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Heavy-ion collision experiments such as the Large Hadron Collider and the Relativistic Heavy Ion
Collider offer a unique platform to study several key properties of the quark-gluon plasma (QGP), a
deconfined state of strongly interacting matter. Quarks, being the electrically charged particles, can induce
an electric current in the medium in response to the temperature gradients. Hence, the QGP medium can
behave like a thermoelectric medium. The thermoelectric coefficients, such as the Seebeck and Thomson
coefficients, can help us to understand the intricate transport phenomenon of the medium. In peripheral
collisions, the intense, transient, and time-dependent magnetic field created due to spectator protons
significantly influences the thermoelectric properties of the QGP medium, affecting the charge and heat
transport. This work uses the quasiparticle model to calculate the Thomson coefficient in QGP. The
Thomson effect, describing the continuous heating or cooling of the charge-carrying medium in the
presence of temperature gradients, remains largely unexplored in QGP. The Seebeck effect, which relates
temperature gradients to induced electric fields, has been widely studied in the literature. For the first time,
we calculate the magneto-Thomson and transverse Thomson coefficients. We have studied their
dependence on temperature, baryon chemical potential, center of mass energy, and time-dependent
magnetic field with different decay parameters. The transverse Thomson effect originates due to the
presence of the Nernst effect in the presence of a magnetic field. Our results provide new insights into the
higher-order thermoelectric transport properties of the QGP medium in the context of heavy-ion collisions.

DOI: 10.1103/lsx5-43qg

I. INTRODUCTION

The study of quark-gluon plasma (QGP) represents one
of the most exciting frontiers in theoretical and exper-
imental high-energy physics. QGP is a state of matter in
which quarks and gluons, ordinarily confined within
hadrons, become deconfined locally and create a strongly
coupled medium [1,2]. This state can possibly be created in
relativistic heavy-ion collisions at facilities such as the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider, and its study deepens our understanding
of quantum chromodynamics (QCD) matter under extreme
conditions of temperature and energy density. The exper-
imental signatures reveal that the QGP medium is a low
viscosity medium often called a nearly perfect fluid [3].
These experiments also provide critical insights into the
thermodynamic [4–8] and transport properties [9,10] of
QCD matter. Transport properties of the QGP medium are

essential for understanding how energy, momentum, and
conserved charges (such as baryon number and electric
charge) are transferred within this strongly interacting
medium. One can get a long list of Refs. [11–27] for
microscopic calculations of various transport coefficients,
such as electrical conductivity, thermal conductivity, and
shear viscosity, for the hot and dense QCD matter. The
transport properties in condensed matter systems are
dominated by one type of charge carrier, either electrons
or holes. Therefore, the presence of temperature gradients
leads to the thermoelectric transport in the system. On the
other hand, the electron-ion plasma is a medium that has
electrons and ions, both of which are mobile carriers. The
different mobility of electrons and ions can give rise to
thermoelectric effects in the presence of temperature
gradients. In such a medium, the only temperature gradient
can not ensure the thermoelectric effect due to the can-
celation of the electric current of electrons and ions.
The thermoelectric transport of the QGP arises because its

constituent quarks are electrically charged. As a temperature
gradient develops in the plasma, provided it has a nonzero
baryon chemical potential, it drives a nonzero net electric
current, which manifests the thermoelectric effect [28].
In condensed matter systems, the study of thermoelectric
transport coefficients, such as Seebeck [29,30] and
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Thomson coefficients [31,32], provides a sophisticated
tool for understanding the complex transportation of heat
and electric charge in the system.Analogous to the Seebeck
effect in semiconductors, where a temperature gradient
induces a voltage across the junction, the QGPmedium can
also show a Seebeck effect associated with conserved
baryon current generated by temperature gradients [33].
The temperature dependence of the Seebeck coefficient
further introduces the higher-order thermoelectric effects
such as the Thomson effect [34]. The Thomson coefficient
quantifies the reversible heat exchanged per unit baryon
charge in the presence of a temperature gradient. The study
of transport properties of the QGP medium is intricate
because of the presence of multiple degrees of freedom of
themedium constituents.Microscopic investigations of the
transport properties of quark and hadronic matter can be
understood by following twomajor theoretical frameworks.
On the one hand, the Kubo formalism based on quantum
field theory [35,36] and on the other hand, the relaxation
time approximation (RTA) to solve the Boltzmann transport
equation (BTE) within the kinetic theory framework
[9,10,33,37–40]. In previous studies on the thermoelectric
properties of QGP medium, the Seebeck, magneto-
Seebeck, and Nernst coefficients have been extensively
investigated in the presence of a magnetic field. [10,41–43].
This is the first time we have looked into the detailed
study of Thomson, the magneto-Thomson and transverse
Thomson coefficient of the QGP medium. In noncentral
heavy-ion collisions, the spectators lead to a strong electro-
magnetic field that magnetizes the QGP [44,45]. This
generation of strong, transient electromagnetic fields can
be predicted by classical electrodynamics [46–50]. These
fields, along with variations in collision energy and central-
ity, affect the equation of state (EoS) of themedium [51–54]
and can drive several phenomena such as the chiral
magnetic effect [49,55] and magnetic/inverse magnetic
catalysis [56,57], as well as transitions near the QCD
critical point [54,58]. These fields can reach magnitudes
of 10–15m2

π (≈1018 Gauss), which is much higher than the
QCD scale (ΛQCD ≈ 1.5mπ), with mπ ≈ 140 MeV) [59].
This work focuses on a comprehensive study of the

estimation of the thermoelectric Thomson and magneto-
Thomson coefficients in the QGP medium. For the com-
pleteness of the work, we have also calculated the Seebeck
and magneto-Seebeck coefficients. The paper is organized
as follows. Section II is dedicated to the detailed derivation
of the Thomson coefficient by solving the BTE under RTA.
In this section, we have two subsections: Sec. II A is for the
case of zero magnetic fields, and Sec. II B is for the case of
nonzero magnetic fields, where we incorporate the effect of
the external time-varying magnetic field and calculate the
magneto-Thomson coefficient and transverse Thomson
coefficient. In Sec. III, we discuss our obtained results
for the calculations of thermoelectric coefficients following

the formalism. Finally, Sec. IV summarizes our work with
possible outlooks.

