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Chirality dependence in charge and heat transport in thermal QCD

Pushpa Panday®" and Binoy Krishna Patra’
Department of Physics, Indian Institute of Technology Roorkee, Roorkee 247667, India

® (Received 10 February 2022; revised 26 May 2022; accepted 26 May 2022; published 15 June 2022)

As the strength of the magnetic field (B) becomes weak, novel phenomena, similar to the Hall effect in
condensed matter physics, emerges both in charge and heat transport in a thermal QCD medium with a
finite quark chemical potential (¢). So we have calculated the transport coefficients in a kinetic theory
within a quasiparticle framework, wherein we compute the effective mass of quarks for the aforesaid
medium in a weak magnetic field (B) limit (|eB| < T?; T is temperature) by the perturbative thermal QCD
up to one loop, which depends on 7" and B differently to left-handed (L) and right-handed (R) chiral modes
of quarks, lifting the prevalent degeneracy in L and R modes in strong magnetic field limit (|eB| > T?).
Another implication of weak B is that the transport coefficients assume a tensorial structure: The diagonal
elements represent the usual (electrical and thermal) conductivities (6onmic and kg as the coefficients of
charge and heat transport, respectively) and the off-diagonal elements denote their Hall counterparts (o,
and k|, respectively). It is found in charge transport that the magnetic field acts on L and R modes of the
Ohmic part of electrical conductivity in an opposite manner, viz. 6opmic for L mode decreases and for R
mode, increases with B whereas the Hall-part oy, for both L and R modes always increases with B. In heat
transport too, the effect of the magnetic field on the usual thermal conductivity (ky) and Hall-type
coefficient (k;) in both modes is identical to the above-mentioned effect of B on charge transport
coefficients. We have then derived some coefficients from the above transport coefficients, namely
Knudsen number (Q is the ratio of the mean-free path to the length scale of the system) and Lorenz number
in Wiedemann-Franz law. The effect of B on Q either with x, or with «; for both modes is identical to the
behavior of x, and «; with B. The value of Q is always less than unity for the entire temperature range,
validating our calculations. Lorenz number (k¢/6opmicT) and Hall-Lorenz number (k; /oy, T) for L mode
increases and for R mode decreases with magnetic field. It also does not remain constant with temperature

hence violating the Wiedemann-Franz law.

DOI: 10.1103/PhysRevD.105.116009

I. INTRODUCTION

Quark-gluon plasma (QGP) is the deconfined phase of
quarks and gluons which is believed to have existed in the
early universe, about 107> sec after the cosmic big bang
and at the core of superdense stars such as neutron stars and
quark stars. Experiments at European Council for Nuclear
Research, Relativistic Heavy Ion Collider, Brookhaven
National Laboratory and Large Hadron Collider (LHC)
have been successful in creating QGP in colliders [1]. It is
also established that a magnetic field, whose magnitude
varies from |eB| = 0.1m2 for Super Proton Synchrotron
energy to |eB| = 15m2 for LHC, is also produced during
noncentral heavy ion collisions [2—4]. The strength of this
magnetic field is strong during the initial stages of QGP but
it decays very fast with time. The lifetime of magnetic field
in a charged medium, however, gets enhanced due to
the charge properties of the medium [5-8]. As the
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nonvanishing magnetic field can affect the evolution of
strongly interacting matter significantly [9-16], therefore
the detailed study of its effects on transport phenomena
[17,18], thermodynamical behavior [19,20] of quark-gluon
plasma, dilepton production from QGP [21-23] has been
done. Further, the bulk evolution of QGP matter via
relativistic hydrodynamics has been described successfully,
which gave satisfactorily the collective flow of the created
matter detected in experiments [24—26]. The small ratio of
shear viscosity to the entropy density (1/s) of strongly
interacting plasma agrees well with the lower bound of
n/s = 4=, where i = 1, kp = 1, obtained using AdS/CFT
correspondence [27] hence, validates the use of hydrody-
namical model of QGP [28-32]. The evolution of QGP
after heavy-ion collisions can be studied using relativistic
hydrodynamics where transport coefficients serve as input
parameters.

We study the charge and heat transport coefficients
which also play an important role in the hydrodynamical
description of strongly interacting matter [33-35]. The
topological effects induced by the magnetic field can be
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quantified using electrical conductivity and play a crucial
role in the study of the chiral magnetic effect [36], which is
a signature of CP violation in the strong interaction.
Dilepton and photon production rates are used to probe
the thermalized strongly interacting matter because they
hardly interact with the hadrons in the region of hot and
dense matter and hence carry information about the early
stage of heavy ion collisions. Electrical conductivity (o)
can be used for phenomenological studies of heavy ion
collisions [37]. Another key transport coefficient is thermal
conductivity of the QGP medium, which measures the
transport of heat due to temperature gradient in the
medium. The hydrodynamical equilibrium of the system
can be determined using Knudsen number, which is the
ratio of mean-free path to the characteristic length of the
medium. The mean-free path (1) is related to the thermal
conductivity (k) as 4 = 3k/(vC,), where v is the relative
velocity of quark and C, is the specific heat at constant
volume. Further, the relative behavior of x and o, can be
understood in terms of Wiedemann-Franz law, which states
that ratio, x/ oy, of the thermal to electrical conductivity is
directly proportional to the temperature, with proportion-
ality constant being roughly the same for all metals. The
ratio x/(64T) is known as Lorenz number (L), which is
independent of temperature and depends on fundamental
constants for all metals [38]. However, the violation of
Wiedemann-Franz law has been observed in many systems,
such as hydrodynamic electron liquid [39], high tempera-
ture superconductors [40], Luttinger liquid [41], strongly
interacting QGP medium [42] and hot hadronic matter [43].
Hence, it would be interesting to study the Wiedemann-
Franz law in our system of interest.

In the present work, we have explored the effect of
(a) weak magnetic field and (b) baryon asymmetry, in
charge and heat transport phenomena. The weak and strong
magnetic field limit can be understood from the relativistic
dispersion relation of a fermion of mass m in a uniform
magnetic field (B = B?):

EZ = p?2 4+ m* + 2ngB. (1)

Here, n =0,1,2,... denotes the Landau levels. The
probability of fermions getting thermally excited to higher

Landau levels is exponentially suppressed as exp(_—‘;q_B)
[44]. (i) In the strong magnetic field limit, \/gB > T, so the
fermions occupy only the lowest Landau level (n = 0).
This is known as LLL approximation. (ii) If \/¢B < T,
then fermions can occupy higher Landau levels. This
implies that the thermal energy is much larger than the
energy level spacing (~+/¢B) so that T can excite fermions
into the excited states, which justifies calling the condition
gB < T?, the weak magnetic field limit. The transport
coefficients can be calculated in strong and weak magnetic
field using different approaches/models, viz. Nambu-Jona-
Lasinio model [45-47], Chapmann-Enskog approximation

