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gas and thermal-mass quasiparticle models
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We calculate all transport coefficients of second-order transient hydrodynamics in two effective kinetic
theory models: a hadron-resonance gas and a quasiparticle model with thermal masses tuned to reproduce
quantum chromodynamics thermodynamics. We compare the corresponding results with calculations for
an ultrarelativistic single-component gas, that are widely employed in hydrodynamic simulations of heavy
ion collisions. We find that both of these effective models display a qualitatively different normalized bulk
viscosity, when compared to the calculation for the single-component gas. Indeed, {/[rr(eg + Po)] =
16.91(1/3 — ¢2)?, for the hadron-resonance gas model, and ¢/[ry(gy + Po)] = 5(1/3 —¢?) for the
quasiparticle model. Differences are also observed for many second-order transport coefficients, specially
those related to the bulk viscous pressure. The transport coefficients derived are shown to be consistent with
fundamental linear stability and causality conditions.
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I. INTRODUCTION

Ultrarelativistic heavy-ion collisions produce a hot and
dense fluid of nuclear matter in which the fundamental
degrees of freedom of quantum chromodynamics (QCD),
quarks and gluons, become directly manifest. Since the
typical expansion speed of this so-called quark-gluon
plasma is comparable to that of light, relativistic dissipative
hydrodynamic models are needed to describe these colli-
sions [1-3] (see Refs. [4,5] for reviews on theories of
relativistic dissipative hydrodynamics). For decades, it is
known that relativistic extensions of Navier-Stokes theory,
widely used in nonrelativistic models [6,7], are intrinsically
inconsistent. Its equations of motion allow for the propa-
gation of superluminal waves and perturbations around
global equilibrium can be shown to grow indefinitely instead
of being damped. These are the infamous acausality [8] and
instability [9,10] problems of relativistic Navier-Stokes
theory.

In the last decade, transient hydrodynamic models have
been widely employed in heavy-ion physics [1,2,11].
In this case, the constitutive relations containing only
spacelike gradients, characteristic of Navier-Stokes theory,
are substituted by relaxation-type partial differential
equations for the dissipative currents. Such novel fluid-
dynamical formalism was originally derived by Israel and
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Stewart [12,13] and implements the idea that the dissipative
currents relax exponentially to the Navier-Stokes constit-
utive relations (see Refs. [5,14] for a discussion on
Israel-Stewart-like theories). This modification renders the
equations of motion linearly causal and stable, as long as
the viscosities and relaxation times appearing in the theory
satisfy certain constrains [15-19]. References [20-22]
provide recent developments in assessing causality and its
relation to stability.

Recently, causality of transient theories in the full
nonlinear regime has been assessed making use of the
theory of characteristic manifolds [23-25]. In this case, the
constrains involve the viscosities and relaxation times but
also the remaining transport coefficients and the hydro-
dynamic fields themselves (e.g. the components of the
shear-stress tensor). This implies that causality cannot be
assessed without solving the equations of motion. In
Refs. [26,27], state-of-art codes that solve transient hydro-
dynamic equations of motion for heavy-ion collisions have
been analyzed and it was shown that nonlinear causality
violations indeed occur. These violations were seen to take
place predominantly at early times. This evidences that
there is room for improvement in the hydrodynamic models
employed, including a better understanding of the quali-
tative and quantitative behavior of the plethora of transport
coefficients appearing in these theories.

One instance of the aforementioned simulation codes is
MUSIC [28-31]. In this case, the expressions for the various
transport coefficients required in the simulations were

© 2024 American Physical Society
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determined using calculations for an ultrarelativistic single-
component gas [32]. The goal of this paper is to update
these calculations considering systems that incorporate
basic features of QCD thermodynamics. For this purpose,
we calculate all second-order transport coefficients using
two distinct effective kinetic descriptions: the hadron-
resonance gas (HRG) [33-39] and a quasiparticle model
(QPM) [40-45] with a temperature-dependent mass tuned
to recover QCD thermodynamics [37,38]. In both the QPM
and HRG descriptions, we employ the relaxation time
approximation to simplify the collision term, as was also
the case in Ref. [32].

The hadron-resonance gas is a very traditional model for
strongly interacting matter at sufficiently low temperatures,
in which the system can be effectively treated as a multi-
species gas consisting of the various strongly interacting
particles and unstable resonant states cataloged by the
Particle Data Group [46]. At sufficiently high temperatures,
after a cross-over transition [47], the effective degrees of
freedom change, quarks and gluons become deconfined
and the equation of state computed from lattice QCD
simulations provides the thermodynamic description of the
system [39]. The HRG and lattice QCD descriptions are
known to agree with each other for temperatures below that
of the crossover [37,38]. In the high temperature regime,
quasiparticle models have been employed in the literature
to estimate the effects of QCD thermodynamics to transport
properties. In fact, in Refs. [40,41,44] expressions for
transport coefficients are derived and, in order to obtain
analytically accessible results, the Anderson-Witting [48]
relaxation time approximation is employed. The present
work is a continuation of Ref. [45], where only first-order
transport coefficients were calculated—here we shall fill
this void and obtain expressions for all transport
coefficients of transient relativistic fluid dynamics in a
QPM employing an improved RTA prescription [49] and a
judicious choice of matching conditions, which simplifies
the dynamical constrain of the background field (see
Sec. IV).

We begin the discussion in Sec. II, with a general
discussion of hydrodynamics in generic matching condi-
tions. Then, we present the HRG model employed in
Sec. III, with the corresponding derivation of the transient
hydrodynamic equations of motion in Landau matching
conditions. Afterward, in Sec. IV, we present the QPM and
derive the corresponding transient hydrodynamic equations
in what we call the trace-anomaly matching condition. At
the end of the section, in order to have a consistent
comparison with the transport coefficients of the HRG
model, we perform a change of matching conditions to
Landau prescription in a manner that is consistent with the
hydrodynamic power-counting. In Sec. V, we, then, com-
pare the HRG and QPM transport coefficients also with the
expressions employed in MusiC. In Sec. VI we make our
concluding remarks.

Notation: We shall use units such that i = ¢ = kg = 1
and the mostly minus (4, —, —, —) metric signature.

II. HYDRODYNAMICS

In the absence of conserved charges, which is a reason-
able approximation in high energy heavy-ion collisions, the
local conservation of energy and momentum are the most
fundamental hydrodynamic equations of motion,

9,T" =0, (1)

where T+ is the energy-momentum tensor. The tensor can
be conveniently cast in terms of different components with
respect to a timelike normalized vector ¥, u,u* =1 so
that,

T = eufu’ — PA"™ + W'u? + h'u# + o,  (2a)

1
€= u,u, T, P= —gA

™, (2b)

ny

W= Aju, T, o= AZ;T“/’. (2¢)
where ¢ is the total energy density in the local rest frame,
P is the total isotropic pressure, v/ is the particle diffusion
4-current, 1* is the energy diffusion 4-current, and 7** is the
shear-stress tensor. We further introduced the projection
operators

A" = g — utu”,

1 1
A = 2 (MMM - AA) — S AAT, - (3)

which render a given 4-vector in the 3-space orthogonal to
u* and render a given second rank tensor symmetric and
traceless and orthogonal to u# in both indices, respectively.

