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Abstract

We present a complete formulation of second-order (2+41)-dimensional anisotropic hydrodynam-
ics. The resulting framework generalizes leading-order anisotropic hydrodynamics by allowing for
deviations of the one-particle distribution function from the spheroidal form assumed at lead-
ing order. We derive complete second-order equations of motion for the additional terms in the
macroscopic currents generated by these deviations from their kinetic definition using a Grad-
Israel-Stewart 14-moment ansatz. The result is a set of coupled partial differential equations for
the momentum-space anisotropy parameter, effective temperature, the transverse components of
the fluid four-velocity, and the viscous tensor components generated by deviations of the distribu-
tion from spheroidal form. We then perform a quantitative test of our approach by applying it to
the case of one-dimensional boost-invariant expansion in the relaxation time approximation (RTA)
in which case it is possible to numerically solve the Boltzmann equation exactly. We demonstrate
that the second-order anisotropic hydrodynamics approach provides an excellent approximation to

the exact (0+1)-dimensional RTA solution for both small and large values of the shear viscosity.

PACS numbers: 12.38.Mh, 25.75.-q, 24.10.Nz, 52.27.Ny, 51.10.+y
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I. INTRODUCTION

Fluid dynamics is canonically an effective theory which aims at describing the small
frequency and long wavelength dynamics of systems that are close to equilibrium. In the
case of a rarefied gas, the Boltzmann transport equation provides a method to obtain the
thermodynamical properties along with additional macroscopic parameters of the system. In
classical kinetic theory, Grad’s method of moments [I] defines these quantities as correspond-
ing moments of the velocity distribution function. In the non-relativistic Grad expansion,
the distribution function is obtained by factoring out a local Maxwellian distribution and
then expanding the remaining unknown function in terms of Hermite polynomials. In far-
from-equilibrium situations the distribution function deviates considerably from Maxwellian
form, and consequently the series fails to rapidly converge. The inability to describe far-
from-equilibrium situations is due to the form of the leading-order (LO) term in the series.

A generalized solution for a phase-space distribution function is [2]

Fxpit) = folx, P, 1) Y aa(xt) PO (P %, 1) (1)

L

where fj is the LO approximation (an arbitrary weight factor), ¢ is the degree of the general
orthogonal polynomial Py)(p,x, t), a, are the expansion coefficients, and « is a multi-
component index (e.g. the triad o = i, j, k). In order to obtain the most rapid convergence,
one wants to choose fy such that it is as close as possible to the exact solution f of the
Boltzmann equation. While f is, of course, unknown, the choice of fj is guided by general
insights into the properties of f for the problem at hand.

In relativistic kinetic theory, the scalar one-particle phase-space probability density
f(z,p) can depend on the four-vectors p* and x* only through scalar combinations. The
expansion of f around an isotropic local equilibrium state involves an additional four-vector
u*(z) that describes the motion of the local heat bath at point z, as well as scalars T'(x), u(x)
characterizing the temperature and chemical potential of the local heat bath. The depen-
dence of the local equilibrium distribution fy on the energy £ = /m? + |p|? of the particles
in the local rest frame (which is isotropic in the local rest frame momentum p) can be written
covariantly in terms of the momentum p* and the “flow velocity” u*(zx) as fy (pyjf‘(—’;()x), a(x))

where a(x) = % (Jittner distribution). We will often suppress the dependence on p(x)

and simply write fo(p-u/T) = fo(E/T) for the local-equilibrium distribution (where u* and



T are functions of space-time position z).!
An expansion of the general distribution function f(x,p) around local equilibrium takes

the form

o) = fo (Bl ) 0w = o1+ (-afo)ole. ) ©)

(with @ = 1, —1,0 for fermions, bosons, or classical distinguishable particles, respectively).
The non-equilibrium correction ¢(x,p) above (which gives rise to dissipative currents) is
expanded in a suitably chosen set of tensors built from the rest frame energy E and p*, with
x-dependent expansion coefficients. An example of such an expansion is ¢(z,p) = €(z) +
en(x)p" + € (x)p"p” + ... [B]. One technical disadvantage of the tensors 1, p*, ptp”, ...
is that they are neither orthogonal nor invariant under the Lorentz subgroup that leaves
ut invariant. This makes the calculation of the expansion coefficients and a systematic
truncation of the expansion problematic [4]. A complete set of orthogonal and irreducible
tensors built from powers of p* and the rest frame velocity u#(x) was introduced by Anderson
[5] and discussed in detail in [6]. They were recently used by Denicol et al. to define
a general moment expansion of ¢(z,p) in terms of momentum moments over §f of these
tensors multiplied with powers of E = p-u [4]. The Boltzmann equation could then be
rewritten as an infinite set of coupled partial differential equations for these moments. This
hierarchy was solved by relating the ¢ f-moments to the dissipative currents, and truncating
the set of these moments by relating moments of higher rank to lower-rank ones using a
systematic power-counting in Knudsen and inverse Reynolds numbers.

Defining as in [4] the moment expansion for ¢(z,p) in terms of moments of §f with
powers of the local energy E multiplied with Anderson polynomials is prejudiced by the
assumption, manifest in Eq. , that the system is close to local equilibrium fo(E/T), i.e.
in particular close to local momentum isotropy. This assumption breaks down during the
very early expansion stage of the systems formed in ultrarelativistic heavy-ion collisions
(URHICs) at the Relativistic Heavy Ion Collider at Brookhaven National Laboratory and
the Large Hadron Collider at CERN. Due to its initially huge scalar expansion rate, coupled

with very large anisotropies between its rapid longitudinal (along the beam direction) but

L E, p will always be used to denote local rest frame energies and momenta; for four-momentum components

in the global frame we will use the notation p* = (p°, p).



much weaker transverse expansion, the system is initially unable to achieve a state of ap-
proximate local thermal equilibrium. It instead features strong anisotropies in the local rest
frame momentum distributions when comparing the longitudinal and transverse directions,
which results in very different longitudinal and transverse pressures. These are the result of
dissipative phenomena related to the finite shear viscosity (relaxation time) of the medium.
The degree of these momentum-space anisotropies grows as one moves out from the center
of the system towards the dilute edge of the overlap region. In the canonical viscous hydro-
dynamical treatment these large local momentum anisotropies can cause the total (thermal
plus viscous) longitudinal pressure to become negative [7]. This suggests that the expansion
around an isotropic one-particle distribution function is breaking down since the shear
stress is no longer small compared to the isotropic pressure.

To account for these large early-time deviations from local momentum isotropy non-
perturbatively, a framework called “anisotropic hydrodynamics” was developed [8HI7].
Anisotropic hydrodynamics extends traditional viscous hydrodynamical treatments to cases
in which the local transverse-longitudinal momentum-space anisotropy of the plasma can be
large. In order to accomplish this, one expands around an anisotropic background where

the momentum-space anisotropies are built into the LO term:

Fla.p) = f( P ()" ’““"”‘”) +6f(z,p). (3)

A(x) "A(x)

Here £, is a second-rank tensor that measures the amount of momentum-space anisotropy
and A is a temperature-like scale which can be identified with the true temperature of the
system only in the isotropic equilibrium limit. fi(x) is the effective chemical potential of
the particles. Specifically, LO anisotropic hydrodynamics (AHYDRO) is based on an az-
imuthally symmetric ansatz for =, (x) [§] involving a single anisotropy parameter £ such
that p"=,,(x)p” reduces to p? + &(x)p7 in the local rest frame. The leading-order local
rest frame distribution thus becomes of Romatschke-Strickland (RS) form [I8] which has
spheroidal surfaces of constant occupation number. The dynamical equations of AHYDRO
were derived from kinetic theory by taking f(x,p) = faniso(Z,p) (i.e. by ignoring the correc-
tion 4 f in Eq. ), and using the zeroth and first moments of the Boltzmann equation in
the relaxation time approximation [8] [14].

To date, the most widely used relativistic viscous hydrodynamic framework has been

Israel-Stewart (IS) theory [3, T9-32]. It is based on an expansion of type around local
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momentum isotropy and a perturbative treatment of the dissipative currents generated by
0f. The IS framework and variations upon it have been applied to URHIC phenomenology
by many groups (see [29] B3], 34] and references therein). Recently, there have been studies
to determine the regions of validity of IS theory [7, 35, 36]. Initial attempts to improve upon
the IS equations (see e.g. [36H39]) still employed the Grad 14-moment approximation [I]
assuming an isotropic background. Intensive theoretical investigation into the application of
relativistic fluid dynamics to URHICs have led to methods which attempt to reformulate the
method of moments into a more reliable tool as well as methods which abandon the method
of moments altogether in favor of a Chapman-Enskog-like expansion [40]. These methods
include complete second-order treatments [4} [41], 42], third-order viscous fluid dynamics [43],
and the AHYDRO formulation. AHYDRO differs from these other approaches by making a
specific ansatz for df in , 0f = faniso — fo, and treating the dissipative currents caused
by this specific form of § f non-perturbatively. All other mentioned approaches treat ¢ f
perturbatively. 3

In Refs. [46, 47] the non-perturbative equations of AHYDRO were compared to various
second-order (perturbative) hydrodynamic approaches for (0+1)-dimensional expansion in
which case there exists an exact solution to the Boltzmann equation in the relaxation time
approximation. In all cases tested, anisotropic hydrodynamics most accurately approxi-
mated the exact solution when compared to various second-order viscous hydrodynamical
approaches, showing the power of this non-perturbative approach. However, by ignoring
the effects from & f in Eq. {} AHYDRO is unable to account for viscous effects other than
those included in 0 f = faniso— fo. In this paper we explore the improvements that can be
made by adding to AHYDRO the additional dissipative currents generated by 6 f in Eq. .
This leads to a formalism which we will refer to loosely as “viscous anisotropic hydrodynam-
ics” (VAHYDRO). We will continue to use the AHYDRO framework to treat the deviation
faniso— fo from local isotropy non-perturbatively while adding the additional effects from & f
in Eq. perturbatively.

2 There also exists a macroscopic derivation of third-order viscous hydrodynamics starting from the 2nd

law of thermodynamics [44].
3 In Ref. [45] the authors have presented a nonequilibrium effective theory which, for large 1/S, has better

agreement with exact solution to the Boltzmann equation than Israel-Stewart viscous hydrodynamics;

however, at this moment in time, this scheme cannot reproduce the longitudinal free-streaming limit.



The name “viscous anisotropic hydrodynamics” for our second-order framework should
not be misinterpreted to say that AHYDRO does not include viscous effects. In fact, the

energy momentum tensor for AHYDRO (see Eq. below) can be written as

Tivoro = [EU'U — PegAM] 4 [(Poq—=PL) A" + (PL—PL) 2"2"]

v v 72
TéL(Ll — I\ tvoro AM + T AHYDRO (4)

N

where I, fypro and T AHYDRO

describe the bulk and shear viscous pressure components caused
by the spheroidal deformation d f = f.niso— fo of the local momentum distribution. In vAHY-
DRO we add to M mypro and 4., additional terms IT and 7 resulting from deviations

from local spheroidal symmetry due the additional term &f in Eq. . We then derive

“perturbative” transport equations & la Israel-Stewart for IT and 7##, while treating the

N

dynamics of IT,pypro and T AHYDRO

non-perturbatively. The relaxation equations for the dis-
sipative (irreversible) currents IT and 7 found in our approach are more complicated in
structure than the corresponding Israel-Stewart relaxation equations. This is due to the
fact that the minimal tensor basis to describe the underlying isotropic distribution function
in Israel-Stewart theory is constructed from the fluid four-velocity and the metric tensor,
whereas in the anisotropic formalism a minimal tensor basis involves the full set of Cartesian
basis tensors in addition to powers of the fluid four-velocity.

