
evolution of the dissipative functions v* and 7#”. Here we will follow the approach similar to that in Ref. [43] in
order to derive the missing equations. We start by rewriting the kinetic equation in the following form:

f+i= Jea . L AV f——(a 57)a, f. (28)
T T p U

Using the definitions for the dissipative functions, v* = Alj”, vt = AljY and 7 = A%T‘lﬁ , we can express their
comoving derivatives in the following form:
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where, by definition, the quantities with the Lorentz indices in angle brackets are the projections of the corresponding
quantities onto the subspace orthogonal to the four-velocity, i.e., #*) = Ap® and 7)) = Agg#o"@. The use of
projectors here is needed in order to force the dissipative current densities and the shear stress tensor to remain
consistent with their generic definitions. This can be also viewed as a necessary condition for a self-consistent
truncation of the evolution equations.

By making use of the kinetic equation (28), the relations for the comoving derivatives Eqs. (29)—(31) can be
equivalently rewritten as follows:
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These equations for dissipative functions contain the distribution function f. In order to obtain a closed set of
equations, the right-hand sides of the equations above should be reexpressed in terms of the hydrodynamic variables
and dissipative functions. To achieve this, we replace the distribution function with its iterative solution in the form

[ faa= o Ol (35)

and further approximate the equilibrium distribution function by its expansion to the linear order in A,

p#

hptw
fcq2f0+)\§ :fé—l-..., (36)

where fj is the equilibrium function at a vanishing vorticity and f} = 0fy/0¢p. Now, by using the moments of the
equilibrium distribution function from Appendix A 2, we rewrite the evolution equations for the dissipative functions
in the following form:
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As is easy to check, these equations for dissipative functions are finally sufficient to close the whole system of equations
of the second-order dissipative hydrodynamics. Indeed, we have Egs. (12)—(15) and (23) for hydrodynamic variables n,
ns, €, u”, and h*. Note also that the thermodynamic pressure is defined by the corresponding constitutive equation,
P = ¢/3. The corresponding equations are supplemented by Eqs. (37)-(39) for functions v*, v, and 7. According
to Egs. (A15)—(A17) in Appendix A 2, quantities I, I3, and I, on the right-hand side of Eqgs. (37)-(39) are expressed



through the local equilibrium chemical potentials u, us and temperature T', which in turn could be expressed through
the local values of n, ns, and €, respectively, see the constraints in Egs. (20) and (22).

The right-hand side of the equations for dissipative functions can be further simplified by making use of the following
first-order relations:
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which follow from Egs. (37) — (39). [Let us note in passing that the above first-order relations define the diffusion
constant and the shear viscosity in terms of the relaxation time: D = 7/3 and { = 87¢/15, respectively.] Indeed, by
making use of these equations as well as the continuity equations in the leading order in derivatives, we can re-express
most of the terms with an explicit dependence on the relaxation time in Egs. (37)—(39) in terms of the hydrodynamic
functions themselves. After doing this, the final set of equations for dissipative functions takes a simpler form, i.e.,

vkt — vt 1 9 14
A fq = —itn+ §V”n - _ZPA‘“’[)”WPV —vwPt — (0 - u)v* — 5(3<“up>)up + E(un”))upycq
2 2h . h
- 5(8 “u)vhy — ?w“ Z Ao + Z )\ga‘wo‘ﬁ [uatgdyIs — 2ug(0,u”)(0puq)l2], (43)
A A
() I/g - I/ge 1 ns 9 14
s+ f’q = —utns + gv”ns - ﬁAuyapﬂpu — s oW — (0 - u)vy — g(awum)’/&p + 1—5(V<”UP>)V5,eq,p
2 2h . h
= 5@ ke — W Y by e [uatipdy I — 2up(Dyu”)(Dpua) 2] (44)
A A
w 1 4
) 4 ﬂ-T = 2tV + 27T,<)“w”>p - 707_‘_’(7#(7,/),) - gﬂ'“’jaauo‘ + 18—5(3<“u”>)e
h 7
+z ((8<“w”>)n5 + §w<“8”>n5 - u<“w”>n5)
h pv _Bopd 1 a 1 a . a
+ EA%@E Eu(;(?g(n5v up) + Eu(;((?gu )05 + Uety (Osu™)ns | (45)

where o = 9teyuf) = Ag’;(aauﬁ), Wt = (VHu? — VVYut)/2, and AW = AZ;AO‘ﬁ. In the derivation, we used the
following relation:

T T T 3T 3T 4T
s PA“”@”WPV = gA“”(62u,,) — gA’“’ii,, + BV“(@ ‘u) — ?uﬂ(a ~u) + ?up(apu“) + ?up(wu,}) +0(0%), (46)
which follows from Eq. (42) as well as the first-order continuity equations.

