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In noncentral heavy-ion collisions, the quark-gluon plasma (QGP) encounters the most intense magnetic field
ever produced in nature, with a strength of approximately ~10'°~20 gauss. Recent lattice QCD calculations reveal
that the QGP exhibits paramagnetic properties at high temperatures. When an external strong magnetic field
is applied, it generates an anisotropic squeezing force density that competes with pressure gradients resulting
from the purely QGP geometric expansion. In this study, we employ (3+1)-dimensional ideal hydrodynamics
simulations to estimate the paramagnetic squeezing effect of this force density on the anisotropic expansion
of QGP in noncentral Pb+Pb collisions at the Large Hadron Collider. We consider both up-to-date magnetic
susceptibility and various magnetic field profiles in this work. We find that the impact of rapidly decaying
magnetic fields is insignificant, while enduring magnetic fields produce a strong force density that diminishes
the momentum anisotropy of the QGP by up to 10% at the intial stage, leaving a visible imprint on the elliptic
flow v, of final charged particles. Our results provide insights into the interplay between magnetic fields and the

dynamics of QGP expansion in noncentral heavy-ion collisions.
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I. INTRODUCTION

One of the most-studied phenomena in heavy-ion physics
at relativistic energies is the strong collective flow of the
quark-gluon plasma (QGP), which originates from the rel-
ativistic hydrodynamic expansion driven by local pressure
gradients. For noncentral collisions, the anisotropy of the
QGP fireball enhances this collective flow, ultimately leading
to a nonzero elliptic flow v, of charged hadrons observed at
the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC). Additionally, a extremely strong
magnetic field is generated as a result of the colliding charged
beams traveling at velocities nearing the speed of light [1-5].
The effect of magnetic field in heavy-ion collisions was ini-
tially explored in relation to the chiral magnetic effect [6,7].
Later studies also discussed the role of magnetic fields on chi-
ral magnetic wave [8—10], magnetohydro dynamics [11-15],
jet quenching [16], heavy flavor transport and the splitting of
the directed flow [17-21], the global polarization of A/A hy-
perons [22-24], and the spin alignment of vector mesons [25].

In this study, building on previous studies by Bali et al. [26]
and Pang et al. [27], we focused on exploring the response of
the QGP to external magnetic fields, also known as induced
magnetization (M), at the LHC energies. It is well known that
when materials are exposed to an inhomogeneous magnetic
field, paramagnetic materials align along the gradient of the
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magnetic field intensity |B| while diamagnetic materials align
in the opposite direction [28]. The paramagnetic response in
high-energy systems has been predicted through perturbation
theory [29] and the hadron resonance gas model in prior
research [30,31]. Lattice QCD calculations have revealed that
at high temperatures, the QGP also exhibits paramagnetic
properties [32-39]. In noncentral nucleus-nucleus collisions,
a strong inhomogeneous magnetic field with a strong spatial
anisotropy is expected to generated [3,4,40,41]. Induced the
QGP encounters a nonuniform magnetic field and is driven
towards regions of maximum B due to the positive M, then
it will attempt to minimize its free energy to doing so, lead-
ing to a net force [26,38]. This force density, referred to
as “paramagnetic squeezing” arises as the system strives to
minimizes its free energy. The net squeezing force density can
be expressed as

F=-Vf=(VB)-M. (1)

It was recognized that this force extends the distribution of
QGP along the direction of the beam induced by the magnetic
field, see Fig. 1. In addition to the pressure gradient caused by
the initial geometry, this squeezing force density elongation
also affects the azimuthal structure of the system’s expansion.
Recently, by comparing the magnitudes of the squeezing force
density with those of the pressure gradients at initial time for
RHIC and LHC energies, several estimations of this effect
have been made [26,27]. The results suggest that this effect
may be relatively small for RHIC collisions but could be quite
significant for LHC collisions.
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FIG. 1. A sketch of paramagnetic compression in heavy-ion col-
lisions. The length of the arrow represents the magnitude of the
force. The magnetic-field-induced squeezing effects cause QGP to
be stretched in the y direction.

