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We compute the moments of the nonlinear binary collision integral in the ultrarelativistic hard-
sphere approximation for an arbitrary anisotropic distribution function in the local rest frame.
This anisotropic distribution function has an angular asymmetry controlled by the parameter of
anisotropy &, such that in the limit of a vanishing anisotropy lime—o fox = fox, approaches the
spherically symmetric local equilibrium distribution function. The corresponding moments of the
binary collision integral are obtained in terms of quadratic products of different moments of the
anisotropic distribution function and couple to a well defined set of lower-order moments. To
illustrate these results we compare the moments of the binary collision integral to the moments
of the widely used relaxation-time approximation of Anderson and Witting in case of a spheroidal
distribution function. We found that in an expanding system the nonlinear Boltzmann collision
term leads to twice slower equilibration than the relaxation-time approximation. Furthermore we
also show that including two dynamical moments helps to resolve the ambiguity which additional
moment of the Boltzmann equation to choose to close the conservation laws.
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I. INTRODUCTION

The earliest application of fluid dynamics in relativistic particle collisions was formulated by Landau [I] in the
early 1950’s with the following assumptions [2]. The initial state of the system forms at the instant of the collision
when a large number of particles with mean free paths smaller than the dimensions of the system is born in local
equilibrium; i.e., local isotropic momentum-space distribution fox, the Jittner distribution [3], 4]. This system then
expands as a relativistic ideal fluid until the particle interactions become gradually weaker and the mean free path
becomes comparable to the dimensions of the system. The final or freeze-out stage happens when the fluid dynamical
description is no longer appropriate and the particle nature of the system becomes of primary importance.

Over the past decades this so-called hydrodynamical model has been constantly improved and now relativistic
fluid dynamics became an indispensable tool in the description of the space-time evolution of the matter created
in relativistic heavy-ion collisions, astrophysical phenomena as well as of the early universe [5HI]. Among the most
important recent advancements in relativistic fluid dynamics has been the treatment of irreversible non-equilibrium
phenomena that includes the transport properties of matter, such as shear and bulk viscosities, charge diffusivity,
thermal and/or electric conductivity, and magnetization. These novel fluid dynamical theories extended beyond the
constraints of ideal fluid dynamics and hence the requirement that the fluid is in local thermodynamic equilibrium, but
still assume that the deviations from local equilibrium are relatively small, i.e., |6 fi/fox| < 1. This means that the
non-equilibrium corrections to ideal fluid dynamics may be approximated order by order through the corresponding
irreducible moments of § fy representing the dissipative quantities. While the first-order or relativistic Navier-Stokes
theory may be acausal and unstable [9HI5], the well known and widely used equations of second-order dissipative fluid
dynamics of Miiller [10], and of Israel and Stewart [I1], relax on finite timescales to their corresponding Navier-Stokes
values. Henceforth under certain conditions second-order theories avoid the problems of acausality and instability
through hyperbolic equations of motion for the dissipative fields.

Even so, in the case of a rapid longitudinal expansion as in the early stages of heavy-ion collisions the local
momentum anisotropies can be very large, hence the series expansion of the distribution function near equilibrium is
no longer an appropriate approximation. To overcome these limitations of traditional fluid dynamical theories in the
late 1980’s Barz, Kampfer et al. [I6] [I7] proposed an energy-momentum tensor which incorporated the momentum
anisotropy in terms of a space-like four-vector I#, introducing an anisotropic decomposition of the isotropic pressure.
As matter of fact, anisotropic matter distributions have been studied in general relativity already in the early 1970’s
in the seminal work by Bowers and Liang [18]. On the other hand, it was also known that the strongly directed nature
of various dynamical processes in heavy-ion collisions such as the hardonization and the freeze-out in hydrodynamical
models, also favors an anisotropic distribution function over a locally isotropic distribution function [19} 20].

In the early 2010’s the framework of (leading-order) anisotropic fluid-dynamics for ultrarelativistic heavy-ion colli-
sions was rediscovered by two different groups: Florkowski and Ryblewski [21H25] and Martinez and Strickland [26128].
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This fluid dynamical framework extends beyond ideal fluid dynamics, i.e., the simplification that fx = fox is a local
isotropic distribution function, and instead it is based on a local anisotropic distribution function fix = fOk which
incorporates an anisotropy parameter £ and a new spacelike four-vector I# in the direction of the momentum-space
anisotropy. Therefore the corresponding moment equations derived from the relativistic Boltzmann equation for such
an anisotropic distribution function form the framework of leading-order anisotropic fluid dynamics. This means
that leading-order anisotropic fluid dynamics describes a specific class of dissipative fluids with one additional (when
compared to ideal fluids) independent variable specified by fok‘ This leading-order framework can also be improved
further by generalizing the expansion of the distribution function as fix = fox +6 fx, and hence similarly to the method
formulated in second-order dissipative fluid dynamics it leads to a more complete theory of anisotropic dissipative
fluid dynamics [29H3T]. Furthermore, taking into account the coupling to the external electromagnetic field naturally
extends the equations of leading-order anisotropic fluid dynamics to electrically conducting fluids and leads to a novel
theory of dissipative and resistive anisotropic magnetohydrodynamics [32].

In the derivation of fluid dynamical theories from the relativistic Boltzmann equation, the moments of the collision
term reveal the time scales over which the matter approaches local equilibrium. However, unlike in traditional
dissipative fluid dynamical theories, so far leading-order anisotropic fluid dynamical theories employed the moments
of the simplified relaxation-time approximation (RTA) instead of the moments the binary the collision integral. In
this paper we go beyond this approximation and present a simple and at the same time general projection method
to calculate the moments of the nonlinear binary collision term. As expected the corresponding moments of the
binary collision integral are found to be quadratic products of anisotropic thermodynamic integrals which can be
computed exactly and in some cases analytically in terms of various moments of the underlying anisotropic distribution
function. Therefore these new results also extend and generalize the well known Bobylev-Krook-Wu (BKW) [33H35]
model based on the homogeneous and isotropic solutions of the non-relativistic Boltzmann equation to anisotropic
distribution functions. The relativistic BKW model, the Bazow-Denicol-Heinz-Martinez-Noronha (BDHMN) [36], [37]
also obtained exact solutions to the relativistic Boltzmann equation through an infinite set of nonlinear ordinary
differential equations for the moments of an isotropic single-particle distribution function and the corresponding
moments of the nonlinear binary collision integral computed for an isotropic distribution function.

The equations of leading-order fluid dynamics derived from the relativistic Boltzmann equation correspond to an
infinite hierarchy of coupled moment equations, where the moments of the binary collision term now couple to a
well defined set of lower-order moments in the hierarchy. These nonlinear couplings between moments of different
order represent the nonlinear dependence on the distribution function of the binary collision integral. In order to be
practical one must truncate and close the hierarchy of moment equations of leading-order anisotropic fluid dynamics.
But even after a well defined truncation there remains an ambiguity, which higher-order moment to use for closure. In
this paper we also go beyond a single dynamical moment to close the conservation equations [38] 89], and show that
including two dynamical moments helps to resolve this ambiguity and improves the solutions to the fluid dynamical
equations and the approximation to the anisotropic distribution function.

As an important application in heavy-ion collision we have used the well known spheroidal distribution function of
Romatschke and Strickland (RS) [40] to explicitly study the moments of the binary collision integral and the fluid
dynamical evolution of the system. We found that different anisotropic moments approach equilibrium on different
time-scales, alike in second-order fluid dynamical theories. Furthermore, the widely used relativistic relaxation-time
approximation of Anderson and Witting (AW) [41] for the collision integral is also included for comparison. We found
that the collision term in the RTA drives the system about two times faster towards equilibrium than the binary
collision integral irrespective of the choice of the dynamical moment(s). Finally, it is shown that the re-scaling of the
relaxation time of the RTA, based on the asymptotic values of the ratio of the binary collision integral and the RTA
collision integral, captures reasonably well the characteristics of the non-linear binary collision integral.

This paper is organized as follows. A brief introduction to leading-order anisotropic fluid dynamics is given in
Sec.[[] In Sec. [T we define the moments of the binary collision integral in the general case of an arbitrary anisotropic
distribution function. Then in Sec[[ITA] and Sec[lITB] we compute the moments of the corresponding loss and gain
terms for an arbitrary anisotropic distribution function. These results are then applied in Sec. [V A]to the spheroidal
distribution function introduced by Romatschke and Strickland. The evolution of matter in (0 + 1)-dimensional
boost invariant expansion is studied using the moments of the binary collision integral as well as using its well known
relativistic approximation, the relaxation-time approximation of Anderson and Witting, in Sec.[[VB|and in Sec.[[V C]
The differences between the collision terms are analyzed and the re-scaling of the relaxation times to reduce these
differences is presented in Sec. [[VD] We conclude this work in Sec. [V] Technical details and additional computations
are relegated to the appendixes.



A. Notation and definitions

In this paper we work in natural units by setting i = ¢ = kg = 1, and in flat space-time with metric tensor
g" = diag(1,—1,—1,—1). The contravariant fluid four-velocity u* (t,x) = v (1,v) with v = (1 — v?)~/2, has
timelike normalization utu, = ¢? = 1. The unit four-vector in the direction of the momentum anisotropy I (¢,x) is
chosen orthogonal to the fluid four-velocity; i.e., u#l, = 0, and has spacelike normalization [*l, = —1?2 = —1. For
example in the context of heavy-ion collision choosing [* in the direction of the beam axis sets I* = v, (v,,0,0,1)
with 7, = (1 — v2)~'/2. In the local rest (LR) frame of the fluid v} , = (1,0,0,0) and I} 5 = (0,0,0,1).

The symmetric rank-two projection operator orthogonal to u*; i.e. A*"u, = 0, is defined as in Refs. [6] 42 [43]

AW = g —yfu? (1)

while the symmetric rank-two projection operator that is orthogonal to both u* and I#; i.e., 2*"u, = E*"[, = 0, is
defined as in Refs. [6], [44H46]

BN = gt — e+ IR = AP 1R 2)

The particle four-momentum k* = (ko, k) is normalized to the rest mass squared of the particle, k*k, = mg. The
energy Ey,, and the momentum in the direction of the anisotropy Fy;, are

Eku = k‘“u,“ Ekl = —k‘ulu. (3)

The four-momentum orthogonal to the four-velocity u” is denoted by k) = AWk, while the four-momentum
orthogonal to both u* and [* is denoted by kird = 2wk, such that k) = Eygl* + k1) and thus

k= By ut 4+ kW = Byut + Byl + ki (4)
The total momentum in binary collision is denoted by
Pp =kt + k" =p"+p" (5)

and it is normalized to the square of the center of mass energy, s = Py Pr,. The symmetric rank-two projection
operator orthogonal to the total momentum; i.e., AL Pr, = 0, is defined similarly to Eq. as

y P PE
A =gt - =, (6)
and therefore the particle four-momentum can be decomposed as k* = P~ (P{«p,,) /s + ALk,
The local distribution function of an anisotropic state as a function of &, Bu, and By, as well as of By, and Ey, is
denoted by f0k (a, BuFxu, BlEkl) Such anisotropic distribution functions distinguish particle momenta parallel and

perpendlcular to the direction of the anisotropy, and hence are commonly 1nterpreted by two different “temperatures”.
Here Bl is the inverse temperature in the direction of the anisotropy, and B I'is in the direction perpendlcular to

the anisotropy, while & is related to the chemical potential. In the limit of vanishing anisotropy parameter ﬁl — 0,
the anisotropic distribution converges to the distribution function in local equilibrium,

lim fox (@7BuEku,BlEkl) = fox (@75uEku) ; (7)

Bi—0

where the Jittner distribution [3 4] defines local thermodynamic equilibrium,

fox (o, BExy) = [exp (BExky — @) + a]_1 . (8)

Here a = pf, such that p is the chemical potential and § = 1/T is the inverse temperature, while a = +1 for
fermions/bosons and a = 0 for classical Boltzmann particles. The equilibrium distribution function also defines [47]
the inverse temperature four-vector f* = fu* = u* /T normalized to f* 3, = B2 =1/T? and so Bk, = BExy-

Note that in principle there are infinitely many different distribution functions which are anisotropic in momentum-
space according to Eq. . A straightforward approach is to stretch or squeeze an isotropic distribution function in
some direction or along a particular axis. Thereby along the direction of the momentum anisotropy we may introduce

a “longitudinal temperature”, 7T;, and consequently the inverse temperature four-vector now is g* = Buu” + Bll”
and it is normalized to 8#8, = 1/T? — 1/T7? > 0. Here ﬁu = [ is the reciprocal of the Jiittner temperature, and
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Bl = 1/T, = B¢ is the inverse temperature along the anisotropy. The temperature ratio, £ = Bl/ﬁu =T, /T, defines
the so-called anisotropy parameter that quantifies the strength of the anisotropy. This straightforward anisotropic

. . . -1
decomposition of S# defines an anisotropic Jiittner distribution function, fox :Jexp (ﬁuEku — BBy — d) + a} ,

which in the limit of Bl — 0 leads to the local equilibrium distribution function @i

Another simple anisotropic distribution function can be constructed by modifying the argument of the equilibrium
distribution function 8k, — /k#Q,, k*, where Q*" = uHu” + I#1”, hence Bu = f and Bl = /€. This then yields
the well known spheroidal or RS distribution function [40], which will be used and discussed in this paper. Other
anisotropic distributions functions are well known in plasma physics, where the momentum anisotropy is induced by
the presence of an external magnetic field, e.g., the bi-Maxwellian distribution function, etc. Note that the main
results in this paper, i.e., Sec. are valid for arbitrary anisotropic distribution function satisfying Eq. , and we
only explicitly use the RS distribution function starting from Sec. [[V]

The moments of tensor rank n of the anisotropic distribution function fok are defined as

]

Jrabn = / AK EL EL k" - k" fo

[n/2] n—
E E brrg 1+]+n it q:(mm .. TH2a—1H2q [H2a+1 |, [H2a+r g R2a el L g, Hn) , (9)

=]
|I
|I
<}

where i > —1 and j > 0 define the power of Ey, and Ey;, while dK = gd3k/ {(27‘[‘)3 k:o] is the invariant measure and g

is the degeneracy of the state. Here |n/2]| denotes the greatest integer less than equal to n/2; i.e., the floor function,
and the round brackets around indices denote the symmetrization of indices, i.e., T #n) = % STk ting

The anisotropic thermodynamic integrals fan are defined as in Refs. [3T), B§]

nrq ( a/8u7 Bl = ” /dKEnq:T_qulcl (Elwkuku)q fOk ) (10)
where (2¢)!! = 2%¢! is the double factorial of even numbers, while the b, coefficient counts the distinct terms of the
Symmetrized product E(U1H2 e lfuf2q+'r . ullfn)’

n! n!(2¢g — !

bnrq = ; 11
17 2aqlr! (n —r — 2¢)! (2q)!r! (n—r—2q)! (11)
where double factorial of odd numbers is (2¢ — 1)!! = (2¢)!/ (29¢!).