II. FORMALISM

In this section, we calculate the Thomson coefficient for
the QGP medium created in heavy-ion collisions for the
cases of zero and nonzero magnetic fields.

A. Thomson coefficient for the case
of zero magnetic field

To study the Thomson effect of QGPmedium for the case
of zero magnetic fields, we first consider the Boltzmann
transport equation under relaxation time approximation. The
RTA provides the framework where the Boltzmann equation
can be interpreted as a linear expansion of the single-particle
total distribution function (fi) around the single-particle
equilibrium distribution function (f0i ). The fi can be written
as fi ¼ f0i þ δfi, provided δfi represents the deviation from
the equilibrium state. The total single-particle distribution
function for ith species at equilibrium is given by

f0i ¼
1

e
ωi−biμB

T � 1
; ð1Þ

whereωi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k⃗i

2 þm2
i

q
is the single particle energy,μB is the

baryon chemical potential, bi denotes the baryon number of
ith species, e.g., for quarks bi ¼ 1=3, for antiquarks
bi ¼ −1=3, and for gluons bi ¼ 0. The � sign stands for
fermions and bosons, respectively. The linearizedBTEunder
RTA in the local rest frame, for particle species i can be
written as [39,60],

∂fi
∂t

þ v⃗i:∇⃗fi þ qiE⃗:
∂fi
∂k⃗i

¼ −
δfiðx⃗i; k⃗iÞ

τiR
; ð2Þ

where E⃗ is the nonzero electric field that drives the systemout
of thermal equilibrium and τiR denotes the relaxation time of
the particle species i. The equilibrium distribution function
satisfies,

∂f0i
∂k⃗i

¼ v⃗i
∂f0i
∂ωi

;
∂f0i
∂ωi

¼ −
f0i ð1 ∓ f0i Þ

T
: ð3Þ

v⃗i ¼ k⃗i=ωi is the velocity of the particle. For a system having
local thermodynamic equilibrium, the spatial dependence of
the distribution functions appears due to spatial gradients
of temperature and baryon chemical potential. The

gradient of the equilibrium distribution function ∇⃗f0i can
be expressed as,
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∇⃗f0i ¼
�
ωi∇⃗

�
1

T

�
− bi∇⃗

�
μB
T

��
∂f0i
∂ωi

: ð4Þ

Using the Gibbs-Duhem relation, we then have,

∇⃗f0i ¼ −
∂f0i
∂ωi

ðωi − biξÞ
∇⃗T
T

: ð5Þ

where ξ ¼ εþP
n is the enthalpy per particle, and ε, P, and n

are total energy density, total pressure, and net baryon
density of the system, respectively. With leading order
contributions, we can write an ansatz of δfi as [9,39]

δfi ¼ ðk⃗i · Ω⃗Þ
∂f0i
∂ωi

: ð6Þ

In general, the preferred form of unknown vector Ω⃗ can be
assumed as a linear combination of all existing perturbing
forces leading the system out of thermal equilibrium as

Ω⃗ ¼ α1E⃗þ α2∇⃗T: ð7Þ

The unknown coefficients αj (j ¼ 1, 2) determine the
strength of the respective gradient force fields driving
the system away from equilibrium. Using Eqs. (5) and
(3) in Eq. (2), we can write the deviation of the equilibrium
distribution function as,

δfi ¼ −τiR
∂f0i
∂ωi

�
qiðE⃗:v⃗iÞ −

�
ωi − biξ

T

�
v⃗i:∇⃗T

�
: ð8Þ

Following the kinetic theory, the electric current ðj⃗Þ of the
system can be written in terms of the deviation from the
equilibrium distribution function δfi as,

j⃗¼
X
i

gi

Z
d3jk⃗ij
ð2πÞ3 qiv⃗iδfi

¼
X
i

gi
3

Z
d3jk⃗ij
ð2πÞ3 τ

i
Rq

2
i v

2
i

�
−
∂f0i
∂ωi

�
E⃗

−
X
i

gi
3

Z
d3jk⃗ij
ð2πÞ3 τ

i
Rqiv

2
i

�
ωi − biξ

T

��
−
∂f0i
∂ωi

�
∇⃗T: ð9Þ

In the above equation, we have used hvlivjii ¼ 1
3
v2i δ

lj. Here,
the sum is over all the quarks and antiquarks. For a
relativistic system, one can also define the thermal current
with reference to the conserved baryon current. The thermal
current arises when energy flows relative to the baryonic
enthalpy. Hence, the heat current of the QGP medium can
be defined as [9],

I⃗ ¼
X
i

gi

Z
d3jk⃗ij
ð2πÞ3 kifi − ξ

X
i

bigi

Z
d3jk⃗ij
ð2πÞ3 vifi

¼
X
i

gi

Z
d3jk⃗ij
ð2πÞ3

ki
ωi

ðωi − biξÞδfi: ð10Þ

Substitute the value of δfi from Eq. (8) into Eq. (10)

I⃗ ¼
X
i

gi
3

Z
d3jk⃗ij
ð2πÞ3 τ

i
Rqiv

2
i ðωi − biξÞ

�
−
∂f0i
∂ωi

�
E⃗

−
X
i

gi
3T

Z
d3jk⃗ij
ð2πÞ3 τ

i
Rv

2
i ðωi − biξÞ2

�
−
∂f0i
∂ωi

�
∇⃗T: ð11Þ

One can define the Seebeck coefficient S using Eq. (9) by
setting j⃗ ¼ 0 such that the electric field and temperature
gradient become proportional to each other. Here, the
proportionality factor is known as the Seebeck coefficient
[33]. Hence from Eq. (9) we get,