In this study, we detailed the estimate of the paramagnetic
squeezing effect in various aspects at the LHC and high lumi-
nosity (HL) LHC energy regions [42]. We employ the (3+1)-
dimensional CCNU-LBNL-Viscous hydrodynamic model
(CLVisc) [43,44] to simulate the time evolution of the energy
density and the fluid velocity in the presence of a strong exter-
nal magnetic field. The magnetic field is assumed to be given
in terms of a few parameters that control the magnitude, the
spatial distribution, the time evolution and the center-of-mass
energy (4/syv). By adjusting these parameters, we explore
the impact of paramagnetic squeezing across diverse energy
ranges at the LHC. The squeezing force density’s impact is
considered throughout the hydrodynamic expansion to inves-
tigate its influence on momentum anisotropy and to estimate
its time-integrated effect on the v, of final charged hadrons.

We also note that in this study, we follow Refs. [26,27]
and treat the magnetic field as an external degree of free-
dom, neglecting the QGP fluid’s back reaction on the
magnetic field. A consistent description of the coupled evo-
Iution of hydrodynamic and electromagnetic field would
require (341)-dimensional relativistic magnetohydrodynam-
ics, which is still under development [45-51], and we leave
this aspect in our future work.

The rest of this paper is organized as follows. In Sec. II
we present the (34-1)-dimensional ideal hydrodynamic model,
the magnetic field profile, and the initial state of collisions. In
Sec. III, the numerical results on the elliptic flow v, at the
LHC energies are presented. A brief summary is present in
Sec. IV.

II. THEORY FRAMEWORK

To simulate the QGP evolution, we employ the (3+1)-
dimension viscous hydrodynamic model CLVisc [43,44]. For

simplicity, no viscous corrections and net baryon current are
included in the current study [26,27].

A. Hydrodynamics

In the presence of the squeezing force Eq. (1), the hydro-
dynamic conservation equations can be written as [52]

3,T" =F", )

where T"" is the energy momentum tensor. For ideal fluid, it
reads

™" = (¢ + P)utu’ — Pg""’, 3)

where ¢ is the energy density, P is the pressure, and u" =
y (1, v) represents the fluid velocity field. We note that since
we only interested in the effect of the interaction of the mag-
netic field with the QGP medium through the magnetization
in the current study, we treat the magnetic field as an external
field and do not consider the energy-momentum tensor of
the magnetic field. Therefore, terms such as B?/2 and B*B”
are not included in the present work [27,49]. Hydrodynamic
equations are solved using a lattice QCD-based equa-
tion of state provided by the Wuppertal-Budapest group [53].
As the system evolves below the switching temperature
(T, = 137 MeV), we use the Cooper-Frye formalism to ob-
tain the hardon momentum distribution. The resonance decay
contributions, as performed in Ref. [43], are included in cur-
rent work when calculating the yields and anisotropic flow
for final charged hadrons. The space-time coordinate axes are
defined as follow: proper time 7, transverse plane coordinate
x (in the impact parameter direction), transverse plane coordi-
nate y (in direction perpendicular to the reaction plane), and
longitudinal coordinate 7, (the space-time rapidity).

The relationship between magnetization M and magnetic
field B can be expressed as M = yxB. Lattice QCD calcu-
lations [26,38] have shown that the magnetic susceptibility
x varies with both the magnetic field and temperature. Fol-
lowing the Refs. [26], the squeezing force density F'” on the
right-hand side of Eq. (2) can be expressed as

FY = %ax|B|2, P = §8y|B|2, Fr=F"=0. (@)

Because the dynamics responsible for anisotropic flow are pri-
marily determined by forces operating in the transverse plane,
one may assume that the longitudinal force is negligible [26].
This assumption aligns with the expectation that the magnetic
field remains constant in the longitudinal direction within the
QGP [27].