The equilibrium moments of tensor rank n and of power r in energy Ej, are defined as

ﬁﬂwz/w@hwwwwm

[n/2]
— Z (=1)? brgLipp g AW1H2 o AP20- 1820y 2041 gy bin) (12)
q=0

where 7 > —1 and the equilibrium thermodynamic integrals are defined as

Ing (a, B) = /dKEchlu_Qq (AwkukV)q Jox (13)

(2¢+ )N
while the number of distinct terms in the symmetrized tensor product is given by Eq. for r =0,

n!

24¢! (n — 2q)!° (14)

bnq = ban =

The anisotropic thermodynamlc integrals in equlhbrlum Irq (o, B) are defined using Eq with fok — fox and
hence from Eq. it also follows that I,,,.q = hmﬁ -0 Imq Furthermore, replacmg Eq. into Eq. we find the
following relation between the equilibrium thermodynamic integrals, I, = W >, 3'2 Ll P

Note that the local-equilibrium distribution function is isotropic in momentum space, thus the orthogonal projections

(1))

of the equilibrium moments vanish for any tensor rank larger than one; i.e., for n > 1 we have Z, = (. Similarly,

the orthogonal projections with respect to both u* and [* of the anisotropic moments also vanish fjﬁ A U Y



II. THE CONSERVATION EQUATIONS OF LEADING-ORDER ANISOTROPIC FLUID DYNAMICS

The relativistic Boltzmann equation for the space-time evolution of the single-particle distribution function of

classical indistinguishable particles corresponding to fix = f()k (d, BuEku, BlEkl) reads,
k"0, for = C[fo} ) (15)

where C { fo} is the Boltzmann collision term specified in Sec.

Relativistic fluid dynamics is an effective theory for the long-wavelength and low-frequency dynamics of macroscopic
systems. The fluid-dynamical equations of motion are derived from the Boltzmann equation by integrating over the
microscopic equation with respect to the particle momentum. This leads to an infinite hierarchy of moment
equations being equivalent to the Boltzmann equation. The lower-order moments of the distribution function, i.e.,
lower power of Fy, and Fy;, describe lower frequency or longer wavelength dynamics while higher-order moments
capture the higher frequency or shorter wavelength dynamics. For an anisotropic distribution function we obtain,

0, Ihg " = Cg (16)

where the rank n moment of the collision integral is defined as
b = / dK B}, El k" -~-k“"0[ fo] . (17)

The general equations of motion which follow from Eq. in terms of scalar moments Z-j were derived in Refs. [32] [38]
and for reasons of completeness are presented in Appendix [A]
The particle four-current conservation, and the energy-momentum conservation follow from Eq. ,

N =08,Th = Cop =0, (18)
0, T = 9,1t = Cyy =0, (19)

where the conservation of particle number or charge, the conservation of energy, the conservation of momentum in
the direction of the momentum anisotropy as well as transverse to it leads to,

Coo=0, Cip=0, Cop =0, O{M} (20)

The tensor decompositions @ of the primary or the lowest order moments of the anisotropic distribution function in
leading-order anisotropic fluid dynamics give

Nt =Th = aub + iyl (21)
T = I8 = eutu” 4 2MuM 1Y) 4+ PIMY — PLER (22)

where the particle density and energy density are # and é, respectively. The particle diffusion current along the
I* direction is denoted by 7y, while the energy-momentum dlffusmn current is denoted by M. The pressure in the
direction of the anisotropy is Pl, while the pressure in the direction transverse to it is denoted by P, . These quantities
are expressed either in terms of different tensor projections or equivalently through Eq. @D as

h= Ny, = Tio = froo, (23)
= —N*, = Zo1 = I11o, (24)
é =T uuu, = Ioo = Inoo (25)
N = Tyl = Ty = lare, (26)
Py =T"1,1, = Toy = Iaso, (27)
P = —%T‘“’:W = —% (mgioo —Ino +ioz) = ho, (28)

while the isotropic pressure is P= —%TWAW = % (151 +2P J_). The fluid dynamical four-velocity and the local rest

frame is usually chosen according to the definition of Landau and Lifshitz [48]; ie., u* = THu,,/ (uaT“Buﬁ) which
leads to a vanishing energy diffusion current; i.e., M = 0.



The particle four-current and the energy-momentum tensor in local thermodynamic equilibrium are

N =TI = nou*, (29)
T} =I5 = equtu” — PyAM | (30)

where the particle density, the energy density, and the pressure in local thermal equilibrium are obtained either by
different projections of the conserved quantities or through Eq. leading to,

no ENéLu# :Il :1107 (31)

€y = Téwuuuy = IQ = Igo , (32)
1. 1

Py = 3 0 Ay = 3 (miZo — Ip) = Ia1 - (33)

The pressure Py = Py (eg,no) is specified by an equation of state (EoS) and hence the temperature T'(eg, no) and
chemical potential p(eg,np) are also determined. In an arbitrary anisotropic state, &, and (3, are obtained from

the Landau matching conditions, (N“ — N(‘)‘) u, = n—ng = 0, and (TW - T(fw) u,u, = € — ey = 0 leading to

u(a, Bu, /3’1) and T(&, Bu, Bl), while the new parameter 3; must be determined from an additional equation of motion.
Note that the conservation equations, BMN # =0, and (9HT‘“’ = 0, provide only five constraints for the six independent
variables, and hence we need an additional equation of motion to determine the remaining variable. Naturally, this
can be provided by choosing other equation(s) from the infinite hierarchy of moment equations of the Boltzmann

equation (I6). This is studied and discussed in detail in Sec. and Sec.

III. THE MOMENTS OF THE BINARY COLLISION INTEGRAL

The collision term of the relativistic Boltzmann equation in case of binary elastic collisions is defined as [6], 42} [43]
. 1 JU R
Clia] = 5 [ AR APAP Wiaespus (Fonfoer — e (34)

where the 1/2 factor removes the double counting due to the indistinguishability of identical particles. The invariant
transition rate satisfies detailed balance, Wiy —;pp = Wpp/—kk/, and it is also symmetric with respect to the exchange
of particle four-momentum in binary collisions, Wyy'_,pp = Wik—pp’ = Wkk'—p’p- The invariant transition rate for
elastic binary collisions is defined as

sdo(s, Q)

dTa(k# + K" —pt—p'"), (35)

gzwkk’—>pp’ = s(2m)
where the conservation of the energy and momentum in binary collision is enforced by the Dirac delta function. The

transition rate depends on the total center-of-momentum (CM) energy squared s = (k* + k'*)? = (p* + p'*)?, while
the transport cross section integrated over the solid angle €2 is defined as

2 T Q
or(s) = 771-/0 dfs sin 937(102; ) , (36)

where 65 = arccos % is the scattering angle. From now on the so-called hard-sphere approximation will
be used assuming that the transport cross section is isotropic and independent of the total CM energy,
- do(s,Q) 1

QA (37)

O'TEQ

where 71 is the particle density and Ang, is the mean free path between collisions.
The moments of tensor rank n of the binary collision integral naturally separates into gain and loss parts,

e = [arcsg s o[ f] = o - 2y, -



where using Eq. and the symmetries of the transition rate the corresponding gain and loss moments of tensor
rank n are defined as

Apr e 1 PO ; )

GZ’I Hn — 5 /I'{ - Wkk'ﬁpp/ fOkak/EpuE}j)lpﬂl .. .plu’n , (39)

P 1 PO ; .

Lyt = 5/ Wi - pp’ fox fow: Eje, B k** - - kH (40)
KK'J PP

where we introduced the shorthand notation, [dKdK' = [, ., and [dPdP’' = [gp,.
In order to evaluate these 12-dimensional integrals, first we need to compute the following simpler 6-dimensional
integrals over P and P,

1 ; i .
,qujl Hn  — 5 . Wkk/—»pp/E:)uEz,lpm .. .p/ n
= (71)1 Uy, "'“mlum "'lm+_¢ @M1 Hntit] (41)

which in turn require the calculation of the following unprojected auxiliary integrals, see also Refs. [49] [50],

1
@Hl Hn = Z Wkk/*)pp/pl“ .. .p“”ﬂ
PP’

(/2]
= D () bagBag AP - A ppren L pp) (42)
q=0
Here the b,, coefficient was defined in Eq. , while the B,,, coefficient is defined similarly to Eq. , see the
Appendix |B| for more details, and it reads,

_ (=1 Prpy n pv q
Bng = 2(2q+ DI Jpp, Wi ppr s (AT Pupy)

(2¢+1)
— or 2
- i (Vo) o

which in the ultrarelativistic limit when mg — 0 and hence when s = 2]{:“/4:“ leads to

. o ar 24+2q
B e (. a

Note that the Pi‘;l'“” " integrals are built contracting the ©#1""#n tensors by the four-vectors u* and/or I#. Therefore
; -1

pu» are not possible to obtain through these tensor projections.

integrals containing negative powers of energy, e.g., E

A. The loss terms

Using the results of the previous section, the loss term from Eq. is easily computed in the massless limit, noting
that for ¢ = j = 0 the P and P’ integral from Eq. leads to Pog = © = ors/2 = o7k k), and hence the remaining
K and K’ integrals evaluate to

Ay a3 i
Lt = Jox fox By, B K" - - k" Poo
KK’

=or / dK fox By ELEM - ko i / dK’ fow K
= o Tl o (45)

where in the last step we used the definition of the moments of the anisotropic distribution function from Eq. @
Now using the decomposition of the particle four-current from Eq. we obtain, see the Appendix [C| for the details
of the derivation,

[n/2] n—2q

L =op Y Y (=1) b (Ii+j+n+1,j+r,q1100 - Ii+j+n+1,j+r+1,q1110>
q=0 r=0

w S(pe | DHg-1H2qH2a 41 | [R2atr g Boateit g Hn) (46)



Note that in leading-order anisotropic fluid dynamics we only need to compute the scalar and vector moments of
the collision integral. However, we can easily show that the orthogonal projection of the rank-one moment loss term

vanishes equivalently Egﬁ% = ﬁl{j”} = 0. Recalling that the vector moment of the loss term, I:% = (- )u*+ ()l
is proportional to both u® and [%, consequently when contracted by the elementary projection operator =¢ which
is orthogonal to both u® and (%, leads to zero. Furthermore, the rank-one gain term C?f‘ shares the same tensor
structure as the loss term, therefore in summary, the orthogonal projection of the rank-one moment of the collision
integral vanishes in leading-order anisotropic fluid dynamics; i.e., EgC’% = Ci{]H} = 0.

Thus for the purposes of this paper dealing with leading-order anisotropic fluid dynamics we only need to compute
the scalar moments of the collision integral, i.e., when n = r = ¢ = 0, and hence all scalar loss terms read,

. 1 pog s -
Llj = 5/ Wkk/ﬁpp’fokf()k’ EllcuElj(l
KK J PP
=or <ji+j+1,j,0ﬁ - fi+j+1,j+1,0m) : (47)

We are only interested in the first few entries of the collision matrix which we will compute here explicitly. For the
values 1 = 0,1,2,3,4 and j = 0 the loss term leads to

Lo = or
Lig = o7

L3y = or 40073*]410711) )

( (

( (
Ly = or (A:sooﬁ - f310fll) ; (50)

( (

( (

Ly = o7 I5oofb—151oﬁl) .

Similarly for s = 0,1,2,3 and j = 1 we have

Loy = or (Nra - Prin) (53)
Li = or (A310fl - fszoﬁl) ; (54)
Ly = o7 (A41ofl - f420fbl> ) (55)
Ly = or (fmoﬁ - fszo%) ) (56)
and finally for ¢ = 0,1,2 and j = 2 we have
Loz = or (Aszoﬁ - f33oﬁl> ) (57)
Liy = or (f420ﬁ - f430ﬁl) ) (58)
i/22 = or (j52()ﬁ - f530ﬁ1> . (59)

Note that the loss terms, ioo and leo correspond to the moments of the particle number and energy conservation
equations, while Lg; to the moment of the momentum conservation in the direction of the anisotropy.

