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Influence of the residual magnetic field on the azimuthal distribution of final-state particles
in photonuclear processes
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In relativistic heavy-ion collisions, charged particles are accelerated to nearly the speed of light, and their
external electromagnetic fields can be effectively approximated as quasireal photons. These photons interact
with another nucleus via photon-nuclear interactions, producing vector mesons. These vector mesons possess ex-
tremely low transverse momentum (pT ∼ 0.1 GeV/c), distinguishing them from particles produced via hadronic
interactions. STAR and ALICE have observed J/ψ , ρ0 and other vector mesons with very low pT , which are well
described by photoproduction models. This unique characteristic of having extremely low transverse momentum
allows them to serve as a novel experimental probe. Recent STAR results show that the equivalent photons in
photoproduction processes are fully linearly polarized, affecting the azimuthal distribution of final-state particles
like ρ0 → π+π−. Since the polarization links to the initial collision geometry, the ρ0 azimuthal modulation
can probe nuclear structure. However, the post-collision magnetic field may deflect these particles, distorting
the azimuthal distribution and complicating structure measurements. We simulated the distribution of residual
magnetic fields over time under different collision conditions using ultrarelativistic quantum molecular dynamics
for Au + Au collisions at

√
sNN = 200 GeV and calculated their effects on the azimuthal modulation (〈cos 2φ〉)

of photoproduced ρ0. Our results show that in peripheral collisions, the field significantly alters the 〈cos 2φ〉
for photoproduced ρ0 with pT ≈ 0.1 GeV/c. This provides key insights for future nuclear structure studies via
photoproduction in peripheral collisions.

DOI: 10.1103/dgm3-qqcl

I. INTRODUCTION

In recent years, relativistic heavy-ion collision experi-
ments have been recognized as a new platform for studying
nuclear structure, such as utilizing the anisotropic flow gen-
erated in central collisions to determine nuclear structure
[1–3]. Meanwhile, photoproduction processes have been at-
tracting increasing attention and are considered a new probe
for investigating nuclear structure [4,5]. In relativistic heavy-
ion collisions, as charged particles are accelerated to nearly
the speed of light, the electromagnetic fields generated by
the nuclei are highly Lorentz-contracted, resulting in com-
plete linear polarization [6,7]. The scattering of linearly
polarized photons with nuclei produces vector mesons (e.g.,
ρ0, ω, J/�), which will inherit the polarization state of the
initial photons [8–13]. The decays of these vector mesons will
tend to align with the direction of the polarization vector, in-
ducing a specific cosine modulation in the angular distribution
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of the final-state particles [14,15]. In recent measurements
of photoproduced ρ0 mesons, STAR has clearly observed
this cosine modulation phenomenon [5]. On the other hand,
since the polarization vector is highly sensitive to the initial
geometry (impact parameter, nuclear size, charge distribution,
etc.), the experimentally measured cosine modulation can be
used to extract the shape of the atomic nucleus [14–16]. By
utilizing polarized photons, this nuclear imaging technique
addresses the charge-distribution-only constraint inherent in
conventional electron scattering experiments, thereby provid-
ing a novel and robust means for nuclear structure research.
Alternatively, by measuring the correlation between this az-
imuthal modulation and the event plane, one can determine
the impact parameter [17].