The structure of the paper is as follows. In Sec. [[I we review how to connect hydro-
dynamics with kinetic theory, and how to derive hydrodynamic forms of the macroscopic
currents and energy momentum tensor by expanding the local distribution function around
isotropic and anisotropic local momentum distributions. In Sec. [[T]] we derive the funda-
mental dynamical equations of VAHYDRO by taking moments of the kinetic equation. Then,
working towards deriving the additional transport equations for I and 7, we show in
Sec. [Vl how to formulate the expansion of a general local distribution function around the
azimuthally symmetric form used in AHYDRO. In Sec. [V] and Sec. [VI a set of equations
are derived for the residual moments of the distribution function deviation & f and then the
14-moment approximation scheme is applied in order to truncate the expansion. Sec. [VI]]
reviews the quasi-thermodynamic quantities (particle and energy density, longitudinal and
transverse pressure) in “anisotropic equilibrium” as functions of the anisotropy parameter £
and effective temperature A and shows that, in the massless particle limit, the ¢ dependence

can be factored out. Section contains the main analytic results of this work: For a
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system of massless degrees of freedom with zero chemical potential, we derive the coupled
equations of motion for &, A, the hydrodynamic flow u*, and the new viscous stress tensor
7 arising from the deviation 8 f in Eq. . In Sec. we simplify these equations for the
limiting case of (0+41)-dimensional longitudinally boost-invariant expansion and compare
their numerical solution to the exact result from the corresponding underlying Boltzmann
equation. Our conclusions are presented Sec. [X] Six appendices contain intermediate steps
of the calculations as well as some tabulated results used in the body of the paper.

Before proceeding, let us define our notation. We use natural units h = kg = ¢ = 1.
The Minkowski metric tensor is ¢g"¥ = diag(+,—,—,—). Greek indices run from 0 to 3
and Latin indices from 1 to 3. The summation convention for repeated indices (Greek or
Latin) is always used. Our tensor basis, in the local rest frame, is X' = u* = (1,0,0,0),
X{ = 2z* =(0,1,0,0), X5 = y* = (0,0,1,0), and X4 = z# = (0,0,0,1). The transverse
projection operator A¥ = —XIXV = g"—utu” is used to project four-vectors and/or
tensors into the space orthogonal to u”. The notations AW) = %(A‘“’—l—A"“) and AW =
% (A" — A1) denote symmetrization and antisymmetrization, respectively. A% = AZEAaﬁ
where Al = A Ag) — A" A,3/3 is the transverse (to u) and traceless projector for second-
rank tensors. The four-derivative is 0, = 0/0x", D = u*0, is the convective derivative (the
time derivative in the comoving frame), V¥ = A#0, is the covariant notation for the spatial

gradient operator in the local rest frame, and 0 = 9,u* = V,u" is the scalar expansion rate.

II. HYDRODYNAMIC TENSOR DECOMPOSITION AND LOCAL MOMEN-
TUM (AN)ISOTROPY

In this paper we derive macroscopic hydrodynamical equations from an underlying clas-
sical kinetic framework. In the kinetic framework a central role is played by the one-particle

distribution f which obeys the Boltzmann equation

p"a,f = Clf], ()

where C[f] is the collision kernel. The classical Boltzmann equation is valid for sufficiently
dilute and weakly interacting many-particle systems: Apg > Ay where Ayg, is the par-
ticle mean free path and A¢, the thermal wavelength. The validity of the macroscopic

hydrodynamic approach is controlled by the Knudsen number Kn = 6\,5 < 1 where 6



is the scalar expansion rate, and by the inverse Reynolds numbers Ry' = |II|/Py < 1,
R;! = /7, /Po < 1, and Ry = /=V#V, /Ny < 1, where II, 7, and V# are the
dissipative currents (see below), and Ny and Py are the equilibrium particle number density
and pressure, respectively [4]. By making 6 small enough and preparing the system ini-
tially sufficiently close to local equilibrium, we can ensure the simultaneous validity of both
approaches. However, the macroscopic hydrodynamic approach (and the equations derived
here) remain valid even for strongly coupled systems where Boltzmann transport theory
breaks down, as long as Kn < 1 and R; ' < 1.

We define the average of a momentum-dependent observable a(p) at point x as (a)(z) =
[ dP a(p)f(x,p), with the Lorentz invariant momentum-space measure dP = d*p/ [p°(2m)?].
In the following we will suppress the x dependence of all momentum moments to simplify the
notation. The n-th moment of the one-particle distribution function is defined as I*1"#» =
(ptr---ptn). The particle current and energy-momentum tensor are identified as the first

and second moments of the one-particle distribution function,

jr=A(p"), T =(p"p"). (6)
We will always define the velocity field using the Landau prescription where u* is defined

by the flow of total momentum, by solving the eigenvalue equation
T v = Eur. (7)

Here &£ is the energy density in the local rest frame (Landau frame).

A. Expansion around an isotropic momentum distribution

For later comparison we briefly review the tensor decomposition of the particle current
and energy-momentum tensor in the locally isotropic case. We decompose the particle four-

momentum p* into parts parallel and orthogonal to u*,
' = Eu* _HDW7 (8)

where E is the local rest frame energy and p*) = A*p, reduces to the spatial momentum

in that frame. Then j# and T"” can be tensor decomposed as

3" = (Eyut + (p¥)
o )
T = (E*yu'u” + gN”(A“ﬁpam) + (pp”y
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where we have explicitly used the fact that

W) — o wow) L auw paB

p =P+ S AMA T papy (10)
The averages in Eq. @D are related to the macroscopic properties of the system by

N =(E), VI=(p¥»),

(11)
E=(E?), Po+1l= —%(Aaﬁpa pg), ™ = (plHp”).

Here N is the particle density and V# is the particle current in the local rest frame, £ is
the energy density in the local rest frame, Py is the thermodynamic pressure, II is the bulk
viscous pressure, and 7" is the shear stress tensor.

In local isotropic equilibrium the one-particle distribution function has the form

f(x,p) = folz,p) = (e’BE*a + a)f1 , (12)

where B(x) = 1/T(x) is the inverse local temperature, a(z) = p(z)/T(z) is the ratio of
the local chemical potential to local temperature, and a = =£1,0 corresponds to Fermi-
Dirac, Bose-Einstein, and classical Boltzmann statistics, respectively. For systems which

are slightly out of equilibrium, we can linearize f to obtain

f@,p) = folw.p) (14 fow,p)o(e,p)) | (13)

where ¢(x, p) describes the small deviation from local equilibrium. The factor fo=1-af,
takes into account quantum statistics. The expansion is strictly only useful for systems
that are close to equilibrium (i.e. |¢| < 1) and can be expected to fail to converge in far-from-
equilibrium situations. When f relaxes to fy, the entropy of the system is maximized and
entropy production ceases. Equivalently, irreversible thermodynamic processes are described
through ¢(x,p). We define the equilibrium particle four-current j#[fo] = j& and energy-

momentum tensor T [fo] = T4" by

j[l; = NOUM,

Téw = (80 + 730) uHu? — Pog“”.

(14)

4 We note in this context that even close to equilibrium the hydrodynamic gradient expansion may not
converge either [48].



These quantities can be expressed entirely in terms of the equilibrium thermodynamic prop-
erties of the system. By decomposing j* = j§ + dj* and TH = T4§" + 6T we see that
5" = (E)su" 4 (p*)s,
1 (15)
0T = (B*)suu” + SN (A% pq pg)s + (0"p")s,
where (---)o= [dP(---)fopand (---)s = (--+) — (- ) describe moments taken with the
equilibrium distribution fy and with the deviation from equilibrium & f = f, foo, respectively.
To define fj in Eq. we need conditions that fix the local temperature and chemical
potential in such a way that fy optimally approximates the non-equilibrium distribution
function f and minimizes ¢. These are the Landau matching conditions: N = Ny = (E)g
and £ = & = (E?);. These state that, by optimizing 7" and p in fo, f makes no residual
contributions to the local energy and particle density & and N: (E)s = (E?)s = 0. This
leads to
J* = mnout + V= jy + V*,

(16)
" = Egutu” — (Po + IT) A" + 7

where V# = (p))s, TI = —%(Ao‘ﬁpapﬂ)(;, and T = (pp))s.

B. Expansion around a spheroidal momentum distribution

We now repeat the above procedure for an expansion around a “local anisotropic
equilibrium” distribution function fus0(z,p) as in Eq. . In this work we assume
that in the local rest frame faniso(z,p) is azimuthally symmetric in momentum-space
((p2) = P2) = 3(P1) # (p2)). We rewrite the decomposition (8) in terms of the Cartesian

basis vectors in the local rest frame [14]:
P = But 4+ piX]' = Eut + poat + pyyt + p.2 (17)

where (E, p,,py, p.) are the Cartesian components of the four-momentum in the local rest

frame. This leads to

"= ") = () + (pi) X7,

(18)
™ = (php?) = <E2)u“u” + <pipj>XfX}/ + 2<Epi>X<(“u”)-

)
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The last term in T"” vanishes when we adopt the Landau definition for the fluid four-velocity
(i.e. we demand that there is no net momentum flow in the local rest frame). Similar to the
isotropic case, we use the expansion to split Eq. into its thermodynamical quantities

5

in “anisotropic equilibrium”® and additional irreversible quantities arising from ¢ f:

j'u = j:niso + 53#7

i (19)
THY — T:nyiso + 5T,uzz’
where [49]
jz!;niso = ju[fanjso] = <E>anisouM = Nanisouu7
3
Taﬁll/iso = T#V [faniso] - <E2>anisouﬂu’/ + Z<p12>aniszz"uX;/ (20>
=1
= ganisouuuy - PLAMV + (PL - PL) z”zV7
and
57" = (E)su” + (p;)s X",
6 5 (21)

0T = (E%)sutu” + {pip;) s X1 X} .

