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We study the impact of self-generated electromagnetic fields (EMF) on the momentum evolution of charm

quarks in the partonic and hadronic medium created in heavy-ion collisions at energies available at the Relativis-

tic Heavy Ion Collier (RHIC), using the parton-hadron-string dynamics (PHSD) off-shell transport approach.

In the quark-gluon plasma (QGP) phase, the charm quark interacts with the off-shell partons, whose mass and

widths are given by the dynamical quasiparticle model (DQPM), which can reproduce the lattice QCD ther-

modynamics. The background electromagnetic fields are computed dynamically within the PHSD considering

both the spectators and participants protons as well as newly produced charged hadrons, quarks, and antiquarks,

which reflects naturally the electric conductivity σel of the medium. We study the directed and elliptic flow of D

mesons in the presence of electromagnetic fields. We find that electromagnetically induced v1 splitting in the D

meson through D0 and D
0

mesons is consistent with the experimental data. Furthermore, we notice that the v1

splitting in the heavy quark as a function of pT is more prominent as a probe of the produced electromagnetic

fields. However, we find only a small impact of electromagnetic fields on the heavy quark elliptic flow v2.

DOI: 10.1103/yppc-ts4n

I. INTRODUCTION

According to the fundamental theory of strong interactions,

quantum chromodynamics (QCD), at high temperature and

density, nuclear matter changes its phase: hadrons dissolve

to interacting quarks and gluons, the quark-gluon plasma

(QGP) [1,2]. Relativistic heavy-ion collisions at the Relativis-

tic Heavy Ion Collider (RHIC) and the Large Hadron Collider

(LHC) are the experiments used to realize such extreme con-

ditions of temperature and density.

To characterize the QGP, penetrating and well-calibrated

probes are extremely important, and in this context heavy

quarks (HQs), mainly charm (c) and bottom (b) quarks, play

a crucial role [3–10]. Due to their larger mass (M ), compared

to the temperature (T ), they are expected to be created early

at energies available at the RHIC and LHC. HQ thermal

production in the QGP can be neglected because of Boltz-

mann suppression (≈ e−M/T ); this ensures nearly exact flavor

conservation during the evolution of the QGP. Since the ther-

malization time of heavy quarks is delayed relative to the light

partons of the bulk medium by a factor of order ≈ M/T , heavy

flavor particles are not expected to be fully thermalized, and
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therefore they preserve a memory of their interaction history

in both the initial stage and the subsequent evolution into the

QGP phase. One of the prime goals of hard probe research is

to quantify the spatial diffusion constant, Ds, of heavy quarks,

a measure of the interaction strength of heavy quarks with the

bulk medium. The collective properties of the D meson have

been measured at both RHIC and LHC energies through the

nuclear suppression factor RAA and elliptic flow v2. Several

attempts [11–30] have been made to study both observables

simultaneously, which can constrain the heavy quark diffusion

coefficient.

In the recent past, it was recognized that extremely intense

electromagnetic fields [31,32] are produced in noncentral

heavy-ion collisions mainly due to the motion of spectator

charges. The strength of the initial magnetic field produced at

the very early stage of collisions at RHIC and LHC energies

can be up to eB ≈ (5–50)m2
π , which is about a few orders

of magnitude larger than that expected to be produced at the

surface of magnetars. Once the two spectator charges recede

from each other, the magnetic fields decay, which in return

generates an electric field. Heavy-ion collisions at RHIC and

LHC energies provide a unique opportunity to study physics

under extremely high electromagnetic fields. Heavy quarks

are considered to be a novel probe of this electromagnetic

field because they are produced early, and, being a nonequilib-

rium probe, they will be able to retain the interaction history

till its detection as heavy mesons in experiments. The di-

rected flow v1 of heavy mesons [33–41] is considered to be a
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promising observable to characterize the generated electro-

magnetic fields. Heavy quark directed flow is predicted [33]

to be an order of magnitude larger than light hadron directed

flow. However, to disentangle other sources of the directed

flow, electromagnetically induced splitting in the directed

flow, between positively and negatively charged quarks, of

charm and anticharm quarks through D0 and D
0

mesons (also

D− and D+) is considered to be a novel observable to scruti-

nize and quantify the initial electromagnetic field.

Recently both STAR [42] and ALICE [43] Collaborations

measured the directed flow of D mesons at RHIC and LHC

energies. Both collaborations obtained a finite directed flow

that is an order of magnitude larger than that of the light

hadrons. The measured splitting in the directed flow through

D0 and D
0

mesons [�v1 = v1(D0) − v1(D0)] at the high-

est RHIC center-of-mass energy
√

sNN = 200 GeV fluctuates

around zero and is smaller than the current precision of the

experimental measurements. On the other hand, the slope of

the directed flow splitting measured at LHC energy is positive,

and its magnitude is about three orders of magnitude larger

than that of the light charged hadrons.