[48-50], the correlator technique using Green-Kubo for-
mula [51-54], effective fugacity model [55-58], lattice
simulation [59-61]. However, we have used the kinetic
theory approach by solving the relativistic Boltzmann
transport equation. The calculation of transport coefficients
using kinetic theory has been done [18,62,63] in the
presence of strong magnetic field (¢,B > T?, m7), where
qy and m are the electric charge and mass of quark for fth
flavor. In a strongly magnetized medium, the motion of
charged particle is restricted to the 1 -+ 1-dimensional
Landau level dynamics, where quark momentum is along
the direction of magnetic field. In the presence of a weak
magnetic field, however, temperature is the dominant
energy scale (T2 > ¢ B> mj%) and the effect of magnetic
field comes through the cyclotron frequency (w.). In
contrast to the case of a strong background magnetic field,
motion of charges is no longer restricted to be along the
direction of magnetic field, which gives rise to “transverse”
responses. This can also be understood via the tensor
structure of the transport coefficients at the two magnetic
field strength regimes. In the case of strong magnetic field,
the coefficient matrix is diagonal, whereas in the presence
of a weak magnetic field, off-diagonal elements also
manifest. The off diagonal elements are represented by
opan and k; in the case of electrical and thermal con-
ductivities respectively. This is corroborated by the fact that
there is no oy, and x; in the case of strong magnetic field.
Furthermore, oy, and x; vanish even in the presence of a
weak magnetic field if the chemical potential, y, is zero
[64]. The role of interaction among partons is incorporated
using a quasiparticle description of partons, where vacuum
masses of partons are replaced by medium generated
masses. The medium generated mass is calculated from
the pole of propagator, obtained through perturbative
thermal QCD in the presence of background weak mag-
netic field. In some previous studies, authors have incorpo-
rated the pure thermal medium mass of quarks in the
computation of transport coefficients [64,65], whereas we
have used the thermally generated mass with magnetic field
correction. The dispersion relation of quasiparticles in the
weak magnetic field gives rise to four collective modes, two
from left-handed and two from right-handed modes.
Various properties of dispersion relation have been dis-
cussed in [66,67]. The degeneracy in left- and right-handed
chiral modes of quarks is lifted due to their different mass in
the presence of weak magnetic field, which is in contrast to
the case of strong magnetic field. The system can be either
in left-handed mode or right-handed mode, hence the
medium generated masses for left- and right-handed chiral
modes of quarks have been taken into account separately
for the estimation of transport coefficients under both
modes. We further studied the physical behavior of the
system using the aforementioned transport coefficients via
Knudsen number and Wiedemann-Franz law for both
modes separately.
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The paper is organized as follows: in Sec. II, we discuss
the quasiparticle model of partons and hence evaluate the
medium generated mass. We use this mass as an input to
incorporate the interactions among partons, in our calcu-
lation of transport coefficients. In Secs. III and 1V, we
discuss the computation of charge and heat transport
coefficients using kinetic theory within the relaxation time
approximation. In Sec. V, we present and discuss the
results for Ohmic and Hall conductivity, thermal and
Hall-type thermal conductivity, Knudsen number and
Wiedemann-Franz law. Finally, we conclude our work
in Sec. VL.

II. QUASTPARTICLE MODEL FOR HOT AND
DENSE QCD MATTER

At asymptotically high temperature, a system of quarks
and gluons can be treated as an ideal gas due to asymptotic
freedom. The interaction among quasiquarks and quasi-
gluons can be incorporated through medium dependent
mass of quasiparticles which can be evaluated using one-
loop perturbative thermal QCD. In pure thermal medium at
finite quark chemical potential (u), the thermally generated
mass for quarks and gluons is obtained to be as [68]

1 u?
mtzh = —ngF<T2 +;>,

8
2 1 272 1

respectively, where Cr = (N —1)/2N¢ =3 for N¢ = 3,
C4(C, = 3) is the group factor, N is the number of flavor,
gis the QCD coupling constant with g = 4za;, where a is
the one-loop running coupling constant, which runs with
temperature as [69]

_
b1 1H(AE2) ’

MS

ay(A?) = (3)

where by = (11N, —2N;)/12z and Agyg = 0.176 GeV.
The renormalization scale for quarks and gluons is chosen
to be A, =2x\/T* 4+ p*/x* and A, = 2aT respectively.
Further, the dispersion relation of fermions in pure thermal
medium (B = 0) in the low (p < m,;) momentum and high
momentum (p >> my,) limit are given as [68,70]

V4
. (p) =my + 52 p <K my, (4)
2
m
o (p)=p+—2; p > my,. (5)

As we can see, the thermal mass in both the low and high
momentum limits is of the same order, m,;, ~ gT.

The effective quark mass for fth flavor can be written
as [71]

mjzc = m%o + \@mfomf.m + mj%’,h, (6)

where m and my ,, are the current quark mass and thermal
mass for fth flavor respectively. In presence of magnetic
field, the one-loop running coupling constant, which
runs with temperature and magnetic field, is given
by [69]

ay(A?)

a, (A2, — -
L by (A%) In (5455

eB) =

(7)

The effective quark mass in the presence of magnetic field
can be generalized to

m; = m}o + \/Emfomfth‘g + m},h,B, (8)

where my,;, p can be obtained by taking the static limit of
the denominator of the dressed quark propagator
in the magnetic field. The inverse of the dressed quark
propagator using the Schwinger-Dyson equation can be
written as

Ss*=1(P) = S71(P) = £(P)
=P-x(P), 9)

where S~!(P) is the bare inverse propagator and X(P) is the
quark self-energy. So, to calculate the effective quark
propagator in the presence of magnetic field at finite
temperature, we need to evaluate the quark self-energy
as shown in Fig. 1. The quark propagator in the presence of
a background magnetic field following the Schwinger
formalism can be written in terms of the Laguerre poly-
nomial (L;(2a)) [72]

Q=P-K
P K P

FIG. 1. One-loop quark self-energy in hot and magnetized

medium.
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l}’kl

iS(K) — i’: —id)(a)D + dj(a)D .

(10)

where g is the absolute charge of fth flavor, I = 0, 1,2, ...
are the Landau levels,
perpendicular components of momentum, respectively,
with respect to direction of magnetic field, @ = k3 / lg /B,

ki = mj, — ki and d)(a), d)(@). D, D are given as [73]

di(a) = (=1)'e™Cy(2a),

od,;
d =—,
/(@) E
mfo kﬁ
D= (mf() —|—]/.kH) +y.k, T )

(11)

with C,(2a) = L;(2a) — L;_;(2a). In the weak field limit,
the quark propagator can be reorganized in a power series
of magnetic field (q¢B) as

D = yyy2(mp +7.k)),

K> —m7,

1K)+ mp)

S = (K> =2,

(LIfB)’ (12)

where the first term in Eq. (12) is the free fermion
propagator and the second term is the O(g;B) correction
to it. Neglecting the current quark mass under the limit

&k

(m3 < q;B < T?) in the numerator and using the follow-
ing metric tensor in Eq. (12),

gv =gl +4d"

jﬁ”:diag(l,0,0,—l); ¢\ = diag(0,-1,-1,0);
pr=pi+p pj=("0.0.p%);
pL=00.p".p%0);  p=vp,=0 +IL
21 ="po—7p  pL=r'"P +rp? (13)
with

i7172Ku = —s[(K.b)d — (K.u)H], (14)

we obtain the quark propagator in the presence of a
magnetic field at finite temperature as
iK iys[(K.b)d — (K.u)b|
(K>~ mjzfo)z

iS(K) = (qB),  (15)

