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The gradients act as invisible engines of transport, converting microscopic imbalances into macroscopic
flows and, thus, providing deep insights into the dynamics of physical systems. Thermal gradients do not
merely drive the flow of heat, but they also set the microscopic constituents of the system into motion.
In such scenarios, the constituents of the system not only transport energy, but also diffuse collectively
under the influence of these gradients. For the very first time, we present a first-principles investigation of
the Soret and Dufour effects in hot and dense QCD matter. We use the relativistic Boltzmann transport
equation under the relaxation time approximation. By incorporating chemical potential and temperature
gradients into the kinetic theory framework, we derive explicit expressions for the Dufour coefficient,
which quantifies the heat flow due to concentration gradients, and the Soret coefficient, which describes the
particle diffusion induced by thermal gradients. These coupled-transport phenomena are traditionally
studied in multicomponent classical systems at low energy scales. In this study, we follow quasiparticle
models for the deconfined phase and the hadron resonance gas model for the confined hadronic phase in the
context of heavy-ion collisions. This study provides novel insights into the thermodiffusion and diffusion-
thermo phenomena and opens avenues for incorporating such effects in hydrodynamic modeling and

transport simulations of QCD matter.

DOI: 10.1103/q97t-xs31

I. INTRODUCTION

Transport phenomena after the big bang played a key role
in shaping the early Universe, helping it cool from a quark-
gluon plasma (QGP) phase to a hadron resonance gas (HRG)
phase and setting the stage for the formation of cosmic
structures. High-energy heavy-ion collisions recreate, on a
miniature scale, the extreme temperature and density con-
ditions that existed microseconds after the big bang, enabling
the study of the QGP medium and its transition to hot and
dense hadronic matter [1]. Understanding the transport
properties of the hot and dense strongly interacting quantum
chromodynamics (QCD) matter created in ultrarelativistic
heavy-ion collisions stands as one of the most intriguing and
captivating phenomena for the scientific community, offer-
ing deep insights into its intricate dynamics. The exper-
imental facilities at the Relativistic Heavy Ion Collider and
the Large Hadron Collider provide a unique platform to
study the dynamics of strongly interacting matter created by
colliding heavy nuclei at ultrarelativistic speeds. In these
collisions, the early-formed deconfined phase expands and
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cools with time and is finally confined into hadrons, which
further undergo the freeze-out stages prior to the free
streaming of particles toward the detectors [2,3]. The final
state particles play a key role in understanding the under-
lying physics of the evolution of the fireball [4]. Beyond
experimental observations, extensive phenomenological
studies offer detailed descriptions of the microscopic
dynamics and transport phenomena governing QCD matter.
In the past decade, the study of thermal and electrical
conductivity of QCD matter within different models has
provided a good phenomenological understanding of trans-
port phenomena [5-21]. Furthermore, various realistic
effects, such as transient electromagnetic fields and vor-
ticity-induced rotation in the medium, have been studied
[10,13,21-25]. Also, the studies have extended from trans-
port of electric currents to include baryon, strangeness, and
off-diagonal strange-baryon currents [26-29]. With the
recent experimental developments, in the charm sector,
the charm current and its off-diagonal components have
been studied in the hadronic medium as well [30]. In the
context of heavy-ion collisions, the authors in Refs. [31-34]
studied the leading- and higher-order thermoelectric and
magnetothermoelectric transport coefficients of the QCD
matter. These leading-order coefficients include the
Seebeck, magneto-Seebeck, and Nernst effects, while the
higher-order contributions involve the Thomson, magneto-
Thomson, and transverse Thomson effects, offering a more
comprehensive understanding of electric charge and energy
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transport in the strongly interacting medium. The study of
the thermoelectric figure of merit across the deconfinement
phase transition is studied in Ref. [35]. Unlike the conven-
tional Seebeck effect [31,36-38], where a temperature
gradient induces only an electric current in the QCD
medium, such gradients can also drive a net baryon flow,
leading to baryon diffusion. This unique coupling between
electric and baryon charge currents under the temperature
gradients provides valuable insights into the coupled-trans-
port properties of strongly interacting matter and plays a
key role in understanding the evolution of the baryon-rich
medium created in heavy-ion collisions.

