PHYSICAL REVIEW D 109, 056012 (2024)

Chiral hydrodynamics of expanding systems

Nora Weickgenannt® and Jean-Paul Blaizot
Institut de Physique Théorique, Université Paris Saclay, CEA, CNRS, F-91191 Gif-sur-Yvette, France

® (Received 6 December 2023; accepted 9 February 2024; published 11 March 2024)

We obtain equations of motion for the boost-invariant expansion of a system of chiral particles. Our
analysis is based on the Boltzmann equation for left- and right-handed massless particles in the relaxation
time approximation. We assume Bjorken symmetry, but allow for parity breaking. We generalize the
relaxation time approximation to take into account the so-called side-jump effect, but we show that the
ensuing correction happens to vanish for Bjorken symmetry. After expressing the conserved currents in
terms of chiral moments, we derive equations of motion for these moments from the Boltzmann equation.
After a suitable truncation, these equations allow us to study the transition from the early-time collisionless
regime to the hydrodynamic regime at late time, where the parity-violating chiral moments decay
exponentially. The truncation that we use for the parity-violating moments is shown to be identical to Israel-
Stewart’s 14-moment approximation. Our final set of equations can be used to calculate the energy-
momentum tensor, vector, and axial-vector currents with chiral degrees of freedom for possible applications

in heavy-ion collisions.
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I. INTRODUCTION

Polarization phenomena in relativistic heavy-ion colli-
sions have recently triggered large interest. For massive
spin-1/2 particles, measurements of the polarization of
A-hyperons [1-4] confirm that the spin is aligned along the
local equilibrium fluid vorticity [5-8]. Furthermore, for
massless particles the (axial) chiral vortical effect and the
chiral magnetic effect (chiral separation effect) are well-
known equilibrium phenomena, where the (axial) vector
current gains contributions from vorticity [9-13] or mag-
netic fields [14,15], respectively; see, e.g., Refs. [16—18]
for reviews and Refs. [19-22] for recent related work.
While local-equilibrium effects for polarization seem
nowadays well understood, only little insight has been
gained into off-equilibrium dynamics of relativistic fluids
with polarization. It is the purpose of the present paper to
present progress in this direction.

A commonly used tool to describe systems beyond local
equilibrium is kinetic theory, e.g., as derived for chiral
particles in Refs. [23-30] and for massive particles with
spin in Refs. [31-40]. However, solving kinetic theory can
be highly challenging. Therefore, it is common to turn to
hydrodynamics instead, see, e.g., Refs. [41-43] for chiral
hydrodynamics and Refs. [44—65] for spin hydrodynamics.
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Although hydrodynamics is originally based on a gradient
expansion around local equilibrium, it has recently been
realized that it can give a very good description of the
quark-gluon plasma created in heavy-ion collisions even
before the system is close to local equilibrium [66]. In the
context of heavy-ion collisions, this can, to a large extent,
be attributed to the fact that, in some formulation of
hydrodynamics, the resulting equations of motion can
capture the trivial dynamics of the early time, rapidly
expanding and mostly collisionless, regime. Thus, in this
paper, we shall rely on the analysis presented in Ref. [67]
(see also Refs. [68—74] for related work) in order to obtain
equations of motion for a system of particles with chiral
degrees of freedom and broken parity. This will allow us to
consider off-equilibrium contributions to the vector and
axial-vector currents, the latter being directly related to
polarization.

In this paper, we consider a boost-invariant setup, i.e. we
consider Bjorken expansion [75], a commonly used model
to mimic the expansion of the quark-gluon plasma in a
relativistic heavy-ion collision. It is characterized by boost
invariance along the collision axis (z axis) and translational
invariance in the transverse plane (x-y plane). In contrast to
previous works, we allow for parity breaking, and take into
account a possible imbalance between left- and right-
handed massless particles. Physically, this corresponds to
a situation with initial net vector and axial-vector currents,
which are uniform in the transverse plane and decay as the
system evolves. As a consequence, we deal with a new set
of chiral moments, corresponding to the vector and axial-
vector currents, as well as off-diagonal components of the
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energy-momentum tensor. We derive equations of motion
for these chiral moments from kinetic theory and study
their behavior both in the fast expanding free-streaming
regime, and the hydrodynamic regime dominated by
collisions. In the former case, we find that for generic
initial conditions, the system quickly reaches its late time
behavior characterized by a simple power law decay. In the
hydrodynamic regime the spatial parts of the vector and
axial-vector currents and the nondiagonal parts of the
energy-momentum tensor decay exponentially due to
collisions. We also find that the equations of motion for
the zeroth components of the vector- and axial-vector
currents decouple from all other moments, respectively,
and show ideal behavior.

The equations of motion for the moments which are part
of the conserved currents couple to higher moments. In
order to close the system of moment equations, one
requires a reasonable truncation. Following Ref. [67], we
consider a simple truncation and show that the effect of the
neglected higher moments can be accounted for by a
redefinition of some transport coefficients in the truncated
equations of motion. The resulting truncated set of equa-
tions is then shown to be able to capture the dynamics of the
system during its full evolution toward the hydrodynamic
regime. With this, we obtain, as the main result of this
work, a closed set of equations of motion for chiral
hydrodynamics with Bjorken symmetry, valid both at early
and late time of the expansion.

This paper is organized as follows. In Sec. II, we derive
a relaxation-time approximation for chiral kinetic theory,
which takes into account the so-called side-jump effect
and is consistent with the requirement of covariance. Then,
in Sec. III, we implement Bjorken symmetry, simplifying
the previously obtained kinetic equation. The result serves
as the starting point to derive equations of motion for
chiral hydrodynamics in the following. In Sec. IV, we
express the charge and axial-charge currents as well as the
energy-momentum tensor in terms of chiral moments, and
obtain equations of motion for the latter. Section V is
dedicated to the exact solutions of the equations for the
chiral moments in the collisionless limit, focusing on their
late time power law behaviors. In Sec. VI, we consider the
full set of equations for the relevant chiral moments and
check the accuracy of a simple truncation over the entire
evolution. Closed equations of motion for all the compo-
nents of the conserved currents are given. Finally, in
Sec. VII, we compare our results to those obtained from
the frequently used 14-moment approximation as origi-
nally suggested by Israel and Stewart. Conclusions are
provided in Sec. VIII. Throughout this paper, we use
the following notation and conventions: a-b = a,b",
G = diag(+,—, —, =), €"% = —¢p3 =1. We do not
distinguish between upper and lower spatial indices of
three vectors.

II. COVARIANT CHIRAL KINETIC THEORY
AND RELAXATION TIME APPROXIMATION

In this work, we use the chiral kinetic theory introduced
in Ref. [27] as the microscopic theory that serves as a
starting point for the derivation of equations of motion for
chiral hydrodynamics. The equation of motion in kinetic
theory is usually given by the Boltzmann equation, of the
generic form

p - of(x, p) = C[f], (1)

where f(x, p) is the distribution function and C[f] is the
collision term. When chiral particles are involved, subtle-
ties arise, which we briefly discuss in this section.