2 2
K —my,

where u* = (1,0,0,0) denotes the local rest frame of the
heat bath. Introduction of a particular frame of reference
breaks the Lorentz symmetry of the system. Similarly,
b* =(0,0,0,1) denotes the preferred direction of the
magnetic field in our system which then breaks the rota-
tional symmetry of the system. Using the quark propagator
(15), the one-loop quark self-energy up to O(q,B) in hot
and weakly magnetized medium can be written as

)=y CFTZ/

where T is the temperature of the system and
¢* = 4nay (A2, |eB|). The first term is the thermal medium
contribution (Z,) whereas the second one is with magnetic
field correction term (X;).
The general covariant structure of quark self-energy at
finite temperature and magnetic field can be written as [66]
%(P) = —AP — Bu — Cysu — Dysh, (17)
where A, B, C, D are the structure functions. Using

Eqgs. (16) and (17), the general form of these structure
functions is obtained as

g TR
—P.u)Tr 2Tr
B(PO,PJ_,PZ):i( P.u)Tr(%(P)P)+ P°T (Z(P)M/)’ (19)

(P.u)>—P?

K
27)? T 2 —m)

b)u — 1
75 [( (K2) 2(I§ )lﬂ (qu)>},um’ (16)
Cpo.prop) = = Te(rsS(PI). (20)
Dipy. puop) = ;THsE(P). ()

These structure functions are found to depend upon various
Lorentz scalars defined by

p’=Plu, = w, (22)
p3 = Pﬂbﬂ = =Pz (23)
py=[(Phu,)? = (P'b,)* = (P*P,)*]'2, (24)

where w, p, ., p, are termed as Lorentz invariant energy,
transverse momentum and longitudinal momentum respec-
tively. The detailed calculation of all these structure
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functions is shown in the Appendix and results are quoted
here:

A(po. p|) = %Ql (I%)l)’ (25)
s = [0 () -0 (3)] o
C(po. [p|) = ~4>CiM? |§ 50 (ﬁ) (27)
D(po. Ip]) = —492CFM2|;7|Q0 <|%°|>, (28)

where Q, and Q; are Legendre functions of the first and
second kind, respectively, read as

terms of left-handed [P; = (I —y5)/2] and right-handed
[Pr = (I+ y5)/2] chiral projection operators as

X(P) = —PRA'P; — P B Py, (32)
with A" and B’ defined as

A = AP + (B+C)u + DV, (33)

B = AP+ (B-C)u - Db. (34)

Using Egs. (9) and (32), the inverse fermion propagator can
be written as

§*1(P) = P+ Pg[AP + (B + C)d' + DH|P,
+ PL[AP + (B = C)u — Db Py, (35)

and using PL,R}/” == }/”PR_L and PLPPL == PRPPR ==
P, PpP = 0, we obtain

1 x+1
=1 2
Qo(x) =3 “<x - 1)’ (29) S*1(P) = PREP, + P RPp. (36)
x [(x+1 where Z and K are
0t =3m(E]) = 1m0 -1 (30)
E=(14+ AP+ (B+C)d+ Db, (37)
with magnetic mass obtained as [74] R=(1+ AP+ (B—C)l—D¥. (38)
|4sB| ( aT T¢(3) .
M?*(T, pu, myy., qrB) = 1672 \2myg —In2+ 272 )’ Thus, we get the effective quark propagator as
(31) m_Lp £ R
S*(P)==|P Pr+P Prl, 39
(P) 5 LL2/2 R+ RR2/2L (39)
where { is the Riemann zeta function. The general covariant
structure of quark self-energy Eq. (17) can be recast in  where
|
L= 1+ A)?P>+2(1 + A)(B+C)py—2D(1 + A)p, + (B+C)* - D, (40)
R = (1+APP* +2(1+ A)(B-C)py+2D(1 + A)p, + (B-C)* - D*. (41)

Next, we take the static limit (p, = 0, |p| = 0) of L?/2 and
R?/2, after expanding the Legendre functions involved in

structure functions in power series of %. Considering up to
O(g%), we obtain

L2

T 0w =m?, +44*CrM?, (42)
Po=Y,|P|—

R2

> _ =m2, —4g°Cr M. (43)
Po=Y,|p|—

The degenerate left- and right-handed modes get separated
out in the presence of weak magnetic field and hence the
thermal mass (squared) at finite chemical potential in the
presence of weak magnetic field obtained as

m% = m?h +4¢>CrM?, (44)
m% = m?h —4g°CrM?, (45)

which is opposite to the case of strong magnetic field where
left- and right-handed chiral modes have the same mass
[62]. The quasiparticle mass obtained above consists of
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pure thermal and magnetic contributions. The thermal mass
is independent of chiral modes whereas the magnetic
contribution depends on the chiral modes. The dispersion
relation for both chiral modes of quarks at low and high
momentum limit in the lowest Landau level is given by [66]

14
wpR(p.) = mpg + (p. < myg) (46)

Pz,
3 b

m%/R
wL/R(pz) = |pz| + » ;

z

(pe>myg).  (47)

The form of dispersion relations in both low and high
momentum limits even in the presence of magnetic field is
similar to that in the absence of magnetic field and the
masses in both limits are of the same order. However, the
quasiparticle mass used in our computation is obtained
from the static limit of the pole of the full quark propagator
(up to one-loop quark self-energy), which is independent of
low momentum and high momentum limits. Now, we will
evaluate the charge and thermal transport coefficients in the
presence of weak magnetic field at finite chemical potential
for left- and right-handed modes separately as the system
will not be in both modes simultaneously.

III. CHARGE TRANSPORT COEFFICIENTS

The Boltzmann transport equation governs the evolution
of phase space density f(x, p) associated with the partons
in our system. The QGP is a relativistic plasma, since 7" >
any mass scale in the system. This validates the use of the
relativistic Boltzmann transport equation (RBTE) to carry
out our investigation. The RBTE for relativistic particle
with a charge ¢ in the presence of external electromagnetic
field can be written as [75]

pro.f(x, p) + qF"”m% =C[f], (4)

where f is the distribution function deviated slightly from
equilibrium distribution function (f,) with f = f, + 6f
(6f < fo). F* is the antisymmetric electromagnetic field
tensor, C[f] is the collision integral that describes the rate of
change of distribution function by virtue of collisions. The
general form of collision integral consists of absorption and
emission terms in phase space volume element. This leads
to nonlinear integro-differential equation which is very
complicated to solve. Hence, we simplify the equation
using relaxation-time approximation (RTA). Under relax-
ation time approximation, the external perturbation takes
the system slightly away from equilibrium from which it
relaxes towards the equilibrium exponentially with time
scale 7. The collision integral under RTA takes the form as

plu,
T

clffx =T gy = (49)

where u,, is the fluid 4-velocity, 7 is the thermal averaged
relaxation time. Equation (48) in 3-notation can be
written as

of _of
E+V'§+Q(E+VXB)'

of 1
5= U =f0- (50)

We consider the spatially uniform %z 0 and static

medium % = 0 such that there are no space-time gradient.
Then Eq. (50) simplifies to

dE+vx Bt f) 6D

For the sake of simplicity of calculation, we choose the
transverse electric and magnetic field as E = EX and
B = Bz. This yields

I

o 9fo
op, ' op,

):fo—qETap . (52)

X

In order to solve Eq. (52), we take the following ansatz of
distribution function f(p) as [76]

9fo . 9fo
= fo—1qE.=— — & — 53
fp)=fo-wqE. 50 -£50.(53)
and f is given by
folp) = ] (54)
0P e(VPHm*=p)/T | | 7

which is the space and time independent solution to the
Boltzmann equation and f, satisfies

of o e ...
X—V¥7 9 ﬂfo(l fO)? (55)

where & = \/p? + m? is the single particle energy. Using
the ansatz Eq. (53) in Eq. (52), we get

(fo—rqE é_fo_ 0_f0> —qBr(vxai J )

. . -V, —
op op py  Op.
afo o\ dfo
(fo 7qE. op g 0p> = fo qETapx' (56)

The first term in the parentheses on the left-hand side of
Eq. (56) can be rewritten as
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<f0 - 7q 6f0

o .z 0) fo+ BrgEv.fo + (V).