The coupled-transport phenomena offer a unique window
into the microscopic dynamics that govern the macroscopic
behavior of the system. Such interesting coupled phenom-
ena are the Dufour and Soret effects [39—43]. The Dufour
effect refers to the generation of a heat current due to a
concentration gradient, also known as the diffusion-thermo
effect. The Soret effect describes a phenomenon where a
temperature gradient leads to the diffusion of the constitu-
ents of the medium, hence called as thermodiffusion effect.
These effects have numerous practical applications across
various fields, including chemical and geophysical engi-
neering, which have attracted significant attention from
researchers over the years [44]. For instance, Ref. [45]
reported notable findings on the simultaneous transport of
heat and mass through species interdiffusion processes
under the direct influence of the Soret and Dufour effects,
particularly in natural convection driven by evaporation and
condensation phenomena. Similarly, Ref. [46] incorpo-
rated multiple-relaxation mechanisms within the lattice
Boltzmann framework to investigate dual-diffusive natural
convective flows, demonstrating that the combined influ-
ence of Soret and Dufour effects plays a critical role in
governing these transport processes. In Ref. [47], analytical
expressions for the Soret and Dufour effects were derived,
highlighting their significant contribution to coupled-trans-
port phenomena in magnetized electrodynamics plasmas.
Studying these phenomena in the domain of high-energy
physics opens an exciting opportunity for understanding the
coupled-transport dynamics of QCD matter. In the context
of relativistic hydrodynamics, a thermodiffusion contribu-
tion to the baryon diffusion current emerges naturally once
the baryon sector is formulated within a causal second-order
(Israel-Stewart) framework. In the first-order Navier-Stokes
theory used, for example, in Ref. [48], the baryon current
is driven by only a single thermodynamic force, which
prevents the appearance of an independent response to
a temperature gradient. Any temperature dependence is
implicitly folded into a single transport coefficient. By
contrast, second-order hydrodynamics, as mentioned in
Ref. [49], provides a relaxation equation in which gradients
of temperature and baryon density act as distinct thermo-
dynamic forces with their own transport coefficients. This
causal structure naturally allows for a thermodiffusion

(Soret-type) term that is dynamically generated rather than
fixed by first-order constitutive relations. Moreover,
Ref. [50] explicitly identifies a baryon-heat cross conduc-
tivity that generates the coefficient of thermodiffusion in a
second-order framework. That study demonstrates that a
temperature gradient can independently drive baryon dif-
fusion when off-diagonal transport coefficients are included,
in full agreement with Onsager reciprocity.

In the realm of ultrarelativistic heavy-ion collisions, the
local temperature gradient naturally arises as the system
expands and cools, while concentration gradients appear
due to the system being slightly away from equilibrium.
Incorporating Dufour and Soret effects into the study of
QCD matter would provide a new dynamical phenomenon
that would affect the evolution of the medium. The Dufour
effect influences the heat current in the medium due to the
gradient in the baryon chemical potential, which can
essentially affect the cooling of the medium. Moreover,
the Soret coefficient modifies the diffusion current due to
the existing temperature gradient and can eventually affect
the diffusion of the baryons in the medium, which can
introduce an effect on experimental observables such as net
proton number fluctuations and charge particle spectra.
Thus, a study of these coupled-transport effects in the
domain of heavy-ion collisions is important and could
provide valuable insights into the interplay between heat
and particle transport in QCD matter.

II. FRAMEWORK FOR THE QCD EQUATION
OF STATE

This section outlines the phenomenological models used
to describe the QCD matter created in heavy-ion collisions.
We briefly present the quasiparticle model for the QGP
phase and the HRG model for the hadronic phase to
characterize the equation of state.

A. Quasiparticle model

To model the quark-gluon plasma phase, we follow a
quasiparticle model approach originally introduced by
Gorenstein and Yang [51]. In this framework, the medium
is described as a gas of quasifree partons possessing
medium-dependent effective masses that encapsulate inter-
action effects. The temperature-dependent effective mass
m(T) accounts for the nonperturbative dynamics of the
QGP medium, while a temperature-dependent bag constant
ensures thermodynamic consistency by reflecting vacuum
contributions.

