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71 mesons in hot magnetized nuclear matter
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Abstract: nN interactions are investigated in hot magnetized asymmetric nuclear matter using the chiral SU(3)
model and chiral perturbation theory (ChPT). In the chiral model, the in-medium properties of 7#-mesons are calcu-

lated using medium modified scalar densities under the influence of an external magnetic field. Further, in a com-
bined chiral model and ChPT approach, off-shell contributions of the nN interactions are evaluated from the ChPT
effective nN Lagrangian, and the in-medium effect of scalar densities are incorporated from the chiral SU(3) model.
We find that the magnetic field has a significant effect on the in-medium mass and optical potential of # mesons, and
we observe a deeper mass-shift in the combined chiral model and ChPT approach than in the solo chiral SU(3) mod-
el. In both approaches, no additional mass-shift is observed due to the uncharged nature of # mesons in the presence

of a magnetic field.
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I. INTRODUCTION

The effect of strong external magnetic fields in non-
central heavy-ion collisions (HICs) is a popular area of
research [1-8]. The presence of temperature and isospin
asymmetry, i.e., uneven numbers of neutrons and protons,
results in significant modifications to the in-medium
properties of hadrons [6, 9, 10]. Strong magnetic fields of
the order of eB ~ 15m2 (5x 10" gauss) at the Large Had-
ron Collider (LHC), CERN, and eB~2m2 (6.5x10'®
gauss) at the Relativistic Heavy lon Collider (RHIC),
BNL, might have been produced [1-3]. In non-central ul-
tra-relativistic heavy-ion collisions, as matter moves
away from collision zone, the strength of the magnetic
field rapidly decays. However, it is believed that the in-
teraction of the magnetic field with residual matter res-
ults in induced currents; following Lenz's law, the in-
duced magnetic field is produced along the direction of
the external magnetic field. The induced currents modify
the electrical conductivity of the medium; therefore, the
relaxation (decay) time of the external magnetic field in-
creases [4, 6, 11-15]. A high electrical conductivity of the
medium was anticipated near the critical temperature 7.
[16]. The high electrical conductivity suggests the sus-
tainability of the external magnetic field in a thermalized
hadronic regime; therefore, the in-medium properties of 7
mesons may alter under the influence of the magnetic
field. The time evolution of the external magnetic field in
heavy-ion collisions is still unclear, and accurate estima-
tions of the relaxation time are expected from the solu-

tions of the magnetohydrodynamics equations.

In the future experiments, such as compressed ba-
ryonic matter (CBM) and antiproton annihilation at
Darmstadt (PANDA) at GSI, Germany, the Japan Proton
Accelerator Research Complex (J-PARC) in Japan, and
the Nuclotron-based Ion Collider Facility (NICA) in
Dubna, Russia, we anticipate significant research on in-
medium meson-baryon interactions [17-19]. On the theor-
etical side, various effective models have been built to
study the dynamics of the non-perturbative regime. These
models include the quark-meson coupling (QMC) model
[20-25], the Polyakov quark meson (PQM) model [26,
27], the coupled channel approach [28-31], the chiral
SU(3) model [9, 10, 18, 32, 33], chiral perturbation the-
ory (ChPT) [34-36], QCD sum rules [37-42], the Nambu-
Jona-Lasinio (NJL) model [43], and the Polyakov loop
extended NJL (PNJL) model [44-46]. The Dyson-
Schwinger equation is another method of studying the in-
medium properties of mesons under the influence of a
uniform homogeneous magnetic field at finite chemical
potential and temperature. In this approach, the magnetic-
ally modified propagator is utilized to calculate the self-
energy of pions in one loop [47]. In the current study, we
used two of the above theoretical approaches: the chiral
SU(3) model and ChPT.

Interest in the in-medium study of # mesons origin-
ates from attractive nN interactions. The expectation of
negative nN interactions suggested the possible forma-
tion of eta-mesic nuclei [48-50]. From # photo produc-
tion on a deutron, Sibirtsev et al. anticipated a” = 0.42+i
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0.34 fm, which supports the weak system of eta-mesic
nuclei [51]. The properties of # mesons, [52-57], for in-
stance, the transverse momentum spectrum near the
threshold of free N-N production [54] and #-meson pro-
duction, have been studied experimentally [52-54]. On
the theoretical side, Haider and Liu were the first to ob-
serve that nN interactions exhibit an attractive behavior
and therefore the #-meson can form a bound state with
nucleons [48, 49]. Chiang er al. anticipated an optical po-
tential U, = —34 MeV at py using the chiral coupled
channel approach [58]. It was also predicted that the neg-
ative potential can be used to generate a 7-mesic atom
with a light/heavy nucleus. At the nuclear saturation
density pg, by incorporating the leading order terms in the
coupled channel approach, a mass-shift of —20 MeV was
evaluated [50]. In Ref. [59], an optical potential of —72
MeV was anticipated. Moreover, an optical potential of
—60 MeV was predicted at py = po using the QMC mod-
el [60]. Using ChPT and the relativistic mean-field mod-
el at the nuclear saturation density with the nN off-shell
terms in the equation of motion, Ref. [35] anticipated an
optical potential of —83 + 5 MeV [35]. Furthermore, us-
ing the same approach, Song et al. obtained a negative
optical potential as a function of the nN scattering length
[61]. Chen et al. studied the # production rate and mo-
mentum dependence under the influence of isospin asym-
metric HICs in Ref. [62], and the effect of nN interac-
tions was also studied using the intranuclear cascade
model under the influence of distinct medium character-
istics [63]. Recently, using the combined (chiral SU(3)
model + ChPT) and solo (chiral SU(3) model) ap-
proaches, we derived an N equation of motion in non-
magnetized nuclear matter and observed a (—54.61)
—116.83 MeV mass-shift at pg with ™ = 1.02 fm [36].
Evidently, the mass and optical potential of #-mesons
have model dependencies and therefore require further
exploration.