So far, from the theoretical side, only very few attempts

have been made to study the D meson directed flow. Many

models obtained a finite but negative slope for the D meson di-

rected flow splitting at both RHIC and LHC energies [33–35].

Recently, it was shown that a positive slope of D meson

directed flow splitting at LHC energy can be obtained only

if the magnetic field dominates over the electric field [38,40].

However, it was done in an ad hoc way to investigate a po-

tential scenario yielding a positive slope. The time evolution

of the electromagnetic field plays an important role in setting

the sign of the slope of a directed flow splitting. The models

currently employed to evaluate the electromagnetic field to

compute heavy quark directed flow involve several approxi-

mations. Moreover, the electrical conductivity—an essential

parameter for modeling the time evolution of the electro-

magnetic field in QCD matter—remains subject to significant

uncertainties.

The heavy-quark diffusion coefficients in the presence of a

magnetic field have been computed by several groups [44–51]

in both the static and dynamic limits. These studies employ

different approximations, such as the strong-field case within

the lowest Landau level approximation [44–47], the weak-

field case using a perturbative expansion in powers of eB

[48,51], and the more general case for an arbitrary magnetic

field strength [49]. The presence of a magnetic field induces

anisotropy, leading to a decomposition of the heavy-quark

diffusion coefficients [44,45]. In the weak-field limit, the

heavy-quark diffusion coefficient increases with the magnetic

field strength compared to the case without a magnetic field,

although the effect is small. However, in the strong-field limit,

and for an arbitrary magnetic field, the effect can become

sizable. Further details can be found in Refs. [47–49,51].

The goal of this study is to investigate the influence of

electromagnetic fields on charm directed and elliptic flow

based on a consistent dynamical description of charm de-

grees of freedom (on quark and hadron levels) and their

interactions in the partonic and hadronic medium, where

electromagnetic fields are self-generated in a dynamical way

during the time evolution of heavy-ion collisions. Our study

is based on parton-hadron-string dynamics (PHSD) [52–57],

which is a microscopic covariant dynamical approach for

strongly interacting systems formulated on the basis of off-

shell Kadanoff-Baym equations, and describes the space-time

evolution of the matter, starting from the initial hard collisions

until kinetic freeze-out, produced in high energy heavy-ion

collisions. The description of the QGP is done within the

dynamical quasiparticle model (DQPM) [53,56–60] which

is an effective field-theoretical model for the description of

nonperturbative QCD phenomena and reproduces the lattice

QCD thermodynamical results based on covariant propagators

for quarks/antiquarks and gluons that have a finite width in

their spectral functions (imaginary parts of the propagators).

The background electromagnetic fields created in high energy

heavy-ion collisions due to both the spectators and partici-

pants are taken into account dynamically within the PHSD by

including an electromagnetic tensor into the transport equa-

tions [32,36,61–65]. Moreover, PHSD can also describe the

heavy quark observables at both RHIC and LHC energies

[23,25]. In the present work, we study the impact of the elec-

tromagnetic field on heavy quark observables, mainly heavy

quark directed and elliptic flows within the framework of

PHSD in the presence of the electromagnetic field.

The paper is organized as follows. In Sec. II we represent

the PHSD transport setup used in this calculation. In Sec. III

we resent the electromagnetic field evolution within PHSD.

In Sec. IV we present the results on heavy quark directed and

elliptic flows. Finally, Sec. V is devoted to a summary of our

study.

II. THE HEAVY FLAVORS PRODUCTION

IN THE PHSD TRANSPORT APPROACH

In parton-hadron-string dynamics (PHSD) [52–57], the

heavy flavor is produced through initial nucleon-nucleon

hard scattering. Its energy-momentum is given by the pythia

event generator and its spatial position by the Glauber model

[23,25]. The rapidity distribution and transverse momentum

from pythia are then rescaled such that they are consistent

with those from the fonll calculations [23,66]. The parton

distribution in heavy-ion collisions is modified compared to

a static nucleon. As a result, heavy quark distribution, which

is a byproduct of the hard scattering of partons, also changes.