B. The gain terms

The gain terms are substantially more difficult to calculate than the loss terms due to the complicated structure
of the P and P’ integrals; i.e., now we need to compute P;; for i > 0 and j > 0, while we only need Py, for the loss
terms. For the purposes of this paper dealing with leading-order anisotropic distribution functions we only need to
evaluate the scalar gain term P;; hence now Eq. reads,

Gij = KK/fOkak'Pij = (-1)’ KK/fOkfok’@mmmﬂum Ul (60)



where the unprojected auxiliary integrals were defined in Eq. . Note that although it is possible to compute the
gain terms to arbitrary tensor rank, for practical purposes here we only compute a small subset of scalar gain terms
explicitly. These follow from various projections with up to tensor rank four of the auxiliary integrals ©#1#2#3H4 by
the four-vectors u* and/or [*.

We start by computing the simplest scalar gain term which only contains projections in the direction of the fluid
four-velocity and no projections in the direction of the anisotropy. Therefore substituting ¢ = n and j = 0 into
Eq. , see Appendix for the derivation, we obtain

Go = fox foxrPro = for forr M o, -y,
KK’ KK’
) .
= KK,fOkak’ Z (=1)7 bngBug (Pruy)" ™ (A wpw, )" (61)
q=0

Now using this result in the massless limit when s = 2k”k; together with the definitions,

Pﬁuu = Fyy + Eyro, (62)
A uu, =1 — 574 (B + Biow)® (63)
we get,
Ln/ZJ q

A _ 0T -1) bnq n—2q vt 2\ 9

Gno = on fOkak/k k;, Z 2q 1+ 1)! (Bxu + Exra) (Qk k, — (Bxu + Exru) ) . (64)
Thus for n = 0 and n = 1, also see Appendix for more details, we obtain

Goo = o7 (% — ) , (65)
Gro = o (éﬁ - Mm) . (66)

These gain terms precisely correspond to loss terms in Egs. and as they should according to the conservation
of particle number and energy in binary collisions. The gain terms for n =2 and n = 3 are

Gop = %T (4f3()0ﬁ — 4lpohy + 3é2) - %T (2M2 + P2+ 2153) , (67)
N o ~ o ~ ~ ~ N ~ N
Gao = 2T (I4oon — Iynofy + 213006) - 7T (—7310M + I320F; + 21301P¢) ) (68)

and finally for n = 4 we have,
N or
Gy = = (2150071 — 2I5107 + 5I4006 — 21410 M — 31490 P, — 61401P¢)
T . . . . . .
+ 20 (1313300 — 3135 — 91350 — I35 — 1813, — 6—’??11) . (69)

The next set of gain terms from Eq. is defined for i = n and j = 1, and thus contains an additional projection
with respect to I*. This additional projection along the direction of the anisotropy will give birth to new scalar
products when compared to the previous case in Eq. , see Appendix for the derivation,

G Jox fox Pn1 = — o forr @M1t tay, o, 1,

KK’ KK'

[n/2]

- KK’ fOkak/ (llf«n+1P#n+1) Z (_1)11 bann+1,q (P%LUH)”*ZI (Al;“uuuuu)q

q=0
o L(n+1)/2] s L
- KK/fOkak, (lun+1A;n+1unuun) Z (_l)q (bn-‘qu - bnq) Bn-i—l,q (Péfuu) / (A?/uuul/)q ) (70)
q=1
where the new invariant scalars are,
Péflﬂ = — (Ekl + Ek’l) s (71)

Agﬂyuul,, = 8_1 (Ekl + Ek’l) (Eku + Ek’u) . (72)
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Now using this latter result for n = 0 we obtain,
G()l =0T (M’fl — p[ﬁ[) s (73)

which is precisely the same result as previously obtained for the loss term in Eq. (53)), respecting the conservation of
momentum in the direction of the anisotropy. Similarly, using Eq. for n =1 and n = 2 we get,

A 20 - A « IR

1= TT (1310ﬁ — Igo0My + Mé — MP[) ) (74)
N o A A~ A ~ N o ~ ~ ~ A ~ ~ ~ o
Goy = % (3141071 — 314207 + 513106 — 41320M> + % (31300M = 3I310P, — I330P, — 21311PL> , (75)

while the result for n = 3 is

A 207 (s . s s A a AN B30T /s s A A A a4
Ga1 = YT (Islon — Iso0m + Lspo M — 1410Pl) + TOT (31410e — 2I400M — I430F; — 21411PJ_)
307 /.- - S o
+ ETN (313001310 — 213101320 — I3201330 — 213011311> . (76)

Finally, the last gain term which we explicitly calculate follows from Eq. (60) for ¢ = n and j = 2, therefore
generalizing our previous results by including two projections in the direction of the anisotropy, see Appendix [D 3] for
details of the derivation of this expression,

Gna = foreforr Pna = fOkak'@“r"”"“Um U by 1 L
KK’ KK’
o [n/2] )
= KK fOkak’ (l,un-pzpilfw&) (lun+1P¥n+1) Z (_1)q bnq8n+2,q (le‘tu#)n ! (Apjayuuuu)q
q=0
+ fOkak/ (lunHP;f"“) (lun+1 Alii“nﬂunuun)
KK’
[(n+2)/2]
xS (172 (Burrg — bug) Buszg (Phu)™ 2 (A )
q=1
o [(n+2)/2] oo .
+ e Sox fox’ ([Mn+2 A;n,+2;tn,+1 lun+1) Z (_1)‘1 bng—1Bniag (P#uu)n q (A/%Vuuuy)q
qg=1
+ fOkak’ (l#n+2 A;nﬁﬂ;unu#n) (l#n+1A;TL+1HTL71u;Ln,1)
KK’
[(n+2)/2] oo )
x Z (=1)?2(q = 1) by g-1Bnt2,4 (Pruy)" (AR ) (77)
q=2

where the new invariant scalar is,
AL, = =1 — s (B + Exn)” (78)

Using this result for n = 0 and n = 1, we obtain,

Cop = %T (4f320ﬁ — Afam0nn + é2) + %T (2M2 — 3P ¢ 2133) : (79)
A o I I PO A o A S A
G2 = ?T (3142071 — 314307y + 41310M — 51320131) + ?T (313206 — 31330 M + I300€ + 21301PJ_) ; (80)

and finally the result for n = 2 reads,

N o A A P ~ ~ ~ ~ ~ ~
Gay = — (4152071 — 4I530My + Tlyo0€ — Tlaoo P + 413001300 — 413301310)

10
o PO N S T PP [ 1o P
+ 13 (61410M — 6Ly30 M + Iao0€ — 1440 Py + 21401 P1 — 21421PJ‘)

ar A A A A A A
+ 0 <5I§00 — 5I330 + 33139 — 331359 + 6130, — 613?11) . (81)
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Note that the corresponding moments of the collision integral éij = C;’ij — ﬁij are computed and listed in Appendix

These results show that all loss and all gain terms, and hence all the moments of the binary collision integral in
leading-order anisotropic fluid dynamics are expressed as quadratic products of anisotropic thermodynamic integrals
Ippq defined in Eq. These nonlinear couplings between moments of different order represent the nonlinear
dependence on the distribution function of the binary collision integral. It is important to observe that the number of
nonlinear terms increases with the power of energy FEy, and the power of momentum in the direction of the anisotropy
Ey;, corresponding to specific projections of higher rank tensor moments. This also means that at any given order
the collision term couples only to a well defined set of lower-order moments in the hierarchy.

The method presented here is not only applicable but also essential to the calculation of arbitrary rank moment

of the binary collision integral CA’;}“'“" in more complete theories of anisotropic fluid dynamics [31], [32]. These also
include § fk corrections to improve the leading-order anisotropic framework further as fix = fOk 4+ fk and hence
require the computation of C' [ fo +0 ﬂ and corresponding irreducible moments of the collision integral. Nonetheless,

for the sake of simplicity in this paper we only focus on leading-order anisotropic fluid dynamics.

IV. APPLICATIONS
A. The moments of the collision integral for the Romatschke-Strickland distribution function

In this section we study the moments of collision integral using the spheroidal distribution function of Ref. [40].
The RS distribution function represents the rescaling of the momentum in the direction of the anisotropy,

frs(ars, Brs,€) = exp <—aRs + BRS\/m> , (82)

where ¢ denotes the anisotropy parameter. In the LR frame uf , = (1,0,0,0), thus Fx, = kY and Ey; = k., hence
with respect to the z—axis in momentum space fRS is a prolate spheroid for £ < 0, while it is an oblate spheroid for
& > 0. The spherically symmetric equilibrium distribution is obtained in case £ = 0. .

The anisotropic thermodynamic integrals corresponding to the RS distribution function If;?z (ars, Brs, &) are given

replacing f()k — fRS in Eq. ,

T (_1)q n—r— r 5
TIL%SI = (2q)” dKEku 2qul (‘:H k,uku)q fRS ) (83)
which in the ultrarelativistic limit my — 0 of a Boltzmann gas leads to the following factorization [26],
189 (ars, Brs, &) = Ing (ars, Brs) Rurq (€) - (84)

All relevant thermodynamic integrals and ratios R, are explicitly listed in Appendix [F] Furthermore, for the RS
distribution function all ratios and thus all anisotropic thermodynamic integrals vanish equivalently for all odd r,

% = R,y =0, ¥reodd, (85)

nrq —

hence due to this property the corresponding moments of the binary collision integral C’f;s = ﬁﬁs = Gﬁs = 0 also
vanish equivalently for all odd r. Note that now the fluid dynamical flow velocity is also independent on the choice
of the LR frame, since not only the energy-momentum diffusion current, M = Iﬁ‘g = 0, but also the particle diffusion

current in the direction of the anisotropy vanishes n; = fﬁ“g = 0 equivalently. The former corresponds to Landau’s
definition of the LR frame [48], while the latter corresponds to Eckart’s definition of the LR frame [51].
The first and second moments of the RS distribution function are
NI%S = fLuH ; ng = éu“uu —|— Pll“ll’ - pJ_EMV 5 (86)

and with the help of Eq. the primary fluid dynamical quantities read

i = {5y = no (ags, Brs) Rioo (€) (

¢ = I35 = eo (ars, Brs) Raoo (€) (
I3 = eo (ars, Brs) Razo (€) (89

Py = I} = Py (ars, Brs) Reo1 (€) - (

QN
Il

fae!
If
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For and ideal gas of massless particles, Py(ng, eo) = eg/3 = noT, where p(ng, eg) is the chemical potential and T'(ng, eq)
is the temperature. Therefore the bulk viscous pressure, defined according to I=pr- Py, where P = (I:’l + 2P 1)/3
is the isotropic pressure, also vanishes in the massless limit.

The parameters of the anisotropic distribution function, agrs, Srs, and &, can be expressed in terms of a fictitious
equilibrium state specified by o = /T, and § = 1/T, through the so-called Landau matching conditions [41],

ﬁ(aRS”BRSag) =nNo (Oé,ﬁ) ) é<aRS7ﬁRSa§) =€ (a76) 3 (91)
and hence from Egs. B8)), and the corresponding fugacities, A = exp (), and Ags = exp (ursBrs), We obtain
[Rioo (€)]" Rigo (€)
A=Aps—"5, B=PBrsH 1 92)
" [Raoo () ™5 Rano (€) (

Using these results together with Eq. leads to the following general relation between the anisotropic thermody-
namic integrals of the RS distribution function and the equilibrium thermodynamic integrals [3§],

175 (s, Brs, €) = Ing (@, B) Rura [R200 (f)]lin.
nrq( RS ﬂRS 5) 2 ( ﬂ) (5) [Rloo (5)]2—n

Now taking into account the properties of the RS distribution function from Eq. together with the matching
condition é (ags, Brs, &) = eo (e, B), the moments of the binary collision integral from Appendix lead to:

(93)

i AW 1 (1 I
Cff = —— (o ) S + — | (3¢3 — 7 —2P%) 94
20 - (3n0) 300 7 |67 €y — 1 1) (94)
o = L ()it + L | L (celfts — RS —2PLI) (95)
TR 277,0 TR _2710 ’

and

A 1 3n \ - 171 . PN A
C =L () 5+ L on (seoll - 37003 - 0P 1)

o o (0000 (082)" s 35))] .

Similarly the other relevant moments of the binary collision integral are

A 1 n - 1 1 . .
RS RS 2 2 2
= —— (o ) HE + — | o= (B - 307 +2P2)
Cos - (3n0) 320 T = [6n0 eg — 3B +2P7 ] ; (97)
A 1 n - 1 1 A A\ - A A
e =-1 (%0) g [Gno (colfss + (300 — 55) 1225 + 2pg;g§)} , (98)
and finally
ARS L (30 +rs 1 1 *RS 5\ FRS _ P FRS | op RS 5 FRS
33" = o \no Is50 + = | Tono (601400 + (760 - 7Pl) Ii50 — Pilyjo + 2P 161 — 2PJ_I421)
1 1 RS2 ‘RS TRS *rs\ RS2
+— | (0 (1300) + 2413501350 — 33 (1320) +6 (IBOI) : (99)
TR 60710

Note that here we have replaced the transport cross-section by o = 1/(ng7g), which introduces the mean free path
or mean free time between collisions based on the equilibrium particle density. However according to Eq. there
is freedom to chose o = 1/(n7r) based on the non-equilibrium particle density with a different mean free time 7
between collisions. Nevertheless, in case the number of particles or charge(s) remain conserved, such as is in the case
of binary elastic collisions, then it is required that 7 (ags, Brs, &) = no (a, 8) and hence 7 = Tg.