Here (- )aniso = [dP (+++) faniso and (- )5 = fdP(-~~)5f denote moments taken with
faniso and f , respectively. In Eq. we used the fact that f..s 1S a parity-even function
of p* such that (p;)aniso and (PiPj)aniso for @ # j vanish upon symmetric integration. The
final term in Eq. can be recast into a form similar to the isotropic Il and 7*" by using

pip; XEXY = pHipt) (22)
and Eq. . This yields
1
(pip)s X[ X} = S A (A py pg)s + (00p"); - (23)

As in the case of an expansion of f(z,p) around local equilibrium, we need matching con-
ditions that provide values for the parameters {(z) and A(z) which define the “optimal

anisotropic equilibrium distribution” faniso(z,p) in Eq. . We impose the generalized

5 Since AHYDRO is inherently a dissipative dynamical effective theory we need to define what we mean
by “anisotropic equilibrium”. Clearly, entropy production does not vanish when f = fainiso. The word
“equilibrium” in this context serves only to remind the reader of the fact that, in the isotropic limit, faniso

reduces to the local equilibrium distribution function fj.
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Landau matching conditions (E); = (F?); = 0, i.e. we demand that the effective tem-
perature A and the chemical potential p in fyuiso are chosen such that (for given anisotropy
parameter &, see below) § f makes no additional contributions to the energy and particle
densities in the local rest frame: uﬂéj“ =0 = uuéf‘“’ul,. The relation of the moments
Naniso(§,A) = (E)aniso (&, A) and Eaniso (6, A) = (E?)aniso(&, A) to the thermal equilibrium
particle and energy densities, No(T') and & (T'), will be discussed in Sec. [VII]

Putting everything together we obtain the anisotropic decompositions

j’u - Nanisouu + ‘7#;

T = ot — (Pu 4+ T) A - (PP L) 2427 4 7 = Tl — A 4 7, 2
with
Naniso = " = (E) = (E)aniso (25a)
V= A, = ()XY = (s XE = (), (251)
Eaniso = u, T, = <E2> = <E2>aniso; (25¢)
PL= 2 (B B = (PR eni (254)
Pr = (p2)aniso, (25e)
fl =~ (A%paps); (256)
7 = (php);. (25g)

The various pressure components can be obtained from the total 7" in by projection

as follows: The total isotropic pressure is obtained from
1
— gAWTW =Peq +11. (26)

It is the sum of the thermodynamic equilibrium pressure Peq(7"), which can be obtained
from the energy density through the equation of state (E0S) Peq(Eeq),® and the bulk viscous
pressure II. The appropriate “equilibrium temperature” T'(x) = T'({(z), A(z)) for a given
energy-momentum tensor at a given point z is fixed [49] such that E(7") matches the
“anisotropic equilibrium energy density” E.uiso from Eq. ): Eeq(T) = Eaniso(§, A) (Landau

matching). The total bulk viscous pressure II is thus calculable as

1
= =28, T = Peg(£), (27)

6 In the present work we ignore conserved charges and associated chemical potentials.

12



where £ = u, T"u,,, with u* being the time-like normalized eigenvector of T+ (see Eq. (7).
Applying this projection to the decomposition (24 we see that the bulk viscous pressure IT

can be written as
B 2P, + Py,
N 3

The total shear stress tensor is obtained from

11 — Peoq + I = Mapypro + 11 (28)

T = TW) = ARITP (29)

which, when applied to the decomposition , yields

A ~ RaVyty”—2202"
™ = (Pr—PL) < 3 —l—z“z”) + 7 = (PL—Pr) reTy g TE s
= WZIP/IYDRO + 7. (30)

Equations and split the bulk and shear viscous pressures II and 7 into terms
associated with the underlying phase-space distributions faniso— fo and é f through Egs. ‘o
g). This separation is ambiguous until we specify the anisotropy parameter () in faniso-

This requires an additional matching condition. We use our general expressions and

and compute

Ty +Yu Yy —22,2, o
2

Ty Yl —22,2,
2

1
(5 (xuxu‘i’y,uyl/) - ZMZV) ™ = PJ_ - PL +

= PL—Pr+ (p7)s. (31)

The matching condition for £ stipulates that this parameter should be chosen such that f, s

captures all of the pressure anisotropy Pr—P,,” i.e. that it receives no contribution from

§f and the last term in is zero:

Ty Yl —22,2, o Ty Yl —22,2, (o )
= = 0. 32
5 T 5 (p"'p")5 (32)

As a consequence, the pressure anisotropy can be extracted directly from the following

projection of a general T" tensor:

1
P, —Pr = (5 ( #xl,—l—yuyl,) — Z#Zl,) T, (33)

7 This is not always possible, though: no choice of £ in faniso can result in a negative longitudinal pressure
Pr, < 0 as it occurs e.g. in a color flux tube. In such a situation one would let £ — oo, thereby obtaining
Pr, — 0 from faniso, and still be left with a remaining nonzero contribution to the pressure anisotropy

Pr—P, from 7H".
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For the decomposition we need additionally the relation between (2P, +P)/3 and Peg.
Their difference defines the bulk viscous pressure in anisotropic hydrodynamics. For fixed
parameters A, u, and £ in fais0, this difference still depends on the particle mass and their
interactions. It thus can be thought of as an additional (non-equilibrium) equation of state
for a system in “anisotropic equilibrium” (“anisotropic EoS”) that embodies the reaction
of its pressure to a spheroidal deformation of its local momentum distribution, and which
depends on the assumed model for the many-body system, i.e. on the specific functional
form of faniso. For a gas of non-interacting massless particles (assumed in all applications
presented here) the difference (2P, +P)/3 — Peq [A9] and IT both vanish (see Sec. , and
so does the total bulk viscous pressure.

Let us summarize: Given an initial particle current j#(z) and energy-momentum tensor
T (x) (obtained, for example, as output from some theoretical description of the pre-
equilibrium stage of a heavy-ion collision), we determine the local flow velocity w*(z) from
Eq. by finding its normalized time-like eigenvector, compute the local energy density
& from Eq. ), the associated equilibrium pressure from the EoS P., = P(E), the pres-
sure anisotropy from (33)), the difference between (2P, +P;,)/3 and the thermal equilibrium
pressure Pe, from our model for fuso (or, more generally, from some “anisotropic EoS”),
and then solve Egs. — for 1 and 7. With Mo and V* from Eqs. (254 ,b) the
anisotropic hydrodynamic decomposition of j# and T™ is complete, and the further
evolution of the system can be determined by solving the VAHYDRO equations of motion.
These will be derived in the following sections.

For notational convenience from here on we drop the subscript “aniso” on N and &; N

and & continue to denote the local equilibrium values of these quantities.

III. VISCOUS ANISOTROPIC HYDRODYNAMIC EQUATIONS OF MOTION

In this section we derive the hydrodynamic equations of motion by taking the zeroth
and first moments of the Boltzmann equation. Taking moments implies multiplying by
integer powers of the four-momentum and integrating over momentum-space. This process

results in the following n-th (n > 0) moment equation:

8#1 <plt1 .. ,pun+1> — CHl"'H/n' (34)
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Here CH#n = C{*" where we have defined the n-th rank collisional tensors CH!Hr =
(E"pH - ptC[f]). The case n = r = 0 corresponds to the scalar C = (C[f]). It should be
noted that a vanishing C**"#» corresponds to a conservation law for the (n + 1)-st moment
of the one-particle distribution function, e.g. 9d,(p*) = 0 (conservation of particles) and
0, (p'p”) = 0 (conservation of energy-momentum). The equations of spheroidal anisotropic
hydrodynamics are derived in the following subsections in a general (2+1)-dimensional space-
time expansion subject to the constraint of longitudinal boost-invariance.

General parametrizations of the fluid four-velocity and the four-vector z* are obtained by

a sequence of Lorentz transformations applied to the local rest frame basis vectors [12 [14]:

u' = (ugcoshd, uy, u,, upsinhd) | (35)

2! = (sinhv, 0,0, cosh?) . (36)

Here u, and u, are the two transverse components of the fluid four-velocity in the longi-
tudinal rest frame, and 9 is the longitudinal fluid rapidity. The normalization condition
ufu, = 1 implies that

up =1+u? . (37)
We denoted the two-component vector in the transverse plane as u; = (uy,uy,). In heavy-
ion collision phenomenology it is convenient to transform to Milne (7-¢) coordinates where
7 = /12 — 22 is the longitudinal proper time and ¢ = tanh™' (z/t) is the space-time rapidity.
This coordinate system is particularly well-adapted to longitudinally boost-invariant systems

where 9 = ¢; the necessary differential operators then reduce to [9, [14]
DZU”@NZUO&—%—UL'VL,

U U
0= 0" =0ug+V, -u +—=0, +—,
T T

0)
DL = z”&u == s (38)
T
O, = 0,2" =0,
u,Dp2" = u,2"0,2" = o )
T
A. Zeroth moment of the Boltzmann equation
The zeroth moment of the Boltzmann equation gives
0,5" = DN + N0 +0,V* =C, (39)
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where we used the relationship (24). For theories where only elastic processes are important
we have particle number conservation (C = 0). However, in non-equilibrium quantum field
theories inelastic processes become important [50H53], which means that there is particle
production/annihilation; in general, there must then be a non-vanishing source term, C # 0.
It should be pointed out that net baryon number is conserved, but there is gluon production
so if f is the gluon distribution there is no conservation of gluon number. Denoting the
action of the local time derivative D by a dot, Eq. can be written as an equation of

motion for the rest frame particle density N:

N=-NO-09,V'+C. (40)

B. First moment of the Boltzmann equation

The first moment of the Boltzmann equation is equivalent to the requirement of energy-
momentum conservation: 9,7 = 0. With the viscous anisotropic hydrodynamic decom-

position of T given in this conservation law yields

0,T" = u’D(E+PL+IL) + u”(E+PL+II + (E4+PL+IT) Du” — 8" (P +11)
+ 2D (PL=P1) + 2" (PL.—=PL)0L + (PL—PL)Drz" + 9,7 = 0.

(41)

Projecting these four equations on the fluid four-velocity yields an equation of motion for

the rest frame energy density &:
u, 0, T" = & + (E+PL+I)0 + (PL—PL)u, D" + u,0,7" = 0. (42)

The projections A®,0, T transverse to u yield equations of motion for the fluid four-

velocity ut:
A% 9, T = (E+PL+IDu® — V(P +I1) + A% 9,7 (43)
‘f‘ZaDL(’PL_,PL) + z”‘(PL—Pl)GL + (/PL—'PL)DLZO( — (,PL—’PL>UQUVDLZV =0.
In addition to the spatial pressure gradients in the second and third term on the right hand
side, which represent the standard hydrodynamic force including viscous corrections from

) f , we note the appearance in the second line of additional driving terms proportional to

the pressure anisotropy Pr,—7P, introduced by the momentum-space deformation in f, .

16



Equations and are the fundamental equations of relativistic viscous anisotropic
hydrodynamics. Due to the normalization condition u*u, = 1, one of the four equations

in is redundant. We can thus ignore the a=0 equation in (43]). For longitudinally
boost-invariant systems (see (38)) Eqgs. and simplify to

(c/" -+ (5+PJ_+1:[)9 + (PL_,PJ_>% + u,,é?ufr“” =0,

(E+P LTty + Oy (PLATT) + up (P +11) + (P L—PL)uOTu”” — AYOhR,, =0, (44)
(E+P L+t + 0, (PL+TT) + uy (PL+1T) + (P —Pp) " — A%9M%,, =0,

where dots denote the operation D = uy0- +u, - V1, and we substituted V,, = 9, — u,D
in the last two equations. These viscous anisotropic hydrodynamic (VAHYDRO) equations
differ from the anisotropic hydrodynamic (AHYDRO) equations given in Eq. (2.47) of Ref. [14]
only by the terms involving the additional bulk and shear viscous pressure components I
and 7. Some additional rearrangements, using the definition of the velocity shear tensor

o = Vi) yield the following three equations of motion:

£ =—(E+PL)0, — (5+73L)% — 10 + 75,

- . R AL A?
(E—FPL-FH)I'LL = —al(PL—i—H) — UL(PL—FH) — UL('PL—'PL)% + (M) @,ﬂ?‘w,

Uy
Uy 0, T —u, 0, 772

(E+P +1uy ¢y = =D, (PL+II) —

. (45)

Here u, is the magnitude of the transverse flow vector uy, ¢, = tan™'(u,/u,) its azimuthal

direction, and we used the following shorthand notation:

u -V o
VJ—E(aI78y)7 aj_:¥, DL:Z'(ULXVL):

Uy Uy

Uz 0y — uy(“)x. (46)
The first equation expresses energy conservation; we rewrote the last term using the
transversality of 7, A# 7 =7 < u, 7" =0. The second and third equation in
are obtained from the linear combinations (u3 Al +usA2))0,T" and (usA',—uy A%)0,TH,
respectively, and describe the transverse dynamics.