These (anti)shadowing effects are realized through the EPS09

parametrization [67] in PHSD [25]. After production, heavy

quarks interact with thermal partons, which are massive

off-shell particles within the dynamical quasiparticle model

(DQPM) [68]. The pole mass and spectral width of the thermal

partons depend on the properties of QGP, such as temperature

and baryon chemical potential [57]. They take the form of

hard thermal loop calculations, and the strong coupling is

parametrized such that the lattice equation of state (EoS) is

reproduced at both zero and nonvanishing baryon chemical

potentials. The scattering cross section of heavy quarks with

thermal partons is calculated by leading-order Feynman di-

agrams. However, propagators in the diagram have nonzero
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pole mass and width, which makes the results divergence

free, and resummation of Feynman diagrams is effectively

included [68].

Once the local energy density is below 0.75 GeV/fm3,

heavy quarks coalesce toward hadronization [23]. First, all

possible combinations of a heavy quark and light antiquark are

taken into account by calculating the coalescence probability,

which depends on momentum and spatial distances between

the partons in the center-of-mass frame. In the Monte Carlo

method, it is then decided whether coalescence takes place

or not. If the coalescence happens, a coalescence partner is

selected among all candidates by Monte Carlo based on the

coalescence probability of each pair. This process is repeated

until the energy density is lower than 0.4 GeV/fm3. If a

heavy quark still fails to coalesce, it is forced to hadronize

by the fragmentation as in pp collisions [69]. The coalescence

probability is large at low transverse momentum but small

at large transverse momentum because of a poor overlap of

the heavy quark and the light antiquark in momentum space.

For the heavy quark fragmentation, PHSD adopts the Peterson

fragmentation function. After hadronization, a heavy meson

interacts with light meson or light baryon. The scattering

cross sections are calculated on the basis of a chiral effective

Lagrangian with unitarization energies [70].

It is found that the production and dynamics of heavy

flavors (D/D̄ and B/B̄ mesons) in PHSD is consistent with

experimental observables (such as rapidity and pT spectra,

RAA ratios, elliptic flow v2 coefficients) from the RHIC beam

energy scan (BES) and from the Large Hadron Collider (LHC)

[23,25,71–74].

III. ELECTROMAGNETIC FIELDS IN HIGH-ENERGY

HEAVY-ION COLLISIONS

PHSD takes into account the dynamical formation and

evolution of the electromagnetic fields (EMF) produced by

all chargeed particles—hadrons as well as quarks—during the

time evolution of high-energy nucleus-nucleus and proton-

nucleus collisions [32,65]. To obtain a consistent solution of

quasiparticle and electromagnetic field evolution, the off-shell

transport equation and the Maxwell equations for the electric

field E and the magnetic field B are solved consistently. The

electric and magnetic fields can be expressed in terms of the

electromagnetic four-vector potential Aµ = (�, A):

E = −∇� −
∂A

∂t
, B = ∇ × A. (1)

From the Maxwell equations, we obtain the wave equa-

tion for the potentials, whose solution for arbitrarily pointlike

moving charges is given by the Liénard-Wiechert potentials.

Inserting them into Eq. (1), the retarded electric and magnetic

fields at position r, generated by a pointlike source charge e at

position r′(t ) with velocity v(t ), are given by

E(r, t ) =
e

4π

{

n − β

κ3γ 2R2
+

n × [(n − β) × β̇]

κ3cR

}

ret

, (2)

B(r, t ) = {n × E(r, t )}ret, (3)

where R = r − r′ with r′ ≡ r(t ′) being the relative position,

n = R/R is the unit vector. β = v/c and β̇ = dβ/dt are

related to the velocity and acceleration of the particle respec-

tively, and κ = 1 − n · β. All the quantities inside the braces

with subscript “ret” have to be evaluated at times t ′ that are so-

lutions of the retardation equation t ′ − t + R(t ′)/c = 0. From

Eq. (2), we can find that retarded electromagnetic fields from

moving charges are divided into two contributions. The first

term represents “velocity fields,” which are Coulomb fields.

The second term describes “acceleration fields,” which are

interpreted as radiation fields decaying for large distances as

R−1 [75].