Now, we proceed to define a local equilibrium state,
which shall allow the separation of the energy-momentum
tensor in ideal and dissipative parts,

€= ¢gy(p) + Je, P=Pyp)+1I, (4)
where = 1/T is the inverse temperature of this fictitious
local equilibrium state. The quantities ¢, and P are then
related by an equilibrium equation of state, whereas the
quantities de, and Il are the corresponding dissipative
corrections.

The definition of the parameters f and u* as temperature
and four-velocity is made by the so-called matching
conditions. The most traditional matching condition
employed in heavy-ion collisions was put forward by
Landau [50] and shall be used in the Hadron-Resonance
gas model. Landau’s prescription defines the fluid
4-velocity as a timelike and normalized eigenvector of
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T*, such that T",u* = eu*, hence implying in the condition
h* = 0. Moreover, the inverse temperature is defined
assuming that the particle number and energy densities
in the local rest frame are given by their respective
thermodynamic values, i.e., de = 0. In the next section,
an alternative matching condition shall be considered
for the thermal mass quasiparticle model in order to
simplify the computations. Overall, using the decomposi-
tion (2) into the conservation laws (1), and projecting them
into their components parallel and orthogonal to u/, we
obtain the following equations of motion,

D80+D58+(80+5€+P0+H)6
-0, + 0,h + u,Dh* = 0, (5a)

(80+58+P0+H)DM“—V”(P0+H)
+ WO + h*A™du, + A Dh, + Aa,n% =0, (5b)

where D = u*0, is the comoving time derivative, V¥ =
A*9, is the 4-gradient operator, & = d,u* is the expansion
rate, and o = A"””/’aauﬁ is the shear tensor. Naturally,
Egs. (5) do not form a closed system of equations and
relations between the dissipative currents and other quan-
tities appearing in the energy-momentum tensor. In the
present text, we shall derive second-order transient hydro-
dynamic equations of motion from kinetic theory.

III. HADRON RESONANCE GAS MODEL

At low temperatures, nuclear matter can be modeled as a
gas of weakly interacting hadrons and resonances [34-39].
In this regime, an effective kinetic theory' approach can
also be employed, where the single-particle distribution
function f(x,p;) = fp.i(i = 1. ..., Ngpec) of each particle
species is determined by the relativistic Boltzmann
equation,

;pec

Ofpi= /dedQ’ dP,w

Jj.a,b=1
X (fp,afp’,bfq,ifq’.j _fp,ufp’.qu,ifq’,j) = Ci[ p}'
(6)

ij<>ab
pp’eqq’

apeL
1= [ 4Py fons

spec

Above, C; denotes the collision term for the ith particle
species, which contains the Lorentz-invariant transition

b
rate W; q(:; e that enforces the conservation of four-

momentum. We also defined the integral measure

dP; = d’p;/|(2)’E, ], where E,;= ,/p? + m% and

]”p.,» =1—(a;/9:)fq.i» Where g; is the spin-degeneracy
of the species i and a; = +1(—1) if the particle is a
fermion (boson) and a; — 0 recovers the classical particle
statistics.

The energy-momentum tensor is expressed in terms of
the single-particle distribution of each particle species as,

/szp Pifpie (7)

As with all hydrodynamic models, the inverse temperature
p and fluid 4-velocity u* are defined by matching con-
ditions. In this section, we employ the usual Landau
matching conditions, which defines f so that the total
energy density follows the equilibrium equation of state
and defines u* as the timelike normalized eigenvector of the
energy-momentum tensor, so that we have the constraints

o¢

Il
e

W=

I
e

(8)

With the restrictions imposed by Landau matching con-
ditions, the energy-momentum tensor for the hadron-
resonance gas model reads

T} = eopupuy — (P + 10, ) A 4 7, )

in which the hydrodynamic fields defining energy density,
pressure, bulk viscous pressure and shear-stress tensor are
defined, respectively, as

spec

POL__Z/dP (z/}p Pi )f()pl’
___Z/dp aﬂpzpl)éfpn

ipec
= / PP p6f s (10)

' Another hadronic effective kinetic theory, that is not the HRG, has been employed in Ref. [41].
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which are moments of the local equilibrium distribution
and the deviation function, respectively,

9i
exp (B, ) + a

f()p,i: 5fp,i:fp,i_f0p,i- (11)

In the remainder of the present section, for the sake of
convenience, we shall omit the L subscripts in the hydro-
dynamic variables for the sake of compactness.

A. Moment equations for the hadron-resonance gas

Transient hydrodynamic equations of motion are com-
monly derived from kinetic theory employing the method
of moments [15,51]. In this formalism, exact equations of
motion for irreducible moments of the nonequilibrium
distribution function are derived [52]. In the present case,
we now derive the equations of motion for

PlSfps i=1,..,N

spec»

(12)

p/lllr f:/dPElr”,p(lll

where  pli ... plf fe) — =AY p - plt, and AR
denotes the 2/-rank tensor projector that is traceless, fully
orthogonal to ¥, and double-symmetric. Here, we only
derive the equations of motion for the scalar and rank-2
tensor moments, which are relevant for the derivation of a
fluid-dynamical theory (since we consider systems with a
vanishing chemical potential, rank-1 irreducible moments
will be of a higher-order in the hydrodynamic power-
counting and can be neglected). We then have the following
equations of motion for the scalar irreducible moments,

0 v
D/)i,r - rDu”[)’;r_ +V /)l:r— 3 [—m%(r - l)/)i.r—2 =+ (I‘ + z)pi.r] - (I‘ - 1)/)¢£,r—201w
)
CHLL [Doe + (3¢ +T1)0 — 70, + 9,1 + u, DI +all0 = /dPEl’,‘lcl-[ L =Ci. (13)
Z} 30
And the following equations of motion for the rank-2 irreducible moments,
Dol = rDu gt + 2 Dul ur+s>p¢%z+l o)+ A
apr 9 Q)
= (r= Vo + 5V il = o) + %w+®mr<w4mp”ﬂ+hwﬁ@
2 @
+Z 0 K2r475h€? Y2 ) + S0P [=(r = Dmip;,a + (2r + 3)mipi, = (r+4)p 0]
_ 2 _ap r—1 (a8 . — pap
a, 0" = dPEp pUp Cz [fp} - Ci,r—l' (14)
In the above equations, we have defined w, = , 11 Z f 16
(1/2)(Y,, = V,u,) and “‘5‘82@ (16)
afor) — _csjg}rl 0+J5J)rl . which is a generalization of the ¢? ~1/3 — (1/36)(m/T)?
@) for single particle species derived in Ref. [32]. Equa-
a;,= Zﬂj r+3,2, tions (13) and (14) are completely analogous to the moment
, 0P, (e9+Py) equations of Refs. [15,51], with vanishing chemical po-
RO VAN tential, for each particle species.
0 ﬁZjJ 3.0
i 1 N =2 7 B. Relaxation time approximation
iy _W/dpi(_A/wp’;pi)qu,i Yfop.ifopir (15) PP

where c? is the speed of sound of the hadron-resonance gas
model. In the high-temperature limit, in which we consider
zj=m;/T -0,V j=1,..., Ny and assuming classical
statistics for all particle species, we have

The computation of collisional moments on the right-
hand side of Egs. (13) and (14) is the most nontrivial step in
deriving transient hydrodynamic theories. Thus, phenom-
enological models for the collision term are often employed
to simplify the derivation of a fluid-dynamical theory. In the
relaxation time approximation proposed by Anderson and
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Witting [48], the collision term is substituted by a phe-
nomenological ansatz which imposes that the single-
particle distribution function relaxes exponentially to local
equilibrium within a timescale 7g,

E,,; -
Ci{ p] = _?l;fOp.ifOp,iqsp,iv (17)

where we consider that the relaxation time, 7, is the same
for all particle species. This approximation is widely used
to obtain solutions of the Boltzmann equation [53-56] and
exact expressions for transport coefficients [40,41,43]. In
particular, this approximation was employed in Ref. [32],
where the second order transport coefficients currently
implement MUSIC were derived.

