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Effect of internal magnetic field on collective flow in heavy ion collisions at intermediate energies
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The properties of nuclear matter under extreme conditions of high temperature, density, and isospin asymmetry
have attracted wide attention in recent years. At present, heavy ion reactions in combination with corresponding
model simulations are one of the most important ways to investigate this subject. It is known that a strong
magnetic field can be created in heavy ion collisions. However, its effect on the motion of charged particles
is usually neglected in previous transport model simulations. In this work, within the ultrarelativistic quantum
molecular dynamics (UrQMD) model, the temporal evolution and spatial distribution of the internal magnetic
field are calculated. The magnetic field strength is found to reach about eB ≈ 470 MeV2 (B ≈ 8 × 1016 G) for
Au + Au collisions at Elab = 1 GeV/nucleon with impact parameter of 7 fm. The magnetic field in Cu + Au
collisions exhibits somewhat different spatial distribution from that in Au + Au collisions. The magnetic field
is found to affect the directed flow of pions at forward and backward rapidities to some extent, dependent of
the impact parameter and beam energy while the effect on the elliptic flow is small. In addition, the effects
of the magnetic field on the π−/π+ ratio over the whole rapidity range and the elliptic flow difference vn

2-vp
2

between neutrons and protons at forward and backward rapidities are on the same order as those from the nuclear
symmetry energy. The vn

2-vp
2 difference in the midrapidity region is not strongly affected by the magnetic field,

and the total π−/π+ yield ratio is immune to it. It is advisable to include the magnetic field effects in future
studies using pion flow, pion yield ratio, and nucleon elliptic flow difference to probe the symmetry energy at
super saturation densities.

DOI: 10.1103/PhysRevC.99.064607

I. INTRODUCTION

The nuclear equation of state (EOS), a relationship in-
volving the binding energy, nuclear matter density, isospin
asymmetry, and temperature, has been a continuous focus of
research in nuclear physics [1–4]. In particular, the isospin
degree of freedom in the nuclear EOS has attracted wide
attention in recent decades. Although the EOS of isospin
symmetric nuclear matter is relatively well constrained to
a narrow region (its incompressibility K0 is in the range
of 200–260 MeV) [5–8], the EOS of isospin asymmetric
nuclear matter is still poorly understood [9–12]. The largest
uncertainty comes from the density dependence of the nuclear
symmetry energy. Knowledge of the nuclear symmetry energy
is important for understanding the properties of exotic nuclei,
heavy ion reactions with radioactive beams, and the structure
of neutron stars [3,4,13–16]. Heavy-ion collision experiments
combined with model simulations are among the most impor-
tant ways to investigate the EOS and the nuclear symmetry
energy at high densities. A number of theoretical and exper-
imental studies of the nuclear symmetry energy have been
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carried out. Until very recently, the nuclear symmetry energy
at subnormal densities is relatively well constrained, but its
high-density behavior is still poorly known [9,10,17–24].

It was first pointed out by Rafelski and Müller [25] that,
in addition to strong electric field, strong magnetic field is
also created in heavy ion collisions (HICs). In sub-Coulomb
barrier U + U collisions, the magnetic field was estimated to
be on the order of 1014 G [25]. More recently, it was shown
by Kharzeev et al. [26] that HICs at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC)
can create the strongest magnetic fields ever achieved in a
terrestrial laboratory. For example, in noncentral Au + Au
collisions at 100 GeV/nucleon, the maximal magnetic field
can reach about 1018 G [26].

