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Anisotropic hydrodynamics improves upon standard dissipative fluid dynamics by treating certain
large dissipative corrections non-perturbatively. Relativistic heavy-ion collisions feature two such
large dissipative effects: (i) Strongly anisotropic expansion generates a large shear stress component
which manifests itself in very different longitudinal and transverse pressures, especially at early
times. (ii) Critical fluctuations near the quark-hadron phase transition lead to a large bulk viscous
pressure on the conversion surface between hydrodynamics and a microscopic hadronic cascade de-
scription of the final collision stage. We present a new dissipative hydrodynamic formulation for
non-conformal fluids where both of these effects are treated nonperturbatively. The evolution equa-
tions are derived from the Boltzmann equation in the 14-moment approximation, using an expansion
around an anisotropic leading-order distribution function with two momentum-space deformation
parameters, accounting for the longitudinal and transverse pressures. To obtain their evolution we
impose generalized Landau matching conditions for the longitudinal and transverse pressures. We
describe an approximate anisotropic equation of state that relates the anisotropy parameters with
the macroscopic pressures. Residual shear stresses are smaller and are treated perturbatively, as
in standard second-order dissipative fluid dynamics. The resulting optimized viscous anisotropic
hydrodynamic evolution equations are derived in 341 dimensions and tested in a (041)-dimensional
Bjorken expansion, using a state-of-the-art lattice equation of state. Comparisons with other viscous
hydrodynamical frameworks are presented.
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I. INTRODUCTION

Dissipative relativistic fluid dynamics has become the
workhorse for simulations of the dynamical evolution
of relativistic heavy-ion collisions [IH8]. When supple-
mented with realistic fluctuating initial conditions, a pre-
equilibrium evolution module that evolves these initial
conditions into starting values for the hydrodynamic evo-
lution, and a hadronic rescattering afterburner that de-
scribes the late microscopic kinetic evolution of the col-
lision fireball during its dilute decoupling stage, the ap-
proach has yielded impressive quantitative precision in
its description of a broad set of soft hadronic observables
(i.e. distributions of hadrons with momenta below about
1-2.5GeV/c) obtained from heavy-ion collision exper-
iments at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC) [9HI2], and it has
demonstrated convincing predictive power when extend-
ing the calculations into new domains of collision energy
[I3HI7] or for new collision systems [I8-23]. Surprisingly,
the phenomenological success of dissipative fluid dynam-
ics has so far continued unabated in the description of
p+Au, d+Au and 3He+Au collisions at RHIC and p+p
collisions at the LHC [20] 23] 24], i.e. for “small” colli-
sion systems in which the hydrodynamic model had been
widely expected to break down. This finding has gen-
erated much recent work addressing two obvious ques-
tions arising from these observations: (1) What exactly

are the formal criteria that ensure the applicability of
relativistic dissipative fluid dynamics to small physical
systems undergoing rapid collective expansion and con-
trol its eventual break-down? How far away from local
thermal equilibrium can a system be and still evolve hy-
drodynamically? (2) Are there alternate mechanisms at
work that can mimic the phenomenological signals of hy-
drodynamic collective flow, especially in small collision
systems, without requiring strong final-state interactions
among the constituents of the fireball created in the col-
lision that lead to some degree of approximate local ther-
malization?

Generically, hydrodynamics is an effective macroscopic
theory for the late-time, long-distance evolution of suffi-
ciently equilibrated multiparticle systems. It is typically
thought of as a gradient expansion around ideal fluid dy-
namics. The latter describes locally perfectly thermal-
ized fluids in which any deviation from local thermal equi-
librium is immediately erased by strong final-state inter-
actions among the microscopic constituents, i.e. systems
whose microscopic relaxation time is effectively zero. Rel-
ativistic heavy-ion collisions challenge the validity of such
an expansion through extremely large density gradients
in the initial state, which lead to explosive collective ex-
pansion driving the system away from local thermal equi-
librium. Even worse, the ultra-relativistic collision kine-
matics, combined with the quantum mechanics of the ini-
tial particle production process that generates the fireball



medium from the energy lost by the colliding nuclei in
the collision process [25], imprints on the system a very
strong initial expansion along the “longitudinal” beam
direction, with an approximately boost-invariant longi-
tudinal expansion velocity profile (“Bjorken flow” [26]),
while any collective expansion in the directions trans-
verse to the beam is initially small and only builds up
later in response to transverse pressure gradients. In re-
alistic fluids with non-zero microscopic mean free paths,
the resulting large anisotropy in the collective expan-
sion rate causes large anisotropies in the local rest frame
(LRF) momentum distributions of the microscopic con-
stituents. In such a situation an expansion around a lo-
cally isotropic thermal equilibrium distribution cannot
be expected to converge well.

In addition to rapid and strongly anisotropic expansion
(which is most problematic during the earliest stage of a
heavy-ion collision) another large dissipative effect occurs
towards the end of the evolution when the fireball matter
undergoes a phase transition from a quark-gluon plasma
(QGP) to a hadron resonance gas (HRG). Critical dy-
namics near the phase transition causes the bulk viscos-
ity to become large and peak near the (pseudo-)critical
temperature T, [27H33]. The resulting large bulk vis-
cous pressure is associated with a strong deviation of the
LRF momentum distribution from thermal equilibrium.
Again, this provides a challenge for any expansion around
a local equilibrium distribution function. Since (due to
the screening of color interactions by color confinement)
the constituents’ mean free path in the hadron resonance
gas is much larger than in the quark-gluon plasma, the
Knudsen number (defined as the product of the mean free
time and the scalar expansion rate) increases suddenly
as the QGP turns into hadrons, to the extent that the
subsequent evolution can no longer be reliably described
by hydrodynamics [34]. One must therefore switch to a
microscopic kinetic description basically as soon as the
hadronization process is complete. At this point the crit-
ically enhanced bulk viscous pressure is still large because
critical slowing down [34H36] prohibits it from relaxing
quickly to the much smaller values expected away from
the phase transition. Its effect on the hadron distribution
functions in the HRG can therefore not be treated effec-
tively as a perturbation around local thermal equilibrium
and should be accounted for non-perturbatively.

In this work we develop an improved version of
anisotropic hydrodynamics that accounts for large shear
viscous effects caused by a strong longitudinal-transverse
anisotropy of the expansion rate and for large viscous
corrections caused by critical dynamics near the quark-
hadron phase transition non-perturbatively. The for-
malism is constructed for full (3+1)-dimensional evolu-
tion and tested numerically for (0+1)-dimensional boost-
invariant expansion along the beam direction (Bjorken
flow [26]). Numerical results for full (3+1)-dimensional
evolution of heavy-ion collisions with realistic fluctuat-
ing initial conditions [6l [15] [37, B8] will be presented in
a future publication. To derive the anisotropic hydro-

dynamic evolution equations we start from an underly-
ing kinetic theory, the relativistic Boltzmann equation
in relaxation time approximation (RTA BE). While such
a classical kinetic approach is known to only work for
dilute and weakly coupled gases [39], it allows to derive
the structure of the macroscopic hydrodynamic equations
through a systematic moment expansion [40H43]. As an
effective theory, the structure of these equations holds
equally well for strongly and weakly coupled systems
(i.e. it depends only on the separation of microscopic
and macroscopic length scales), as long as one changes
the material properties of the fluid (i.e. its equation of
state, transport coefficients, relaxation times, etc.) that
enter as input into the hydrodynamic description to the
actual situation of interest.

Our approach starts from the general treatment de-
scribed in [41, 42, [44447], expanding the Boltzmann
equation around an anisotropic local rest frame distribu-
tion function f, which in our case is deformed around the
local equilibrium distribution function by two parameters
to account for one large shear stress component and a
large bulk viscous pressure as described above. Our main
innovation is that, following recent insights reported in
[43, 48], the evolution of these deformation parameters is
optimized by determining them through generalized dy-
namical Landau matching conditions, similar to those fix-
ing the evolution of the temperature and chemical poten-
tial. This guarantees that the leading order anisotropic
distribution f, (around which the full distribution func-
tion is expanded in moments) fully accounts not only for
the energy and conserved charge density, but also for the
longitudinal and transverse pressures (or, equivalently,
the longitudinal-transverse pressure anisotropy (which is
the largest shear stress component) and the bulk viscous
pressure, as described above). It also significantly sim-
plifies the structure of the relaxation equations for the
residual dissipative flows. Writing the full distribution
function f as f = f, +df, the deviation J f describes the
(smaller) residual shear stress component and the charge
diffusion current. In the present work we will mostly
ignore conserved charges and will hence set the charge
chemical potential and charge diffusion effects to zero,
leaving a complete treatment to a follow-up paper.

Initially, the resulting hydrodynamic framework is
formulated in terms of evolution equations for the
parameters characterizing the leading-order distribu-
tion f, (temperature, chemical potential, momentum-
deformation parameters), similar to the traditional ap-
proach reported in [46], 47, 49, [50] which makes explicit
reference to kinetic theory and thus requires that such a
distribution function exists and is well-defined. We sub-
sequently break this connection to an underlying kinetic
theory by developing a technique that allows to express
these microscopic parameters in terms of macroscopic hy-
drodynamic quantities so that the formalism can be com-
pletely formulated and solved as a macroscopic theory.
This procedure introduces the concept of an “anisotropic
equation of state” (aEOS) which we discuss at some



length. We here use a weakly-interacting quasiparti-
cle model with a temperature-dependent particle mass
[5IL B2] to calculate this aEOS and also the required
transport coefficients, keeping mind that in later appli-
cations to heavy-ion collisions these ingredients should
be computed or modeled for QCD, or considered as phe-
nomenological parameters to be determined from the ex-
perimental data.

With this work we open the door to answering
the question to what extent complete second-order
anisotropic fluid dynamics (which we call “viscous
anisotropic hydrodynamics” or vaHydro [41]) extends the
range of validity of dissipative fluid dynamics towards
smaller collision systems and earlier switching times
between the pre-equilibrium and hydrodynamic stages.
Having a non-equilibrium hydrodynamic approach that
is optimized to the particular challenges posed by ultra-
relativistic collisions between nuclei as small as protons
is a necessary step towards developing a quantitatively
predictive dynamical framework that can set benchmarks
for comparison with experimental data and with other,
non-hydrodynamic explanations of the latter.

Before starting the technical part of our discussion
we introduce our notation. Throughout this work we
use natural units A=c=kp=1. The metric signature
is taken to be “mostly minus” (+,—,—,—). The local
rest frame (LRF) is defined as the Landau frame: the
fluid velocity u* is the normalized time-like eigenvector
of the energy-momentum tensor, T*"u, = Eut, where &
is the energy density in the local rest frame. It satisfies
ut = T’“’ul,/\ /u,TH vy, and the normalization condition
uy,ut =1. Unless otherwise indicated we ignore conserved
charges and their associated chemical potentials.

The paper is structured as follows: In Sec. [[T] we briefly
review the general structure of anisotropic hydrodynam-
ics and its evolution equations for the energy density
and longitudinal and transverse acceleration. Relaxation
equations for the anisotropic dissipative flows are de-
rived in Sec. [[T]] starting from the relativistic Boltzmann-
Vlasov equation in relaxation time approximation and
implementing generalized Landau matching conditions
for the evolution of the microscopic parameters charac-
terizing the anisotropic distribution function. In Sec. [[V]
we show how to integrate a realistic lattice QCD equa-
tion of state into the anisotropic hydrodynamic frame-
work and reformulate its evolution equations in purely
macroscopic form, i.e. without any reference to param-
eters that are only defined in a kinetic theory model for
the microscopic dynamics. In that Section we also dis-
cuss the resolution of several technical issues arising in
the process of solving the anisotropic hydrodynamic evo-
lution equations numerically. In Sec. [V] we illustrate the
performance of our anisotropic hydrodynamic framework
in comparison with standard dissipative fluid dynamics
for a simple system undergoing Bjorken flow. A sum-
mary of our findings and a brief outlook are presented
in Sec. [VIl Several appendices supply additional techni-
cal ingredients, including (in Appendix the derivation

of the evolution equations for standard viscous fluid dy-
namics needed for the comparison shown in Sec. [V]

II. ANISOTROPIC HYDRODYNAMICS
A. Ideal fluid decomposition

In relativistic hydrodynamics, the energy-momentum
tensor of a perfect fluid is best decomposed in the basis
uwkPu? and AP = gt —utu’ where u* is the fluid four-
velocity (i.e. the four-velocity of the local rest frame
(LRF) relative to the global frame):

T (z) = E(z) u" (2)u” (z) = Peg(z) A (2). (1)

From here on we will mostly suppress the space-time
(z) dependence for notational simplicity. The LRF en-
ergy density £ and thermal equilibrium pressure Peq
are recovered by projecting the energy-momentum tensor
onto the temporal and spatial directions: & = w,u,T""
and Peq = f%AWT‘“’. Since the thermal pressure is
isotropic none of the spatial directions in the LRF are
special, and there is no advantage in decomposing the
spatial projector A*¥ further.