In order to take into account a possible imbalance between
left- and right-handed particles, we define two distinct
distribution functions f*(x, p) with 1 = %1 for the two
different chiralities of massless spin-1/2 particles. It was
shown in Refs. [27,76] that these distribution functions do
not transform as scalars under Lorentz transformations and
therefore depend on the frame in which they are defined.
This feature is related to the fact that, in the massless case, it
is not possible to split the total angular momentum into spin
and orbital parts in a frame-independent way [27,77-79]. In
the following, we denote the four-velocity of the reference
frame by the four-vector n#, and the frame dependence of the
respective distribution function by a subscript n. It is
important to note that the distribution functions themselves
are not measurable (beyond the classical approximation),
and are therefore allowed to depend on a reference frame. On
the other hand, we require any observable quantity to be
frame independent.

The frame dependence of the definition of spin angular
momentum for massless particles results in the so-called
side-jump effect [27], i.e., the form of the collision term also
depends on the reference frame. In particular, a local collision
(the particles meet at one single space-time point) in one
reference frame may appear nonlocal in a different frame.
The form of the collision term in principle should be derived
from the underlying quantum theory and will in general
feature a complicated structure, cf. Refs. [35,37-39].
However, much insight can be gained by using a simplified
collision term, employing the so-called relaxation time
approximation (RTA). In the RTA, the collision term is
proportional to the difference between the distribution
function and its local-equilibrium value, divided by a
relaxation time 7p. When using the RTA for chiral kinetic
theory, one has to take into account the side-jump effect in the
collision term and preserve covariance of observables. In the
following, we will show how to do this. We shall work in a
semiclassical approximation and expand all the relevant
quantities A (e.g., distribution functions, currents) up to first
order in A, viz.
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A=A 1+ pA) 1+ O(R?). (2)

We start by defining the left- and right-handed
currents [27],

J= / apj 3)

with dP = (d*p/E,) and, to first order in %, j; has the
following structure:

7 = [p" + aSy (0, + Ch)Ifh. (4)

Here, the dipole moment tensor for massless particles is
defined as

A

Sy =
2p-n

e pang. (5)

where n* is the frame vector introduced above.
Furthermore, C! in Eq. (4) is the contribution of the
collisions to the currents [27,28], called jump current in
Ref [27]. Given the structure of Egs. (4) and (5), it is clear
that the jump current vanishes if one chooses the frame
vector to be n# ~ CF.

In order to estimate the collisional contributions to
the chiral currents, we shall rely on the relaxation time
approximation, implemented in such a way that the
covariance (i.e. independence of n*) of Eq. (4) is guaran-
teed. In order to be consistent with the conservation of left-
and right-handed particles, equivalent to the conservation
of the vector and axial-vector currents, we require the
currents (3) to be separately conserved,

0-J,=0, (6)

while the divergences of the integrands are equal to a
collision term, or equivalently,

9-Jy=Cy (7)

This equation is frame independent. At zeroth order in the A
expansion, Eq. (7) reduces to

p-ofH 0 = MO, (8)

where we inserted Eq. (4). Therefore, C; at zeroth order can
be identified with the classical collision term in Eq. (1). In
order to ensure covariance of the currents (3), the distri-
bution functions have to transform under Lorentz trans-
formations as [27]

2 i _ n,
Fi= ply = —nsit L

(0, +CHO. ©)

Indeed, in this case the difference 574 between the values of
/3 in the frames characterized by n* and n’# becomes, up to
first order in #,

!
54 = —p hSit =1 (0, + C) 1O
p-n
+ Ay =S4 (0, + Ci) MO
Palthy

= hebou p-(0+ Ci)fﬂ<0)7 (10)

2(p-n)(p-n')

where the zeroth-order distribution function f4% is inde-
pendent of n*.! Therefore, by requiring the frame inde-
pendence of the currents, we find the following relation
between C, in Eq. (7) and CA9):

p - off0) = CHO) = —p . cHO) pA0), (12)

This also implies that if f4% is not a solution of the
Boltzmann equation, as is the case in local equilibrium
(p - 0f1 # 0), the current is frame dependent. In this sense,
the notion of local equilibrium is a frame-dependent
concept.

In order to find a simple expression for C,, it is natural to
use the relaxation time approximation at zeroth order,

(0)
1O — fe
p.afﬂ«)):p.uTeq’ (13)

where fﬁé()) is the zeroth-order local-equilibrium distribu-
tion function. Inserting this into Eq. (12), we conclude that

A0
e Y
TS

In principle, there could be also a contribution parallel to p,;
however, this would vanish in Eq. (4), since C,, is contracted
with S,,". It is interesting to note that in the RTA, since Cﬁ is
proportional to u,, its contribution to the currents (3)
vanishes for n* = u*. This means that the jump current
vanishes in the fluid rest frame, which therefore corresponds
to the*no-jump frame” of Ref. [27]. A similar result has also
been obtained in Ref. [29] when considering a Boltzmann
equation with a collision term involving 2-to-2 scattering.

We also need a reasonable approximation for the first
order correction CH!). We require it to be proportional
to the difference between the first-order distribution
function and its equilibrium value, and in addition to be

'In order to get the second line, we used the identity (Schouten
identity)

elyaﬂp;t + evaﬁﬂpi + gu/)’ulpu + eﬂu/lbpu + e;t/h/ap/)’ =0. (11)
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frame-independent, since the left-hand side of Eq. (7) also
is. As a first attempt, we consider the following ansatz (see
also Ref. [29]):

A1) _ (1) A(0) _ £4(0)
C’l(l):—p‘ufn ﬂf",CQ_’_an ﬂfeq

TR TR

. (15)

where X, is an operator to be determined. By using Eq. (9)
for f,, and f,, o4, one obtains the difference of the values of

C*1) between two frames as

P, N,
6O =2 0+ CO (Y - £

A0
fl(o)_fe((q).

+ (X, - Xy) (16)
TR
Now taking X, = —u,Si’ (9, + C}), we get’
X —X,=—u R I’l;, + ®Prn pan;jnp v
n n 2 p n p‘n/ 2(pn)(pn/)p
x (9, +C) (17)

and therefore, assuming that 7 is constant and ) is a
solution of the Boltzmann equation,

Paltsn fe
SCH) = y etbon TP pr(o, + Ci) =
S ey T
LN, 200) _ £40)
— uﬂeaﬁ/m p—ﬂ// P <av —u, %)
2(p-n)(p-n') R f
4(0)
wJea (18)
TR

Since this does not vanish, it means that the ansatz Eq. (15)
leads to a frame-dependent form of C;, which does not
fulfill our requirement. The difficulty is that local equilib-
rium breaks the frame independence of the currents, as we
already saw from Eq. (12). Thus local equilibrium can be
defined only in a specific frame. In order to ensure frame
independence of the currents near local equilibrium, we
need to specify the frame choice in the relaxation time
approximation and force the distribution function to
approach local equilibrium as defined in that frame. The
only natural choice for this frame is the fluid rest frame, i.e.,
we define

*The motivation underlying this ansatz is as follows: In order
to be able to cancel the first term in Eq. (16), X, has to be
proportional to 9, + C2. Furthermore, since it is related to the spin
exchange in the frame n, it is natural to choose it proportional to
S%". The only vector at our disposal to contract the open index is
u,, since S},” is orthogonal to both p and n.

A1) _ A1) 2(0)
W T )
T

TR R

) =—p.

where we also made use of X, = 0. Now we have

2(0)
sc!) = !

!
Prllgw (5, +CAO) + (X, - X,)
TR p'l’l TR

=0, (20)

since f is a solution of the Boltzmann equation. Thus, we
obtained a covariant relaxation time approximation for
chiral kinetic theory.

