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Bulk viscosity of quark matter across the QCD phase transitions
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Based on the kinetic theory with relaxation time approximation, we investigate the bulk viscosity (ζ ) and its
ratio to shear viscosity (ζ/η) of quark matter at finite temperature and chemical potential with the in-medium
particle masses derived in the 2 + 1 flavor Polyakov-loop improved Nambu–Jona-Lasinio model. We explore the
behaviors of specific bulk viscosity (ζ/s) and ζ/η across different QCD phase transitions, including the Mott
phase transition, the chiral crossover, and the first-order transition with the associated metastable phase. The
calculation shows that both ζ/s and ζ/η are extremely small at high temperatures, approaching the nature of a
conformal theory. Larger ζ/s and ζ/η are derived near the chiral phase transition at finite temperature. Along the
chiral crossover line, ζ/s and ζ/η generally increase with decreasing temperature, though ζ/η exhibits a slight
decline near the critical end point. On the boundary of the first-order transition, ζ/s shows a nonmonotonic
variation with temperature. Furthermore, an additional peak structure emerges beyond the chiral phase boundary
for both ζ/s and ζ/η, with magnitudes even exceeding those near the chiral crossover of u, d quarks. Our analysis
indicates this peak originates from the chiral crossover transformation of strange quark.

DOI: 10.1103/yp8h-pdkr

I. INTRODUCTION

The quark-gluon plasma (QGP) can be created in high-
energy heavy-ion collision experiments. Studying the trans-
port properties of QGP provides important insights into the
microscopic interactions governed by QCD. In hydrodynam-
ics, the shear and bulk viscosities characterize the fluid’s
dissipative response to velocity gradients, measuring the de-
parture from ideal local equilibrium behavior. Combined with
high-energy experimental data from RHIC and LHC, partic-
ularly observables such as collective flow, higher-order flow
harmonics, and jet quenching, hydrodynamic simulations re-
veal that the specific shear viscosity η/s is remarkably small
in high-energy collisions [1–8], approaching the KSS lower
bound of 1/4π derived in anti–de Sitter space/conformal field
theory (AdS/CFT) [9,10]. This indicates that the QGP pro-
duced at high energy behaves as a nearly perfect fluid with
strongly coupled characteristics [11–13].

The determination of QGP viscosity coefficients remains
challenging issues in high-energy nuclear physics. The de-
pendence of transport coefficients on temperature and baryon
chemical potential reflects the nonperturbative characteristics
of QCD and is related to the QCD phase transitions [14].
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It has been conjectured that η/s exhibits a minimum near
the deconfinement transition from QGP to hadrons, anal-
ogously to the behavior observed in substances such as
water, helium, and nitrogen [15,16]. Different from the
shear viscosity describing a ability to resist shape defor-
mation, the bulk viscosity coefficient ζ characterizes the
energy dissipation during volume expansion. At extremely
high temperature bulk viscosity is nearly negligible with ζ �
η [17]. As the temperature decreases near the phase tran-
sition, the enhancement of interactions and the change in
degrees of freedom possibly lead to an increase in the bulk
viscosity [3,7,17].

Numerous studies have calculated the viscous coefficients
of quark matter with different methods (e.g., Refs. [14,18–
51]). Considerable attention has been devoted to under-
standing the temperature dependence at small chemical
potentials. Compared to the shear viscosity coefficient,
research on the bulk viscosity coefficient is relatively
scarce [24,27,28,30,36,38,40,42,44,46,52–54], especially re-
garding the first-order phase transitions [14,45,47,55]. The
behavior of ζ on the chiral phase boundary has been calcu-
lated in the two-flavor NJL quark model [14], whereas the
bulk viscosity on the phase boundary of the first-order tran-
sition associated with a spinodal structure is still lacking for
three flavor quark matter. In experiments, the Beam Energy
Scan phase II program (BES-II) at RHIC-STAR can probe a
wide area of the QCD phase diagram, possibly covering the
QCD critical region and the first-order phase transition with
the associated metastable phases [56–59]. Therefore, the in-
depth research on viscosity coefficients of quark matter with
QCD phase transition is necessary for constructing a complete
hydrodynamic description of hot and dense QGP.
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In Ref. [60], we have detailedly investigated the shear
viscosity across the phase diagram and analyzed its relation-
ship with chiral and Mott phase transitions. This work aims
to study the dependence of specific bulk viscosity and the
ratio ζ/η of quark matter on temperature, baryon density, and
chemical potential, particularly their behavior near the QCD
phase transitions, including the pion Mott phase transition,
the chiral crossover, the critical region, and the first-order
phase transition with a spinodal structure. The calculations
will contribute to understanding the bulk viscous properties of
quark matter under different thermal parameters. It will also
provide valuable reference for hydrodynamic simulations of
data from RHIC-BES II, aiding in the analysis of QCD phase
transition.