The most recent lattice QCD results for the magnetic sus-
ceptibility x for QCD matter can be found in Ref. [38]. The
parametrization of x that in agreement with perturbation the-
ory at high temperatures reads

X (T) = 2¢B, log (L)
q0

1+go/t +81/t* + g/1° —h;
X expl — |, 4)
1+ g3/t + g4/t + g5 /13 t

where ¢ parameter is defined as 7/(1 GeV), T is the tem-
perature, and e represents the elementary charge. It will be
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TABLE I. The parameters of x (T) in Eq. (5) [38].

Bi 90 80 g

83 84 8s h3

1/(67%) 0.1497 23.99 —2.085

0.1290

21.35 —6.201 0.5766 0.1544

convenient to express the magnetic field in terms of e because
the combination eB has units of GeV2. The parameters S, qo,
gi, and h3 are summarized in Table .

In Fig. 2, we present the magnetic susceptibility x as
a function of temperature. The x obtained from the lattice
QCD calculations in 2014 and 2020 are presented for com-
parison. Notably, the parametrization of x in 2020 reveals
that below a temperature of 150 MeV, the QGP behaves as
a diamagnetic material. To simplify our analysis, following
previous work [43], we apply a cutoff at T = 150 MeV for
X to spec focus on the paramagnetic squeezing effect. The
magnetic susceptibility x in 2014 is described by x(7T) =
% log %10 MeV, here T > 110 MeV [43]. One can find that
the x(T) exhibits a nearly similar distribution for temper-
atures above 200 MeV. This suggests a certain degree of
consistency between the two datasets at high temperatures and
indicates a similar impact on the anisotropic force density
within the QGP under same external magnetic conditions
(see below). However, further investigation is required to
understand the effect of external magnetic on the QGP at
temperatures below 150 MeV, which will be investigated in
future work.

B. Magnetic field profile

To calculate the squeezing force density FV, it is neces-
sary to understand the spatial profile of the magnetic field at
each point in time. However, the time evolution of the mag-
netic field is still subject to significant uncertainty [27]. Since
the magnetic field generated by spectators drops rapidly in
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FIG. 2. The magnetic susceptibility x of QCD matter as a func-
tion of temperature. Results from lattice QCD calculations in 2014
(labeled as Lattice QCD-2014 [37,53]) and 2020 (labeled as Lattice
QCD-2020 [38]).

vacuum [7], it has been suggested that the field could survive
much longer in the presence of the QGP’s nonzero electrical
conductivity o, [54-56]. This could be further prolonged by
the charged quark-antiquark pairs formed via the gluon split-
ting and the Schwinger mechanism during the pre-equilibrium
stage; see Refs. [54,57].

The medium’s influence on the magnetic field’s evolu-
tion is significant, but one can still explore its relationship
with collision parameters using the Lienard-Wiechert po-
tential for nucleon collisions in vacuum [3]. Experimental
results show weak correlation between the magnetic field
B and the electric charge number Z but strong correlation
with the impact parameter b and the collision beam en-
ergy ./snn [2,3,7,56]. People have also studied the magnetic
field’s spatial distribution within the reaction plane, finding
anisotropic characteristics with rapid decrease along impact
and slower change perpendicular to the plane [3].

Taking into account the above factors, the transverse distri-
bution of the magnetic field, which exhibits longitudinal boost
invariance, can be parametrized as [3]

x2 y2
eB(xvy,T)ZeBOP(T)eXP <__2 - _2)5 (6)
X y

where eB represents the magnitude of the magnetic field at
initial proper time 7y, it can be obtained as follows:
yvZa

R
where y is the Lorentz boost factor, v, is the beam velocity,
o = 1/137 is the fine-structure constant, Z is the electric
charge number, and R is the nuclear radius. For Pb nucleus,
Z =82 and R = 6.62 fm. Since the time evolution of the
magnetic field p(t) is still unknown, we adopt three decays
widely used in previous studies [3,19-21,27] in this paper.
The Gaussian distribution widths along the x and y direc-
tions are set to o, and o, [3]. According to Refs. [3,27],
we adopt o, = 1.3 fm and o, = 2.6 fm in centrality 20-50%
({(b) ~ 10 fm) Pb+Pb collisions at the LHC, respectively. We
adopt three decay models from previous studies [3,19-21,27]
with a constant pre-equilibrium stage lifetime 7z (also dubbed
QGP formation time [3]) to describe the magnetic field’s time
evolution. The parameters of magnetic field profile utilized in
this paper are summarized in Table II.