III. BJORKEN SYMMETRY

After having obtained an expression for the collision term
which guarantees the frame independence of observables, we
may specify n# without loss of generality. We will choose the
fuid rest frame, i.e. f = f, in the following.3 We aim at
describing a system of chiral particles undergoing a longi-
tudinal boost-invariant expansion in the z direction, the
so-called Bjorken flow [75]. Furthermore, we assume trans-
lational invariance in the x-y plane, such that f* =
f*(t,z,p). However, we allow the momentum distribution
to break parity in the x-y plane, ie., f(p,) # f(=p,),
f(py) # f(=p,) in general. On the other hand, we assume
parity invariance in the z direction, f(p,) = f(—p.).

In order to implement boost invariance along the z
direction for the distribution functions f;, we require

fﬂ(tvzvpj_vpz) fM(T’pJ_’pg)
M/
"

= fAz.pL.pL) +ASY = 0,/ (z.pL.PL)

(21)

with 7=V =2, p.=(p.-E,z/t)y, y=t/7, E, =

P =/p% w = (1/7)(1,0,0,7), and u’* = (1,0). Here
we denoted the distribution functions defined in the frames
corresponding to u# and u* by f and f’, respectively, and
take into account the fact that f* does not transform as a
scalar under Lorentz transformations but acquires an addi-
tional term from Eq. (9). Using the explicit form of $** in
Eq. (5), we obtain

n
2p°(tp° /7 = zp./7)
X €ij0317} Eaz'}wl(T, pL.pt)
T
:f2(77pl7p2)’ (22)

fll(ts Za plv pZ) = fll(T’ pl’ p’Z) +

3By choosing the fluid rest frame we mean here that we define
the distribution function in the frame which is at rest with the
fluid.
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where f7 is assumed to be independent of x and y and hence
the second term after the first equals sign vanishes. Thus,
although the distribution function does not transform as a
Lorentz scalar in general, it does here for the special case of
a boost along the z axis.

One can verify that, for n* = u#, the term of O(#) in
Eq. (4) does not contribute to the divergence of the current
in Eq. (7). To do so, we use the antisymmetry of the Levi-
Civita tensor (hidden in $#¥), and note that neither u* nor f
depend on x or y. Then using Eqgs. (13), (19), and (22),
we find that the distribution functions for left- and right-
handed particles follow the well-known Boltzmann equa-
tion for Bjorken flow [80],4

A _ FA
(020, ) =-F2050 ey

where the local-equilibrium distribution function

i

T 2(27)?
depends on the local effective temperature 7 with
p =1/T and chemical potential y,;, which are determined
by matching conditions. Thus, the left- and right-handed
chemical potentials are determined by the condition

[@vr = [ @t (25)

Similarly, the temperature is determined by

Bppfi = BppOfh . 26
zi:l/ pp°f Zi:l/ PPl (26)

In principle, the local-equilibrium distribution function
may contain also a term proportional to S7 and the thermal
vorticity [27]. However, the latter vanishes due to the
assumption of translational invariance.

While it is possible to solve numerically Eq. (23), in this
paper we shall proceed by first deriving from it equations of
motion for the physically relevant quantities (currents,
energy-momentum tensor). These quantities are related
to simple moments of the distribution function, and their
equations of motion lend themselves to simple approx-
imations which make them easy to solve, while providing a
good representation of the exact solution.

Z Tos

eﬂ(ﬂA _Ep) (24)

IV. MOMENTS AND EQUATIONS OF MOTION

In chiral hydrodynamics, we are interested in the vector
(J ) and axial-vector (Jﬁ) currents,

=1 =) A (27)
A==+l I=%1

As discussed above, to first order in A, these currents are
frame independent, and we may therefore, without loss of
generality, choose to express them in the fluid rest frame
n* = u#. We get then

=3 /dP (p” + hzeﬂzaog’%az)ﬂ,
i==£1 P

T = Zz / dP<p” + hAet a0 2” = )fﬁ (28)
A==+1

Note that the temporal components J sv have only equi-

librium contributions, fixed by the matching conditions
(25), while the spatial components are purely dissipative. In
addition to the currents, we need to consider the canonical
energy-momentum tensor. To first order in 7, this reads, in
the fluid rest frame [27]

v 14 zZa pa
™ = zi:l/de <p”—|—h/le”~’°2EpaZ>f’1. (29)

As mentioned earlier, rather than solving the kinetic
equation for f, we shall transform it into a set of equations
for moments of f. To this aim, we start by expressing the
currents in terms of orthogonal chiral moments, given by
integrals of spherical harmonics Y% (6, ¢). Using d,f* =
—(E,/7)0, f* and assuming that f* is symmetric under
p. = —p; and under the exchange of p, and p,, we obtain
the following expressions for the moments of the currents:

Jg_z,ljoo, =0, Ji==> IReJ} =7}
A==%1

J(‘)/*Zjow Jy =0, J)\C/:_ZRejllllzﬂ/’ (30)
A==%1

and for those of the energy-momentum tensor

2 1

p
1 1
™ = 3 Z (Tho = T50) =T, rv= 6 Z Im 7%, =T,
i=£1 pus
T :‘E; ZﬂRe (4T4 +Th) = -T% T2 =0=T>. (31)

“Note that due to the boost invariance we need to consider only the z = O slice. All quantities are then automatically expressed in the
fluid rest frame, which at the z = O slice is identical to the lab frame.
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Note that 7°° = 7% = (. Here, we have defined the chiral
moments

Ji, = / P pYL(0. )1,

T/, = / PppYL(0.9)F. (32)

where Y4(0,$) = P4 (cos 0)e’? is a spherical harmonic,
PY is an associated Legendre polynomial, @ is the polar
angle with cos 0 = p./p, p=E,, and ¢ is the azimuthal
angle. The moments 7- ?2,!)0 are identical to the moments

L,, studied in previous works [67]. Additional moments
appear in Egs. (30) and (31), which have not been
considered before. They arise from the odd parity compo-
nents of the momentum distribution and chiral effects of
order A. Note in particular that parity breaking induces a
dependence of the distribution function on the azimuthal
angle ¢, hence the use of spherical harmonics instead of
Legendre polynomials in the definition of moments. In the
following, we derive the equations of motion for these new
moments. Note that the equations of motion for the
moments 7§, and 7%, are identical to those of the moments
Ly and £, of Ref. [81]. They will be recalled later [see
Egs. (55) below].

Using Eq. (23) and the properties of the associated
Legendre polynomials, we obtain the equations of motion
for the moments J%,:

1
0T e = =~ (@neT s + bue Ty 2)p + Ene T (112)0)

jﬁ _jfl e
_Tnf vnieq (33)

TR

where the coefficients a,,, b,,, and c,, are given in
Appendix A. They fulfill the relation

a,,f—l—bmﬂ—l—cnf:l—}—f. (34)

We see that the equations of motion for different values of
¢, as well as those for even and odd powers of n decouple
from each other in the collisionless limit 7z — oo.
Furthermore, we have by, = cqq = 0, so that the equation
of motion for J4, decouples from all others. For n + ¢
even, we have the additional relation

4 PL(0) + b,y Pl_y(0) + ¢, Pl 5 (0)
= P4(0), n + feven. (35)

On the other hand, for n + # odd we find

ape(n+ )P%_(0) + byp(n =2+ £)P%_4(0)
+ Cpe(n+ 24 )P4, (0)
=2(n+£)P%_,(0), n + fodd. (36)

Similarly, the equation of motion for the moments 7%,
reads

1, _ - _
0.1, = 7 (@ Ty + b”fT%n—Z)f + CnfT/(le)f)
_ Tﬁ’ll/ﬂ - T;{u”.eq (37)
TR ’

with the coefficients (see Appendix A) fulfilling the
relation

anp + an +Cpr = 2472, (38)

as well as a relation analogous to (35) for n + ¢ even, and
(36) for n + ¢ odd, respectively.