The system of equations and is not closed. To close it we need the equations
of state that give (i) Peq in terms of the energy density £ and (ii) P, in terms of the
equilibrium pressure Py, as well as additional evolution or “transport” equations for the
dissipative flows V*#, II, and 7. To derive the latter we begin in Sec. with a general

expansion of the distribution function around “anisotropic equilibrium”, followed in Sec.
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by a derivation of the evolution equations for the dissipative flows. We then close the set

of equations for the desired dissipative flows by performing the 14-moment approximation

scheme in Sec. [V

IV. EXPANSION OF THE ONE-PARTICLE DISTRIBUTION FUNCTION
AROUND AN ANISOTROPIC BACKGROUND

A. Leading-order ansatz

In this paper we consider systems that are, to leading order, spheroidal in momentum-
space in the local rest frame. This is accomplished by introducing an ansatz for the leading-
order one-particle distribution function in the local rest frame (LRF) with two different

effective temperatures in longitudinal and transverse directions:

2 2 2
f=h<¢@£¥£+%>. (47)

We now define dimensionless parameters \; € (0,1] (i =L,]|) such that A; = \;A where A

is the effective temperature of the partons. A family of concentric spheroids is defined by

surfaces of constant , )
p:t+p, P

)\2

where p,, p,, and p, are the Cartesian LRF momentum components. The semi-axes of the
spheroid have lengths of Ay A, A1 A, and AjA. Without loss of generality we let A; = 1. The

quadric surface
vi+p,  pt .
Yo e T

(49)

can be parameterized in terms of spherical coordinates by: p, = Asinficos¢, p, = Asinfsing,
and p. = AjAcostl. (For fixed A, A generates a confocal family of ellipsoids of revolution.)

The Jacobian for this coordinate system is
J()\, (9, d); )\H) = )\\\)\Zsine . (50)

For massless particles, the momentum-space integration measure becomes

1 &p 1 \ NdXd(cosO)dp N
(2m)3 E,  (2m)3 | \/)\2 sin? 9+)\ﬁ)\2 coszg  (2m)°

d(cos0)

dP =
\/sin2 ¢9+)\ﬁ cos2 0

A\ do

. (51)
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The momentum dependence of a spheroidal distribution function can thus be
parametrized by two degrees of freedom, A and Aj. Writing /\ﬁ = (1 +&)~! one obtains
the Romatschke-Strickland (RS) distribution function [I§]

VP71 +(14+E)pi+m? ﬂ) | (52)

fRS(xvp;§7A7/JJ):fO< A 7K

where fy has the same functional dependence as in local thermal equilibrium® and &, A, and
fi are all functions of z.°

This can be written covariantly as
frs(z,p; &, Brs, ars) = fo <5RS(SU) PHEw (2 €)pYs OCRS(I)> = fo(BrsErs—ars),  (53)

where frs = 1/A, ars = [i/A, Ers = /p'Z,pY, and Z,,, is an z-dependent symmetric

tensor given by
= (2:6) = w0, (&) + ()7 (2)2 (@) (54)

For later convenience, we introduce (p = frsy/P'Ep” —ars and then consider small devi-

ations 6¢ = (—(y. We can then formally expand f in a power series
= 1
F(Q) = folGo) + D £ (60) (50)" ; (55)
n=1 """

the first term is the “anisotropic equilibrium” RS function while the second term is a series
expansion for the full § f which determines the dissipative currents V#, II, and 7 in Eq. .
We can also expand around local thermal equilibrium by expanding in deviations from
Yo = Puup” — a:
- 1 n n
P ) = Jolwo) + D~ — 15" (o) (3y)" (56)
n=1

Now the first term is the local equilibrium distribution, and the sum is a series expansion

for the full 6 f which determines the dissipative currents in Eq. .

8 Later in this paper we will set the particle mass m to zero. Then the specific functional dependence of
fo on the LRF energy is mostly irrelevant for our theory, since it enters only through the thermodynamic

integrals below whose actual values factors out in the present work.
9 Since we propose to incorporate bulk viscous corrections perturbatively, it is not necessary to incorporate

them in the leading-order distribution function as originally proposed in [14]. As a result, we can take ®
in Sec. 21 of [14] to be zero.
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Equating T" from Eq. and Eq. we find
ahxt4ytyr 2212

o — T = ('PL—'PL) 3 ) (57>
Mm-1= %—Peq.

These relate the series expansions and . For massless particles both terms on the
left hand side of the last equation are zero, and so is the right hand side; it thus yields no
information. The first equation in , however, will prove useful in deriving the evolution

equation for 7.

V. EQUATIONS OF MOTION FOR THE RESIDUAL DISSIPATIVE FLOWS

We now use the Boltzmann equation for ¢ f to derive exact evolution equations for the

residual currents I1, V* and #* [4, 36]. Starting from their kinetic definitions one finds

~ 2 ~

= —%D/chSf, (58)
Vi = ARD / AP p™)6f | (59)
T = AMD / dPpep?5f . (60)

Moving the convective derivative D = u - 0 on the right hand side under the integral, we

see that it acts nontrivially on £ = p - u(x), the projectors Ayrv implicit in the definition

of p - .- p* (which also depend on u(z)),'* and the residual distribution function § f (x,p).
This last term, D(6f) = 0, is obtained from the Boltzmann equation Eq. (5 which can be

written in the form

5f = —frs — é(ﬁ'v(fRs+5f) - C[f])- (61)

Substituting this together into the expressions Eq. — one obtains the following equa-

tions of motion:

3

m2

2 . - ﬁ s . - - -
II—-C_y = PrsJo0,1 + %Sfjo,o,_l — arsJo0,0 + (Io,l,o — I0,0,0) 0

— (i'iZQ’O’O - jjfmz()’o) ZMZVO'MV — 1:[0 — VH <E_1p<'u>>g — <E—2pupy>5 VMUV;
(62)

10 Gince derivatives of u are orthogonal to u, derivatives of Ay (which is a purely space-like projector)
always contain factors pointing parallel to u; therefore all these terms get annihilated by the space-like

projector AL L% in front of the integral in .
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‘7<P’> 1 — BRSj] _1XMXV'U,V + j o0 1X7:MX‘;/VV5RS 4 2B ﬁRS

ST XXV L€
— Brs€ TG A XU XXV, 20 — jifl,o,oxg‘xgvyam

— VAVt — Vi — AhV 3 <E_1p<"‘>p<5)>5 — <E_2p<“>papﬂ>g Vaug, (63)

) _olm) _ g ( joi,Jm X Xj”) AW j2’171> s < i o x X;») N 7170>
- 5Rsf ( o”okz 1 (MXV)XA + AT o1 _12A) () +u*Viyzq)
+ s (T XX KUK + AT L XXE) Vg

5 ~ v _
37?“”9 - 27T/<\M VA | 27T<“ YA 4 9llgH — ARV A (E 1p<o‘>p<ﬂ>p<)‘>>8

_ <E—2p<upl/>p<a>p<ﬁ> >S Vg . (64)
These equations involve the generalized collision terms [4]

Cﬁ“l'"’w _ /dPErpwl .. .pM£>C[f] , (65)

with 7 = —1. Here " is the velocity shear tensor defined earlier, w" = VWu"l is the

vorticity tensor, and we introduced the following auxiliary thermodynamic functions (with

ERs defined in Eq. ):

i1ty (_1)q n—2q T af q
Iiie RECTE dPE" * Efg (A paps)” piy -+ - Dipfrs »

(=1) g r (Ao .
(2q + DI dPE""* Eps (A paps)” piy - pigfrs frs -

Closing this system of equations requires an approximation for ¢ f in order to evaluate the

terms (- )5 on the r.h.s. of Egs. (62)-(64). This step will be described in the next section.

(66)
NATREES

We point out that the standard evolution equations for the irreversible currents do not
involve time derivatives (in the comoving frame) of the hydrodynamic fields. We can ensure
this here, too, by replacing the time derivatives cgs, BRS, and u” appearing on the r.h.s. of
Eqgs. . 64]) by spatial gradients, using the equations of anisotropic hydrodynamics (4
, and . The only difference between the derivation of the equations of motion for
the irreducible moments II, V*, and # defined here and that presented in [36] for the
corresponding irreducible currents II, V# and 7" that arise in the expansion around

local equilibrium is the occurrence of the spheroidally deformed distribution frg instead
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of the equilibrium distribution fy on the right hand side of the Boltzmann equation .
This modification is responsible for the occurrence of the factors Erg in the integrands of
Eq. , and of the factors frg and agrg in the equations of motion. Note that for massless
particles the spheroidal deformation effects in frg can be factored out from the integrals

, the remainder being given by the standard equilibrium thermodynamic integrals (see

Eqs E2)) and (E3] . For details of the derivation of Eqgs. — we refer to Appendix .

VI. THE 14-MOMENT APPROXIMATION
A. Truncation procedure

We here use the 14-moment approximation of Grad [I] and Israel and Stewart [3]:

5
f~ =a— /Bupu + wm/pupy
Jrsfrs (67)

w v v
=a—BE+ E*w — gA“ PuPy + (2Ew<u> — U(u)) p<“> + w<W>p<“p ) ,

where 8 = ftu, and w = w"uu, = —w" A, are scalars, v = B and wi = wWﬁuB
are four-vectors orthogonal to u#, and w*) is the traceless and locally spacelike part of w"".

Inserting Eq. into the definition (21)) of the residual dissipative flows we find

O:aj10_6j20+w(\730+\731)+wlw)p107 (68)
():aj20—6%0+w($10+$11)—|—w,“,>p20, (69)
= Oéjz,l - 6js,1 + w (ﬂ 1+ 3 j4 2) + w W)Pgo ) (70)
Vi = 20 FRXIX — v Tl X“X” (71)
0 = 2wy Top XI XY — v XX (72)
7 = CVSO%B - 5@% (@41 + s ) + /\aﬁuvww ] (73)

where the first two equations are the constraints from employing the Landau matching
conditions (E); = (E?); = 0 and the Lh.s of Eq. is zero due to the definition of the
fluid velocity in the Landau frame which states that (Ep'*) = 0. The auxiliary tensors Pha

and gpaﬁ are defined as

A (i (74)
e (2q + 1)” 7 TrT « TTT o
‘Png = (Tjnq T Yn—-24-1 A g + < n—2,q—1 jn—?,q—l) z Zﬁ : (75)
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The “anisotropic thermodynamic integrals” with two subscripts are defined by jﬁ}lw =

. We can express the parameters occurring in the second line of Eq. 1) through the
dissipative flows by inverting the relations -. To decouple equations and

is straightforward:

ot = BV, wh = BV, (76)
Here, using the shorthand notation f)jllq” = j,fillé ZSZ— (j,i}l'"”)Q,
B = N et P (77)
D Div  Dib
B = ZOamw (210 L0 (78)
Db Div  Dig
Equations — and are written in matrix form Ab = ¢, where
jl,O —jz,o ja,o + ja,l 0 0 0 0 0 P10
j2,0 —js,o j4,0 + j4,1 0 0 0 0 0 P30
j2,1 —j?,,l j4,1 + §j4,2 0 0 0 0 0 2%
G e e el A0 0 AR g e
A= 0 0 0 0 2A22 0 0 0 0 (79)
0 0 0 0 0 2ABB 0 0 0
P —¢E e AU 0 0 Mo
0 0 0 0 0 0 0 2B 0
G e eEtel AI® 0 0 A o N
T
b= (04 B w wy wiz Wiz Way Wa3 w33> 5 (80)
. T
Cc= <0 0 II 71 Tig T3 T2 To3 7~T33> . (81)
Matrix diagonalization yields
a = Ap I+ A7,  B=Angll+ A7, (82)
w = AnlI+ A" 7, W = C T+ (Crw) ™™™ Fap ; (83)
the coefficients A, Aff,, etc. are listed in Appendix . Defining further
4 1
An = Ao — AngE + gAHwEQ - §«4me2 ; (84)
174 174 14 4 14 1 v
N = AR = AGE S ATLE = S AT (85)
/\/‘j]/ = ZEBZL)V - Bgz/ ) Aﬁy = CI,L_}Z) ) )‘:B#V = C?ﬁ#l’ ) (86)
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we write the distribution function expanded around an anisotropic background in the 14-

moment approximation as

f=frs+ [Anf[ N+ NV pg + (A“”H + Wa%g) PPy } s fas | (87)

where A, M7 NN and AP# are all functions of u-p, ags, frs, and &. For a locally
isotropic medium, the tensor structures of M/ and A**? have the form of a scalar multiplied
by the (isotropic) basis tensors A* and A#* while ¥ and Af{" vanish identically. The
coupling to V# and 7 is more complicated here than in the isotropic formalism due to
the local breaking of rotational invariance at leading-order. This symmetry breaking also
manifests itself in an additional scalar contribution to & f involving the shear stress tensor
7 and a rank-two tensor contribution involving the bulk viscous pressure IT (“bulk-shear

couplings”).