Solving the full equation in the time-dependent case is

very complicated. If we neglect the second term “acceleration

fields” from Eq. (2), then the remaining term will be the field

produced by a charge in uniform motion. Then, considering

that in a nuclear collision the total electric and magnetic field

is a superposition of the fields produced from all moving

charges, one can obtain the final equations implemented in

the PHSD transport equation:

eE(r, t ) =
∑

i

sgn(qi )αemRi(t )
(

1 − β2
i

)

{

[Ri(t ) · βi]
2 + Ri(t )2

(

1 − β2
i

)}3/2
, (4)

eB(r, t ) =
∑

i

sgn(qi )αemβi × Ri(t )
(

1 − β2
i

)

{

[Ri(t ) · βi]
2 + Ri(t )2

(

1 − β2
i

)}3/2
, (5)

where αem = e2/4π ≃ 1/137 is the electromagnetic fine-

structure constant, and the summation of i runs over all charge

particles with charge qi. The quasiparticle propagation in the

electromagnetic field is calculated by the Lorentz force:
(

dpi

dt

)

em

= qi(E + βi × B). (6)

For details of the electromagnetic field production and

propagation in high-energy heavy ion collisions within PHSD,

we refer the reader to [32,36,61–65]. It is important to mention

that the time evolution of the electromagnetic fields computed

within PHSD accounts naturally for the electric conductivity

σel of the system. On the other hand, σel can be computed

in PHSD as the response of a strongly interacting system in

equilibrium with an external electric field [76]. We note that

σel in PHSD (due to the DQPM) is temperature dependent

[77,78], i.e., the ratio σel/T rises with T in line with lat-

tice QCD data [79,80]. The scattering cross section of heavy

quarks with thermal partons might be modified in the presence

of electromagnetic fields. The effects of EM field modified

interactions or scatterings of heavy quarks are not included in

the present study.

IV. RESULTS

Within the PHSD transport approach we proceed to evalu-

ate the heavy quark directed flow,

v1 = 〈cos(φ)〉 =
〈

px

pT

〉

, (7)

considered to be a novel observable to probe the EMF pro-

duced in high-energy nucleus-nucleus collisions, where φ is
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FIG. 1. Variation of the directed flow splitting �v1 as a function

of rapidity for 10–80% central Au + Au collisions at the highest

RHIC energy,
√

sNN = 200 GeV. The experimental data of the STAR

Collaboration are taken from Ref. [42].

the azimuthal angle with respect to the reaction plane. We will

also compute the D meson elliptic flow,

v2 = 〈cos(2φ)〉 =

〈

p2
x − p2

y

p2
x + p2

y

〉

, (8)

a measure of the anisotropy in the angular distribution of

the D meson, to study the influence of the EMF on the

elliptic flow.

In Fig. 1 we show the variation of the directed flow split-

ting, �v1 = v1(D0) − v1(D0), as a function of rapidity for the

highest RHIC energy in comparison with the STAR data [42].

We computed the splitting to exclude the contribution to the

directed flow from the bulk evolution and to highlight only

the effect coming from the EMF. D0 and D0, being neutral,

are produced by hadronization of c and c quarks respectively.

Hence, �v1 of the D0 and D0 mesons, if any, is driven by the

c and c quarks. We find a very mild effect of the EMF on

the D meson directed flow, mainly at larger rapidity, which is

consistent with the available STAR data. Within the current

accuracy, it is almost zero in the rapidity range explored in

the STAR measurement. However, at large backward rapidity,

�v1(y) gets a positive contribution from the electromagnetic

fields and a negative contribution at larger forward rapidity.

We obtain a negative slope of �v1 at the highest RHIC energy.

In Ref. [35], the magnitude of the computed v1 splitting

ranges from approximately 0.005 to 0.013 at rapidity −1.8

for different values of the electrical conductivity. For an elec-

trical conductivity of 0.023 fm−1, the splitting is about 0.01.

Within the PHSD framework, the magnitude of the splitting

at rapidity 2 is around 0.01. However, in PHSD, the electrical

conductivity is temperature dependent and is consistent with

lattice QCD results. In Ref. [40], the magnitude of the splitting

is about 0.005 at rapidity −1 for an electrical conductivity of

0.023 fm−1. In Ref. [34], the magnitude of the splitting is ap-

proximately 0.011 at rapidity 1.6 for an electrical conductivity

of 0.023 fm−1. However, this calculation was performed for

0–80% centrality using constant drag coefficient.

FIG. 2. Directed flow v1 of D+ and D− mesons as a function of

pT for 0–80% central Au + Au collisions at
√

sNN = 200 GeV for

−3 < y < −1.

The directed flow of heavy quarks is an order of magnitude

larger than that of light quarks because heavy quarks act as

nonequilibrium probes, retaining memory of their interaction

history. If heavy quarks are artificially driven toward thermal-

ization by increasing their interaction strength (i.e., enhancing

the drag and diffusion coefficients), their directed flow de-

creases and approaches that of light quarks [33]. High-pT

charm quarks undergo fewer collisions compared to low-pT

charm quarks. High-pT heavy quarks remain far from thermal

equilibrium compared to low-pT ones, making them more

sensitive to electromagnetic fields.