V. COLLISIONLESS LIMIT

The strategy for solving (approximately) the kinetic
equation is to transform it into a truncated set of equations
for appropriate moments of the distribution function. In the
spirit of Ref. [67], we look for a reduced set of coupled
equations for the moments which are capable of describing
both the early time collisionless regime and the late time,
hydrodynamic regime. To that aim, in this section, we
examine general features of the solutions of the moment
equations in the collisionless regime. More technical details
are given in Appendix B. Then we discuss a simple
truncation that provides a reasonable approximation for
the lowest two moments 7%, and J4,.

In the collisionless limit, all the chiral moments exhibit
simple power law behaviors at early and late times, as
discussed in Appendix B.” By early and late time we mean
respectively 7 < 7y and 7 > 7,, where 7, is the unique
timescale that appears in the collisionless regime (7, will be
chosen as the initial time of the evolution, i.e., the time at
which one fixes the initial values of the moments). These
simple regimes, which are deduced in Appendix B from the
known form of the free-streaming solution of the kinetic
equation, emerge in the solution of the coupled equations
for the moments thanks to the relations (34) and (38) on
the one hand, and the relations (35) and (36) on the other
hand. Note however that these regimes may be only

>Following the terminology of Ref. [67] we shall refer to these
behaviors as fixed-point behaviors, although the notion of fixed
point appears only naturally in the context of the nonlinear
equation that drives the diagonal components of the energy-
momentum tensor. Thus, the late time power law of the moments
will be referred to as the stable free-streaming fixed point.
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approximately reproduced when a truncation of the
moment equations is made.

Consider the early time behavior, 7 < 7. For £ = 0, all
the moments with n odd are equal, and so are the even ones,
which follows from Eq. (34). Furthermore, Eq. (33) indi-
cates that all these moments diverge as 7y/7 when 7 — 0.
Similarly, from Eqs. (38) and (37) we deduce that the 7%,
diverge as (zy/7)?. For £ >0, one needs to take into
account that P%(cos ) = 0 for n < #. Thus, for n = £ or
n = ¢ + 1, the terms « b, in Eq. (33) or « b, in Eq. (37)
do not contribute to the equations of motion. It follows that
the moments with Z > 0 are proportional to each other,
J* ] T* . = B,s/B,e, with the proportionality constants
B, satisfying the following relations (cf. Appendix B):

B,sa,,+ B<,1_2>fbng + B(n+2)fcnf =1-27,

Byplye + Bu_s)pbue + BuiayeCor =2 =€ (39)
where
. Pix)
Bmf’ :/1(1_1;1’11<1 _xz)f/z (40)

is a finite number. Note that, for £ = 0, the two equa-
tions (39) are identical to Eqgs. (34) and (38), respectively.

Similar considerations apply to the late time regime,
7> 1, whose properties are governed by Egs. (35) and
(36). There we have J%,/J% . = P4(0)/P%,(0) for n+ ¢
and m + £ even, and J*,/ T*,.c = [(n + €)P%_,(0)/(m +
£)P% _,(0)] for n+ £ and m + ¢ odd. All chiral moments
with n 4 £ even decay as =1, while those with n + £ odd
decay as 772, as can be deduced from Egs. (35) and (36). The
moments szf exhibit a similar behavior (see Appendix B).

We focus now on the equations of motion for the
moments 74, and J4%,, which are involved in the calcu-
lation of the currents and of some of the components of the
energy-momentum tensor [see Eqgs. (30) and (31)]. These
equations are the first in an infinite set of coupled
equations. Our goal is to find a suitable truncation of this
infinite set of equations, which preserves the essential
features of the collisionless dynamics, in particular its late
time behavior. The equations of motion for the other
moments in Egs. (30) and (31) can be treated along similar
lines, as will be discussed in the next section.

The equation for J%, reads

1
(an Tt +enJh) (41)

1
0.1 = 7
with a;; =4/5 and ¢;; = —2/15. This equation couples
J4, to J4,. The next equation in the hierarchy, that for
J%, couples J% to J}, and J%,, and so on. More
generally, we can write the set of equations of motion

up to that for 7 ?2n—l)l’ with n > 1, in the following matrix
form,
10.J" = HT (42)
. 20 _
with  (J7), = j?zq—l)l’ Haq = =04q42g-1)1 = Fg(g'+1)

X D(24-1)1 = O4(q=1)C(24-1)1> and 1 < g < n. The exact sol-
ution is reproduced by keeping all moments, that is, in the
limit n — oo, where n is the dimension of the matrix H. In
practice a truncation at a finite value of n is necessary. The
simplest of these truncations, which we refer to as the “naive
truncation,” consists in the following. For a finite value of n,
the last equation, that for J ’(12,1_1)1, involves the moment
J ’1(2,, +1)1- The naive truncation consists in closing the
hierarchy by setting equal to zero this moment J- ’1(2%1)1.
Then we are left with a finite dimensional n x n linear
problem which is easily solved.

The eigenvalues of ‘H depend on 7, and in particular on
the parity of n. Indeed, it turns out that odd truncations, that
is truncations with n odd, have one real eigenvalue. This
eigenvalue is equal to —1 in the limit n — oo. The
components of the corresponding eigenvector satisfy the
relation J% .1y = Pag-1)(0)T%, with g <n, which
follows from Egs. (36) and (B8). They decay as 77! at
large 7, as expected of the exact behavior in the collision-
less regime. On the other hand, truncations with n even
have only pairs of complex conjugate eigenvalues, and do
not allow us to correctly reproduce the late time behavior of
J*#,. For this reason we limit ourselves to odd truncations
in the following.

In the case of J%, the lowest order naive truncation
(n = 1) consists in dropping J%, in Eq. (41). However this
does not preserve the correct late time behavior since
a;; #1. One could be tempted to solve the coupled
equations for both moments 74, and 7%, dropping J%,
in the equation for J%,. But this corresponds to an even
(n = 2) truncation which also spoils the late time behavior,
as we have argued. The next possible truncation is n = 3, in
which 74, is set to zero. One may expect that by increasing
n the naive truncation will provide a reasonably accurate
representation of the exact solution, at least for the lowest
moments. However the convergence appears to be slow,
and nonuniform. We shall therefore adopt a different
strategy.