B. Viscous fluid decomposition

Standard dissipative fluid dynamics is formulated by
decomposing T"” in the same basis, but adding dissipa-
tive corrections accounting for the bulk viscous pressure
IT and the shear stress tensor 7#¥:

TH = Eutu” — (Peg+II) A*Y 4 7V, (2)

This assumes that the LRF is the Landau frame, i.e.
that in the LRF there is no net momentum flow. Eq.
implicitly assumes that in the LRF all viscous corrections
are of similar order of magnitude and small relative to the
equilibrium energy density and pressure, such that there
still is no advantage in decomposing the locally spatial
projector further into individual spatial directions.

C. Anisotropic viscous fluid decomposition

The general arguments presented in the introduc-
tion imply that in relativistic heavy-ion collisions the
shear stress 7" is highly anisotropic, and the difference
Pr—P1 between the longitudinal and transverse pres-
sures can be quite large, due to strongly different longitu-
dinal and transverse expansion rates. This suggests that
anisotropic hydrodynamics is best formulated by using
a more detailed decomposition of the energy-momentum
tensor in which the spatial projector is further decom-
posed as AHY = EMY — zMzY where z* points along the



beam direction and =*¥ = g — utu’ + zHz" projects
onto the spatially transverse directions in the LRF [42]:

T = Eutu? +Pr M2 —P L =FY +2 WY;ZV)+7TT/. (3)

The round parentheses around pairs of Lorentz indices
indicate symmetrization: WJ(_ZZU) = L(WH 2"+ WY 21).
The anisotropic decomposition clearly separates the
pressures Pr, and P, from the other dissipative com-
ponents. Given an arbitrary energy momentum tensor
T the anisotropic hydrodynamic quantities appearing
in this decomposition can be obtained by the following
projections:

E = U“UVT#V , (4&)

Pr = z,z,T", (4b)
1 = v

P = *iz,uuTu s (4C)

Wi, =-ELTYz,, (4d)

" =BT (4e)

In the last line we introduced the symmetric traceless
transverse projection tensor = = 3 (4B, + 2484 —
E“”Eag). The corresponding transverse shear stress ten-
sor " describes two shear stress degrees of freedom that
account for momentum diffusion currents along the trans-
verse directions. It is traceless and orthogonal to both the
fluid velocity and the direction of the pressure anisotropy:

v pro_ pv _
T = U = 2T =0. (5)

Another two shear stress degrees of freedom are en-
coded in the longitudinal-momentum diffusion current
W/, which is orthogonal to both u, and z,:

U’Hsz =0= Z#sz' (6)

The remaining fifth (and largest) shear stress component
is given by Pr,—P, . Altogether, the 5 independent com-
ponents of the standard shear stress tensor in Eq. (2]) are
related to those in the anisotropic decomposition (3]) by

o =7l +2 Wj(_’iz”) + %(PL — PJ_) (22”2’” — E’“’) (7)

while the single bulk viscous pressure degree of freedom
II in Eq. is related to the thermal, longitudinal and
transverse pressures in Egs. (2f3]) by

2P+ P
B 3
Here Pyq is not an independent degree of freedom but

related to the energy density £ by the equation of state
(EOS) of the fluid, Peq(E).

I1 — Peg- (8)

D. Hydrodynamic evolution equations

Four of the ten evolution equations that control the
dynamics of the energy-momentum tensor are obtained

from the conservation laws for energy and momentum
0,T"" = 0. (9)

Projecting with u, on the temporal direction in the
LRF provides an evolution equation for the LRF energy
density:

E+(E+PL)OL + (E+PL)z,Du”

10
+ W (D.upy—2,V 1 u”) — 701 1w =0. (10)

Here and below a dot over or a D in front of a quantity
denotes the comoving time derivative, e.g. DE = £ =
ut0,&. z, D ut is the scalar longitudinal expansion rate,
and #; =V -u is the scalar transverse expansion rate.
The longitudinal derivative and transverse gradient in
the LRF are written as D, = —2#0,, and V, = EZBV,
respectively. o1 ., = Eﬁf Oqug is the transverse velocity-
shear tensor.

The longitudinal projection z,0,7*" = 0 yields an
equation for the longitudinal acceleration of the fluid in

the LRF:
(E4PL)zpt" = —D,Pr + (PL—PL)0.
— WV Doz + 7761 .

(1)

Here §, =V, -z and Gl = Efjfaaz[g
An equation for the transverse acceleration is obtained
from the transverse projection =9, 7"" = 0:

(E+PLESW =VIPL+ (PL—PL)=EeD, 2"

35 .V ~av__ ~ov
- W, (§0J_—z,,u ) — Wi, (67 —a) (12)

+ESD. WY, + 7t (w+D.z,) — ZgV Y.
Here @9 = E*Z"P032,) where the square brackets
indicate antisymmetrization: 05z, = 3(9p2,—0u25).

Equations — agree (after adjustment of notation)
with Eqgs. (146)—(148) in Ref. [42].

III. DISSIPATIVE RELAXATION EQUATIONS

To close the system of equations, we need six additional
relaxation equations for Pr, P, W/ and #//”. Their
dynamics is not controlled by macroscopic conservation
laws but by microscopic interactions among the fluid’s
constituents. As discussed in Sec. [ we will here derive
them by assuming a weakly-coupled dilute fluid whose
microscopic physics can be described by the relativistic
Boltzmann-Vlasov equation for a single particle species
with a medium-dependent mass:

PrOuf +mormoP f = C|f]. (13)

Here f(x,p) is the single particle distribution function,
C[f] is the collision kernel, m(z) is the medium-depen-

dent effective mass, and 8,(}’ ) is the momentum derivative.

1 Generically we use tildes to indicate quantities involving deriva-
tives of z* instead of u*.



A. Anisotropic distribution function

For anisotropic hydrodynamics we split the distribu-
tion function into a momentum-anisotropic leading-order
contribution f,(x,p) and a small residual correction 0 f:

f(xvp) :fa(xap)"_df(xvp) (14)

For the leading order distribution we take the generalized
Romatschke-Strickland form [53H55]:

Q;Ll/(x) pﬂpy - /](.73) ) )

A (15)

fa(xap) = fcq <
Here foq(2) = 1/(e* + ©) is the equilibrium distribu-
tion, with ® = 1,0, —1 for Fermi-Dirac, Boltzmann, and
Bose-Einstein statistics, respectively. A(x) is an effective
temperature and fi(z) an effective chemical potential. In
this work we consider a system without conserved charges
and assume, for simplicity, that particle number chang-
ing microscopic processes in the collision term C[f] are so
fast that the effective chemical potential relaxes to zero
faster than any other microscopic time scaleﬂ
In this work the leading-order momentum anisotropy
is encoded in the ellipsoidal tensor

Qo (x) = uy(x)uy (x) — &1 ()20 (x)

+ ()2 (@) (@), 16)

It contains two space-time dependent anisotropy param-
eters & and &, With Z,,ptp” = —pi [gp (ie. the
square of the transverse momentum p, rrr in the LRF),
Quup*p” can be rewritten as

Qup'p” =m?+ (1+§J_)p3_7LRF + (1+§L)pz7LRF~ (17)

The difference £;,—&, can be attributed to a manifesta-
tion of shear stress (resulting in a difference between the
the longitudinal and transverse pressures) while the sum
&+, encodes a bulk viscous pressure [50}, [57]. Introduc-
ing the notation ay, | (z) = (1 + §L7J_(./I;))_1/27 Eq.
can be written in LRF momentum components more con-
veniently as

1 P’ p?
fo = foq \/m2+ LIRF | PzLRr | (18)

2 2
A af af

To make the decomposition unique one must spec-
ify the three parameters A(z) and oy, | (). We proceed
as follows: The physical temperature T' of the system

2 This assumption is not realistic: since number-changing pro-
cesses are a subset of all microscopic processes, chemical relax-
ation processes are typically slower than momentum-changing
ones. We here make this assumption for simplicity only and in-
tend to relax it in future work.

is defined by the LRF energy density via the thermody-
namic relation £(z) = £(T(x)). To relate the effective
temperature A to T' we impose the generalized Landau
matching Conditiorﬁ

5E = ((u-p)*)s; = 0, (20)

which states that A(a) must be chosen such that the
residual deviation &f does not contribute to the energy
density. This fixes A(a) as a function of T'; the two agree
in the limit o« — 1 when the anisotropic leading-order
distribution f, reduces to a locally isotropic equilibrium
distribution feq(u-p/T).

The momentum deformation parameters ay, | (x) are
fixed by similar generalized Landau matching conditions
for the transverse and longitudinal pressures

Pr = Peq + 11+ 7 kp,

Pl = Poq + 11 — tnfip.

(21a)
(21b)

Here mfZp is the LRF value of the longitudinal diagonal
element of the shear stress tensor 7#” in the decompo-
sition . Note that both the bulk viscous pressure II
and the shear stress component 7§ are here assumed to
be “large” such that they must be accounted for already
at leading order, by adjusting the parameters oy, | ()
accordingly. This is done by demanding

5P = ((—2 'p)2>6f =0,
§PL = 3((-p-E-p))s; = 0.

(22a)
(22b)

By imposing these conditions, ay, | () are adjusted such
that the longitudinal and transverse pressures P, and P
are everywhere fully accounted for by the leading-order
distribution f,, with zero residual contributions from d f.
This is an application of the anisotropic matching scheme
proposed by Tinti in [55] and a generalization of the Pp-
matching scheme proposed and studied in [43] 48] to both
Pr and P, (or, equivalently, to the pressure anisotropy
Pr—PL ~ wiip and the bulk viscous pressure II). In
this matching scheme, the § f correction generates only
the residual dissipative flows described by W', and /",
which break the cylindrical symmetry of the distribu-
tion function in the LRF and account for the remaining
four smaller components of the shear stress tensor 7" in
Eq. .

With the matching conditions , , and 7b)

we have the following kinetic theory expressions for the

3 We note that in the presence of conserved charges the effective
chemical potential i would be related to the physical chemical
potential associated with the conserved charge by a similar Lan-
dau matching condition for the conserved particle number n:

6ﬁ£(u~p)5f-:0. (19)



particle number and energy densities as well as for the
longitudinal and transverse pressures

n® = (u-p)s, = Tio00s (23a)
EW = ((u )% . = T2000, (23b)
P = ((—2- )% 5, = o200, (23¢)
P = L(=p-Z-p))s. = Toono. (23q)

The “anisotropic integrals” Z,,4s over the leading-order
distribution function f, that appear in these equations
are defined in Eq. (Al).

B. Relaxation equations I

The relaxation equations for the dissipative flows are
obtained by expressing the latter as moments of the dis-
tribution function and using the Boltzmann equation to
describe its evolution, using the decomposition and
treating ¢ f as a small perturbation. We start from

P(k D/ —z-p)%fa, (24a)
P =0 [, (24b)
Wit~ =p / (=, ()
p
" = 205D / plep?af, (24d)
p

where we defined the compact notations [42]

attt ==y, t{l‘w} = Eggto‘ﬁ,
alw ==, {0 = =eies (25)

for the spatially transverse (in the LRF) components of a
vector a* or its LRF time derivative a* and the spatially
transverse and traceless part of a tensor t*¥ or its LRF
time derivative t*, as well as

3
/p_ (27gr)3 /d4p2@(190)5(]92 —m?) = (27gr)3 dEf
(26)

for the Lorentz-invariant momentum space integral, with
g being a degeneracy factor counting the number of quan-
tum states allowed for a particle with on-shell momentum
pH, and O(p") denoting the Heaviside step function.
After moving the time derivative D on the r.h.s. under
the integral until it hits the distribution function f, or
0 f, we use the decomposition f = f, + § f together with

Op=uuD+2,D,+V i, (27)

4 The superscript (k) on the thermodynamic quantities indicates
their kinetic theory definition for a gas of weakly-interacting
quasiparticles. The purpose of this notation will become clear
later when we introduce a more realistic EOS.

to rewrite the Boltzmann-Vlasov equation in the
form

Clf) = mo*moP
U-p
(*Z 'p)sza *P{“}Vrufa (28)
U-p
L 2 p)D8f = pvL,ef
uU-p

fa+5fL:

+

Closing this equation requires an approximation for § f .
We here use the 14-moment approximation.