The set of second-order equations (43), (44), and (45) for dissipative functions in a chiral plasma is our main result.
This is a generalization of the previous results of Refs. [41-44, 46], which were obtained for massless plasmas without
a chiral asymmetry (i.e., ns = 0 and v{' = 0) and without h corrections due to the spin. In the current study, in
contrast, we treated the fermion chiralities as two components of a relativistic fluid. The (approximate) conservation
of the axial-charge in the chiral plasma gives rise to an additional continuity equation, see Eq. (44). Moreover, the
quantum effects of the chiral plasma are captured by the linear in A corrections in the second-order theory.

IV. CHIRAL VORTICAL WAVE

In order to illustrate how the hydrodynamic equations derived in the previous section could be used in practice, we
discuss in this section one of its simplest solutions describing a chiral vortical wave. As we will see, a proper account
of the fluid flow affects the properties of such a wave.



We begin our analysis by recalling that the existence of the chiral vortical wave is a direct consequence of the
chiral vortical effect. In essence, the later states that a nonzero fluid vorticity in a chiral plasma induces the following
fermion-number and axial-charge currents [52-55]:

j="1 7:;5 w, (47)
. T2 2 + 2

Note that while the fermion-number current (47) exists only when both p and us are nonzero, the chiral current (48)
exists even if yu = ps = 0 due to the T? term. The latter is related to the gravitational anomaly [52, 53, 56]. As
suggested in Ref. [15], an interplay between the fermion-number and axial-charge fluctuations induced by the chiral
vortical effect results in a gapless collective excitation that was called the chiral vortical wave. As we will see below,
the inclusion of the hydrodynamic flow profoundly modifies this simple picture.

To start with, let us note that the dissipative equations derived in the previous section reproduce the correct
equilibrium expressions for the fermion-number and axial-charge currents given by Egs. (47) and (48). Indeed, as the
system approaches equilibrium, all gradient terms in Eqgs. (43) and (44) vanish and their solutions take a particularly
simple form: v* = vk and v = Véﬁ eq» Where the equilibrium currents are defined by Eqgs. (24) and (25). As is easy
to check, the latter coincide with the results in Egs. (47) and (48) in the rest frame of the fluid v* = (1,0,0,0). In
this connection, it should be noted that the currents v* and vl are generically defined as dissipative quantities. At
the same time, the equilibrium chiral vortical effect currents v/, and Vg) oq are non-dissipative parts of j# and Jj&. For
simplicity of notations, however, we still include them in the dissipative functions v# and v

In order to analyze the chiral vortical wave by using the hydrodynamic equations obtained in the previous section,
we choose the local background velocity of the fluid in the following form:

ut = uff + P r upa0g, (49)

where the first term describes a uniform motion and the second one describes a rotation. We will assume that relation
(49) is valid for a sufficiently slow rotation and sufficiently small distances L < |@|~!. The above expression for the
four-velocity is normalized in the usual way, u*u, = 1. Up to quadratic terms in vorticity, which are negligible in the
case of a slow rotation, the normalization condition for u* is valid if the four-vectors uf and w* satisfy ufjw, = 0 and
ufup,, = 1. One should also note that, to leading order, the four-vector @ coincides with the definition of vorticity
given by wt = %a“o‘ﬁ’yuaﬁﬁu,y.

Let us search for a solution to hydrodynamic equations in the form of a propagating wave. In the most general
case, the chemical potentials, temperature, and fluid velocity will oscillate around their average values, i.e.,

Su(x) = e * g, Sus(x) = e * s, 6T (x) = e~ *F* 8Ty, Sut(x) = e * T guly, (50)

where k# is the wavevector, and dug, dps,0, 0Tp, and duf) are the amplitudes of oscillations of the corresponding
quantities. The requirement of normalization constrains the oscillations of the fluid velocity to be orthogonal to the
background velocity, u,du* = 0. This is automatically satisfied for the waves with the fluid velocity oscillations along
the direction of the vorticity, i.e., Ju* || @.