The calculations are conducted within the framework of
kinetic theory under the relaxation time approximation. We
employ the 2 + 1 flavor Polyakov-loop extended Nambu–
Jona-Lasinio (PNJL) model to calculate the in-medium
quasiparticle masses, with which the scattering cross sec-
tions under different thermal parameters are derived. The
paper is organized as follows. In Sec. II, we introduce the
framework to calculate the bulk viscosity in kinetic theory
with the relaxation time approximation in combination with
the PNJL model. In Sec. III, we illustrate the numerical re-
sults of specific bulk viscosity (ζ/s) and the ratio ζ/η under
different physical conditions and discuss the relationship with
QCD phase transitions. A summary is given in Sec. IV.

II. FRAMEWORK

Within the framework of relativistic kinetic theory, the
transport coefficients characterize the first-order gradient ex-
pansion of the off-equilibrium spatial components of the
energy-momentum tensor. The bulk and shear viscous coef-
ficients, ζ and η, can be derived by equating the microscopic
definition of the stress tensor with its macroscopic counterpart
in viscous hydrodynamics. Following the detailed derivation
within the relaxation time approximation [40,61], the bulk
viscous coefficient for quark matter at finite temperature and
chemical potential can be described with

ζ = 1

9T

∑
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τi(T, μi )di
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d3 p

(2π )3

1

E2
i

×
[

p2 − 3c2
nB

T 2Ei
∂

∂T

(
Ei − μi

T

)
σ

]2

f 0
i

(
1 − f 0

i

)
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In this formulation, q(q̄) = u, d, s(ū, d̄, s̄) denotes quarks
and antiquarks, τi represents the relaxation time, di = 2Nc

is the degeneracy factor, and Ei =
√

p2 + M2
i is the dis-

persion relation with the dynamical mass Mi. The quark
chemical potential μα = μB/3 is taken in the calculation.
f 0
i = f 0

i (Ei, T, μi ) describes the distribution function in local
equilibrium for quarks and antiquarks. The cnB refers to the
speed of sound at constant net baryon density nB [62],
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T
(
χT T χμμ − χ2

μT

) , (2)

where the second-order susceptibility χx,y is defined as χx,y =
∂2P/∂x∂y. The σ = s/nB denotes the entropy per baryon.

The relaxation time τi(T, μi ) plays a crucial role in de-
termining the bulk viscosity, as it characterizes the timescale
of microscopic scattering processes in the thermal medium.
In this work, the calculation will be conducted in the 2 + 1-
flavor PNJL model, in which the fundamental degrees of
freedom are quarks and antiquarks [60,62]. We consider the
elementary 2 → 2 scatterings processes qq → qq, qq′ → qq′,
qq̄ → qq̄, qq̄′ → qq̄′, q̄q̄ → q̄q̄, and qq̄ → q′q̄′ among the
u, d , and s quarks and their antiparticles. The scatterings
between quark and gluons is not included. This omission is
inherent to the PNJL framework, in which gluonic degrees
of freedom are integrated out nonperturbatively, and their
dominant nonperturbative effect, color confinement, is rep-
resented by a temperature-dependent static background field,
the Polyakov loop � and its conjugate �̄. Consequently, the
model Lagrangian contains no explicit, propagating gluon
field, precluding direct quark–gluon scattering calculations.
The physical influence of gluons is nevertheless incorporated
in the thermal distribution functions of quarks and effective
quark masses modified by the Polyakov loop.