For the sake of comparison, here we recall the relativistic relaxation-time approximation model of Anderson and
Witting (AW) [41], which is the relativistic generalization of the RTA model of Bhatnagar-Gross-Krook (BGK) [52].
The RTA assumes that the nonlinear binary collision integral from Eq. is approximated by

Eku

TR

C [fo} ~ Caw [fo} =— (fOk - fOk) , (100)
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where the relaxation-time 7z is an energy and momentum independent parameter, and represents the time scale
on which the anisotropic distribution function approaches the local equilibrium distribution function. This is a free
parameter that is chosen either a constant or according to some transport coefficient that relates to some intrinsic
property of matter such as viscosity or diffusivity. For reasons of simplicity and aiming for direct comparison to the
binary collision integral, in the following the relaxation time is defined through the transport cross section and the
particle density, 7r = 1/(o7ng), and hence represents the mean free time between collisions.

Replacing the RS distribution function into Eq. , the corresponding scalar moments of the collision integral
in the RTA are given by the following simple formula,

irs

RS
Cijaw = —— L4150+ %Iz‘+j+1,j,0~ (101)

1
ij E
Now comparing the moments of the nonlinear binary collision integral from Egs. (94H96|) and Eqgs. (97H99) to the
moments of the RTA approximation , reveals that the latter omits an ever increasing number of nonlinear
couplings represented through the quadratic products of various anisotropic thermodynamic integrals. Even though
the very first terms, i.e., —Iﬁ§+17j70/737 on the right hand sides appear in both cases, the numerical prefactors in case
of the binary collision integral are consistently smaller than 1. However, the major differences between the moments
of the binary collision integral and the moments in the RTA are explicitly given by all the remaining terms in square
brackets in Eqs. and Egs. . In the relaxation-time approximation such terms are simply represented by
an equilibrium thermodynamic integral, see the second term in Eq. . Hence due to these differences it should be
expected that the approach to local equilibrium; i.e., £ — 0, will also happen on different times-scales for the different
approaches. Since most terms in square brackets are non-equilibrium quantities being some function of the anisotropy
parameter we expect that the system approaches equilibrium slower than in case of the RTA which directly and
explicitly relaxes to local equilibrium on the shortest time-scale. This observation is in agreement with earlier results
based on the exact solutions of the relativistic Boltzmann equation for homogeneous and isotropic solutions [36], B37].
Further detailed comparisons and discussions are presented in the next Sections.

B. 041 dimensional boost-invariant expansion and a judicious choice of moment

We now study the direct influence of the collision term on the solution of the fluid-dynamical equations of motion

in the 0+1 dimensional boost-invariant expansion, known as Bjorken flow [53]. The space-time coordinates (¢, z) are

transformed to proper time 7 = v/t2 — 22, and space-time rapidity 7s = %hl f_ri,

are t = 7 coshns, and z = 7sinhn,. The longitudinal fluid velocity is defined as v, = z/t = tanh7,, and hence now
ub = (5,0,0, f) = (coshs, 0,0,sinhns) and I* = (f,0,0, %) = (sinhn,, 0,0, cosh 7s). Furthermore, D = u#0,, = 8%7
Dy =-1*9, = f%, and Du* = DI* =0, Diu* = f%l", Dyl* = f%u“, while all thermodynamic quantities and
variables are independent of 77, and only depend on the proper-time.

Applying these simplifications we obtain a hierarchy of coupled equations of motion represented by the following

simple differential equation; see Eq. (53) in Ref. [3§],

where the inverse transformations

oIfs .o 1y, . ‘ . . .
230y (G D) IS o+ (= VIS 0] = OFF 5 ~ OFF jaw (102)

where 4, j > 0, and on the rhs we either use the corresponding moments of the binary collision integral C’ZR_SIJ or the

relaxation-time approximation to the collision integral denoted by, C’ESL SAW-
The conservation of particle number and the conservation of energy are obtained from Eq. (102)) for i = 1,5 =0
and ¢ = 2,5 = 0 respectively,

ol Ly (0,8) =0, (103)
0010:0) 1 1 ey (0,8) + B (ans, s )] =0, (104)

where according to Egs. on the lhs we have CH® = CA'(%L?AW =0and Cf° = CA'%?AW = 0.

The hierarchy of coupled moment equations provides infinitely many possibilities to close the conservation
equations and to determine the time evolution of the anisotropy parameter . Here we will follow Ref. [38] and restrict
ourselves to a few examples by choosing particular values for the indices i and j corresponding to the powers of Fi,
and Ey; of the anisotropic integral Iﬁ?j’(). Therefore the corresponding anisotropic moment selected for closure is
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now treated dynamically and represented by the corresponding differential equation . This way we also obtain
the proper time evolution of the anisotropic distribution function 1) through its three parameters: aﬁs (1), 55 (),
and &;;(7). Using these solutions now all other (non-dynamical) moments in the hierarchy are subsequently obtained
algebraically, i.e., using Eq. and leading to IRS (aRS 1S fz‘j)-

nrq 13 Mg o
Here we list the indices corresponding to the moments of the binary collision integral calculated in Eqs. (94H96]).
(i) i = 3, 7 = 0: This choice is analogous to the one of Israel and Stewart [11], and follows from the projection of
the rank 3 tensor moment equation Zf}**"* to close the conservation equations,
81:?{%% L (+Rrs FRS ARS ., ARS
9 7 (1300 + 21320) =03 = Cogaw (105)

(ii) ¢ = 4, j = 0: This choice is analogous the previous but follows from a rank 4 tensor moment,

OIS 1 (:pg RS ARS __ ARS
“or + - (1400 + 31420) = Cs557 = O557aw (106)

(iii) ¢ = 5, j = 0: This choice is analogous to both before and follows from a rank 5 tensor moment,

oIy 1 FRS 4 4jRS\ — GRS o (RS 107
oy 7 U500 T 4530 ) = Cagm = Cag aw - (107)
Now we fix j = 2 and then choose i to correspond to Eqs. (97H99):

(iv) ¢ =1, j = 2: This also results from a rank 3 tensor moment but through a different projection than in case (i),

0Ly 1 (4irs ARS . ARS
9 7 (31320) = Coz” = Cozaw > (108)

(v) i =2, j = 2: This is similar to (ii) but a different projection than in case (ii)

ol 1 3fRS o fRS\ _ ARS o (RS 109
P + 420 T Laq0 ) = Ci3” = Cig aw > (109)
T T
(vi) i = 3, j = 2: This choice is similar to (iii) but projected differently than in case (iii)

ol 350 . 1 (ains *RS ARS ., ARS
o + p (31520 +2[540) = Co3 = O35 aw - (110)
Note that the choices (i) and (iv) were already studied in Ref. [38], while the choice i = 0, j = 2, i.e., the equation
for the longitudinal pressure P (ars, Brs,§), was also found to represent the best match [38] [39] 54] to the exact
numerical solution of the Boltzmann equation in the RTA,

% + % (3Pl - 121}3) = CBS ~ _% (Pl - PO) . (111)
This choice is also special because both P, and fﬁg expressed through Eq. remain formally unchanged and hence
independent of whether we conserve particle number or not [38, [55]. Here we only make this choice in the RTA
since the corresponding moments of the binary collision integral with negative powers of energy cannot be computed
using the projection method. Nevertheless as shown in Ref. [38] as well as in what follows one can reasonably well
approximate the solutions of Inoo by the solutions of higher moments, i.e., IA¢+2)2 o for ¢ > 0.

In what follows we will focus on the solutions to the conservation equations, and , closed by one of the
moment equations listed here. We will study the evolution of an ultrarelativistic anisotropic fluid either
using the moments of the binary collision integral or the moments in the relaxation-time approximation of the collision
integral. The Landau matching conditions are used to infer the fugacity and temperature, while for the sake of
comparison we also show the solutions of the ideal fluid dynamical equations, i.e., Eq. and Eq. , where in
the latter replacing P, — Py(a, 3) leads to the ideal equation of motion, deq (av, 8) /07 + [eq (ar, B) + Py (e, B)] /7 = 0.

In all cases we have initialized the system at 79 = 1 fm/c and with a temperature of T'(79) = Ty = 0.5 GeV, and
chemical potential of g = 0 GeV, hence the initial fugacity is A(79) = Ag = 1. In all cases the relaxation time is
fixed as constant, 7g = 0.5 fm/c. Furthermore, all plots in Fig. [1| correspond to an initially isotropic distribution, i.e.,
the initial value of anisotropy is &(79) = & = 0, while all plots in Fig. |2| correspond to an initially oblate spheroidal
distribution, i.e., the initial anisotropy is £(79) = & = 50.
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FIG. 1. From top to bottom as well as both left (a) and right (b) panels the initial anisotropy is &o

0. The evolution of

the fugacity A\(7), the temperature T(7), the anisotropy parameter £(7), and the ratio of the longitudinal pressure and the
transverse pressure P;(7)/P, (1), as function of proper time. The black dotted lines represent the time evolution of the fugacity
and temperature of an ideal fluid. The solid lines with red, with green, and with blue, represent the moments of the binary
collision integral, while the dashed lines (with AW labels) of the same color represent the RTA of the collision integral. All
left (a) panels show the solutions of the conservation equations closed by the moment equations, with red, with

green, and (107) with blue. Similarly all right (b) panels show the solutions of the conservation equations closed by the moment
equations, (108) with red, (109) with green, and (110) with blue. Note that all solutions presented in the left (a) panels are
very similar and they differ by less than the thickness of the line hence they overlap and cover each other.
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FIG. 2. The same as Fig. [[] but for an initial anisotropy of & = 50.

Fig. and Fig. from top to bottom, show the evolution of the fugacity A(7), the temperature T'(7), the anisotropy
parameter £(7), and the ratio of the longitudinal pressure and the transverse pressure Pl(r) /PL(T) as a function
of proper time. All figures in the left columns (a), i.e., Fig. [[[a) and Fig. 2{a), correspond to the solution of the
conservation laws closed by one of the moment equations: Eq. , Eq. (106), or Eq. (107), with red, green, and
blue lines respectively. Similarly all figures in the right columns (b), i.e., Fig. [I{b) and Fig. [2(b), correspond to the
solutions obtained by one of the moment equations: Eq. , Eq. , or Eq. , with red, green, and blue
lines respectively. In all cases the solid lines always represent the solutions of anisotropic fluid dynamics including
the moments of the binary collision integral, while the dashed lines represent the solutions of the fluid dynamical
equations including the moments of the RTA.
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FIG. 3. Similar to Fig.[l|and Fig. |2l The evolution of the fugacity A(7), the temperature T'(7), the anisotropy parameter &(7)
and the ratio of the longitudinal and the transverse pressure components P;(7)/P, (). Here the black dotted lines represent
the solution of the conservation equations closed by the equation of P in the RTA from Eq. . The solid red, green, and
blue lines are the solutions corresponding to the binary collision terms, while the dashed lines (with AW labels) of the same
color coding represents the RTA. The left (a) panels with & = 0 show the solutions of the conservation equations closed by the
moment equations, with red, (114]) with green, and with blue lines. Similarly the right (b) panels show the solutions
of the same dynamical equations but with an initial anisotropy of £&o = 50. Note that all solutions in the RTA presented in
both (a) and (b) panels are very similar and less than the thickness of the line hence they overlap and cover each other.

The system expands and cools down, therefore the fugacity and the temperature of the system decrease as time
passes; see the first and the second rows of Fig. |[l|and Fig. [2l This change is faster for the fugacity and slower for the
temperature for a nonzero initial anisotropy. The reason is that any decrease in fugacity has to be compensated by
an increase in temperature, hence a smaller A(7) requires a larger T'(7). An ideal fluid, without any dissipation, has
the largest pressure, Py = eo/3 = noT, hence it expands and cools fastest. Consequently during the expansion the
temperatures in anisotropic fluid dynamics are consistently higher than in ideal fluid dynamics, shown with a black
dotted line in the figures.
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The evolution of the anisotropy parameter £ and the ratio of pressures )2 / P, are shown in the third and fourth
rows of Fig. [[]and Fig.[2] In case the system was initially in equilibrium, i.e., isotropic distribution with & = 0, the
left and right columns of Fig. [T} the longitudinal expansion of the system drlves the system out of equilibrium. ThlS
leads to an increase in the anisotropy parameter £ which in turn leads to a decrease of the ratio of pressures B / P,.
This only lasts for about 2 — 3 fm/c after which the longitudinal pressure builds up and the system starts to be driven
towards a state of local equilibrium, i.e., £ — 0 and P — P, ~ P,. For an initially anisotropic configuration when
& = 50, the left and right columns of Fig. 2] the longitudinal pressure increases faster than for an initially isotropic
configuration. Comparing both the left and the right columns of Fig. [I]to Fig. [2|reveals this distinction. Nevertheless,
the late-time behavior is quite similar in both cases as the system eventually approaches an isotropic state, & — 0.

These conclusions are generally valid for both (binary and RTA) collision terms as well as for the six different choices
of closure for the conservation equations. As already discussed in detail in Ref. [38], the inclusion of some of these
as well as other moments for closure (different from those considered here), also demonstrates a universal grouping
of the corresponding results based on the power of the longitudinal momentum E7,. In the current cases of interest
when j = 0, hence corresponding to the anisotropic moments I 1-1805 with ¢ = 3,4, 5, all the curves overlap entirely with
differences that are less than the thickness of the line in case of the binary collision integral. Similarly, in the RTA
the dashed lines are also overlapping for the most part; see the left columns of Fig. [I] and Fig. @ The case when all
the anisotropic moments include the second power, 7 = 2, of the longitudinal momentum, i.e., 153 it220 Withi=1,2,3,
small differences, about the thickness of the line, between the solutions become visible, see the rlght columns of Flg
and Fig.[2] This can be observed about all relevant quantities irrespective of the initial anisotropy of the system, hence
the choice which closes the conservation equations strongly depends on the power of the longitudinal momentum and
less on the power of energy. Here we showed that this universal grouping is present and persists regardless of the
choice for the collision term.