However, it is noteworthy that since electromagnetic fields
act as retarded potentials, residual magnetic fields persist in
the particle production region even after the collision [18,19].
These fields deflect the trajectories of final-state particles,
thereby distorting the experimentally measured azimuthal
modulation patterns [20,21]. Consequently, this effect com-
promises the accuracy of extracting geometrical information
of the collision system using such observables. In this paper,
we calculate the coordinate-space and momentum-space dis-
tribution of photoproduced ρ0 mesons in Au + Au collisions
at 200 GeV and simulate their isotropic decays into π+π−
pairs. Using the ultrarelativistic quantum molecular dynamics
(UrQMD) model [22,23], we simulate Au + Au collisions
across different centrality classes and compute the residual
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magnetic fields generated by strongly interacting particles.
We then apply these residual magnetic fields to the π+π−
pairs and quantify the resulting cosine modulation induced by
these field effects. Our calculations reveal that in peripheral
collisions, the abundant particle production in the interaction
region leads to a significantly slower decay of the residual
magnetic field and markedly alters its spatial distribution com-
pared to ultraperipheral collisions. Consequently, this effect
produces a pronounced impact on the azimuthal modulation
pattern in such collision systems. Our study provides a new
theoretical reference for future experimental investigations
that aim to determine the initial geometry using polarized
photons in peripheral collisions. Although this paper primarily
investigates the influence of the residual magnetic field on the
angular distribution of final-state particles in photon-nucleus
interactions, such effects should also impact the angular dis-
tribution of particles produced via photon-photon interactions
[24,25]. Therefore, corresponding contributions must be con-
sidered in related studies.

II. METHODOLOGY

The computational approach adopted in this paper is
as follows. First, we calculate the coordinate-space and
momentum-space distribution of photoproduced ρ0 mesons.
The ρ0 mesons are sampled from these distributions and decay
isotropically (without considering polarization effects, focus-
ing solely on the potential influence of the residual magnetic
field), with their finite lifetime properly considered. Next,
we use the UrQMD model and electrodynamics to compute
the spatial and temporal evolution of the magnetic field for
different collision centralities. Finally, we apply the magnetic
field to the π+π− pairs from ρ0 decay and calculate the
second-order cosine modulation coefficient of their final-state
azimuthal distribution. In this study, the right-handed coordi-
nate system for the vector meson decay is constructed such
that the z-axis points along the vector meson’s flight direction
in the photon-nucleon center-of-mass frame, the y-axis is nor-
mal to the photoproduction plane, and the x-axis is given by
y × z to complete the right-handed system, φ is the azimuthal
angle.

A. The coordinate distribution of photoproduced ρ0

The calculations in this section primarily employ the equiv-
alent photon approximation (EPA)+ vector meson dominance
(VMD) model. The electromagnetic field generated by rel-
ativistically moving nuclei can be effectively described as
equivalent photons with the photon flux given by the EPA
model [26,27] as

d3Nγ (ωγ , �x⊥)

dωγ d�x⊥
= 4Z2α

ωγ

∣∣∣∣∣
∫

d2�kγ⊥
(2π )2

�kγ⊥
Fγ (�kγ )

|�kγ |2 ei�x⊥·�kγ⊥

∣∣∣∣∣
2

,

�kγ =
(

�kγ⊥,
ωγ

γc

)
, ωγ = 1

2
MV e±y, (1)

where �x⊥ is the photon’s position, �kγ⊥ is its transverse mo-
mentum, ωγ is the photon’s energy, γc is the Lorentz factor
of the photon-emitting nucleus, Z is the electric charge of

the nucleus, α is the electromagnetic coupling constant, MV

and y are the mass and rapidity of the vector meson. Fγ (�kγ )
represents the nuclear electromagnetic form factor, obtained
through Fourier transformation of the nuclear charge distribu-
tion. Here, we use the Woods-Saxon distribution to describe
the shape of Au nuclear:

ρA(r) = ρ0

1 + exp [(r − RWS)/d]
, (2)

where RWS = 6.38 fm is the nuclear radius, d = 0.535 fm is
the skin depth [28], and ρ0 is the normalization factor.

The scattering amplitude distribution in coordinate space

γ A→ρ0A(�x⊥) with nuclear shadowing effects can be computed
using the Glauber model [29] and VMD approach [30]:


γ A→ρ0A(�x⊥) = fγ N→ρ0N (0)

σρ0N
2

[
1 − exp

(
−σρ0N

2
T ′(�x⊥)

)]
,

(3)

where fγ p→ρ0N (0) is the parametrized forward-scattering am-
plitude, σρ0N is the total cross section for ρ0N scattering,
given by

σρ0N = fV
4
√

αC
fγ N→ρ0N , (4)

where fV is the coupling factor of vector meson and photon
[31], C is a correction factor for the off-diagonal diffractive
interaction [32]. T ′(�x⊥) is the modified thickness function
accounting for the coherence length effect

T ′(�x⊥) =
∫ +∞

−∞
ρA(

√
|�x⊥| 2 + z2)eiqLzdz, qL = MV ey

2γc
.