The strong magnetic field generated by heavy ion collisions
in the relativistic energy region has recently attracted intense
attention [26–28], but its effect in the intermediate- to low-
energy regions has not been thoroughly investigated. Ou and
Li [29] studied the temporal evolution and spatial distribution
of internal electromagnetic fields in heavy ion reactions within
an isospin-dependent Boltzmann-Uhling-Uhlenbeck (IBUU)
transport model and found that the inner magnetic field
had almost no effect on nucleon observables but affected
the pions at large rapidities. On the other hand, the two
different frameworks of IBUU and ultrarelativistic quantum
molecular dynamics (UrQMD) models have been simulated
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FIG. 1. The nuclear symmetry energy obtained from Skz4, SV-
mas08 (default), and SV-sym34 are shown as a function of density.

and compared in terms of sensitive probes of nuclear sym-
metry energy [30,31]. It was found that the neutron-to-proton
ratio, the π−/π+ ratio, and the isospin-sensitive transverse
and elliptic flows from the two transport models are not
always the same [30,31]. This motivated us to investigate the
effects of the inner magnetic field in the UrQMD model. We
study both the symmetric Au + Au and asymmetric Cu + Au
collisions because the magnetic fields are expected to differ
between these two systems. It is expected that anisotropic flow
would be affected by the magnetic field, so we investigate
the effects of the magnetic fields on directed flow and elliptic

flow in Au + Au and Cu + Au collisions. This is particularly
relevant for directed flow, which has been extensively studied
in Au + Au and Cu + Au at low energies [32,33].

The rest of the paper is organized as follows. In the
next section, we describe the UrQMD model and how the
calculation of the internal magnetic field is implemented in the
UrQMD model. The characteristics of the magnetic field and
its effects on the collective flow, observables in heavy ion col-
lisions at intermediate energies, are discussed in Secs. III, IV,
and V, respectively. Section VI summarizes our work.

II. MAGNETIC FIELD CALCULATIONS IN URQMD

The UrQMD model [34–37] has been widely and suc-
cessfully used in the studies of pp, pA, and AA collisions
over a large range of energy from Bevalac and SIS up to the
AGS, SPS, RHIC, and LHC. At lower energies, the UrQMD
model is based on principles analogous to the quantum molec-
ular dynamics (QMD) model [38] in which each nucleon
is represented by a Gaussian wave packet in phase space.
The centroids ri and pi of a hadron i in the coordinate and
momentum spaces are propagated according to Hamilton’s
equations of motion:

ṙi = ∂H

∂pi
, and ṗi = −∂H

∂ri
. (1)

The total Hamiltonian H consists of the kinetic energy T and
the effective two-body interaction potential energy U ,

H = T + U . (2)

In this work, the mean field potential part is de-
rived from the Skyrme energy density functional, and the
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FIG. 2. Temporal evolution of the magnetic field component −eBy(0, 0, 0) produced by spectator protons in Au + Au collisions at the beam
energy Elab = 1 GeV/nucleon with (a) b = 7 fm and (b) b = 10 fm. The legend “non-rel. wave,” “non-rel. point,” and “rel. point” indicate the
results obtained using Eqs. (10), (5), and (4), respectively.

064607-2



EFFECT OF INTERNAL MAGNETIC FIELD ON COLLECTIVE … PHYSICAL REVIEW C 99, 064607 (2019)

0 10 20 30 40 50
0

100

200

300

400

500

600

0 10 20 30 40 500 10 20 30 40 50

Au+Au Elab=1 GeV/nucleon

b=2 fm
-e

B
y(0

,0
,0

)(
M

eV
2 )

t (fm/c)

participants
spectators

(a) (c)(b) b=7 fm

t (fm/c) t (fm/c)

b=10 fm

FIG. 3. The magnetic field strengths −eBy(0, 0, 0) produced by participants or spectators in Au + Au collisions at the beam energy Elab =
1 GeV/nucleon with impact parameter b = 2, 7, and 10 fm.

SV-mas08 [6] interaction with a corresponding incompress-
ibility K0 = 233 MeV is employed throughout the paper with-
out explicit mention. In order to assess the impact of the
magnetic field on the extraction of the nuclear symmetry
energy from isospin-sensitive observables, two more inter-
actions (Skz4 and SV-sym34) which give different values
of the slope parameter of the nuclear symmetry energy are
introduced. The nuclear symmetry energy obtained from those

three interactions are displayed in Fig. 1. The implementation
of medium modifications for nucleon-nucleon elastic cross
sections and Pauli blocking is consistent with Ref. [39].
The experimental data of heavy ion collisions in interme-
diate energies can be reproduced reasonably well by this
model [39–45].