In the upper panel of Fig. 3, we present the time evolution
of magnetic fields in centrality 20-50% Pb+Pb collisions at
/snvv = 5.02 TeV, assuming three magnetic field configura-
tions in Table II. One may clearly observe that eB, exhibits
the slowest decay in Setup-3, followed by Setup-2, while it
decays the most rapidly in Setup-1.

In the middle panel of Fig. 3, we present the squeezing
force density F* at tp = 0.2 fm, utilizing the x values ob-
tained from lattice QCD calculations conducted in 2020. One
finds that the magnetic field Setup-2 exhibits the highest value,

(N

EBO =
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FIG. 3. Upper panel: Time evolution of the magnetic field eB, in
Pb+-Pb collisions at ,/syy = 5.02 TeV (b = 10 fm) under magnetic
field Setups-1, -2, and -3. Middle and lower panel: Squeezing force
density F* (F”) along the x axis (y axis) in Pb+Pb collisions at
/Sy = 5.02 TeV with g = 0.2 fm and b = 10 fm, obtained from
Lattice QCD-2020 under magnetic field Setups-1, -2, and -3.

TABLE II. The configurations for the space-time profile of the
magnetic field.

Setup p(T) 3 (fm) o, (fm) o, (fm)

Setup-1[27]  exp (—é) 0.4 13 2.6

Setup-2 [3] L 0.4 1.3 2.6
(1+52)

Setup-3 [19] 1 1 0.4 1.3 2.6

followed by Setup-3, with Setup-1 having the lowest. The
same analysis can be applied to F” (lower panel).

C. Initial state

Using the optical Glauber model, we construct the initial
energy density distribution as follows:

&(70, X, ¥, 15) = K(0.95Ngq + 0.05Np )H (15), (8)

where K is a overall factor which constrained by the multi-
plicity distribution (d N /dn or dNeh/dy), Nyn represents the
number of wounded nucleons, and N, represents the number
of binary collisions [27,58]. Following Refs. [27,59], we use
a empirical H (n,) function to describe the plateau structure of
dN/dn for charged hadrons in the most central region. This
function reads

Hm) — exp [_ (] = )

2
O(Insl — nw)}, ©)

20,
where 1, = 2.2 is the width of the platform at the middle
rapidity and o, = 1.8 is the width of the Gaussian decay
outside the platform region [59]. We assume 7,, and o,, remain
the same across different collision systems. In calculating Ny,
and M, the inelastic scattering cross section oy is set to
62, 67, and 75 mb for Pb+Pb at 2.76-, 5.02-, and 10.6-TeV
collisions [60].

In the optical Glauber model, the nucleon density of the Pb
nucleus is described by the Woods-Saxon distribution,
Mo

exp(%) +1°

where ny = 0.17 fm~* denotes the average nucleon density,
r = /x2 + y? + 72 is the radial position with x, y, z being the
space coordinates, R is the nuclear radius, and d = 0.546 fm
stands for the diffusion rate for Pb nucleus.

In Table III, we have listed the value of K parameter
at the initial thermalization time 7y = 0.2 fm. The value of
K parameters for /syy = 2.76 TeV and /syy = 5.02 TeV
are constrained by the experimental multiplicity distribution
(dN.h/dn) at the most central collisions. To calibrate the

p(r)= (10)

TABLE III. The K parameter for the most central Pb4-Pb colli-
sions at the LHC.