It is further noted that the above approximation can only
be employed if the relaxation time, 75, does not depend on
particle momenta and if one employs Landau matching
conditions [49]. This is the case in the present section.
Otherwise, the Anderson-Witting RTA is inconsistent with
the local conservation laws (1). Indeed, considering for a
moment that 7 depends on momentum, and integrating
both sides of the Boltzmann equation with p*, we have

0,T" = =%, [dPp*(Ey;/Trp.i)0fpi» Whose right-hand
s1de does not necessarily vanish. Nevertheless, for a
momentum- and species-independent 7z, the right-hand
side will vanish as long as one adopts Landau’s matching
condition.

With ansatz (17), all irreducible moments of the collision
term become

1
el = ==l (18)

C. Transient hydrodynamic equations of motion

The reduction of dynamical degrees of freedom from the
full moment equations to that of the hydrodynamic currents
(g9, I, u*, 7, in the present case) requires a truncation
procedure. In the present case, we make use of the order of
magnitude procedure [6,57]. In this case, approximate
relations between different moments of 5f,; are estab-
lished by considering that the order of magnitude of the
moments can be well estimated by the corresponding
asymptotic constitutive relations, given in terms of space-
like derivatives of temperature and 4-velocity. At leading
order, we approximate scalar and rank-2 moments by their
respective asymptotic Navier-Stokes values,

pi,r = _gi,rg + 0(2)’
i =2n;,0" + O(2), (19)
where O(2) denotes terms that are of second-order or

higher in powers of gradients or in powers of the dissipative
currents. Then, these relations are rearranged so that one

finds relations between generic moments solely in terms of
IT and #**. Hence, we derive

é’lr

pu =" = AN+ 0(2), (20a)

=" =V £ 02). (200)
' n
Microscopic expressions for the coefficients {,; and 7, ;,

and thus Agi) and Cﬁi) can be derived from Egs. (13) and
(14) together with Eq. (18) for the collisional moments. For
instance, we have

(0)
Z.:i.r = —TRQ; N

2
Nir = TRaS r)’ (21)

—(1/3)> m%i,o and n =10

where we identify { =
We also have that

( ZfilmH,m)
(12)62 J]i)

Cgl) _ r-H 2 (22)

1. Bulk viscous pressure

Now, we proceed to compute the equation of motion for
the bulk viscous pressure. To that end, we take » = 0 in
Eq. (14) multiply by —m?, sum it over the particle-species
index i and use the order-of-magnitude relations (20) and
(22) to reexpress the nonhydrodynamic moment as dis-
sipative currents. From this procedure, we derive

DI+ 11 = —(0 — 6110 + Ao, + O(3),  (23)

where O(3) denote terms that are of third order or higher in
the power-counting scheme explained in the previous
section—such terms are not considered in traditional
theories of transient fluid dynamics. The corresponding
transport coefficients are determined microscopically as

T = TR, (243)
R i i
=3 2miped = A1), (24b)
Om _ 2 _1 Z 3 40 _ 1 mA (24c)
30
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1Y m2
3509

In connection with Ref. [32], we assess the behavior of
the transport coefficients in the large temperature limit.
Presently, we define such limit so that the ratio of the
masses of all particles with respect to temperature are small,
ie, z;=m;/T -0, V j=1, co+s Npee, and  classical
statistics for all species (a; — 0) is assumed. In this limit,
the transport coefficients behave asymptotically as

¢ 1032,9/23)°
(€0 + Po)7n 722,,[29’2 6 e

/11'[;1 2
- 3 Z i —2 +3 (24d)

mn

(25a)

Omn 2 _1 (22,95 j)(E/gJ 12)
a3 6[=(300m7) + 9(39,mT) (3259))]
132,95
" 36 Z i9; ’ (25b)
e 1 Ejgjzjz
T (250

In codes solving the hydrodynamic equations of motion, it
is customary to employ expressions (24) as a function of
temperature as a tabulated input or to make use of
expansions (25) above to derive simple expressions in
terms of another thermodynamic quantity, such as the speed
of sound, so that the dependence on the parameters of
microscopic theory (the mass of particle species in the
present case) is not manifest. Indeed from Eqgs. (25a) we
can provide relations between the bulk transport coeffi-
cients and the conformal violation of the speed of sound
(2 = 1/3) = O(z?) [see Eq. (16)]. For the normalized bulk
viscosity and the coefficient Ap,, we have, respectively,

(ET D (1

¢ { 1_.
(80+P0)TH_ (>2;95m3)? 37

A 1
T2 -=c?). 26
e (3- ) (26)

whereas for o one would use the constant leading order
result S /7 ~ 2/3. In the above expressions, we see that
the result ¢/[(ey + Po)rr] =~ 15(1/3 — ¢2)? calculated in
Ref. [32] is not valid for multiple species systems. Indeed,
quadratic and quartic power averages of the mass ratios
appear in a nontrivial way. For the particle content of
UrQMD [58.591, /(e + Po)en] 2 16.91(1/3 = ¢)* and
¢/ (eo + Po)rr) =~ 19.36(1/3 — ¢2)* for SMASH particle
content [60].°> Anyhow, the result ¢/[(ey+ Py)rn] =
15(1/3 — ¢?)? is recovered in the limiting case where there
is only one particle species, i.e., g; = 6o, for instance. We

note that the expression Ay, /7y is different from what was
derived in Ref. [32] and used in the musIc code [28,30,62].
There, Ar/7n = (8/5)(1/3 = c3).

2. Shear-stress tensor

In order to derive the equation of motion for the shear-
stress tensor, we take Eq. (14), sum it over the particle-
species index i and employ the order-of-magnitude
relations (20b) and (22). The final result is

1,Dr'P) 4 79 = 2o — 5, 70 — 200, P

— 1,0, 7 + Alle™ + O(3), (27)

where the transport coefficients read

Tﬂ = TR,
n= TRZﬂJg)z,
4 ;
Trr - 10 4 2 (i)
o 772 mCoo
/1,,1'[ 6 2 i

We note, once more, that the shear relaxation time 7,
coincides with the RTA characteristic time 7. Besides, it is
seen that the second-order transport coefficients &,,, 7.,
and A, coincide with the values calculated in Ref. [32]
in the massless limit. Indeed, in the high temperature
limit, z; =m;/T -0, V j=1,..., Ny, and assuming
classical statistics for all species (a — 0), we have the
following asymptotic expressions for the transport coef-
ficients in

_on l_izjng?
(e0+Po) 5 60 > 9"
Onx ‘_‘+LZ/'QJZ?
7, 3 12 ngj ’
ENE 1 Zigfz/
o, 7 21 ngj ’
A 61 (>_j9m j)(zjgj 12)
T 5 S[=00gmi) +9020m) (3,0,)]
(29)

where it seen that all the transport coefficients coincide with

’The PDG data used for the obtention of these results stems
from the scikit HEP package Particle [61].
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the values derived in Ref. [32] and used in the MUSIC code
at leading order. At subleading order, almost all transport
coefficients are given in terms of the average of the square
of the mass-to-temperature ratio of all particle species with
a coefficient that does not depend on averages of the
particle species (e.g. 1/12 for 6,,/7,). The exception being
A/ 7., Where this coefficient is given in terms of averages
of quartic and quadratic powers of masses. Expressions
analogous to Egs. (26) can also be deduced from Egs. (29).
In this case, they reduce to the leading order constant
results, which coincide with the values employed in the
MUSIC simulation code [32].