(57)

Neglecting the f3 terms at high temperature and using the
following second order partial derivatives,

azf() ﬁpxpyfo ( )
58
P, 2 \Pt (58)
*fo ﬂPszfo < > 59
apup- B+ (59)
azfo

0p}

)

the second term on the left-hand side of Eq. (56) gets
reduced to

0 d afo afo
Br(v,— —v,— —rgE. 20 _g 20
q T<vx apy Uy apx> (fO Tq ap 0[)

SUx Gy vyTqE
—qpep(20 B0 BHE) (61)
€ €
Combining Egs. (57) and (61), Eq. (56) is obtained as
7qBqEv, qB
f ( xév vygx)

The above equation should be satisfied for any value of
velocity; therefore, comparing the coefficients of v, v, and
v, of Eq. (62), we get

where @, = % is termed as the cyclotron frequency.
Solving for £, and &, we have

-0 . 1°qE
(@27? +1)°

-kt qE

S

Using Eq. (80) in Eq. (53), the distribution function f(p)
for quarks simplifies to

- qEv,.t afo qEvyaz)CT2 afo
f(p)=fo (1 + wr?) (06) * (1 +w2e*) \ 0e )’
(67)
and for antiquarks (f = f.q = —q. 0, = —o,),
N qEv,t  (of qEv,0.7* (df,
f(p)_f°+(1+w3r2)<ae)+(1+wgf2) =)
(68)

The induced current in the system as a result of external
electromagnetic fields can be written as

J' = 6ommic8VE; + opae’E;, (69)

where 6opmic and oy, are Ohmic and Hall conductivities
respectively, €;; is the 2 X 2 antisymmetric unity tensor,
with €, = —ey; = 1. It is clear from the above equation
that ogpm;. describes the longitudinal response (current
along the direction of electric field) and oy, describes the
transverse response (current transverse to the electric field).
Further, the induced current can be written in terms of
deviation 6f (5f) from f, (f,) as

. &p o
& =0 (63) i=o [ GV < @i, (0
¢
0 TGE + 08y + ?y =0, (64)  where g is the charge of antiparticle and g, = 3 x 2 is the
color and spin degeneracy factor of fermions. Using
f_x —w.E =0, (65) Egs. (69) and (70), the Ohmic and Hall conductivity for
T o=y a system of multiple charge species can be written as
|
p* 1
O0hmic — ZTngquf /dp 5 (1 +w2 2) fo f?f +f0 1 _fo)] (71)
P w, _ _
OHal = 2TZQf¢]fT /dP zm[f?(l —f9) = =13l (72)
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where f stands for flavor and here we have used f = up
(u), down (d). The relaxation time for quarks (antiquarks)
used above for calculation of conductivities is given by
[77], where massless u- and d-quarks were considered with
un<T:

1
@ =5 1T log(L) (1 + 0.12(2N, + 1))

It was argued in [78] that finite parton mass has little effect
on scattering cross section and hence on relaxation time.
This leads to the qualitatively same result for massless and
massive partons. The current light quark (m, ;) masses are
chosen to be 0.1 times the strange quark mass (72,) which
is in compliance with chiral perturbation theory [79,80].
The parameters were adjusted to get the best fitted lattice
data with m,, = 80 MeV [81]. The Ohmic and Hall
conductivity obtained above is defined by current which
appears due to the effect of an electric and magnetic field
when there is no temperature gradient or we can say
isothermal Ohmic and Hall conductivity. As discussed in
the quasiparticle model, we will incorporate the quasipar-
ticle mass which was obtained to be different for left- and
right-handed chiral modes. u(i) and d(d) quarks are spin-3
particles and they can assume right handedness or left
handedness depending on their up or down spin with
respect to their direction of motion. We have taken into
account both modes for up and down quarks and computed
the conductivities for L. and R modes separately. In the case
of baryonic symmetry i.e., at zero quark chemical potential,
the distribution function for quarks and antiquarks becomes
equal and hence Hall conductivity vanishes.

IV. HEAT TRANSPORT COEFFICIENTS

In the nonrelativistic case, the heat equation is obtained
by the validity of the first and second laws of thermody-
namics, where the flow of heat is proportional to the
temperature gradient and the proportionality factor is called
the thermal conductivity. We are intended to study the
thermal conductivity in the system of partons. The heat
flow 4-vector which is defined to be the difference between
energy diffusion and enthalpy diffusion is given as [82]

Q,= AWT“ﬂuﬁ —hA,,N?, (73)
where A, = g, — u,U, 1s the projection operator. N* is

characterized as first moment of distribution function
which corresponds to the particle four-flow vector as

Z /dpp - f4l, (74)

whereas, 7% is characterized as second moment of dis-
tribution function which corresponds to the energy-
momentum tensor as

. &p p°pf &p pop’
Y e A e

(75)

where, ff,]_‘f and f, are quark, antiquark and gluon
distribution function, ¢, is the single particle energy for
gluons and g, =8 x 2 is the degeneracy factor of the
gluons. We can obtain the particle number density, energy
density and pressure from the above equation as n = N%u,,
e =u,T%ug and P = —A ;T /3 respectively. Therefore,
enthalpy per particle can be obtained as h = (e + P)/n.
The heat flow 4-vector in the rest frame of the heat bath is
orthogonal to fluid 4-velocity, i.e., Q,u* = 0. Thus, heat
flow is spatial which can be written in terms of infinitesimal
changes in the distribution function as

Q= ng/

d3

(é'f hf)éff"‘(é‘f"—hf)éff]

The particle four-flow and energy-momentum tensor can be
decomposed with respect to an arbitrary normalized time-
like four vector, u* = y(1,%), where u*u, = 1. The most
general decomposition is given as [83,84]

Nt = nu* + V¥, (77)
TH = —Pg® 4+ witu® + 7, (78)

where v* is the particle diffusion current, w = e 4 P is the
heat function per unit volume, and #** is the shear-stress
tensor. Using the continuity equation and law of increase of
entropy, the required form of symmetrical 4-tensor 7z and
4-vector v* were obtained to be as [83]

w . out n ou” ou” uoa ou#
= — u — utu® —
g ox, 0x, * 0x, 0x“
2\ ou”
- (e=3n) Gt = v (79)

e CICOREE (O]