The other important observation regarding these results are about the striking differences in the evolution of the
system due to the differences between the nonlinear binary collision integral and the RTA; compare the corresponding
solid lines to the dashed lines in Fig. [l|and Fig.[2l The relaxation-time approximation of the collision term drives the
system towards equilibrium faster than the binary collision integral. This was expected based on the explicit formulas
and discussions in Sec. [[VA] We will return to this issue and explicitly study the behavior of the moments of the
collision integral as a function of the anisotropy parameter in more detail in Sec. [V D]

C. The importance of two dynamical moments

The results of the previous section demonstrated the ambiguity in selecting a higher-order moment for closure,
as different choices result in distinct groups of solutions based on the power of the longitudinal momentum. In
Refs. [38, 9] the so-called ”judicious choice” of moment, P, = Is99, i.e., the driving force in the energy conservation
equation, offered the best overall agreement between anisotropic fluid dynamics and the solution of the Boltzmann
equation in the RTA. Furthermore, it was also shown that using other higher-order moments with the second power
of the longitudinal momentum i.e., [;1220 with ¢ > 0, also leads to a very good agreement to the solution of the
Boltzmann equation, similarly to the equation for B,. However, when choosing other dynamical moments than B to
close the conservation equations, the algebraically derived values for P; deviate substantially from the exact solutions
as shown and discussed in Ref. [38].

These indicate that in a coupled hierarchy of moment equations including more than one dynamical moment to
close the conservation equations would be beneficial. Fundamentally, more is more, in our case this should translate
to more complete and more precise. This is because the proper solution to the moment equations requires that
all (infinitely many) higher-order moments should be included to obtain the solution to the underlying microscopic
equation, the Boltzmann equation. This is built on the premise that the lower-order moments of the distribution
function describe the lower frequency dynamics while moments of higher-order capture the higher frequency dynamics.
Although an exact representation of the distribution function is practically unattainable through the moment method,
a well defined finite truncation of the coupled hierarchy is expected to yield a reasonably good approximation for
the distribution function. Therefore including an increasing number of dynamical moments to close the conservation
equations should also improve the solutions to the fluid dynamical equations (for the lower-order moments which are
included) and the approximation to the anisotropic distribution function. A well known example is transient fluid
dynamics which is based on a series expansion around equilibrium, hence including additional higher-order moments
dynamically, also improve the fluid dynamical solutions when compared to the Boltzmann equation [56].

Inspecting the main equation of motion (102)) for any given set of indices i, 7 > 0 we observe that the left hand side

contains only two variables, I ity.5.0 and IES it7j+2,0- Thus rewriting this equation for indices corresponding to, i — i —2

and j — 7 + 2, leads to a differential equation for I,i +j.j+2,0- From these two coupled differential equations we obtain
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the following equation of motion that governs the evolution of two dynamical moments

8 Z+J J,0 ( ) +J Jj+2,0 1 . RS (l - 1)(’ - 3) rRS
o (j+3) or + = - G+ 15550 — T3y a0
— CVRS (Z ) ARS C (/L B ]') ARS (112)

i—1,5 ( + 3) i—3,5+2 ~ Yi—1,5,AW ( i+ 3) i—3,j+2,AW -

This equation when contrasted to Eq. (102)) contains two selected dynamical moments for the pair of indices i and j.

This means that the proper time evolution of the anisotropic distribution function will be represented by three new

pa’ra’meters a{;S( ) - azg g+2( ) /6 ( ) ﬂz] ]+2( )7 and Elj (T) — fi,j7j+2(7—)'

Now, using the previously given equatlons of motion from Sec. [VB] here we list the newly obtained moment
equations. Therefore recalling Eq. (105) and Eq. (108)), or equivalently writing Eq. (112)) for i = 3 and j = 0, leads to
the following equation of motion to close the conservation equations,

OIFS  20I%5 1.,
9 3 or 300 = C - C102 ~ Czo AW T C102 AW - (113)

Then similarly, using Eq. (106 and Eq. 1 , or similarly writing Eq. (112]) for i = 4 and j = 0, we obtain

oIf oIk .
O D150 | L (s 758 = CIt¥ — O3 ~ Ol — Ol (114)

and finally, from Eq. (107) and Eq. (110)), or from Eq. (112)) for i = 5 and j = 0, we get

OIRS  49IE3 1 8 4 . A
857?0 3 657'20 +- <I5%g 540) Ot 3 35~ Ciaw — C;é?AW' (115)

The solutions to the conservation equations 104: closed by these new moment equations are shown in Fig.
Similarly to the previous results in Fig. |1] and Fig. [2f this new figure also shows the evolution of the fugacity A\(7),
the temperature T'(7), the anisotropy parameter £(7) and the ratio of the longitudinal and the transverse pressure
components Py(7)/Py (1) as a function of proper time.

All figures in the left (a) and right (b) columns of Fig. [3| present the solutions of the conservation laws closed by the
moment equations corresponding to Eq. (| -, Eq. ( . and Eq ., red, green and blue lines respectively. These
are denoted in the figure captions by C 1S &C02 ) &C’ and C’ RS &:C’ . The solid lines always represent the
solutions of anisotropic fluid dynamics 1nclud1ng the moments of the blnary Collision integral, while the dashed lines
represent the solutions of the fluid dynamical equations in the RTA and the captions have the additional AW label.
The difference between the (a) and (b) columns are due to the different initial values of the anisotropy parameter
that is §o = 0 and § = 50 respectively. Furthermore, in Fig. B] the black dotted hnes represent the solution of the
conservation equations closed by the moment equation for P in the RTA, i.e., Eq.

As expected, now the solutions to the moment equations closed by two dynarmcal moments show a very
good agreement with the ”judicious choice” which represents the best match to the exact numerical solution of the
Boltzmann equation in the RTA [38] [39] [54]. These new solutions in the RTA presented in Fig. 3| differ from each
other and from the best match by less than the thickness of the line hence they overlap and cover each other.

Similarly, also the solutions with the non-linear collision integral are in a better agreement with the solutions shown
in the (b) panels of Fig. |1 and Flg  i.e., the solutions for Iz+2 2,0- To express it differently, the solutions corresponding

to a single dynamical moment 11)070 shown in the (a) panels of Fig. [l|and Fig. |2} improve considerably by taking into
account an additional dynamical moment of the second power of the longitudinal momentum, i.e., fi+272,0. Therefore,
we also expect that using the general equation of motion recursively to include additional dynamical moments
would also improve the solutions for the higher-order moments when compared to the Boltzmann equation.

Even so important differences between the solutions corresponding to the binary collision integral and the collision
term in the RTA remain; this is apparent when comparing the full lines to the dashed lines in all figures presented so
far. In the next section we aim to minimize these differences through the re-scaling of the relaxation-time parameter
that optimally matches the moments of the non-linear binary collision integral to the moments in the RTA.

D. Matching to the RTA and the re-scaling of the relaxation-time

To better understand the differences between the binary collision integral and the RTA we will study the moments of
the collision integral C;;, multiplied by the relaxation time parameter 7, and divided by the corresponding equilibrium
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FIG. 5. The same as Fig. 4 but with scaled values, see Eq. || of the collision terms in the RTA; i.e., fi; Fﬁiw with dashed
lines, to match the moments of the binary collision integral; i.e., Ff}s with red, green, and blue lines.

moment ;141 0. Thereby we define the following dimensionless ratios,

CE(©
Fi?s &) = TR#a (116)
i+j+1,5,0
Clw(©) 154140
F’L] aw (§) = TR# =1- Ijija (117)
i+j+1,5,0 i+j+1,5,0

where F¥ is defined using the moments of the binary collision integral, while F?S "\ makes use of Eq. . Note
that these ratios are function of the anisotropy parameter alone and hence we can study the behavior of the moments
of the collision integral as function of &.

Now recalling the moments of the nonlinear binary collision integral from Egs. and Egs. as well
as the moments of the RTA approximation (101), we present the corresponding dimensionless ratios in Fig. In
Fig. (a) on the left: the red solid line is FJ5°, the green solid line is FE°, while the blue solid line is F5°. The
dashed lines with the same color coding show the corresponding ratio in the RTA, i.e. Fz%SAW, Fgf(%)ilw, and F zf?)‘?AW'
Similarly, in Fig. I(b on the right: the red solid line is F{&°, the green solid line is F12 , While the blue solid line is
F33%. The dashed lines with the same color coding represent the ratios in the RTA, i.e., F55%.

First and foremost we observe that for all values of the anisotropy parameter the absolute value of the moments of

the normalized binary collision integral, F;; 1S - are always smaller than the absolute value corresponding to the same

moments of the collision integral in the RTA iw This also means that the lhs of the moment equations is larger

in the RTA which in turn drives the system faster to equlhbrlurn As expected for & = 0, the normalized moments of

the collision integrals are also zero; hrn F RS (¢) = hm F” v (&) = 0. Furthermore, by increasing £ > 0 these ratios

also increase and approach their correspondlng maximums (asymptote) as a function of the anisotropy parameter.



1.0
0.9
0.8
= 07
0.6
0.5

T(r)[MeV]

0 5 1b
T[fm/c]

N &=0

T(fm/c]

FIG. 6. Similar to Fig.

— GG
— GOy
— OISl
""" e 2’1(154 w fo2 Gﬁsq w

ARS . ARS
Fs0C30 aw & fr2Cs aw

""" FiCltawe

RS
22422 AW

"""" B CF Ing

— emselns

—— CORS&CHS

f: 2005154 w& foz @(SSA‘a
faC: S & fi éf&im'

ARS ARS
JaoCio aw & f22C05 aw

"""" Boc CF 152,/1w

—— RSl

—— CRSgCRs

—— CRSgCfs

FoCoaw & forCoaw
FaoCifaw&eClsaw

ARS ARS
J10Ci0 aw & f22C55 aw

151 X éf;zu\
— el
— el
—— CBsgORs
————— Fo0CR & fon O

. ARS ¢ p RS
F30C36 4w & fr2C15 aw

r ARS O, £ RS
f4()cr1u,/\ﬂ’&f22 CZZ,AW’

0.8

— 0.6}

04}

0.2
0

500
450
400
350
300
250

T(r)[MeV]

200

T[fm/c]

50F

30¢

201

€ =50

1‘0 1‘5
T[fm/d]

@ o6l

£ 04f

02} ]

& =50

0.0
0

T(fm/c]

20

21

ARS ¢, ARS
— G &l
ARS ¢ ¢ ARS
””” F20C50 4w & fo2Cos aw
ARS ARS
fsngU,Aw&wau,Aw

ARS ¢, RS
FaoCi6 aw & f22C5 aw

"""" f)l X éf i,AVV
el

— emsgens

— emsgens

f: e zﬁ]ﬁA w& fo2 Gﬁsw
f2C: S & fiz éfﬁm'

ARS ARS
JaoCio aw & f22C55 aw

— oS
_____ f 2()6"2[&9/\ w & f 02 élﬁ?ﬂ w
””” f-mé:g‘ia w& fi2 CAV1R284 w

- ARS 0, £ RS
f400r1l),/ﬂ"'&f‘22 CH,AVV

— ey
— el
— el
----- FoCRS & fon O

ARS ARS
F30C36 4w & fr2C15 aw

r  ARS O, £ RS
f4()0r1ll,/\ﬂ’&f22 CZZ,AVV

showing the evolution of the fugacity A(7), the temperature T'(7), the anisotropy parameter £(7)

and the ratio of the longitudinal and the transverse pressure components P;(7)/Py (7). The black dotted lines represent the
solution of the conservation equations closed by the equation of P, from Eq. 1) The solid lines with, red, green, and blue
represent solution of two dynamical moments and corresponding binary collision terms, while the dashed lines of the same
color represent the solutions with two moments and re-scaled RTA. All (a) panels are for £, = 0 while all (b) panels show the

solutions of the same equations but with an initial anisotropy of &, = 50.