C. The 14-moment approximation

The 14-moment approximation derives its name from
approximating J f in terms of its 14 momentum moments
with p# and p*p” (where the moment with the linear
combination p*ptg,, = m? as weight function is equiv-
alent with the moment taken with weight 1) [58 [59].
In our case the choice of the Landau frame together
with the generalized matching conditions (19| , and
-b and the absence of diffusion currents related
to conserved charges, eliminate ten of these moments,
leaving only four independent moments to construct § f.
These need to be matched to the residual dissipative flows
W1, and ", which each have two degrees of freedom.

The 14-moment approximation for § f can thus be writ-
ten as [42)

of v
7 ; 2(x)p)puy + C{f }(fﬁ)p{u Du}s
(29)

where f, =1-0f,. The coefficients c!") (x) and CE_HV}(.Q?)
are computed by substituting Eq into the kinetic
theory definitions of W/, and 7/,

(z,p) = " (@) (~

W = / (=2 p)plsF, (30a)
P

oY = /p{“p”}éf, (30b)
P

and decoupling the resulting set of linear equations:

wH v aHv
E_H} _ T lz , CE_H YT ] (31)
Ja210 2J4020

The anisotropic integrals J,,.,s appearing in these ex-
pressions are defined in Eq. (A2)). As expected, the coeffi-
cients are directly proportional to the residual dissipative
flows:

nz
P{uPuvyT)
24020

; W,
of = (—(—z-p) e

T > Jafa- (32)



D. Relaxation equations II

Substituting the 14-moment approximation for 6 f
into Eqgs. and , simplifying some of the resulting
|

(k) Pk P(k) Pék)—PJ(_k)

terms by integrating by parts, and enforcing the gener-
alized matching conditions, some algebra yields the fol-
lowing dissipative relaxation equationsﬂ

LK)y

*L(k ~L(k) 3
Pro=- G a 37 /2 +C ( )ZMDZUM+§J_( 0L —2W 2 lt+)‘ 1Dy
AL T — AR (33)
(k) (k) (k)
oy PW_p® pk)_p n Lk
,PJ(_ ) - T1I . + - ?)Tﬂ— - Cl(k)zuD ut + CJ_ )6 + WJI_LZZV‘ + AVV(u)VViLzDZu“
—X#V(E)WﬁZZVVLMUV + S\#(k)ﬂ'iyoﬂ_,uuv (34)
. WH _
Wi — s oW Dy, — 22, VHw — (FVER 4 1)z, 4 S W0,
—S\%uWJ’fzzl,Dzu” + ;\%LUTWLZW + W Wi, + w " D u, — ;\mﬁiyzavj_,,uo‘, (35)
Nz
wlrh = ST yag ot —owlhst sT g, —rr Attt onfiltl 4 NT a2 Dot
N WD 4 3 Wz v e, (36)

Here P*) = %(Pék)—i—%?ik)) is the average pressure as
given by kinetic theory, and w”=ZEL=Y OBy is the
transverse vorticity tensor.

The structure of Egs. 7 is simpler than that of
the corresponding equations derived in [42], not only by
the absence of terms coupling to the conserved charge
and diffusion currents (which only reflects the simplify-
ing assumptions made here), but also as a result of im-
posing the generalized Landau matching conditions ,
, and ,b) which optimizes the evolution of the
anisotropy parameters in f, and thus removes additional
terms needed in [42] to correct their evolution if not cho-
sen optimally in the first place.

The transport coefficients appearing on the right hand
sides of Eqgs. — are labeled following as much as
possible the convention established in Ref. [42]. Except
for the relaxation times they are given in Appendix

5 In deriving these equations one encounters terms involving the
comoving time derivative m of the temperature-dependent quasi-
particle mass that arise from the second term on the Lh.s. of the
Boltzmann-Vlasov equatlon We eliminate them by using
the chain rule h = (dm/dT) (dT/dS) & where we take dm/dT
as external input from the quasiparticle model discussed below,
evaluate the derivative dT/d€ = (d€/dT)~' = 2T/(E + ’Peq)
from the lattlce QCD EOS, and use Eq. for £. Equa-
tions (together with the transport coefficients listed in
Appendlx A ) are found after combining the terms on the r.h.s. of
Eq. with other terms involving the same dissipative forces.
In domg so we neglect contributions of O(KnR; 1R 1), where

15{1_ is the residual inverse Reynolds number assomated with the
residual components W” and 71'J_
6 Please note the superscrlpts (k) on the transport coefficients ap-

(

Generically they involve the “anisotropic thermodynamic
integrals” over the anisotropic distribution function f,
given in Appendix[A] Their validity, as well as the validity
of the specific relations between some of these transport
coefficients listed in Appendix [C| depends on the appli-
cability of relativistic kinetic theory of a gas of weakly-
interacting quasiparticles as the underlying microscopic
theory, which is not guaranteed for quark-gluon plasma.
Their generalization to a realistic microscopic theory of
QCD medium dynamics requires much additional work.
We will here use the expressions given in the Appendices
as order-of-magnitude estimates and placeholders for fu-
ture more realistic sets of transport coefficients.
Equations — also involve two relaxation times,
7 and 7. 77 controls the relaxation of the kinetic bulk
viscous pressure P*)— P(k) (see Eq. ) whereas the
shear relaxation time 7, drives the relaxation of both the
large shear stress component P](;k)—P(f) and the smaller
ones described by W', and «/”. That all shear stress
components have the same relaxation time even if some
of them become large is a model assumption that may be
corrected in future improved calculations of the transport
coefficients for strongly anisotropically expanding QGP.
Formally, the relaxation times arise from a lineariza-
tion of the collision term around the local equilibrium

pearing on the right hand sides of Egs. and (34). They
reflect the fact that these control the evolution of the kinetic
part of the longitudinal and transverse pressures. For the quasi-
particle model introduced in the next Section an additional mean
field enters which modifies these pressures and transport coeffi-
cients. The modified expressions will be denoted without the
superscript.



distribution feq (with temperature computed from the
energy density):

ol = L7 (1o - fu(B)) 0

Literal use of this Relaxation Time Approximation
(RTA) [60] gives 7 = 71 = 7. However, strong coupling
in the quark-gluon plasma in the temperature regime just
above the quark-hadron phase transition, as well as crit-
ical behavior near that phase transition, lead to very dif-
ferent temperature dependences of the bulk and shear
viscosities and their associated relaxation times in QCD,
especially around 7T, [2843T] [61]. In particular, the bulk
relaxation time 777 is expected to be affected by “critical
slowing down” [29] [33] [35], i.e. it should exhibit a strong
peak near T,. Since large bulk viscous effects near T,
are one of the main motivations for our work here, we
feel compelled to account for them by introducing two
different relaxation times 7, and 71, and tying them to
phenomenologically parametrized shear and bulk viscosi-
ties  and ( by postulating the standard kinetic theory
relations [40]

e =n/Br T =¢/Bu. (38)

The (temperature dependent) isotropic thermodynamic
integrals 5, and S appearing in these relations are given
further below in Eq. (82). The viscosities n and ( are
transport parameters that occur in standard “isotropic”
dissipative fluid dynamics — they appear here through the
relaxation times 7, and ;. When comparing anisotropic
with standard dissipative fluid dynamics further below in
Sec. [V] we will do so by using the same functions 7, and
711 in both approaches.

IV. ANISOTROPIC EQUATION OF STATE

While the relaxation equations f were de-
rived from the Boltzmann equation, the equations re-
main structurally unchanged for strongly coupled fluids.
They are purely macroscopic, i.e. all terms on the r.h.s.
have the form of some macroscopic driving force (pro-
portional to the Knudsen or inverse Reynolds numbers
or products thereof) multiplied by some transport coef-
ficient. The kinetic origin of these equations is hidden in
these transport coefficients. Applying the equations to
strongly coupled fluids requires only that these transport
coefficients, along with the equation of state relating the
energy density and equilibrium pressure, are swapped out
accordingly.

For the time being most of the transport coefficients
of hot and dense QCD matter are still essentially un-
known. While the shear and bulk viscosities will be taken
as parameters whose functional forms are modeled phe-
nomenologically and whose overall magnitudes are to be
fitted to experimental observables, the remaining trans-
port coefficients will be approximated using kinetic the-
ory, for reasons of consistency with our derivation of the

evolution equations. Their evaluation requires micro-
scopic kinetic inputs, namely the parameters (A, ), ap)
characterizing the anisotropic distribution function f,,
the particle mass m, and also the temperature T'. How-
ever, for the QGP equation of state, which is very pre-
cisely known from lattice QCD calculations [62] [63], we
want to use first-principles theoretical input.

In this Section we discuss how to consistently incor-
porate such direct information from QCD into a hydro-
dynamic framework that was originally derived from a
kinetic theory with a very different EOS. We will call
this procedure “integrating the lattice QCD EOS with
some kinetic framework”. We introduce a parametric
model for an anisotropic equation of state that allows
the anisotropic hydrodynamic equations, including the
dissipative relaxation equations for the longitudinal and
transverse pressures and the remaining shear stress com-
ponents, to be solved on a purely macroscopic level.
This differs from earlier implementations of the frame-
work which relied on the solution of dynamical evo-
lution equations of the microscopic kinetic parameters
(A, ap,m) [43] 44, 146l 49H51] (which, for the case of
QCD, are not really well-defined). However, since we will
need these microscopic parameters for the calculation of
those transport coefficients that we compute from kinetic
theory (a temporary necessity that will disappear as soon
as ways have been found to calculate these transport co-
efficients directly from QCD), we determine them from
the macroscopic hydrodynamic quantities at the end of
each time evolution step, using our parametric model for
the anisotropic EOS[]

To construct this parametric model we follow Refs. [51]
52, [64] and parametrize the response of the pressure
anisotropy and the bulk viscous pressure to anisotropic
expansion using a quasiparticle EOS. The quasiparti-
cles have a temperature-dependent mass that is chosen
such that a weakly-interacting gas of these particles accu-
rately mimics the QCD EOS. The transport coeflicients
are then worked out in this kinetic theoryﬂ It is well
known [65H67] that for thermodynamic consistency such
an approach requires the introduction of a mean field
B whose temperature dependence in equilibrium gener-
ates the temperature dependence of the quasiparticle’s
effective mass. It also receives additional dissipative cor-
rections out of equilibrium [52].

7 Note that the parametric model is not used for the equilibrium
EOS Peq(€) (for which we take state-of-the-art lattice QCD re-
sults) but only to parametrize the dissipative deviations of the
longitudinal and transverse pressures from Peq(E), as well as for
the calculation of the remaining transport coefficients.

Note that an accurate description of the equation of state does
not imply by any means that the kinetic theory also predicts the
correct transport properties of the medium. In all likelihood it
doesn’t.

oo



A. Integrating the lattice QCD EOS with a
quasiparticle EOS

The key question that needs to be addressed
in anisotropic hydrodynamics is how much pressure
anisotropy and bulk viscous pressure is generated by a
given hydrodynamic expansion rate and its anisotropy.
These are the two largest and most important dissipa-
tive effects in our approach. The answer to this question
depends on the microscopic properties of the medium.
For QCD matter this response is presently not known. It
is, however, a key ingredient in the hydrodynamic evolu-
tion model. In this subsection we model this response by
that of a weakly interacting gas of quasiparticles with
a medium-dependent mass m(7). Within this model
we can associate (within certain limits) any given de-
viations of the longitudinal and transverse pressures Pr,
and P, from the equilibrium pressure Peq(€) with spe-
cific values for the microscopic parameters (A, «a, m(T)))
describing the anisotropic quasiparticle distribution func-
tion f,. These values can then be used to compute the
kinetic theory values for the transport coefficients. So
while the equilibrium pressure is described by the full
QCD EOS from lattice QCD, the dissipative deviations
of P and P, from the equilibrium pressure are inter-
preted microscopically within a weakly interacting gas of
massive Boltzmann particles. As we solve the hydrody-
namic equations QD together with the dissipative
relaxation equations 7, we interpret the resulting
deviations from local equilibrium within the quasiparticle
model by writing

0=_EW gl (¢), (39a)
Pr — Peq(€) = PV — PO (&), (39b)
PL— Pea(€) =P — PO (£). (39¢)

Here the superscript (¢) stands for “quasiparticle model”.
The zero on the Lh.s. of the first of these equations re-
flects the Landau matching condition & = £(T) to the
lattice QCD energy density, which also provides us with
the temperature T at which the quasiparticle mass m(T)
and equilibrium mean field Boq(T") (see below) are evalu-
ated. In the quasiparticle model the hydrodynamic quan-
tities on the r.h.s. of consist of kinetic and mean field
contributions [64]

EWD =¢g®) 4 B (40a)

P —pk _p, (40D)

P =p® B (40c)

The kinetic contributions are obtained from
Eqgs. ,c,d):

EMW (A, a;m(T)) = Zagoo (A, a;m(T)), (41a)

PI (A, a;m(T)) = Tosoo (A, a;m(T)),  (41D)

PE (A, a;m(T)) = Taoio (A, a; m(T)), (41c)

where T'= T'(£). The mean field B consists of an equi-
librium part B.q and a dissipative correction JB:

B = Beo(T) + 0B. (42)

By Landau matching, the total quasiparticle energy den-
sity £@ is fixed to its equilibrium value:

ELD(E) = EP(T) + Beo(T), (43)

where &Sﬁ)(T) = Ts000 (T, 1;m(T)). The Landau match-
ing condition (39p) can then be rewritten as

IQOOO (A, a m(T)) = IQOOQ (T, ].7 m(T)) — (SB (44)

This establishes a relation between the temperature and
the kinetic theory parameters, provided that B is deter-
mined. In the equilibrium limit, the quasiparticle pres-
sure is

PL(E) = PUNT) — Beo(T) (45)

where 77(55) (T) = T2200(T,1;m(T)). The equilibrium
terms in and are all functions of temperature.