Here,  and { are shear and bulk viscosity coefficients and
is the thermal conductivity, taken in accordance with their
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nonrelativistic ~ definitions. The zero particle flux
(nu' + v" = 0) corresponds to the pure thermal conduction.
The spatial components u' = —v' /n of the 4-velocity are of

the first order in the gradients; since z#¥, v* are written only
as far as this order, the 4-velocity component #° must be
taken as unity. To the same accuracy, omitting the second
term in the square bracket of Eq. (80), the energy flux
density from 7" is given as

0

cT% = ewuu’ = —cwv'/n

nT> [0 (u
= —K —_— f— s
e+ P |ox; \T

which relates the energy flux density/heat flow with the
gradient of thermodynamical potential (U = u/T) as in
Navier-Stokes theory. In terms of 4-gradient, the above
equation can be written as

(81)

nT?
QM:—K8+PV”U, (82)
where « is the thermal conductivity and V, is the 4-

gradient, V, =0, —u,u,0*. The entropy density
[s = s(e,n)] in equilibrium state in terms of energy
density, pressure and chemical potential can be written

as [85]
o et P\ (n "
S\ T T)"

Further, the inverse of temperature (7~') and thermody-
namic potential (U) can be defined as the partial derivative
of s(e,n):

(83)

1
ds = —de — Udn. (84)
T
Using Eqgs. (83) and (84), we obtain

P 1

dpP 1 (P+e

—=dU +—= dr. 85

nT T < n ) (85)

T T2 T

1 1 ) u T . (1
= Tfo(l - fo) [f (P°0oT + p0,T) + T, (T) +Faj <_>

of

E.p}
—2g——+1| +g(vxB).—,
975 q(vxB) o

_Of _foll=fo) = — fo) { io T<p°> _p”aﬂ(p”up)_q(

Generalizing it to the 4-gradient, the heat flow can be
rewritten as

T
Qﬂ =K {VﬂT - e—F—PvMP:| s (86)

and in the local rest frame, the spatial component of heat
flow can be written as

or T opP

One can thus obtain the thermal conductivity (k)
by comparing Egs. (76) and (87). We will first calculate
the contribution of quarks and antiquarks to the thermal
conductivity. So now, expressing the relativistic Boltzmann
transport equation in terms of gradients of flow velocity and
temperature in relaxation time approximation as

0 7]
() s roir ()

of of of . of
0 0] i i
+q(F/pJF+F/pOaJ—|—F/p]ap +F/pap]
—”5f, (88)
T

where p, = ¢ — u and for very small g, it can be approxi-
mated as py =~ €. Using the following partial derivatives,

of
“r=7afol1=fo). (89)
of 1
ap0 = ~ o1 = o). (90)
of Pj
ap. = "1 foL = o). (01)
J
Eq. (88) is given as
. ‘ o of o of
Z(FYp. 4 FiOp. a4 Fliip., =L 4 Fi
rrT p’)} +p°< Pigyi 1P 0p’>
1 .
T) (P°p*dou, + p’p*o;u,)
(92)
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where 2F;; = ¢; jkBk . Now, exerting the energy-momentum

. v,P . L
conservation (dyu, = ~45-) along with relativistic Gibbs-
Duhem relation,

u —h T
(1) =7 (o =35or)

we obtain Eq. (92) as

SR —f@[ (p°3T)

0
p°—h\ p’
0.T——0.P
+< pO)T< h’>

E. d

ap
where £ = 2 ( fo+38f)and5 af 0 1/, therefore the Lorentz

pr (ajuv) -

(93)
op
term vamshes for the equlhbnum distribution function and

we get

of 1 p’=h\ p/ T

——f:—fo(l fo){ a0T+< 5 )’%(ajT—Eajp)
(94)

W\ p'p* 2q
+To (—) - oiu,)——(E.p ]
o{ 7 o (0;u,) Po( )

(/)
xB .
a2
Now, choosing the ansatz for infinitesimal deviation (5f)
from f as [57]

5f = (px)%

oe ’ (95)

where y in turn is related to thermal driving force and
magnetic field in medium and takes the form as

x=ac+aY+a(Y xec). (96)

Here,c:‘—la‘andY:%—

8 Y£_ Using Egs. (95) and (94),

we have

. O—h T
PE _12% 1+ (22) R (vr-—wp
T T p T nh
1w\ pr'p* 2q
+T0 <_> ———Qu,)——(E.p)—¢q(vxB ;(]
o\7) (d;u,) Po( )=q(vxB)

(97)

The derivative is split up covariantly into time and space
parts: d, = u,D+V,, where D = u’d, = (9,,0) and
V,=0,—u,D = (0,0;). The time derivative term [d,T,
dy(4)] can be written in terms of V,u* by using the
following relations [77,82]:

DT oP
—_ K
T <ae> V,u (98)

U oP
TD|=| = V,ut. 99
-G o
Therefore, Eq. (97) becomes
PX oP pY—h
A _|_ el B v A
NG

oP p'p*
_ Vot — 9.
<an>e ﬂu Po ( ]uy)

P lyvr_Typ
T nh

—%(E.p) —q(va).x]. (100)

0
p—V.<a1C —+ 612Y =+ Cl3(Y X C))

3

= (p" = h)v.Y —q(vx B).a,Y — q(v x B).a3(Y x ¢),
(101)

where (v x B).c = 0. Using the properties of scalar triple
product, the parameters a;, a, and as can be obtained by
comparing the terms with different tensor structures in both
sides of Eq. (101) independently, and we have

€
L azq|B|(c.Y), (102)
€
—a, = (e—h) (103)
T
€
;as = ayq|B|, (104)

= B. Employing the above equations and

deﬁmng W, = " , the parameters reduced to the following

forms:

© (e-h)
=————"w(c.Y),
“ e(]+w§rz)w‘(c )

T (e—h)
) = ——— 55—,

P e(1+ 0t

> (e=h)

T
= =2 10
as e (1 + w%Tz) W, ( 5)
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Substituting a;, a,, a; in Eq. (96), we obtain the Jf
correction to the distribution function in the presence of the
weak magnetic field from Eq. (95) as

(e — h)
(1 + w?7?)

+ 2wk (c.Y)(v. c)]

of = v.Y + z0.v.(Y x ¢)

af 0. (106)

Similarly, 5f can be calculated as

Q= ngrf/ l)’ [((ef_;wc]j‘) (v.Y +7p0,v.(Y x¢) + rfa)c(c Y)(v.c))—

+ 3wl (c. Y)(vc))gg]

where /1, and h ¢ 18 the enthalpy per particle of quarks and
antiquarks for fth flavor respectively. We will simplify the
calculation by fixing the direction of B along the z-axis and
temperature gradient in the x-y plane.

Q = —KoTY—KlT(YX C), (109)

where thermal transport coefficients in weakly magnetized
medium, xy(= k, + k,) and k;, can be defined as

Ko gfzf;z/ p_z[ o ;)f( -
(8f+hf -
(1o Fo-719) ] + Ky (110)
and
g 7y )
(Y L [ g[ e - 1)
(€f+hf)

f{}] (111)

(1+ a)zrf)

where f stands for fth flavor. Similar to the discussion of
charge transport coefficients, here we have thermal (k) and
Hall-type thermal conductivity (x;). Hall-type thermal
conductivity emerges due to the transverse temperature
gradient which is induced by the action of the magnetic
field perpendicular to the initial direction of heat current
and would be contributed by quarks and antiquarks. So far,
we have obtained the contribution due to quarks and
antiquarks to the thermal conductivity. Now, we will
calculate the gluonic contribution to thermal conductivity.