B. Equations of motion

The evolution equations for the dissipative flows II, V*, and #* can now be obtained by
inserting the closed form of the single-particle distribution function into the expectation
values (---); on the r.hus. of the equations of motion (62)-(64). After some algebra the
relaxation equation for the bulk viscous pressure takes the form

_%ﬁ —C W B0+ B — IO — N VT, — 78T,
— S TIV 1, — TapOle®V
Similarly, we obtain from Egs. and
Vi = Wy zn YA — TR — 4T — T — 6T,V g
HOEPNT g + To R (89)
Tl = C<_“1V> +JCHY 4 LH 4 HPN () + u®Vaza) + QY g
_gﬁw(g _ Qﬁﬁﬂgv)x\ + 27r<“ DLNY s P
— 0N GV — TV — TISA Vg — 08P 50\ Vg, (90)
The dissipative forces W, Z* etc. and transport coefficients M., 7i, etc. appearing in

Egs. , , and are tabulated in Appendix E Cl We note that the tensor coefficients

QM2 and HM* are related to the shear viscosity since they couple to derivatives of the
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fluid four-velocity.!! In an anisotropic plasma the coefficients multiplying the longitudinal
and transverse gradients of the fluid four-velocity can be different, implying that there could
be two different shear viscosities. This has been pointed out in other contexts, see e.g.
the discussion in [54]. It is relatively straightforward to show that in the isotropic limit,
& — 0, the transverse and longitudinal shear viscosities are the same. In fact, all of the
transport coefficients controlling the evolution of the residual dissipative flows arising from
) f have a tensorial structure that can be decomposed into a transverse and longitudinal
part. The former differ from those in [4] since they are expressed in terms of the “anisotropic
thermodynamic integrals” involving frs instead of the equilibrium distribution fj, while

the latter vanish in the isotropic limit.

VII. THERMODYNAMICAL QUANTITIES IN “ANISOTROPIC EQUILIB-
RIUM”

We have already mentioned that we will consider macroscopic properties arising from
moments of frg as “thermodynamic” in nature, although they do not describe an equilib-
rium state. They gain a standard thermodynamic interpretation in the ¢ — 0 limit. For

completeness, we restate the particle current and energy-momentum tensor:

g
JRS—NUH7

T{{g = (5 +'PJ_)UMUV —Pig" + (PL - PJ_)ZMZV .

(91)

This is the energy-momentum tensor for LO azimuthally-symmetric anisotropic hydrody-
namics [12, [14]; it contains the limit of ideal hydrodynamics for & — 0. Connecting the
“anisotropic equilibrium” quantities with moments of frg and assuming a gas of massless

particles one finds that these quantities can be factored [8]:

N(A,€) = (E)rs = Ro(§) No(A),

E(A,€) = (B*)rs = R(&) &(N), (©92)
PL(AE) = (7 )rs = RL(E) Po(A),
PLA, &) = (i )rs = Ri(€) Po(A).

11 The four-vector z* is an implicit function of u* since in frames other than the local rest frame it is obtained
by a Lorentz boost by u*.
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We note that masslessness is the only assumption needed for this factorization. All
anisotropy factors R; are normalized such that they approach unity in the isotropic limit
¢ — 0. The second factors Ny, &, and Py are the isotropic thermodynamic properties of
the system which only depend on the functional form of fy in Eq. (52). Matching the en-
ergy densities & (T) = £(£, A) as described above Eq. leads to the “dynamical Landau
matching” condition T = RY*(£)A for the corresponding local equilibrium temperature [g].

The function Rq simply arises from the differences between the spheroidal and spherical

Jacobian factors in momentum-space:

1
The R function is given by
0O 2
R(E) = Ro(€) / % sin?0 + ij ; (94)

and has a simple geometric meaning: It is the normalized surface area of a unit ellipsoid
rotated around its minor axis, with semi-axes 1 and (1 + &)~'. All of the R functions in

Eq. can be computed analytically [49, [55]:

B 1 1 arctan /& .

RO =3 (e + ) (954)
_ 3 (1+(E-DR(E)

Ri(§) = % ( 1 ) : (95h)

Rul€) = ¢ ((f“éﬁ(? = 1) - (950)

Since it was possible in anisotropic equilibrium to factor out the deformation effects from
the local equilibrium properties & and Py, it is easy to implement the equilibrium equation

of state (EoS) Py(&). In this paper we consider a conformal massless gas for which an ideal

EoS & (A) = 3Py(A) is the appropriate choice.

VIII. DYNAMICAL EQUATIONS OF MOTION FOR THE ANISOTROPIC DE-
GREES OF FREEDOM

With the RS form as the underlying LO distribution function, it is convenient to evolve
the system in terms of the kinematical parameters & and A, rather than P, and Pp. In the

remainder of this paper we deal with a gas of massless particles, such that the factorization
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of Eq. (92)) is valid. In this situation the bulk pressure vanishes (I = Ilgg = II = 0). For
simplicity, we consider the case of zero chemical potential'? and set V¥ ~ V(u/T) = 0.
In the following we will use the relaxation time approximation (RTA) for the scattering
kernel,
Clfl=-Tp-u[fP; A&~ follpl; T)]. (96)
where I' is the relaxation rate, which is assumed to be momentum-independent. With this

collision kernel, we now derive the explicit form of the equations of motion in RTA for

(241)-dimensional boost-invariant second-order anisotropic hydrodynamics.

A. Zeroth moment of the Boltzmann equation

The scalar collisional moment that is needed on the right hand side of Eq. can
be written as C = I' ((E)rs — (E)o). Using the factorized expression for the particle
number density A in Eq. (40), the relation A/(A) ~ A® for massless particles, and the Landau
matching relation 7 = R'Y*A, one can rewrite Eq. in terms of the RS parameters A
and ¢ as [§]

3 A N /
TrE O W= (1— VIHER? 4(5)). (97)

Since we set V# = 0, this agrees with the corresponding equation in AHYDRO [8].

B. First moment of the Boltzmann equation

We now use Egs. to rewrite the energy-momentum conservation equations in

terms of evolution equations for £, A, and the flow velocity:

. A 1 1 uy o
R R—=—R+=R, )0, — | R+=R; | — it 98
SHARY <+BL)L <+3L)T+60<A>’ (982)
0 A . A
BRAR.Jiy = ~RLOLE — 4R == — uL( ;5+4RLK>
U 3 u A, + uy,A?, o
UJ_(RJ_ RL) - + SU(A) ( . 8M7T 5 (98b)
: DA 3 U, 0,7 — u, 0,72
— _R'D E—4 _ yOu A '
BR+R [ Juyidy, R\D.§—4R, A 50(/\)( . (98c)

Here all R functions depend on &, and primes denote derivatives with respect to €.

12 The case of finite net baryon number, which requires a nonzero baryon chemical potential, has been
considered in the context of leading-order (0+1)-dimensional AHYDRO in Ref. [16].
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C. Evolution equation for 7#

Equation will close the system of VAHYDRO equations. The relaxation time approx-
imation for the collision kernel gives

) = 1A / dP p°pP(f—fo) = —T A / AP ppP S f = kv, (99)

where f—fy = 0f gives rise to 7 rather than the anisotropic shear tensor 7. Equa-

tions and give
T = (T — TW) + 7 (100)

which lets us replace 7*” by 7. Using the matching relation 7' = RY*(¢)A and the EoS
Eo(A) = 3Py(A) to express T} in terms of Py(A) we find
Trs = To" = [(R(§) = RL(§) A" + (R(§) — RL(E)) 22" Po(A). (101)
Using these ingredients, as well as the identity [56]
F0o) = APEROB = D (AMRY) — g Al = 7 4 2,70 P (102)
to rewrite the left hand side of Eq. , the evolution equation for 7 becomes
T = =27 — F[(P(A,g)—PL(A,g))A“” + (PL(A, &) =PL(A,€)) 242" + frW]
FICH + LM 4+ HPA () 4+ uVazg) + QY yu, (103)

5
—g T~ 27N 4 27N — §rraB g (T g,

where, as announced above, we neglected terms coupling the shear stress to II and V*.
Equations , , and ([103)) are the main analytic results of this paper and define the

VAHYDRO framework for massless systems with longitudinal boost-invariance.

IX. APPLICATION: (0+41)-DIMENSIONAL EXPANSION

In this section we present and solve the boost-invariant VAHYDRO equations for a sim-
plified situation without transverse expansion. For transversely homogeneous systems un-
dergoing boost-invariant longitudinal expansion, the Boltzmann equation (5) with an RTA
collision kernel can be solved exactly [46] [47, [57], and this can be used to determine

the efficacy of various approximation schemes. The transport coefficients to be used in
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the different hydrodynamic approximations can be related to the RTA relaxation rate I' by
matching to the exact solution at asymptotically late times when the system approaches
local momentum isotropy (§ — 0). Since in this application we assume that the system
consists of distinguishable massless particles (Boltzmann statistics), the thermodynamic 7

and J integrals in Eq. are identical.

A. Reduced (0+1)-dimensional VAHYDRO equations

In the situation just described there are no transverse derivatives, the comoving time
derivative A = DA simply becomes dA/dr, and the shear stress tensor 7 is fully defined
by a single non-vanishing component 7 = 72 = —7**: at =0, 7, = diag(0, —7/2, —7/2, 7).

Eqgs. and simplify to

‘ A2
& 65 = +2r (1 - \/1+§R3/4(§)) ,

1 T

NN

A X (104)
RIEE+AR(E) =~ (R(é) + 5&(5))

In this case, Eqs. (98b]) and (98c| for the transverse flow velocity become redundant, and
the evolution equation (103|) for 7 becomes (after some algebra)

7= —r[(R(g)—RL(g))PO(A) +ﬂ —A(é‘)g
A 1+¢ &

+4| T (RUO —R©) + (T2 = 3) BREHO —RI(©) |[Po(d), (105)

where R** and R7* are given in Eq. and A\(¢) is defined in Eq. . We now proceed
to solve the three coupled equations and .