In the asymptotic limit when £ — oo, the ratios Fif5y (€) and Fi§® (€) lead to the following finite values
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and similarly the F}5% y, (€) and F5° (¢) lead to

9

lim Fiiaw () =1, Jim F°(6) = 45 (121)
. . 24
Jim Pl (=1, lim IS = ;. (122)
. 6656 + 121572
5151;0 Fyaw (§) =1, 515{_10 FP (¢) = BT a— (123)
The ratio of the (normalized) collision terms in the asymptotic limit,
FRS CRS
fij = hm R”Si(g) lim , (124)
F'Lj AW (5) §—o0 CJ AW

defines the corresponding scaling factor of the relaxation time parameter 7z of the RTA that optimally matches the
asymptotic value of the binary collision integral as a function of the anisotropy parameter. Therefore, using the
asymptotic scale factors we expect to improve the relaxation time approximation, similarly as in Eq. , but now
with properly scaled relaxation-time parameter, Tr — 755, as

CES(¢) ~ mqﬂmof?qﬂma

1
Tij IH-J—H 50 T —litjt1,5,0, (125)
Tij

where the corresponding asymptotic relaxation times are

Clow(©)
— -1 ij, AW
Tij = Trf;; =T lim — = (126)
1 £00 Cil;s (g)

Henceforth the inverse of the nonlinear binary collision term is proportional to microscopic time scales and can be
interpreted as an effective relaxation time proportional to 7 = 1/(o7ng). However, the relaxation times corresponding
to the binary collision integral have different relaxation rates or collision frequencies f;; for different moments. For
example using the previously obtained asymptotic values, here we list the numerical results,

1536 — 14472 16
-1 _ ~ _
fool = 5 1.691, fo'=— ~1.777, (127)
52 _ 57r2
fal =10 — 5 N LT, fioh = Sy 7 2056, (128)
6144 — 4574 45074
—1 —1
= " ~1.852 = ~2.350. 12
fao 2816 — 18972 852, fa 6656 + 121572 350 (129)

These results show that the "proper” relaxation times of the binary collision integral 7;; increase with the order of the
moments, i.e., the power i of energy Fj,, and the power j of momentum in the direction of the anisotropy Ejy;. This is
in fact also well known from the linearized binary collision integral in transient fluid dynamics, where various physical
phenomena, such as viscosity or diffusion processes are also described by different moments which by their nature
relax on different timescales [50]. The nonlinear collision dynamics and hence the differences in time scales cannot be
captured by the simplistic RTA with a single relaxation-time parameter [57, 58]. However, inspecting the moments of
the nonlinear binary collision term we find that the time it takes to reach local equilibrium becomes longer for higher-
order moments. This translates to slower relaxation time scales and hence the higher-order moments contributing to
the higher-frequency dynamics should not be neglected from the fluid dynamical description. This behavior arises
from coupling effects characteristic of the nonlinear Boltzmann collision term which leads to a spectrum of microscopic
relaxation time scales even in the isotropic limit [36] B7].

The outcome of these modifications to the RTA using Eq. is shown in Fig. ol where we have plotted the
moments of the binary collision 1ntegral FES(€) on the lhs (a) and F RS (¢) on rhs (b) with red, green, and blue, lines.
The corresponding scaled values fio F/i° (5) are included on the lhs of Fig. |5) I panel (a), while leF RS (¢) on the rhs of
Fig. |5| panel (b), with dashed lines, red, green, and blue. The overall agreement is excellent and only small differences
are visible at small £, while the differences gradually diminish with the increase of the anisotropy parameter as we
approach the asymptotic limit.
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The evolution of the expanding system using the scaled relaxation times 7;; in the RTA according to Eq. are
shown in Fig. [f] However, here for the sake of brevity we only present the fluid dynamical solutions in the case when
the conservation laws were closed by two dynamical moments as in the previous section. Similarly to Fig.
we present the evolution of the fugacity, the temperature, the anisotropy parameter, and the ratio of the longitudinal
and the transverse pressure components as function of the proper time. The overall conclusions regarding the results
presented in Fig. [0] are that using the asymptotic scaling of for the RTA matches the solutions obtained with the
non-linear binary collision integral reasonably well. The small differences between the binary collision integral and
the scaled RTA presented in Fig. [5} drives the evolution of the system in slightly different ways.

V. CONCLUSIONS AND OUTLOOK

In this paper we have computed the scalar moments of the nonlinear binary collision integral in the ultrarelativistic
hard-sphere approximation assuming a constant and energy independent transport cross section. The moments of
the collision integral are expressed in quadratic products of anisotropic thermodynamic integrals and represent the
nonlinear dependence of the binary collision integral on the distribution function. These exact results are valid for

arbitrary anisotropic distribution functions of the form fok (d, BuBxu, BlEkl), which are commonly interpreted having

distinct temperatures in the direction of the anisotropy Bf ! and perpendicular to it B; L

As a particular example we have chosen the well known spheroidal distribution function, also known as the
Romatschke-Strickland distribution function [40], to study the moments of the binary collision integral. In this
case the moments of the binary collision integral simplify considerably since the corresponding anisotropic thermody-
namical integrals vanish, i.e., Iﬁf} = 0, for all odd powers of the momentum in the direction of the anisotropy E};.
Furthermore, the well known and widely used relativistic relaxation-time approximation of Anderson and Witting [41]
for the collision integral was also included for comparison.

To better understand the differences between the nonlinear binary collision integral and the RTA we have studied
the time evolution of an ultrarelativistic massless but particle conserving system in the well known longitudinal boost-
invariant Bjorken expansion scenario. Then we discussed various possible closures for the conservation laws based
on different higher-order moments of the Boltzmann equation. Additionally, we demonstrated that the ambiguity in
selecting a higher-order moment for closure can be effectively resolved by including not one but two corresponding
dynamical moments from the hierarchy. Although now the choice of moment(s) selected for the closure is no longer of
primary concern, differences between the moments of the nonlinear binary collision integral and the corresponding mo-
ments computed in the relaxation-time approximation remain significant. These differences highlight the importance
of nonlinear couplings between the moments and the limitations of the RTA.

Our main conclusion regarding the spheroidal distribution function is that the collision term in the RTA drives
the system towards equilibrium faster than the binary collision integral irrespective of the choice of the dynamical
moment(s) used to close the conservation laws. To remedy such inaccuracies inherent in the simplified relaxation-time
approximation we have re-scaled the relaxation time of the RTA based on the asymptotic values of the ratio of the
binary collision integral and the RTA collision integral. This scaled RTA reproduces reasonably well the properties of
the non-linear binary collision integral in the case of the RS distribution function.

In closing we also mention that these exact analytic results are also important in case of a more complete anisotropic

distribution function, fk = fOk + 5fk, since the same steps and principles as presented here are required to compute
the moments of the collision integral, C' [ fo +9 f} Moreover our exact results are also useful for investigating the

fluid dynamical evolution of a wide range of anisotropic distribution functions frequently utilized in plasma physics.
Additionally, our exact results can be used to test various relativistic transport frameworks that incorporate the
Boltzmann collision term [59] [60], and hence facilitate direct comparisons between leading-order anisotropic fluid
dynamical models and relativistic transport models.
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Appendix A: The general equations of motion of leading-order anisotropic fluid dynamics

For reasons of completeness we recall here the general equations of anisotropic fluid dynamics from Refs. [38] see
Egs. (24) and (25) of Ref. [3§],
Ciz1j = Dfij - Dljifl,jJrl - {ififl,jJrl + jjiJrl,jfl} IxDu*
+ {(Z ~DZiajr2+ (G + 1)2‘,]} \Dyu?
1~ _ . _ R , R
— 59 [mg ((—=1)Zig; —(+1)ZLi; + (i — 1)Ii—2,j+2}

1~ oo o o
+ §9z [m(Q)JIi—l,j—l —JZLiy15-1+ (G + Q)Ii—l,j-&-l} ; (A1)

and

C{#} —

1 .- . . .
i1, = §V (mﬁfz—q,j —Tiy1, +Ii71,j+2)
(-

1)
2

(mOIZ j—1— Iz+2 ,J—1 +Iz g+1) l)\vu

(WQZ—Q 41— 7 41 +Zis j+3> LV

l\D\)—‘l\D\)—‘[\DM—‘l\DM—‘[\D\M

miiZio1; — (i+2) Liv1 + Z'Iz‘—l,j+2} =\ Du

_|_

mjZij—1 — jLivaj—1 + (G + 2)2-1'7j+1:| =kD1

+

[mg (i — D) Finjir — i+ 1) Ty i1 + (i — 1)ii_2,j+3} = Dy

md G+ Vi1 = G+ D Figny + G+ 3) Do goe| DI (A2)

Here, 0,y = u,D +1,D; + @uv such that D = u*0,, denotes the comoving derivative and D; = —I#0,, is the derivative
in the direction of the anlsotropy, while the spatial gradient orthogonal to both u* and I* is V, = E,,0”. The
expansion scalars are § = Vuu“ and 0, = V I+,

_Now, noting that due to the conservation of the particle-number in binary collisions éoo = 0, while élo = 0 and
Coh1 = 0 vanish due to energy conservation and momentum conservation in the direction of the anisotropy. Thus the
particle-number conservation equation follows from Eq. (Al]) by choosing i = 1 and j = 0,

0= 9,N* = D — Dy + 7 + 0 + il Dyu* — iyl, Dut (A3)
while the energy-conservation equation is obtained by choosing ¢ = 2 and j7 = 0,
0= w,, 1" = Dé ~ DN+ (¢+ PL) 8+ M6, + (¢ + B) L, Dy — 2011, D, (A4)
and the conservation equation for the momentum in the direction of the anisotropy follows for ¢ =1 and j =1,

0= 1,0, = DN — Diby + N0 — Py — Py) 01 + 2010, Dy — (6 + ), Dur. (A5)

Finally, due to the conservation of transverse momenta in microscopic collisions C’é{f } = 0, hence the conservation
equation for the momentum transverse to the direction of the anisotropy follows from Eq. (A2) for ¢ =1 and j =0,

0=E29,T" = (é n PL) (Du® +1°1,Du”) — VP, + (15L - Pl) (DY + u®l, Dyu)
+ M (DI* + u®l, Du”) — M (Dju® + 1°1, Dju”) . (A6)
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Appendix B: The center of momentum frame

It is useful to define the center-of-momentum (CM) frame where the total momentum in binary collisions in Eq.

is P = (P2, Pr) B (v/s,0), such that

PR 4 k0 =0 4+ 0 = /s, (B1)
Pr Zk+K =p+p =0. (B2)

Furthermore, since Py Pr,, = s, in the CM frame we also have,

T o
APk, = m2 — (Phk,)? /s D m2 — Z : (B4)
and hence in the ultrarelativistic limit, when k*k, = m% — 0, and k° = |k| = k, we also obtain,
— M — ©nrt
S=PpPr, = 2Wh,. (B5)

Recalling Eq. together with the definition of the transition rate from Eq. we obtain the B, coefficient

(-1)? (2m)° / do(s.) o (P
= VTR rPu Au/
Bua = Gea Dl 2 Jop ' an O RSP0 (AT pupy)
1 JT(S)/ dp 00 e
(2¢ + D)1 27 (po)gp §(vs —2p%)s (s — 4mg)
— UT—(S)\/;(S 74m(2))(2q+1)/2 ’ -

2+ (29 4 1)!!

where we used that p® = p'® = \/s/2 and [, (k" + k'* — p#* — p'*) = 1/(27)5. This is precisely the result obtained
earlier; see for example Eq. (G6) in Ref. [49] and Eq. (D3) in Ref. [50]. Note however that both references contain the
same typographical error in the definition of B,,, as an integral over P and P’. This is easily remedied by replacing
V/$ — s in the term (Prp,/+/s) — (PFp,/s) in those references. Also note that this typographical error does not
effect the results of Refs. [49} [50] since they used the correct value of B,,, obtained after integration.

Using this result we obtain the @1 #n = PL"H " tensors defined in Eq. , hence for n = 0 and n = 1 we obtain,

0 = Pyo = GT; , (B7)
s
et =P, = JTﬁPﬁ , (B8)
where we also used that bypg = byg = 1. Similarly for n = 2 and n = 3, Eq. leads to,
v v S v 1 v

@'u EPSLO :O'T? (PjﬁfPT_SSAIiL" ) 5 (Bg)
one = Yy — v (PRPEPE — sDY PP (B10)

where bog = bo1 = b3g = 1, and b3; = 3 was used. Finally for n = 4 with byg = 1, by; = 6, and by = 3 we get,

v 1 VoA o

erval = purad UTQ% (P#P%P%Pff —2sAY Pe PP + gSZA(T“ Aﬂ) : (B11)

For later use, here we also list the moments of the anisotropic distribution from Eq. @D in the following cases,

Tl = iy g0t + Ly jrnol”, (B12)
i-ij = Ai+j+2,j.,0U“UV + 2fi+j+2,j+1,ou(”ly) + fi+j+2,j+270luly — Ai+j+27j715””, (B13)
and
T = Tipjgs joutu’u® + 3L s jar oul vl + 3L s jyo oul 171V

+ fi+j+3’j+3’0lﬂll’l>\ — 3fi+j+3,j71u(“5”’\) — 3fi+j+3’j+1’11(u EV)\) . (B14)
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Substituting n — n + 1 into Eq. @ the moments of the anisotropic distribution function are generalized to n + 1
tensor indices

L(n+1)/2] n+1-2q
FUL 1 § : q T = =H2q— r r n
Iij = 2 : (71) bn-‘r1,T,qu+j+n+17j+T-,q‘:'(H1H2 coe ERRam iR lRat L R fRat b B +1) ) (Cl)
q=0 r=0

where the symmetrized tensor product is

m(uike || Thog-1M2q[H2q41 | [H2atr g l2g bt g Pnt1)

= o SH1k2 L EH2q-1K2q [H2a+1 L [H2gtr g i2gtrdl L g et (C2)

bn+1 r
sTq ,Pn+1

“w

The total number of permutations of n+ 1 tensor indices is (n+1)!. The number of index permutations on symmetric
rank 2 projections =Fi# equals to 2%¢!, while the four-vectors, I* and «*7, also have r! and (n + 1 — r — 2¢)! number
of permutations, respectively. These index permutations will not lead to distinct terms, and hence one needs to divide
the total number of index permutations by these factors. Therefore the number of distinct terms is set by the b,41,,4
coeflicient, which follows from Eq. substituting n — n + 1.