IV. THERMAL-MASS QUASIPARTICLE MODEL

Effective kinetic models have also been employed as a
technique to obtain properties of quantum field theories
in the weakly coupled regime [41,44,63—-69]. In such
formalisms, certain aspects emerging from the underlying
microscopic interaction can be captured by an effective
relativistic Boltzmann equation for quasiparticles with a
temperature-dependent mass,

1
p”a”fp +§ayM2(T)at(tp)fp
:/deQldP/pr’eqq’(quq’ _fpfp’) = CQ[ p]' (30)

In the present case, the thermal mass M(T) is defined so
that QCD thermodynamics is recovered. We stress at this
point that the quasiparticles of the present model should not
be confused with any of the fundamental QCD degrees of
freedom. Instead, they are effective degrees of freedom
defined in such a way as to reproduce thermodynamic
properties of QCD. In Eq. (30), f, is the single particle
distribution function, Cy|[f}] is the corresponding quasi-
particle collision term, in which W, ., denotes the
collision rate, which enforces the conservation of momen-
tum in the collision processes. It is seen that the addition of
a thermal mass leads to the emergence of a Boltzmann-
Vlasov term, where we define

#o=2 (31)
(p) op,

Besides, we employ the integral measure

4
/dP:4ﬂ/(CleP;46(p-p—M2(T)). (32)

In the present model, which shall be hereon referred to as
quasiparticle model (QPM), we consider that the fluid is
locally neutral and that there are no charge four-currents.
By integrating both sides of the Boltzmann equation with
four-momentum components p#, we can identify the
energy-momentum tensor as

T = / dPp!p*fo + ¢ B(T). (33)

Thus, it is readily seen that the presence of the thermal mass
leads to a redefinition of the conserved current which
employs the field B, called the background field, which
obeys the constrain

1
0,B = —EaﬂW/dep, (34)

that is valid for arbitrary nonequilibrium configurations. In
Ref. [42], which assumed a highly symmetric flow con-
figuration (Bjorken flow), this was seen as a boundary
condition, which allowed the dynamical determination of
B. In Ref. [44], a different prescription for the dynamics of
the B-field is assumed, also considering nonequilibrium
effects, but relating B to the dissipative hydrodynamic
fields. In general, the dynamic constrain (34) is not trivially
incorporated in power counting procedures such as the
Chapman-Enskog expansion [45] and the procedure that
shall be employed in Sec. IV D to derive transient hydro-
dynamic equations.

As discussed above, a fundamental ingredient of the
hydrodynamic model in the imposition of matching con-
ditions, which provide a definition of the reference local
equilibrium state, i.e. they define the temperature and four-
velocity. In this context, we impose that

/ dPf, = / dPfop, (35)

with fop, the local equilibrium state being given by

fOp = gexp (_ﬂEp)’ (36)

where E, = u, p* and g is the degeneracy factor which is
set to

nt 5

=T BV = D) HINN,(37)
with N. = N; = 3, so that the high-temperature limit of
QCD is recovered [40]. Condition (35) effectively defines
the temperature of the local equilibrium state and we still
need to provide one additional matching condition to define
the fluid four-velocity, »*. To that end, we employ the
constrain,

[ty = [apE s 39

that is one of the conditions implied by Landau [50], which
defined u* as the timelike normalized eigenvector of the
energy momentum tensor. This condition implies that the
fluid-comoving observer measures no heat flux, #* = 0.
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With conditions (35) and (36), the energy-momentum
tensor reads

Ty = (g0, + deg)utu” — (Py o + o) A" + 7. (39)

The equilibrium energy density, &,, and pressure, P, are
given by

gT*7?
€00 =Iro+B="75"[3K:(2) + ZK\(Z)] + B, (40a)
gT*7?
Pog =11 =B ="=—-Ky(Z) - B, (40b)
p— dP(=A,, p*p)IEpN 40
n,q=m (- ;wPP) p  Sop: (40c)

where Z = M(T)/T and K, (Z) denotes the nth modified
Bessel function of the second kind [70]. In their turn, the
viscous correction to the energy density, the bulk viscous
pressure and the shear-stress tensor are obtained as

dey = / dPEXSf,,
1
1—IQ = _3/dP(A;wp”py)5fpv
my = / dPp¥“pY f,. (41)

We note that constrain (35) implies that 6e, = 311,. Thus,
matching condition (35) implies that the dissipative cor-
rections to the trace anomaly are automatically set to zero,
ie., T"g,, =€ o — 3Py . As it occurred in Sec. III, for
the sake of simplicity, we shall omit the Q subscript, until
Sec. IVE, where we shall discuss the mapping from the
trace-anomaly matching to the Landau matching condition
employed in the last section.

[
3 L
I(T)
?
1t
0 L ) ) ) ) ) ) 4
0 200 400 600 800 1000
T(MeV)
(a)
FIG. 1.

(a) Normalized trace anomaly. (b) Normalized thermal mass.

A. Temperature-dependence of the quasiparticle mass

The procedure for determining the temperature depend-
ence of the quasiparticle mass is such that the basic
thermodynamic relation is guaranteed,

0Py
= =

gT3 Z3

T K@, @)

50 Bleg + Po) =
Thus, once the function s4(7) is especified (for the
equation of state under consideration), the transcendental
equation (42) can be solved for Z = M(T)/T. Since
Z3K5(Z) is a monotonic function of Z, the solution of
so(T), at a given T, is unique. In the present case, we
employ the Wuppertal-Budapest Collaboration [38] lattice
QCD equation of state for 2+ 1 quark flavors. The
corresponding trace anomaly, I(T) = ¢&y(T) —3Py(T),
has the analytic parametrization

I(T) { hy foltanh(ft + f5) + 1]}
o 1"‘]’13[2 1+g]t+gzl2

< exp (_ﬂ _ h—) (43)

with parameters given by hy = 0.1396, h; = —0.1800,
h, =0.0350, fy=2.76, f1=6.79, f, =—5.29, g; = —0.47,
g = 1.04 and h3; =0.01, where t=T7/(0.2 GeV). In
Fig. 1, we display the Wuppertal-Budapest trace anomaly
and the corresponding result for the temperature dependence
of the quasiparticles mass. Similar plots can be seen in
Refs. [40,42,45]. We note that, in the high-temperature limit,
the behavior of 1(T') leads to a thermal mass that behaves as,
M(T)/T — 1.1 when T — 0. Besides, in the region near
the crossover, the peak in the trace-anomaly leads to a
nonmonotonic behavior of the derivative of M(T)/T with
respect to 7 in that region.