It is known that the shear viscosity is sensitive to the
changes of transverse momentum carried by the elastic scat-
tering processes. In contrast, the bulk viscosity essentially
depends the inelastic collisions changing the number density
of excitations [40,63]. Within the PNJL model at tree level, the
2 → 2 scattering processes include both elastic and inelastic
channels. For the latter, flavor-changing inelastic scattering
qq̄ → q′q̄′ is relevant. In this work, we include all tree-level
two-body elastic and inelastic scatterings, following the com-
mon practice in the PNJL-type model (e.g., Refs. [14,28–30]).
It is worth noting that near the phase transition, more complex
inelastic processes, such as hadronization [64] and scatterings
between quarks and real mesons [65,66], become significant.
These processes require more complicated calculations be-
yond the mean-field level and lie outside the scope of the
present study. Here we focus on the baseline bulk viscous
properties arising from all the tree-level 2 → 2 scatterings
within the PNJL framework [60]. The influence of hadroniza-
tion and quark-meson inelastic scattering on bulk viscosity is
left for future investigation.

Prior to calculating the relaxation time, the order parame-
ters φu, φd , φs, �, and �̄ in the PNJL model are derived at a
given temperature and quark chemical potential by imposing
the stationarity conditions to thermodynamical potential [62]

∂


∂φu
= ∂


∂φd
= ∂


∂φs
= ∂


∂�
= ∂


∂�̄
= 0. (3)

Using the obtained order parameters, the dynamical quark
mass Mi for each quark flavor is computed via

Mi = mi − 4Gφi + 2Kφ jφk (i �= j �= k), (4)

where G and K are coupling constatns and mi denotes the
current quark mass.

Within the PNJL model [60,62], the equilibrium distribu-
tion functions f 0

q for quarks and f 0
q̄ for antiquarks at a given

T and μq are formulated in terms of the order parameters
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obtained above with

f 0
q = �e−(Eq−μq )/T + 2�̄e−2(Eq−μq )/T + e−3(Eq−μq )/T

1 + 3�e−(Eq−μq )/T + 3�̄e−2(Eq−μq )/T + e−3(Eq−μq )/T
, (5)

and

f 0
q̄ = �̄e−(Eq+μq )/T + 2�e−2(Eq+μq )/T + e−3(Eq+μq )/T

1 + 3�̄e−(Eq+μq )/T + 3�e−2(Eq+μq )/T + e−3(Eq+μq )/T
. (6)

These distribution functions are used to compute the scattering cross sections, quark number density, relaxation time, and bulk
viscous coefficient. The momentum-dependent relaxation time can be expressed through the on-shell interaction rate in the
medium rest system [34,67]
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= 1
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Here vrel is the relative velocity and
√

s is the center-of-mass
energy. σi j→cd is the cross section from the initial incident
(anti)quarks (i, j) to the final outgoing (anti)quarks (c, d ) at
collision energy

√
s.

The relative velocity vrel can be calculated in the center-of-
mass frame [29,68] with
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The total cross section can be derived with the integral of
the differential cross section

σ =
∫ t+

t−
dt

dσ

dt
(1 − f 0(E∗

c , T, μq ))(1 − f 0(E∗
d , T, μq )),

(11)
where the factor (1 − f 0) represents the Pauli blocking for
quarks and/or antiquarks in the final state; t is the Mandelstam
variable; t± indicates the upper and lower limits of t [29]
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The differential cross section in Eq. (11) is written as

dσ

dt
= 1

16πs+
i j s

−
i j

1

4N2
c

∑
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|M|2, (13)

where the s±
i j is defined as

s±
i j = s − (Mi ± Mj )

2. (14)

1
4N2

c

∑
sc |M|2 denotes the matrix element squared aver-

aged over the color and spin of the incident particles and
summed over the final scattered particles. The calculation
of |M|2 is related to the specific scattering channels, which
can be performed using the standard methods in quantum
field theory. Furthermore, in calculating the scattering cross
sections, we employ the medium-dependent masses of the
exchanged mesons, which are obtained via the random phase
approximation within the 2 + 1 flavor PNJL model. The de-
tails are described in our previous study [60].