For simplicity we assume that the quasiparticles have
Boltzmann statistics (@ =0). To ensure that at asymp-
totically high temperature the equilibrium pressure and
energy density of this Boltzmann gas approach the cor-
responding values of a quark-gluon gas with 2(N2—1)
bosonic and 4N, Ny fermionic degrees of freedom, we nor-
malize them by applying to the quasiparticle distribution
function a degeneracy factor

4

g= (Q(N;Ll) + 4N6Nf§) 79L0 (46)
with V. = 3 colors and Ny = 3 flavors, counting u, d,
and s quarks only (heavier flavors are exponentially sup-
pressed in the phenomenologically interesting tempera-
ture range and are therefore neglected). This degeneracy
factor is part of the momentum integration measure fp
in the definition .

The thermal quasiparticle mass m(T') is chosen such

that the equilibrium pressure Pég) (€) and energy density

Eég) (&) of the quasiparticle model agree with their lattice
QCD counterparts. Technically this is done by express-
ing the lattice QCD entropy density S in terms of the
corresponding kinetic theory expression S(@ for a gas of
quasiparticles with mass m(7T") and Boltzmann statistics
[64]:

£+ P

§ =S (47)
_ED P £ P Tz )
T T T Top2 TV

where K, (z) is the modified Bessel function with z =
m(T)/T. For thermodynamic consistency the right hand
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FIG. 1. (Color online) The normalized quasiparticle mass
z =m/T (a), the derivative dm/dT (b) and the equilibrium
mean field Beq/T* (c) obtained from Egs. and (48] using
a state-of-the-art lattice QCD EOS compiled by the BEST
Collaboration [68] (solid lines) and from earlier lattice QCD
results obtained by the Wuppertal-Budapest Collaboration
[62] [64] (dashed lines), shown as functions of temperature 7'
In practice, the equilibrium mean field in panel (c) is obtained
as the difference between the equilibrium kinetic and lattice

QCD pressures, Beq = 7>§§L C(ZR = §§>—7>cq (see Eq. )

side must satisfy S(@ = dPC(g)/ dT, which is ensured by
setting

. )
I a7’ 22K, (2) d”;;T) (48)

)
21 0

Beq(T) =

where 2 = m(T)/T. Plots of the quasiparticle mass-to-
temperature ratio z and equilibrium mean field B as
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functions of T', using a 2010 lattice QCD EOS obtained
by the Wuppertal-Budapest Collaboration [62], can be
found in [64]. Here we use the state-of-the-art QCD EOS
compiled by the Beam Energy Scan Theory (BEST) Col-
laboration [68]. The resulting slightly modified temper-
ature dependences of z(T'), dm(T)/dT and Bey(T) are
shown in Fig. [1] as solid lines (together with the earlier
results from Ref. [64] shown as dashed lines).

Equation determines the mean field in equilib-
rium. Out of equilibrium it receives a non-equilibrium
correction 6B [52]. As shown in [52], thermodynamic
consistency and energy-momentum conservation can be
used to derive from the Boltzmann equation the following
general evolution equation for B:

B+mﬁ1/pf+/p(u-p)0[f]=0. (49)

By Landau matching the non-equilibrium correction to
the quasiparticle energy density £@ = £*) 4+ B must van-
ish, hence

B = Beq — /(u p)%Sf (50)

where 0f = f—foq. Substituting f = fa+df and using
the relaxation time approximation

u-p)o
ol ~ - Lep)0f (51)
Tr
equation takes the form
5 B=Beq M (o) opk) _pk)
B S (sW-2P-P{M).  (52)

Note that the expression in the parentheses is the trace of
the kinetic contribution to the energy-momentum tensor
TH”. Since the non-equilibrium component of the mean
field 6B = B — Beq contributes to the bulk viscous pres-
sure, we have replaced in Eq. the relaxation time 7,
by the bulk relaxation time 7r;. The time derivative of
the thermal mass can be expressed in terms of the energy
conservation law ([10)) using the chain rule.

Although Eq. (50) shows that B is not an independent
quantity, we find it most straightforward to use Eq.
to propagate the mean field B dynamically. It does not
directly enter the evolution equations for the compo-
nents of the energy momentum tensor as an independent
variable, but is only needed for the model interpreta-
tion of the pressure anisotropy and bulk viscous pressure
(which are hydrodynamic outputs) in terms of the mi-
croscopic parameters (A, a) needed for computing the
transport coefficients in Appendix We use Eqgs. ,

, and to evolve &, Pik), P(f) and B. The
physical pressures are obtained from Py = Pik)—B and

P = P(f)fB. From & we determine T' using the lat-
tice EOS, and thus we know m(T'). Then we rewrite our



anisotropic equation of state model as

& — B = Iyoo0 (A, o, m(T)), (53a)
PL 4 B = Tyooo (A, a, m(T)), (53b)
P14+ B =TZs10 (A7 o, m(T))7 (53C)

solve these equations for the anisotropy parameters
(A, ,ar), and compute the transport coefficients.

Of course, the values (A, a, m) associated in this way
with P, P, and £ at any point of the hydrodynamic
space-time grid are model dependent, and a different
parametrization of the lattice QCD EOS in terms of
quasiparticles (for example, as a mixture of different
types of quasiparticles with different quantum statistical
properties, degeneracy factors and masses) would yield

J

P _75—77eq Pr—P1
L= s 37 /2
P = _P—Peq n Pr—P.1

I 37

Here we redefined the transport coefficients for the lon-
gitudinal and transverse pressures as detailed in Ap-
pendix This completes our formalism for nonconfor-
mal anisotropic hydrodynamics, where the equations of
motion —, , , and are purely
macroscopic and structurally independent of the under-
lying microscopic physics, while the transport coefhi-
cients are evaluated with our specific quasiparticle kinetic
model for the anisotropic equation of state.

B. Reconstructing energy density and fluid velocity

Most numerical codes developed for heavy-ion colli-
sions (including ours) solve the energy-momentum con-
servation laws @ on a fixed “Eulerian” space-time grid
instead of the LRF projected conservation equations
f. The reason for this is the existence of pow-
erful flux-corrected evolution algorithms for conservation
laws of the type () [69-71]. To be able to use these algo-
rithms one writes Eqgs. in conserved flux form, which
for Milne coordinates " = (7,z,y,n) reads

O;T™H + O (VFT™H) = J*. (56)

The source term J* on the r.h.s. includes both geometric
(Christoffel) terms arising from the curvilinear nature of
the coordinate system and the dissipative fluxes [71].
Running the evolution algorithm for one time step thus
produces updated values for the first row of the energy-
momentum tensor and the dissipative flows encoded in
Pr, Pi, W{, and 7", as well as the mean field B.
For the evaluation of the EOS and the calculation of
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different results. For example, we have tried (and aban-
doned) an alternate approach where we used a weakly in-
teracting Boltzmann gas of particles with a fixed mass to
interpret the pressure anisotropy and bulk viscous pres-
sure in terms of microscopic parameters (A, a;m). In
that case we were unable to find solutions at early times
where the strong longitudinal expansion leads to nega-
tive bulk viscous pressures large enough that no valid
choice of microscopic parameters can reproduce this in
the kinetic model theory. In the quasiparticle model we
can partially absorb this with an out-of-equilibrium mean
field contribution.

With the anisotropic EOS model we can finally
write down the equations of motion for the total pressures

P, and Py, by combining Egs. (33l|34) with Eq. :

- + Lz Dot + CE0 —2W 5+ Ny W Douy + My W 2,V 0 — NemhV o1, (54)

+ Cjzlzll«DzulL + éJL_GJ— + szzﬂ + ;\I%VuWﬁzDzuM - j\ﬁ/Lszzl’vJ—NuV + 5\#7‘(',1”0]_7#,/. (55)

(

the transport coefficients as described in the preceding
subsection we need, however, the LRF energy density &,
and to compute the source term J* we need the fluid
four-velocity u*. How to obtain these from the updated
output of the evolution code at the end of a time step is
described in this subsection.

We start by writing the first row of TH” as

T = (E+PL)u v —PLg™*+ APz 2# +2WJ(_TZZ“) +m*

(57)
where g = diag(1,—1,—1,—1/72) is the metric tensor
and AP = Pr—P,. The space-like basis vector z* can
be parameterized as [42]

1
2t = ——(7u",0,0,u" /T) (58)

V1+ud

where uy = ,/u2+u? is the magnitude of the transverse
four-velocity.

Next, we observe that the term 2WiTZZ“) depends
(through the components of z#) on ™ and u”. It can-
not be subtracted from T7# until a relation between u”
and u" is found. To this end let us construct from known
quantities the vector K* = T™# — 7" whose components
read [72]

A 7)2 2T n
K™ = (64P)(u")? — Py + 2P0 Wi,
1+uf Vitud
(59a)

i n
Wi, Tu

\/1+ui’

K' = (E4PL)u"u’ + (i=w,y) (59b)



A T,M T\2 n\2
K" = (E4+P )u"u" + LQU WLM.
1+us TUT\/1+U3_

(59c¢)

In the last equation we used the orthogonality relation
z,W!_ =0 to eliminate W _. Taking the combination

(u”)QKT — u"u" K" one obtains

" A— By1-A21 B2

L= _ : (60)
uT 1 + B2
where
K"
A = 77 6]—
K™+ Py, (61a)
w7t
B=———~ti 61b
T(K™+Pr) (61b)

as well as A = 74 and B = 7B are all known quantities.
One can further use the normalization condition u,u* =1
to rewrite Eq. either as

" F
v X (62)
Vitus  Tw
or as
T 1
- =~ (63)

V1+ud o

where F = 7F and z = V/1—F2. With this the compo-
nents of z* in and thus QWJ(_TZZ#) are now known.

We next define the known vector M* = K #—QWJ(_‘;Z'“),
with components

M™ = (E+P)u"u" — Py + AP(F/x)?, (64a)
M' = (E+P)u"u’, (i ==x,y) (64b)
M" = (E+P L) uu" + APF/(t2?). (64c)

From Eq. (64b]) one obtains immediately the transverse
flow velocity components and magnitude:

- M?
T ET P (652)

M|
== 65b
U] UT((€+PJ_)7 ( )

where M) = /(M®)2+(Mv)2. The two remaining un-
known variables are u” and £. By taking the combination
u? M™ —uTu'M* one finds a relation between u” and &:

o \/MT +PL— AP(F/2)? (56)

E+PL

This can now be used to express v’ and | in Eqgs. as
well as u' in Eq. in terms of £ and the other known
quantities. With a bit of algebra, and making use of the
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relation F' = 7M"/(M7+Pp), the normalization condi-

tion (u7)? —u? — (tu")? = 1 then yields the following

explicit reconstruction formula for the energy density:
ME

M™ + P, — AP (F/z)?

(TM")?*(M™ + P, — AP (F/a:)2)
(M™+Pp)? .

