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1. Introduction

Heavy Ion collisions (HIC) are investigated both theoretically and experimentally to under-
stand the properties of nuclear matter at extreme conditions. One of the most important issues
addressed in HIC is the possibility for nuclear matter to undergo a phase transitions to quark mat-
ter. At low baryon density and high temperature nuclear matter is expected to smoothly cross over
to a quark gluon plasma (QGP) phase. Whereas, at high baryon density and low temperature the
system is expected to have a first order phase transition. The study of the effect of magnetic field
on the phase transition in neutron stars has been a topic of interest, both theoretically as well as
observationally, for a long time. In fact, several previous works have shown that the large magnetic
fields will affect the EOS of compact stars [1, 2, 3, 4]. On the other hand, this has become a subject
of intense research also in HIC experiments for last few years because of the presence of strong
magnetic fields created by spectator particles in non-central heavy-ion collisions. The estimated
magnetic field may reach up to order of 0.1m2

π , m2
π , 15m2

π for SPS, RHIC and LHC energies re-
spectively [5]. Such high magnetic fields may exist only in the interior of the neutron stars and
might have been present in the early universe.

Magnetic fields can induce many interesting phenomena in QCD matter, such as chiral mag-
netic effect (CME). The CME corresponds to the phenomenon of electric charge separation, in-
duced by chirality imbalance, along an external magnetic field. This chiral imbalance originates
due to the interaction between quarks and topologically non-trivial gluonic fields, instantons and
sphalerons which also results in P and CP violation [6, 7, 8]. Effects of charge separation has
been studied in lattice studies [9]. Such a charge separation has also been measured experimentally
by the STAR [10, 11, 12, 13] and PHENIX collaboration [14] at RHIC and by ALICE collab-
oration [15] at LHC. On the other hand, magnetic catalysis [16] and inverse magnetic catalysis
[17, 18] can affect the phase diagram of QCD matter. The modification of QCD phase diagram
in presence of magnetic field has been extensively studied using lattice QCD (LQCD) [19, 20]
and model calculations [21, 22, 23, 24, 25]. In this work we plan to study the equation of state
(EOS) and fluctuations of strongly interacting matter using the Hadron Resonance Gas (HRG)
model [26, 27, 28, 29, 30, 31]. This model is one of the very successful model to describe low tem-
perature region of the EOS. HRG model has also been successful in describing the particle yields
produced in heavy ion collision experiments from AGS to RHIC energies.

2. HRG model in presence of magnetic field

The grand canonical partition function of a non-interacting hadron resonance gas can be writ-
ten as sum of partition functions lnZid

i of all hadrons and resonances up to mass 3 GeV

lnZid = ∑
i

lnZid
i , (2.1)

where id refers to ideal i.e., non-interacting HRG. For i th particle,

lnZid
i =

V gi

(2π)3

∫
±d3 p ln[1± exp(−(Ei −µi)/T )], (2.2)
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where V is the volume of the system, gi is the degeneracy factor, T is the temperature, Ei =√
p2 +m2

i is the single particle energy, mi is the mass and µi = BiµB +SiµS +QiµQ is the chemi-
cal potential. In the last expression, Bi,Si,Qi are respectively the baryon number, strangeness and
charge of the particle, µ ,s are corresponding chemical potentials. The upper and lower signs corre-
sponds to baryons and mesons respectively. The partition function is the basic quantity from which
one can calculate various thermodynamic quantities of the thermal system. The pressure Pi (in the
thermodynamic limit, V → ∞), energy density εi, entropy density si and specific heat Cv can be
calculated as,

Pi =
T
V

lnZi, εi =− 1
V

(
∂ lnZi

∂ 1
T

)
µ
T

, si =
1
V

(
∂ (T lnZi)

∂T

)
V,µ

, Cvi =
∂εi

∂T
. (2.3)

The nth order susceptibility is defined as χn
q = 1

V T 3
∂ n(lnZid)