SNN 2.76 TeV 5.02 TeV 10.6 TeV

K (CeV/fm?) 490.1 590.1 765.6
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FIG. 4. The pressure gradients (top left) along the x direction and (top right) along the y direction, as well as the squeezing force density
(bottom left) along the x direction and (bottom right) along the y direction for Pb+Pb collisions at ,/syy = 5.02 TeV with impact parameter

b = 10 fm under magnetic field Setup-2.

K parameter for /syy = 10.6 TeV at the HL-LHC energy

region, we use the empirical formula from ALICE Collabra-
tion [61],

2 dNeh

<Npart> dn

for the most central 0-5% Pb+Pb collisions. Here (Npar) is
the averaged number of participant nucleons [60]. The \/sny
is the collision energy of a pair of nucleons in their center-
of-mass frame. The parameter A = 0.745 and p = 0.152 are
utilized in this study [42,62]. For Pb+Pb collisions at \/syy =
10.6 TeV, the dN.,/dn at the midrapidity region |n,| < 0.5
is approximately 2408, which is consistent with the CERN
Yellow Report result [42]. Specifically, we assume the impact
parameter b = 2.6 fm for centrality 0-5% Pb-+Pb collisions
in this work [60].

With above initial state settings, Fig. 4 shows a comparison
of pressure gradients and magnetic-field-induced squeezing
force density at initial thermalization time 7y = 0.2 fm. The
initial pressure gradients (—d,P and —d,P) in the transverse
plane for Pb+-Pb collisions at ,/syy = 5.02 TeV with impact
parameter b = 10 fm are shown in Fig. 4 (upper panel). One
may clearly find that the pressure gradient is higher along the x
direction than along the y direction, peaking at approximately
48 GeV /fm*.

In the lower panel of Fig. 4, we present the squeezing
force densities (F* and F") in the transverse plane for Pb+Pb

= A(/syn)* /2,

Ins]<0.5

)

collisions at /syy = 5.02 TeV (b = 10 fm). Here we em-
ployed magnetic field Setup-2, which provides the highest
initial magnetic field at 7o = 0.2 fm. The squeezing force den-
sity was computed using the local temperature obtained from
hydrodynamic simulations, based on Eq. (5) (Lattice QCD-
2020). We find that the squeezing force densities and pressure
gradients have similar shapes, with the former accounting for
about 10% of the latter.

Through a comparison of the pressure gradient (upper)
and squeezing force density (lower) in Fig. 4, it is evident
that, as expected, the squeezing force density and pressure
gradient along the x direction are greater than those along
the y direction. The maximum values of these quantities are
approximately 5.6 and 48 GeV/fm* along the x direction,
respectively. A further comparison of the top and bottom plane
in Fig. 4 reveals that the squeezing force densities exhibit an
opposite trend to that of the pressure gradients in both the
x and y directions, thus leading to a paramagnetic squeezing
effect at the initial stage.

Moreover, in magnetic field Setup-2 (as detailed in
Table II), where 20, = o, = 2.6 fm, Fig. 4 shows that the
maximum squeezing force density is observed at x = 1 fm,
whereas the maximum pressure gradient is located at x =
+2.5 fm. Notably, the region of the high-pressure gradient
extends further than the region where the squeezing force
density is significant. Consequently, it is necessary to adjust
the values of o, and o, to modify the squeezing force density
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distribution (see Sec. IIIC) and study its impact on elliptic
flow vs.

D. Anisotropy flow

In noncentral collisions, the pressure gradients cause faster
expansion of QGP along x than y direction, leading to higher
transverse momentum of final charged hadrons. The squeez-
ing force density from external magnetic fields also affects
this anisotropic expansion. Therefore, the elliptic flow v, as
a function of transverse momentum of final charged hadrons
is a key observable to study the momentum anisotropy and
squeezing force density [27,37,53].