E⃗ ¼ S∇⃗T; ð12Þ

hence,

S ¼
P

i
gi
3

R d3jk⃗ij
ð2πÞ3 τ

i
Rqiv

2
i ðωi − biξÞ

�
− ∂f0i

∂ωi

�

T
P

i
gi
3

R d3jk⃗ij
ð2πÞ3 τ

i
Rq

2
i v

2
i

�
− ∂f0i

∂ωi

�

¼
P

i
gi
3T

R d3jk⃗ij
ð2πÞ3 τ

i
Rqi

�
k⃗i
ωi

�
2

ðωi − biξÞf0i ð1 ∓ f0i Þ

T
P

i
gi
3T

R d3jk⃗ij
ð2πÞ3 τ

i
Rq

2
i ð k⃗iωi

Þ2f0i ð1 ∓ f0i Þ

¼ I1=T2

σel=T
: ð13Þ

Where the electrical conductivity (σel) can be identified
from Eq. (9) as,

σel ¼
X
i

gi
3T

Z
d3jk⃗ij
ð2πÞ3 τ

i
Rq

2
i

�
k⃗i
ωi

�2

f0i ð1 ∓ f0i Þ; ð14Þ

and the integral I1 in Eq. (13) is,

I1 ¼
X
i

gi
3T

Z
d3jk⃗ij
ð2πÞ3 τ

i
Rqi

�
k⃗i
ωi

�2

ðωi − biξÞf0i ð1 ∓ f0i Þ:

ð15Þ

It is to be noted that the Seebeck coefficient can be both
positive and negative because the numerator depends
linearly on an electric charge while the integrand itself is
not positive definite. As the Seebeck coefficient S for the
QGP medium in Eq. (13) is temperature dependent, the
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Thomson effect originates in the medium. The Thomson
coefficient (Th) is related to the Seebeck coefficient as

Th ¼ T
dS
dT

: ð16Þ

The above relation is usually known as the first Thomson
relation, and it can be derived from energy conservation
[31]. The electric current and heat current can be modified
due to these thermoelectric coefficients, as,

j⃗ ¼ σelE⃗ − σelS∇⃗T; ð17Þ

I⃗ ¼ TσelSE⃗ − κ0∇⃗T; ð18Þ

where κ0 is the coefficient of the thermal conductivity and
is expressed as [39],

κ0 ¼
X
i

gi
3T2

Z
d3jk⃗ij
ð2πÞ3 τ

i
R

�
k⃗i
ωi

�2

ðωi − biξÞ2f0i ð1 ∓ f0i Þ:

ð19Þ

Using Eqs. (17) and (18), we can express the heat current I⃗
in terms of electric current j⃗ in the following way,

I⃗ ¼ TSj⃗ − ðκ0 − TσelS2Þ∇⃗T: ð20Þ

It is to be noted that gluons contribute through the total
enthalpy of the medium only as they have zero electric
charge; hence, their contribution enters through the numer-
ator of Eq. (13). One can use the Eqs. (18) and (19) to write
the local energy balance equation for a thermoelectric
medium as [61]

∇⃗ð−κ0∇⃗TÞ ¼ ðj⃗Þ2
σel

− Th∇⃗Tj: ð21Þ

The term on the left side represents the heat conducted
through the medium due to the temperature gradient. It
follows Fourier’s Law of heat conduction, which states that
heat flows from regions of high temperature to low temper-
ature, whereas the first term on the right side of the equation
represents the heat generated due to electrical resistance
(1=σel) as current flows through the medium. The second
term describes the Thomson effect, which occurs when there
is both an electric current and a temperature gradient. As the
Thomson term is proportional to j⃗, depending on the
direction of the current and the temperature gradient, heat
can be absorbed or released. Hence, the presence of the
Thomson coefficient may significantly affect the cooling of
the medium. The Thomson coefficient is nonzero when a
particular medium has a temperature-dependent Seebeck
coefficient. The presence of a magnetic field makes this

picture more complicated, which we discuss in the next
section.

B. Magneto-Thomson coefficient for the case of the
nonzero magnetic field

The BTE for a single particle species under RTA in the
presence of an external electromagnetic field can be
expressed as,

∂fi
∂t

þ v⃗i:
∂fi
∂x⃗i

þ qiðE⃗þ v⃗i × B⃗Þ: ∂fi
∂k⃗i

¼ −
δfi
τiR

: ð22Þ

Here, we consider a time-varying electromagnetic field of
the form [47,62]

B ¼ B0 exp

�
−

τ

τB

�
; E ¼ E0 exp

�
−

τ

τE

�
; ð23Þ

where B0, E0 are the magnitudes of the initial fields having
decay parameters of τB and τE, respectively, and τ is the
proper time. The exponential decay forms for the electric
and magnetic fields are motivated by solutions to
Maxwell’s equations in a conducting medium, where finite
electrical conductivity leads to time-dependent damping of
the fields. In particular, such forms arise naturally when
Ohm’s law is coupled to Maxwell’s equations. For sim-
plicity, we focus on their time evolution in proper time τ,
suppressing spatial dependence, which is assumed to be
smooth. To solve Eq. (22), we take an ansatz to express the
deviation of the distribution function from the equilibrium
in the following way [9,63],

δfi ¼ ðk⃗i:Ω⃗Þ
∂f0i
∂ωi

; ð24Þ

with Ω⃗ being related to a temperature gradient, electric
field, magnetic field, and in general, can be written as,

Ω⃗ ¼ α1E⃗þ α2
˙E⃗þ α3∇⃗T þ α4ð∇⃗T × B⃗Þ þ α5ð∇⃗T × ˙B⃗Þ

þ α6ðE⃗ × B⃗Þ þ α7ðE⃗ × ˙B⃗Þ þ α8ð ˙E⃗ × B⃗Þ; ð25Þ

where the unknown coefficients αj (j ¼ 1; 2; ::8) can
determine the strength of the respective field in driving
the system away from the equilibrium. In the above
equation, we have considered all the forces responsible
for driving the system away from equilibrium according to
their consistency with CP symmetries of electric and heat
current. The external time-varying electromagnetic field,
temperature gradient, and their cross terms up to leading
order are considered here. For the time-independent
electromagnetic field the coefficients α2, α5, α7, and α8
vanish. For the case where the chiral chemical potential is

zero, the terms B⃗, ˙B⃗ do not contribute to the current [47].
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After getting the expressions for αjs, the simplified form of δfi is (see Appendix of Ref. [33]),