The averaged relaxation time can be obtained from the
momentum-dependent relaxation time of Eq. (7) by averaging
over pi

τ−1
i (T, μq)

= 1

ni(T, μq )

∫
d3 pi

(2π )3
dq f 0

i (Ei, T, μq )τ−1
i (pi, T, μq ),

(15)

where ni(T, μq ) is the (anti)quark number density,

ni(T, μq) = dq

∫
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(2π )3
f 0
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With the definition of the averaged transition rate [34,67],
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FIG. 1. ζ/s as a function of temperature T for baryon chemical
potentials μB = 0, 400, 800, 873, 1200, 1350 MeV. The solid and
hollow triangles represent the ζ/s at the points where these μB(T )
lines intersect the chiral crossover line and pion Mott transition line,
respectively.

the relaxation time can be expressed,

τ−1
i (T, μq) =

∑
j=q,q̄

n j (T, μq )w̄i j, (18)

A comprehensive description of this framework and calcula-
tion in the PNJL model are provided in Refs. [60,62]. One can
also refer to Refs. [29,34] for more details.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Ratio of bulk viscosity to entropy density

The specific bulk viscosity ζ/s, which quantifies energy
dissipation during the fireball expansion, serves as one of the
essential inputs in hydrodynamic simulations of QGP evolu-
tion. The behavior of ζ/s has a profound connection with the
system’s symmetry properties and equation of state charac-
terized by the speed of sound and interaction measurement.
The dependence of ζ/s on temperature and baryon chemical
potential derived in the 2 + 1 flavor PNJL model are shown in
Figs. 1 and 2.

As observed in Fig. 1, ζ/s exhibits an exponentially
decrease with increasing temperature. It asymptotically ap-
proaches zero at extreme high temperatures, signaling the
gradually restoration of scale invariance. In a strict conformal
field theory, scale invariance is necessarily preserved, and as
a direct consequence, the specific bulk viscosity vanishes,
i.e., ζ/s = 0, whereas the PNJL model containing particles
with mass and complex interactions is not a conformal field
theory. At high temperatures, the sources of conformal sym-
metry breaking, such as the trace anomaly and finite quark
masses, become increasingly suppressed. As a result, the
system approximates a scale-invariant one, and the specific
bulk viscosity ζ/s approaches zero. This behavior serves as
a signature of the emergent near-conformal dynamics in the

FIG. 2. ζ/s as a function of μB for different temperatures. The
solid and hollow triangles represent the ζ/s at the points where
these T (μB ) lines intersect the chiral crossover line and pion Mott
transition line, respectively. For T = 50, 75, 100 MeV, the two dots
(cycles) on each isotherm correspond to respectively the high-density
chirally restored phase and low-density chirally broken phase on
the boundaries (spinodal line) of the first-order phase transition,
and the dashed curves mark the metastable phases, including the
high-density superheated phase and low-density supercooled phase.

high-temperature limit. The similar result was derived in lat-
tice QCD calculation [69].

Figure 1 also shows that ζ/s increase rapidly near the chiral
crossover transformation (marked by solid trangles) of u, d
quarks, approximately starting at the pion Mott dissociation
(marked by blank trangles). This trend means the violation
of approximate scale invariance with the increasing dynam-
ical quark mass and larger interaction measurement (trace
anomaly), θ = ε − 3P, where ε is the energy density and P
is the pressure.

In the calculation of bulk visicosity with the Kubo for-
mula [70] as well as the Eq. (1), it shows that ζ is closely
related to the speed of sound. For a scale-invariant relativis-
tic system, the equation of state is uniquely determined by
the relation P = ε/3. Consequently, the speed of sound is
fixed at c2

s = 1/3, a value known as that of an ideal rel-
ativistic gas and a key thermodynamic signature of scale
invariance. While the bulk viscosity ζ quantifies the dy-
namical departure from scale invariance, the squared sound
speed c2

s reflects the thermodynamic departure. The two
measures are intrinsically linked, providing complementary
insights into conformal symmetry breaking. Our previous
calculation demonstrates that the squared speed of sound in
the PNJL model approaches the conformal limit of 1/3 at
high temperatures and decreases significantly near the chiral
crossover [62].