The Coulomb field has already been considered in most
transport models. The magnetic field at field point ri (the

FIG. 4. Distributions of the magnetic field strength −eBy in the reaction plane at t = 0, 10, 20, 30 fm/c in Au + Au (top) and Cu + Au
(bottom) collisions at the beam energy Elab = 1 GeV/nucleon with impact parameter b = 7 fm.
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FIG. 5. Temporal evolution of the magnetic field −eBy at the point (x, 0, 0) in (a) Au + Au and (b) Cu + Au, and at the point (0, y, 0) in
(c) Au + Au and (d) Cu + Au at the beam energy Elab = 1 GeV/nucleon with impact parameter b = 7 fm.

ith particle’s position) produced by particle motions can be
calculated by the Liénard-Wiechert potentials as in Ref. [46]:

eB(ri, t ) = e2

4πε0c

∑
j

Z j
c2 − |v j |2

(c|R j | − R j · v j )3
v j × R j

∣∣∣∣
Retarded

.

(3)
Here Zj is the charge number of the jth particle; R j = ri − r j

is the field point ri relative to the position r j of the particle j
moving at velocity v j , taken at retarded time [46]. For constant
v j (e.g., of spectator protons), Eq. (3) reduces to [46]

eB(ri, t ) = e2

4πε0c

∑
j

Z j
c2 − |v j |2

[(c|R j |)2 − (R j × v j )2]3/2
v j × R j,

(4)
where r j and v j are now taken at the time instant t .

For participant charged particles, the retardation effect is
tedious to implement because of the changes of their veloci-
ties. One approach is to use the nonrelativistic approximation
by assuming v j/c � 1 in Eq. (3), namely

eB(ri, t ) = e2

4πε0c2

∑
j

Z j
1

|R j |3 v j × R j . (5)

In order to see how large the effect of relativity is, we compare
the values of −eBy(0, 0, 0) produced by spectators protons in
Au + Au collisions at the beam energy Elab = 1 GeV/nucleon
calculated by Eq. (4) and by the nonrelativistic approximation
of Eq. (5). These are shown as the red dashed curves and blue
dash-dotted curves in Fig. 2, respectively. The −eBy is plotted

in unit of MeV2, which is equal to 1.7 × 1014 G. The effect of
relativity is approximately +20% at time t � 20 fm/c. At later
times, the effect reverses sign. The relative effect is larger, but
since the magnetic field is relatively small, the effect is not
expected to affect our results significantly. Note, in UrQMD,
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FIG. 6. The peak value of the time evolution of −eBy(0, 0, 0) as
a function of the impact parameter b in Au + Au/Cu + Au collisions
at the beam energy Elab = 1 GeV/nucleon.
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FIG. 7. Beam energy dependence of −eBy(0, 0, 0) in (a) Au + Au and (b) Cu + Au collisions with b = 7 fm.

t = 0 is always defined to be the time instant when the surface
distance between the two nuclei is 1.6 fm.

Since particles are treated as pointlike, singularities appear
when R j = 0. In order to avoid the singularity by effectively
considering the size of the particles, the magnetic field pro-
duced by particle j is ignored in the above calculation when
|R j | < 1 fm (using smaller cutoff values yielded consistent
results). To avoid the singularity problem all together, and
arguably more physically motivated, one many use Gaussian
wave packets instead of pointlike particles. To consider wave
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FIG. 8. The integral of
∫ ∞

0 −eBy(0, 0, 0)dt ≈ ∫ 100fm/c
0 −eBy

(0, 0, 0)dt as a function of beam energy in Au + Au and Cu + Au
collisions with b = 7 fm.

packets in calculating the magnetic field by particle j at field
point ri, we first obtain the vector potential [47]:

A j (ri, t ) = e

4πε0c2
v j

∫
ρi(r, t )

1

r − r′ ρ j (r′, t )drdr′. (6)

Here,

ρi(r, t ) = 1(
2πσ 2

r

)3/2 exp

(
− [r − ri(t )]2

2σ 2
r

)
, (7)

with σ 2
r = 2 fm2 being the width parameter of Gaussian. The

magnetic field is then given by

B j (ri, t ) = ∇ × A j (ri, t ), (8)

and the total magnetic field

B(ri, t ) =
∑

j

B j (ri, t )

produced by all particles can be obtained. Because UrQMD
has already computed the electric potential in its coding
implementation,

e� j (ri, t ) = e2

4πε0

∫
ρi(r, t )

1

r − r′ ρ j (r′, t )drdr′, (9)

the magnetic field strength can be readily calculated by

eB j (ri, t ) = ∇ × eA j (ri, t ) = ∇ ×
[ e

c2
� j (ri, t )v j

]

= − e

c2
v j × ∇� j (ri, t ). (10)

We note here that the relativistic effect is not considered in
this method. −eBy(0, 0, 0) produced by spectators protons in
Au + Au collisions at the beam energy Elab = 1 GeV/nucleon
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FIG. 9. A sketch illustrating the Lorentz force on charged pions.

calculated by Eq. (10) are shown as the black solid curves in
Fig. 2.

In principle, the magnetic field strength should be cal-
culated by the relativistic formula of Eq. (3). However, it
is hard to implement for participant charged particles be-
cause their velocities change over time. We thus exam-
ine next the relative contributions to the magnetic field
from participants and spectators using the nonrelativis-
tic approximation of Eq. (10). Figure 3 is the magnetic
field strengths −eBy(0, 0, 0) produced by participants and
spectators, respectively, in Au + Au collisions at the beam
energy Elab = 1 GeV/nucleon. The magnetic field strengths

produced by participants and spectators are both dependent
on the impact parameter (b) because the numbers of partici-
pants and spectators vary with b. The magnetic field strength
produced by participants is considerable, especially in central
collision, and thus cannot be neglected. We therefore opt for
the nonrelativistic wave-packet calculations, Eq. (10), in this
work, with the understanding that the relativistic correction
is on the order of +20% at t � 15 fm/c when the magnetic
field is appreciable. Since, as we will show, the influence of
magnetic field on our observables is generally small, less than
10%, the approximation on the magnetic field introduces an
uncertainty on the results of this work only by a few percent,
without changing the qualitative conclusions.

The Lorentz force on the charged particle i can be
written as

Fi(mag) = Zivi × eB(ri, t ). (11)

To take into account the effect of inner magnetic field in
the UrQMD model, in the quasiparticle approximation, the
Lorentz force is added to Eq. (12), namely,

ṙi = ∂H

∂pi
and ṗi = −∂H

∂ri
+ Fi(mag). (12)

We note that the URQMD calculation here is carried out
with mean field potential, and the evolution of the collision
system including all particles is computed until the last step
of the model simulation. This includes the computations of
the magnetic field influence on particles’ motion.

III. MAGNETIC FIELD RESULTS IN HEAVY
ION COLLISIONS

We take the z axis as the beam direction and x axis
as the impact parameter direction. In the limit of smooth
nuclear density, because of symmetry, only the y component
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FIG. 10. The change of protons and pions’ (a) 〈px〉 and (b) 〈py〉 by the Lorentz force as a function of normalized center-of-mass rapidity
in Au + Au collision at Elab = 1 GeV/nucleon with b = 7 fm.
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FIG. 11. 〈px〉 of (a) protons and (b) pions as a function of normalized center-of-mass rapidity in Au + Au collision at Elab = 1 GeV/nucleon
with b = 7 fm.

of the magnetic field is nonvanishing. On an event-by-event
basis, because of fluctuations, all x, y, z components of the
magnetic field are present [27]. In our simulation, all three
components of the magnetic field are calculated and included
in the Lorentz force of Eq. (11). Averaged over many events,
the x, z components of the magnetic field vanish, and only
the y component remains. For the flow variables we study

which are event-averaged quantities, only the By component
will have an effect. In this section, we depict the y component
of the magnetic field averaged over many events.