δfi ¼
−qiτiR

ð1þ χiÞð1þ χi þ χ2i Þ
��

ð1þ χiÞ þ
χið1þ χi − χ2i Þ

ð1þ χ2i Þ
�
ðv⃗i:E⃗Þ �

�
χið1þ χiÞ þ

χ2i ð2þ χiÞ
ð1þ χ2i Þ

�
ðv⃗i:ðE⃗ × b̂ÞÞ

�

þ ðωi − biξÞτiR
Tð1þ χiÞð1þ χi þ χ2i Þ

½ð1þ χiÞðv⃗i · ∇⃗TÞ � χið1þ χiÞðv⃗i · ð∇⃗T × b̂ÞÞ� ∂f
0
i

∂ωi
: ð26Þ

For simplicity we have considered τE ¼ τB and χi ¼ τiR
τB
¼ τiR

τE
. Here, � indicates a positive sign for positively charged

particles (antiparticles) and a negative sign for negatively charged particles (antiparticles). Now, we can express the
electrical current using δfi as,

jl ¼
X
i

qigi
3

Z
d3jk⃗ij
ð2πÞ3 v

2
i

τiR
ð1þ χi þ χ2i Þð1þ χiÞ

�
−qi

��
ð1þ χiÞ þ

χið1þ χi − χ2i Þ
ð1þ χ2i Þ

�
δlkEk

�
�
χið1þ χiÞ þ

χ2i ð2þ χiÞ
ð1þ χ2i Þ

�
ϵljkhjEk

�
þ ðωi − biξÞ

T

�
ð1þ χiÞδlk

∂T
∂xk

� χið1þ χiÞϵljkhj
∂T
∂xk

��
∂f0i
∂ωi

: ð27Þ

Here, to simplify the calculation, we can choose the magnetic field along the z direction. The direction of the electric field
and the temperature gradient are perpendicular to the z axis, i.e., it is in the x-y plane. Under these conditions, the
components of the electric current in the x-y plane are given as,

jx ¼
X
i

qigi
3

Z
d3jk⃗ij
ð2πÞ3 v

2
i

τiR
ð1þ χi þ χ2i Þð1þ χiÞ

�
−qi

��
ð1þ χiÞ þ

χið1þ χi − χ2i Þ
ð1þ χ2i Þ

�
Ex �

�
χið1þ χiÞ þ

χ2i ð2þ χiÞ
ð1þ χ2i Þ

�
Ey

�

þ ðωi − biξÞ
T

�
ð1þ χiÞ

∂T
∂x

� χið1þ χiÞ
∂T
∂y

��
∂f0i
∂ωi

; ð28Þ

and,

jy ¼
X
i

qigi
3

Z
d3jk⃗ij
ð2πÞ3 v

2
i

τiR
ð1þ χi þ χ2i Þð1þ χiÞ

�
−qi

��
ð1þ χiÞ þ

χið1þ χi − χ2i Þ
ð1þ χ2i Þ

�
Ey �

�
χið1þ χiÞ −

χ2i ð2þ χiÞ
ð1þ χ2i Þ

�
Ex

�

þ ðωi − biξÞ
T

�
ð1þ χiÞ

∂T
∂y

∓ χið1þ χiÞ
∂T
∂x

��
∂f0i
∂ωi

: ð29Þ

Equations (28) and (29) can be written in a compact form by introducing the following integrals,

H1i
¼ gi

3T

Z
d3jk⃗ij
ð2πÞ3

k⃗2i
ω2
i
f0i ð1 − f0i ÞτiR ×

ð1þ χ2i Þ þ χið2þ χiÞ
ð1þ χiÞð1þ χ2i Þð1þ χi þ χ2i Þ

; ð30Þ

H2i
¼ gi

3T

Z
d3jk⃗ij
ð2πÞ3

k⃗2i
ω2
i
f0i ð1 − f0i ÞτiR × χi

ð1þ χiÞð1þ χ2i Þ þ χið2þ χiÞ
ð1þ χiÞð1þ χ2i Þð1þ χi þ χ2i Þ

; ð31Þ

H3i
¼ gi

3T

Z
d3jk⃗ij
ð2πÞ3

k⃗2i
ω2
i
ðωi − biξÞf0i ð1 − f0i ÞτiR ×

1

ð1þ χi þ χ2i Þ
; ð32Þ

H4i
¼ gi

3T

Z
d3jk⃗ij
ð2πÞ3

k⃗2i
ω2
i
ðωi − biξÞf0i ð1 − f0i ÞτiR ×

χi
ð1þ χi þ χ2i Þ

: ð33Þ

Here, it is important to note that the expressions are obtained in the limit of a slowly varying magnetic field, for which we
approximated the decay parameter as the inverse of cyclotron frequency, i.e., τB ¼ ωi

qiB
. Furthermore, H2i

and H4i
should

have explicit sign dependency from the electric charge of the particle due to χi in the numerator. However, this information
vanishes due to the approximation. Therefore, we use the minus (plus) sign in H2i

and H4i
for negatively (positively)
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charged particles and antiparticles for the numerical estimations. The integrals as given in Eqs. (30)–(33) allow us to write
Eqs. (28) and (29), respectively, as

jx ¼
X
i

q2i H1i
Ex þ

X
i

q2i H2i
Ey −

1

T

X
a

qiH3i

dT
dx

−
1

T

X
a

qiH4i

dT
dy

; ð34Þ

and,

jy ¼
X
i

q2i H1i
Ey −

X
i

q2i H2i
Ex −

1

T

X
a

qiH3i

dT
dy

þ 1

T

X
a

qiH4i

dT
dx

: ð35Þ

Here, in the presence of a magnetic field, the magneto-Seebeck coefficient (SB) can be determined by setting jx ¼ jy ¼ 0 so
that the electric field becomes proportional to the temperature gradient. For jx ¼ 0 and jy ¼ 0, we can solve Eqs. (34) and
(35) to get Ex and Ey in terms of temperature gradients dT