In this study, we investigated the magnetic field ef-
fect on the in-medium mass and optical potential of #-
mesons in hot asymmetric nuclear matter; we extended
upon our previous study on the nuclear medium at zero
magnetic field [36]. First, we evaluated the in-medium
dispersion relation of #-mesons using the nN Lagrangian
from the magnetically induced scalar densities in the chir-
al SU(3) model [36]. In the second approach, we used the
scalar density of nucleons calculated using the chiral
SU(3) model in the dispersion relation of #z-mesons,
which is derived from the chiral effective nN Lagrangian
of chiral perturbation theory [35].

Chiral perturbation theory is widely used to study in-
medium baryon-meson interactions. This theory was first
used to investigate the in-medium properties of kaons
[64], and later it was modified by introducing leading or-
der terms in the Lagrangian to study the interactions
between # and nucleons [34]. The theory was also used to
study astrophysical objects, such as neutron stars; for

neutron star matter, heavy baryon ChPT was applied to
study kaon condensation [65-67]. Furthermore, to provide
a correct description of pN interactions, next-to-leading
order terms were introduced in the ChPT Lagrangian.
Consequently, a deeper #-meson optical potential was an-
ticipated in the nuclear medium [35]. Additionally, the
chiral SU(3) model is widely used to study hot and dense
hadronic matter [32, 68, 69]. For instance, this methodo-
logy was used for strange hadronic matter to study the in-
medium properties of kaons and antikaons [69]. Recently,
the mass and decay width of the ¢ meson was calculated
in strange hadronic matter by considering the KK loop at
the one-loop level [70]. The chiral SU(3) model was ex-
tended to the charm SU(4) and bottom SU(5) sectors to
study the properties of heavy D and B mesons, respect-
ively [10, 33, 71]. Moreover, the chiral model is success-
fully used to anticipate the in-medium properties of bary-
ons and mesons in the presence of a strong external mag-
netic field. For instance, using the combined chiral mod-
el and QCD sum rule approach, the in-medium mass and
decay constant of scalar, pseudoscalar, vector, and axial-
vector D mesons were calculated with [19, 72] and
without incorporating the influence of the external mag-
netic field [73-76]. Using the same combination, the me-
dium modified properties of charmonia and bottomonia
were studied in hot magnetized asymmetric nuclear mat-
ter [18, 32, 77].

The outline of this paper is as follows. In the sub-
sequent section, we will provide a brief explanation on
the magnetic field effect observed in this study. In Sec-
tion II.A.1, we will derive the magnetically induced nN
interactions in the chiral SU(3) model, whereas Section
II.LA.2, contains the nN formalism for the joint chiral
model and chiral perturbation theory approach. In Sec-
tion III, we will discuss the in-medium effects of a strong
magnetic field on the mass of #-mesons. Finally, in Sec-
tion IV, we will conclude our investigation.

II. METHODOLOGY

A. MAGNETIC FIELD INDUCED SCALAR FIELDS
IN THE CHIRAL SU(3) MODEL

The hadronic chiral SU(3) model incorporates the
trace anomaly and non-linear realization of the chiral
symmetry [9, 18, 72, 78-81] property of QCD. In this
methodology, #-nucleon interactions are computed via
the exchange of scalar (o, {, d and y) and vector (w and p)
fields. The glueball field y is introduced in the model to
preserve the broken scale invariance property of QCD
[72]. The isospin asymmetry, /, of nuclear matter is intro-
duced through the addition of the scalar-isovector field ¢
and vector-isovector field p [32]. In the present study, the
impact of the strong magnetic field along the Z-axis with
the vector potential A* = (0,0, Bx,0) is studied by includ-
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ing the magnetically induced Lagrangian density in the
effective Lagrangian density of the chiral model [6, 18].
Thus, we express the modified Lagrangian density of
chiral model as

Leniral = Lxin + Z L+ Lyec + Lo+ Lsp + ~L:mag- (1)

M=S,v
Individually,
Lav == ) i [m} + guivow+ gorvop| v )
i
Loy 5 2 0\ X 2 4 22, 4
Lice = 5 (mow? +mpp’) R RO
0

Lo=- %ko)(z (2 +2+8) +ki (o2 +£ +(52)2

ot ot
+k2(— +— +30-262+§4)+k3)((o-2—62)§

2 2
s g X' d g, (0—2_62>§ X\
—kax —ZX ln)(_g+§X ln((w)(E) )’ 4
Lsp = —(i)2 [mzf o+ (V2my fic - Lmzf )(} (%)
X0 m K v2 T

and

_ 1 _ 1
Linag = ~¥iqiy Al — ZKiﬂNlﬂin”VF”Vlﬁi - ZFﬂVF#V' (6)