Figure 4 shows the magnetic field strength −eBy in
the y = 0 plane at t = 0, 10, 20, 30 fm/c in Au + Au (top)
and Cu + Au (bottom) collisions at the beam energy Elab =
1 GeV/nucleon with impact parameter b = 7 fm. In the
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FIG. 12. v1 and v2 of protons as a function of normalized center-of-mass rapidity in Au + Au collisions at Elab = 1 GeV/nucleon with
impact parameters of 1, 3, 5, and 7 fm.
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FIG. 13. v1 and v2 of charged pions as a function of normalized center-of-mass rapidity in Au + Au collisions at Elab = 1 GeV/nucleon
with impact parameters of 1, 3, 5, and 7 fm.

overlap zone (|x|� 5 fm), the magnetic fields generated by the
two spectators add up as they are both in the −y direction. The
strength of the magnetic field peaks when the two nuclei reach

the maximum compression and drops when the nuclei depart
from each other. The magnetic fields in the outer regions
(|x| � 5 fm) partially cancel each other as the magnetic fields
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FIG. 14. v1 and v2 of charged pions as a function of normalized center-of-mass rapidity in Cu + Au collisions at Elab = 1 GeV/nucleon
with impact parameters of 1, 3, 5, and 7 fm.
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FIG. 15. v1 and v2 of charged pions as a function of normalized center-of-mass rapidity in Au + Au collisions at Elab = 0.6, 1,
1.5 GeV/nucleon with b = 7 fm.

from the two spectators are in the opposite directions in y. In
Cu + Au collisions, the magnetic field generated by the Cu
nucleus is smaller than that by the Au nucleus at the same
distances of the field point, so the two magnetic fields largely
cancel each other in the +x direction but only partially at −x
direction. The largest magnitude magnetic field is not at the
origin.

The magnetic field −eBy(x, 0, 0) is shown as a function
of time for various transverse coordinate x in Figs. 5(a)
(Au + Au) and 5(b) (Cu + Au). The magnetic field strength
increases with time, reaches about eB ≈ 470 MeV2 (B ≈ 8 ×
1016 G) at t = 10 fm/c, and then decreases with increasing
time. The magnetic field is strongest in the central region and
decreases with increasing x. There are several differences in
Cu + Au compared to Au + Au: The largest magnetic field
strength is at x ≈ 1 fm instead of x = 0; the peaks of the
magnetic field strength appear later in the x > 0 region (Cu
side) and earlier in the x < 0 region (Au side); and the
magnetic field strengths at some places of x > 0 in Cu + Au
are stronger than those in Au + Au, although the magnetic
field strength in the center is weaker than that in Au + Au.
The magnetic field −eBy(0, y, 0) as a function of time for
various y positions is presented in Figs. 5(c) (Au + Au) and
5(d) (Cu + Au). The magnetic field strength decreases with
increasing y, the distance from the reaction plane.

Shown in Fig. 6 is the maximum of −eBy(0, 0, 0) as
functions of the impact parameter b in Au + Au/Cu + Au
collisions at the beam energy Elab = 1 GeV/nucleon. The

strength of the magnetic field increases with increasing impact
parameter b and then decreases with increasing b. The depen-
dence is understood because of the interplay of the number of
spectator protons and the distances of the center (0,0,0) from
those spectator protons.

Figure 7 is the beam energy dependence of −eBy(0, 0, 0)
in Au + Au/Cu + Au collisions with b = 7 fm. The magnetic
field reaches maximum at shorter times at higher energies as
expected. The magnetic field increases with increasing beam
energy, while the duration of the magnetic field decreases
because the spectators leave the collision region more quickly
at higher beam energies. Both the magnetic field strength and
duration are important for observable effects. We thus show in
Fig. 8 the more relevant integral quantity,∫ ∞

0
−eBy(0, 0, 0)dt ≈

∫ 100fm/c

0
−eBy(0, 0, 0)dt,

as a function of beam energy in Au + Au/Cu + Au collisions
with b = 7 fm. Only weak energy dependence is observed for
this quantity.