dx and dT
dy as,

Ex ¼
P

iq
2
i H1i

P
iqiH3i

þP
iq

2
i H2i

P
iqiH4i

T½ðPiq
2
i H1i

Þ2 þ ðPiq
2
i H2i

Þ2�
dT
dx

þ
P

iq
2
i H1i

P
iqiH4i

−
P

iq
2
i H2i

P
iqiH3i

T½ðPiq
2
i H1i

Þ2 þ ðPiq
2
i H2i

Þ2�
dT
dy

; ð36Þ

and,

Ey ¼
P

iq
2
i H2i

P
iqiH3i

−
P

iq
2
i H1i

P
iqiH4i

T½ðPiq
2
i H1i

Þ2 þ ðPiq
2
i H2i

Þ2�
dT
dx

þ
P

iq
2
i H1i

P
iqiH3i

þP
iq

2
i H2i

P
iqiH4i

T½ðPiq
2
i H1i

Þ2 þ ðPiq
2
i H2i

Þ2�
dT
dy

: ð37Þ

Equations (36) and (37) can be written in a compact form
in the following way,

�
Ex

Ey

�
¼

�
SB NB

−NB SB

�� dT
dx
dT
dy

�
: ð38Þ

Here, one can identify the magneto-Seebeck coefficient as,

SB ¼
P

iq
2
i H1i

P
iqiH3i

þP
iq

2
i H2i

P
iqiH4i

T½ðPiq
2
i H1i

Þ2 þ ðPiq
2
i H2i

Þ2�

¼ ðσel=TÞðI31=T2Þ þ ðσH=TÞðI42=T2Þ
ðσel=TÞ2 þ ðσH=TÞ2

; ð39Þ

and the normalized Nernst coefficient (NB) is given as,

NB ¼
P

iq
2
i H1i

P
iqiH4i

−
P

iq
2
i H2i

P
iqiH3i

T½ðPiq
2
i H1i

Þ2 þ ðPiq
2
i H2i

Þ2�

¼ ðσel=TÞðI42=T2Þ − ðσH=TÞðI31=T2Þ
ðσel=TÞ2 þ ðσH=TÞ2

: ð40Þ

Now, we have identified the Ohmic-like component of
electrical conductivity in the presence of a magnetic field
and the Hall-like component of electrical conductivity as
σel ¼

P
i q

2
i H1i

and σH ¼ P
i q

2
i H2i

, respectively [33].
The integrals I31 and I42 in Eqs. (39) and (40) are defined
as I31 ¼

P
i qiH3i

and I42 ≡P
i qiH4i

. Note that in the

absence of a magnetic field, integrals H2i
and H4i

turn out
to be zero. Hence, the normalized Nernst coefficient
vanishes in the absence of a magnetic field, and the
magneto-Seebeck coefficient turns into the Seebeck coef-
ficient in the absence of a magnetic field as given in
Eq. (13). Finally, we can calculate magneto-Thomson
coefficient (ThB) from the magneto-Seebeck coefficient
SB as

ThB ¼ T
dSB
dT

: ð41Þ

In the absence of a magnetic field, the coefficient ThB
reduces to the coefficient Th. The transverse Thomson
coefficient (ThN) also originates in the medium because of
the presence of the finite value of the normalized Nernst
coefficient. Phenomenologically, ThN is expected to occur
when a charge current, temperature gradient, and magnetic
field are oriented orthogonally to each other in any
conducting medium. Unlike the ThB, the coefficient ThN
not only depends on the temperature derivative of the
leading thermoelectric coefficient (for this case NB) but
also on its magnitude as [64]

ThN ¼ T
dðNBÞ
dT

þ 2NB: ð42Þ

In the absence of a magnetic field, the coefficient ThN
vanishes because of the vanishing NB. The first term in the
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above equation is the dynamic part, which tells how the
magneto-transport properties of the medium evolve as it
cools or heats. The second term tells how strong the
transverse thermoelectric response is due to the magnetic
field at the current temperature, regardless of how fast it is
changing.

C. Estimation of relaxation time for QGP medium

In our current work, we use a quasiparticle model
proposed by Gorenstein and Yang [65] to estimate the
QGP equation of state numerically. In this phenomeno-
logical model, lattice QCD results are reproduced by
attributing effective thermal masses to the partons, where
the thermal mass mðTÞ arises from the interactions among
the partons. The thermodynamic consistency is achieved by
introducing a bag constant arising from vacuum energy
[66]. The thermal mass of the ith flavor of quarks is [67]

m2
iTðT; μBÞ ¼

N2
c − 1

8Nc

�
T2 þ μ2B

9π2

�
g2ðT; μBÞ: ð43Þ

The effective mass of the gluon ðmgÞ in this model can be
represented as

m2
gðT; μBÞ ¼

Nc

6
g2ðT; μBÞT2

�
1þ Nf þ μ2B

π2T2

6

�
: ð44Þ

Nc, Nf represent the number of color degrees of freedom
and the number of quark flavors, respectively. Here,
g2ðT; μBÞ ¼ 4παsðT; μBÞ, we consider αsðT; μBÞ as a
two-loop running coupling constant [67]. The dispersion
relation of the particle having energy ωi and momentum ki
is ω2

i ðki; TÞ ¼ k2i þm2
i ðTÞ, where mi is the total effective

mass of the ith quark flavor and parametrized as
m2

i ¼ m2
i0 þ

ffiffiffi
2

p
mi0miT þm2

iT . mi0 and miT are the bare
masses. In the presence of a magnetic field, the αsðT; μBÞ
modifies as [68,69]

αsðT;μB;eBÞ¼
αsðT;μBÞ

1þ γαsðT;μBÞ ln

0
B@

1

Λ2
T

	
T2þ μ2

B
9π2



1

Λ2
T

	
T2þ μ2

B
9π2



þjeBj

1
CA
: ð45Þ

Here, γ ¼ 11Nc−2Nf

12π and ΛT is the QCD scale-fixing param-
eter taken to be 0.115 GeV in our calculations. For the case
of eB ¼ 0, αsðT; μB; eBÞ reduces to αsðT; μBÞ. Now, for the
relaxation time of quarks, we use a momentum-indepen-
dent expression obtained for QCD matter [70]

τR ¼ 1

5.1Tα2s logð1=αsÞ½1þ 0.12ð2Nf þ 1Þ� : ð46Þ

For numerical estimation, the value of the strong coupling
constant is taken to be fixed at αs ¼ 0.5.