The symmetrized rank n 4+ 1 tensor product from Eq. can be separated into three distinct parts where each
part will contain a well defined symmetrized rank n tensor product of =’s, u’s, and [’s,

[(n+1)/2) nt1-2g
FHaintl Db (n+1fr72q)j_ 4 ,
ij - (7 ) n+1,r,q i+j+n+1,j+rq
(n+1)
q=0 r=0
X uMn+1 E(MINZ - EN2(1—1H2q lﬂ2q+1 - lﬂ2q+ruﬂ2q+r+1 . uﬂn)

L(n+1)/2J n—2q ('I" + 1) .

+ Z(—1)qbn+1,r+1,qmfi+j+n+1,j+r+1,q
q=0 r=0

« [Hnt1 E(umz L EH20-1H2q [H2q+1  ,  [H2a+r g H2a et ,uun)

L(nil%/zj n"qu (2q) .
+ (=) bnt1,mg 75 Litjtnt1,j+rg
q=0 r=0 (’I’L + 1)

X E/J'nJrl(lJfl ..o =mH29-1[2q [H2g+1 | [H2q+r g B2+l ul"n) . (03)

Here the first term removes u*"+! from the tensor product and therefore the number of distinct terms remain-
ing under symmetrization is bp4+1,4(n+1—7r—2q)/(n+1) = byye. Similarly, the second term separates [Hn+!
from a total of r + 1 such space-like four-vectors, therefore the number of remaining terms under symmetrization
is bpt1r41,4(r+1)/(n+1) = byrg. The last term isolates one tensor index from the rank 2 projection operator
leading to terms of type Z#n+1(#1 ... 4 4n)  and thus the number of distinct terms remaining under symmetrization is

bnt1.r.q (2¢) / (n+1). Furthermore using Eq. one can show that, by, = bn-&-lmqw = bn-‘rlﬂ“-‘rl,qg;%i)v
and then recalling the definition of thermodynamic integrals from Eq. @D we obtain
Sy N ) N A e
2 =T DY
[(n+1)/2] n+1—-2¢ (2 )
+ Z Z (=) bps1rg G f 1)]Z.+j+n+1’j+r7q5/\(u1 N T L I L LR T LB (67))
q=0 r=0

Now, using the decomposition of the particle four-current, ioo, N = fwou a+ fuol », while also taking into account
that all terms found in the second line of Eq. are proportional to Z*. Since all such terms are by definition
orthogonal to both uy and [y, therefore all terms proportional to ZM vanish from the tensor product ff‘jl'““ "Afom A
and thus we obtain Eq. .
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Appendix D: The gain terms

1. The GnO gain terms

The simplest gain term Ghno is computed by inserting Eq. into Eq. and hence for ¢ = n and 57 = 0 we have

[n/2]
éno — KK,fOkak/ Z (—l)q bannquflfllLQ o A;zq—llmqpqlfmﬁ—l o Pj,:bn)um ey, (Dl)
q=0
Now noting that the contraction of the symmetrized tensor product by u,, ---u,, leads to,
Anz | AP20-112¢ pl2atl | p ) — 1 AHLR2 | AF20-1H2q pl2atl | phn
T “e T T A u#l..‘ull«n:uﬂl.'.u#nbiz T “e T T s b
ngq 7;!;1
-2
= (Prun)" ™ (AP upu,)? (D2)
and hence we obtain,
ln/2] )
Oy -y, = Z (=1)7 brgBug (Pruy)" ™" (A upw,)" (D3)
q=0

which then proves the formula in Eq. .
Now, recalling Eq. in the massless limit when s = Qk”kg, the gain term G, from Eq. for n = 0 leads to

Goo = fore for Poo = fox foxr©
KK’ KK’

= forforer [booBoo] = or fOkakfk“k:;
KK’ KK’

= Ungofootu =or (fwofloo - f110f110) ) (D4)

where byg = 1, and Pyg = Boo = ors/2, and we used Eq. (B12) for the decomposition of the tensor moments.
Similarly, Eq. for n = 1, leads to

Gio = fox fowPio = Sor fow ©" uy,
KK’ KK’
ar

= fowforr [b10Bro (Phu,,)] = >
KK’ KK’

= UTi'{Lojoo,u =or <f2oof100 - leofllo) ) (D5)

Joxfow (Bxu + Exeu) k'K,

where b1g = 1, and B1g = ors/4, and we used Eq. as well as Eq. (B12).
Likewise for n = 2 we have

Gao = o forr Pao = for forr ©"1H2 0, u,,
KK’ KK’
= fOkak/ [620320 (P#UM)Q — ba1Bas (A%VUNUV)}
KK’
o PR 1% PR 2
= ?T Joxfow (Bxu + Biwn)” k'K, — ?T Joforw (KK},
KK’ KK,
20 ~ A ~ ~ OT spvs
= TT (Iélofow +Ifozlo,u) - %150 Zoo, v
o N ~ ~ ~ o o ~ ~ ~ ~ ~ ”
= =L (4ds00 1100 — 4L310F110 + 31200 I200 — 212101210 — Ta201220 — 262011201 ) (D6)
6

where byg = ba1 = 1, Bog = 075/8, and Ba = o752 /24, while we also used Egs. and Egs. (B12, [B13) for the

tensor products.
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Similarly for n = 3 we obtain

Gao = fox for P30 = Sox forr ©F1H2H3 0,
KK’ KK’

o for [530330 (P#UM)S — b31B31 (A u,u,) (P#UH)}

KK’

o PN 2
=z forforw (Buu + Ficr)® Ktk — — for for (Buu + Eicra) (K"K),)

4 KK/ 4 KK(

g LRSS S A OT suv s
= 7T (Iéofoo,u + 3I§oflo,u) - %Iio Lo,

o ~
= 2T (14001100 — Inodi10 + 2I300Ia00 — Iz10I210 — I3201220 — 213011201) , (D7)

where bgo = 1, b31 = 3, 330 = O'TS/167 and 831 = 0'T82/48.
The last gain term follows from Eq. for n = 4,

Gy = /KK/fOkak’PALO = KK/fOkak'@”1“2”3“4%1%2“#3%4

= Jox fow [540340 (P#qu — b1 Bar (A w,u) (P#UM)Q + ba2Bao (A’iﬁ”uuuy)ﬂ

KK’
— U?T .y fOkak' (Bxu + Exry ) k:#k’ 3;70T - fOkak/ (Eiu + Ercra ) (k’“k' / fOkak/ (k“k’)
= QET (Iffofoo ut AT T, wt 370, u) _ 3ZT (ISOVIOO pv + A 2107,“,) + 20 ISLO”“IOO .
= % (215001100 — 215100110 + 514001200 — 204101210 — 314201220 — 614011201)
2—3 (13]300]300 — 313101310 — 913201320 — I3301330 — 187301301 — 6[311]311> 7 (DS)

where b40 = 1, b41 = 6, b42 = 3, while 840 = O‘TS/32, 841 = 0'T82/96, and 842 = O'TS3/480.

2. The énl gain terms

The Gp1 gain term differs from the Gno gain term since it contains one projection in the direction of the anisotropy,

L(n+1)/2]
Gy = — Foreforr Z (71)4 bn+1,q3n+1,qA§£“'u2 o A;zq—luquqkﬂbzcﬁl - Pqttn+1)uu1 . ultnlltn+1 , (D9)
KK’ =0
where the coefficient of distinct terms in the symmetrized tensor product is bny1,4 = 55 EZE)'%) = (n(fff%q) bng-

The symmetrized tensor product Ay (napz - PJ 1) contains (n+1)! index permutations, however the symmetric
rank 2 projection operators have q'2q possible permutations while the remaining four-vectors also have (n + 1 — 2q)!
permutations which do not lead to distinct terms.

Here we are interested in the scalar product of the symmetrized n 4 1 rank tensor A(” Pl nt1) by the product
of four-vectors containing n four-velocities u,, - - -u,, and only 1 four-vector in the dlrection of the anisotropy I, -
Such scalar products can lead up to four distinct scalar terms. Here, similarly as before in Eq. ( . the contraction
by the four-velocities results in, (Pfu,) and (A% u,u,), while the contractions by the anisotropy four-vector lead to
two new scalar products, (Pﬁlu) and (AF w,ly).

To compute the complete scalar product we first separate the symmetrized tensor product Agg Lz P{f 1) into
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two distinct parts as follows,

B1spnt1 ..
S " u#l uunl

Hnt1
L(n+1)/2]
= Z (_l)q bn+1,an+1,qA£I£“H2 o 'A;%ilp&q PZI“LZHI e P;”*l)uul e uunlunJrl
q=0
[(n+1)/2]
n+1—2q 41124 . "
= Z (_1)q anquBnJrl,q( (TL+1) )llJnJrl‘Pilf +1A§£L1#2 A;2 e PTI“Q o PTI“L )um e Upy,
q=0
L (29) ( )
+ Z (_1)11 bn+17an+1qul#n+1A;"+l Moo A,/;}q—lum Pj’f2q+1 R lefn Upy - Uy,
q=0
[n/2] )
= (lﬂn+1PT’fn+1) Z (1) bpgBnt1,q (Prug)" ™ (A7 uyu,)?
q=0
L(n+1)/2] s .
+ (ZHWL+1A§L—'"+1H"/U/HH) Z (_1)q (anrl,q - bnq) BnJrl:q (Pj;fuu) ! (Ag“yupuz/)q ) (DlO)

g=1

2

— q b = 29
ng = (n+1—2q) "4

where in the last line we used that b,414 — 0 = anﬂ’q.

The first term, i.e., P;"“A% 12 ~~PT“”) now contains only n symmetrized indices, hence by removing one
four-vector Py"*' from the total of n + 1 — 2¢ different four-vectors changes the number of distinct terms to
bpt1,q(m+1—2q)/ (n+ 1) = by, as it should be. The remaining terms can be collected into a symmetrized tensor
product of the following type, A‘}"“(“ L Pl ) This product is symmetric with respect to n indices such that
one index from a rank 2 projection operator is not included. Since there are only 2q different indices on elementary
projection operators, then removing one tensor index changes the number of distinct terms under symmetrization and
it is counted by the following formula, by, 41,4 (2¢) / (n + 1).

Here we will calculate the following Gp1 gain terms of interest. The gain term from Eq. |i for n = 0 leads to

Go fox fowPor = — fox for ©F11,,
KK’ KK’

=— fox fow [booBio (1, P4)] = 5
KK’ KK’

= aﬂéﬁoo,u =or (f210f100 - f22of110) ) (D11)

aor

fox fow (Exi + Ew) kK,

where bgg = 1 and Big = ors/4, and we used Eq. as well as Eq. (B12).

Similarly for n = 1 we obtain the following gain term,

Gn = fox forr P11 = — for forr O 20, 1,
KK’ KK’

=/ Foreforer (L, P2) broBao (Pt g, ) — (Luy A4 ) (bay — b11) Baa

o PO
= foxfox (Bxu + Eiew) (Bxa + Eier) kK,

3 KK/

20 AL A Ay A 20 A oA A oA A A A oA
= TT (Iflfoo,u +Ifozo1,ﬂ) = TT (Iglofmo — Iso01110 + T2001210 — 12101220) , (D12)

where b1g = by = 1 and by = 0, while By = o75/8, and By, = o7s%/24.
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Furthermore, from Eq. for n = 2 we get,

Ga1 foxfoxPa1 = — for forr ©@F1H2H3 w1,
KK’ KK’

- For fowr (15 Pr?) [520330 (P¥Uu)2 — b1 B3 (Aljt"yuuul/)}
K/

+ For o (Luy A2 ,,) (b1 — ba1) Ba1 (Pjay,)
KK’
ar P 2 .t
— foxfow (Bxu + Exu)” (B + Exi) k'K, —
4 Jrrr 12 Jrxer

OT [y, A A A N OT ~pa
7T (Iéﬁfoo,u + 271 Tho u + 151120,u) - %I& Zoo, v

ar

fOkak/ (B + Exnr) k”k”k;k’u

o PN PN PN A o PN PN A PN
% (314101100 — 314201110 + 513101200 — 413201210) + ?T (313001210 — 313101220 — 13301220 — 213111201) ,
(D13)

where b3; = 3 and bg; = 1, and Bsg = ors/16 and B3; = ors?/48.
Finally the gain term for n = 3 leads to

Ga = fowforwPa1 = — for forr OF1H2RMa g qpap, 1,
KK' KK’
= - o forr (L PR*) {b30340 (P#u“)s — b31Ba1 (Phruy,) (A?VU/LUU)}
KK’
+ Forforr (e A5, {(bm — 1) B (Pfuy)® — (baz — bs2) Ba (A?lluuuu)]
KK’
o AA 30 PO
== foxfow (Bxu + Exa)’ (B + Ext) K"K}, — == fofow (B + Exru) (B + Et) KE KK,
5 KK/ 20 KK’
207 (5 5 S 4 S 4 Gu G 30T (w5 o
== (Iglfoo,u + 3251 Zvo,u + 3Z11Z20,u + Isozom) BT (In Zoo,uv + Iy Iouw)
%Wr f2 » s o N Bop . oo
== (15101100 — Iso0l110 + 4004210 — 14101220) + ET (314101200 — 214201210 — 14301220 — 214111201)
307 /.. - S -
+ ST (313001310 — 2103101320 — I3201330 — 213011311) , (D14)

where we used that b30 = 1, b31 = b42 = 3, b32 = 0, b41 = 6, 640 = 0'7“8/327 641 = 0'T82/96 and 642 = O'TSS/480.