In Eqgs. and all dissipative transport effects are controlled by a single para-
meter, the relaxation rate I'. It entered these equations through the collision terms C and
Ci“lw in Eqgs. and . The specific way in which I" influences the viscous anisotropic
hydrodynamic evolution is thus a consequence of the relaxation time time approximation
for the collision kernel. We will compare the results from the VAHYDRO equations
and with the exact solution of the Boltzmann equation for the same system, which
is described in Appendix . Comparison of the collision kernel assumed in Eq. with
the one used to derive the VAHYDRO equations , leads to the identification 7., = 1/I.
This is consistent with the asymptotic behavior of the local energy density £ = R(£)E(A)
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at very late times when the system becomes locally isotropic in momentum space, & — 0.
Expanding the VAHYDRO equations (104) and (105) around & = 0 for fixed I', using the

asymptotic time-dependence of £ to eliminate £ in terms of 7 [§], one finds

) D 16 1 5
lim £(7) = (1———+0(¢ )), (106)
which for I' = 1 /7., agrees with the exact result (F'5)) from the Boltzmann equation.

In other viscous hydrodynamic approaches the dissipative effects are typically character-
ized by a different transport parameter, the specific shear viscosity 77 = n/S, where S is the

13

entropy density and n the shear viscosity."> To compare our new VAHYDRO approach to

other approaches in the literature, we translate I" into 7 using the relationship

4
n = g eqPO (107)

obtained in [36] for a massless Boltzmann gas, by taking moments of the Boltzmann equation

expanded around an isotropic local equilibrium state (see also the discussion in Sec. VII of

Ref. [47] where this result is obtained without moment expansion). All approaches will be
compared at the same value of 77, using

1 T V4(EA

Note that this second-order matching no longer contains the factor of two encountered in

leading-order AHYDRO where one found I'ypypro = 2/7eq [8]. As expected for a conformal

(massless system), for fixed specific shear viscosity the relaxation rate I' is proportional to

the thermal equilibrium temperature of the system.

B. Pressure anisotropy

We initialize the system with a Romatschke-Strickland distribution function having initial
conditions T, = 600MeV and 7y = 0 at 79 = 0.25fm/c. At this initial time we take
different values &, for the initial momentum-space anisotropy parameter &. In Fig. [I| we
plot the pressure ratio, Pr, /P, for four different values of the shear viscosity to entropy ratio

47n € {1,3,10,100} (rows) and three different initial momentum anisotropies corresponding

13 Remember that we ignore heat flow V# and consider massless particles, hence the heat conductivity and

bulk viscosity are zero.
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FIG. 1: Ratio of the longitudinal to transverse pressure for 477 € {1,3,10,100} (rows) and &y €
{0,10,100} (columns). The black solid, red short-dashed, blue dashed-dotted, and green long-
dashed lines are the results obtained from the exact solution of the Boltzmann equation, NLO
anisotropic hydrodynamics (VAHYDRO), LO anisotropic hydrodynamics (AHYDRO), and third-
order viscous hydrodynamics, respectively. The initial conditions in this figure are Ty = 600 MeV,

7o =0, and 79 = 0.25 fm/c.

to & € {0,10,100} (columns). The black solid, red short-dashed, blue dashed-dotted, and

green long-dashed lines are the results obtained from the exact solution of the Boltzmann
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FIG. 2: The same results as in Fig. but now plotted as ratios of the approximations to the

exact (Boltzmann equation) result. An additional set of purple dotted curves shows results from

second-order viscous hydrodynamics [4, [36] (41, 42].

equation, viscous anisotropic hydrodynamics (VAHYDRO), LO anisotropic hydrodynamics

(AHYDRO), and third-order viscous hydrodynamics [43], respectively. One sees that in all

cases shown VAHYDRO is very close to the exact solution. It is closer to the exact solution

than the leading-order AHYDRO. For 471/S < 10 the third-order viscous hydrodynamical
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equations of Jaiswal [43] reach similar accuracy as VAHYDRO, but for the extreme case of
47 /S = 100 third-order hydrodynamics begins to break down whereas VAHYDRO continues
to perform well.

In order to more accurately assess the relative precision of the different approximations, in
Fig. 2l we plot the ratio of the various approximate results to the exact result for the pressure
anisotropy for the same cases shown in Fig. [Il We additionally include the corresponding
approximate result obtained by using the second-order viscous hydrodynamic equations of
Denicol et al. [4, 36, 41] as a dotted purple line. The black line in all panels is a visual
guide for the reader, indicating the exact solution of the Boltzmann equation. Once again
VAHYDRO is seen to yield the best overall approximation in all situations, with third-order
hydrodynamics a close second for sufficiently small specific shear viscosities. We also point
out that, among the approximations explored here, the second-order viscous hydrodynamic
equations of Denicol et al. which were shown in [36], 46] [47] to work better than Israel-Stewart

theory, provide the poorest approximation to the exact solution, in all cases studied.

C. Effective temperature

As another measure of accuracy of the various approximations, in Fig. [3] we plot the
effective temperature scaled by the value obtained from the exact solution of the Boltzmann
equation, for the same parameter sets as in Figs.[IJand 2 One sees that all approaches shown
give quite accurate approximations to the effective temperature, with errors not exceeding
~ 5.5% over the entire parameter range shown. Once again, however, VAHYDRO outperforms
all other approaches, especially for large initial anisotropies &, while second-order viscous

hydrodynamics (DMNR [41]) provides the poorest approximation among those shown.

D. Particle production

In Fig. 4 we plot A,, = (7yn(1y))/(7on(10)) — 1 which measures particle production by
viscous heating. Here 74 is the freeze-out time, defined by when the effective temperature,
T o< EY*, drops below Ty = 150 MeV. For this figure, we used an isotropic initial condition
with & = 0 and Ty = 600 MeV at 75 = 0.25fm/c. Physically, the particle production
A,, should to go to zero in the limit of ideal hydrodynamics (n/S — 0) due to entropy
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FIG. 3: (Color online) The effective temperature scaled by the value obtained from the exact

solution of the Boltzmann equation for the scenarios and approximations shown in Fig.

conservation, and in the free-streaming limit (/S — oo0) due to lack of interactions (this

can be seen by the fact that in both the free-streaming and ideal fluid limits, the particle

density drops like 1/7 in (0+1)-dimesional expansion). This figure shows that the anisotropic

hydrodynamic framework reproduces the correct asymptotic behavior for this quantity as

n/S — oo, whereas both the second- and third-order viscous hydrodynamic approaches

produce large amounts of additional particles in this limit. While LO AHYDRO describes the

7 — oo trend qualitatively correctly, it falls short quantitatively. The VAHYDRO approach,
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FIG. 4: (Color online) Particle production measure A, = (7¢n(7¢))/(170n(70)) — 1 as a function
of 47n/S. The black points, red dashed line, blue dashed-dotted line, green dashed line, and
purple dotted line correspond to the exact solution of the Boltzmann equation, viscous anisotropic
hydrodynamics, LO anisotropic hydrodynamics, third-order viscous hydrodynamics, and second-
order viscous hydrodynamics, respectively. The initial conditions in this figure are Ty = 600 MeV,

& =0, T =0, and 79 = 0.25fm/c. The freeze-out temperature was taken to be Ty = 150 MeV.

on the other hand, is seen to reproduce the exact result with impressive precision for all

values of the specific shear viscosity.

X. CONCLUSIONS

In this paper we derived the dynamical equations for viscous second-order anisotropic
hydrodynamics (VAHYDRO) by considering a general expansion of the one-particle phase-
space distribution around a locally momentum-anisotropic background. The leading-order
term in this reorganized approach was assumed to be of spheroidal form, and deviations
from this form were expanded perturbatively in terms of the residual moments. The evo-
lution equations for the dissipative flows were derived from their kinetic definition. This
set of equations was then truncated by using the Grad-Israel-Stewart 14-moment approx-
imation scheme which allows one to express the distribution function entirely in terms of

the macroscopic fluid-dynamical fields. By taking moments of the underlying microscopic
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kinetic theory provided by the Boltzmann equation, the fundamental equations for (2+1)-
dimensional anisotropic hydrodynamics were obtained in terms of the thermodynamical and
macroscopic quantities of the system. For a boost-invariant system of massless degrees of
freedom, these equations were then be reformulated in terms of the kinematical parame-
ters of the system: the anisotropy parameter £, the effective transverse temperature A, and
the transverse components of the fluid four-velocity. They were supplemented by evolution
equations for the viscous stress tensor 7, which were derived from the dynamical evolution
equations for the moments of the residual distribution function f . For massless systems,
the bulk pressure vanishes, and we further restricted our attention to systems with constant
chemical potential such that we could ignore heat flow. The resulting dynamical equations
define the (2+1)-dimensional VAHYDRO framework and are given in Egs. and (98).

In order to evaluate the efficacy of the VAHYDRO approach we then considered the case
of transversally homogeneous, longitudinally boost-invariant (0+1)-dimensional expansion
for which there exists an exact solution of the Boltzmann equation in the relaxation time
approximation. We compared numerical results obtained from VAHYDRO, AHYDRO, 2nd-
order viscous hydrodynamics, and 3rd-order viscous hydrodynamics approximations to the
exact (0+1)-dimensional RTA solution. We found that generally VAHYDRO agrees with the
exact solution better than the three other approaches, particularly in the limit of large shear
viscosity to entropy ratio 77. For 77 values below ten times the lower bound of 1/4m, 3rd-order
hydrodynamics as formulated by Jaiswal was found to produce results with similar accuracy
as VAHYDRO for the initial temperature considered herein.

Viscous hydrodynamics breaks down when the forces driving the system out of local
equilibrium (i.e. the expansion rate and the velocity shear tensor) become too large. VAHY-
DRO presents no exception from that general rule. In heavy-ion collisions, the largest such
dissipative force results from the strong difference between the longitudinal and transverse
expansion rates at early times. The viscous hydrodynamic response to this force is handled
non-perturbatively in AHYDRO, improving the efficiency of the macroscopic theory com-
pared to treatments that rely on an expansion around isotropic local equilibrium. This
improvement is particularly impressive in the case of (0+41)-dimensional expansion stud-
ied in Sec. [[X] where the difference between longitudinal and transverse expansion rates is
maximal. In (341)-dimensional expansion, there will be additional dissipative force compo-

nents resulting from anisotropic expansion rates in the transverse plane, caused by strongly
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inhomogeneous initial pressure profiles. We expect them to be similar in VAHYDRO and
[srael-Stewart theory, resulting in similar limitations of both approaches as far as transverse
flow anisotropies are concerned. As time proceeds, the flow anisotropies decrease as a result
of viscous damping, resulting in smaller deviations from ideal fluid behavior (i.e. smaller
values for both 6 f and 6 f ) and thus increasingly better performance of both approaches.

We note that the assumption of massless degrees of freedom made in the present work,
which allowed us to factor out the local momentum anisotropy effects from the thermody-
namic quantities and use this to convert the viscous anisotropic hydrodynamic equations
and into the evolution equations and for the kinematic variables £ and A,
is not necessary and can be relaxed in future work. Instead of the procedure followed here
one would then directly solve the coupled set of equations and , supplemented by
an evolution equation for II derived from Eq. and an “anisotropic EoS” that relates
(2P1 4+ P)/3 to the equilibrium pressure P, as described in Sec. [[IB] For massive particle
systems the transport coefficients will be given by more complicated thermodynamic and
collisional integrals that will require numerical evaluation or replacement by phenomenolog-
ical values. The structure of the equations, however, will not change (except for the addition
of an evolution equation for the viscous bulk pressure).