Moreover, from the trace anomaly, the pressure can be
obtained by solving the following ODE, stemming from
thermodynamic relations,

20}
15}
M(T)
T 10
5,
10 50 100 500 1000
T(MeV)
(b)

Normalized trace-anomaly obtained from lattice QCD data [38] and thermal mass as a function of temperature for the QPM.
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(44)

Imposing the boundary condition P(0) = 0, we have the
unique solution

(45)

Po(T) /Td_x1<x>
T4 o X X+

from that, the energy and entropy densities can be
obtained, respectively, by the relations &y = I + 3P, and
so = P(eo + Po).

The matching condition (35) simplifies the dynamical
constrain (34), since it implies that we can consider
solutions of B that are dependent only on temperature
and, thus, can be determined solely by the quasiparticle
mass [45]. Hence, the background field B can be deter-
mined as if the system were in equilibrium,

B 1 0M? TM? M (T
Z_T:_Eaa—T/deOp:_gzﬂ_z Kl(z)aa;)7 (46)
which can be uniquely solved for B(T) by

35 — QPM ' ' ' 4
a0l ---HRG )
2.5}
Po 2.0f
T 15}
1.0t
0.5¢
0.0t ] ) ) ) K
50 100 150 200 250
T(MeV)
(@)

50 100 150 200 250
T(MeV)

(©

g
B(T)=--%;
() 27[20

(47)

M(X)\ 0M(X)
x)

T
dXM*(X)XK,| —= ,
(X) ]< 11).4

where the initial condition B(0) = 0 [40,42] has been used.

In Fig. 2, the results obtained for equilibrium quantities
within the QPM are compared with the ones for the HRG,
with UrQMD particle content. We see that both models
agree for temperatures 7 < 100. As expected, as one
increases the temperature the models start to differ signifi-
cantly since the HRG model is not capable of describing the
deconfined phase of nuclear matter.

B. Moment equations for the quasiparticle model

Analogously to what occurred in Sec. III A, we shall
employ the method of moments to derive transient hydro-
dynamic equations. In the present case, we shall derive
exact equations of motion for

e _ / dAPE;pY - - prIsf,. (48)

Similarly to what occurred in the last section, we restrict
our analyses to the equations of motion for the scalar and
rank-2 moments, since they are the most relevant for the

25

— QPM
20l ---HRG ’

50 100 150 200 250

T(MeV)
(b)
030 T iro
0.25
0.20
1/3-c42 0.5
0.10 -
0.05 T -
0.00
0 200 400 600 800 1000
T(MeV)
(d)

FIG. 2. Comparison between thermodynamic quantities for the QPM and the HRG as a function of temperature. (a) Normalized
pressure. (b) Normalized energy density. (c) Speed of sound squared. (d) Conformality violation of the speed of sound squared.
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derivation of hydrodynamic equations of motion (at vanishing chemical potential). Hence, we have, for scalar moments

Dp, = rDu,p_; + V0 +p,0 — (r = )o,p2, -
—3 (0M2/0ﬁ)1,_1‘0 =110

(13 o +5(om?/0p)I,, 0)

[Dée + (6 +11)0
and for rank-2 moments we have

Dpia #) rDuMp”aﬂ + - Du< [(2r + S)p/:zrl - erp/?_l]

(r-1)3

1
(szr—Z _pr) _EDMz(r - 1>pr—2

— 76, + 0,h" + u, D] — a6 = / dPE;'Cylf,), (49)

5
a o afv 0 a a
ﬂ’ﬂ’vﬂpr ﬂlﬂ = (r=1)o,p,~ g + V szﬁ p€+1) T 3 [(r+4)p = (r— l)szr ol + 20)/4< P/r}w
2l 4 5) —2 —1M2p/”‘ 2 (= )M 2r+3)M?p, — (r+4
+ 20, (2 +5)pr" = 2(r = DMp, 5] + 2 o[- (r = )Mp, 5 + (2r + 3) (r+4)p 10
1 a a o a r— a
3 BDM (r = D)piy = A% VM, ~ oo = / dPE; " plaph Cylf ), (50)

where we made use of the definitions

0 ﬂ0M2

5) Cs (2 P I,_ 1,0+Ir+1,0> =Blis
:2ﬂ1r+3,27

2= _ . : (51)

dgy I+ § (oM?/op)I;

Note that the expression for ¢ displays a contribution of
the temperature-dependence of the mass, which remains
relevant even in the high-temperature limit, i.e. when we
consider that M(T)/T — 0

1 M(T) o (M(T)
5*?%(T>- (52)

2
This differs from the ¢? — 1/3 ~ —(1/36)(m/T)? behavior,
found when the mass m does not depend on the temperature
[32]. In Egs. (49) and (50), we note the appearance of new
terms with respect to Refs. [15,51,52], proportional to DM?>
or V¥M? stemming from the fact that the mass is a function
of temperature, that varies locally.

C. Relaxation time approximation

Now we shall address the collisional moments appearing
on the right-hand side of Egs. (49) and (50). In contrast to
the last section, the matching conditions (35) and (36) do
not correspond to Landau matching conditions, and the
traditional Anderson-Witting RTA [48] cannot be
employed, since this approximation is inconsistent with
the local conservation laws. Consequently, we adopt

relaxation time approximation developed in Ref. [49] to
approximate the collision term in the quasiparticle model
and render the computation of the equations of motion
simpler. In practice, we employ

E. p
CQ[ p] fOp {(ﬁp <¢p p> Ep "‘@plp—p%PW ’
I3, 3.1
(53)
where we use the notation
(o= [ dPC-)fop
b=t (54)
Op

and we consider, for simplicity, that the relaxation time, 7,
does not depend on momentum. In this case, the compu-
tation of the scalar and rank-2 tensor collisional moments
present in Eqgs. (49) and (50) simplifies considerably and

we have
1 I
[ argicin) == (o= 5220 ).
TR I3
1 g
/dPEZ‘1p<“pﬁ>C[ b = —aprﬂ- (55)

D. Transient hydrodynamic equations of motion

The reduction of the dynamical degrees of freedom
appearing in the full moment equations to that of the
hydrodynamic currents (g, I1, u#, 7**, in the present case)
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requires a truncation procedure. As before, we make use of
the order of magnitude method [6,57,71]. First, we derive
the asymptotic expression for the scalar and rank-2 irre-
ducible moments in a gradient expansion,

Pr = _gre + 0(2)’

pr’ = 2n,0" + O(2), (56)
As in the last section, O(2) denotes terms that are of
second-order or higher in powers of gradients or in powers
of the dissipative currents. The expressions for ¢, and 7,
can be obtained by combining Egs. (49), (50) and (55),

1
£ = -+ ;+1,0 a(()())’
1,0

1
n = 5“5‘2)’ (57)

where we further identify the bulk viscosity ¢ = (1/3)¢,
and the shear viscosity 1 = 5, Expressions (57) can be
alternatively derived by computing momentum integrals of
the first order solution of the Chapman-Enskog expansion,
obtained in Ref. [45] (Eq. (53) of that reference, consid-
ering a momentum-independent z), using the relaxation
time approximation (53).

Then, relations (56) can be rearranged in order to express
generic moments solely in terms of II and #**. Hence, we
derive

Py — %n — AT+ 0(2), (58a)
P =g = o 4 0(2), (58b)
n
where we defined the following coefficients,
|
poM?