In fact, what we need is a reasonable approximation for
the late time behavior of the moments. That is, we need an
approximation valid at times 7 > 7, in particular in the
case where 7z > 7, so that the collisionless regime is fully
developed before collisions start to act (if z; is close to 7y,
the system enters quickly the hydro regime and the
collisionless regime does not play much of a role). In that
perspective one may view the effect of the higher moments
as simply correcting the value of the moment [J- ’311 that
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appears in the equation for J#,, in such a way as to preserve
its collisionless fixed-point behavior for J#,. Thus we are
led to the following ansatz for J4,:

3
jélz_ijllll' (43)
This leads to the following equation for J%:

1
0,,’7’111 :—;jﬂ, (44)

whose solution is simply the fixed-point behavior
J4 ~77!. Thus, by forcing the relation between 73
and J4%, to be that valid in the vicinity of the collisionless
fixed point, we recover trivially the fixed-point behavior of
J4,. As already mentioned, this procedure amounts to a
simple renormalization of the coefficient in front of J%, in
Eq. @1): a;, =4/5+4/5+(-3/2) x (-2/15) =1,
where we have used ¢;; = —2/15. Note that the purpose
of this renormalization is to compensate for the error
induced by the truncation of the moment equations at
finite order. If instead we were solving the full set of
moment equations, a renormalization would not be needed.
To check that Eq. (44) is a reasonable approximation, we
compare the solution of Eq. (44) with the exact solution
obtained by using the initial condition described in
Appendix B. In Fig. 1, we show the exact solution for
tJ*%, and the solutions of different finite sets of moment
equations. One sees that, for the chosen initial condition,
the collisionless fixed point is quickly reached by the exact
solution, already for time 7 2 37, (recall that at the
collisionless fixed-point 774, is independent of time).
The behavior of the solution is well reproduced with a
finite set of moments, at least up to some time (for 7z <
100z, a good convergence is reached with n =11
moments; for larger times, a comparable convergence
would require a higher number of moments). Of course,
the solution of Eq. (44) ignores the transient regime
between the initial time 7, and the time at which the

t Jpq

24+
2.2

— n=5
20} ne7
1.8F — n=9
16F — n=11
1.4 / — exact
1.2F
1.0 : : : : t=1/19

1 5 10 50 100

FIG. 1. The quantity ¢ x J%,(w), with ¢ = 7/7,, obtained from
the exact solution, and compared to the solution of a finite set of n
moment equations.

J31/Js1
0.0

: : : : ' t=1/19
20 40 60 80 00

-0.5

—1.001 — Jaildn

-1.5¢

-2.0t

FIG. 2. The ratio J4%(7)/J%, () obtained from the exact
solution, as a function of t = 7/7.

1/7 behavior is reached: if it would be plotted in Fig. 1, it
would be a horizontal line starting at the initial value. But
the early transient regime is not important for the present
discussion. The same remark applies to the ratio J4,/J%,
which is displayed in Fig. 2. One sees that, after a relatively
short transient regime, this ratio converges toward its fixed-
point value given in Eq. (43). In fact, we can use this fixed-
point value as an approximation for (74, itself, not only in
the right-hand side of Eq. (44). This is because J%, enters
the energy-momentum tensor as a first order correction in
1, so that a small error on J- '%1 will have little consequence
anyway.

VI. ANALYSIS OF EQUATIONS OF MOTION
AND TRUNCATION

We now extend our analysis to all the moments that
appear in the expressions (30) and (31), and include the
effect of collisions. Closed equations of motion will be
obtained by using a strategy similar to that used in the
previous section to truncate the hierarchy. This closed set of
equations constitutes an effective theory for just the
relevant moments, which include in particular all the
hydrodynamic fields. This effective theory describes
the transition from the early time collisionless regime, to
the hydrodynamic regime at late time. Note that there are
two timescales, the initial time 7, and the collision time 7.
We shall assume in the present discussion that 7y < 7, SO
that there is enough time for a collisionless regime to fully
develop.

We start with the equations of motion for (3, which is
involved in the calculation of the axial and vector charges
[see Egs. (30)]:

1
awjfl)o = _; 60’ (45)

where we have set w = 7/7;. Furthermore, we used the
relation J4, = J éO.eq’ which follows from the matching
condition (25). Since this equation is closed already, no
truncation is needed in this case, and the solution is
simply J4,(w) ~ 1/w.
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Let us turn now to the equation for 7%,:
1/6 2
0Th == (3Th-5Th) ~The o

where we used the fact that 7%, vanishes in equilibrium. At
early time, w < 1, the last term in the right-hand side,
which represents the effect of the collisions, is much
smaller than the first one, which describes the expansion.
Since we know that the initial collisionless dynamics
quickly bring the moments to their free-streaming stable
fixed point, following Ref. [67], and also along the same
lines as in the previous section, we approximate 7%, in the
right-hand side of Eq. (46) by its value at the stable free-
streaming fixed point, i.e., we set

P3(0)
Th w2k 47
42 P% (O) 22 ( )
This guarantees that, in the absence of collisions, the
moment 7%, will have the correct behavior for 7> 7,
Again, this can be viewed as a renormalization of the
coefficient of 7%, in Eq. (46): 6/7 +> 1. With this iden-
tification, the equation for 7%, in the absence of collisions
becomes indeed 0,74, ~—174%, whose solution is
T4, ~1/w, as expected near the stable free-streaming
fixed point (see Sec. V).

At late times (w>> 1) the collision term dominates
the evolution of the system and the equation for 7%,
becomes

aWIZ%Z = _TQZ‘ (48)

with the solution 7%, ~ ™. Thus, the dissipative moments
decay exponentially when approaching equilibrium. The
reason for this exponential decay is the absence of
equilibrium contributions in the equations of motion.
This also implies that there is no expansion in inverse
powers of w (gradient expansion) for these moments
around local equilibrium.

The complete equation that accounts for the transition
region between the vicinity of the free-streaming fixed
point and the hydrodynamic regime, is therefore simply

1
0Thyn——Th~Th, (49)
The solution is
T4 ~wle™. (50)

This solution exhibits nicely the transition from the colli-
sionless regime where the first factor ~1 /w dominates, to the
collision dominated regime with exponential damping.

Ji
10

— exact, initial cond. 0.9 FP
exact, initial cond. 1.1 FP
— n=1

0 : : w
0.01 0.05 0.10 0.50 1 5

FIG. 3. Comparison of J° %l(w), as obtained from the lowest-
order fixed-point truncation, Eq. (51), to the exact solution
obtained here by solving the n-moment equations with
n = 11. The vertical scale is arbitrary, with the initial value of
J*, chosen to be 10. The initial values of the other moments are
taken to be either their collisionless fixed-point values, or to differ
from those by £10%. As can be seen, the agreement with the
exact solution is almost perfect and the sensitivity to the initial
value of the moments is very weak.

The equation for the moment 7%, was already discussed
in the previous section. With collisions, this equation
becomes

1
awj/h:_;jﬁ_j/lll’ (51)

an equation which has the same structure as the equation
for 74%,, Eq. (49), that we have just discussed. Its solution
reads

j/lll ~wlew, (52)

In Fig. 3 we plot the solution for 7%, obtained from the
fixed-point truncation at n =1 compared to the exact
solution (i.e., the solution for n = 116), with different
initial conditions. We see that the dependence on the initial
conditions is very weak and already the lowest-order
truncation is almost identical to the exact solution.
Furthermore, we show in Fig. 4 the moment J° %1 obtained
from J4, = —(3/2)J%, [see Eq. (44)] compared to the
exact solution. If the system is initialized at the fixed point,
the curves are identical. The sensitivity to the choice of
initial condition is rather modest and quickly disappears as
time increases.