=M — AP (Flz)? -
(67)

Note that, since P, and P are evolved directly, the r.h.s.
of Eq. is entirely known. This is in contrast with the
reconstruction formula for £ in viscous hydrodynamics
where one must solve some nonlinear equation F(€) =0
numerically [72][73]. Once Eq. is evaluated, the fluid
velocity components u”, u’, and u” can be determined

usin, S. an consecutively.
ing Egs. (66), d ively

C. Reconstructing the anisotropic parameters

Having reconstructed the LRF energy density &, the
left hand sides of equations are all known, as is the
temperature T (from £(T')) and thus the particle mass
m(T). We can now use the expressions on the right hand
sides of these equations to determine the anisotropic pa-
rameters (A, ,arp). We write equations as

F(X)=0 (68)
where
A
X = ] (69)
ar,
and

Too00(X)—E+B
Too00(X)—PrL—B | . (70)
IQ()l()(X) _PJ_ _B

F(X) =

We then use Newton’s method in three dimensions to
find the solution vector X. One starts with an initial
guess vector X (9, which is typically the value of X at
the spatial grid point known from the previous time step.
This vector is updated with an iteration AX, which is
given by the matrix equation

Jij AX; = —F, (71)

where J;; = 0F;/0X; is the Jacobian matrix. The ana-
lytical form of this matrix is

J2001 2Ja01-1  Ja20-1
A2 Ao Ao
J2201 2Ja21-1  Jaa0—1
7= A2 "Aad Al (72)
Joo11 4Tao2—1  Ja21-1
A2 Aa3 Ao



One can simplify the computation of the matrix elements
in by using the identities (see Appendix

Ta20—1 = Aot (Za000 + Z2200), (73a)

Jao1-1 = Aot (Zaooo + Z2010)s (73b)
Ao? o2

Ti21-1 = —5+—2(Ta200 — Z2010)- (73c)
ar—a7j

The iteration process is repeated until convergence
is achieved. Newton’s method is a local root-finder and
works well if the initial guess X () is sufficiently close to
the solution. This may not be the case when the hy-
drodynamic variables are first initialized or evolving too
rapidly. To better handle such situations, we include a
line-backtracking algorithm, which takes partial steps of
AX, to improve global convergence [74].

Each iteration of Newton’s method requires the nu-
merical computation of eight one-dimensional integrals,
three for F' and five for J. Alternatively, one may use
Broyden’s method, which approximates the Jacobian in
terms of F', so only three integrals need to be evaluated.
[74] An approximate Jacobian may complicate the line-
backtracking search, which ensures a decrease of |F'| only
if the exact Jacobian is used. For iterations where the full
Broyden step does not sufficiently decrease |F'| we switch
to Newton’s method.

In the anisotropic equation of state model there
is an ambiguity between the initialization of the mean

field B and of the kinetic terms £®), P and PP
Standard hydrodynamic initial conditions for the energy-
momentum tensor only provide £, P, and P, on the ini-
tialization hypersurface. The initial energy density pro-
file £ also yields the initial temperature profile and thus
the initial profile for the equilibrium part Beq(T) of the
mean field. Its comoving time derivative on the initial-
ization surface can be obtained by taking the equilibrium

Beq (‘Se(q) 37 éq)) . (‘ 1)

To obtain a guess for the initial non-equilibrium deviation
0 B we assume that 0 B evolves on a time scale larger than
the bulk viscous relaxation time 7. We can then ignore
the time derivative of B on the left hand side of Eq. (52))
and obtain from the difference between Eqs. and ([74)
the “asymptotic” initial condition

37’1‘[75’1

oBlasy) — =17y 75
m — 4Tnm ( )

As before (see footnote [5)) m and 1 can be expressed in
terms of the energy density £ and its LRF time deriva-
tive. Having thus specified the initial profile for the mean
field B = B.q + 6 B we can proceed to extract the initial
anisotropic parameters and compute the initial values for
the transport coefficients.

For far-from-equilibrium initial conditions, such as
those provided by the IP-Glasma model [37] where Py,
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starts out with a very large negative value P, = —&
and, after classical Yang-Mills evolution for a time of
the order of the inverse saturation momentum, settles to
around zero [75} [76], the implied deviation Pr—Peq can
become so large that, with this initial choice of B, the
quasiparticle model cannot accommodate it within the
allowed ranges for (A, ,ap). Since typically B <0 at
high temperatures (see Fig. , the kinetic longitudinal
pressure, ’ch) = Pr+DB, may in this situation be nega-
tive. Specifically, the anisotropic parameter initialization
is found to fail when Pr /P, < 0.08. To overcome this
problem, in the case of such extreme initial conditions for
P we simply adjust our initial guess for B and increase
the initial value for B until a solution for (A, ), «r) can
be found. More meaningful ways of dealing with this
shortcoming will be left to future work.

V. BJORKEN FLOW

In this Section we test our anisotropic hydrodynamic
formalism by comparing it to standard viscous hydrody-
namics for the case of (0+1)-dimensional Bjorken expan-
sion, using the state-of-the-art lattice QCD equation of
state referenced in Fig. We begin by simplifying the
anisotropic evolution equations —, —, and
— for systems with Bjorken symmetry. In Milne
coordinates, the fluid velocity is u* = (1,0,0,0), the lon-
gitudinal and transverse expansion rates are z,D,uf =
1/7 and 6, = 0, and the residual shear stress components
W/, and 7! vanish by symmetry. The component 77"
trivially reduces to £. As a result, the anisotropic hydro-
dynamic equations simplify to

g=_tFPL (76a)
T
. P—Peq PL—P.  (F
PrL = ™ 37/2 + T’ (76b)
) B _ 1
PJ_:_P Peq+73L PL+CL, (76¢)
I 3T T
- B—Beq | E+PpdmdT
B - . m ﬁ%(é’ 27)J_ PL 4.B),
(76d)
where in (76[) we used
m E+Pr dm dT
m  tm dT dE (77)

as well as €K —2pH) _pH) — ¢ _op, P, —4B.

To fix the relaxation times 7, and 711 we proceed as
follows: we use a temperature dependent parametrization
for the specific shear viscosity n/S [6],

1/8)min + (1/8)stope(T—T¢) for T >T,,
(1/S)min for T <T,,
(78)

77/5—{
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FIG. 2. (Color online) The temperature dependence of (a) the specific shear viscosity

S, (b) the specific bulk viscosity /S,

and (c) the bulk viscosity ¢ itself in units of fm ™3, given by the parameterizations (78) and [6]. We note that the peak
of ¢/S in (b) occurs at the temperature T' = 0.995 T, ~ T. whereas the bulk viscosity ( = (¢(/S) x S in panel (c) peaks at the

higher temperature "= 1.05T..

where § = §(€) is the lattice QCD entropy density and
T. = 154MeV is the pseudo-critical temperature. The
model parameters (17/S)min = 0.08 and (1/S)siope =
0.85 GeV~! were extracted from a global Bayesian analy-
sis of RHIC and LHC heavy-ion collision data [6] ] Sim-
ilarly, we use for the specific bulk viscosity (/S the pa-
rameterization from Ref. [77]:

¢/8 = (¢/S)morm [(T/T}) (79)

where the function f(z) is given by

Ag+ Az + AQ!EQ (0995 <z< 1.05),
Cs + Az exp [1;—3“:] + Agexp [1;—4‘”} (z>1.05),
(80)
with A9 = —13.45, A; = 27.55, Ay = —13.77, Cy = 0.03,
Cy = 0.001, Ay = 0.9, Ay = 0.22, A3 = 0.9, \y = 0.25,
o1 = 0.0025, oo = 0.022, 03 = 0.025 and o4 = 0.13. For
the normalization factor we choose ((/S)norm = 1.25 [6],
and we fix the location of the peak of the specific bulk
viscosity by taking T}, = TCH Fig. [2| shows the behavior
of the specific shear and bulk viscosities as a function of
temperature.
The relaxation times are then obtained from the kinetic
theory relations , rewritten in the form

LS _¢s
" Sﬁw7 Sﬁl‘[’

Ci + M\ exp [10;11] + Ag exp [%} (r <0.995),
f - {

TI1 (81)

9 Note that, while some of these parameters where fitted to ex-
perimental data [6], this was done with standard viscous hydro-
dynamics, and slightly different values might be expected when
repeating that exercise with anisotropic hydrodynamics. The
precise values of the parameters in Egs. - should there-
fore not be taken too seriously.

10 Note that this puts the peak of the bulk viscosity at a much lower
temperature than assumed in most previous implementations of
this parametrization (see e.g. [6l [[7THS0]).

using the following quasiparticle versions of the isotropic
thermodynamic integrals 8, and S [52]:

1 [(-p-A-p)?

Br = T/plE)(wp)feq’ (82)
_567r_ 2 2 dm -p-A-p

B = 3 G (E4Peq) + M : 73@ ) feq-

Here ¢2(€) is the squared speed of sound from lattice

QCD. The system of ordinary differential equations
is solved using Huen’s method. After each intermediate
and full time step the anisotropic parameters are updated
by numerically solving Eq. .

These anisotropic hydrodynamic results will be com-
pared with those from second-order viscous hydrodynam-
ics in the 14-moment approximation. The corresponding
evolution equations and transport coefficients are derived
in Appendix [E] For Bjorken flow, the set of independent
dynamical variables reduces to the energy density &, the
shear stress m = —727"" = 2(P, —Pp), and the bulk vis-
cous pressure II = %(Z’P L +PL) — Peq- Their evolution
equations simplify to

E+Peqt -7

g— S Pqt o 83
. ; (83a)
4 - T7r7r+357r7r 77_2)\7rHH
ﬁ:_1_£_< ) . (83b)
Tr 3T 3TrT
. II oIl — A
o I fn dmll— An«m (83¢)
TI1 T mT

For the non-equilibrium mean field contribution 6 B we
use the second-order expression [52]

3mn dm dT
(2) - 227 es
dB — T dS( + Peq) 116 (84)
where § =0, u* =1/7 is the scalar expansion rate. In

Eq. , we replaced the relaxation time 7, by 7.
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FIG. 3. (Color online) The Bjorken evolution of the normalized energy density £/, bulk viscous pressure II, longitudinal
shear stress component m, pressure anisotropy Pr/P., total mean field B, and non-equilibrium component of the mean field
0B, calculated in anisotropic hydrodynamics (solid red, vaHydro) as well as in standard viscous hydrodynamics (dashed blue
and green, vHydro and vHydro2). The solid red and long-dashed blue lines (vaHydro and vHydro) use transport coefficients
derived from kinetic theory for medium-dependent quasiparticles while the dashed green lines (vHydro 2) use kinetic theory
transport coefficients derived in the small fixed mass limit. The fluid starts out in thermal equilibrium at longitudinal proper
time 79 = 0.25fm/c with initial temperature Top = 0.5 GeV. In panel (f), the short-dashed purple line shows the “asymptotic
approximation” for § B, computed using data from the anisotropic hydrodynamic evolution whereas the long-dashed blue
line uses Eq. and data from the viscous hydrodynamic evolution. II, 7, B, and §B are plotted in units of GeV/fm?>.

The relaxation times 7, and 7 are obtained from
Egs. and while the second-order transport co-
efficients 7, 0xr, Axm1, O and A are computed from
the quasiparticle model in the 14-moment approximation
(after expansion around a local equilibrium distribution,
see Appendix . We will also look at how the trans-
port coefficients, including the relaxation times, affect
the viscous hydrodynamic results when computed in the
small fixed mass approximation z <« 1 and dm/dT =~ 0,
without a mean field, which is commonly implemented
in viscous hydrodynamic simulations. [78 [8T], [82]

A. Equilibrium initial conditions

In Figure [3| we show the Bjorken evolution of the hy-
drodynamic variables in anisotropic hydrodynamics, in-
cluding the total mean field and its non-equilibrium com-
ponent in the quasiparticle (QP) model used to compute
the transport coeflicients, and compare it with that in
the standard viscous hydrodynamic models. Figure []
shows the same for the associated Knudsen and inverse
Reynolds numbers. In this subsection we impose equi-
librium initial conditions with initial temperature Ty =
0.5 GeV at longitudinal proper time 79 = 0.25fm/c, i.e.
all non-equilibrium effects are initially zero. Figure [3h
shows that all three models (anisotropic hydrodynamics
with QP transport coefficients in solid red lines, stan-

dard viscous hydrodynamics with QP transport coeffi-
cients in long-dashed blue lines and transport coefficients
from a Boltzmann gas in a small fixed mass expansion in
short-dashed green lines) produce almost identical evolu-
tions for the energy density. The energy density decreases
somewhat more slowly than for a conformal ideal fluid,
indicated by the thin black line ~7—%/3. This is due to
the smaller pressure of our EOS (which thus performs
less longitudinal work) and to viscous heating. For refer-
ence we note that the system passes through the pseudo-
critical temperature T, = 154 MeV at 7. ~ 37 fm/c, with a
small spread of less than 2 fm/c between the three mod-
els.