In Fig. 2 we show the directed flow, v1, of D+ and D− as

a function pT in backward rapidity (−3 � y � −1) with and

without EMF. D+ and D− mesons are produced by hadroniza-

tion of c and c quarks respectively, like the D0 and D0 mesons.

We observe a splitting in the v1 of D+ and D− mesons due to

the presence of the EMF in the given rapidity window. We

find that the v1 splitting as a function of pT is nonzero and is

quite substantial, in contrast to the v1 splitting as a function

of rapidity. The splitting of the D meson directed flow as a

function of pT , if measured in future experiments, can act as

a novel probe of the produced EMF.

We also computed the D meson elliptic flow v2 in the

PHSD transport approach with and without EMF to highlight

the possible effect of the EMF on D meson elliptic flow. In

Fig. 3 we present the elliptic flow of D0 and D0 as a function

of pT with and without EMF. We observe that the impact of

the EMF on the D meson elliptic flow is negligible.

In Fig. 4 we present the variation of the elliptic flow of D+

and D− as a function of pT with and without EMF. We find

that the impact of the EMF of the D meson elliptic flow is

small.

V. SUMMARY AND OUTLOOK

We have studied the dynamics of charm quarks in

QCD matter produced in nucleus-nucleus collisions at the

highest RHIC energy, taking into account the impact of

064901-4



INFLUENCE OF ELECTROMAGNETIC FIELDS … PHYSICAL REVIEW C 112, 064901 (2025)

FIG. 3. Elliptic flow v2 of D0 and D
0

mesons as a function pT

for 10–80% central Au + Au collisions at the highest RHIC energy√
sNN = 200 GeV.

electromagnetic fields within the PHSD transport approach,

a microscopic covariant dynamical approach for strongly

interacting matter formulated on the basis of off-shell

Kadanoff-Baym equations. PHSD can describe heavy quark

observables, the nuclear suppression factor (RAA), and elliptic

flow (v2), at both RHIC and LHC energies. In the present

study, the initial EMF created high energy heavy-ion col-

lisions due to both the spectators and participants is taken

into account dynamically within PHSD; the off-shell transport

equation and the Maxwell equations for the EMF are solved to

obtain a consistent solution of quasiparticle and electromag-

netic field evolution. The electromagnetic fields are calculated

according to the retarded Lienard-Wiechert equations for a

charge moving with a certain velocity, then summed over all

the charged quasiparticles in the medium, both participants

and spectators. The time evolution of the EMF computed

within PHSD naturally accounts for the electric conductivity

FIG. 4. Elliptic flow v2 of D+ (upper) and D− mesons (lower)

as a function pT for 10–80% central Au + Au collisions at
√

sNN

200 GeV.

σel of the system, which is temperature dependent and in line

with the lattice results.

The measured slope of the D meson directed flow splitting

a both RHIC and LHC is a subject of high contemporary

interest. None of the existing model calculations can describe

the slope simultaneously for both RHIC and LHC energies.

In this present calculation, we have made an attempt to study

heavy quark dynamics in the background EMF at RHIC en-

ergy in a self-consistent way, hence relaxing some of the

approximations made in earlier studies by considering only

spectators to evaluate the EMF and including a constant elec-

tric conductivity σel.

We have computed the splitting of the directed flow, �v1 =
v1(D0) − v1(D0), within the PHSD transport approach and

compared the results with the available STAR data at the high-

est RHIC energy. PHSD can describe the STAR data; however,

the impact of the EMF is quite mild, and it is almost zero in the

rapidity ranges explored in the STAR measurement. However,

the impact of the EMF for large forward-backward rapidity is

quite visible. We obtain a negative slope of �v1 at the highest

RHIC energy, though the magnitude of the splitting obtained

within PHSD is small in comparison with other models. We

have also evaluated the D meson directed flow as a function

of pT .

We have observed that the D meson directed flow splitting

as a function of transverse momentum at a certain rapid-

ity range is very sensitive to the EMF. If measured in an

experiment, it can act as a novel probe to characterize the pro-

duced EMF at high-energy heavy-ion collisions. We have also

computed the possible impact of EMF on D meson elliptic

flow.

We have found that the impact of the EMF on the D me-

son elliptic flow is negligible. This indicates that the heavy

quark directed flow is the only observable to characterize

the EMF. However, the directed flow as a function of pT

is more sensitive to the electromagnetic field. It will be in-

teresting to perform a similar study in the presence of an

electromagnetic field at LHC energy. We will address this in a

forthcoming article.
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