3. The Gng gain terms

The last gain term of interest is a generalization of our previous results, now including two projections in the
direction of the anisotropy,

L(n+2)/2]
an _ /deK/fOkak’ Z (_1>q bn+2,q8n+2,qA'(1£L1#2 . Al%zq—luu P]Afzrﬁ—l . P#7L+2)Um . u#nlﬂn+1lun+z ,
q=0
(D15)
where now the coeflicient of the symmetrized tensor product is b,,42,4 = %bnﬂﬂ = (n(f;f%q) (n(fitl%q) bng. The

scalar product of the symmetrized tensor A(T“ e Pl "+2) by the product of four-vectors containing n four-velocities
Uy, * - - Uy, , and 2 four-vectors in the direction of the anisotropy [, 1., . leads to only five different type of scalars.
The first four scalar products are the same as obtained before in Eq. 7 namely (Pru,), (A% u,u,), (PRL,), and
(A% u,l,), while the fifth term is a new scalar product (A%1,,1,) which follows from the projection by two four-vectors
in the direction of anisotropy.

To calculate the complete scalar product we separate the symmetrized tensor product Agf‘ 2L P# n+2) iteratively.
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First similarly to Eq. (D10) we construct symmetrized rank n + 1 tensor products,

@#1“#n+2uu1 Ce uunl l

Hn4+1"Hn+2
L(n+2)/2]
= Z (_1)q bn+2,an+2,qA¥”#2 T Agzq_l‘u% P;“L?(I_H T P#wrz)u}n e uunlﬂn+1lun+2
q=0
L(n+2)/2]
2-2
= Z (*1)(1 bn+2,q8n+27qWluan%nHA%“M o ’A?kmzq P;QQH o ‘PTMH)UM g b
q=0
L(n+2)/2] (29)
+ Z (—l)q bn+27an+27qmlun+2 A/jﬂn#—?(ﬂl Alf”s . A?q—mzq Péfzqﬂ o lefnﬂ)um g, lun+1 7 (Dlﬁ)
q=0

where the coefficients of the symmetrized tensors are obtained by substituting n — n + 1 in Eq. (D10). Then, in the
subsequent step we once again separate both terms into symmetrized rank n tensor products, and hence we obtain

four different terms,

e I
© T Uy, Uy, lun+1lun+z

[(n+2)/2]
_ Z (—1)7B b (n+2—2q)x(n—|—l—2q)
n+2,qYn+2,q (n ¥ 2) (n ¥ 1)

q=0
Hn+2 Hn41 (M1M2 H2q—1H2q H2q+1 Hn)
X Ao Py, PP AR - A Pr s Ppt g, ey,
L(n+2)/2]

(n+2-2q)  (29)

T RCED R

+ Z (_1)q Bn+2,qbn+2,q
q=0

X 1

n

Mn+zpjlfn+2l Aébjwl(ul AI;«?‘HS . A;m;flltzq Pj/f2q+l . P:#n)uu1 . U’M
[(n+2)/2]
2q) 1
—1) B, 2.0bn ( X
+ ;) (=1) +2,q +2,q(n+2) (n+1)

MHnt+1

Hnt2Min+1 (p1p2 H2g—1H2q pH2q+1 )
A I A A Pl pEny Ly,

x 1 Hn41 =T

n

Hn+2

[(n+2)/2]
(29) _2(g—1)
=+ Z (_1)q Bn-‘rQ,qbn-&-?,q X
= (n+2)  (n+1)

X L,y A2 U A2l [ AR2a=1B20 pl2ast L plinct ARy gy, (D17)
Now using the identities, by41.q — bng = bn+27q% (7(1242), and by, g1 = bn+2,q% (n-lu)v we obtain
@#1“.#114—2“#1 T uun,lun,+1luvz+2
[n/2] )
= (L") (i Pr*) Z (=1)7 OngBnr2,q (Pruu)" ™ (A wpu, )
q=0
L(n+2)/2]
n n n n+1-2 v —1
+ (l#n+2pjlf +2) (llln-#lA; e u#n) Z (*1)(] 2 (anrl,q - bnq) Bn+2,q (P%Lu#) * I (A% uuuu)q
qg=1
[(n+2)/2] y s .
+ (lumzA;nﬁunHluml) Z (=1)*bn,g-1Bn+2,4 (P;Uu)wr (A uu,)
q=1
[(n+2)/2] oo )
+ (lun+2 A;Wdunuun) (an+1A;’#luniluunf1) Z (_1)11 2 (q - 1) b”;‘]*llgn*ﬂ’q (P’ZL"LUH) I (A%’juﬂul’)q
q=2

(D18)
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The gain term form Eq. for n = 0 leads to,

Go2 = forfor Poa = fOkak/@“””lmlm
KK’ KK’
= o forr {booBzo (lﬂP¥)2 — booBa1 (A%Vl#lu)}
KK’

g 5 B (oX
= ?T foxfow (Bwa + Ewn)? k'K, + ?T
KK/ KK/

20’ o OT spvs
=r (1-02100 w+ I Ion, u) GTISLO Zoo, v

fowfow KMEV KK,

= F (413201100 — 4I330 1110 + Ta00Ta00 + 202101910 — 31220 Ta20 + 2f201f201) . (D19)

where byg = 1, Bag = ors/8, and By = ors?/24. Similarly, the next gain term for n = 1 leads to,

G2 = fowfor Pra = for forwr O #2311,
KK’ KK’
= Fforfor (L P12 (i Py2) bioBso (Phay,) — Foreforcr (s PR2) (L A5 11,,) 2 (boy — b)) Ba
KK’ KK’
» Foreforer (s A521,,) broBay (Pl
o PO PO
== Joxfow (B + Exn)? (B + Ewu) k', +Z foxfoxr (Bxu + Exeru) KME KK,
4 KK/ 12 KK/
OT [~y 4 fy A o A OT ~pp s
= 7T (Iszfoo,u + 274 Lot + 152110,u> + %Ifo Zoo, v
o ~ ~ ~ ~ ~ ~ ~ ~
= FT (314201100 — 314301110 + 413101210 — 513201220) + - (313201200 — 3I330I210 + I300 1200 + 213011201) )
(D20)
where big = bg; = 1, by = 0, B3g = 075/16 and B3y = ors?/48. Finally the last gain term for n = 2 gives,
G = for for Pag = for forr @F1H2katay 1,
KK’ KK’
= o for (L Pr*) (L, P2 [520340 (P;;fuu)Q — b1 Bu (A/%vuuuy)}
KK’
- Foreforer (Lua P*) (Lug A2, ) [2 (b1 — ba1) Ban (Phruy,)]
KK'
— fOkak/ (VA [520341 (P#UH)Q — b21Bso (A’jﬂ”uﬂuy)}
KK'
+ ForForr (Lua A 1,0,) (Ly AF 1y, ) 2621 Bas (D21)
KK’
where replacing bQO = 1, b21 = 17 b31 = 3, B40 = UTS/32, B41 = CTTS2/96 and 342 = O'TS3/480, leads to
~ o PN PO
Goo= 1 | foxfow (Bxu + Bwu)” (B + Ex)” k'E), — Jox fow k" k" kK K K,
5 KK/ 60 KK/
o A oA PO
| fofow (Bua + Exn)” KKV KK, + forforw (Bieu + Biwu)” KKK/ K,
20 KK’ 20 KK’
20 A
==L (I22IOO w+ T Too + 2T Tho pu + 228 Tor o + 220 T, u)
o- LV v O. v
13 (162 IOO,;M/ + I()l IOl,HV) + — 10 (Zg() IOO,uV + Il() IlO uu) - 6,51-50 aIOO,Mua
g
Tg (415201100 — 4ls300110 + TlazoTaoo — TIazoTa20 + 413201300 — 413301310>
g
+ % (6 1101210 — 614301210 + L1001200 — Taa0T220 + 2Ls01 I — 2-7421-7201)
o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
+ % (513001300 — 513301330 + 3313101310 — 3313201320 + 613011301 — 6-7311-7311) . (D22)



Appendix E: The moments of the binary collision integrals
Here we write down the full collision integrals of interest. Using Eqgs. (501{52)) and Eqgs. (67H69) we obtain

Coo = J%T (zfgooﬁ — 2100 — 3é2> - %T (2M2 Py 2Pj) ,
Cs0 = —J7T <f400ﬁ — Loy — 2jsooé) - 07T (f:smM + Ispo Dy + 21:3011%_) ,
and
Cio = —U?T (3f500ﬁ — 315107y — 514008 + 21410 M + 31420 P, + 6f401151_>
+ % (13f§00 — 31510 — 91350 — L350 — 1815, — 6f§11> :
Similarly, using Eqgs. and Eqgs. we get

Cn = —U?T (f31ofl — T30y — 2Mé + 2M13l) ,

~ o A P A ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~
Co = —?T (3141071 — 314207 — 51310€ + 41320M> + ?T (31300M — 31310F — I330F; — 21311PJ_) )
and
A or (s . I PO A 30T (s . oa A s o A
C31 = —% (3151071 — 35001y — 20400 M + 21410Pl) + ET (314106 — 20400 M — I430 P — 21411PL)
307 (.- - S .
+ ET (313001310 — 213101320 — 13201330 — 213011311> .

Finally, using Egs. and Egs. we obtain

Coz = —%T (2207 — 2z — é2) + %T (201 - 357 +2P%)

Cra = —% (3f420ﬁ — 3Liz07y — 4l310M + 5f320151> + % (3f320é — 31330 M + I300¢ + 2f301pl> )
and

N o A ~ . A ~ A ~ ~ o o
Cog = —— (6-752071 — 615307 — T1420€ + Tlao0 P — 413201300 + 413301310)

10
i - o . o .
n Tg (6[410M — 61430 M + Lag9é — Lyao Py + 21401 P — 2[421PJ_>
! ) A X . R N
+ 6%)1 (513?00 — 51350 + 3313, — 331350 + 615, — 61?311) ’

Appendix F: Thermodynamic integrals in the massless Boltzmann limit
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(E3)

(E4)

(E5)

In the LR frame u¥ , = (1,0,0,0) and I} , = (0,0,0, 1), hence Ex,, g = k% and By 1 r = k.. Assuming Boltzmann

statistics, the corresponding Maxwell-Juttner distribution function from Eq. reads
Jox = Aexp (—5 mg + k2> ;
where A\ = exp « is the fugacity. Similarly, the RS distribution function from Eq. now reads

frs = Ars exp (—5Rsx/m% + k2 + ékf) ;

where Ars = exp arg is corresponding the fugacity.
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In the massless limit of Eq. , i.e., limy,, 0 /m3 + k? = |k|, we obtain the following result for the thermodynamic
integrals

( ) 47TAO n
nzl(l)mOInq Aw/ dkk +1 eXp( ﬁk)
47TAO (Tl -+ ].)
Brt2 (2 + I (F3)
Here we list those thermodynamic integrals that are need explicitly,
8TA
Lo (o, B) = Lioo = )\70 =no, (F4)
241 A n
Iy (v, B) = Iz00 = /\70 =ey = 3% ; (F5)
_ 1 no
Iy (o, B) = Iz01 = I = Py = 360 = 5 (F6)
and
967TAO
.[30 (a,ﬁ) = I300 = A— ﬁ5 12@ s (F7)
4807 A
Lo (e, B) = Laoo = A 56 = 60@, (F8)
2880w A
Iso (o, B) = I500 = /\TO = 360@ ) (F9)
1
I31 (o, B) = I301 = I320 = 5130 (o, B) , (F10)
1
Iy (o, B) = Lyo1 = Luzo = 5140 (o, B) , (F11)
1
Isi (o, B) = Iso1 = Is20 = 5-750 (a,B) . (F12)

Using the RS distribution function in the massless limit leads to the following anisotropic thermodynamical integrals

R 27rA
mhIEo ,Ifrq = /\RS 0/ dkk"“/ drz” 1 —x ) exp( Brsky/1+ £x? )
27rA0 (n +1)! / 2" (1 —2?)*
B g dr————15
! J (14 &x2) 2

while the ratio between the anisotropic and equilibrium thermodynamical integrals defined in Eq. reads; see
Eq. (A11) in Ref. [3§],

= Ars (F13)

n s r :.2g+1
Rurg = (2q + 1')'.. / 20-5% 6 sin ni . (F14)
2029 Jo (1+&cos20) 2

The values of Ry,q(€) that correspond to Egs. — and to Eq. (111f) are

Rioo (§) = T’ (F15)
Rooo () = % 1 ig arct\z;rg\/g) ) (F16)
Raon (€)= (1; (1 €) R (5)) , (F17)
Rano (€) = —% <1i ~ Rano (5)) , (F18)

Roao (§) = iz <3+€ — 3R200 (f)) . (F19)
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Furthermore, for the moment equations listed in Eqs. (105{107)), and Eqs. (108{110)), we also need the specify the
following R4 () ratios

R3o0 (§) = ?)(i)iz)i/g ; (F20)
R301 (§) = Rioo (§) , (F21)
R320 (§) = R _:5)3/2 ; (F22)
and
Raoo (§) = é (é i 2; + 3arct\a/rg1\/f) ; (F23)
3 [(1+3¢ arctan /€
Rin (6) = e (o5 g - (-39 TR (F21)
Ryz0 (&) = < 1+£ - arct\z;gf) ) (F25)
Ry21 (§) = 16&2 < 3+§ —¢) amjgﬁ> ; (F26)
R440 (6) — ( i’ izg arCt\jg \/E) ’ (F27)
and, finally
Rs00 (§) = W ; (F28)
Rs20 (§) = 15(51:_2;;5/2 ) (F29)
Rs40 (§) = 5(1_:5)5/2 . (F30)
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