The pr differential elliptic flow v, of final charged
hadrons, which is defined as

[ dp 788 cos [2(¢ — W)
[d¢ s '

Here, since we utilize a smooth initial condition for generating
the initial energy density in QGP simulations, resulting in ¥,
equals zero and minimal event-by-event fluctuations. In the
following Sec. I1I, we will discuss in detail the dependence of
the squeezing effect reveal by v, on different magnetic field
setups.

v(pr) = (12)

III. NUMERICAL RESULTS
A. The impact of magnetic field lifetime

We focus on the squeezing effect of different magnetic
field on the final charged hadron in Pb+Pb collisions at
A/Svy = 5.02 TeV in this section.

In the upper panel of Fig. 5, we show the pseudorapid-
ity distribution of final charged hadrons at centrality 0-5%
(b=2.6fm) in ,/syy =5.02 TeV Pb+Pb collisions. For
calibration, we have utilized the experimentally measured
pseudorapidity distribution dN.,/dn by the ALICE collabo-
ration. Notably, all calculations with different magnetic field
setups (No B, Setup-1, Setup-2, and Setup-3) produce the
same charged multiplicity in the most central collisions.

Since the spatial distribution of squeezing force density and
pressure gradient, which vary with collision centrality, suggest
that previous comparisons of multiplicity density dN,/dn at
the most central collisions do not fully capture their impact.
To account for the interplay between squeezing force density
and pressure gradient, we calculate the elliptic flow v, of final
charged hadrons in 20-50% centrality (b = 10 fm) Pb+4-Pb
collisions.

In the lower panel of Fig. 5, we present the elliptic flow v,
of final charged hadrons as a function of transverse momen-
tum pr under different magnetic field setups: No B (without
magnetic field), Setup-1, Setup-2, and Setup-3. The squeezing
force density with magnetic field Setup-2 generates a 2% sup-
pression effect, while Setup-3 has a greater suppression effect
on the elliptic flow v, reducing it by approximately 3—4%.
This is because Setup-3 has the longest lifetime (as shown in
Fig. 3). We also note that the 7 = 0.4 fm used in Setup-1 is
smaller than that employed in Ref. [27], leading to a smaller
suppression of v, in this study for Setup-1. When comparing

2500F pp+pp Vsan =5.02 TeV, 0-5% (b = 2.6 fm) .
2000f~ .
= | ]
= 1500 8
S i ]
Z i i
10001~ ]
500} |
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0.10F :
0.05F £
i Pb+Pb y/ snny =5.02 TeV, b =10 fm 1
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FIG. 5. Upper panel: Pseudorapidity distribution dN,/dn of
final charged hadrons in /syy = 5.02 TeV Pb+Pb collisions at cen-
trality 0-5% (b = 2.6 fm) under no magnetic field (No B); magnetic
field Setup-1, Setup-2, and Setup-3; and ALICE Collaboration [63].
Lower panel: Elliptic flow v, of final charged hadrons as a function
of transverse momentum pr in /syy = 5.02 TeV Pb+Pb collisions
(b = 10 fm) with no magnetic field (No B), magnetic field Setup-1,
Setup-2, and Setup-3.

the v, results for No B, Setup-1, Setup-2, and Setup-3, we find
that the shorter the lifetime of the magnetic field, the smaller
the effect of squeezing force density on v, suppression. Since
Setup-2 has been commonly utilized in previous study [3],
we will primarily concentrate on the squeezing force density
induced by magnetic field Setup-2 in the subsequent sections.

B. The impact of magnetic susceptibility

In this section, we explore how magnetic susceptibility
affects the squeezing effect and the elliptic flow.