In Eq. (1), the first term Ly, denotes the kinetic en-
ergy term, and the second term Lnv, given by Eq. (2),
represents the nucleon-meson interaction term. In this
equation, the in-medium mass of nucleons is given as

m? = —(g,i0 + gl + g5i736) where 73 denotes the zth com-
ponent of the isospin quantum number and g, g, and
gsi denote the coupling strengths of the scalar-isoscalar
field o, scalar-isoscalar field ¢, and scalar-isovector field
0 with nucleons (i = p,n), respectively. The term Ly
(Eq. (3)) generates the mass of the vector mesons through
interactions with scalar mesons and quartic self-interac-
tion terms, and Ly represents spontaneous chiral sym-
metry breaking, where o, ¢y, dp, and y¢ symbolize the
vacuum values of the o, {, d, and y scalar fields, respect-
ively. To calculate the value of the d parameter in the fi-
nal term of Eq. (4), we recall that the QCD f function at
the one loop level for N, colors and Ny flavours is given
by [82, 83]

11N.g® Nsg®
e o OO

Baocp (g) = —

In the above expression, the first term originates from
gluon self-interaction (anti-screening) and the second
term from interactions between quark pairs (screening).
For N. = 3 and Ny = 3, we estimate the value of d to be
6/33, whereas for N, = 3 and N; = 2, the parameter d
gives the value 4/33 [32, 82, 83]. In the present model,
we use d = 0.064 [32], which is fitted along with other
medium parameters, such as k;(i = 1 to 4), to generate the
vacuum values of fields (o, &, do, X0, wo, and pgy) and
the masses of the nucleons and 7, ” mesons [9, 18, 32].
The values of the fitted medium parameters are listed in
Table 1.

Furthermore, Lsg in Eq. (5) denotes the explicit chir-
al symmetry breaking property. The term L,, accounts
for hadron interaction with the magnetic field. In Eq. (6),
the symbol y; represents the wave function of the ith nuc-
leon, and the second term describes the tensorial interac-
tion with the electromagnetic tensor, F,,. Moreover, the
symbols py and k; represent the nuclear magneton (uy =
L) and anomalous magnetic moment of the ith nucle-

2my .
on, respectively.

Table 1. Values of different parameters used in the present investigation [9].
Parameter Value Parameter Value Parameter Value
ko 2.53 oo/MeV -93.29 8oN 10.56
ki 1.35 Zo/MeV -106.8 8¢N —0.46
ko -4.77 Xxo/MeV 409.8 85N 2.48
k3 -2.77 d 0.064 8wN 13.35
ks —0.218 84 79.91 8pN 5.48
fx/MeV 122.14 po/fm™ 0.15 My /MeV 466.5
my/MeV 139 mg/MeV 494 fr/MeV 93.29
mg/MeV 1024.5 ms/MeV 899.5 my/MeV 574.374
My/MeV 939
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The non-linear coupled equations of motion for
meson fields are obtained by solving the Euler-Lagrange
equations using the total Lagrangian [Eq. (1)] [18, 77]
and are given as

kox*6 — 4ki (07 + 7 +67)6 = 2ky (8° + 3076) + 2ksx 6L

2 4 0 s
+§d/\/ (—0_2 62)—28&T3Pi,

(10)
kox*o — 4k, (0'2 ++ 62) o —2k; (0’3 + 30’62) —2kayol
d 4 20 2
s ) ( 0) il = ) bl ()%) mow+ga (407 +120°0) = 3 guip), (11)
(®)
k0X2§—4k1 0'2+é’2+(52 {—4](24’3—]{3/\/ 0'2—(52 X 2
E ) ) ( ) o) map s (40> +120%p) = > goitsp}, (12)
dx* (x 2 L 5
42| Bt
) and
4 4 o2 =6%)¢ 3
kox (07 + 2 +6%) — ks (02 = 67)  +x° l+ln( ] + (dky — d)y° ——d)(3ln((¥)(l))
Xo 3 0-050 X0
ﬂfncr+(‘f i fi - ,,fn):] - 2o i) =0, (13)
o
respectively. lgplBm [ k”
In the above equations, the symbols m,, mg, f;, and Pl = ar : [Z f ( 1P+ fk””)
fx represent the masses and decay constants of pions and n k2 +mp?
kaons, respectively. The isospin effect is measured by the — »
.. _ LimNp; : dk; P
parameters through the definition, I = o Further + Z ( Sevs T 5 ”) , (16)
. Py e N (A (S L
more, p! and p! describe the magnetic field induced scal-
ar and vector densities of the ith nucleons (i =n,p) [18,
84, 85]. Due to Landau quantization, the magnetic field and
interacts with protons and neutrons differently. For an un-
charged neutron, the expressions for scalar and vector P |qp| B »
densities are given as Pp=502 [ dk fkvs “Jk vs)
ph Zf k"dk” ]_M +Z dkp f}cvs_ kvs)] (17)
22
s=%1 24 (kn )
Xf dkn (fk5 +ka) (14) respectively.
0

and

ol MZ] k”dk”f K(fe-qn). (9

s==x1

respectively. Likewise, the scalar and vector densities for
a charged proton with the effect of Landau quantization
are given by [84, 85]

In the above equations, 71, = , /m;‘,z +2vlg,|B — sun«,B

defines the effective mass of the proton, where the sym-
bol v represents the Landau levels. The effective energy
of neutrons and protons is given by

2
E"= \/(kl'l’)z+(w/m22+(kﬁ'_)2—5ﬂNKnB) . (18)

and
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2
~ 2
E, = \/(kﬁ’) +(,/m;2+2v|qp|B—SﬂNK,,B), (19)

respectively. In addition, the symbols £ ., f' . f , and
fL. define the finite temperature Fermi distribution func-
tions for nucleons and their antinucleons and are given as

£ = 1

* o L+exp|BEL - )

- 1

fil= T (20)
1+ expB(ES +13)

= e

" +exp|BED, - )]

_ 1

Po= _ . 1)

S 1 vexp[BED, + )