(5)
The production amplitude is expressed by convoluting
the photon flux amplitude with the scattering amplitude

γ A→ρ0A(�x⊥) [33]:

�A(�x⊥) = (Ax, Ay) =
√

d3Nγ (ωγ , �x⊥)

dωγ d�x⊥

γ A→ρ0A(�x⊥). (6)

The momentum-space production amplitude is derived
through a Fourier transform of its coordinate-space counter-
part

�A( �p⊥) = 1

2π

∫
d2�x⊥( �A1(�x⊥) + �A2(�x⊥))ei �p⊥·�x⊥ , (7)

where �A1(�x⊥) and �A2(�x⊥) are the spatial amplitude distribu-
tions in the transverse plane for the two nuclei.

In experiments, the photoproduction process is typically
accompanied by nuclear excitation with neutron emission in-
duced by photons. We calculate the probability of this process
by multiplying the photon flux with the photon absorption
cross section. The lowest-order probability for nuclear excita-
tion accompanied by single or multiple neutron emission (Xn)
can be expressed as [14]

mXn (b) =
∫

dωn(ω, b)σγ A→A∗ (ω), (8)

where n(ω, b) is the photon flux described by Eq. (1) and
σγ A→A∗ (ω) is the photon-excitation cross section obtained
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FIG. 1. The photoproduced ρ0 distribution in coordinate space
for Au + Au collisions at

√
sNN = 200 GeV with b = 10 fm.

from experimental data [34–40]. The XnXn probability (mutual
dissociation with � 1 neutron for each nucleus) is then

PXnXn (b) = (
1 − exp

[ − mXn (b)
])2

. (9)

Figure 1 presents the coordinate-space distribution of
photoproduced ρ0 mesons in

√
sNN = 200 GeV Au + Au col-

lisions at an impact parameter of 10 fm, calculated following
the aforementioned computational procedure. The two nuclei
can be treated as finite-sized slits that emit ρ0 wave functions,
which then undergo coherent superposition. Consequently,
distinct interference patterns and diffraction rings emerge
in momentum space, producing oscillatory peak-and-valley
structures in the transverse momentum spectrum, as clearly
demonstrated in Fig. 2. We sample the position, momentum
and rapidity information of ρ0 mesons from these distribu-

FIG. 2. The rapidity-pT distribution of photorpoduced ρ0 for
Au + Au collisions at

√
sNN = 200 GeV with b = 10 fm. The peak

appears at a position around pT ≈ 0.05 GeV/c.

FIG. 3. Magnetic field variation over time after the collision,
where t = 0 marks the collision time. The blue curve represents the
case without hadronic interaction, while the red curve corresponds to
the case with hadronic interaction.

tions and let them decay isotropically into π+π− pairs with
an exponential time distribution ( 1

τ
e−τ/t , τ is the lifetime of

ρ0 meson) for subsequent calculations.

B. The calculation of residual magnetic fields

The calculation of the residual magnetic field is divided
into two scenarios: the ultra-peripheral collisions (UPC) case
without hadronic interaction and the peripheral collision (PC)
case with hadronic interaction (in the subsequent figures, “w/”
represents “with” and “w/o” represents “without” in the leg-
ends).

FIG. 4. The |By| at x = 3 fm and y = 0 fm calculated from
UrQMD model (red curve) compared with that calculated from HSD
model (blue curve) [43]. The different models yield comparable
magnetic field strengths and similar temporal evolution patterns.
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FIG. 5. The 2〈cos 2φ〉 induced by the residual magnetic field in UPC case as a function of the π+π− pair pT . Different panels represent
different b ranges. The black circles represent the results at t = 0 fm/c, the blue triangles at t = 2 fm/c, and the red squares at t = 20 fm/c.