Panel (c) shows that, if a QP model is used for the
transport coefficients, the mean field B also evolves al-
most identically in anisotropic and standard viscous hy-
drodynamics. Small differences between anisotropic and
standard viscous hydrodynamics with QP transport coef-
ficients are observed in the evolution of the shear stress =
(O(2%)) and the pressure ratio P /P (O(10%)): the ef-
fective resummation of shear viscous effects in anisotropic
hydrodynamics leads to a slight reduction of the shear
stress, resulting in a slightly reduced pressure anisotropy.
Standard viscous hydrodynamics, with transport coef-
ficients calculated in the small fixed mass expansion
(short-dashed green lines), produces somewhat (O(15%))
larger shear stresses and stronger pressure anisotropies.

Given that the pressure anisotropy gets quite large,
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FIG. 4. (Color online) The shear (top row) and bulk (bottom row) Knudsen and inverse Reynolds numbers numbers associated
with Fig. For Bjorken flow, the formulas for the Knudsen and inverse Reynolds numbers reduce to Kn. = 7/, 0" =
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shows the Navier-Stokes limits of the shear and bulk inverse Reynolds numbers, R;&\IS = +/8/3n/(7Peq) and RH}NS = (/(7Peq)-

with Pr /P, decreasing to about 30% at 7~1fm/c,
the excellent agreement between standard viscous and
anisotropic hydrodynamics is somewhat unexpected. It
suggests that the widely used standard viscous hydrody-
namic approach is quite robust and quantitatively re-
liable even for large shear stresses. Similar observa-
tions were made before in [72] as well as in studies of
the Bjorken dynamics of strongly coupled theories where
second-order viscous hydrodynamics could be directly
compared with an exact numerical solution of the un-
derlying strong-coupling dynamics [83, [84].

The largest differences between anisotropic and stan-
dard viscous hydrodynamics are seen in the evolution
of the bulk viscous pressure II (Fig. [3{l) and the non-
equilibrium part of the mean field 6B (Fig. 3f). The
two panels expose strong correlations between the evo-
lutions of these two quantities. Both are small: (i) The
bulk viscous pressure at early times is about 100 times
smaller than the shear stress. While the evolution of II
is qualitatively similar (although quantitatively different
by more than a factor 2 at early times) for anisotropic
and standard viscous hydrodynamics with QP transport
coefficients, it exhibits qualitatively different dynamics in
standard viscous hydrodynamics with transport coeffi-
cients computed from the small fixed mass expansion.
(ii) Compared to the equilibrium mean field, the non-
equilibrium part 0B is about two orders of magnitude
smaller (see panels (c¢) and (f) of Fig. |3). Here one ob-
serves very different trajectories for § B between the evo-
lutions from anisotropic and standard viscous hydrody-

namics, although their shapes are qualitatively similar.
In addition, panel (f) shows for comparison the “asymp-
totic approximation” (|75)) (short-dashed purple curve)
which should be compared to the exact numerical solu-
tion (red solid line). Obviously, the large expansion rate
at early times makes the asymptotic trajectory, which
is based on the assumption that é B evolves more slowly
than the bulk relaxation rate, a rather crude approxima-
tion.

Figure [4] shows the Knudsen and inverse Reynolds
numbers associated with the shear and bulk viscous
stresses. While the Knudsen and inverse Reynolds num-
bers associated with shear stress dominate the non-
equilibrium dynamics at early times, those associated
with bulk viscosity are the most relevant at late times
when the system passes through the QCD phase transi-
tion.

In spite of the shear Knudsen number (Fig. [fh) start-
ing out large with a value of around 2.5, the shear in-
verse Reynolds number (Fig. ) never exceeds a value
of about 75-85%. This results from the delay caused by
the microscopic shear relaxation time which controls the
approach of the shear stress 7 from its zero starting point
to its Navier-Stokes value and has at 79 = 0.25 the value

1 Note that the Knudsen numbers for vaHydro (solid red) and
vHydro (long-dashed blue) are almost identical due to the very
similar energy density and temperature evolution, see Eq. (82)

and Fig. .
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FIG. 5. (Color online) Same as Fig.[3|but for Glasma-like initial conditions, with the same initial temperature at the same initial
time. The initial pressures are set to Pro = 4.975 x 1073 & and PLo = 0.4975 . For the anisotropic hydrodynamic evolution
(solid red line) the magnitude of the initial mean field By is reduced to 15.3 % of the default value (purple short-dashed line)
B@sy) — Boq+6B (®sy) " For the standard viscous hydrodynamic evolution with quasiparticle transport coefficients (long-dashed
blue lines) B and §B are determined as described in the text. II, w, B, and 6 B are plotted in units of GeV/fm3.

7 ~ 0.8 fm/c. By the time R_! reaches its Navier-Stokes
limit (shown in Fig. [d), the shear Knudsen number has
already dropped to values well below 1. We reiterate that
at the peak value ~ 3/4 of the shear inverse Reynolds
number the differences between anisotropic and standard
viscous hydrodynamic evolution are less than 6% as long
as both are evaluated with transport coefficients com-
puted from the same underlying kinetic theory.

Fig.[d shows the evolution of the bulk inverse
Reynolds number Rﬁl, which peaks due to critical dy-
namics near the QCD phase transition temperature T¢;
the corresponding Navier-Stokes value is shown in Fig. [4f.
Because 11 o ¢ (see Eq. )7 the bulk relaxation rate
slows down when the bulk viscosity peaks. This leads
to “critical slowing down” of the evolution of the bulk
viscous pressure 1I, limiting its growth as the system
cools down to T, [33], [35]. Comparing the solid red and
dashed blue curves in Figs. [fp and f we see that IT and
thus Rﬁl never reaches much more than about half of its
peak Navier-Stokes value, and it also peaks later (around
7~38fm/cr 1., corresponding to T 2 0.995T;.) than the
Navier-Stokes limit which reaches its maximum already
at 7~27fm/c (corresponding to T'~1.057,). One ob-
serves that even near its peak at 7 ~ 38 fm/c, Ry;" evolves
almost identically in anisotropic and standard viscous hy-
drodynamics with QP transport coefﬁcientsE

12 The reason for this will become clearer in Fig. below where we
will see that at late times anisotropic hydrodynamics reduces in
good approximation to 2nd order viscous hydrodynamics.

A marked difference is observed, however, when the
system is evolved with standard hydrodynamics us-
ing transport coefficients from a massless Boltzmann
gas without a mean field (green short-dashed lines in
Figs. [ll,e). It turns out that the thermodynamic inte-
gral B in Eq. is remarkably sensitive to the degree
of nonconformality of the Boltzmann gas, giving rise to
a much longer bulk viscous relaxation time in the QP
model than for the light Boltzmann gas without a mean
field, especially in the neighborhood of T.. This is re-
flected in the large difference between the short-dashed
green line and the other two curves for the bulk Knudsen
number shown in Fig. [l which causes the correspond-
ing large difference in the evolution of the bulk inverse
Reynolds number shown in panel (e): The much shorter
relaxation time for the light Boltzmann gas allows the
bulk viscous pressure to follow its Navier-Stokes limit
(shown in Fig. ) much more closely, causing Rﬁl to
rise much more steeply and to a larger peak value as the
system cools towards T, than in the other two approaches
where fyy is calculated from the QP model.

We have studied thermal equilibrium initial conditions
with several other combinations of initial temperature
Ty and 79, resulting in significantly different evolutions
of the energy density and viscous pressure components
(not shown here). Two features appear to be univer-
sal, however: (i) As long as we use transport coefficients
computed from the same microscopic QP kinetic theory,
the evolution of all components of the energy-momentum
tensor, as well as of the mean field B, shows only very
small differences (of the same order as shown in Fig.
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FIG. 6. (Color online) The shear and bulk Knudsen numbers and inverse Reynolds numbers associated with Fig.

between anisotropic and standard viscous hydrodynam-
ics. (ii) Using instead transport coefficients for a Boltz-
mann gas of light fixed-mass particles, standard viscous
hydrodynamics leads to significantly different evolutions
for the bulk viscous pressure II. For a meaningful com-
parison between anisotropic and standard viscous hydro-
dynamics it is therefore important that a consistent set
of transport coefficients is being employed. Also, for a
medium with broken conformal invariance (such as the
quark-gluon plasma and other forms of QCD matter)
non-conformal effects on the transport coefficients can
have a large effect on the evolution of the bulk viscous
pressure which may not be properly captured when using
transport coefficients derived from a theory with weakly
interacting degrees of freedom that have small masses.

B. Glasma-like initial conditions

In this subsection we repeat the exercise of the previ-
ous one for a different set of initial conditions, resembling
those that one would get from matching the hydrody-
namic evolution to a pre-equilibrium stage described by
the IP-Glasma model [37]. As already described, this
model predicts approximately vanishing initial longitu-
dinal pressure Pr~0 and P, ~&/2 [(5]. (In practice,
we set Pr/P1 = 0.01 initially). We use the same initial
longitudinal proper time and temperature as before. The
corresponding results are plotted in Figs. [p] and [f]

For this extreme initial condition, the default magni-
tude of B must be reduced by about 85% in order to
be able to successfully initialize the anisotropic micro-
scopic parameters; for B this is shown in Fig. [fk while the
implications for the anisotropic microscopic parameters
will be discussed in the following subsection. The highly

non-equilibrium initial conditions manifest themselves in
large starting values for the shear and bulk stresses and
the non-equilibrium mean field. The initial shear stress
(Fig. [Bb) is about five times larger than its peak value
for equilibrium initial conditions. The bulk viscous pres-
sure (Fig. ) and non-equilibrium part of the mean field
(Fig. [5f) are for the first fm/c one to two orders of mag-
nitude larger than for equilibrium initial conditions. In
spite of this, anisotropic and standard viscous hydrody-
namics still lead to almost identical evolution trajectories
for the energy density (Fig. ) and viscous pressures
(Figs. ,d) if QP transport coefficients are used, and if
the latter are swapped out for those from a light Boltz-
mann gas, a significant change in the standard viscous
hydrodynamic evolution is only seen for the bulk vis-
cous pressure (short-dashed green curve in Fig. ) The
shear stress 7 and the pressure ratio Py, /P, emphasize
the differences in the hydrodynamic models somewhat
at early times (Figs. [5b,e), pushing the pressure ratio
towards isotropy somewhat faster in anisotropic than in
standard viscous hydrodynamics, but all three dynamical
approaches converge to a common late-time behavior for
7 and Pr /P, after about 2fm/c (i.e. after about 3 times
the initial shear relaxation time of about 0.8 fm/c). It is,
however, not the case that equilibrium and Glasma-like
initial conditions lead to the same temperature evolution
of the system: A careful comparison of Figs. [k and
shows that for the non-equilibrium initial conditions vis-
cous heating by the large initial bulk and shear stresses
causes the energy density (and therefore temperature) to
drop somewhat more slowly than for equilibrium initial
conditions, especially at early times.

Figure [5f shows again that the “asymptotic approx-
imation” (75) for 6B(%) (dashed purple line) is not a
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FIG. 7. (Color online) The anisotropic hydrodynamic evolution of the effective temperature A (dashed blue) compared to the
temperature T (solid red) is shown in the left panels for equilibrium (a) and Glasma-like initial conditions (c). The right panels
show the evolution of the momentum deformation parameters oy (dashed magenta) and « (dash-dotted black), again for
equilibrium (b) and Glasma-like initial conditions (d). The temperatures A and T are plotted in units of GeV. The deformation

parameters az and o are unitless.

good approximation for the full numerical evolution of
0 B shown by the solid red line. Since for the Glasma-like
initial conditions the non-equilibrium mean field contri-
bution ¢ B is initially of the same order of magnitude as
the equilibrium contribution Beg, the breakdown of this
approximation is visible even in the evolution of the total
mean field B (solid red line) which is not at all described
by B@) = B, +5B@Y).