∂ ( µq
T )

n , where µq is the chemical potential for

conserved charge q. It is well known that in the presence of a constant magnetic field along a
particular axis, say along the z axis, the path of the charged particle will be a helix whose axis lies
along the z axis and whose projection on the x-y plane is a circle. The circular motion in x-y plane
is due to the Lorentz force experienced by the particle. For a constant strong magnetic field (Bz)
along z-axis, the single particle energy eigen value is given by [32]

EBz
i =

√
p2

z +m2
i + |qi|Bz(2n+2sz +1), (2.4)

where pz is the component of particle momentum along the direction of the external magnetic field,
qi = Qie is the charge of the particle and e is the charge of the electron, n is a integer which runs
from zero to infinity in step of unity for allowed Landau levels, sz are the components of spin s in the
direction of magnetic field. For a given s, there are 2s+1 possible values of sz. The gyromagnetic
ratios are taken as gh = 2|qh/e| for all charged hadrons [25]. Therefore, the partition function for i
th particle in presence of magnetic field can be written as [33],

lnZi =
V gi

(2π)3

∫
±d3 p ln[1± exp(−(Ei −µi)/T )], f or Qi = 0

=
V g′i
2π2 |Qi|eBz ∑

n
∑
sz

∫ ∞

0
±d pz ln[1± exp(−(EBz

i −µi)/T )], f or Qi 6= 0
(2.5)

where g′i is the degeneracy other than spin. So partition functions of charged particles will be
modified by the magnetic field whereas that of neutral particles will remain same as that of ideal
HRG.

3. Results and discussions

In Fig. 1 we have shown variation of pressure P, energy density ε , entropy density s and
specific heat CV with temperature in presence of magnetic field. We have chosen three values of
the magnetic fields namely : eBz = 0.1,0.2 and 0.25 GeV2. It can be seen from Fig. 1 that P,ε , s
and CV increase with increase in magnetic field.

Figure 2 shows variation of second order (χ2) and fourth order (χ4) susceptibilities of different
conserved charges. At low T , dominating contribution to χB comes from protons and neutrons.
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Figure 1: (Color online) Thermodynamic quantities as a function of temperature at µ = 0.

With increase in T , other heavier baryons populate and contribute to χB and hence susceptibilities
increase with increase in temperature. Further, the population of charged baryons increase with
the magnetic field. As a result the susceptibilities increase with the increase in magnetic field. In
the middle row of Fig. 2 we have plotted the variation of second order (χ2

S ) and fourth order (χ4
S )

susceptibilities of strange quantum number with T at µ = 0. The dominant contribution to χ2
S

and χ4
S at low temperatures come from kaons. Since K± are spin zero particles, their populations

get suppressed in presence of B. With increase in T , other strange mesons, like K∗ (spin one),
starts populating the system. In presence of magnetic field populations of K∗± increases. As
the contributions K± and K∗± to the susceptibilities are opposite in nature, in presence of B, up
to certain temperature (T < 0.12GeV ), susceptibilities for strange quantum number do not get
affected much by the magnetic field. At higher temperatures, other strange hadrons (like Λ, Σ)
start populating the system. However, contribution from Λ is unaffected by magnetic field as it is
an uncharged particle. On the other hand population of Σ± increases with increase of magnetic
field. Furthermore, at high temperature and high magnetic field, the contribution of K∗±, to the
susceptibilities, is much more compared to that for K±. This also makes the susceptibilities increase
with magnetic field. The bottom row of Fig. 2 shows variation of second order (χ2

Q) and fourth
order (χ4

Q) susceptibilities for net electric charge with T at µ = 0. The dominant contribution
to the susceptibilities of conserved electric charges at low temperatures come from pions (lightest
hadron) which are spin zero particles. Next dominating contributions are coming from kaons which
are also spin zero particles. Therefore, the populations of these particles get suppressed in presence
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Figure 2: (Color online) Variation of χ2 and χ4 with temperature at µ = 0 for baryon number (top row),
strangeness (middle row) and electric charge (bottom row).

of magnetic field. As a result susceptibilities of conserved electric charges decrease with increase
of magnetic field at low temperature. With increase of temperature ρ , K∗, p, ∆ etc., which are spin
non-zero particles, appear in the system and these particles cause the susceptibilities to rise at high
temperature and high magnetic field.
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