For the sake of simplicity, let us analyze the dissipative equations in the first-order theory. In this case, we find
from Eqgs. (43)—(45) that

v = vl — it + %V“n, (51)

VE = Uk oq — 5T + %V“nm (52)
8

T = 1—75-6((9<“u'/>), (53)

where we used the constraints (20), (22), and (23). By substituting these expressions into the continuity equations
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(12)—(15) and linearizing them in fluctuations, we derive the following system of coupled equations:

I
> (Qagf - ight 8;;,‘* + af#) 82 + neq (1 +i79) (k - du) — 20(veq - Su) = 0, (54)
87157001 LT .o 8”5,cq 81/50‘1 ;
Z @ 0z ngl 9z T by 0z 02i + N5.eq (1 +47Q) (k- 6u) — 2Q(V5,eq - Su) = 0, (55)
ey O 4 B
> (05 0, 5 ) 0 Jeli ) - 300 0 =0, G)

Zi

Oh¥ 1 9e 4 3
ed _ pH - Zed . = < . © © .
E (Q o7, kJ_3 27, ) dz; + <3ech + 4(k hcq)> Sut + hiy, (k- ou)

Z4

+i(heq Sou)k — %hng,)qus“”o‘ﬁu,,ka&uﬂ - iTls—SAZ;kVEQQkQ(SUﬁ =0. (57)
Here we introduced the shorthand notations Q = (k- u) and k¥ = k* — u”(k - u), and used the summation index
zi = (i, s, T'). The analysis of these equations is simplified in the rest frame with v = (1,0, 0,0) and @* = (0,0,0,@).
For a wave propagating along the direction of vorticity, the wave vector takes the form k* = Qufj +k,o* = (Q,0,0, k).

The obtained system of homogeneous linear equations has nontrivial solutions only when the determinant of the
corresponding matrix of coefficients vanishes. Thus, by solving the characteristic equation, we obtain dispersion
relations for four different types of waves: two sound waves and two modes that resemble chiral vortical waves. As
we will see, the latter differ from the simplified solutions of the chiral vortical waves [15] because their propagation is
profoundly affected by the hydrodynamic flow of the fluid itself.

To the linear order in w and 7, the resulting dispersion relations for the sound waves are given by

k 3 _MN5e 2 .
O=+—"2 4+ “ho—3k, + —irk?, 58
V38 ey T (58)
where the second term is a vorticity correction to the usual speed of sound and the third term describes the attenuation
of the sound wave. The dispersion relations of the chiral vortical waves read

QO = haovik, — %m@ Q = hawvgk, — %m@ (59)
where v1 5 are the roots of a quadratic equation av? + bv + ¢ = 0 with the following coefficients:
a= 6[45 (12 = 12)? (1% + p2) + 77T + 27T (1 + pi2) + 3T (11p* + 18022 + 11p) } (60)
b— 1’5;2 [225@2 — 2) (208 + 52 + 8pPpd + pf) — 147578 — 76T (78,2 + 127p:2)
A5 2T (1127 + 9pi2) + 157°T2 (3048 + 52 — 2% — 431:8) } : (61)
c= % [75;@ — 4 (7T + 5T + 2258 (3 + 72T%) — 3u2 (5p® + w>T2)° (542 + Tr°T?)
5t (=75t + 1370 4 3072 u2T2) } (62)

It is worth noting that there are two different modes of the chiral vortical wave. This result seems to qualitatively
agree with the dispersion relations obtained in Refs. [60, 61]. From a physics point of view, they correspond to two
opposite directions of propagation with respect to the vorticity. In general, the speeds of such waves are different.
It is interesting to note that the corresponding waves have nonzero velocities vy 2 even at p = 0, which appears
to contradict the prediction of Ref. [62], where similar waves were analyzed. We may suggest that this is the result
of using a more general scheme in this study, in which both the fermion-number and axial-charge conservations are
enforced (see also Refs. [60, 61]).

It is instructive to consider a special case of a plasma with the vanishing axial-charge chemical potential us = 0.
In this case, the dispersion relation for the sound waves is similar to that in Eq. (58), but has no correction due to
vorticity. This should not be surprising for a plasma without a chiral asymmetry. As for the dispersion relations of
the chiral vortical waves, they are given by the following explicit expression:

0=+ ONT (T2 + 507k - (63)
27 /B€eq(Beeq — 2T p%) (7212 + 3p2) 3
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As is easy to check from Eq. (54)—(57), the propagation of the chiral vortical waves is characterized by oscillations
of all thermodynamic parameters. In fact, in this case, the explicit relations between their oscillation amplitudes are
given by

B 47 €eq(DEeq — 2T%12)
dpso =+ (8ecq/8T)\/ 5277 1 39) dpo, (64)
_ 3Meq
o = = Geoajom) 1o (65)
haot (5€oq — 2T212)(72T2 + 3u?)
wo_ a
Oup = ﬂ(aecq/aT)\/ Beeq OHo- (66)

As we see from the last equation, the chiral vortical wave is accompanied by oscillations of the fluid velocity along the
direction of the vorticity. This is in addition to the usual oscillations of the fermion-number and axial-charge densities.
With the model assumptions used here, we also see that the chiral vortical waves come with local oscillations of the
temperature. At the same time, as is easy to check, the chiral vortical waves do not drive the oscillations of the local
energy density, de = 0.