The VAHYDRO equations derived in this work can describe inhomogeneous systems that
undergo anisotropic transverse expansion while remaining boost-invariant along the beam
direction. Since the expansion around a locally anisotropic momentum distribution results in
smaller deviations 6 f of the distribution function from the leading-order ansatz, VAHYDRO
has a smaller shear inverse Reynolds number R;! = /T 7 /Po than is the case for
standard viscous hydrodynamics. As a result, the VAHYDRO framework should yield results
that are quantitatively more reliable, particularly when it comes to the early stages of QGP
hydrodynamical evolution and near the transverse edges of the overlap region where the
system is approximately free streaming. Numerical solution of the VAHYDRO equations will

be explored in future work.
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Appendix A: Derivation of the general equations of motion

To work out the right hand side of the Boltzmann equation (61)) we need the four-

derivative of frs:
Orfrs = frsfrs [0rars — ErsOaBrs — BrsOhErs] , (A1)
where Erg(z) = \/uiw, With the definition 1} we find
O\ = 2uu0xuyy + () 2u2 + 262,002, (A2)

and thus for the last term in (A1)

2
0\ Eus = 2 ( Ep(0nu,) — €pp(0r2) + Z(0:0) ) (A3)
Frs 2
where p, = —p*z, is the z-component of the momentum in the local rest frame.

To obtain the equation of motion for the shear-stress tensor, we apply the convective

derivative to its kinetic definition which gives

— A"™D / AP pte
(Ag)
— ¢ — / dP p*p?” frs — / dP E~'pp ) p V) frs — / dP E~'pWp pV o f .

The first integral in Eq. 1) can be simplified by using frs = u*d) frs and noticing that
the resulting term proportional to ) in Eq. (A3]) is parity odd. As a result,

—/dPPWowRs :BRS/dPERSp p” fRszS‘F@S/dPERsp P2 frs frs

~ Busti / AP Bl pp" p™ . fus fs — s / AP ") fus frs -
(A5)
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By expressing the above tensors in terms of their irreducible forms (into a part symmetric,

orthogonal to u#, and a traceless part) we arrive at

/dPP P frs = 5RS< 001X(“XV)+A“ j211> — ORs <\7i‘ X(“XV)—FA“”jmo)

ﬁRS Zijzz v
+—f ( O,JO,lei(HX + A* jz 1 71>
~Brsé (T XXX+ AT ) s, (A6)

where we have used Eq. . Once again, using parity arguments, the second integral in
Eq. (A4) can be simplified by using Vy frs = AS0h frs,

r

_ v E v fel -
- / dP E" ' p") p*V 5 frs = Brs (Vata) / dp E—p<"p "D frs frs

RS
Er—l
+ @ (fo)/ RS prp? frs frs (A7)
£t (o vy, A, r
— Brs€ (Vaza) | dP = P p p” frs frs -
RS

Decomposing p* and p® into parts parallel and orthogonal to the fluid four-velocity, and

then using the definition of A**# Eq. (A7) can be written as
/ AP B pp Vs fus = s (TR XPXD XEXE + ATy ) XEXE) Vata

— Brsé ( rljokle(MX X/\ + A rzf2,1,—12/\) u*Vazq -
(A8)

The remaining terms in Eq. arise from moments of the residual distribution function
6f. Tt is relatively straight forward to show, using partial differentiation, that the third
integral in Eq. (A4]) can be written as

5 .
/ AP E~'pp VL6 f = —§7T’“’9 o 4 27w 4 2TTo ™
— AV (ET N p g — (E=2ppipl ) pi) W aug , (A9)
where we made extensive use of the relativistic Cauchy-Stokes decomposition

1
Oty = Uy, + gAWQ + o + W - (A10)
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Appendix B: 14-moment coefficients

In this appendix we list all of the parameters necessary to describe the residual non-
equilibrium distribution function in the 14-moment ansatz for second-order anisotropic

hydrodynamics. We introduce the shorthand notations
g~n,m = jn,(]jm,o - jnfl,ijJrl,Oa (Bl)
and with the help of the auxiliary functions
Ara = Péfﬁ3,0+(056_ng)i,oj&l—wggj;@_Pigjz«;,ljz;,o—(ng_Péi)jzojM
+pf§(j3,o—j3,1)j4,1—§(p;gjz,o—ﬂféj:z,o)i,z ) (B2)
Avs = pFGoat (05 Too—pseJon) Tsa+pieTorTao+(p — pii) TroJan

_ . . . 5 _ .
—pie(Ja0 — 72,1)j4,1—03372,1~73,0+§(p;gjl,o—Pf(Z)jQ,o)jzx,z . (B3)
Ay = —ngﬁz,o—(P;,Zojzo—Pﬁj:s,o)jzl—(/)fgjzo—P%jl,o)jg,l7 (B4)

Crw = 153,0«@,1%73,1(g~2,3—j2,1-73,0+j2,0j3,1)
+(252,0 + j2,0j2,1—\71,();73,1)j4,1+§752,0j472) ; (B5)
we define
F= 20, (N2 4 (M A2 (A 058+ At — A (0 + 95) — Cruh®)
—2M5 (Aol + Arppit — Aru (01 + ¢53)) - (B6)

The functions pgfj and gogg are defined in and . The coefficients contributing in

scalar combinations to & f are:
1 - - - - - -
Ane = == |2V (et +03) 05 Ta0—pTTs0) = 51 [055(Taot-Tan)=pio(Fao+ i) )
+()\3333()\1111+)\1122)_2(/\113?,)2) <@370 — Taoda + j270j4,1> (B7)

— (N2 (554038 (o5 Ta0— piadao) — 93 [5(Tao+ Fan) —pia(Tao+dan)] )|

Ang = —— [Mllgs((%iﬁ +¢55) (P50 T10=P10T20) — 51 [ﬂé,zo(%,oJr%,l)—pizo(ﬂ,ﬁﬂ,l)])
_ ()\3333()\1111—|—)\1122)—2()\1133)2> (Gz,g _ j1,0j471 + j2,0j3,1>
_(/\1111+/\1122> <(<p;ﬁ+90fé)(p;fojl,o—PfonO) (BS)

— 57 [p;fo(j&o-i”jg,l)—Pifo(jzl,o-l—i,l)} )] )
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) ) ) 5 -
Ay = F [)‘1133 (903L1 (P50T10—PT0T20) + 9051('0%?0‘72’0_’05?0\72’00
+()\3333()\1111—1—)\1122)—2()\1133)2>7.52,() (B9)

N (55 (o501 0= pido) — @i (P5aTh0—PEad2o) )|

and
A,uu — AxmAMV (Afrz _ Aii) Pt , (BlO)
ns = —ARAM + (AT — A7p) 22 (B11)
AR, = —ATAM + (AT, — AT 22 (B12)
where
/\1133
Aﬁz = —TAﬂ'aa (B13)
AT 31122
AZ = A (B14)
\1133
N ALLLL | y1122
78 = —TAW/B 5 (B16)
)\1133
Az, = " Ar (B17)
AT 1122
A= -t A, (B18)

The parameters which contribute to § f at second-order in the momenta four-vector are:

(Criw) i = —(Criw) 2Dy + ((Criw) 22 — (Criw) ) 2020 (B19)

it = =68 + o) (e piTopiadao) H(pisTro—piidh))

57 (P393 (05 Ta0— P T0)+055 (058 Fao+ Ta)—pis( Tao+ Jan) )

57 ((5+08) (s Fao— 5 0)+055 (050 (Tao+ Fan) — i (Tao+ Jan) ) (B20)
_)\3333< OE 4 OT)D, o0+¥3] (92,3 + j2,0j3,1 - j1,0j4,1) + ©51 <D30 j370j371 + j270j471)>
(

AN ((pFE4p2E) D2 o+es (92,3 + j2,0j3,1 - j1,0j4,1) + ‘Pgi(lb&o - j&oj?nl + j270j471)ﬂ ’
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Ci = —%[—2)\1133 ((SOﬁ‘HDg)ﬁQ,O"Hng(g~2,3+jz,oj3,1—j1,0j4,1)+<,0§f(753,0—%70%,1‘1‘\?2,0\74,1)
HATEAT) ((¢if+90i§)75270+90§f(52,3+j2,0j3,1—jl,ojzu)
+90§f(ﬁ3,0—$,,0%,1+$,0i,1)>] ) (B21)
and the rank-four tensor (Cr,)"**®. The number of nonzero components that we need to

compute are reduced by using the fact that there is azimuthal symmetry in momentum-space

and (Cryp)™? is symmetric in the pairs of indices «, 3 and p, v, i.e.

(B22)
Cﬂw 2233 — CTrw 1133
Cruw)3z22 = (Crw)3311
The nonzero components of (Cry)wap are:
C — 1 1 C )\1111 )\1133 2
(Cruw)iin = 37 NI — \1122 7rw( —( ) )
“A. <)‘113390§f_)‘1111%0§i> Y (/\11334’0%_)\111190%)
A (A (5 0) N (i) ) | (B23)
C — 1 1 C /\1133 2 )\1122)\3333
(Crw)iiz2 = T3F I 12 e (( )" — )
YA ()\112290%—)\113390%)4—./%5 (A1122(p§§_)\113390§ic>
A (A5 +038) N i +o) ) | (B24)
1
(wa)1133 = ;/—_-(wa/\lmg_Aﬂagogilv_Aﬂﬁ(pgf_’_Aﬂw((pzf_’_@ig)) 9 (B25)
1
(Crw)i212 = oNIZ12 (B26)
1
(Crw)1313 = 9 \I313 (B27)
1
(Crw)2323 = oNI313 (B28)
_ 1 1133
(wa)3311 = ﬁcﬂw)\ 9 (B29>
1
(Cruw)3sss = —ﬁcm()\nn + A1) (B30)
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Appendix C: Dissipative forces and transport coefficients

In this appendix we list all of the dissipative driving terms and transport coefficients
derived in this paper for second-order anisotropic hydrodynamics. For the bulk viscous

pressure they are

W = (Bsto,o,—1+BRS§ 0.0,-1 dsto,o,o) ; (C1)
Bur = Zog —Tog (C2)
Bup = 7%, — 1%, , (C3)
i = | Anad g — Anpd%h g + 5 Amudih - ”;Anwj
O (T8exi Xt + AT, )]X{‘X]‘f, (C4)

et = AT — AT+ AT ”; VA
Y o THIXTXE| XEXT (C5)
M = (2Bu)iTih — (B)aT o) XUXT (Co)
the = Vo (2B8TXIXS = (BAT5 XX (C7)

The dissipative forces and transport coefficients for the particle-diffusion current are
[T v vy /BRS Fiizz "yv
—Ji’m DX X/V,ars — 5}{5&7“{“6 1XZ”X§’X?VVZA ; (C8)

2
v ~id ~is oy m .
b = A% [AHQJ—JLO — AusJoo + gAHwJLJo — 5 AT

+Amox <\7WMXIZX4 Am\jﬁ)]quij 5 (C9)
oy ~ 4 < m? i .
= ALV, [(AHQJ_JLO — Anpg T + gAl_ijl,jO - ?Anwj_j1,o> XX
o (THXTX) + AT ) Xexy] (C10)
},Lljaﬁ o W aﬂ ~’ij aﬁ N’L’]’ 4 OzB ~ij m2 aﬂ Nij
byr" = A |:A7ro¢‘7—1 o—AzsToo + §A7rw‘71,0 - ?Awwj—l,o
A &j““X‘ng] XAXY, (C11)
o .4 o 2 .
e’ = MV, | (AT — AT + AT — T ASLT P ) X)X
)\zﬂ&jz]kZX)\XuXkXe] 7 (012)
o’ = (281, T - BL TN XEXIXPX] (C13)
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The dissipative forces and transport coefficients for the shear-stress tensor are