1. yN interactions in magnetized nuclear matter

In this subsection, we evaluate the in-medium mass of

n mesons via a dispersion relation in hot magnetized
asymmetric nuclear matter. The medium modified #
meson mass is obtained in terms of the scalar and vector
fields of the chiral model, which are solved by consider-
ing the interactions of nucleons with # mesons in the
presence of an external magnetic field. These scalar and
vector fields modify the scalar and vector densities of the
nucleons, which consequently modifies the self-energy of
|

Bl )

1 _
P=—nA%= n
V2
K-
w+1

In Eq. (23), the axial current calculations for pions and
kaons result in the following relations:

1

N (26)

fo = Qfk = fo):

g0 = _fﬂ

for the vacuum values of the scalar condensates ¢ and
found in the linear o-model [9]. In Eq. (25), the re-nor-
malization factor w= V2¢/0 is incorporated to obtain
the canonical form of the kinetic energy terms [9]. The
matrix P reduces to the matrix normally used in chiral

the # mesons.
The nN interaction Lagrangian is given as

Loy = Ler+ Lysp+ Ly + LM, (22)
The individual terms are given in detail, as follows:
1. Lgr, the first range term:

The first term in the nN Lagrangian arises from the
first range term

Llstrangeterm = Tr(uﬂXu"X + Xuy u'X), (23)

where

i

\/50'0

Uy, = —% [uT(c')#u) - u((’)ﬂuT)] and u = exp[ P'y5]

In the present investigation, we have taken the inter-
actions up to the second order. X and P represent the scal-
ar and pseudoscalar meson matrices [35], respectively,
and are explicitly given as

S+0)/ V2 5t K
1
X=—g% = 5 (-6+)/V2 K |, (24)
N/ _
K~ K0 e
and
at K
w+1
1 0 n ) K°
— |t — 2— 25
\/i( Vi+2w? w1 25)
—0
, K __nV2
w1 Vi+2u?

perturbation theory [35] for w=1 (i.e., fz = fx). The ad-
vantage of w# 1 is that the SU(3), breaking effects are
accounted for in the P matrix for even the lowest orders
[35].

2. L,s, the mass term:

The second term in Eq. (22), represents the scale
breaking term of the chiral model Lagrangian, which is
given by

1
Lsp = —ETrAp (uXu+uTXuT), 27
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with A, as a diagonal matrix, given as

mify 0 0
1
A, =—| 0  mify 0 ) (28)
"2
0 0 2m%<fK - m,zrf,r

The # meson vacuum mass is extracted from the Lag-
rangian [Eq. (27)] and given as

= - (8 ) 16720 6 202). - (29)

Using the values of various constants, the value of m,
is found to be 574.374 MeV, which has an accuracy of
4.9 % compared to the experimental mass, i.e., 547.862
MeV [86]. Moreover, using the Gell-Mann Okubo mass
formula under octet approximation, the vacuum mass of
n-mesons is calculated as 567 MeV, which has an accur-
acy of 3.6% compared to the physical mass [87]. Model
dependencies have been observed in the vacuum mass of
n-mesons [87]; however, in the current scenario, the in-
medium mass-shift of #-mesons is nearly the same for
both obtained masses and therefore can be neglected.

3. LEXM + LZM, the d terms:
The final two terms in the Eq. (22) arise from the ba-

ryon-meson interaction Lagrangian terms of the chiral
model [33, 88] and are given as

LM = %Tr(uﬂu”)Tr(BB), (30)

and

LM = dyTr(Bu, i B). (31)

In the above, B denotes the baryon matrix, given as

2N
V2 V6
B= 1b“/l = x” 20+AO
vz V2 Ve
== =0 _2A0
- - V6

(32)

Explicit forms of the above three terms are inserted
into Eq. (22), and the interaction Lagrangian is given as

(1 V207 fr + 44 2 = f)
Ly]: P

3 V2 s )6#778}477

L1, (V20! -4 ymife+ 8 i Sk

2 My \/Efz n
d (Pp+pn
+ 7 (pT)aﬂnayn. (33)

In the above, the fields o’(= o —0y), (= ¢ - ), and
&' (=6 —68p) are the digressions of the scalar field expecta-
tion values from their vacuum expectation values, the
constant f'is equal to +/f? +2(2fx — fx)?, and the paramet-
erd = 3d1 +d2.

At the mean-field level, the equation of motion for the
n meson field is simplified to

(207 =40 ym? fre + 8" m2, fx
Houn+ [mf] - o LSy
2 (p+pd N207 fr +48 Qi — fr)
+F( Er I A
(34)

Furthermore, the dispersion relation for the # meson
field is obtained by Fourier transformation of the above
equation

~? + I+ m2 =TT (w, k) = 0, (35)

where IT* symbolizes the in-medium self-energy of 7
mesons and is explicitly given as

(V20" =48 )mz fr + 8¢ mii [
V212
2d" (Pp+Py
t ( ”4 )(wz—/?)
2 [ V207 fr + 48 2~ f)
r? V2

IT* (w, IK) =

)(aﬂ ). (36)

In asymmetric nuclear matter, the in-medium mass of
n mesons is evaluated by solving Eq. (35) under the con-
dition mj, = w(lk] = 0). The parameter d’ in the expression
of self energies is estimated from the empirical value of
the scattering length ™ of # mesons [35], whose expres-
sion is given as

/ my\ 2 @™ V2gonfr  AV2Q2fk - gy
d =8rnl+—|f — + > - -
My)" m; m2 my
B V28w g m2 fy 4 V2gsnm? fx
mx mg \/Qm% mgm,zl ’