TRl
F=-2R30 [ﬂll,l - pc3 <11.0 5=

31, 2 op

o Dot (B/2)(0M? /)] 150
neoR Lo+ (B/2)(0M?[0p)]1 o 11’

o) — (Ir+1,0/11.0)a(()0)

A, =3 )
“éo) - (13,0/11,0)0580)
1
Cr _ ;+3,2 ] (59)
3.2

These relations allow us to express nonhydrodynamic
moments in terms of dissipative currents and thus provide
closure for the equation of motion, when substituted in the
moment equations (49)—(50). This procedure is accurate up
to O(2).

1. Bulk viscous pressure

First, we derive the equations of motion for the bulk viscous
pressure. For this purpose, we take Eq. (49) with r =0
[having in mind that de = 311, see text below Eq. (41)], and
substitute expressions (55) and Egs. (58) to approximate the
collisional integrals and the nonhydrodynamic moments
appearing in the equations. We finally obtain

DI+ I1 = —£*0 — 55,110 + Ay 76, + O(3).  (60)

In this derivation, timelike derivatives of the inverse temper-
ature are replaced, up to second-order in gradients, by
spacelike derivatives of the four-velocity using the conserva-
tion law

Dp = pc20 + O(2). (61)

In Eq. (60) we employ the star indices in the transport
coefficients as a reminder that these transport coefficients
are computed without assuming Landau matching conditions
and, thus, are not equivalent to the transport coefficient
derived in the last section for the HRG. In Sec. IVE, we
shall convert these equations of motion and corresponding
transport coefficient to the Landau frame. The transport
coefficients read

L)

1M (g9 + Po)

%—H:ﬁ—A Z[MZ Iyo+ (B/2)(0M? | 9p)1,
o 3 T L9 Lo+ (B/2)(0M?/0p)I_ o
@:1 IC ) LIy + (B/2)(0M? /9p)I,
o 3 3 Lo+ (B/2)(0MP/op)I_

We notice a surprising feature particular of the thermal
mass model: 7fj # 7, i.e., the fact that the relaxation time
depends nontrivially on the temperature even when 7 does
not depend on temperature. This is in contrast to the HRG
model [see Eq. (24a)]. This is an effect of the nonideal

6 0B Lo+ (B/2)(0M?/0B)] o]

(62)

[
equation of state implemented. Indeed, if the mass does not
depend on temperature, the bulk relaxation time reduces to
the RTA characteristic time, i.e., 0M/df = 0 = tyy = ;.

Now, we analyze the high-temperature/small-mass limit
behavior of the transport coefficients in the bulk pressure
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equation of motion, characterized by the limit M (T) /T — 0.
Before displaying the results, we must notice that this
limit is not realized for QCD-thermodynamics-fitted
quasiparticles, since M(T)/T — 1.1, as T — oo [see also
Fig. 1(b)]. However, since this asymptotic constant mass is
relatively small, the results below should provide reasonable
estimates,

%:1-%1\“)3(@),

=5 () + lear ()

-7 (7)) | (5

8y 4 62T 9 (M(T))

| o

o 3 50T\ T

. 25 0 (M(T)

Mr o Zp ZM(T)— (—— ), 63
= 73736 ()6T( T (63)

Itis noted that the expression for {* /[t (o + Py)] coincides
with Eq. (54) of Ref. [45] (with the parameter y = 0, in that
reference). Regarding the bulk relaxation time 7y, it
approaches the RTA characteristic time, 7. Besides, it is
seen that the sub-leading term for &pp/7y cannot be
expressed as something proportional to (1/3 — ¢?), due to
the fact that A_, « (T/M(T)) in this regime.

2. Shear-stress tensor

Now we turn our attention to the equation of motion
for the shear-stress tensor. For this purpose, we take
Eq. (49) with r = 0, and Eq. (50) for the rank-2 moments
of the collision term. Employing also Eq. (61), we
derive

¥ Da'P) 4 7 = 2p* 6 — 5% 1O — 27,’50)”(”71/’))”
— 50 TP 1 AR TIe + O(3), (64)

where the various transport coefficients have the following
expressions

n* = 1gfls,.

5 = 1p,

%_§+C_2(M?2 gc%aa—nf)

% :%—%A_QM‘*. (65)

In contrast to the bulk equations of motion, we note that the

shear relaxation time coincides with the RTA characteristic
timescale.

Once again, we display the small-mass limit behavior for
the transport coefficients,

n* 1 1 (M(T)\2
T;(EO‘FP())_S 60 T ’
4

ﬂ;g_%<M(TT))3, (66)

and it is readily seen that, with the exception of 5, /7y, all
transport coefficients have subleading contributions that
depend on powers of the mass-to-temperature ratio, instead
of its derivative.

E. Matching redefinition for the quasiparticle model

At this point, we note that the equations of motion for the
thermal-mass quasiparticle and the hadron-resonance gas
models have been derived in different matching conditions.
Hence, in order to have a consistent comparison of the
results, we will perform a matching transformation con-
necting the matching conditions employed for the quasi-
particle model to the Landau matching conditions
employed for the hadron-resonance gas model. Thus, we
must reexpress the degrees of freedom of the energy-
momentum tensor derived for the quasiparticle model in
Sec. IV. We perform that consistently with the hydro-
dynamic power-counting employed so far. For the sake of
the present discussion, we shall denote the energy-
momentum tensor in each matching condition as

Ty = eo(Tp)upuy = [Po(T1) + T JAY + a7,
T’lg = [SO(TQ) + (Sé'Q]M’éMHQ - [PO(TQ) + HQ]A/g + 7[’”,
(67)

where one is reminded that ée, = 311, in the matching
conditions (35). In both cases, u* is defined by the Landau
frame condition T ,, uj , = € oU} o, Where we empha-
size that g, ¢ is the fotal energy density, which reduces to
the equilibrium energy density for Landau matching,
e, = &1, and to gy = &y o + O¢g, for conditions (35).
The redistribution of the degrees of freedom is estab-
lished from the fact that the energy momentum tensors, 7%"
and T’é” are the same. We can then relate the degrees of
freedom appearing in each matching procedure, leading to,
(68a)

Ho_
up = g,
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SO(TL) = SO(TQ) + 6£Q’ (68b)
Po(Ty) + T = Py(Ty) + T, (68¢c)
=, (68d)

where we note that the shear-stress tensor is unaffected by
the matching redefinitions. Note that the thermodynamic
energy density and pressure differ due to the different
definitions of temperature. We define the temperature
difference, 6T =T, — Ty, and relate it to dey using
Eq. (68b)

Seg 10%, 0¢
T=—-2 4~ 0 2 . 0O@3
den. /T, 20T (oepjar, )yt T O
311 992 112
0, Z%% o___103), (69

" Oeg /0T, 2077 (deo/0T})

where O(3) denotes terms that are cubic in the dissipative
currents and, thus, are of third order in our power-counting
scheme. The bulk viscous pressure in each matching
condition are related using Eq. (68c)

1 0c?
My =T, + c2(T,)dep — 565;) 6£2Q +0(3)
=TI, +3c2(T )M, — 903 I, + O(3) (70)
L s L 0 26{:'0 0 '

Combining these expressions, we obtain the following
relation between the temperature and the bulk viscous in
both equilibrium frames,

310,
T, =T, — 2
o =T Garai—3a) T O
11 9 9c? 12
I, L S 10@). (1)

T1-32 20g (1-3c2)

The equations of motion for the bulk viscous pressure and
shear-stress tensor presented in Egs. (60) and (64), respec-
tively, can be converted to the Landau frame using the
expressions above and only retaining terms that are of
second order or smaller.