Looking at the Knudsen and inverse Reynolds numbers
in Fig. |§| the only striking (although obvious) difference
are the large starting values for both shear and bulk in-
verse Reynolds numbers when using Glasma-like initial
conditions. Similar to the shear stress m and pressure
ratio P, /P, in Figs. 7e7 these two observables exhibit
noticeable differences at early times between anisotropic
and standard viscous hydrodynamic evolution.

C. Evolution of the microscopic kinetic parameters

Although the parameters (A, ,«y) describing the
slope and anisotropy of the momentum distribution of
the microscopic degrees of freedom are vestiges from an
underlying kinetic theory whose traces we have tried
to erase as much as possible in our formulation of
anisotropic hydrodynamics (hoping that eventually we
can obtain the transport coefficients of QCD matter
from a more fundamental approach), it is interesting to
“look under the hood” and see how our parametrized

anisotropic EOS works, i.e. how the QP model adjusts its
microscopic parameters to accommodate the macroscopic
anisotropic hydrodynamic initial conditions provided,
and how it evolves them in response to the anisotropic
hydrodynamic evolution of the energy-momentum ten-
sor.

Figs. [h,b compare, for equilibrium initial conditions,
the evolution of the effective temperature parameter A
with that of the true temperature T extracted from the
energy density, and of the momentum anisotropy param-
eter oy with that of o, respectively. A comparison
of Figs. [Th,b with Figs. @b,e shows that large inverse
Reynolds numbers in both the shear and bulk sectors cor-
relate with effective temperatures A > T and longitudinal
momentum deformation parameter ay <1. Large shear
inverse Reynolds numbers correlate with o deviating
from unity in the opposite direction (i.e. with aj > 1),
leading to narrower longitudinal and wider transverse
momentum distributions than in the equilibrium distri-
bution feq, consistent with Pr /P, < 1. Large bulk in-
verse Reynolds numbers push down both oy, and « , cor-
responding to negative bulk viscous pressures. At late
times, when both the shear and bulk inverse Reynolds
numbers approach zero, the momentum distribution ap-
proaches local equilibrium, oz, | — 1 and A — 7.

For Glasma-like initial conditions, shown in Figs. [7c,d,
these generic statements for the deformation parameters
a remain true but at early times the relationship between
T and A is completely changed: the effective temperature



A starts out much smaller than the true temperature.
A low effective temperature A would narrow the micro-
scopic momentum distribution in the transverse plane if
it were not compensated by a very large (O(10)) initial
value of o, which upholds the kinetic energy density
and transverse pressure. On the other hand, «j starts
out almost at zero, reinforcing the narrowing of the lon-
gitudinal momentum distribution generated already by
the small A value and thereby causing a very small ratio
of the kinetic contributions to P; and P,. This is, of
course, forced upon the system by the very anisotropic
initial condition P /P, = 0.01.

While the microscopic kinetic parameters (A, ) con-
trol only the kinetic contributions to energy density and
pressures, the qualitative agreement of their tendencies
extracted from this analysis of Figs. [k,d with those of
the total energy density and pressures shown in Fig.
demonstrates that the mean field B, even where large,
cannot alter the sign of the pressure anisotropy (shear
stress). Its value shifts the average kinetic pressure rela-
tive to the kinetic energy density and thereby has a large
influence on the bulk viscous pressure.

VI. CONCLUSIONS AND OUTLOOK

In this work we presented a purely macroscopic formu-
lation of anisotropic hydrodynamics in 34+1 space-time
dimensions, parametrized with Milne coordinates. To
obtain the Lorentz structure of the anisotropic hydro-
dynamic equations, including the relaxation equations
for the dissipative flows, we started from a microscopic
description in terms of a relativistic Boltzmann-Vlasov
equation with a relaxation-time approximated collision
term. The mean field in the Boltzmann-Vlasov equation
is constructed such that the energy density and equilib-
rium pressure of this kinetic theory satisfy an equation of
state that agrees with the lattice QCD EOS of strongly
interacting matter. The macroscopic equations of mo-
tion are derived from an anisotropic moment expansion
of this Boltzmann-Vlasov equation, where the distribu-
tion function is split into a momentum-anisotropic lead-
ing order term f, and a residual correction ¢ f. To close
the anisotropic moment expansion we use for the resid-
ual correction ¢f the 14-moment approximation. The
leading-order term is constructed such that it can non-
perturbatively account for the two largest dissipative ef-
fects encountered in relativistic heavy-ion collisions, a
large longitudinal-transverse pressure anisotropy at early
times and a large bulk viscous pressure during the phase
transition of the matter from a quark-gluon plasma to
color-confined hadronic matter. This requires the intro-
duction of two momentum-anisotropy parameters oy, o)
into f, whose dynamics is fixed by a novel generaliza-
tion of the Landau matching conditions that ensures that
there are no residual corrections from ¢ f to the longitudi-
nal and transverse pressures of the system. This match-
ing scheme allows us to completely eliminate the micro-
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scopic parameters that define f,, and to write down, for
the first time, a set of macroscopic anisotropic hydrody-
namic evolution equations which make no explicit refer-
ence at all to their microscopic kinetic origin.

There are ten evolution equations for the ten compo-
nents of the energy-momentum tensor. No specific as-
sumptions are made for the equation of state relating
the energy density and thermal pressure in thermal equi-
librium, i.e. the equations can be used to describe any
form of matter that behaves like a dissipative fluid. Two
of these equations evolve the longitudinal and transverse
pressures Py, and P, . Instead of splitting them into a
thermal equilibrium pressure, a bulk viscous pressure and
a longitudinal-transverse shear stress, with the latter two
quantities assumed to be small and perturbatively treat-
able, in our approach P, and P, themselves are evolved,
with the transport coefficients controlling how far they
may deviate from the thermal equilibrium pressure.

The evolution of the energy-momentum tensor compo-
nents is controlled by a standard set of driving forces,
such as the longitudinal and transverse expansion rates,
the various components of the velocity shear tensor, the
flow vorticity, etc. In addition, the dissipative flows are
characterized by a set of relaxation times describing their
relaxation towards their first-order Navier-Stokes limits.
Consistent with the anisotropic parametrization of the
leading-order distribution f,, the dissipative forces are
separated into longitudinal and transverse parts using
a systematic procedure involving orthogonal projection
operators that was developed in Ref. [42]. They are mul-
tiplied by a set of two dozen transport coefficients. These
transport coefficients, as well as the relaxation times,
are material properties of the dissipative fluid to be de-
scribed.

We do not know how to compute these transport coeffi-
cients for QCD matter from first principles. Therefore we
use in this work a kinetic theory for weakly-interacting
quasiparticles with temperature-dependent masses as a
model for computing them. We write the distribution
function for these quasiparticles as f = f,+df and
parametrize f, in the same way as in the kinetic the-
ory from which we first started. From the solution of the
anisotropic hydrodynamic equations we then take the en-
ergy density £, longitudinal pressure P, and transverse
pressure P, , as well as the mean field B, and describe
the deviations of Pr, and P, from the equilibrium pres-
sure Peq(E) (which is taken from lattice QCD) in terms
of the microscopic anisotropic parameters of the kinetic
model. Having thus fixed the parameters of the kinetic
model from the macroscopic hydrodynamic output, we
can use it to compute all the transport coefficients in
kinetic theory.

For the relaxation times we take previously introduced
phenomenological parametrizations that were recently
calibrated by a global comparison of a sophisticated dy-
namical model involving dissipative relativistic fluid dy-
namics at its core with experimental heavy-ion collision
data collected at the LHC [6] [85].



As a first application of this new approach we have here
studied the Bjorken evolution of a longitudinally boost-
invariant, transversely homogeneous system, evolving it
both with anisotropic and standard viscous hydrodynam-
ics for comparison. We found remarkable agreement
between the two approaches if both used quasiparticle
transport coefficients but noticeable disagreements with
a standard viscous hydrodynamic simulation using trans-
port coefficients for a weakly interacting Boltzmann gas
in the small fixed-mass limit. This suggests an unex-
pected robustness of the standard viscous hydrodynamic
approach even in the presence of large shear and bulk vis-
cous effects. A final assessment of the relative strengths
and weaknesses of anisotropic vs. standard viscous hy-
drodynamics will, however, have to await the availabil-
ity of full (3+1)-dimensional numerical evolution com-
parisons which are presently being pursued.

A key motivation for anisotropic hydrodynamics is
that by accounting for the large dissipative components
already at leading order, by parametrizing them into
the leading-order distribution function f,, the remain-
ing dissipative flows arising from the residual deviation
0f in the decomposition f = f,+df should be smaller
than the dissipative flows in standard viscous hydrody-
namics where they arise from Jf in the decomposition
f = feq+0f. Bjorken flow does not allow to test this
expectation because for systems with Bjorken symmetry
the residual dissipative flows arising from d f vanish any-
how exactly by symmetry. Full (3+1)-dimensional sim-
ulations will allow to answer this question. Taking the
results reported in the last chapter of Ref. [72] (based
on a version of the present framework that did not treat
the bulk viscous pressure non-perturbatively) as guid-
ance for what to expect, anisotropic hydrodynamics as
formulated here should indeed make the residual shear
stress components significantly smaller in the center of
the fireball, where the largest shear stresses are gener-
ated at early times by longitudinal expansion. However,
the same may not necessarily hold for cells near the trans-
verse edge of the fireball where the transverse expansion
rate can exceed the longitudinal one and where account-
ing non-perturbatively for large effects associated with
anisotropies relative to the beam axis (as we do here) may
not offer significant advantages. We hope to be able to
soon present numerical results that show how these ex-
pectations bear out in practice.

We close by noting that the observed sensitivity of the
Bjorken evolution to the chosen model for computing the
transport coefficients puts some urgency to the question
how to compute the transport coefficients of anisotropic
hydrodynamics from first principles for a theory such as
hot and dense QCD. We have to leave this as a challenge
for future work.
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Appendix A: Anisotropic integrals

In this section, we define the anisotropic integrals that
appear in this paper and show how to integrate them
numerically. The anisotropic integrals Z,,qs and Jnrgs
are defined as

(U . p)n—r—Qq
Inrqs = / 7(_
p

(2q)” Z-p)r(_p.E.p)‘I(p.Q,p)s/Qfa’

(A1)

L \n—r—2 B
Forgs = / (up)iq(—Z'P)r(—p'E-p)q(p~Q'p)S/2fafa,
P

(29)!
(A2)
where the distribution function f, is
fo=f 1 pi,LRF erg,LRF 4 m? (A3)
@A o? a?

For particles with Boltzmann statistics Z,.qs = Jnrgs-
Although there is no known analytical solution for these
integrals for massive particles, their dimensionality can
be reduced to one. After substituting the spherical coor-
dinates

Pz,LRF = a1 Apsinf cos ¢,
Dy,LRF = 01 Apsin0sin ¢,
Dz LRF = arApcost,

(A4)



with p = p/A, the angular integrals in Eqs. (A1[[A2)) can
be evaluated analytically, yielding

a24+2a2+1An+s+2

Inr = L d n+s+1
a 472 (29! /0 PP

Rnrq(aLa aL§m/ﬁ)feq( \Y P2+ ’ﬁl2),

(A5)

ai(l"!‘Q T+1An+ s+2

jnrqs = / dﬁ pr et Rnrq feq f_leqa

472 (29! o
(A6)

where m = m/A and the functions R, are defined as

Rnrq (OU_7 ar; m/ﬁ) =w n-r—2g-1 X

1 A7
/ d cos 0sin®? 0 cos™ O(1 + zsin? 9)(n—7—2a1)/2, (A7)
-1
2 2

ol —

J‘72L. The radial
momentum integral can be computed numerically with
generalized Gauss-Laguerre quadrature. For reference,
we list the functions R4 that are needed in this paper:

with w = y/a? 4+ (m/p)? and z =

Raoo = w(1 + (1 + 2)t(2)) (A8a)
Ra20 = W (A8Db)
Rao1 = w (A8c)
Roso — 3+2z —Z;’)SS—F 2)t(z) (ASd)
3+z+1+2)(z—3)t(2
Rao2 = i +Zg(1++ i()wg Ji(z) (A8e)
Raz1 = W (A8f)
Ruat — —15+ 13z +jz(§1;2)(5 + 2)t(2) (ASe)
Rugp = SE- 1+ (z(j;w— 2) +3)t(2) (ASh)
Rust — 3+ 2+ (1 ZZ;)U(Z —3)t(2) (ASi)
Riss — 15+ 2+ (zi;;?) —15)i(z) (A8])
Roacn (z—=3)(5+32) +3(1 + 2)(2(2 — 2) + 5)t(2)
4087 423(1 + z)w3
(A8Kk)
where t(z) = M.

