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Introduction

In the context of the QCD phase diagram there are two extreme scenarios,

® Hot and dense phases — the quark-gluon plasma that
existed in the early universe just after the Big Bang — at
high temperatures and nearly vanishing net baryon
densities. Probed at ultra-relativistic heavy-ion collision

experiments at the LHC and RHIC.

® Cold nuclear matter — systems like the atomic nuclei and
neutron stars — that correspond to conditions of low
temperatures and high density Upcoming facilities of
Compressed Baryonic Matter (CBM) experiment in FAIR
and Nuclotron-based lon Collider fAcility (NICA) at JINR.
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CBM will probe the highest baryonic densities ever obtained in laboratory environments

In this work, we employ the chiral effective model to obtain the constituent quark mass in this non-pQCD
regime and determine the transport coefficients in the kinetic theory framework.

1A, Maire, PhD thesis, Strasbourg U., 2011.

2/15



Constituent quark mass from chiral effective model

We use the chiral effective model to obtain the expressions for the constituent quark masses. We start
with a Lagrangian density, 2

L = Liin + Lex + Lssg + Lscate—break + LESB, (1)
where,  Lgx=— > dimiy;,  mf = —gsio — gciC — gsi5,
i=n,p

1 ot 54
Lssg = —Ekox2(02 46tk + 2+ 822 4k (7 + 5+ 30262 + C4) + kax(0? = 6%)¢ — kax*,

1, X' d, (62— 8%)C s x \3
Locale—preak = —=X In — + —=x In 7—)
scale— brea 2 3 =T ( o )

LESBzf(%)ZTr =

1 1 1
diag(amifﬂ-(o’Jr(S), Emfrf,r(cr - 8), (Vampfic - —Qmifw)<>]

Here, m; is the effective mass of the baryon field ;. Since we consider nuclear matter, i = p, n stand for
proton and neutron, respectively. o, and ( are the scalar fields and  is the dilaton field.

2A. Mishra et al., Phys. Rev. C 69, 024903, arXiv: nucl-th/0308064 (2004).
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https://arxiv.org/abs/nucl-th/0308064

Constituent quark mass from chiral effective model

The equations of motion for the fields o, (,d and , obtained from the Lagrangian density in Eq. (1), are

d 20
2 2 2 2 3 2 4
kox“o — 4kjo(o” + ¢ +67) — 2kp(0” +306°) — 2k3xo( — gx (0'2—52) AF (;0) m fr — E g,,p, =0,

dX 2
—4a¢ — kax(o® = 5% = S0+ () [ﬁmifx—f s ] > eciel =0,

kox*¢ — aki¢(0? + ¢ + 6%) 3¢

2
kox>8 — 4ki8(0” + ¢% + 6%) — 2kp8(8% + 30%) + 2k3X 8¢ + gdx“( > 62) > asin} =0,
g° — -
7

Kox(o2 4 ¢2 4 52) = ka(o2 — 62) x> {1 44l l]

X0
4 (0% — 8%)¢ 2
+ (4ks — d)x® — gdx3 In {(W)(%ﬂ + (X—%) [mfrf,,o+ (mefK = \/Em fre ><] =0,

where p; = (zp ;) is the scalar density of the it" baryon. Solving the coupled equations, one can obtain

the values of 0,(,d and x as a function of baryon density p;.

3P. Papazoglou et al., Phys. Rev. C 59, 411-427, arXiv: nucl-th/9806087 (1999).
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https://arxiv.org/abs/nucl-th/9806087

Constituent quark mass from chiral effective model

Comparing with the explicit symmetry breaking term in the QCD Lagrangian and using §=0 for simplicity,
we get
_ 1
mq(gq) = Emgr fro, (2)
where mg = (my + mq)/2 is the current quark mass and (gGq) is the quark condensate.

By normalizing the density-dependent quark condensate, we express the constituent u-quark mass at finite
T and g as *,

My(ps, T) = 7z L8 D) My(ps =0, T =0) )

where (Gq)*(ps = 0) = (263.5 MeV) and M,(pg = 0) = 313 MeV are the vacuum expectation values of
the quark condensate and the constituent quark mass respectively.

4D. R. J. Marattukalam et al., arXiv: 2410.22890 (nucl-th) (Oct. 2024).
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Constituent quark mass from chiral effective model

The number densities have the form,

47 o 2 * Tk
i=2 £ — £")dp, 4
P (27T)3/0 P ( )dp (4)
S 47[' o ml* * r*
=25 |, £ (f7 = 17) pdp, (5)

where we have the proton (neutron) distribution £ = 1/[e'&"=#)/T 4 1] and anti-proton (anti-neutron)
distribution £* = 1/[e(& *#)/T 1 1] with E* = \/p? + m*2.