The energy of the ith parton with momentum k; is given
by the dispersion relation

X (k;, T) = ki +m2(T), (1)

where w;(T) is the energy and m;(T) is the total effective
mass of the ith parton. For the ith quark, the effective mass
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is parametrized as
2_ 2 2
m; = my, + \/imiomﬂ" + mir, (2)

with m;, representing the bare quark mass and m;; the
thermal mass contribution, given by

N2 -1 1y
() =S (14 S ). )

The gluon effective mass is described by

2 /(272
(1) =g @ (14 D)
where N, is the number of color degrees of freedom, N is
the number of flavor degrees of freedom, and ¢*(T) =
4za(T), with a,(T) denoting the running strong coupling
constant.

The relaxation time 7 of quarks is taken to be momen-
tum independent and is given by [52]

1
R 5 1Te? log(1/a,)[1 + 0.12(2N, + 1)]”

(5)

where a fixed value a; =0.5 is used for numerical
evaluation.

B. Ideal hadron resonance gas model

To describe the hadronic phase of QCD matter, particu-
larly at temperatures below the crossover transition, we use
the ideal hadron resonance gas model [34]. This statistical
model considers a noninteracting gas composed of all
known hadrons and resonances listed in the Particle Data
Group [53]. Despite the noninteracting considerations, the
inclusion of resonances effectively mimics the strong
interactions among hadrons based on the idea that inter-
actions in the medium can be approximated by resonance
formation.

The grand canonical partition function for the ith hadron
species is given by [54]

. Vag. [ . —b.
InZid = 12—92;/ 2d|%| In [1 + exp (—uﬂ
7z° Jo

T
(6)

where g; is the degeneracy factor, w; = Vic? + m? is the

single-particle energy, b; is the baryon number, and pp is
the baryon chemical potential. The upper and lower signs
correspond to fermions (baryons) and bosons (mesons),
respectively.

From the partition function, the following thermody-
namic quantities can be derived:

. Tqg;, [ —b.
P ) =5 [ Rl i {liexp (—uﬂ
T~ Jo

T
(7)
id|k;|
il () = 2 [T SR )
2n% Jo exp(“pE) £ 1
. e KBdlk
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The thermal relaxation time %, for hadrons is computed
by thermally averaging the energy-dependent relaxation time
over the equilibrium distribution. It is expressed as [55]

(k)™ = an<0ijvij>’ (10)
J
where the thermal average of the cross section times relative
velocity between ith and jth hadrons is given by

o} 0
 8TmEm2 Ky (mi/ T)KCy (m/ T) Jimem) 2
[s — (m; — m‘)z]

NG

ds

<0ijvij>

[s — (m; + mj)z]lcl (v/s/T).
(11)

where ¢ = z(r; + r;)* is the hard-sphere scattering cross
section (assumed independent of T and p5), /s is the center
of mass energy, and KC; and K, are modified Bessel
functions of the second kind. In our current study, we
consider the same radius for all mesons as 0.2 fm, and for all
baryons, it is 0.62 fm.

III. COUPLED-TRANSPORT COEFFICIENTS
IN QCD MATTER

In a medium with a nonzero net baryon number, the
transport of baryons and energy (heat) can be described by
linear response theory. The diffusion current j and the heat

current I are expressed using Fick’s law generalized for
coupled-transport phenomena as

N —
(1)=-0 () o
7 Dy « §>T

where D is the baryon diffusion coefficient, St is the Soret

coefficient, « is the coefficient of thermal conductivity, and

Dp is the Dufour coefficient. These expressions capture the

interplay between baryon chemical potential and thermal

gradients in driving both baryons and heat transport in the
medium.

To evaluate the coupled-transport coefficients in QCD

matter, we follow the kinetic theory framework. We begin
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by decomposing the single-particle distribution function for
species i into its equilibrium part and a small deviation:

fi=f1+6f

where fV represents the equilibrium distribution and
of; accounts for slight deviation from equilibrium.
At equilibrium, the distribution for the ith species is
expressed as

1
0 _
fi= exp[Z=lis) + 1 13)

with ; being the energy of the particle, up the baryon
chemical potential, and b; the baryon number (e.g., b; = 1
for baryons, b; = —1 for antibaryons, and b; =0 for
mesons). The plus and minus signs correspond to fermions
and bosons, respectively.