The magnetic field strength induced by a nucleus at a posi-
tion �x and time t is defined by the Lienard-Wiechert potentials
[41]

e �B(t, �x) = αEM

N∑
n=1

Zn
1 − v2

n

(Rn − �Rn �vn)3
[ �vn × �Rn], (10)

where αEM is the fine-structure constant, Zn is the electric
charge of the nth particle, and �Rn = �x − �xn is the radius vec-
tor of the nth particle, �xn and �vn represent the position and
velocity of the nth particle, respectively. For the UPC case,
where the impact parameter is typically large and the nuclei
remain intact without fragmentation, the Au nucleus can be
approximated as point-like particles. The magnetic field at
z = 0 is

e �B(t, �x) = αEMZAuγ β

(γ 2β2t2 + |�x|2)3/2 . (11)

The total magnetic field is the sum of the magnetic field
induced by the two colliding Au nuclei.

For PC case, since the atomic nuclei have collided and are
no longer intact, we use UrQMD to simulate the postcollision
particle distributions and Eq. (10) to calculate the magnetic
field distribution. Figure 3 shows the variation of the magnetic
field over time after the collision, where t = 0 fm/c marks the
collision time. The blue curve represents the UPC case, while
the red curve represents the PC case. It can be seen that the
magnetic field decay in the PC case is significantly slower than
in the UPC case. This is because the particles produced in the
collision remain in the interaction region, providing additional
contributions to the magnetic field.

In addition to UrQMD, there are other models that can
describe the motion of particles produced after relativistic
heavy-ion collisions [42]. We compared the magnetic fileds
calculated by the UrQMD model with those from the HSD
model [43], shown as Fig. 4. It can be observed that at b = 10
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FIG. 6. The 2〈cos 2φ〉 induced by the residual magnetic field in PC case as a function of the π+π− pair pT . The left panel corresponds to
centrality 20–40% class, while the right panel corresponds to centrality 40–60% class. The black circles represent the results at t = 0 fm/c,
the blue triangles at t = 2 fm/c, and the red squares at t = 20 fm/c.

fm, x = 3 fm, y = 0 fm (a position located within the primary
photoproduction region of ρ0, see Fig. 1), the |By| gener-
ated from both models exhibit comparable magnitudes and
temporal evolution patterns, consequently leading to similar
deflection effects on the π+π− pairs originating through the
photoproduction and subsequent decay of ρ0. In the present
work, we will focus primarily on the results obtained from the
UrQMD model calculations.

While the contribution from the electric field should in
principle be accounted for, its opposing effects on positively
and negatively charged particles result in negligible influence
on 2〈cos 2φ〉. This was explicitly verified by simulating π+π−
evolution in the residual electric field, which consistently
yielded null results for 2〈cos 2φ〉. We therefore disregard them
hereafter.

III. RESULTS

We investigate the azimuthal modulation (2〈cos 2φ〉) of
final-state particles by applying the magnetic field to the
π+π− decays from the photoproduced ρ0 mesons which are
sampled according to the calculated distribution described in
Sec. II A, where φ is defined in ρ0 rest frame as φπ++π− −
φπ+−π−

. We selected three characteristic time points to mon-
itor the evolution of 2〈cos2φ〉: (1) t = 0 fm/c, corresponding
to the instant of nuclear collision with initial ρ0 photopro-
duction. (2) t = 2 fm/c,when most ρ0 mesons have decayed
and no additional particles are produced in the nuclear overlap
region (particularly for peripheral collisions). (3) t = 20 fm/c,
representing the final-state configuration where the decayed
π+π− pairs have propagated sufficiently through the mag-
netic field. Figure 5 shows the 2〈cos 2φ〉 induced by the
residual magnetic field in UPC case as a function of pT for
different impact parameter ranges. It can be seen that for the
UPC case, 2〈cos 2φ〉 does not show significant changes in
different b ranges with pT and time. This is because, as shown
by the blue curve in Fig. 3, the magnetic field generated after

the “collisions” of the two Au nuclei decays rapidly and is
primarily concentrated near the origin, where very few ρ0

are produced. Consequently, it does not exhibit a significant
deflection effect on the final-state particles. Therefore, in UPC
case, the 2〈cos 2φ〉 modulation can be solely attributed to the
linear polarization of photons.