NE;

Appendix B: Anisotropic integral identities

Here we show how to derive the identities (73). First,
we express the anisotropic integrals (A1) and (A2)) as

n—r—2q r

1 _ ) .
Lorgs = " /ELRF pz,LRFqu,LRF E; fo, (B1)
29" J,
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1 2
Tnrqs = (29)!! /Efm? quLRFpLLRFEéfafm (B2)
nJ,
P P2
where B, = {/m?2 + J"ERF + z’LzRF. From here on
ot a?

out, we will suppress the LRF subscripts. To obtain the
first identity (73p), we introduce rapidity coordinates

E =mj coshy, p,=m_sinhy, (B3)

where m | = \/m? + p?%, to rewrite (B2) as

dy d? n e
jnrqs g/(yplmL 2q(coshy)” r—2q

2m)3 (2)!! (B4)
x (sinhy)” piq E2 fufa-
Next, one can write the distribution term f, f, as
- Al E 0
fafa = - L= .fa (B5)

m? coshy sinhy dy

After integrating by parts with respect to the variable y
(where the boundary term vanishes for r > 2) one obtains
the relation

Tnrgs = Aaf (n=r=20—1) Tn 24,041 (B6)
+Aaf (r-1) In72,T72,q,8+1 +A(5+) Inrgs-1,

which for (n,r,q,s) = (4,2,0,—1) yields Eq. .
For the second identity .lo one uses cylindrical co-
ordinates

E = \/m?+p3 +p2, pr = p1cosp, p, =pLsing
(B7)
to express the integral (B2|) as

dpdp:
jnrqs :g/(li

EnT— 2q— 1pr 2q+1 Es fafa

2m)2(2q)!!
The term f, f, can be written as
. Aa? E, Of,
fafa =——2L % (B8)
pL pL

Integration by parts with respect to p, , with the bound-
ary term vanishing for ¢ > 1, gives
jnrqs = AOéi (n—r—?q—l) 1"—27"“,‘1»34‘1
+A0] Tyorg-t1s41 + A(s+1) T pgisat s
which for (n,r,q,s) = (4,0,1,—1) yields Eq. (73b).

Finally, to get the third identity (73c) we use spherical
coordinates

(B9)

E=+\/m?+p? p,=pcost,

B10
Py = psinflcos ¢, py, = psinfsing (B10)
in the integral (B2)
dpd(cosO) . . 9,1 riog4o
jnrs: /7En e r+2a+
=9 | Bz P (B11)

x (cos0)" (sin0)?? ES f, fa



and write the term f,f, as

AaJ_a% E, dfe
a? —a? p?cosf dcosb’

fafa - (B12>

Integrating by parts with respect to cosf, where the
boundary term vanishes for ¢ > 1, gives the following

relation:

2
Tnrqs = L -7
nrqs — 2 2 n2r 2,q,s+1 n—2,r,q—1,s+1
aj — L

A(s+

which for (n,r,q,s) = (4,2,1,—1) yields Eq. )

n,r,q,5—1 (Bl?’)

Appendix C: Anisotropic transport coefficients

We list the transport coefficients that appear in the
relaxation equations 7. Some of the expressions
contain terms o dm/dT (see footnote [5)). For the quasi-
particle model described in Sec [VA] the temperature-
dependent mass m(T') and its derivative dm/dT should
be taken from Fig.

The coefficients controlhng the evolution of the kinetic
longitudinal pressure PL are

_ dm dT

CL) = Tpy00 — 37)g€) +m ﬁ%(f)—i—PL)Iozoo, (Cla)
. k dm dT

CL( ) = Tyoto — 7)2 ) 4 mﬁ%(é’—ﬁﬁﬂomoa (C1b)

SEG) _ Jaa10 dm dTI

Wu T Tig | dT dE O
Mt = 1=, (C1d)
J1220 dm dT'
—_— —7
J1020 - "aT ag 0o

(Clce)

ALk — (Cle)

Those controlling the evolution of the kinetic transverse
pressure Pj_k) are

_ dm dT

Czj‘(k) = 12210 — Pik) +m dT dE (g‘i'PL)IOOlOa (023‘)

— (K k dm dT

CJ_( ) _ 2(Z2020 — 735_ )) + Mo g (E+PL)Zooro,

(C2b)

—_ 2 j4220 dm dT

L) iy g C2
. e T aT dg Lot (C2¢)

AL 3109 (C2d)

LK) — 3 Jaoso _ mdm dTIomo (C2e)

J1020 dT’ d€

The evolution of the longitudinal momentum diffusion
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current W’jz involves the coefficients

ny = %(ch) — Is210), (C3a)
ny = %(P(f) — I210), (C3b)
7V =pP —pk (C3c)
dm dT J2210
5 = MWy —% +m T (E+P) (J4210>, (C3d)
< Ja410 dm dT (32210)
pui — —m———=(E+P , (C3
w j4210 de dg( L) j4210 ( )
Ay, =2y (C3f)
Taz0
< Ja220
= C3
™ Ta020 (C3e)
MW=\ 1, (C3h)

while that of the transverse shear stress tensor 7/ in-
volves the coefficients

nL = Pj_k) — L2020, (C4da)
= dm dT J2020
of =237 L om——(&+ —— C4b
T =it 2 AT dé'( PL) <J4020> » (G4b)
_ 4 J1030
T—2— C4c
T “Ja020 (Ce)
< < dm dT J2020
A;::A,VL—H — —(E+P ( ) C4d
de & TP T ) (1Y
= )\W (Cde)

Additional transport coefficients appear for systems with
conserved charges and associated diffusion currents [42].

Appendix D: Transport coefficients for P;, and P, in
the quasiparticle model

Here we redefine the transport coefficients controlling
the macroscopic longltudmal and transverse pressures af-
ter adding to Egs. . ) the mean field terms from
Eq. . The transport coefficients for the total longitu-
dinal pressure Py, are

. - 1 dmdTl’ (k) (k)
(b=t - TR (e (6W -2 ),
m dT d€
(D1la)
_ _ 1 dm dT
Ch = - — TR (E+Py )(5<’f>—273i’“>—7>§’“)),
(D1b)
sLo_sit _ L dmdT gy o) k)
Ae =1-2E (D1d)
- 1 dmdT
L _ YL(k) (k) (k) (k)
Ae =AU T @ (8 —2PL Py ) (Dle)



Those controlling the evolution of the total transverse
pressure P, are

. 1 dm dT
G =G0 — — SR e+ P (eW—2P PP,
(D2a)
o 1 dmdT
Gt =W - — SR (E+P) (e 2P —P[Y),
(D2b)
sLy _ LdmdT gy (k) (k)
XL =2 -~ (5 op(F)_pl ) (D2¢)
N = AL — (D2d)
o 1 dm dT
L3\t 4 (k) _ (k)
R (5 —op(M)_p! ) (D2e)

Appendix E: Viscous hydrodynamic equations

Here we derive the viscous hydrodynamic equa-
tions and their transport coefficients. We start with
the quasiparticle case (long-dashed blue) and derive the
relaxation equation for d B and its second-order solution
(84). The general evolution equation for §B is given by
52

. 0B i
5B:——+T(3H+45B) (E1)
I
where the m/m term can be written as
m 1 dmdT .
it S E2
m  mdl dé’g (E2)

We replace the time derivative € with the energy conser-
vation law in viscous hydrodynamics

E+(E4 Peog + 1) — 10, =0, (E3)
where 0 = J,u" is the scalar expansion rate and o,, =
Aﬁfjaﬁua is the velocity shear tensor. For the second-
order relaxation equation, we only need the first-order
approximation £ ~ —(€ + Peq)0, thus

— = —— 0 E4
m m dT d5(5+73eq) (B4)
The equation of motion for § B then reduces to
. B dm dT
o= 0B _EF Peadmdl o spyp ()

! m  dT d€

To first order in deviations from equilibrium 6 B = 0. The
second-order solution is given by [52]. In Eq. ,
we truncate the third-order term o< d B 6 to arrive at the
second-order relaxation equation

0B 3(E + Peq) dm dT

0B = - dT d€

116. (E6)
TI1 m

Next, we derive the relaxation equations for the viscous
components IT and 7##¥ in the same manner as in Sec.
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[[TT] We start by taking the time derivative of their quasi-
kinetic definitions [52]

H:fD/ (—=p-A-p)sf — 6B, (ETa)

) = A‘“’D/ st (E7b)

where d f is the non-equilibrium correction to the distri-
bution function

f:fcq+5f>

with feq = exp (—u-p/T) being the local equilibrium

(E8)

Boltzmann distribution. The time derivative 6B i is given
by (E6| . We substitute the terms containing f using

the Boltzmann equation (13f) and Eq. ( .

: . C[f] — mo*m o
6f:_feq+ [f] — #f
g (E9)
B p<u>vufeq B p<u>vu(5f
u-p u-p
where p{*) = Alp” and V, = AJ0, is the spatial gra-

dient. To close the system of equations we use the 14-
moment approximation for ¢ f [81]

5 1
ff =ce(u-p)* + sen(=p-A-p)+ ' p by, (E10)
eq

where p, p,y = Afjfpapg. To solve for the coefficients
we insert the expression (E10)) into the energy matching
condition and the definitions of II and 7#":

0€ = /(u -p)25f =0, (Ella)
P
II = —é /pHpVA‘“’(Sf, (E11b)
P
T = /pw pyof. (Ellc)
P

Since the 14-moment approximation is first-order in the
dissipative flows, we neglect the second-order contribu-
tion ~ d B to the energy density and bulk viscous pressure
in . After some algebra, the coefficients are

I 10
e = e (E12a)
*140142 73’
Ty 10
S ) L S (E12b)
*140142 73’

() = ™ E12

C’Tl' 2142 ’ ( C)
where we defined the thermodynamic integrals
(u-p)" 2

Tng= | ————— (-0 -A-p)feq- E1

q »/p (2q_|_1)”( p p)fq ( 3)



The final expression for ¢ f is

of _ (Eg(u . p)2 + 151_[ (—p A ~p))H 4 léwpwpuﬂﬂw ’
feq 3 2

(E14)
where ¢¢ = cg/II, en = en/Il and &, = 1/Z45. After
integration by parts and inserting for ¢ f the 14-moment
approximation , the relaxation equations for II and
" reduce to

. II
I=-——— 51'[9 — 5HHH0 + )\Hﬂ_ﬂlﬂ’o—#w (E15a)
™

w7

— Brot + o MrgyY)
T A (E15b)

— 77”771"\(“(7K> — OO + NpmpIlo™ .

Here w"” = ALAZ0|guq is the vorticity tensor. The
transport coefficients are

_ I

Br = (E16a)
Bi = 28, — A(E+Pog) + Em I 1 (E16b)
I — 3 T Cg eq Csde 11,
m4
oo =1— C? — 7(551'00 + EHI(H)
dm dT . 5_ 3
g g€+ Pl (T + T k)
(E16c)
1 erm?T,
Mip = & — 2 4 T2 (E16d)
3 3
10 4e,m?T
Tam = 70 + % (E16e)

25

4 E.m2Ty dm dT

67”1_:7 —_— — M —— —= eIa E16f
3+ 3 cdedg(5+Pq) 22, (E16f)
6 2m?*

Arll = g — T5(Eg Ioo + ¢ IOl)- (E]'Gg)

In an expansion in powers of z = m/T < 1, taking the
fixed-mass limit dm/dT = 0, the leading terms for these
transport coefficients are [81]

© 4 p

Br = 5 +0(z%), (E17a)
L)) et o p) 5
B =15(5 — ()?) (e +PE) + O(?), (EL7H)
2
o = 3 + 0O(z%1n 2), (E17¢)
8/1 2
8L 4
A = = (5= (e)?) + 0GY), (E17d)
=00, (E170)
S = % +0(2?), (E17f)
Arll = g +O(z%In 2). (E17g)

Here (cgk))2 = Z51/Z30 is the kinetic theory definition

k k
for the squared speed of sound. Although Séq), Pe(q)

and (cgk))2 are kinetic theory expressions, it is com-
mon practice to replace them in the above expressions
with those from lattice QCD, and we will do so here.
For Bjorken flow, the energy conservation law and
relaxation equations (E15) simplify greatly. The gra-
dient terms are o/ = diag(0, 5=, o=, —525), 0 = 1/7,
and w"” = 0. The shear stress components are 7" =
diag(0, — 3727, — 1727 7). As a result, the viscous
hydrodynamic equations reduce to .
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