In the absence of any external force, in the local rest
frame, the Boltzmann transport equation under the relax-
ation time approximation for species i can be written
as [10,55]

5f,(x,,k)

TR

5 Vi = (14)

Here, T;e denotes the relaxation time for species i, and

v, = I_c',- /w; is the particle velocity. Additionally, the spatial
gradient of f? can be recast using

= 0 afO

Vi =5 {“—Wvubﬁﬂg}. (15)

At leading order, an ansatz for the nonequilibrium part can
be chosen as [10,35,56]

> ~ 0
ofi = (ki - Q fi
0w

(16)

where the vector Q encapsulates the influence of the driving

forces. It is natural to express Q as a linear combination of
the perturbed fields:

—

:CIIVT‘i‘azvﬂB, (17)

tel}

with the unknown coefficients a; and a, that quantify the
strength of the electric field and temperature gradient,
respectively, in pushing the system out of equilibrium.

Substituting Eq. (17) into (16), one obtains the following
expression for the deviation of;:

Ty &

V) + (7 Vi) 5L

6f i = ;o (¥; (18)
Hence, the relativistic Boltzmann equation in Eq. (14)
can be expressed as

@D (5, G7) 4,5, i)
—%’[( V) +ay(Bi- Vpg).  (19)

After comparing the coefficients on both the sides, we get

Ti w; — bl” biTi
a; = 71?( Ta)l. B) s a, = a)l-R . (20)
Hence,
];i i (a’i - biﬂB) fo
8fi =—1h|——=VT + b V . 21
fz o, TR |: T + Hp ()CU, ( )

Following the kinetic theory, one can write the particle
diffusion current and heat current as, respectively,

- d3|k |k

]_Zg/(zﬂ) o1

I d3|ki|ki

I'= Z_:gi/ (27) e, (0; = bipug)ofi. (22)

Here, g; is the degeneracy for the ith species of the medium.
After substituting the §f; from Eq. (21) in the above
equation and comparing with the equations defined in the
matrix (12), we get
(i) diffusion coefficient (baryon diffusion due to baryon
chemical potential gradient)

d3|k|k
_Z 3T/

(i) Soret coefficient (baryon diffusion due to temper-
ature gradient)

3 1 /d3IE’Il€?(
p— . —_— _— a).—
129372 | a2

RIS, (23)

biﬂB)Tfef?(l if?>,

(24)

(iii) Dufour coefficient (heat flow due to baryon chemi-
cal potential gradient):

- Sy [ AL,
"3T 2

x (w; — biﬂ3>biTRfi (1 jEf?) (25)
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(iv) thermal conductivity (heat flow due to temperature
gradient):

d3|k /E?
_Z 3T2 _2 ll’lB)

RIT(LEFD).
(26)

These transport coefficients collectively describe the
coupled flow of heat and baryon charge in the QCD medium.
These coefficients incorporate the statistical weights, baryon
numbers, effective energies, relaxation times, and equilib-
rium distributions, providing a comprehensive description of
transport phenomena in the strongly interacting medium.

IV. RESULTS AND DISCUSSION

In this study, we have calculated the coupled-transport
coefficients for the QCD matter using the quasiparticle
model for the deconfined phase and the HRG model for the
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FIG. 1.

confined phase. Figure 1 shows the temperature depend-
ence of the scaled coupled-transport coefficients in the
hadron resonance gas (solid lines) and quark-gluon plasma
(dashed lines) phases for different values of the baryon
chemical potential, up = 0.05, 0.20, 0.40, and 0.60 GeV.
The four panels correspond to (top left) the scaled diffusion
coefficient (D/T), (top right) the scaled Soret coefficient
(S7/T), (bottom left) the scaled Dufour -coefficient
(Dp/T?), and (bottom right) the scaled thermal conduc-
tivity (x/7T?). The mathematical forms of these coefficients
are mentioned in Egs. (23)—(26). The integrands of these
integrals contain several key terms with distinct physical
meanings. The particle momentum squared 12,2 , scaled by
the squared particle energy w?, represents the kinetic
contribution of the particles to the transport processes.
The relaxation time 7%, characterizes the interaction strength
or mean free time between successive collisions for the ith
species, dictating how effectively each particle species
participates in the transport phenomena. The equilibrium