IV. MAGNETIC EFFECTS ON THE COLLECTIVE
FLOW OF PIONS

From the expression of the Lorentz force of Eq. (11), it is
easy to see that the main component of the Lorentz force is in
the x direction because the average magnetic field is in the y
direction. The x component of the average momentum, 〈px〉,

064607-9



SUN, WANG, LI, AND WANG PHYSICAL REVIEW C 99, 064607 (2019)

-0.2

0.0

0.2

0.4

-1 0 1
-0.15

-0.10

-0.05

0.00

0.05

-1 0 1 -1 0 1

v 1

     with B   without B
π+          
π−          

Cu+Au  b=7 fm
Elab=1.0 GeV/nucleon Elab=1.5 GeV/nucleonElab=0.6 GeV/nucleon

v 2

y0 y0 y0

FIG. 16. v1 and v2 of charged pions as a function of normalized center-of-mass rapidity in Cu + Au collisions at Elab = 0.6, 1, and
1.5 GeV/nucleon with b = 7 fm.

is thus a quantity most likely to be affected. This is illustrated
in Fig. 9. The Lorentz force deflects the π+ direction of
motion; px increase (decrease) if pz > 0 (pz < 0). The effect

on π− is opposite. Figure 10(a) shows the change in 〈px〉
due to the magnetic field for protons and pions as a function
of the center-of-mass rapidity y = 1

2 ln(E + pz )/(E − pz ) in

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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y0

FIG. 17. The π−/π+ yield ratio as a function of the normalized center-of-mass rapidity in Au + Au collisions at (a) Elab =
0.4 GeV/nucleon and (b) Elab = 1 GeV/nucleon with b = 7 fm. Calculations with Skz4 (the corresponding slope parameter L = 5.7 MeV)
and SV-sym34 (L = 81 MeV) interactions are shown.
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FIG. 18. The elliptic flow difference between neutrons and protons vn
2-vp

2 as a function of the normalized center-of-mass rapidity in
Au + Au collisions at (a) Elab = 0.4 GeV/nucleon and (b) Elab = 1 GeV/nucleon with b = 7 fm. Calculations with Skz4 (L = 5.7 MeV)
and SV-sym34 (L = 81 MeV) interactions are shown.

Au + Au collision at Elab = 1 GeV/nucleon with b = 7 fm.
We use the scaled units y0 ≡ y/ypro as done in Ref. [48],
and the subscript pro denotes the incident projectile in the
center-of-mass system. As the rapidity (hence and average
pz) increases, so does the change in 〈px〉 as expected from
the Lorentz force. The changes in forward and backward
rapidities are on the order of 5 MeV/c. This is smaller than
shown in Fig. 8 because there the time integral is for the max-
imum magnetic field at the center of the collision zone. The
change for π± are opposite in sign because of the opposite
charges. The changes for proton and π+ are similar because
the z component of the velocity, pz

E = tanh y, is independent of
particle species. Note that even though the x and z components
of the magnetic field, due to fluctuations, do not vanish from
point to point on an event-by-event basis, the averages of
their effects diminish. This is shown by the zero change in
〈py〉, as example, in Fig. 10(b). Figure 11 shows the 〈px〉 of
protons [Fig. 11(a)] and pions [Fig. 11(b)] as a function of
rapidity in Au + Au collision at Elab = 1 GeV/nucleon with
b = 7 fm. The change in the pion px is obvious. The change
in proton 〈px〉 is not noticeable because the proton 〈px〉 is
20 times than pion (note the different coordinate scales in
Fig. 11). The proton 〈px〉 is large because of its large mass and
the large nuclear force they experience, much larger than the
magnetic Lorentz force. In present model, the motion pions
only affected through pion-hadron collisions and the Coulomb
field. Therefore, the effect of magnetic field on the pion flow
is more obvious than that on the flow of proton.