With the results obtained above and the equations of
motion for 73, and 7% derived already in previous work
[67], we are ready to write down the closed set of equations
for chiral hydrodynamics which capture the transition from

®Note that the exponential damping makes the convergence of
the moment expansion considerably better than in the collision-
less regime. Thus, we may, in contrast to the free-streaming case,
consider the solution for n = 11 as the exact solution instead of
solving the Boltzmann equation itself.
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1 5

— exact, initial cond. 0.9 FP
exact, initial cond. 1.1 FP
—— Fixed at fixed point, n=1

FIG. 4. Comparison between the exact solution (obtained
with n = 11 moments) and the approximate solution [J %1 =
(=3/2)J%, (“fixed at fixed point” corresponding to what is
referred to as “attractor solution” in [67]): the agreement is
perfect. Solutions with initial conditions where the moments
differ from their fixed-point values by +10% approach the
attractor very quickly.

the collisionless fixed point to the hydrodynamic regime.
Note first that the second term in Eq. (29), of order #, does
not contribute to the energy-momentum conservation,

o= [arppor. o9
A==%1

since d,.E, = d,E, = 0 as a consequence of the symmetry
of the present setup. Therefore, we can ensure energy-
momentum conservation by using the Landau matching
conditions for the dominant part of the energy-momentum
tensor

0, / dPp¥ptf* = uﬂ;; / dPp*ptfi,.  (54)

A=%£1

identically to what was done without chiral degrees of
freedom in Ref. [67]. Thus, the equations of motion for the
diagonal components of the energy-momentum tensor can
be taken from these references without modifications [67],”

1 /4 2
0, TG0 = - (g Tho+ §T§o>’

1 /31 8
0,Thy = - <B T +ET&)> - T4,  (55)

where the factor 31/15 in the second equation includes the
same kind of renormalization as discussed above
(38/21 — 31/15, see [67]). Note that since T{l)o iS nonzero
in local equilibrium, both 7§, and 7%, decay with power
laws in the hydrodynamic regime. In contrast to J7p,, for
7610 the exponent of this power law differs between the

"In the notation of Ref. [67] 3, T4, = Lo and 3, T4, = L.

free-streaming regime with 73, ~ 7! and the hydrody-
namic regime with 77, ~ 774/3.

The equations of motion for the remaining components
of the chiral currents are obtained by inserting Eqs. (49) and
(51) into Egs. (30) and (31). The set of equations of motion
for chiral hydrodynamics then reads

1

0,J% = —;Jg,
1
OJi = =—J5 =T,

awax — _ l T~ — T,

w
0, T = _Esz — 77z,
w
1
0, T = —— T — T, (56)
w

The equations of motion for J%, are identical to those for J.
The set of equations (56) can be solved to obtain the
(axial-)charge current and energy-momentum tensor for a
chiral fluid at any time of the Bjorken expansion. A
comparison of the results obtained by solving these
equations to the exact solution shows the same quality
as that made earlier for J%, and J%, (see Figs. 3 and 4).

We conclude this section by summarizing the two main
results that we have obtained so far. First, from Eq. (45) we
find that the (axial-)charge density, given by a linear
combination of 7 éo with 4 = +1 [see Egs. (30)], decouples
from all other moments and decays 1/z during the full
evolution, from free streaming throughout the transition to
hydrodynamics. Second, the spatial components of the
(axial-)vector current and the nondiagonal components of
the energy-momentum tensor decay as power laws for free
streaming, but exponentially in the hydrodynamic regime.
This exponential decay results in a very quick damping of
the relevant moments. Therefore, any initial values of these
moments will have disappeared at freeze-out in our setup.
On the other hand, if vorticity or magnetic fields were
included in the formalism, they would lead to equilibrium
contributions to the chiral currents due to the chiral vortical
and chiral magnetic effects [9-15], respectively. The
equilibrium currents then would appear linearly on the
right-hand sides of each equation in (56), rendering them
inhomogeneous differential equations and preventing the
exponential decay at late time. In that case, all currents
would decay as power laws in the hydrodynamic regime,
and hence survive much longer. In turn, any measurement,
in heavy-ion collisions, of nonvanishing spatial compo-
nents of the (axial-)vector current or of nondiagonal
components of the energy-momentum tensor, would be
an indication of the presence of either vorticity or electro-
magnetic fields, instead of being a mere consequence of
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specific initial condition. Further investigation of these
effects beyond equilibrium is left for future work.

VII. COMPARISON TO 14-MOMENT
APPROXIMATION

An interesting connection can be observed when com-
paring the results of Sec. VI to those of the Israel-Stewart
14-moment approximation [82]. For the latter, only the 14
moments, those which contribute to the charge current and
to energy-momentum tensor, are taken into account, while
the moments of rank 3 or higher in the spatial momentum
are simply neglected.8 Here we merely point out the
connection between our present approach and that based
on the 14-moment approximation and refer to Appendix D
for a more complete discussion. Consider for instance the
moment 7%,. This is given by

1 ‘
T = 75/ d*pE ,(Tcos*0 — 1)sin*0e?? f*
5 P2(0)
5

which is the same as in the fixed-point truncation (47).
Analogous relations are valid for all other moments, as long
as the lowest-order truncation is used and the moments
vanish in equilibrium. We conclude that in order to reproduce
the correct free-streaming fixed points within the lowest-
order truncation, one should simply drop all terms which
depend on higher orders of p,/E, in the Legendre poly-
nomials rather than approximating them. The reason is that
the term p,7/7 in the distribution function (B1) in the free-
streaming regime suppresses all higher-order terms of the
Legendre polynomials, P4 (p,/E,) ~ P4(0) for n + £ even,
or Pi(p./E,)~P,_(0) for n+¢ odd. Therefore, the
Bjorken expansion leads to vanishing higher-order moments,
see also Appendix D. This behavior is the same as for the
usual moments without chirality. However, as soon as
coupled equations of motion for more than one moment
are considered, as, e.g., is the case for the moments 7° éo and
T%,, which both appear in the energy-momentum tensor, the
situation is different. In this case, the truncation is not unique,
and the nonorthogonality of the Israel-Stewart moment starts
to play a role. Furthermore, for moments which are nonzero
at the hydrodynamic fixed point, equilibrium contributions
have to be taken care of. We refer to Appendix D for a more
detailed discussion.

VIII. CONCLUSIONS

In this paper, we studied the equations of motion for
chiral hydrodynamics derived from kinetic theory in a

8Stn'ctly speaking, one should call this approximation “2 x 14-
moment approximation” in the chiral case, taking into account the
moments of both chiralities.

boost-invariant expanding system. We showed that in chiral
kinetic theory the usual relaxation-time approximation has
to be modified in order to take into account the side-jump
effect. In this approach, we found that the no-jump frame,
in which the contribution from the side-jump effect to the
chiral currents vanishes, is given by the fluid rest frame. We
also pointed out that the concept of local equilibrium is
frame dependent, whereas observables are frame indepen-
dent, as long as they are obtained from a distribution
function which is a solution of the Boltzmann equation. For
convenience, we chose the fluid rest frame for the deriva-
tion of the equations of motion. We then showed that
imposing Bjorken symmetry significantly simplifies the
Boltzmann equation, formally reducing it to its well-known
form in the absence of chiral degrees of freedom.