(37
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where m, m;, ms, and my denote the vacuum masses of
the fields o, {, J, and nucleons, respectively, and their val-
ues are given in Table 1. The use of these parameters in
the above equation gives d’ =0.0435. Furthermore, us-
ing the in-medium mass of # mesons, the optical poten-
tial for #-mesons at finite momentum [10, 89] in nuclear
matter is given by

Ui (w,0) = w(k) - [+ m?, (38)

and for zero momentum, the relation becomes

*

U, = Amy = my —my. 39)

2. Fusion of chiral perturbation theory and the chiral
SU(3) model

ChPT is a phenomenological approach for studying
the low-energy dynamics of QCD with an effective field
theory Lagrangian based on the underlying chiral sym-
metry of quantum chromodynamics [35]. Here, the
SUQB)LxSUQ3)r Lagrangian describing the pseudoscalar
meson and baryon interactions is given as

Lcwer = Lp + Lps, (40)

where the pseudoscalar mesonic term, Lp, is taken up to
the second chiral order [35, 64] and is given by [35]

L= i 2Tre"20,5" + % FBo{TtM,(E- D +He). (1)

In the above equation, X =&2=exp(iV2P/f,), the
symbol By represent the connection with the order para-
meter of spontaneously broken chiral symmetry, and M, =
diag{m,,mg,ms} is the current quark mass matrix. The
second term in Eq. (40), Lpg, defines the leading order
and next-to leading order baryon-meson interactions [64].
The off-shell terms are developed using heavy baryon
chiral theory [34]. However, the former theory has addi-
tional properties, such as quantum corrections and
Lorentz invariance. The properties of the nuclear system
have been described successfully using the off-shell Lag-
rangian, and the higher-order terms of this next-to-lead-
ing order Lagrangian have also been studied [90]. In the
present study, we limited our calculations up to the small
momentum scale, Q?, without loop contributions (for s-
wave nN scattering) because the higher order corrections
are suppressed [35].

Using heavy-baryon approximation, and expanding
Eq. (40) up to the order of 1/f2, we obtain the yN Lag-
rangian as

1 L Zgvg 2
‘LTIN :EBHT]C()ﬂr]— E(m 7= fnz \PN\PN)T]
1« -

In the above equation, m, represent the mass of #-
mesons calculated in ChPT and is evaluated through the
2

2 —_—

relation m;] =

defines the mass of light (strange) quarks [87]. We used
the same # meson vacuum mass value, i.e., m’, = m, =
574.374 MeV, in the ChPT+chiral model calculations for
consistency with the chiral SU(3) model. Moreover, X,
the 7N sigma term, and the x term are determined by the
relations

By(my +2my). In this mass relation, m

2
XN = -3 laimy +4aym + 2a3(mg + 2my)], (43)
and
1 1 z
K=4nf,,2(—2+ . )a’?N—L;V, (44)
m,, m I]MN I’f’l,7

respectively. The a terms in Eq. (43) correspond to chiral
breaking effects and are fitted from the parameter
Ykn =380+100 MeV, where +100 MeV reflects the un-
certainty [35, 65, 66, 91-95]. The parameter x is estim-
ated from the #/N scattering length [35] with a range of
a™ wvalues, i.e., 0.91 ~ 1.14 fm, which is assumed from
empirical investigations [35, 96-99].

The equations of motion for nN interactions in the
unified approach of the chiral SU(3) model and ChPT can
be written as

XN - K =
2_ —
(6,18“ +m;, — 22 (Pn¥y) + 22 (‘I’N‘I—’NW,,(?“)n =0, (45

where (¥y¥y) =p}, = (p‘;+ .0};) is the magnetic field in-
fluenced scalar density of a nucleon calculated within the
chiral SU(3) model. The plane wave decomposition of
Eq. (45) gives

z
2,72, 2 =N K s 2, 72\ _
- +k +m’7_2_f7%pN+ 2_f7%’0N(_w +k )—0 (46)

By solving the above quadratic equation, we obtain

w=\m?+R2, (47)

and the explicit expression for the magnetic field induced
mass of 7 mesons, m,, is given by
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X
o T

The final two terms of Eq. (46) provides the #-meson
self-energy

H*(w,l?) = (_ ZoN + L(—wz + I?))pj;,, (49)

2fi 2f7

where  is the 7-meson single-particle energy and ¥ is
the momentum.

III. RESULTS AND DISCUSSIONS

In this section, we discuss the magnetic field induced
optical potential of # mesons evaluated using two ap-
proaches: (i) the chiral SU(3) model in Section III.A and
(i) ChPT + chiral SU(3) model in Section III.B. In both
methodologies, we have taken the values of scattering
length, @™, in the range 0.91-1.14 fm. We begin by dis-
cussing the in-medium behavior of nucleon scalar densit-
ies under the influence of a strong magnetic field for dif-
ferent values of nuclear density, isospin asymmetry, and
temperature.