550_(17(%;?2)[“3(4@”.(“ ¢) +T2wg(c.Y)(v.c)]aa—§
(107)

where £ is the enthalpy per particle for antiquarks. Using
Egs. (106) and (107) in (76), the heat flow in the weakly
magnetized medium, generalizing to the system of different
charged particles takes the form as

ofy (e +hy)?

v.Y —
af ( +a)cff)(

0. v.(Y X ¢)

(108)

Since gluons do not interact with the electromagnetic field
therefore Eq. (88) for gluons assumes the form as

of of 4
/4@ T ) 29y
g (5 ) o )<6p2>
where f, =1/(e®/T —1),p) = ¢, is the single particle
energy of gluon. Using the following partial derivative,

plu
—T”5fg, (112)

of 4

e 1R (113)
af, 1
—=——1.(1 , 114
ot = a1+ 5 (114
Eq. (112) can be rewritten as
1 1 . u p’T
—f.(1 —(pODT + p/V.T)+TD|( = | + = =
£+ [ o401+ 917 () + 20, (5)
1 . of
——o(pgp”douﬁpfp”@juy)] =——£ (115)
Dy Ty

Considering only thermal driving forces and taking
the gluon chemical potential to be zero, we obtain the
equation as

. (116)

T

sl -2 -2

where 7, is thermal relaxation time for gluons given as [77]

g

1
" 25T log(L)(1 + 0.06N,)”

(117)
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Putting 6f, in Eq. (76) and comparing with Eq. (82),
we obtain the gluonic contribution to the thermal conduc-
tivity as

g,
&= s [ A p 14 1,)

(118)

Therefore, thermal conductivity due to quarks, antiquarks
and gluons along the initial direction of heat current is
given by

2
957y / P4<(€f—hf) 0
ko= Y —s [ dp= | 51— f2)
;67[2T2 8J2c (1+a)31']2c) f f
(Sf—l— 2_
+

hy)
Tt

?(1—5‘?)) + 2k /dpp“fg(Hfg)-

W37 672712

(119)

Gluons will not contribute to k| because the Lorentz force
will not change their direction of motion. The thermal
conductivity is obtained from heat current in temperature
gradient on the condition that there is no electric current
[86]. Hall-type thermal conductivity is the thermal analog
of classical Hall effect where temperature plays the role of
voltage and heat flow replaces the electric current [87] and
it is the Lorentz force acting on charged particles affecting
the curvature of the carrier’s trajectories through the
magnetic field. At zero chemical potential, x; will not
vanish due to the unequal contribution from quarks and
antiquarks in the same direction, unlike in the case of Hall
conductivity in charge transport.

V. RESULTS AND DISCUSSIONS

In this section, we will discuss the results regarding the
Ohmic and Hall conductivity, thermal and Hall-type

L Mode

(at =30 MeV)
0.05 ‘ ‘ ;

— eB=0
— eB=0.Im’
n

p
-— eB=05m

GOhmic/T

Temperature (GeV)
(@)

thermal conductivity and further Knudsen number and
Wiedemann-Franz law as their application.

A. Ohmic and Hall conductivity

In Fig. 2, we have shown the variation of ratio of Ohmic
conductivity to temperature (copmic/7) Wwith respect to
temperature for zero and finite magnetic field at nonzero
chemical potential (4 = 30 MeV). It is evident that the
magnitude of oopmic/T gets a decrease in the presence of
magnetic field as shown in Figs. 2(a) and 2(b). The
difference between the magnitude of conductivities for L
and R modes increases with an increase in magnetic field
due to different effective quark mass for L and R modes,
Eq. (44). This can also be deduced from the plots of
distribution function of quark for left-handed and right-
handed mode at fixed momentum and temperature shown
in Figs. 3 and 4 respectively, where 7. ~ 160 MeV is the
deconfinement temperature from hadron phase to QGP
phase. Further, ogpmic/7T for L mode decreases with
magnetic field whereas it shows increasing trend for R
mode. This behavior of 6opmic/T With magnetic field for L
and R modes is attributed to the factor m The

thermal mass squared with magnetic field correction for the
left(right)-handed mode is m%m) =m3, +4¢*CpM?,
which is found to increase (decrease) with magnetic field.
The appearance of this mass in the denominator of m
factor leads to the decreasing (increasing) behavior of
oonmic/T for left (right)-handed mode. The increasing
behavior of copmic/T With temperature for both modes
could be due to the Boltzmann factor exp(—&(p)/T) in the
distribution function. Figure 5 shows the variation of
normalized Ohmic conductivity at different constant values
of quark chemical potential for eB = 0.1m2, where it
increases with increase in quark chemical potential for
both modes. With increasing quark chemical potential the

R Mode
(at =30 MeV)
005 1 ‘ ‘ ‘
— eB=0
— eB=0.1 m,
0.04
I
£ 003
S
©

0.02

! . ! .
oot 02 0.3 04
Temperature (GeV)

(b)

FIG. 2. Variation of ogymic/T for L mode (a) and R mode (b) with temperature at different fixed values of magnetic field.
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FIG. 3.
(b), where effective quark mass has been used.
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Variation of distribution function of quark (f) in left- and right-handed mode with temperature at low (a) and high momentum

high momentum (p = 1 GeV)
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0.2

03 04

Temperature (GeV)
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FIG. 4. Variation of distribution function of quark (f) in left- and right-handed mode with momentum at7 = 1.57. (a)and T = 3T,

(b), where effective quark mass has been used.
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Variation of 6opmic/T for L mode (a) and R mode (b) with temperature at different fixed values of quark chemical potential.
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FIG. 6. Variation of oy, /T for L mode (a) and R mode (b) with temperature at different fixed values of magnetic field.

Boltzmann factor exp(—u/T) increases due to the higher
contribution from quarks than antiquarks. The transverse
motion of charged particle under the action of Lorentz force
leads to the generation of Hall current. The variation of
opan/T with temperature for different values of magnetic
field at 4 = 30 MeV is shown in Fig. 6 for both modes. It
increases with magnetic field as oy, /T is proportional to
o, for the considered range of temperature, chemical
potential and magnetic field. The decreasing behavior of
normalized Hall conductivity with temperature is predomi-
nantly due to the factor w.z in the numerator of Eq. (72).
oyan/T for left-handed mode is relatively smaller than
right-handed mode as the mass for left mode is compara-
tively larger than right mode. Hence, we can say that the
variation of Ohmic conductivity with magnetic field is
affected through the effective mass as shown in Fig. 2,
where at eB = 0, 6gpmic/ T has relatively higher magnitude.
At eB = 0, Hall conductivity vanishes and its behavior
with magnetic field is affected through the direct

L Mode ,
(foreB=0.1 mn)
4e-05 T T T :
— 1=30MeV
\ — . p=50MeV
Y < — =100 MeV ||
AN
3e-05 RN =
.\.
L N, 4
= \'\
3 2051 N i
©
le-05
ol !

|
03
Temperature (GeV)
(@)

dependence on gyB in the numerator of Eq. (72).
Similar to Ohmic conductivity, Hall conductivity also
increases with quark chemical potential for L and R modes
as shown in Fig. 7. At zero chemical potential, the number
of quarks and antiquarks are the same and their contribution
to the Hall current is the same but opposite in direction. So,
the net Hall current vanishes at zero chemical potential and
can be explicitly seen in Eq. (72).