III. RESULTS AND DISCUSSION

We have calculated the thermoelectric coefficients for the
QGP medium for both the cases of zero and nonzero
external magnetic fields using the QPM model. The left
panel of Fig. 1 represents the Seebeck coefficient S as a
function of temperature T for different values of baryon-
chemical potential μB ¼ 0.10, 0.30, 0.60 GeV. The solid
black line represents the case of μB ¼ 0.10 GeV. On the
other hand, the red dotted line and the blue dashed line
represent the case for μB ¼ 0.30, 0.60 GeV, respectively. In
our calculations, the sign of S is dependent on the
numerator of Eq. (13). The value of enthalpy per particle
ξ plays a crucial role in the flow of heat current I1. The
gluons do not directly contribute to I1 due to their zero
electric charge but enter through their contribution to the
enthalpy of the medium. It is to be noted that ξ increases as
the temperature T of the medium increases, but it decreases
with the increase of the μB. This means that for the fixed
value of T, ξ is higher for the lower value of μB. Therefore,
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FIG. 1. Left: Seebeck coefficient (S), right: Thomson coefficient (Th) as a function of temperature (T) for different values of
μB ¼ 0.10, 0.30, and 0.60 GeV.
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for lower values of μBð¼ 0.10; 0.30 GeVÞ, the S is negative
throughout the temperature range, which is due to a larger
value of enthalpy per particle ξ as compared to the single-
particle energy ωi; hence the term ωi − biξ becomes
negative in Eq. (13). On the other hand, for the higher
value of μBð¼ 0.60 GeVÞ, the S is slightly positive at lower
values of T; later on, it turns negative. For a particular
medium, the sign of S describes the alignment of the
induced electric field with respect to the temperature
gradients present in the medium. Here, the temperature
dependence of S gives rise to the nonzero Thomson
coefficient in the medium. The right panel of Fig. 1
represents the Thomson coefficient Th as a function of
temperature T for different values of baryon-chemical
potential. The solid black line represents the case of
μB ¼ 0.10 GeV. On the other hand, the red dotted line
and the blue dashed line represent the case for μB ¼ 0.30,
0.60 GeV, respectively. The Thomson coefficient describes
the continuous absorption or release of heat in the charge-
carrying medium in the presence of temperature gradients.
In condensed matter systems, for a material having positive
Th, the heat is absorbed when current flows from a region
of lower temperature to a higher temperature, such as
copper, silver, zinc, etc. On the contrary, the heat is released
if Th is negative, such as cobalt, nickel, bismuth, etc. [71].
Here, we observe that for a QGP medium having a low
value of μBð¼ 0.10 GeVÞ, the Th is positive and increases
as T increases, whereas for other values of μBð¼ 0.30;
0.60 GeVÞ, Th is negative for the whole temperature range.
It slightly increases with T initially, then gets saturated at
higher values of T. This behavior of Th is not independent
of S as clearly mentioned in Eq. (16). In a trivial sense, we
can estimate that the higher the slope of S in the left panel,
the higher the value of Th in the right panel of Fig. 1. The
nonzero values of Thmay affect the cooling of the medium
during the evolution. In Fig. 2, we represent the results for
the thermoelectric coefficient of the medium for the case of

nonzero magnetic fields. To account for the simultaneous
evolution of the magnetic field and temperature, we adopt a
mapping between proper time and temperature based on an
ideal magnetohydrodynamic framework, as discussed in
our earlier work [33]. In that study, the temperature and
magnetic field were both expressed as functions of proper
time for different decay parameters. For the present
analysis, which focuses on higher-order thermoelectric
coefficients in a static QGP scenario, we extract consistent
pairs of magnetic field and temperature values correspond-
ing to the same proper time using these decay profiles. This
allows us to plot thermoelectric coefficients as a function of
temperature while implicitly incorporating the effect of
time-varying magnetic fields for different decay rates. The
left panel represents the magneto-Seebeck coefficient SB as
a function of temperature T for two different values of
baryon-chemical potential μB ¼ 0.10, 0.30 GeV. The initial
value of the magnetic field (eB0) is taken to be 5 m2