F. The redefined quasiparticle transport coefficients

Now we employ the matching connection equations (71)
in the quasiparticle model transient equations of motion
|

(60) and (64), respectively, for the bulk viscous pressure
and the shear-stress tensor. We then derive the following
equations of motion,

THDH + H = —(9 —_ énnne + lH”ﬂ"wGﬂy + 0(3),
7,0 7% = 2pe™ — 5, 1O — ZTﬂwﬂ<(lﬂﬂ>”

- Tﬂﬂ6ﬂ<(lﬂﬁ>” + Anlle” + O(3), (72)
where, for the sake of simplicity, we dropped the Q
subscripts used in the beginning of the present section.
We note that the term « I1?, which emerges as a conse-
quence of the matching redefinition, has been incorporated
into o I16. With this modification, Egs. (72) are of the same
form of Egs. (60) and (64), with the important difference
that the transport coefficients are modified. Most transport
coefficients maintain their functional form (with just their
temperature being modified),

& Az
St Ak 73
m Ty TR (73a)

Omn O Iax _Tin o (73p)

o M
Tr=Tr, = 5 x ° *
Tr Tr

whereas some coefficients change nontrivially, so that

= 15(1 = 3¢3), (74a)
S Ot 3 a* 91a2 ¢+
T T x T % 2 TH x 2\2° (74b)
m oty th(1=3c5)0ey 27} 0gg (1 —3c5)

A it 6 on*

Aall _ Zall _ " (74c)

t, 1 or(1-3c) dey

We remark that the thermodynamic quantities on the right-
hand side of Eqgs. (73) and (74) are calculated using the
temperature evaluated in the Landau frame. We note that,
since ¢ and 7; are modified by the same factor in the
matching transformation, the ratio {/zy; is not modified by
the frame transformation. We also note that &7 is the only
transport coefficient that depends on the second derivative
of the thermal mass in the temperature.

With the corrections implied by Eqgs. (73), the high
temperature (M (T)/T — 0) behavior of the transport coef-
ficients is also expected to change. Indeed, the expressions
for the transport coefficients corresponding to the bulk
viscous pressure equation of motion read,

0. ()

D (]

(75a)
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¢ 5 J[0 (M(T)\]? 5 o0 (M(T)\1® 5.0 (M(T)\]2) [M(T)\3

2~ M(T)? | (L — T (=) ] -2t (2 7 75b

(g0 + Po)tp 432 O 57 77 2502 |Nar U 20 or\' T ) (Y

: ()
T M(T 4 11 M(T M(T)\ ]2 or

o 30 (M) T (5 1)y 0 (D) 35[0 (M2 AT g
tm 2M(T)oT\ T 6 10) or\ T 24 or\ T 2, (M)

or T

e 2.5 9 (M(TT)>’

o2 2 M(T) —
o 373 D57

(75d)
where we assumed that for the relaxation time 7z does not depend on temperature for these expansions. The same shall be
assumed when calculating the asymptotic expansion below. In the equation of motion for the shear-stress tensor, only
A.n/ 7, changes nontrivially with the redefinition of the hydrodynamic frame. Nevertheless, for the sake of convenience, we
display the asymptotic behavior of all transport coefficients related to the shear-stress tensor equation of motion below,

@)
7\€0 0
e ().
%:?{M(T)%(@)T. (76)

Keeping only the leading contribution of O(M(T)/T), we can derive simple thermodynamic expressions for most of the
transport coefficients

= c§> N (77)

Similar relations were derived for the HRG model, see V. TRANSPORT COEFFICIENT COMPARISON:
Egs. (25), (26), and (29). We further note that similar QPM, HRG AND MUSIC
asymptotic expressions, derived for a single component

gas [32], are often used in fluid-dynamical simulations of .
heavy-ion collisions [29-31]. We note that the introduction QPM models are expressed in the Landau frame, we can

of a temperature dependence mass to recover QCD thermo- ~ €OMpare the:n}. In 1.31gs. 35, .we display the quasiparticle
dynamic modified qualitatively the asymptotic expressions ~ model coefficients in comparison to hadron-resonance gas
for most of these transport coefficients. For instance, ~ model (with UrQMD particle content) and also the values
¢/len(go + Py)] no longer behaves as ~15(1/3 —¢2)2, ~ employed in the MUSIC simulation code [28,30,62]. First, in
displaying a dependence usually associated to holography ~ Fig. 3, we display the ratios {/[rri(eo + Po)(1/3 — i)’
calculations, ~(1/3 — ¢2) [72,73]. Finally, we remark that  (left panel) and 5/[z, (e + Py)] (right panel). Figure 3(a)
the transport coefficient Spp/7p could not be trivially  shows that the QPM and the HRG models agree with
expressed solely in terms of the conformality violation,  each other until 7~ 150 MeV, but both are significantly
even in the asymptotic regime. In order to so, we must  below the value employed in MUSIC. At larger temper-
assume a specific dependence for the thermal mass. atures, both the HRG and QPM models grow

Now that the transport coefficients of both the HRG and
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FIG. 3. Comparison between first order transport coefficients of the QPM, HRG and the ones employed in the MUSIC code as a
function of temperature. (a) Bulk viscosity normalized with 7, enthalpy density and conformal violation of the speed of sound.

(b) Shear viscosity normalized with 7, and enthalpy density. (a) Bulk viscosity normalized with its relaxation time. (b) Normalized shear
viscosity.
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FIG. 4. Comparison between second order transport coefficients in the bulk viscous pressure equation of motion for the QPM, HRG
and the ones employed in the MUSIC code as a function of temperature. (a) Bulk relaxation time. (b) Bulk to shear coupling. (c) Bulk to
bulk and expansion coefficient coupling.

monotonically. The QPM grows over the MUSIC constant

value, since this transport coefficient behaves asymptoti-
cally as’ ~5(1/3 — ¢?). Figure 3(b) shows that the QPM and

This is in contrast to the ~16.91(1/3 —¢2)? asymptotic
behavior of the HRG model, as discussed in Subsec. III C 1,
and the 15(1/3 — ¢2)? parametrization adopted in the MUSIC
simulation code.

the HRG models do not agree with each other unless we are
in the high temperature limit. In the latter case, all models,
including the parametrization used in MUSIC, behave
as n/[rz (&9 + Po)] ~ 0.2.

In Figs. 4 and 5 we plot the second-order transport
coefficients. We note that the dependence on the free
parameter 7z of the transport coefficients dpp and A,
cannot be removed by simply normalizing these

096011-15



GABRIEL S. ROCHA and GABRIEL S. DENICOL

PHYS. REV. D 109, 096011 (2024)

2.0,  arm P
' ---HRG 1.8 ---HRG
T " -.-- MUSIC | .- MUSIC
1.7} ]
\
\ Inn
T 1.6
- I R
0 200 400 600 800 1000 0 200 400 600 800 1000
T(MeV) T(MeV)
(a) (b)
0 - N S R T R TN el SN SN e o T e TR e S S —
—QPM
--- HRG
20 -.-MUSIC
s [ —
I SRR

-60

-80

-6
100 120 140 160 180 200 220 240

0 200 400

600 800 1000

T(MeV)

FIG. 5.