In Fig. 6, we present the elliptic flow v, as a function of
transverse momentum py with magnetic susceptibility x in
Lattice QCD-2014 and Lattice QCD-2020 for /syy = 5.02
TeV Pb+Pb collisions under magnetic field Setup-2 and com-
pared it with the case without magnetic field (No B). One
can observe that the squeezing force density, when applied
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FIG. 6. The elliptic flow v, as a function of py for /syy =
5.02 TeV Pb+Pb collisions at centrality 20-50% (b = 10 fm) under
no magnetic field (No B) and under magnetic field Setup-2 with mag-
netic susceptibility x obtained from Lattice QCD-2014 and Lattice
QCD-2020 results.

to both x Lattice QCD-2020 and yx Lattice-QCD 2020 under
magnetic field Setup-2, results in a minor reduction of the
elliptic flow v, by only 1-2%. This is due to the fact that
the magnetic susceptibility x exhibits minimal variation in
the high-temperature region (as seen in Fig. 2). In contrast,
in the low-temperature region, the magnetic field is almost
nonexistent, being both very weak and close to zero.

C. The impact of magnetic field spatial distribution

We further investigate the impact of magnetic field con-
figuration on the squeezing effect under Setup-2 and its
influence on the elliptic flow v, of charged hadrons in
/snvnv = 5.02 TeV Pb+Pb collisions (b = 10 fm).

In the upper panel of Fig. 7, we show the elliptic flow
vy as a function of the transverse momentum p7 for various
QGP formation times. One can clearly observe that as the
QGP formation time tp increases from 0.4 to 1.2 fm, the
elliptic flow v, decreases. When tz = 1.2 fm, the suppression
of v, becomes around 10%. This trend can be attributed to
the fact that a longer 73 extends the lifetime of the external
magnetic field, resulting in a longer squeezing force density
for the QGP fireball. Consequently, this stronger squeezing
effect suppressed the elliptic flow v;.

In the lower panel of Fig. 7, we present the elliptic flow
vy versus transverse momentum pr for different Gaussian
distribution widths along the x and y directions. One finds
that as the Gaussian distribution widths o, and o, increases,
the spatial size of the magnetized region increases, then sup-
pressed the elliptic flow v, about 3%.

This suggests that either prolonging the lifetime of the
external magnetic field (i.e., increasing tp) or extending its
spatial size (i.e., increaing o, and o,) would result in a stronger
squeezing force density, ultimately leading to the suppression
of v,. We also emphasize that the profile of the electromag-
netic field in heavy-ion collisions is a complex and ongoing
question [64]. Therefore, the analysis presented here may
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FIG. 7. Upper panel: Elliptic flow v, of final charged hadrons as
a function of transverse momentum pr in /syy = 5.02 TeV Pb+Pb
collisions (b = 10 fm) with no magnetic field (No B) and differ-
ent QGP formation time tz under magnetic field Setup-2. Lower
panel:Elliptic flow v, of final charged hadrons as a function of trans-
verse momentum pr in /syy = 5.02 TeV Pb+-Pb collisions (b = 10
fm) with no magnetic field (No B) and different Gaussian distribution
widths along the x and y directions under magnetic field Setup-2.

serve as a simplified case for exploration. Nevertheless, if one
employs a different magnetic field configuration from various
theoretical frameworks, then the general behavior of its impact
on the squeezing effect is expected to remain consistent with
this work.

D. The squeezing effect in different center-of-mass energy

Previous studies have shown that the magnetic field decays
more slowly in vacuum at RHIC energy due to the smaller
relative speed between colliding nuclei [66]. The ratio of
the maximum squeezing force density between RHIC and
LHC collisions follows a proportionality of (3m2 /78m?2)? ~
0.0014 at 7p = 0.2 fm. Therefore, the paramagnetic squeezing
effect is considered to be negligible at RHIC energy. However,
for Pb+Pb noncollisions at the HL-LHC energy, where the
maximum magnetic field can reach approximately 165m?2 at
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FIG. 8. Upper panel: Pseudorapidity distribution dN,/dn of
charged hadrons in Pb+Pb collisions at centrality 0-5% (b = 2.6 fm)
with /syy = 2.76, 5.02, and 10.6 TeV. The experimental data are
obtained from the ALICE collaboration at 2.76 TeV [65], ALICE col-
laboration at 5.02 TeV [63] and the HL-LHC prediction at 10.6 TeV
[42]. Lower panel: Elliptic flow v, as a function of transverse mo-
mentum pr in Pb+Pb collisions (b = 10 fm) with magnetic field
Setup-2 in /syy = 2.76, 5.02, and 10.6 TeV.