V. CONCLUSION

In this study, we derived a closed system of second-order dissipative hydrodynamic equations that governs the
evolution of a chiral plasma made of neutral particles such as neutrinos. The corresponding results can be applied for
studies of the early states of protoneutron star evolution, where neutrinos are trapped in dense matter and achieve
a hydrodynamic regime. In such a plasma, the effects of chirality could play an important role in driving an inverse
cascade that may be relevant for the origin of the supernova explosion [63]. The system of hydrodynamic equations
obtained here can be used to numerically simulate the corresponding dynamics. While the corresponding detailed
study is beyond the scope of this paper, we see that the presence of a chiral asymmetry modifies the hydrodynamic
equations. It also appears that the leading-order quantum corrections due to spin of chiral particles can play profound
effects in hydrodynamics, especially when combined with a chiral asymmetry and vorticity of the fluid.

By making use of the hydrodynamic equations, in this paper we also briefly addressed the modification of the chiral
vortical waves associated with the fluid flow. In this part, for simplicity, we used the first-order theory. Of course,
such an approximation is sufficient for the problem of the propagating modes with long wavelengths when there is no
issue with the stability of solutions. We found that the propagation of the chiral vortical wave also induces oscillations
of the local fluid velocity. As a result, its dispersion relation differs from that predicted in a simplified model where
only the oscillations of fermion-number and axial-charge densities are taken into account. Interestingly, we find that
the local energy density does not oscillate during the propagation of the chiral vortical wave.

While the effects of electromagnetism were neglected in this study, there is no conceptual limitation to take them
into account. In fact, a generalization of the second-order hydrodynamic equations to the case of a chiral plasma
made of charged particles is of great interest. The corresponding plasmas play a profound role in cosmology, heavy-
ion collisions, and even Dirac/Weyl materials. Obviously, many interesting phenomena may be expected from a
nontrivial interplay of electromagnetic fields and vorticity. In principle, the derivation of the corresponding equations
is a straightforward although tedious task that we plan to address in the future.

Another interesting extension of the current study would be the derivation of the third-order dissipative hydro-
dynamics [43] and, perhaps, even the inclusion of the quantum corrections beyond the leading order in the Planck
constant. One should keep in mind, however, that additional corrections of quantum origin could be expected even in
the chirally symmetric matter at the second order in k [64]. Concerning the quantum corrections, it should be noted
that, in the framework proposed in this study, the conservations of the energy and momentum were enforced only
to the linear order in A, or equivalently in spin. Of course, before attempting the inclusion of higher-order quantum
corrections, this limitation should be lifted first. One of the promising approaches that could help to advance the
problem is based on the use of the Wigner function [54, 57].

In view of the obvious importance of preserving the Lorentz covariance in relativistic models, it will be desirable
to generalize the current analysis to the case of models with nonlocal collision integrals consistent with the Lorentz
covariance. While the problem is expected to be much more challenging technically, it may not be hopeless [65].
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Appendix A: The energy-momentum conservation and other technical details

In this Appendix, we present selected technical details that support the results in the main text of the paper.

1. The energy-momentum conservation

The conservation of the energy and momentum to the leading order in the Planck constant plays a very important
role in our analysis. So, here we present the derivation of the general relation for the energy-momentum tensor, i.e.,
0, T* = 0, in the chiral kinetic theory. As we show, this condition is not automatically satisfied in the relaxation-time
approximation. It can be enforced by choosing a special frame of reference.