In Fig. 1, at the nuclear saturation density, we illus-
trate the scalar densities of neutrons and protons as a
function of temperature for zero and non-zero values of

the magnetic field. In the left (right) column of the figure,
we present the scalar densities for symmetric (anti-sym-
metric) nuclear matter. For symmetric nuclear matter and
a zero magnetic field, we observe the same neutron and
proton scalar density behavior according to temperature.
The scalar densities slowly decrease linearly up to
T ~150 MeV and begin increasing for higher values of
temperature. These modifications reflect the interplay
between contributions from higher momenta states and
the thermal distribution functions in the scalar density ex-
pressions [see Eqs. (16) and (14)]. Further, upon increas-
ing the magnetic field, the proton and neutron scalar
densities behave unevenly; for a particular temperature
value, the proton scalar density increases significantly,
whereas the neutron scalar density slightly decreases. The
additional effects on the proton scalar density are caused
by the charged nature of protons, the positively charged
proton interacts with the magnetic field and experiences
Landau quantization, and contributions from the anomal-
ous magnetic moment [see Eq. (16)]. In contrast, owing
to its uncharged nature, the neutron only experiences con-
tributions from the anomalous magnetic moment [see Eq.
(14)]. Moreover, the transition temperature decreases
with an increase in the magnetic field, which supports the
restoration of chiral symmetry [72]. For asymmetric nuc-
lear matter [sub-plot (b) and (d)], unequal values of pro-
ton and nucleon scalar densities are obtained, even with
zero magnetic field. In the chiral SU(3) model, the scalar
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o .
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/
/
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Fig. 1.

(color online) The in-medium scalar density of nucleons at py.
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densities of protons and neutrons are calculated through
Eq. (16) and Eq. (14), respectively; these equations in-
clude the effects of in-medium scalar and vector fields
[9]. In asymmetric nuclear matter, the iso-scalar(vector)
é(p) field presents non-zero contributions, which eventu-
ally leads to unequal values of proton and neutron densit-
ies [36]. The neutron scalar density modifies signific-
antly in the asymmetric nuclear medium and decreases
with an increase in the temperature, whereas the proton
scalar density exhibits a zero value up to 7~ 90 MeV
and then increases rapidly. The proton scalar density
value is expected to be zero for / = 0.5; however, despite
p), = 0, the proton condensate (pp) still populates nuclear
matter at high temperatures. The inclusion of the magnet-
ic field significantly changes the proton scalar density,
whereas the neutron scalar density shows a small decre-
ment with increasing magnetic field.

In Fig. 2, we plot scalar densities for the same medi-
um parameter values except for py = 4pp. On the same
line, at eB = 0 and I/ = 0, we observe a similar behavior of
the proton and neutron scalar densities. When moving
from zero to non-zero values of magnetic field strength,
for a particular value of temperature, the proton scalar
density increases appreciably, whereas the neutron scalar
density slightly decreases. This is again caused by the ad-
ditional energy levels in protons owing to magnetic field
intervention. It is noted that the effect of the magnetic
field is more pronounced in the high density regime. Fur-

thermore, at the highest value of medium asymmetry, as a
function of temperature, the proton scalar density re-
mains zero up to T ~50 MeV and further increases non-
linearly with an increase in the magnetic field. Con-
versely, the neutron scalar density modifies appreciably
in asymmetric matter; it decreases with an increase in
temperature and magnetic field. In symmetric nuclear
matter, the observed scalar densities at zero magnetic
field are in agreement with the results of the relativistic
mean-field model [35, 61].

A. Impact of magnetic field on 77 mesons in the chiral
model

In this section, we present the results and discussion
for the in-medium mass of #-mesons calculated in the
chiral SU(3) model under the influence of the external
magnetic field. In Figs. 3 and 4, we illustrate the in-medi-
um # mass as a function of temperature with different
values for the additional parameters, such as isospin
asymmetry, the magnetic field, and scattering length at
pn = po and 4pg, respectively. In Fig. 3, for any value of
I, eB, and a"V, the in-medium mass gradually increases
with an increase in temperature up to a certain temperat-
ure value and then begins decreasing. This behavior rep-
resents an opposite reflection of the in-medium scalar
densities plotted in Fig. 1 because the expression for #-
mesons [see Eq. (48)] has an inverse dependence on the
sum of nucleon scalar densities. In symmetric nuclear
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(color online) The in-medium scalar density of nucleons at 4.
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Fig. 3. (color online) The in-medium # meson mass in the chiral model at py.

matter, the impact of the magnetic field results in a more
attractive contribution in the in-medium # mass for a par-
ticular value of temperature and scattering length. With
an increase in the magnetic field, the transition point (i.e.,
the temperature at which the in-medium mass begins de-
creasing as a function of temperature) moves toward the
lower temperature side. As discussed earlier, the medium
modified mass of #-mesons has an indirect dependence
on the sum of the nucleon's scalar densities; therefore, it
exhibits an opposite behavior to the scalar densities.
However, in asymmetric nuclear matter, the in-medium
mass slowly increases for zero magnetic field, as was ob-
served for symmetric matter. This is because the in-medi-
um mass depends on the sum of the scalar densities with
no additional parameter dependence. Furthermore, at
I#0, we observe a small change in the # mass at the
lower temperature region, whereas a substantial change is
observed in the higher temperature region in terms of the

magnetic field. This is because, in highly asymmetric
matter at lower (higher) temperatures, there is a negli-
gible (substantial) contribution to the proton scalar dens-
ity. We note that, owing to the uncharged nature of #-
mesons, they does not directly couple with the magnetic
field and therefore do not present any additional contribu-
tions from the Landau energy levels, as was observed for
charged D mesons [6, 19, 72]. From Fig. 3, we also anti-
cipate the effect of the scattering length. When o™V is
altered from 0.91 to 1.14 fm, we observe a significant
decrement in the effective mass for a particular value of
the magnetic field and temperature. This is due to the dir-
ect relationship between the parameter d’ and the scatter-
ing length in Eq. (37). The 4’ parameter provides an at-
tractive contribution to the # in-medium mass through the
equations of motion [Eq. (35)] and self-energy [Eq. (36)].