π along
with two different magnetic decay parameters τB at 3, 7 fm.
The solid black and blue lines represent the case of μB ¼
0.10 GeV for τB ¼ 3, 7 fm, respectively. On the other hand,
the red dashed and green dashed lines represent the case for
μB ¼ 0.30 for τB ¼ 3, 7 fm, respectively. Unlike the case of
zero magnetic fields, we can see in Eq. (39) that, along with
the Ohmic-like components of electrical conductivity and
heat current, the Hall-like components also contribute. In
the QGP medium, only quarks contribute to the Hall-like
components as they experience the Lorentz force in the
magnetic field. To study the Seebeck effect in the presence
of a magnetic field, we now discuss the case of
μB ¼ 0.10 GeV. For this value of μB, both components
of electrical conductivity (σel; σH) contribute to the mag-
neto-Seebeck coefficient, which is positive throughout the
full temperature range. On the other hand, the Ohmic-like
component of heat current (I31) is negative, but the Hall-
like component (I42) is positive because of the multiplied
factor χi. Hence, the product ðσel=TÞðI31=T2Þ is negative,
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FIG. 2. Left: magneto-Seebeck coefficient (SB), right: magneto-Thomson coefficient (ThB) as a function of temperature (T) for
different values of μB ¼ 0.10 and 0.30 GeV and at magnetic field ðeB0Þ ¼ 5.0 m2
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but ðσH=TÞðI42=T2Þ is positive, and this results in a
decrease in value of SB. In the absence of a magnetic
field, all the Hall-like components vanish; hence, SB is the
same as S. In the left panel of Fig. 2, we can see that the
different magnetic decay parameters τB have different
effects on SB. For the case of a fast decaying magnetic
field (τB ¼ 3 fm), SB reduces more as compared to the case
of a slowly decaying magnetic field (τB ¼ 7 fm). This is
because of the multiplied factor χi, which is higher in
magnitude for the lower value of τB. Now, the right panel of
Fig. 2 represents the magneto-Thomson coefficient ThB as
a function of temperature T for two different values of
baryon-chemical potential μB ¼ 0.10, 0.30 GeV. As we
mentioned above, the discussion for SB, ThB also decreases
in the presence of a magnetic field. From Eq. (41), we can
see that the higher the slope of SB in the left panel, the
larger the value of ThB. The complete saturation of SB over
the temperature leads to the vanishing ThB. The similar
effect of τB is reflected in ThB as it is for SB. For a fast
decaying magnetic field, the value of ThB is lower than that
of a slowly decaying magnetic field. The left panel of Fig. 3
represents the normalized Nernst coefficient NB as a
function of temperature for two different values of
μB ¼ 0.10, 0.30 GeV and τB ¼ 3, 7 fm. We observe that
NB decreases as the temperature increases for all values of
μB and τB. Here, both σel; σH contribute to the NB and are
positive throughout the temperature range discussed here.
On the other hand, I31 is negative, but I42 is positive
because of the multiplication factor χi. Hence, the product
ðσH=TÞðI31=T2Þ is positive, along with the product
ðσH=TÞðI42=T2Þ, which is also positive, and this results
in positive values of NB. The values of NB are higher for
the faster decaying magnetic field. This is because of the
fact that χi is higher for the smaller value of τB. In the
absence of a magnetic field, all the Hall-like component
vanishes; hence,NB also vanishes. The right panel of Fig. 3
represents the transverse Thomson coefficient NB as a

function of temperature for two different values of μB and
τB. The results demonstrate that the coefficient ThN is
highly sensitive to both μB and τB, with more negative
values observed at lower temperatures. For the higher
values of temperatures, the coefficient ThN seems to be
saturated and approaches zero. In a trivial sense, this can be
estimated from the coefficient NB that has the minimum
slope toward the higher temperature range and the smaller
values in magnitude. Therefore, for the low temperature
region, the derivative term in Eq. (42) dominates over 2NB,
whereas at high temperatures, where NB seems to saturate,
the term 2NB dominates.
To express ThB and ThN as a function of center of mass

energy
ffiffiffiffiffiffiffiffi
sNN

p
(in GeV) we follow the parametrization [72]

TðμBÞ ¼ 0.166 − 0.139μ2B − 0.053μ4B;

μB ¼ 1.308
1þ 0.273

ffiffiffiffiffiffiffiffi
sNN

p : ð47Þ

Also, the magnetic field is parametrized as [73],

B ¼
ffiffiffiffiffiffiffiffi
sNN

p
8πmN

Ze
b
R3

exp

�
−

τ

τB

�
: ð48Þ

Here, R is the radius of colliding ions with electric charge
Ze, b is the impact parameter, and mN ¼ 0.938 GeV is the
nucleon mass. For Au-Au collision at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV,
with R ¼ 6.38 fm, b ¼ 7.2 fm, and Z ¼ 79 we get eB0 ≈
3m2

π at τ ¼ 0, which is in accordance with the results for
RHIC energies [74]. The left panel of Fig. 4 represents the
SB as a function of

ffiffiffiffiffiffiffiffi
sNN

p
. The black solid line represents

the case of zero magnetic fields, whereas the cyan dashed
line and red dotted line represent the case of the nonzero
magnetic field for τB ¼ 3, 7 fm, respectively. We observe
that for lower values of center of mass energies, nearly up to
10 GeV, the magnetic field does not show any significant
effect on SB. Later on, as the values of

ffiffiffiffiffiffiffiffi
sNN

p
increase, the
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effect of the magnetic field, along with different decay
parameters, also increases. The faster the decay of the
magnetic field, the lower the value of SB. Here, we also
observe that the SB is positive at lower energies; it vanishes
nearly at

ffiffiffiffiffiffiffiffi
sNN

p ≈ 20 GeV and then starts increasing toward
the negative direction. It indicates that the QGP medium
created at lower values of

ffiffiffiffiffiffiffiffi
sNN

p
, which corresponds to a

baryon-rich medium, has a positive Seebeck coefficient.
The positive Seebeck coefficient means that the induced
electric field in the medium is aligned in the same direction
as the temperature gradient. For the QGP medium created
at higher values of

ffiffiffiffiffiffiffiffi
sNN

p
, the Seebeck coefficient is

negative and indicates the opposite alignment of the
induced field with respect to temperature gradients in the
medium. The right panel of Fig. 4 represents the ThB as a
function of

ffiffiffiffiffiffiffiffi
sNN

p
. Here, we can also see that for lower

values of
ffiffiffiffiffiffiffiffi
sNN

p
, nearly up to 20 GeV, the ThB is negative. It

vanishes near
ffiffiffiffiffiffiffiffi
sNN

p ≈ 20 GeV and then increases toward
the positive direction. For a baryon-rich QGP medium,
having a negative ThB, which may indicate that the heat is
continuously released from the hotter region to the colder

region when current flows from a region of lower temper-
ature to a higher temperature. On the contrary, with the
same condition of current flow and temperature gradient,
the heat is continuously absorbed at the hotter region for a
QGP medium created at higher values of

ffiffiffiffiffiffiffiffi
sNN

p
as it has

positive values of ThB.
The left panel of Fig. 5 presents NB as a function offfiffiffiffiffiffiffiffi
sNN