On the other hand, in the vicinity of the chiral crossover,
the system’s effective degrees of freedom change from
quarks to hadrons, and the hadronic component prevails
as temperature decreases. The hadronic model calculations
predict that ζ/s rises with increasing temperature [71].
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Consequently, combining insights from two different model
frameworks indicates that the specific bulk viscosity coef-
ficient likely reaches a maximum in the chiral crossover
region [72].

Figure 2 depicts the dependence of ζ/s on baryon chemical
potential μB for different temperatures. At high temperatures,
ζ/s exhibits a mild dependence on μB. With the decline of
temperature, a rapid increase of ζ/s is observed near the chiral
crossover region of u, d quarks, with a starting point near the
Mott dissociation of pion, as also shown in Fig. 1. Besides, a
distinct extremum appears at a larger baryon chemical poten-
tial on each isotherm. The numerical calculation identifies that
this peak structure is driven by the chiral crossover of strange
quark.

These results further confirm that the specific bulk viscos-
ity exhibits a stronger deviation from conformal invariance
near the phase transition at finite temperature. Compared to
the nearly negligible values at high temperatures, Fig. 1 and
Fig. 2 show that ζ/s is significantly enhanced around the crit-
ical temperature and continually increases as the temperature
further decreases. The bulk viscosity ζ essentially charac-
terizes the efficiency with which the internal microscopic
degrees of freedom redistribute energy and restore thermo-
dynamic equilibrium under expansion. A larger value of ζ/s
indicates a slower relaxation process, meaning the system is
less able to adjust to volume changes, leading to more energy
dissipation. Such slow relaxation is pronounced near the phase
boundary and in the low-temperature regime, as given in our
recent study [60].

Figure 2 also shows the behavior of ζ/s with a first-
order phase transition for T = 100, 75, 50 MeV. It can be
seen that, at T = 100 and 75 MeV, the values of ζ/s on the
phase boundary of the chirally restored high-density phase
and the associated superheated metastable phase are smaller
than those in the chirally broken low-density phase and the
corresponding supercooled metastable phase. In contrast, the
opposite trend is observed at T = 50 MeV. In general, the
behavior of ζ/s across the first-order phase transition is af-
fected by temperature, baryon density (chemical potential),
and dynamic quark masses.

Figure 3 illustrates the behavior of ζ/s along the chiral
phase boundary. It can be seen that ζ/s increases monoton-
ically along the chiral crossover transition line toward the
critical end point (CEP). The two solid curves show ζ/s on
the two boundaries of the first-order transition. The ζ/s on
each branch exhibits a nonmonotonic behavior. The numerical
results indicate that both ζ and the entropy density s on the
boundary decline monotonically as the temperature decreases.
The nonmonotonicity in ζ/s arises from that the rates of
decline for ζ and s undergo an inflection with the lowering
of temperature.

It is emphasized that under the relaxation time approxi-
mation, ζ/s remains finite at the critical end point, with no
singular behavior observed. In theory, critical phenomena are
generally described by universal dynamical scaling. Near a
second-order phase transition (CEP), transport coefficients
such as the bulk and shear viscosities are determined by the
dynamical critical scaling specific to a universality class. The
critical end point of QCD matter falls into model H with the

FIG. 3. ζ/s on the chiral phase boundaries.

Halperin-Hohenberg classification [73], where ζ is expected
to diverge as ζ ∼ ξ zζ with zζ ≈ 3 and ξ being the correlation
length [14,42,74]. The current work does not include these
dynamical critical effects.

Figure 4 shows the specific bulk viscosity ζ/s on the
isentropic trajectories. In heavy-ion collision experiments,
higher collision energies yield larger values of s/nB, whereas
quark matter created in relatively lower energies can access
the phase diagram at low temperature and high density. Nu-
merical results show that for s/nB � 10, the ζ/s increases
monotonically as the temperature decreases, with a more
rapid enhancement across the chiral crossover region of u, d
quarks. The larger value of ζ/s in the phase transition region
implies greater energy dissipation during volume expansion.
This trend indicates the growing significance of bulk viscosity