HRG: solid, QGP: dashed
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B
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B
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Temperature dependence of scaled coefficients of coupled transport in the HRG and QGP phases at different values of baryon

chemical potential yz. Shown are scaled (top left) diffusion coefficient (D/T), (top right) Soret coefficient (Sy/T), (bottom left) Dufour
coefficient (Dy/T?), and (bottom right) thermal conductivity (k/7?). HRG results are plotted with solid lines and QGP results with

dashed lines. Each color corresponds to a fixed pp value.
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occupation factor f?(1 + fV) accounts for the quantum
statistical effects, where the + sign corresponds to bosons
and the — sign corresponds to fermions, thereby modifying
the overall transport behavior according to the underlying
quantum statistics of the medium. Equations (5) and (10)
represent the relaxation time of the particle species for the
QGP and the HRG phases, respectively. For the QGP
phase, the 7% depends only on the temperature, and it
decreases as the temperature increases. Whereas for the
HRG phase, the relaxation time 7y exhibits a strong
dependence on temperature and baryon chemical potential
due to its inverse relation with the product of particle
density, relative velocity, and interaction cross section. At
low temperatures, the densities of most hadrons are
exponentially suppressed, resulting in very large relaxation
times, indicating infrequent collisions. As the temperature
increases toward the crossover region, the hadronic den-
sities grow rapidly, particularly for light mesons like pions,
leading to a significant decrease in 7. The baryon chemical
potential further decreases 7 in a baryon-rich medium due
to the higher number density. Consequently, in the HRG
phase, 7z evolves from a dilute, weakly interacting regime
at low T to a more collisional, rapidly relaxing medium
near the QCD crossover.

The diffusion coefficient in Eq. (23) quantifies the baryon
flux generated by a gradient in the baryon chemical
potential Vg, indicating how efficiently baryons redis-

tribute in response to g),uB. It is directly dependent on the
factor of i f(1 £ fV). Hence, this product describes the
overall behavior of the diffusion coefficient. It is to be noted
that Eq. (23) also carries an explicit factor of baryon number
b; in the product to factor 7k (1 & f9); hence, for bosons,
i.e., gluons in QGP phase and mesons in HRG phase, the
diffusion coefficient vanishes. In the limit of vanishing
baryon chemical potential, the net baryon density becomes
zero because of the equal population of baryons and
antibaryons carrying opposite baryon numbers, leading to
the complete suppression of the diffusion coefficient.
Consequently, with increasing up, the baryon densities
increase through the Boltzmann factor exp(up/T), which
leads to a significant rise in D/T with up, especially in the
moderate-temperature region. A larger diffusion coefficient
indicates that baryons can diffuse more easily through the
medium under a baryon chemical potential gradient.
Similarly, the Dufour coefficient in Eq. (25) includes the
same b; dependence as the diffusion coefficient but is
further weighted by the factor of (w; — b;up), which
significantly enhances its sensitivity to the baryon number
density in the medium. This dependence makes the Dufour
effect a predominantly baryon-driven transport phenome-
non in the hadronic medium. At very low baryon chemical
potential, the net baryon density is strongly suppressed,
which results in negligible values of Dy/T?. However, as
up increases, the baryon density grows exponentially, and
the Dufour coefficient rises sharply, showing the strongest

enhancement among all the transport coefficients consid-
ered in this study. This behavior highlights the fact that the
Dufour effect, which represents the heat flow driven by
chemical potential gradients, becomes increasingly signifi-
cant in baryon-rich environments, such as the lower-energy
heavy-ion collisions. Moreover, the additional energy
weighting (w; — b;up) implies that heavier baryonic reso-
nances contribute more effectively to this coefficient at
moderate and high temperatures, further amplifying the
growth of Dy /T?. Physically, this indicates that the chemi-
cal potential gradients can induce substantial heat transport
when the system is baryon rich, reflecting the strong
coupling between baryon and heat currents in such media.
Furthermore, in the hadronic medium, a strong dependence
of temperature can be observed for both the diffusion and
Dufour coefficients. For up = 0.20 GeV, we observe an
increasing trend which saturates around 7 ~0.13 GeV.
Meanwhile, for a slightly higher chemical potential of
0.40 GeV, we get competing effects from f9(1 + V) and
7%, thus resulting in a slight dip at 7 =~ 0.15 GeV. Moreover,
the rjg dominates for uz = 0.60 GeV, and, as a result, we
observe a decreasing trend. However, in the QGP phase, the
temperature dependence of D/T and Dy /T? is weak due to
the fact that 7§, ~ 1/7, which can be seen from Eq. (5).
Additionally, one can notice that the enhancing effect of
baryon chemical potential on D/T and Dp/T? is still
prominent in the QGP medium.