p
for Auþ Au collisions at an impact parameter of

b ¼ 7.2 fm. The results are shown for different magnetic
field decay times, τB ¼ 3.0 fm and τB ¼ 7.0 fm, along
with a comparison with the zero magnetic field case
(eB ¼ 0.0). The coefficient NB, which quantifies the
generation of an electric field perpendicular to both the
magnetic field and temperature gradient, is found to
decrease with collision energy and saturate at higherffiffiffiffiffiffiffiffi
sNN

p
. We observe that for the lower values of

ffiffiffiffiffiffiffiffi
sNN

p
,

nearly up to 20 GeV, there is a sharp fall in values of NB.
As expected, no Nernst effect appears in the absence of a
magnetic field. This behavior of NB also reflects the
parametrized behavior of μB as a function of

ffiffiffiffiffiffiffiffi
sNN

p
. For

lower values of
ffiffiffiffiffiffiffiffi
sNN

p
, the μB is high, but it decreases with
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increasing
ffiffiffiffiffiffiffiffi
sNN

p
. A higher number of baryons over the

antibaryons leads to significant Hall-like effects in the
presence of a magnetic field. On the other hand, for an
equal number of baryons and antibaryons, the Hall-like
effects get canceled due to equal and opposite Lorentz
force. The sensitivity of theNB to both collision energy and
the lifetime of the early-time magnetic field provides
valuable insights into the transport properties of the
magnetized QGP. The right panel of Fig. 5 presents ThN
as a function of the

ffiffiffiffiffiffiffiffi
sNN

p
for the same parameters as the

left panel. Here, we observe that the values of ThN are
decreasing in magnitude as

ffiffiffiffiffiffiffiffi
sNN

p
increases. Below the

values of
ffiffiffiffiffiffiffiffi
sNN

p ¼ 20 GeV, this fall is rapid, but for the
higher values of

ffiffiffiffiffiffiffiffi
sNN

p
, this fall is slower. Nearly atffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV the coefficient ThN approaches zero.

IV. SUMMARY

In summary, for the first time, we estimate the Thomson
coefficient in the QGP medium. We use the kinetic theory
formalism to solve the Boltzmann transport equation based
on the RTA approach to calculate thermoelectric coeffi-
cients. The Thomson coefficient quantifies the heat gen-
eration or absorption in the medium when current flows in
the medium in the presence of a temperature gradient. We
have extended the formalism to calculate the thermoelectric
coefficient considering the presence of a time-varying
magnetic field. The particle’s energy gets quantized via
the Landau quantization in the presence of the magnetic
field, but for the sake of now, the same effect is not
considered in this study. It is also to be noted that heat
conduction in any medium demands a conserved charge.
Here, for the QGP medium, we have baryon number
conservation. For this case, a nonzero baryon chemical
potential is necessary. Otherwise, thermoelectric coeffi-
cients diverge at zero baryon chemical potential. For
numerical estimation, we use a quasiparticle model that
reproduces the lattice QCD EoS of QGP. In the presence of
nonzero thermoelectric coefficients, the electric current and
heat current get modified. The presence of a nonzero
Seebeck coefficient also leads to a reduction in the thermal
conductivity of the medium as κ0 reduces to κ0 − TσelS2.
For a medium, if the Seebeck coefficient is independent of
the temperature, the Thomson coefficient vanishes for it.
The temperature dependence of the Seebeck coefficient is
studied widely in the literature for QGP medium [33,75]
and hadronic medium [18,34,60]. In our current study, we
observe that the Thomson coefficient is positive for lower
values of μB, and it increases with an increase in temper-
ature. On the other hand, the Thomson coefficient turns
negative for the higher values μB. The magnetic field
significantly lowers the Thomson coefficient at lower
values of μB. For higher values of μB, both Thomson
and magneto-Thomson coefficients seem to saturate at
higher values of temperature. In this study, we also analyze

the center ofmass energy
ffiffiffiffiffiffiffiffi
sNN

p
dependence of the Thomson

coefficient. We observe that the coefficient is negative for
lower values of

ffiffiffiffiffiffiffiffi
sNN

p
, whereas for higher values of

ffiffiffiffiffiffiffiffi
sNN

p
,

the coefficient is positive. The presence of non-zero
Thomson coefficients in a medium affects the heat propa-
gation in the medium. Hence, in the context of heavy-ion
collisions, the presence of the Thomson coefficient may
reduce or enhance the cooling of theQGPmediumduring the
evolution. Due to Hall-like effects in the QGPmedium in the
presence of a magnetic field, the Nernst effect originates,
which describes the transverse voltage production in the
medium. The non-zero Nernst coefficientNB of themedium
further introduces the transverse Thomson coefficient ThN .
In the presence of a magnetic field, the coefficient ThN
affects the temperature distribution in the medium. BothNB
and ThN vanish in the absence of a magnetic field.
In material science, the Thomson effect helps characterize

the thermoelectric response of materials, offering insights
into electron and phonon interactions. By understandinghow
heat and electrical currents interact in different materials,
researchers can design advanced thermoelectric materials for
energy harvesting, solid-state cooling, and waste heat recov-
ery [76]. In spintronics, where electron spin and charge are
manipulated for information processing, the Thomson coef-
ficient becomes essential in understanding spin-dependent
thermoelectric effects. Spin-caloritronics, a subfield of spin-
tronics, explores how temperature gradients influence spin
currents and magnetization dynamics [77]. In Ref. [78], it is
also discussed that a nonzero spin current can be produced
due to the presence of the spin Hall effect. In analogy to the
Hall current associated with an electric field, here, a spin
current traverses in the direction of the electric field. The
presence of an induced electric field [33] because of nonzero
thermoelectric coefficients may also further contribute to the
spin Hall effect. Recently, a detailed observation of the
transverse Thomson effect has been studied for semimetallic
alloys in Ref. [64]. The phenomenon of spontaneous
magnetization in the QGP medium can also lead to an
anomalous transverse Thomson effect, which is a remaining
task for future work. Therefore, a deeper understanding of
thermoelectric effects in the QGP medium is crucial to
studying the spin-relevant effects, such as the spinHall effect,
spin polarization [79], etc. This work is the first step to
explore the higher-order thermoelectric phenomenon in the
QGP medium in the context of heavy-ion collisions.
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