Since the 〈px〉 is affected by the magnetic field, we
examine the influence of the inner magnetic field on the
directed flow (v1 = 〈 px√

p2
x+p2

y

〉) and the elliptic flow (v2 =
〈 p2

x−p2
y

p2
x+p2

y
〉). Figure 12 shows v1 and v2 of protons as functions of

normalized center-of-mass rapidity in Au + Au collisions at

Elab = 1 GeV/nucleon with impact parameters of 1, 3, 5, and
7 fm. No much magnetic effect is observed on protons, which
is consistent with Fig. 11(a).

Figures 13 and 14 show v1 and v2 of charged pions as a
function of normalized center-of-mass rapidity in Au + Au
and Cu + Au collisions at Elab = 1 GeV/nucleon with impact
parameters of 1, 3, 5, and 7 fm. Significant effects of the
magnetic field are observed on the pion directed flow. The
effects are larger at more forward and backward rapidities
because of the larger velocity and hence larger Lorentz force.
The effects increase with increasing impact parameter from
1 to 7 fm due to the increase of the magnetic field strength.
The results are consistent with Fig. 11(b): The inner magnetic
field changes the 〈px〉 of pions at large forward and backward
rapidities. So v1 of pions change accordingly. As seen from
Fig. 11(b), the effect of the magnetic field reduces the absolute
values of 〈px〉 for both π+ and π−. Thus, the v2 of π±
decreases at both forward and backward rapidities. This seems
much more evident in Fig. 13, especially for b = 7 fm.

Figures 15 and 16 are v1 and v2 of charged pions as a
function of normalized center-of-mass rapidity in Au + Au
and Cu + Au collisions at Elab = 0.6, 1, and 1.5 GeV/nucleon
with b = 7 fm. The effects of the magnetic field have a weak
energy dependence. This is because of the interplay between
the magnitude and the duration of the magnetic field, as shown
in Figs. 7 and 8.

Our results of the magnetic field effect on particle
anisotropic flows are qualitatively consistent with the IBUU
model results of Ref. [29] in that the flows change in the same
direction. However, our UrQMD results are quantitatively
different from those of IBUU because of the different physical
ingredients in these two models, such as the equations of state
and the two-body interaction cross sections. Nevertheless,
it is clear from the calculations of both models that the
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FIG. 19. The elliptic flow difference between neutrons and protons vn
2-vp

2 as a function of ut0 in Au + Au collisions at [(a), (b)] Elab =
0.4 GeV/nucleon and [(c), (d)] Elab = 1 GeV/nucleon with b = 7 fm. Calculations with Skz4 (L = 5.7 MeV) and SV-sym34 (L = 81 MeV)
interactions are shown.

pion directed flow is significantly affected by the magnetic
field.

V. MAGNETIC EFFECTS ON
ISOSPIN-SENSITIVE OBSERVABLES

It is well known that the π−/π+ yield ratio and the elliptic
flow difference vn

2-vp
2 between neutrons and protons produced

in HICs at intermediate energies are sensitive probes to the
nuclear symmetry energy at high densities [17–19,39,49]. We
have shown in Sec. IV that the motion of pions and protons
are influenced by the magnetic field, and thus it is interesting
to examine the effect of magnetic field on the π−/π+ and
vn

2-vp
2 with different symmetry energy parameterizations. To

this end, we repeat our simulations with the Skz4 and SV-
sym34 symmetry energy shown in Fig. 1. The results obtained
from the default one (SV-mas08) lie in between those from
Skz4 and SV-sym34.