The expression for the quark chemical potential pq can be obtained self-consistently from,
4m 2020 70
pq:3pB:gW/p(f —£7)dp, (6)

where 0 = 1/[eE=#a)/T 4 1] and F° = 1/[e(E*#4)/T 1 1] stands for quark and anti-quark distributions

respectively with E = \/p? + M3(pg, T).
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Electrical conductivity

The electrical current density for a system of quarks, in the microscopic kinetic theory, is defined as
d3
~ 20 / pp B af, (7)

The kinetic evaluation of 6f and the subsequent determination o can be carried out by solving the BTE
in presence of magnetic field B for the quarks,
of

0 0 . . . .
—%Q@p’ + Qe”kaBkgiplf. = ——, for particles (8)
Te

where v/ = p//E and f° = 1/(e!E=#9)/T 41 1). the conductivity tensor has the form,

ol = gf/( )3[f°(1_f°) (Lf")]ﬁ {&k (T‘)zybk+7‘e“mb"’ . (9

B B

i..e., magnetic fields create anisotropy. For a magnetic field along the z-axis,
® parallel conductivity (¢!l = o%)
e perpendicular conductivity (o = o™ = %)

® Hall conductivity (¢ = ¢ = —0”)
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Classical expressions of electrical conductivity

For a relatively weak magnetic field B, one can obtain the classical components of the conductivity tensor
ij
o as,

ing2 01 0 70 P’ [ EZI‘EGUkk

o = &2 /( LR ) + P 0= P s 2{5 +(TB) by + | (10)
=L [ 22 oy ey 11— ) + P = )], (11)
o= gQ e e e L S (12)
i 52 [ 28 Sl o p w

8/15



Quantized expressions of electrical conductivity

The conductivity tensor o/ in Eq. (10) can be re-expressed by modifying the phase space integrals to
incorporate the quantization of the quark momenta in the xy-plane, i.e.,

gs/ (gljr_’ QB2 i /dqb/f for E = \/m (14)
0"Q|/\/1_3Q (I;?U;/ [F(E)(1 - fo(E,))+f0(E,)(1_fO(E,))]TC(I;) oo, (15)

/=0 l

L 3Q° ¢ (‘Q|B) 0 _ 40 70 _ 70 Tc Lf
UQM—?IO/ A / IPENL - P(E) + P(ENL - PEN gy £ (19)

o =TS 1o QL [~ e - @ - Peepa - PEEE R B o
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Results

A quantitative comparison of the conductivity components obtained from

time approximated (RTA) BTE at finite baryon density pg.

® A simplified system consisting of a single quark
flavour - the u quark.

® We compare the conductivity components in 0s
two different mass scenarios: o

® current quark mass ; ;

mg = (my + mg)/2 = 4.63 MeV e

® density-dependent in-medium o1s

constituent quark mass My(pg)
obtained using the chiral effective
model.

the relaxation

—T T
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Results

® Variation of electrical conductivity components
as a function of baryon density at a constant
magnetic field of eB =1 m2 and temperature

T =100 MeV

® Expected in the reaction zone of upcoming
CBM/NICA experiments.

® The current quark mass calculations
overestimates the conductivities, particularly at
low baryon densities.

® The quantized estimates differ significantly
from the classical (unquantized) estimates over
the entire range of densities.
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Results
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We observe Shubnikov-de Haas (SdH) type oscillations in the conductivity and resistivity components as a

function of baryon density and magnetic fields. Quantization of Hall conductivity and resistivity are also

observed.
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Results

As we move from the surface to the core of a
neutron star, the density and the magpnetic field
increases gradually.

B(ps/po) = Bsur + Bo[L — exp(—B(ps/po)")]’

B=0.01, =3, Bg,r= 10'* G, By = 5 x 10'% G.

The seemingly opposite effects of baryon density and
magnetic field with regard to the quantization of
electrical conductivity and resistivity can give rise to
a rather unique conductivity/resistivity profile in
neutron stars.

5D. Bandyopadhyay et al., Phys. Rev. Lett. 79, 2176-2179, arXiv: astro-ph/9703066 (1997).
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Summary and Outlook

g‘HC Lattice QCD LI T
= RHIC-BES <%’ _Quark-Gluon ¥,
g £+ Plasma_“aca~®
2 1 . ®se

H ’

® \We study the transport properties of dense medium —
electrical conductivity — including the effects of
quantization.
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® This can be applied to study observables such as the
dilepton spectrum and provide inputs for hydrodynamic o \colorSuper-
evolution, offering insight into matter at high baryon - 2
density and moderate temperature. N\ Compact e e

ne=0.16 fm

This region of the QCD phase diagram remains largely unexplored experimentally.

SR. Sahoo, T. Nayak, Possible early universe signals in proton collisions at the Large Hadron Collider, Jan. 2022.
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Thank youl!