In Fig. 4, we plot the in-medium mass of #-mesons
with the same medium parameter values except for py =
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Fig. 4. (color online) The in-medium # meson mass in the chiral model at 4p.

4p¢. In the left panel, at ¢eB = 0 and / = 0, we observe a
similar trend for the in-medium mass as a function of
temperature, as was observed for p = pg. At a high nucle-
ar density, we observe a significant reduction in the mass
of the n#-mesons. The reduction in the effective mass in-
creases with an increase in the magnetic field and scatter-
ing length. When we move from symmetric nuclear mat-
ter to asymmetric nuclear matter, we observe the cross-
over behavior of the in-medium mass as a function of
temperature for a particular scattering length value. This
is due to a similar reason as was discussed for the nucle-
ar saturation density case. However, in the high density
regime, the proton scalar density populates little (but
greater than the p = pg case) in the lower temperature re-
gime and substantially in the higher temperature regime.
Moreover, the effect of the magnetic field is more pro-
nounced in the high density regime.

Furthermore, for a better understanding of the in-me-
dium x-meson mass, in Fig. 5, we plot the individual

terms of #-meson self-energy. The expression for self-en-
ergy [Eq. (36)] has three interaction terms: (i) the first
range term (ii) mass term, and (iii) 4’ term. In this figure,
we present the contributions of the individual terms as a
function of temperature and asymmetry for a”¥ = 1.02 fm
at the nuclear saturation density. At zero magnetic field
and asymmetry, we anticipate that the first range term
provides a significant repulsive contribution to the in-me-
dium mass, whereas the mass and @’ terms provide small
and significant attractive contributions, respectively. At a
non-zero magnetic field (asymmetry), the modification in
the d’ term increases (decreases). This behavior is due to
the presence of the nucleon scalar density terms in the
second term of the self-energy expression [Eq. (36)]. The
d’ term dependence emphasizes the importance of the
scattering length, @™, in eta-nucleon interactions.

The optical potential at zero and non zero momentum
can be used to study x-mesic nuclei [34-36] and eta-
meson momentum dependence [55, 62, 63]. In Fig. 6, for
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symmetric nuclear matter, we plot the optical potential as
a function of medium momentum |l?| for various values of
the magnetic field and density at "V = 0.91 fm. In this
figure, at py = po, the magnitude of the optical potential
decreases with an increase in momentum. With an in-
crease in the magnetic field (temperature), the reduction
in the optical potential increases (decreases). The behavi-
or of the in-medium optical potential reflects the inter-
play between the in-medium mass and momentum, which
can be understood from the expression given by Eq. (38).
At higher momentum |I?| values, in the optical potential
curve, the contribution of the effective mass is sup-
pressed by the increase in the momentum states. Further-
more, in the right panel, i.e., the high density regime, we
anticipate a deep optical potential that becomes less as the
momentum states increase. In Figs. 7 and 8, we discover
a similar trend in the optical potential with # momentum.
In these figures, we observe a deeper optical potential
with increasing scattering length. The behavior of the op-
tical potential with scattering length and other medium
parameters can be understood in terms of the in-medium
mass. For a clearer illustration, the values of the in-medi-
um optical potential in the chiral SU(3) model at [k = 0
are listed in Table 2.

B. Impact of magnetic field on the 7 mesons in
ChPT+chiral model
In this section, we evaluate the in-medium masses of

0 200 400 600 800 10

T=150 MeV

0 200 400 600 800 10
k (MeV)

n-mesons using the joint chiral SU(3) model and chiral
perturbation theory approach and compare the results
with those calculated using the chiral SU(3) model alone.
As discussed in Section II.A.2, the nN equation of mo-
tion is derived from the ChPT nN Lagrangian density.
The magnetic field influenced scalar density of nucleons
in ChPT self-energy [Eq. (49)] is taken from the chiral
SU(3) model discussed in Section II.A. In the present
study, we set the value of parameter X,y as 280 MeV by
neglecting the uncertainties in the parameter [36]. We
will see later that the contribution of the X,y term is less
than that of the kappa term.

In Figs. 9 and 10, we plot the mass ratio mj,/m, with
respect to temperature, scattering length, and isospin
asymmetry at py = po and 4py, respectively. In these fig-
ures, we have also compared the in-medium masses ob-
tained from different approaches, i.e., (i) ChPT and the
chiral model and (ii) the chiral model alone. In Fig. 9, us-
ing the joint approach, we observe a significant decre-
ment in the in-medium mass of 7-mesons at the nuclear
saturation density. We find a similar behavior of the me-
dium modified #-meson mass in terms of the magnetic
field, isospin asymmetry, and scattering length, as was
found in observations of the chiral SU(3) model. The sub-
stantial decrement in the joint approach is a consequence
of the lack of a repulsive contribution term in ChPT. The
net contribution in ChPT originates from the X,y and x
terms (both attractive in nature). In Fig. 10, at a higher
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Table 2.
ferent parameters calculated in the chiral SU(3) model.

(color online) The in-medium 7 meson optical potential in the chiral model at ”¥=1.14 fm and /=0.