We derived equations of motion for the chiral moments,
which correspond to linear combinations of the compo-
nents of the conserved currents. These moments can be
written as integrals over the momentum angles expressed
through spherical harmonics Y7 (6, ¢), and weighted by the
distribution function and some fixed power of the momen-
tum. The equations of motion couple only chiral moments
with the same powers of p, the same #, and either even or
odd values of n, respectively. The coefficients in each set of
equations of motion fulfill two important relations, corre-
sponding to the two free-streaming fixed points associated
respectively to the early and late time behaviors of the
moments in the collisionless regime. We analyzed these
fixed points by studying the exact solutions for the chiral
moments in the collisionless regime. In particular, near the
stable fixed point, moments with n 4+ £ even were shown to
decay as 1/z, while those with n + ¢ odd decay faster by an
additional power 1/7z. We also found that naive truncations
of the equations, consisting in dropping moments beyond a
certain order, converge only slowly, and yield results that
depend on whether an even or odd number of moments
is kept.

We then discussed the full equations of motion. A special
case is given by those for 7 éo’ corresponding to charge and
axial-charge densities. These quantities decouple from all
other chiral moments in the exact equations of motion.
Taking into account the matching conditions, these equa-
tions of motion are identical to those of ideal chiral
hydrodynamics at any time of the expansion, even in the
free-streaming regime. In the other equations of motion, a
truncation procedure is needed in order to close the
respective set of equations. We argued that in the vicinity
of the stable free-streaming fixed point, we can take into
account the effects of the neglected higher moments by a
redefinition of a transport coefficient, resulting in the decay
of the chiral moments with the correct power law at the
stable fixed point. In the hydrodynamic regime all parity-
violating moments decay exponentially, so that the precise
value of the coefficients of the free parts of the equations of
motion become unimportant. Thus, in the hydrodynamic
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regime, the redefinition of transport coefficients does not
affect the late-time behavior of the conserved currents. The
modified equations of motion then provide a very good
agreement with the exact solution throughout the evolution
from the vicinity of the free-streaming fixed point to
the hydrodynamic regime. Using these truncations, we
obtained a closed set of equations of motion for all compo-
nents of the conserved currents. Finally, we showed that the
same equations of motion as derived in this paper can also be
obtained from the 14-moment approximation. The reason is
that, in the 14-moment approximation, the moments that
involve high powers of p_/E, are simply dropped, consis-
tently with the solution at the free-streaming fixed point
where the distribution function is peaked around p, = 0.
The present formulation of chiral hydrodynamics, just
like conventional transient hydrodynamics, features free-
streaming fixed points and attractor solutions, and therefore
is applicable already at early time, i.e., before local
equilibrium is reached. Furthermore, in the setup used in
this paper, any parity-violating moments decay exponen-
tially with 7/7z. This means that any initial global
polarization of massless particles, which is not parallel
to the fluid velocity, is unlikely to survive until freeze-out in

a heavy-ion collision, unless the relaxation time 7 is very
large. One should however note that the assumption of
translational invariance prohibits a nonzero fluid vorticity
and is therefore only applicable to central heavy-ion
collisions. On the other hand, it is known that in noncentral
heavy-ion collisions, large values of the vorticity can be
reached [1]. It will therefore be an interesting extension of
this work to relax the assumption of translational invariance
and describe a system with vorticity. It is expected that in
this case, also parity-violating moments decay with power
laws in the hydrodynamic regime, due to equilibrium
contributions from the vorticity. Furthermore, while in this
paper we considered massless particles with chiral degrees
of freedom, it will be interesting to extend this study to
massive particles with spin.
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APPENDIX A: COEFFICIENTS OF THE MOMENT EQUATIONS

The coefficients in Eq. (33) read

m+1=-0)n+14+7¢) (n+¢)(n-2) n—=¢
=1-
e ”( i Dent3)  Tensnaion) Tt
(n+&)(n—-147¢) n—-1+¢
=— ) ———
bue = -y T o
(n+1-8)(n+2-7¢)
=_ Al
=T T o 1)(2n 1 3) (A1)
Furthermore, the coefficients in Eq. (37) are given by
_ (n+1-2)n+1+2) (+2)(n-72) n—=¢
=l-(n—-1 4
e (n )( GnrDens3)  Tanrnancy) T
- (n+&)(n—-1+47) n—1+7¢
b,=—-(n—-1 4
e === S o T o
_ (n+1-8)(n+2-7)
=—(n-1 A2
G === )= = a5 3) (A2)
APPENDIX B: ANALYSIS OF EXACT FREE-STREAMING SOLUTION
Consider the free-streaming solution of Eq. (23), obtained in the limit 7z — oo,
A _ v
f (T’pJ_7pZ) - in<pL’pzT_0>’ (Bl)

where ffn (pL, p.) denotes the initial distribution. This explicit solution makes it possible to analyze the early- and late-time
behaviors of the chiral moments by inserting Eq. (B1) into Egs. (32). We obtain
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T T .
nt E/dngi(e, ¢>ffn <pla Pz %) _70/d3ppr{;(pz/8p7>elf¢ffn(pl’ pz) (BZ)

where e, = (7/70)/(p.70/7)* + P
It follows that, for early times, 7 < 7,

. AT :
Jif:?o/fpp(p_L) ( Lt 7€' fia(pL. p2)

€

pr 1- (pz/em)2>
= (2)7 [ @plsentp () Bue htosp ~ ¢ a7 -0 (B3)

where in the last line we used the relation P%(—x) = (—1)""*P%(x). Note that the coefficient B, defined in Eq. (40) is a

finite number, while in the limit x — 1, P4 (x)/(1 — x?)%/? vanishes for k < # and diverges for k > 7.
For late times, 7 > 7, we find, for n + ¢ even,

. 1
Toe = E/ dpPr(0)e’?fi,(p1.po) ~—  (z/79 = c0.n+ £ even). (B4)
T T
For n + ¢ odd, P5(0) = 0, so that we need to consider the next-to-leading order in a Taylor expansion. We get
Ty () [ @ pnt )Pl ) L2 fi (oL p) ~ L (e/20 — con+ £ odd) (BS)
nt T pn n—1 e A in | I P 72 T/70 oo, n O s

where we used (P5)'(0) = (n+ £)P%_,(0).
A similar analysis for the moments 77, yields

7o\ 2 .
Tﬁf = <?0> /d3p€pr7)5<pz/€pr)elf¢f?n(va pz)? (B6)
1 70\ > 3 ntt PL ith 2 -2
Tnf - 7 d p[sgn(pz)} |p |f_] ane in(pl’ pz) ~T (T/TO - 0)1 (B7)
Z
T ) 1
Ti =2 [ o PUOC b p)~ (6/70— oo £ even) (B8)
7o\ 2 ) 1
Tie= (2) [ @opatn OPLL O brp~ 5 (6/m = ssun £ 0dd) (8)
|
APPENDIX C: EXAMPLE OF AN EXACT We obtain

SOLUTION FOR FREE STREAMING

Consider the initial distribution function

x ReJ* —Re/d3pY1(6’ o) f*
y 11 1\
fh= (142 B en (1)
A A P 1
= —§A3 / dcosO(1 — cos6)
with A being a constant. This function is used as initial -
condition for the plots of Sec. V. The corresponding free-

X .
streaming solution reads {1+ [(z/79)* = 1]cos’0}?