FIG. 4. ζ/s along the isentropic trajectories for different s/nB.
The solid triangles, hollow triangles and dots represent the η/s at
the points where these isentropic lines intersect the chiral crossover
line, pion Mott transition line, and the high-density boundary of the
first-order transition, respectively.
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FIG. 5. ζ/η as a function of temperature T for μB =
0, 400, 800, 873, 1200, 1350 MeV. The star, solid triangles and hol-
low triangles represent the ζ/s at the points where these μB(T ) lines
intersect the CEP, chiral crossover line, and pion Mott transition line,
respectively.

in hydrodynamic simulations of quark matter generated in
lower-energy collisions. For the cases of s/nB = 5, 4, and
3, where the evolution traverses the spinodal region of the
first-order phase transition, the behavior of ζ/s are much
sensitive to the phase structure. One can refer to Ref. [60]
for the relationship between these isentropic trajectories and
phase structure within the PNJL model. It can be predicted
that the larger ζ/s in lower-energy heavy-ion collisions will
suppress the transverse momentum of final-state particles in
experiments [3,7,17,59].

B. Ratio of bulk viscosity to shear viscosity

The ratio of bulk viscosity to shear viscosity (ζ/η) con-
stitutes a dimensionless parameter that reveals fundamental
aspects of the dissipation behavior of QGP. The shear vis-
cosity primarily originates from momentum transfer between
adjacent flow layers and characterizes the system’s resistance
to shear deformation. Even in a perfectly scale-invariant sys-
tem, such as a noninteracting ideal gas of massless particles,
η remains finite. The change of η with thermal parame-
ters reflects the strength of dynamical interactions and being
sensitive to phase transitions. In contrast, the bulk viscos-
ity ζ quantifies the resistance to volume changes during
expansion or compression. As noted previously, a strict
scale-invariant system must exhibit ζ = 0. The behavior of
ζ in quark matter thus reflects the degree of scale sym-
metry breaking induced by strong interactions. The ratio
ζ/η serves as a key measure of the relative importance of
these two dissipation mechanisms under different physical
conditions.

Figures 5 and 6 show the ratio ζ/η as functions of temper-
ature and chemical potentail, respectively. One can observe
that ζ/η is small at high temperature and approaches zero
in the high-temperature limit. This is because that the QGP

FIG. 6. ζ/η as a function of μB for different temperatures. The
star, solid, and hollow triangles represent the ζ/η at the points where
these T (μB ) lines intersect the CEP, chiral crossover line and pion
Mott transition line, respectively. For T = 50, 75, 100 MeV, the two
dots (cycles) on each isotherm correspond to respectively the high-
density chirally restored phase and low-density chirally broken phase
on the boundaries (spinodal line) of the first-order phase transition.

described in the PNJL model restores the approximate scale
invariance at high temperatures with the decrease of dy-
namical quark masses (near restoration of chiral symmetry).
Furthermore, as shown in Fig. 1, ζ/s approaches zero at high
temperature, while the ratio η/s exhibits a slight increase
(Fig. 6 in Ref. [60]). These features indicate that the energy
dissipation from bulk viscous effects is small at extremely
high temperature, consistent with the result of conformal in-
variance.

Figures 1 and 6 in Ref. [60] also display that both
ζ/s and η/s increase significantly near the chiral crossover
transformation (marked with solid triangles), which means
that the system in this region has greater energy dissi-
pation from both shear deformation and volume expan-
sion. Compared to the chirally restored high-temperature
regime, the increasing ζ/η in the chiral crossover region
means that the energy dissipation rate due to bulk vis-
cous pressure grows more quickly than that from shear
viscosity.

As observed in Figs. 5 and 6, for the high-density QGP
at μB = 1200 MeV, the ratio ζ/η increases first and then
decreases with the drop in temperature. This is because that
η/s grows faster than ζ/s at low temperature. This feature
resembles that of ordinary fluids whose shear viscosity is
strongly enhanced at low temperature, making the system
more resistant to laminar flow. These results indicate that
in the low-temperature and high-density region for μB =
1200 MeV, energy dissipation from shear viscosity domi-
nates. The same behavior exists at higher baryon chemical
potentials, including the emergence of region where ζ/η > 1.
The peak shape in Figs. 5 and 6 are attributed to the chi-
ral crossover transformation of strange quark. Furthermore,
in the regime of chiral symmetry restoration of strange
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FIG. 7. ζ/η on the chiral phase boundaries as functions of temperature, baryon chemical potential and net baryon number density,
respectively.

quark at extreme high chemical potentials, ζ/η decreases
again.