K" = Brs ( ~3f§71X,-(“XJI-/) + A‘“’jz,m) — ORs (%7@,0XZ(“X;) + A”ij,w) : (C14)
o = P (G XOXD a5 L) (C15)
W = s (Jon XXX+ AT ) (C16)
QM = frs (Joht X XD XX + AT XX (C17)
0 = A (2B)3Ji! - (2BETE) XTXIXEX] | (C18)
= AV, (2B T XX XEX] — (BITPXEX] XX ) | (C19)
ot = | (A 2 A ) (THXES + 8951 = Ans (T30 + 207
N % A, ( ToFEXEXY 4 A jﬁ‘ff)] Xexy)
oy (THGXEXY + AT XXX X (C20)
spzetor = (g = T ) (XX + AMH) — AT (XX + A T)

4 . .
b A (e + am k)| xex;

+ )77 (T XEXY + A T ) XXX X (C21)

Appendix D: (041)-d transport coefficients

In this appendix we compute the necessary transport coefficients (A(§) appearing in
Eq. (105)) which govern the evolution of a conformal system with no additional conserved
currents undergoing one-dimensional boost-invariant expansion. The residual distribution

function in this simplified case is given in the 14-moment approximation by
8 f = wp (2)p"p? frsfrs » (D1)
Here w,,, (x) solves the system of linear equations
By, =70 (D2)

We decompose AP as

)\aﬁuzx _ X;lAaﬂuu + Qaﬁ,ul/ 7 (D3)
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where

A= 200, (D4)

1 1
QP = 40, [z(az(”Aﬂ)l’) —3 (zazﬁA‘“’ + AP ng‘ﬁA‘“’)}
1 1 1
+Q2) (zo‘zﬂzuzl’ + gzazﬂA‘“’ + ng‘Bz“z” + §A°‘5AW) . (D5)

The coefficients Q) = Ji¢?? — J&** and Qo) = J55° + 3J55"" — 6758 arise due to the
breaking of momentum-space isotropy along the z-direction (in the local rest frame) and
are zero in the isotropic, & — 0, limit. In this limit, it is clear that € = 2J,,7m*?, as

given in standard IS theory. The only components that need to be considered are af =

(11,12,13,22,23,33). We can then write Eq. (D7) in matrix form
Aw =7, (D6)

where

)\1111 0 0 )\1122 )\1133

0
221212 0 0 0
2A1813 0 0

-
I
g
3

\1122 ) ) AL g )\1183
2)\1313 0
\1133 ) ) \1133 ) 3333
T
w = (wn W12 W13 W2 Wag w33> ) (D8)
T
™= (7T11 Mo T13 T2 TM23 7T33> . (D9)

In the moment approximation |D for 6 f, Wy, is determined by solving the matrix equation

(D7) w = A~'@. The term 6#v*F7 %,V us in Eq. (103) can be rewritten as
SHreBTNG \Vally = (/ dP E~2plp”) ple)plf fRSfRS) WepVallg
= __ Z ( Rmzz Rz_zgzzz(é-)) U_}”(I') ,

where we defined w; () = wii(2)Jao(A)/7(x) and the R-functions in Appendix . In the

(D10)

last line we used the fact that, for transversely homogeneous systems undergoing boost-

invariant longitudinal expansion, the only nonzero contribution to V,ug is V,u, = —1/7.
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Additionally, for 0+1d systems, 70 — 7/, 7~r§” oV — 7 /37, and ﬁf\“ w”* = 0. Therefore,
there is only one transport coefficient which controls the evolution of 7 for conformal systems

with vanishing chemical potential:
— Rizgzzzz(f))] Wee(z) . (DI11)

1 1

7
A =—2
©=5-2|(3
The appearance of only w,,(x) is due to the traceless (and transverse to w,) condition

Ay,w” = 0. Solving the matrix equation together with the transverse and traceless

constraint wy, + wy, +w,, = 0 gives
1

AT ()4 AT122(£) —2\1133(¢) = wy,(7) , (D12)

(D13)

T
Wy () = B)
T

W, () = _)\1111<€)+)\1122(€)_2)\1133(5) ’

where the \7*(¢) functions are defined in Eq. (D3). Explicitly working out 1,, results in

Wao(T) = — 340 = JRT ;
6A1—4(4Q0)— Q)  BRI(E) -8RI () +4RZ*(E) (D14)
24€5/2(1 + £)?
VEB+ =9+ (=104 39)] +3(1 + £)?[9 + (=2 + §)¢Jtan™1VE

In the isotropic limit, A(¢) reduces to the same numerical value'* obtained in Ref. [36]
(D15)

A€ = 0) = 38/21 .

Appendix E: Evaluation of thermodynamic integrals
Tirie and Jiie for the case

nqr nqr

In this appendix we compute the thermodynamic function
of massless particles, which allows us to factor out the anisotropic degree of freedom. We

first notice that A*’p,ps = —E? and then write
1
(Aag) = (2 1)” /dPEnE{;{Spu o 'piefRS y Vq (E1>

Ti1-++ig
Inqr

14 We point out that there is a typo for the numerical value quoted in Ref. [36]. In follow up work they

list all of the transport coeffcients for the dissipative currents. Using Eqgs. (153), (162), and (163) from
P\ T _g(2)T__ 387
o217

7)37'_ 3) T

Ref. [41], then
—2A"_lheI Y 28T e — —2 (

46



We can separate I},}QT “ into a function that depends only on the anisotropic deformation

parameter and the isotropic thermodynamical integral Zy,,(A) by using scaled spherical

coordinates which characterize the quadric surface along with Eq. . This results in

(AR o ds} ) 2 2 anl _ _ 4 %\ .

Ian ¢ (A’ 5) - )\“ / E (Sln 0+ )\”COS 9) Diy " Diy (2q I 1)” /(; (271—)3 -\ fO(ﬁRS)\)
1 iy

= mRn—1é<€)In+r+€,o ) (EQ)

where we have defined the scaled momentum-space Cartesian coordinates p; = p;/A. The
same decomposition follows for 71

Rzl (g)jn+r+f,0' (ES)

Tni (A, €) = g+ it

We note that in the classical limit (a = 0), the two functions are identical, I,E}qr “a=0)=
Jii-it(q = 0). The function Ty, (A) is defined from Ty, as formally identical moments of f,
instead of frs. This function can be expressed in terms of the pressure by
PO(A) (n+1)!

285s” (2 + 1)!

The integrals defining R, (§) can be evaluated in closed form in terms of the hypergeometric

Inq(A) = (E4)

function o F}(a, b; c; 2) as

Rale) = 2

H 1 9 2 9 % 1 n 3 2
dz(1-z + Ajz )2 =X\ 2P 57—5;5;1—)\” ) (E5)
-1

where we have defined the parameter )\ﬁ = (1 + &)~ The R, functions for the first few

values of n are

Rol€) = =
R0 =R(E) - 5 (¢ + T ).
Ral€) = 5 s (2+ ﬁ)
L[ 5+3¢ arctan\/g
8[1+£ VE ] ' (E6)
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In addition, we also tabulate here the remaining R functions needed in this paper:

2 _ Ru(§)

z° = ,
3

R (€) = A} /1 e

(€—1) + (1+&)%arctan/€//€
8¢ (1+¢)? ’

R¥(€) = W{a/g (3(—1 + f)\/g +(3+&(—2+ 35))arctan\/g> ,
VEB+E) + (=34 + §arctany/E

N

RT*(6) =

RE(E) =

16£5/2(1+€) ’
ey —(345E) + 3(1+&)%arctany/€ /€
R—l (5) - 852(14—5)2 )
S 15 + 13¢ 3(5 + &)arctan(/€)
8= 1663(1 + &) 16£7/2 ’
15 25 + 8¢)) — 15(1 2
Rezser () = YEUS T &5+ 8?7)/2(1+ £(>2+ §) arctan(v/§) (ET)

and note that R™ = R¥) = R, /3. We will now write the asymptotic expansion of R, for

small and large §. For £ < 0 we use (E5)) with /\ﬁ = (1+ ¢! and then write

Ru(§) = %(1—g+(9(§2)>/1 dZ(l—%(n22)§+o(52))

1

_ L/mn 2
_1—§(§+1)§+0(§). (E8)
The large £ limit corresponds to A — 0. Therefore, becomes
Ro(€) = A [ a2 (1-22)2 1 0 () = eln)rg + O (2 D
(€= [ dz((1=2)"" 1O () = etm+ O () (59)

where ¢(n) is a constant. Thus, to first order in the expansion parameter, the anisotropy

dependence is given asymptotically by R, (é—0) = 1 — a(n)¢ and R, (§—00) ~ (1+&)71/2.

Appendix F: Exact solution of the (0+1)-d Boltzmann equation

In this appendix we briefly review the exact solution [46l 47] of the Boltzmann equation

in relaxation time approximation [58] for a (0+1)-dimensional boost-invariant system:

Ol = =E=[£(rp) = fualp - w. T()]. (F1)

eq

Here 7., = 1/T" is the relaxation time (which may depend on proper time 7), and fe, is an

equilibrium distribution function. In a boost invariant system which is homogenous in the
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transverse direction, the dynamical variables only depend on the proper time. The effective
temperature T'(7) appearing in the argument of the equilibrium distribution function is fixed
by dynamical Landau matching to the evolving energy density [57].

We will only consider gases of massless particles. The left hand side of the Boltzmann
equation can then be written as p*0, f(7,w,p.) = (v/7)0-f(7,w,p.), where w = tp;, — zE
and v = Et — ppz. The kinetic equation in RTA can then be solved exactly,

Flr,w,p1) = D(r,70) folw, p1) + / _dr

D N foa (T, w F2
) DO el wpa), (D)
where 7y is the initial proper time, fj is the initial non-equilibrium distribution function,
and D(7y, 1) = exp[ f dr oM (! } is the so-called damping function. Using Eq. 1}

the energy density is readily obtalned from

g
& =4 [dpet firwp). (F3)
where g is the degeneracy factor and dP = 2d*pd(p?)0(p°) = v='dwd?py. Integrating
Eq. one obtains an integral equation for the energy density

E(r) = D(r, TO)—R%F(ZS» + /ﬂ:% D(r,7") 5(7')72((%)2 —1> : (F4)

where & =£/& is the energy density scaled by the initial energy density and
&rs(T) = (14&0)(7/70)* — 1.

Equation (F4]) can be solved numerically by iteration until a given numerical precision
threshold is achieved. The result is a stable energy density profile which is invariant (for
a given accuracy threshold) under further iterations. From the resulting energy density,
one can solve for the effective temperature via £(7) = vT*(7) where 7 is a constant which
depends on the particular equilibrium distribution function assumed and the number of
degrees of freedom. The resulting effective temperature allows one to determine the distri-
bution function feq at all proper times and, with this, the full particle distribution function
can be obtained using Eq. . From this one can determine the number density, longitu-
dinal pressure, and transverse pressure, by integrating the distribution function multiplied

by v/7, w?/72, and p2/2, respectively. From Eq. (F4)) one can also determine the exact
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late-time behavior of the energy density [47, 57]. For 7eq(7) —— 7* with a < 1 one finds '

T—00

lim £(r) = 4 (%)™ (1 07 (7—2)) | (F5)

T—00 T 45 1

We use this result in the main body of the text to fix the relaxation rate for VAHYDRO.

15 For a = 1, the late time fixed point has constant anisotropy ¢ and A ~ 771/3. For a > 1, the late time

fixed point is longitudinal free streaming with & ~ 72 and constant A.
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