In-medium mass-shift (MeV) of the #-mesons with and without considering the effect of the magnetic field at p = py and dif-

=0 I=0.5
a™ /fm 7=0 MeV 7=100 MeV 7=0 MeV 7=100 MeV
eB=0 eB=5m,2, eB=0 eB=5m,2r eB=0 eB=5m,2r eB=0 eB=5m,2r
0.91 —=51.02 =57.11 —41.63 -51.26 —49.43 —46.69 —41.61 —41.66
Amy, 1.02 —59.73 —66.42 —49.31 —59.74 —57.97 —54.93 —49.28 —49.32
1.14 —68.75 —76.02 —57.31 —68.52 —66.83 —63.50 —57.28 —57.32

value of nuclear density, the trend of the mass ratio with
temperature remains the same; however, a more negative
mass-shift is observed. The ratio reveals a similar behavi-
or regarding other medium parameters and the scattering
length. To obtain a clear understanding, in Fig. 11, at py
= po and ™ =1.02 fm, we illustrated the in-medium be-
havior of the individual terms present in the ChPT self-
energy of magnetized asymmetric nuclear matter that
contributed to the in-medium mass of #-mesons through
Eq. (48). From this figure, we observe that the contribu-
tion of the X,y term is negative but much less than that of
the x term. The x term has a significant attractive contri-
bution to the in-medium mass because the numerator of
the in-medium mass mathematical relation, given by Eq.
(48), has a negative contribution of nucleon scalar dens-
ity, whereas the denominator has a positive contribution.
Therefore, due to this inverse relationship, the value of
the effective mass decreases with an increase in scalar

density. The values of the in-medium optical potential at
zero momentum calculated using ChPT+chiral model are
given in Table 3.

To the best of our knowledge, no work has been per-
formed to study the effect of a magnetic field on the in-
medium mass of #-mesons. The current results at zero
magnetic field can be compared with existing literature
[35, 50, 60, 61]. In our previous study with zero magnet-
ic field, we compared the results in detail and discovered
that findings from different papers were in agreement for
varying values of scattering length [36]. In addition to
pure nN interactions, the # meson mass-shift is assumed
to be influenced by additional interactions, such as
coupled channel effects. In relativistic mean field models,
such as the chiral model, the self-energy is acquired by
the meson-baryon interaction under a mean-field poten-
tial, whereas the coupled channel incorporates the full it-
eration of meson-baryon interactions, i.e., the 7" matrix.
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Table 3. In-medium mass-shift (MeV) of #-mesons with and without considering the effect of the magnetic field at p = py and differ-

ent parameters calculated in the ChPT+the chiral SU(3) model.

=0 =05
@™ /fm 7=0 MeV 7=100 MeV 7=0 MeV 7=100 MeV
eB=0 eB=5m?2 eB=0 eB=5m2 eB=0 eB=5m2 eB=0 eB=5m2
0.91 -107.57 —115.95 —93.79 —-105.70 —105.25 —-102.11 —93.72 —93.70
Amy, 1.02 —116.83 —125.69 -102.21 —114.89 —114.35 -110.22 -102.11 —-102.17
1.14 —126.36 —135.64 —110.96 —124.32 —123.75 -119.42 —110.86 -110.93

The coupled channel approach is utilized when two body
meson-baryon interactions (i) are influenced by the inter-
mediate resonances, and (ii) strongly interact with other
meson-nucleon channels [50, 58]. For example, consider-
ing coupled channel effects, the nN interaction (U,y =
-34 MeV at py = po) is assumed to be influenced by
N*(1535) excitation [58]. However, the role of nr inter-
actions in the in-medium mass-shift of # mesons have not
been extensively studied in literature [100, 101]. In Ref.
[100], the effect of nn interactions on # production is an-
ticipated through the nuclear reaction 7~ p — nn, which is
further utilized to calculate the nN scattering length ™.
In the current study, we anticipated that the in-medium #
meson mass shift decreases with an increase in the scat-
tering length. Therefore, in future studies, it will be inter-
esting to refine the chiral model calculations by includ-
ing nrr interactions and coupled channel effects.

IV. SUMMARY

To summarize, we studied the effect of an external
magnetic field on the in-medium mass of #-mesons in hot
asymmetric nuclear matter. We studied in-medium 7N in-
teractions using two separate methodologies. In the first
approach, we computed the in-medium mass-shift of #-
mesons using the chiral SU(3) model and observed a
decrement in the effective mass as a function of the mag-
netic field and nuclear density. We anticipated substan-
tial medium effects in the high magnetic field and dens-
ity regime. In the second approach, we used the com-
bined method of chiral perturbation theory (ChPT) and
the chiral SU(3) model to compute the in-medium proper-
ties of 7-mesons. In the latter approach, we introduced
medium effects through the nucleon scalar density, which
was calculated in the chiral SU(3) model. Using the joint
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approach, we found a substantial decrease in the mass of
n-mesons regarding the magnetic field and nuclear dens-
ity, which is much deeper than the observations from the
first approach. The effects of isospin asymmetry and tem-
perature are also incorporated and found to be slightly re-
pulsive. In both approaches, we observed a direct depend-
ence of the negative mass-shift with the oV scattering
length. Furthermore, due to the zero charge on # mesons,
we did not observe Landau quantization; therefore, no ad-
ditional energy levels were discovered. The optical poten-
tial at finite momentum can be used to study experiment-
al properties, such as momentum dependence [55, 62, 63]
and the #-meson production rate [52-54] in the magnet-
ized nuclear medium. Moreover, the observed negative
mass-shift can be used to study the probability of nN

bound state formation [34, 35]. To investigate eta-mesic
nuclei at J-PARC, a high statistics search is proposed us-
ing the 7 beam [102]. There is also a proposal at the JLab
(following the 12 GeV upgrade), to study the binding of
Helium nuclei with ¢ and # mesons [103]. Additionally,
the magnetic field influenced optical potential may be
used in future experiments to study the in-medium ob-
servables of 7-mesons [17].
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