79 = 0.2 fm, the squeezing effect may become significant and
deserves further investigation.

In the upper panel of Fig. 8, we show the pseudorapidity
distribution dN.,/dn of final charged hadrons at centrality
0-5% (b =2.6 fm) in Pb+4-Pb collisionsin at /syxy = 2.76,
5.02, and 10.6 TeV. Our model calculation results are in good
agreement with the corresponding experimental data from
ALICE collaboration and the CERN Yellow Report result
of HL-LHC. This agreement validates the reliability of our
current theoretical framework at the LHC energy regions.

In the lower panel of Fig. 8, we present the elliptic flow
v, as a function of the transverse momentum pr in Pb+Pb
collisions (b = 10 fm) at different center-of-mass energies
(/sny =2.76, 5.02, and 10.6 TeV) under magnetic field
Setup-2. It is observed that with increasing collision energy,
a higher initial magnetic field is generated, leading to a larger

squeezing force density and a more significant suppression
of elliptic flow. We find that the hadrons elliptic flow is sup-
pressed most (about 3—4%) in 10.6-TeV Pb+Pb collisions at
the HL-LHC energy.

IV. SUMMARY

In this paper, we study the paramagnetic squeezing ef-
fect on anisotropic expansion of QGP in noncentral Pb+-Pb
collisions at the LHC by simulating (3+1)-dimensional hy-
drodynamic with external magnetic fields. Three different
external magnetic field setups and the most up-to-date mag-
netic susceptibility from lattice QCD calculations are used to
study the squeezing force density on the v, of final hadrons in
heavy-ion collisions.

We find that the squeezing effect is influenced by the
lifetime of the magnetic field and its spatial distribution. A
significant squeezing effect is observed for long-lived and
widespread external magnetic fields at the initial stage of
heavy-ion collisions. However, we find that the commonly
used magnetic field Setup-2 generates a weak squeezing force
density on the QGP fireball, resulting in only a minor suppres-
sion of the elliptic flow v, of final hadrons. For magnetic field
Setup-2, the momentum eccentricity averaged on the whole
bulk matter reduces by 10% at 7y = 0.2 fm, while the elliptic
flow v, of final charged hadrons only reduces by 2%. The
reduction of v, due to the squeezing effect implies that the
elliptic flow measured in the experiment is somewhat smaller
than what would result from only the geometry expansion of
the plasma. The suppression of the QGP fireball also suggest
that electromagnetic probes such as thermal photons [54] and
open heavy flavor production [17] might be more sensitive to
the paramagnetic nuclear matter, since they travels the whole
QGP medium. Additionally, we also find that the squeezing
effect becomes larger at HL-LHC energy region, because the
squeezing force density increased due to the magnetic field
increase as the beam energy is increased.

We note that the current work can be extended in many
aspects. First, due to the nonzero electric conductivity of the
QGP, it is possible that the induced local magnetic field is
large and has a long lifetime, both at RHIC and LHC energies
as well as in lower-energy collisions [46,64]. The paramag-
netic squeezing effect for those regions could be very long
lifetime and result in different anisotropic flow. Second, the
electric susceptibility £ is recently presented by lattice QCD
calculations [39], and, thus, it becomes very interesting to
investigate how the electric field induced by the magnetic field
affect the QGP evolution and the corresponding anisotropic
flow in pA [21,67,68] and AA collisions at the LHC. Fi-
nally, the transport coefficient of the QGP is affected by the
electromagnetic field, and, thus, the relativistic magnetohy-
drodynamics with nonzero shear viscosity and bulk viscosity
needed to develop for more accurate studies [49]. Theoretical
studies with these aspects will be advanced in the near future.
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