Figure 7 presents the value of ζ/η on the chiral phase
boundaries. Along the chiral crossover line, ζ/η generally
increases with decreasing temperature but slightly declines in
the vicinity of CEP. For the first-order phase transition, the
value of ζ/η on the high-density phase boundary is smaller
than that on the low-density boundary. Near the critical region,
the behavior of ζ/η is sensitive to the thermal parameters
of temperature, baryon chenical potential, and net baryon
density.

Notably, ζ/η approaches zero at extreme low temperatures
on both sides of the first-order transitions. In the high-density
phase with restored chiral symmetry for u and d quarks,
the system is dominated by a highly degenerate Fermi sea.
This degeneracy at very low temperatures strongly suppresses
interparticle scattering phase space due to the Pauli block-
ing effect, leading to a significant enhancement of the shear
viscosity η. Meanwhile, the system becomes “rigid” under
high pressure and thus approaches scale invariance, which
suppresses the bulk viscosity ζ . In contrast, in the low-
density chirally broken phase at low temperatures, the system
behaves as a dilute gas of massive particles. The exponen-
tial suppression of the particle number density drastically
reduces the efficiency of momentum transport, resulting in
relatively large shear viscosity, while bulk viscous dissipa-
tion from volume changes becomes negligible as the system
asymptotically approaches the vacuum. Thus, ζ � η emerges
as a natural consequence of the system approaching the
vacuum.

IV. SUMMARY

Based on the kinetic theory with relaxation time approxi-
mation, we have investigated the specific bulk viscosity (ζ/s)
and the ratio of bulk viscosity to shear viscosity (ζ/η) in
quark matter at finite temperature and chemical potential.
The in-medium dynamical quark masses derived in the 2 + 1
flavor PNJL model are taken to calculate the 2 → 2 scatter-
ings processes under various thermal parameters.

We explored the behaviors of ζ/s and ζ/η across the phase
diagram. The investigation indicates that the values of ζ/s
and ζ/η have a profound connection with the phase struc-
ture. Both the ζ/s and ζ/η are small at high temperatures,
consistent with the nature of a conformal theory, whereas
larger ζ/s and ζ/η are derived near the chiral phase transi-
tion. Along the chiral crossover line, ζ/s and ζ/η generally
increase with decreasing temperature, though ζ/η exhibits
a slight decline near the CEP. On both the low-density
and high-density boundaries of the first-order transition, ζ/s
shows a nonmonotonic variation due to the rates of change
for ζ and s undergoing an inflection with the decrease of
temperature.

Furthermore, on the phase boundary, ζ/η attains larger
values in the critical region but approaches zero at ex-
tremely low temperatures. Notably, beyond the phase bound-
ary, an additional peak structure is observed in both ζ/s
and ζ/η, with magnitudes even larger than those on
the chiral phase transition boundary of u, d quarks. Our
analysis indicates that this prominent peak shape origi-
nates from the chiral crossover transformation of strange
quark.

It should be also noted that the temperature and chem-
ical potential dependence of ζ/s and ζ/η obtained in this
study are model dependent in their specific values; never-
theless, we expect these results from the elementary 2 → 2
scatterings in the PNJL model to provide qualitative insight
into the bulk viscous behavior of quark matter. Near the
phase transition region, the further inclusion of hadroniza-
tion processes and quark-meson inelastic scatterings will
improve the result. In the critical area, a proper treatment
also requires the consideration of dynamical critical scal-
ing governed by the universality class of the CEP. On the
other hand, the incorporation of all relevant nonequilib-
rium corrections to the distribution functions would further
modify the transport-coefficient formulas themselves. As ex-
plored in Ref. [75] for a single-component Bose system,
a consistent framework can be extended to a multifermion
system with boson-mediated interactions. A comprehensive
study of these related physical effects in the future will
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deepen the understanding of viscous properties of quark
matter.
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