On the other hand, the Soret coefficient, expressed in
Eq. (24), does not contain an explicit b; weighting factor.
Although baryonic species contribute through the (w; —b;up)
term, the overall magnitude and temperature dependence of
Sy/T are largely governed by the light mesonic species
(b; = 0), such as pions, which remain abundant even at very
small ug. With an increase in py, we observe a decrease in
St/T at low temperature. This is due to the presence of the
factor of (w; — b;pup )7k, which decreases with increasing y5.
As the system approaches the crossover region and transitions
into the QGP phase, the Soret coefficient shows an increase
with temperature due to the liberation of quark degrees of
freedom, which carry baryon number but have much smaller
effective masses. Furthermore, compared to the Dufour
coefficient, the sensitivity of the Soret coefficient to up
remains relatively weak, indicating that temperature gradients,
rather than baryon density, primarily drive its behavior in both
phases. In contrast to the diffusion and Dufour coefficients of
the hadronic medium, we observe a large Soret coefficient at a
lower baryon chemical potential. This hints toward the fact
that the diffusion of baryons, due to the Soret effect, will be
most affected by the temperature gradient in the nearly
baryon-free region. A similar trend is observed for the
thermal conductivity x/7?, as described by Eq. (26), due to
the presence of the quadratic energy-weighting factor
(w; — b;ug)*. We observe a similar temperature and baryon
chemical potential dependence of k/T? across the entire
temperature range.
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V. SUMMARY

In summary, for the very first time, we investigate the
temperature and baryon chemical potential dependence of
coupled-transport coefficients of strongly interacting mat-
ter, namely, the Soret coefficient and the Dufour coefficient,
along with the baryon diffusion coefficient and the thermal
conductivity, within the framework of a hadron resonance
gas model for the hadronic phase and a quasiparticle
description of the quark-gluon plasma phase. Our analysis
reveals that the diffusion and Dufour coefficients exhibit a
strong sensitivity to the baryon chemical potential due to
their explicit linear weighting with the baryon number,
leading to a significant enhancement of baryon-driven
transport in baryon-rich environments. The baryon-chemi-
cal potential dependence of the Dufour coefficient high-
lights its importance in low-energy heavy-ion experiments,
such as those at the Nuclotron-based Ion Collider facility.
By affecting the heat current and, consequently, the cooling
rate, the Dufour effect could offer deeper insights into the
thermodynamic evolution of baryon-rich QCD matter.

In a strongly interacting QCD medium, heat conduction
mainly arises through two key mechanisms. The first is the
frequent interactions among the constituents of the medium,
which facilitate the transfer of energy. The second is the role
of thermal conductivity, which enhances the random motion
of these particles and accelerates the redistribution of energy
across the system. The coupled transport also plays an
important role in linking baryon and heat transport in such a
medium. These effects are crucial in several fields, including
nuclear reactor design, geothermal energy systems, ground-
water pollution studies, oil reservoir management, isotope
separation, manufacturing of rubber and plastic sheets, gas
mixing, compact heat exchangers, and the safe disposal of
nuclear waste [43,57]. The wide-ranging applications high-
light the importance of understanding and quantifying the
interplay between thermal and mass transport driven by the
Soret and Dufour effects in both natural and engineered

systems. In the context of heavy-ion collisions, a detailed
understanding of the Soret and Dufour effects is essential for
capturing the coupled transport of baryon number and heat
in the evolving QCD medium. These coupled-transport
mechanisms can significantly influence the redistribution of
baryon density and thermal gradients during the fireball’s
evolution and maybe affect the key observables such as net-
baryon fluctuations, particle spectra, and flow anisotropies
across varying beam energies. Our findings of Soret and
Dufour effects in QCD matter open new avenues for
understanding coupled heat and baryon transport in strongly
interacting systems. These insights are crucial not only for
interpreting heavy-ion collision dynamics, but also for
modeling astrophysical environments such as neutron
stars or magnetars, where extreme conditions prevail.
Incorporating the influence of strong magnetic fields in
future work could uncover anisotropic transport phenom-
ena, further enriching the theoretical and phenomenological
landscape of QCD matter.
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