From the definition of the energy-momentum tensor in Eq. (8), we obtain

1

1
0,1 = 5 [ (@185 - 885 P 0.5")0uf — - [P 0)(S = fu) + 5 [ 57000 01)
1 1

Z /E#napgy)\gpp)(ansva)aaf — %/p“(p . u)(f — fcq) - Z / SHag, [(p . u)(f - fcq)] , (Al)

1
2

1

where we temporarily omitted the sum over A and dropped the terms of order h2. (Note that S*“ is linear in A.) It
is convenient to analyze the first integral on the right-hand side separately. By making use of the explicit form of the
spin tensor S¥%, we can rewrite the corresponding integrand as follows:

1 h o U
3 [ ema @800 = XE [ o053 a0, (p—Z) 0uf. (A2)

where (5‘;\‘5; = 60‘6756,\@5 is the generalized Kronecker symbol. Due to the Kronecker symbol, the contraction over
index A will lead to one of the following three possibilities: (i) p* — p®, (i) p* — p?, or (iii) p* — p?. The latter

two cases give vanishing results either because p” ps = 0 (massless particles), or because 0, (p ;z”) = 0. The only

nontrivial contribution comes from the contraction that turns p* into p®, i.e.,

)\ZL /E““ﬁ”p‘)‘pﬂﬁn (z%) Oa f =~ _21_7/(3~S““) (p-u)(f — feq), (A3)

where we used the kinetic equation and dropped the terms of order A? on the right-hand side. Now, by combining
the results in Egs. (Al) and (A3), we finally obtain

9,TH = _% /pu(p ~u)(f = feq) — A% /EHQUBpuaa [ug(f — feq)] + O(h2)

_ ! {u“(e — €eq) + (RF — hE) — )\gw“(n — Neq) — )\ge‘m‘ﬁ'y(&lu@(w - I/;q):| +O(h?). (A4)

T

Here we used the chiral kinetic theory definitions for the energy density € = w,u, T"*”, momentum density h* =
AbygTP charge density n = u,J*, and current density v* = A*¥j, that follow directly from the definitions for the
number-density current (5) and the energy-momentum tensor (8).

After restoring the sum over )\, the result in Eq. (A4) can be rewritten in the following equivalent form:

K h 1 h
0, TH = —UT (e — €eq + §wu(1/g‘ — ugcq)) - (h“ — hby — Ze“aﬂmaaﬂ(um — ’/57eq,v)) +O0(h?), (A5)
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where we used the constraint in Eq. (20) and separated the components along the four-vector u* from the projection
perpendicular to u*. Note the last term in the perpendicular component can be given in several alternative forms

h . h h h
ZE”Qﬂ”uauﬂ(V5,v — Useqyy) = A‘Jzemm(aauﬂ)(%n — Useq,y) = ZE”aﬂ”(aauﬂ)(’/&v — Vs eqny) T Suw (s, = Vs,eq,y)-

(A6)
2. Useful integrals
In the calculation of moments of the distribution function, the following integrals are useful:
n '(n+2) i, xia
Journ=— 3 HOED et (<) = (A7)
x==1
/(P u)"p* fo = uInys, (A8)
n_ o, f3 1 af 4 «a, B
(p-uw)"p*p"fo = —39™" + guu” | Inya, (A9)
/(p ~u)"ppPp" fo = (—g(o‘ﬁuw + 2uau5u”) Lnts, (A10)
1 12 16
/(p ~u)"ppPpp fo = (gg("‘ﬂg”é) = =g + gu“uﬂzﬂu‘s) Ints, (A11)
LN (k1 o 15) 16 (k1 ms) 16 B1 o H5
(p-u)"p*..p'fo = g gurs) — 39 + Tt Iny7, (A12)
1 24 4
/(p . u)’n«p#l”_pﬂﬁ fo= <_?g(l‘lgg#6) + 79(#lguu#6) _ 8_709(#1,““,“#6) + %uﬂluu#s> Iys, (A13)

where fj is the equilibrium function at a vanishing vorticity and the round brackets denote a symmetrization over all
possible permutations, e.g., A(®BSCY) = (A*BPCY + A*BYCP + APB*CY + APBYC® + AYBPC™ + AYB*CP)/3).

It is easy to check that lower moments can be obtained from the higher ones multiplying the latter by the four-
velocity u#. Similar integral chains can be obtained also for derivatives of the distribution function fj = dfo/0¢, if
one makes a substitution I, - —(n — 1)I,,_1. For f{/, the substitution is I,, = (n — 1)(n — 2)I,,_ and so on. As is
easy to check, the explicit results for several lowest-order moments read

I = % (Al4)
I = 4“—52 + f—; (A15)
IB:%+“A52, (A16)
L= 8“—32 + “§4T2 + 77;? (A17)

Note that these moments satisfy the following recurrent relation: 9I,,41/0ux = nl,.
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