However, for PC case, the particles generated via strong in-
teractions substantially modify both the spatial configuration
of the magnetic field and its temporal decay profile, leading to
qualitatively distinct behavior. Figure 6 shows the 2〈cos 2φ〉
distribution as a function of pT for Au + Au collisions at√

sNN = 200 GeV with different centrality classes. The black
circles show the 2〈cos 2φ〉 distribution of these π+π− at
t = 0 fm/c, the blue triangles correspond to t = 2 fm/c, and
the red squares correspond to t = 20 fm/c. A clear deviation
from the baseline (2〈cos 2φ〉 = 0) can be observed at the
final stage of system evolution. Near pT = 0.1 GeV/c, the
2〈cos 2φ〉 induced by the residual magnetic field can even
reach 0.2. However, experimentally measured values in UPCs
show that the 2〈cos 2φ〉 modulation induced by polarized
photons is only about 0.1 near pT = 0.1 GeV/c (due to the
finite nuclear radius, this point coincides with the first dip
in the pT -dependent 2〈cos 2φ〉 spectrum). Therefore, the az-
imuthal modulation originating from the residual magnetic
field becomes the dominant contribution. For peripheral col-
lisions, any extraction of nuclear radius information from the
pT -dependent 2〈cos 2φ〉 distribution must rigorously account
for distortions induced by this residual magnetic field. We
investigated the regime where t > 20 fm/c, beyond which the
2〈cos 2φ〉 signal remains constant and is therefore not shown
here.

In addition to modulating the azimuthal angle, the mag-
netic field also induces a slight broadening in the pair’s pT .
Figure 7 shows the initial pT distribution of the pairs (black
dots) and their final pT distribution after system evolution (red
dots) in Au + Au collisions at 200 GeV for 40–60% centrality.
It can be observed that the pT range broadens from about
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FIG. 7. The normalized pT distribution of the pair in Au + Au
collisions at 200 GeV for 40–60 centrality. Distributions at initial
time (t = 0 fm/c) and evolved time (t = 20 fm/c) are displayed as
black and red points, respectively.

0.1 GeV/c to approximately 0.14 GeV/c. Since experimen-
tal constraints on nuclear shape parameters—derived from
measurements of the pair’s pT distribution [5]—are highly
sensitive to the positions of peaks and valleys, this pT broad-
ening effect may also need to be taken into account.

IV. SUMMARY

We take the photoproduction of ρ0 mesons in Au + Au
collisions at 200 GeV as an example to demonstrate the
influence of the residual magnetic field on the azimuthal mod-
ulation of final-state particles [44]. For the UPC case, since
the magnetic field is concentrated in the central region and

decays rapidly, it has no effect on the 2〈cos 2φ〉 modulation.
In contrast, for the PC case, particles produced in the colli-
sion are located in the nuclear overlap region and generate
an additional magnetic field, altering the spatial distribution
of the magnetic field and significantly slowing the decay of
the electromagnetic field. In this scenario, when the system
evolves to the final state, it causes a noticeable deviation of the
2〈cos 2φ〉 modulation from the baseline. At pT ≈ 0.1 GeV/c,
the 2〈cos 2φ〉 modulation induced by the residual magnetic
field can reach 0.2, which already exceeds the corresponding
2〈cos 2φ〉 modulation in UPC measurements caused by the
polarization characteristics of photons. Therefore, when ex-
tracting nuclear information using 2〈cos 2φ〉 in PC, the effect
of the residual magnetic field must be considered. Moreover,
this effect is expected to be widely present in photon-photon
collisions and various heavy-ion collision systems (the effect
should be more pronounced in Pb-Pb collisions at 5.02 TeV),
and thus should be taken into account in related studies.
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