(C3)

i = <] + P + p_y> e~ P+ (T/7) P/ A (C2)
A A Analogously we find
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Re.7%, = Re / PpYi(6.9)f

375 ! 2 2
==-=A dcosf(1 —5cos”0)(1 — cos= )
-1
1

x {1+ [(z/79)® = 1] cos? 0}*°

(C4)

The remaining integrals can be done numerically. Note that
the initial conditions imply

27

ReJ? (7 = 79) = —?A3, (Cs5)
and, for n = 3,5,7,...,
ReJ%,(z = 174) = 0. (C6)

APPENDIX D: 14-MOMENT APPROXIMATION

In this appendix we examine the comparison between
our approach and the 14-moment approximation which was
outlined in Sec. VII. We consider the energy-momentum
tensor and the charge current for massless particles in
Bjorken symmetry with parity breaking in the transverse
plane, allowing for nonzero spatial components of the
charge current and nondiagonal components of the energy-
momentum tensor.

As an example, we will discuss the x-component of the
charge current,

J"E/d3p%fz—ReJ”, (D1)
P
and the diagonal components of T+,
TY = /d3pEpf =T,
- s Dl 2 1
<= [d PE—FfE 57'20+§700 ;
b 1 1
=Y = (TP -TF) = Y (Tl ~Th), (DY)

A=%£1

with J% , and 7*,, given by Eq. (32). Other components of
the charge current and energy-momentum tensor can be
treated analogously. We furthermore define the moments

Px (P2 \"
an/cﬁp(Z) f.
Ep Ep
p\"
Z = | d&®pE 2 ,
n / P p<Ep>f

in terms of which we have

(D3)

JXEXO, TOOEZO, T% EZz. (D4)
These moments are the ones originally used by Israel and
Stewart [82]. Their disadvantage is that they are not
orthogonal. However, when used in the context of the free
Bjorken expansion which suppresses higher values of
p./E,, their advantage is that all X, and Z, become
smaller by a power p./E, at any order of n. This is not the
case for 7,, and 7.

We first consider the equation of motion for J* using the

moments (D3),

1 1
0, Xy = —=(Xy = &) ——4&. (Ds)
T TR

In the 14-moment approximation, we simply drop the term
proportional to X,, since it does not appear in any
conserved current. This is the analog of what we called
the naive truncation. For an expanding system with Bjorken
symmetry, this is a good approximation, since the expan-
sion naturally suppresses the higher orders of p,/E, that
are contained in X,. Thus we obtain

1 1
GTXO - ——XO——X(). (D6)
T

TR

On the other hand, when [J;; is calculated with the
orthogonal moments (32), one gets

1

4 2 1
VAT 7 (gjll _Bj31) —5\711- (D7)

In this case, we should not simply drop [J3;, since it
contains not only terms proportional to (p./E p)3 but also
terms proportional to p_/E,,. Instead, implementing the so-
called fixed-point truncation, we replace it by the value at
the free-streaming fixed point, 73, ~ —(3/2)7 ;. We then
arrive at

1 1
51\711:—;;711—7\7117 (D8)
R

which is identical to Eq. (D6). The same reasoning holds
for all the components of the charge current and the energy-
momentum tensor which vanish in equilibrium and whose
equations of motion do not couple to those of other
components.

On the other hand, for the diagonal components of the
energy-momentum tensor the situation is a bit different,
since they are nonzero in local equilibrium. Furthermore,
the equations of motion are coupled and the truncation
using fixed points is not unique. In order to obtain the
diagonal components of the energy-momentum tensor, we
need to determine two moments, either 7 o and 7 5, or 2,
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and Z,. These satisfy the following coupled equations of
motion:

12
0, T o= 23 (2T oo +T o).

1/38 8 12 1
aTTZO = _; <ﬁ720 +ETOO _gT4O> _;TQO? (D9)
or
1
0.2y = — (20 + 25),
1 1
0122 == (322 - Z4) - (ZZ - Z2,eq)v (DlO)
T TR

depending on the set of moments we use.
Now, in order to close the system of equations of motion
in the fixed-point truncation, cf. Ref. [67], we may use

Ty = 7)2(0)700 = %Too (D11)
or
Ty 732(0)/778(0)’2'20 = —2720- (D12)
We obtain
0,70 = —%g (2T o0 + T o),
0.7y = —% <§Tzo + i—;Too> - %720, (D13)
or
0. T oo = —%g (2T o0 + T 20),
0,75 = —% (% Ty + %—Too> - %7—20- (D14)

On the other hand, for the system of equations (D10) we
use the 14-moment approximation, neglecting the dissipa-
tive parts of all moments which are not components of the
energy-momentum tensor, i.e.,

2y Zyeq (D15)
Thus Egs. (D10) reduce to
1
0.2y = —;(Zo + 2Z,),
1 1
6122 = _; (3Z2 - Z4,eq) - a (ZZ - ZZ,eq)’ (D16)

which translates into

12
0, Too= —25(2700 +T ),

12
0. T 5= 23

5 3 1
<4720 +ZTOO _ETOO,eq> —aTzo- (D17)

It is important to note that in the usual 14-moment
approximation, the ideal part of Z, is kept, and only the
nonequilibrium part is set to zero. This is of course not a
good approximation in the free-streaming regime, which is
far from local equilibrium. Instead, we should neglect the
full Z, at the free-streaming fixed point,

Z,4~0. (D18)
Then Egs. (D10) become
1
0.2y = —;(Zo + 2Z,),
1 1
0122 = __322 - (22 - Z2,eq)v (D19)
T TR
and therefore
12
0, T = 13 (2T o0 + T 20)-
12 5 1
0, Tyy=——74Tn+-To | ——7T. (D20)
73 4 TR

While Egs. (D13), (D14), and (D20) agree at the free-
streaming fixed point, since then 7,y = P5(0)7 ¢y =
—(1/2)7 ¢y, and are expected to yield a good description
of the dynamics in the free-streaming regime, they differ in
their coefficients as soon as the system leaves the free-
streaming point. On the other hand, Eq. (D17) is not valid
in the free-streaming regime. At the hydrodynamic fixed
point, Egs. (D12) and (D15) remain valid, while Egs. (D11)
and (D18) do not. Therefore, Eqs. (D14) are expected to be
a better approximation than Eqgs. (D13) or (D17) in the
hydrodynamic regime. We conclude that, if one wants to
use the 14-moment approximation to describe the evolution
from free streaming to hydrodynamics, one should use
some kind of interpolation between Egs. (D15) and (D18)
in order to capture the dynamics of both regimes. This is
similar to the approximation of £, in the massive case [74],
where the moments £, are not orthogonal anymore.

We can also understand the differences between the
different truncations by considering 7 4 itself,

740_/d3pEpé[35(?)4—30(%>2+3}f. (D21)

p P

Inthetruncation (D11) both the first and the second termin the
square brackets are dropped, while in the truncation (D18)
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only the first term is dropped. As long as the expansion
governs the system, both approximations are reasonable
since the distribution function is peaked around p, = 0.
However, in the hydrodynamic regime this approximation is
not justified, since the first term is nonzero in local equilib-
rium. In the truncation (D15), the first term is approximated

by its local-equilibrium value, which is only reasonable in the
hydrodynamic regime. Finally, the truncation (D12) also
keeps only the last term in the square brackets, but expresses
this term through 7 ,,, which vanishes in local equilibrium
and therefore in this case the issue in the hydrodynamic
regime is avoided.
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