Figure 17 shows the π−/π+ as a function of rapidity calcu-
lated with different mean field potentials and with or without
magnetic field. First, at both Elab = 0.4 and 1 GeV/nucleon,
the magnetic field enhances the π−/π+ ratio at the midrapid-
ity region but depresses it at forward and backward rapidities,
due to the magnetic focusing and defocusing effects on the
positive and negative pions [29]. We have checked that the
total π−/π+ yield ratio remains the same for calculations with
and without magnetic field, as it should, and is also consistent
with the results reported in Ref. [29]. Second, one sees clearly

that the π−/π+ ratio in the midrapidity region obtained with
Skz4 and without magnetic field is rather close to the result
obtained with SV-sym34 and with magnetic field, illustrating
that the effect of magnetic field on this observable is on the
same order as the nuclear symmetry energy. This result is
different from the result of Ref. [29], in which the symmetry
energy effect on π−/π+ ratio is larger than the magnetic
field effect. This difference may stem from the different treat-
ments of pion production in the models. We note that many
other physical effects (e.g., in-medium cross sections, pion
dispersion relation, � production and decay) can significantly
affect the sensitivity of the π−/π+ ratio on the density-
dependent symmetry energy [50–55], which deserves further
studies.

Figure 18 shows the vn
2-vp

2 as a function of rapidity calcu-
lated with different mean field potentials and with or without
magnetic field. The effect of magnetic field is smaller than
that of symmetry energy in the midrapidity region, especially
at 0.4 GeV/nucleon, where one expects the effect of sym-
metry energy to be more evident. At forward and backward
rapidities, the effect of the magnetic field is on the same order
as the nuclear symmetry energy. There, the vn

2-vp
2 calculated

with magnetic field is smaller than that without, because the
magnetic field enhances the in-plane emission of positively
charged particles, as observed in Fig. 12. These effects make
the vn

2-vp
2 dependence on rapidity more shaped with magnetic

field than without, which could be taken as an indicator for
the presence of the magnetic field. In addition, the magnetic
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effects on the transverse-momentum-dependent flow differ-
ence vn

2-vp
2 are displayed in Fig. 19. The results from Elab =

0.4 and 1.0 GeV/nucleon within two rapidity windows are
presented. Calculations with and without magnetic field track
each other closely, illustrating the weak effect of magnetic
field on the transverse-momentum dependence of the nucleon
elliptic flow difference. This is presumably because high-ut0

particles are emitted early and escape the interaction zone
quickly in the collision; thus, they are not strongly affected
by the magnetic field.

Our results on π−/π+ raito and vn
2-vp

2 suggest that the
magnetic field effects could be comparable to the differences
arising from different symmetry energy parameterizations.
Effects of magnetic field should be included in future studies.

VI. SUMMARY AND OUTLOOK

In summary, within the transport model UrQMD, the time
evolution and space distribution of internal magnetic field are
calculated. The magnetic field strength is found to reach about
eB = 470 MeV2 (B = 8 × 1016 G) for Au + Au collision at
Elab = 1 GeV/nucleon with impact parameter of 7 fm. The
magnetic field in Cu + Au collisions exhibits somewhat dif-
ferent space distribution from that in Au + Au collisions. It
is also found that the magnetic field has an effect on pion
directed flow, significant at forward and backward rapidities,

dependent on impact parameter. Our UrQMD calculation of
the magnetic field effects on pion directed flow is qualitatively
consistent with IBUU, but quantitatively different. In addition,
we found that the effects of the magnetic field on the π−/π+
ratio over the whole rapidity range and the elliptic flow
difference vn

2-vp
2 between neutrons and protons at forward

and backward rapidities are on the same order as those from
the nuclear symmetry energy. On the other hand, the vn

2-vp
2

difference in the midrapidity region is not strongly affected by
the magnetic field, and the total π−/π+ yield ratio is immune
to it, indicating that they are still reliable probes to extract
nuclear symmetry energy without considering magnetic field.
In light of these results, it is advisable to include the magnetic
field effects in future studies using pion flow, pion yield ratio,
and nucleon elliptic flow difference to probe the symmetry
energy at supersaturation densities.
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