B. Thermal and Hall-type thermal conductivity

Figures 8 and 9 show the variation of ratio of thermal
conductivity to temperature (x,/7) for left- and right-
handed mode with temperature at different fixed values
of magnetic field and quark chemical potential respectively.
At zero magnetic field, there would be no lifting of
degeneracy and hence we compared /7T in the absence
and presence of magnetic field (with both modes). x,/T
increases with temperature for both modes and has

R Mode ,

(foreB=0.1m")
T

5e-05 ‘

— W=30MeV
L — . u=50Mev |J
©— w=100 MeV

4e-05
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GHall/T
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|
0.3
Temperature (GeV)
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FIG. 7. Variation of oy,;/T for L mode (a) and R mode (b) with temperature at different fixed values of quark chemical potential.
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FIG. 8. Variation of k,/T for L mode (a) and R mode (b) with temperature at different fixed values of magnetic field.
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FIG. 9.

Variation of ky/T for L mode (a) and R mode (b) with temperature at different fixed values of quark chemical potential.
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FIG. 10. Variation of «; /T for L mode (a) and R mode (b) with temperature at different fixed values of magnetic field.
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FIG. 11.

approximately the same value at eB = 0.1m2. The increas-
ing behavior of k,/T with temperature is due to the factor
(e — h)?, (e + h)? and distribution function as can be seen
from Eq. (119). Further, «,/T for L mode decreases with
magnetic field whereas for R mode it increases with
magnetic field. The difference between magnitude of
thermal conductivity for left- and right-handed mode is
again attributed to the different effective quark mass for
both modes, similar to the 6opmic/7. Since, (e + h)? is
higher in magnitude than (e—h)> therefore (e+
h)?exp(u/T) leads to the decreasing behavior of ko/T
with quark chemical potential for both modes.
Furthermore, due to the deflected motion of particles under
the action of Lorentz force, there is generation of Hall
component of thermal conductivity (k;) in a direction
perpendicular to both the magnetic field and initial thermal
driving force. The variation of x;/T with temperature at
different fixed values of magnetic field and quark chemical
potential is shown in Figs. 10 and 11 respectively for both
modes. Considering the absolute value of the ratio (k;/T),
we infer that (x;/7) increases with temperature and
magnetic field. The increasing behavior with temperature
is due to the (¢ + h)? factor in the numerator of Eq. (111).
Moreover, the direct dependence on magnetic field leads to
the amplification of Hall-type thermal conductivity with
magnetic field. Further, /T decreases with quark chemi-
cal potential and will not vanish for 4 =0 due to the
unequal contribution from quarks and antiquarks in the
same direction. We can also infer that the behavior of
longitudinal thermal conductivity with magnetic field is
affected through the effective quark mass for both modes
whereas Hall-type thermal conductivity is affected through
direct dependence on magnetic field as could be seen in
Eq. (111). x; /T is comparatively smaller in magnitude than
Ko/ T, similar to the charge transport.

R Mode
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Variation of k; /T for L mode (a) and R mode (b) with temperature at different fixed values of quark chemical potential.

C. Knudsen number

The applicability of ideal hydrodynamic requires local
thermal equilibration. The degree of thermalization in fluid
produced in heavy ion collision can be characterized by the
dimensionless parameter which is termed Knudsen number
(Q), which is the ratio of microscopic length scale (mean-
free path) to the macroscopic length scale (characteristic
length scale) of the system [88]. The mean-free path (1) is
identified as 3x/(vC,) with v and C, as relative velocity
and specific heat at constant volume respectively. Knudsen
number can be recast as

3k

Q= ,
vC,L

(120)

where we have taken v~ 1, L =4 fm. C, is evaluated
from the temperature gradient of energy density, i.e.,
C, = 0(uyTug)/0T. The small value of Knudsen number
implies the large number of collisions which bring the
system back to local equilibrium. The behavior of
(associated to ky and k,) and €; (associated to k;) with
magnetic field is found to be closely related to behavior of
ko and k; for both modes. As we can see that effect of
magnetic field on C,, is not so much pronounced as shown
in Figs. 12(a) and 12(b). ©, decreases with magnetic field
for L mode whereas increases with magnetic field for R
mode as shown in Fig. 13, similar to the x,/T. Moreover,
Q, shows the increasing trend with magnetic field as shown
in Fig. 14, similar to the trends followed by «;/T (taking
the absolute value of k). Knudsen number (€2, and ) is
found to be less than unity for both modes in the presence
of weak magnetic field at 4 = 30 MeV, thus it ensures the
system to be in thermal equilibrium.
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FIG. 12. Variation C, for L mode (a) and R mode (b) with temperature where effective quark mass has been used for both modes.
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FIG. 13.  Variation of Knudsen number () for L mode (a) and R mode (b) with temperature at different fixed values of magnetic field.
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FIG. 14. Variation of Knudsen number () for L mode (a) and R mode (b) with temperature at different fixed values of magnetic field.
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L Mode
(at p =30 MeV)

7000 ; :

6000

5000

/O D)

4000

3000

-— eB=05m2| |
L

2000 Y

. I .
0.2 03 04
Temperature (GeV)

(a)

R Mode
(at =30 MeV)

1400

1360

1320
F L
g 1280
)
< 1240
1200
— eB=0.1m7||
1160 ‘ ‘ ‘ T eB=0.5m?||
02 03 04
Temperature (GeV)
(®)

Variation of Lorenz number for L mode (a) and R mode (b) with temperature at different fixed values of magnetic field.

D. Wiedemann-Franz law

The interplay between charge and heat transport coef-
ficients can be understood via Wiedemann-Franz law. The
temperature behavior of Lorenz number (xy/6onmicT) (for
L and R modes) and Hall-Lorenz number (k; /oy T) (for L
and R modes) for eB = 0.1 m2, 0.5 m2 at u = 30 MeV is
plotted in Figs. 15 and 17. Lorenz number in the absence of
magnetic field at finite chemical potential is shown in
Fig. 16. Since Lorenz and Hall-Lorenz number is larger
than unity, it implies that the effect of thermal transport
coefficient is more pronounced than charge transport
coefficient, hence suggesting that hot QCD matter is a
good conductor of heat than charge. It is evident that
Lorenz and Hall Lorenz number is not constant with
temperature. Lorenz number for L. mode increases with
magnetic field whereas for R mode decreases with mag-
netic field. For L mode, Lorenz number shows the
increasing trend with temperature for eB = 0.1m2 whereas

R Mode
(at =30 MeV)
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0.2 03 04
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FIG. 17. Variation of Hall Lorenz number for L. mode (a) and R mode (b) with temperature at different fixed values of magnetic field.
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with further increase the magnetic field it starts decreasing
with temperature. This opposite behavior with temperature
is due to the difference in the increment of the ratio
(ko/Gonmic) at eB = 0.1m2,0.5m2. Hall Lorenz number
for L mode increases with magnetic field, whereas that for
R mode decreases with magnetic field similar to the
previous case as shown in Fig. 15. It increases with
temperature for both modes. Here, the behavior of
Lorenz number is found to be in contrast to the case of
metals where it is roughly the same in the Drude model at
temperatures 273 and 373 K [38]. Therefore, violation of
Wiedemann-Franz law is observed.