(©)

Comparison between second order transport coefficients in the shear-stress tensor equation of motion for the QPM, HRG and

the ones employed in the MUSIC code as a function of temperature. (a) Shear-stress to expansion coefficient coupling. (b) Shear-stress to
shear-stress and shear tensor coupling. (c¢) Shear to bulk and shear tensor coupling.

coefficients by their corresponding relaxation times, as is
the case for all the other transport coefficients. This
happens because these coefficients depend also on deriv-
atives of the relaxation time on the temperature [see
Egs. (74b) and (74c)]. When plotting these quantities,
we always assume a constant (temperature-independent)
relaxation time.

In Fig. 4, we display the second-order transport coef-
ficients related to the bulk viscous pressure equation of
motion. In Fig. 4(a), it is seen that the bulk relaxation time
of the QPM is always smaller than the shear relaxation
time, while in the HRG model they are identical.” In the
QPM, the bulk relaxation time goes to zero at very large
temperature—this does not lead to issues related to acau-
sality since the bulk viscosity (normalized by the enthalpy)
decreases even faster with increasing temperature. We
further note that in QP displays a peak around the crossover
transition region, 7 ~200 MeV. In Fig. 4(b) we show
Are/[r(1/3 = ¢2)] as a function of temperature. Our

Ay - .
This happens because of our assumption of an momentum-
independent relaxation time in the RTA model.

results show a good quantitative agreement between the
HRG and muUsIC values for this transport coefficient. The
QPM model, on the other hand, displays significantly larger
values for this quantity for almost all temperatures. This
emerges from the fact that Ay, /7 ~2/3, as estimated in
Eq. (77), and thus all temperature dependence emerges due
to the normalization factor, 1/3 — 2. For the coefficient
O/ T, displayed in Fig. 4(c), the HRG model leads to an
almost constant value ~0.8 for most temperatures, whereas
the QPM calculations lead to values that vary significantly
with the temperature.

In Fig. 5, we display second-order transport coefficients
appearing in the equations of motion for the shear-stress
tensor. In Fig. 5(a) we plot 6,,/7, as a function of
temperature and see a qualitatively similar behavior for
the QPM and HRG calculations, with the former converg-
ing faster to the values used in MUSIC. A similar behavior is
observed for 7,,/7, in Fig. 5(b), with the important
differences that the HRG and QPM models cross around
T = 200 MeV and that the QPM results do not converge to
the values used in MUsIC. Finally, for the coefficient A,;/7,
shown in Fig. 5(c), the HRG model converges slowly to a
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dition for the QPM, HRG and the coefficients employed in the
MUSIC code as a function of temperature.

value compatible to the one of music, while the QPM

calculation saturates to zero.

Finally, now we assess the linear causality and stability
properties emerging from the fluid-dynamical theories
derived. Indeed, in order for a transient hydrodynamic
theory to be linearly causal, the first-order transport
coefficients and their corresponding relaxation times must
satisfy [10,16,74]

ey ot U

80+P0 3; (251

The above inequality arises from the requirement that
the group velocity of the perturbations is smaller than
the velocity of light [10,15-17,74]. In Fig. 6, we display the
left-hand side of Eq. (78) as a function of temperature. For
the curve corresponding to MUSIC, we use the same lattice
equation of state employed to obtain the QPM results. At
high temperatures, we see that all three models converge to
the same constant asymptotic value that obeys the causality
constraint. We note that the HRG model and the QPM
approach this asymptotic value from above i.e., they are
farther from violating the causality conditions in the cross
over region. On the other hand, the transport coefficients
employed in the MUSIC approach the constant asymptotic
value from below, i.e., they are closer to violating the
causality constraint. As a matter of fact, around 7 =
143 MeV the left-hand side of (78) yields 0.01, almost
violating the linear causality condition. As pointed out in
Ref. [27], this almost violation of the linear causality
condition is what leads to the violation of causality’ in
heavy-ion collision simulations. Given that a causal evo-
lution is a central property of any relativistic dissipative
hydrodynamic theory, we think that the QPM would be a
good candidate to update the second-order transport coef-
ficients in codes such as MUSIC.

>nonlinear causality conditions were derived in Ref. [24].

VI. CONCLUSIONS

In this work, we have derived the transport coefficients
for transient hydrodynamics within kinetic theory for two
systems: a hadron resonance gas model and a quasiparticle
model with a thermal mass tuned to reproduce lattice QCD
thermodynamics. In both cases, we derive transient hydro-
dynamics assuming the relaxation time approximation [49]
to simplify the collision term. We find that both the QPM
and HRG transport coefficients can be rather different from
what is currently present in the MUSIC simulation code,
which contains transport coefficients calculated assuming a
single component gas in the high temperature limit [32].

In particular, we discussed the normalized bulk viscosity
coefficient, ¢/[rr(eg + Py)(1/3 —¢2)?]. In HRG, we
have found that this quantity can differ significantly from
the result ¢/[z(eo + Po)(1/3 — ¢2)?] ~ 15, computed in
Ref. [32] and used in MusIC. In the asymptotically high
temperature regime, we found similar values of {/[r;(gy +
Py)(1/3 = ¢c?)?]~16.91 for UrQMD particle content,
while for the temperature range usually appearing in
heavy-ion collision simulations, it is seen that this quantity
assumes values much smaller, ¢/ [z (g + Pg)(1/3 —¢?)?]~
3.04. On the other hand, in the QPM, ¢/[rn(eo+
Py)(1/3 = ¢?)?] does not saturate to a constant, increasing
indefinitely with temperature. Indeed, this happens because
this quantity is actually linearly proportional to the con-
formal violation of the speed of sound, {/[ry(ey + Po)] =~
5(1/3 — ¢?)—a behavior qualitatively similar to the
one found in strongly coupled plasma calculations within
holography [72,73,75]. Finally, we note that both the
HRG model and the QPM provide values of
¢/lrn(eg + Py)(1/3 — ¢2)?], that are in reasonable agree-
ment around the crossover region.

Regarding the remaining transport coefficients, it is seen
that the value of the normalized shear viscosity,
n/tz(€o + Py)], is similar for the HRG and the QPM near
the crossover region, but both are smaller than what is
implemented in MUSIC. Besides, the bulk-to-shear cou-
pling, A,/ [zr(1/3 = ¢2)], possess similar values for HRG
and MusIC, but the QPM calculations lead to much larger
values at high temperatures. In its turn, the shear-to-bulk
coupling, A,;/7,, calculated in the QPM also behaves
differently with respect to one calculated in the HRG model
and the one used in MUSIC: the QPM calculation leads to a
negative value for this transport coefficient, while the HRG
model leads to a positive value. Finally, the transport
coefficients, &/ 7, 6./7, and 7,,/7,, are quantitatively
similar in both models, even though they display a
qualitatively different dependence with temperature. It
was also demonstrated that the transport coefficients in
both models satisfy with a greater margin the linear
causality condition than the transport coefficients currently
implemented in MUSIC. The latter almost violate the
causality constrains in regions relevant to heavy-ion
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phenomenology. In future studies, it would be relevant to
assess the role of baryon chemical potential to the analysis
and to assess the effect on heavy-ion observables and on the
hydrodynamic evolution of the QGP of updating the
transport coefficients in simulation codes such as MUSIC.
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