VI. CONCLUSION

In this work, we have studied the charge and heat
transport coefficients in hot QCD matter in the presence
of weak magnetic field at finite chemical potential, where
interactions have been incorporated through effective
masses using quasiparticle description. In weak magnetic
field, we have found that the left- and right-handed chiral
modes of quarks get separated due to difference in their
mass and become nondegenerate contrary to the strong
magnetic field case. Another consequence of weak mag-
netic field also came into light in transport phenomena as
generation of Hall effect. Transport coefficients adopt the
tensorial structure where we get the nonvanishing trans-
verse responses. The diagonal elements of tensor structure
of transport coefficients give longitudinal conductivity
whereas off-diagonal elements represent their Hall counter-
parts. We have calculated the transport coefficients using
the effective mass of quarks for left- (L) and right-handed
(R) chiral modes separately and studied the effect of
magnetic field and quark chemical potential on transport
coefficients for both modes. We studied the variation of
60nmic/ T and oy, /T for L and R modes at different values
of magnetic field and quark chemical potential with
temperature. 6opmic/ T for L mode decreases with magnetic
field whereas it increases with magnetic field for R mode.
The opposite behavior with magnetic field for L. and R
modes in Ohmic conductivity is due to different values of
effective quark mass for both modes. On the other hand,
onan/ T for both modes increases with magnetic field. This
is due to direct dependence of magnetic field on Hall
conductivity. Additionally, both conductivities for L and R
modes positively amplify with quark chemical potential.
Hall conductivity vanishes at zero quark chemical potential
due to equal and opposite contribution of quarks and
antiquarks. Analogous to Ohmic and Hall conductivity,
we have studied the thermal and Hall-type thermal con-
ductivity for both modes. Since gluons are not affected by
magnetic field therefore thermal conductivity due to gluons
is incorporated in longitudinal thermal conductivity. The
Hall-type thermal conductivity is the manifestation of
transverse temperature gradient under the action of
Lorentz force. x,/T for L and R modes shows mutually

opposite behavior with magnetic field which is again due to
the different effective quark masses for left- and right-
handed mode. k; /T increases with magnetic field for both
modes similar to the Hall conductivity in charge transport.
Both conductivities record a drop in their values with
increasing quark chemical potential. Moreover, k; does not
vanish at zero quark chemical potential due to the unequal
contribution from quarks and antiquarks in the same
direction. In application of the aforementioned conductiv-
ities, we have investigated the equilibrium property through
Knudsen number (€, and €,) where it is found to be less
than unity ensuring the system to be in thermal equilibrium.
The variation of Knudsen number with magnetic field is
found to be closely related to the thermal and Hall-type
thermal conductivity, as the specific heat at constant
volume does not show significant change with magnetic
field. Further, the relative behavior of charge and heat
transport coefficients has been studied via Wiedemann-
Franz law where Lorenz and Hall Lorenz number are found
to be greater than unity, hence depicting that hot QCD
matter is a good conductor of heat. Moreover, Lorenz and
Hall Lorenz number increases with magnetic field for L
mode and decreases with magnetic field for R mode.
Lorenz number for L mode (at eB = 0.1m2) and for R
mode (at eB = 0.1m2, 0.5m2) increases with temperature.
As we further increase the magnetic field, Lorenz number
for L mode shows a decreasing trend with temperature. So,
Lorenz and Hall Lorenz number are not constant with
temperature, thereby violating the Wiedemann-Franz law.
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APPENDIX: CALCULATION OF STRUCTURE
FUNCTIONS

Here, we will show the computation of structure func-
tions from Eq. (18) to (21) in one-loop order for hot and
weakly magnetized medium under hard thermal loop
(HTL) approximation. Since trace of odd number of
gamma matrices is zero, Eq. (18) can be written as

_ 1Tr(SP) = (Pu)Tr(SoH)

A , Al
4 (P.u)* — P? (A1)
where
&k K 1

T = g*CrT H . (A2
0 g F ;/(271)3}//4[(2_”1?}/ (P—K)2 ( )

Using the following two traces,
Tr[y, Ky*P] = —8K.P, (A3)
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Trly,Ky'u] = —8K.u, (A4)
we obtain
AP) =r;|292cpul<P> L) (AS)

where (P.u)?
to evaluate /;(P) and I,(P) with ky =

(p—k)?
the fermion-boson case is [68]

— P? = |p|*>. We will use the frequency sum
iw,, po = iw, E| =

\/ K2+ mF, and E; = . The frequency sum for

TZ&S] (iwm El )AS‘Z(l(w - wn)v EZ)

n

5152 (1= f(s1Ey) +f(52E2))‘

R (a6
slso—t1 4E1E2 1a)—le1 —S2E2
The leading T2 behavior will come from s; = —s, = 1

with E; ~ k and E, = |p — k|. Defining lightlike four-
vector K = (=i, k) and K" = (—i, —k), we have
—-E,~io+pk=PK,

iw—E, +E,~iw—pk =PK, (A8)

and using the angular integration under HTL approxima-

tion,
dQ K.u 1 Do
mka_ Lo ()
awrk 2\ (59)
we get
m2 Po

Similarly, structure function B can be evaluated as

pl) = |p’\'5[|p|Q‘(|p|> o(f)] e

Using Eq. (16) in (20) and (21), where the contribution
from X, vanishes due to the trace of the odd number of
gamma matrices and we get the nonvanishing contribution
form X, only, and hence we get

B(po,

C(pos

ph =~ TersZu),  (AI2)

Dipy.lpl) = {TrlrsZb).  (A13)
Using the following two traces,
Trlysy,rs[(K.b)d — (K.u)Bly'd] = 8(K.b),  (Al4)
Trlysyurs((K-b)d — (K.u)Bly'b) = 8(K.u),  (AlS)
we obtain
g cF|qu| d3k 8(K.b)
- N e e
(A16)
_ 9 CF|qu| d3k 8(K.u)
0 Z/ P = mio) (P =K}
(A17)

which in turn requires the calculation of frequency sum [89]

Y = TZA
—( a)TZAF K)Az(P—K), (Al8)

2
0 }‘() n

K)Ap(P - K),

where
Ty Ap(K)Ag(P - K)

_ Z 515 (1= f(s1E)) + f(52Ey)) (A19)
sls2==+1 4E\E, iw—s1Ey —s5E,

For s; = —s, = 1, we get

44°CrlqsB| [ =T Tu*¢(3)
c= —1n2
1672 \2mgy T |p|2Q1 |p|

(A20)

44°C B T T (3
p=_"9 F'Zf (T oy ”f(z) —0 .
16z 2my 8T p| |p|

(A21)
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