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We compute the electromagnetic fields generated in relativistic heavy-ion collisions using
the iEBE-VISHNU framework. We calculated the incremental drift velocity from the four
possible sources of electric force (coulomb, Lorentz, Faraday, and plasma-based) on the
particles created. The effect of this external electromagnetic field on the flow harmonics of
particles was investigated, and we found out that the flow harmonics values get
suppressed and rouse in a non-uniform fashion throughout the evolution. More
precisely, a maximum of close to 3% increase in elliptic flow was observed. We also
found mass as the more dominant factor than charges for the change in flow harmonics
due to the created electromagnetic field. On top of that, the magnetic field perpendicular to
the reaction plane is found to be sizable, while the different radial electric forces were found
to cancel out each other. Finally, we found out that the inclusion of electromagnetic field
affects the flow of particles by suppressing or raising it in a non-uniform fashion throughout
the evolution.
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1 INTRODUCTION

Understanding how matter behaved at the beginning of the universe by creating and studying the
quark gluon plasma (QGP) is the primary purpose of the relativistic heavy-ion collisions experiment
[1]. From the many possible signatures of the quark gluon plasma, the very convincing evidences
which led to the announcement in 2005 (the QGP had been discovered at RHIC [2, 3]) came from the
combination of three observations: the measurements of strong anisotropic collective flow, valence
quark number scaling of the elliptic flow v2, and jet quenching [2, 4]. Elliptic flow is a measure of how
the energy, momentum, and number of created particles are not uniform with direction. The fireballs
produced by the little bangs at RHIC and the LHC undergo explosive collective expansion, cool down
rapidly, and finally fragment into thousands of free-streaming hadrons [5]. Theoretically, relativistic
hydrodynamics has established itself as an indispensable component in modeling the collective
dynamics of the QGP produced in relativistic heavy-ion collisions [6–10]. The first and principal
observation that has been extensively used for extracting information about the QGP from heavy-ion
collisions is the collective flow of various particles, especially the elliptic flow [11]. This implies that
any elliptic flow-related studies have the chance to clear the road to understand QGP well, and the
answer to what affects elliptic flow is crucial.

It is obvious that there are various parameters affecting flow harmonics, such as starting time,
initial energy profile, initial flow velocity with the viscous stress tensor, equation of state (EOS),
specific shear viscosity, kinetic decoupling temperature, and many more [13]. However, in this
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research, we picked the electromagnetic field whose effect is not
widely considered by many of the hydro models. In order to
address this problem, our model set-up followed three basic steps.
The first step is simulating the dynamical evolution of the
medium produced in Pb − Pb collision at ecm � 2.76 TeV
using the iEBE-VISHNU framework. The second step is
computing the drift velocity from the electromagnetic field by
applying Maxwell’s equation using the information that we
obtained from the hydrodynamic simulator. The third step is
finding out the flow harmonics by injecting the drift velocity
which is deduced in the framework. As a result, the first thing that
comes is exploring the sources of electric fields, and this is
discussed in the following section.

2 THE ELECTROMAGNETIC FIELD

The possible origins of the created electric force are four. The first
is from the positively charged spectators that fly away from the
collision zone. There is an electric force on the charged plasma
produced there. This is a direct coulomb source field. The second
is from spectator nucleons and the charge density deposited in the
plasma. We have a non-vanishing outward-pointing component
of the electric field already in the lab frame.

Thirdly, there is Lorentz force that can contribute to the
directional pushes that the particles experience. This is because
of the perpendicular magnetic field �B created in the system. Finally,
there is an induced electric current because of the change in

magnetic field, Faraday. A more detailed explanation is found
in [14]. These four sources of electric forces—the coulomb ( �EC),
Lorentz: ( �EL), Faraday: ( �EF), and plasma-based source—are
illustrated in Figure 1. In order for one to compute the
incremental drift velocity �vdrift caused by the electromagnetic
forces, the electric ( �E) and magnetic fields ( �B) evolved should
be known from the governing Maxwell’s equation.

3 METHODS

As we all know, there is no unique theoretical tool to describe
the whole heavy-ion collision process from the very beginning
till the end, and this forces us to set up a model. We have used a
similar model setup as in [15], except that we extend the drift
velocity for more charge types and evaluate the effects for
different particles. Following the setup, we simulate the
dynamical evolution of the medium produced in Pb − Pb
collision at ecm � 2.76 TeV using the iEBE-VISHNU
framework and the electromagnetic field evolution which is
computed alone. In general, according to the model setup, there
are three basic jobs to be done. The first is simulating the
dynamical evolution using the same Monte-Carlo–Glauber
initialization. The second one is computing the additional
velocity induced by the electromagnetic field alone and add
this with the velocity from the dynamical system itself. In the
last step, we injected this final velocity to the particle sampler in
the framework.

FIGURE 1 | (Color online) Schematic illustration of how the electromagnetic fields in a heavy-ion collision result in a directed flow of electric charge [12].
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3.1 The iEBE-VISHNU Framework
In this hybrid package, there are specific codes simulating each
stage of the evolution and a script to link all the individual
programs together. The four major components of the package
are as follows:

1) superMC (the initial condition generator): This code
generates fluctuating initial conditions according to Monte
Carlo–Glauber and Monte Carlo–Kharzeev–Levin–Nardi
(KLN) “gluon saturation” models. In this work, we have
used the Monte Carlo–Glauber model initialization which
assumes that the initial energy density in the transverse plane
is proportional to the wounded nucleon density.

2) VISHNew (viscous hydrodynamic simulator): The Viscous
Israel Stewart hydrodynamics is a (2 + 1)-d viscous
hydrodynamic simulation for relativistic heavy-ion
collisions. It solves the equation of motion for second-
order viscous hydrodynamics Israel Stewart equations with
a given EOS. VISHNew supports three versions (s95p-v0-
PCE, s95p-v1, and s95p-v1-PCE) of the lattice-based equation
of states by applying different implementations of partial
chemical equilibrium in the hadronic phase. We have used
s95p-v1-PCE for determining the pressure in the fluid by first
solving for the local energy density and velocity of the
fluid cell.

3) iSS (a particle sampler): iSS is an “event generator” which
generates a complete collision event of emitted hadrons from
Cooper–Frye freeze-out procedure similar to the events
created in the experiment.

4) UrQMD (afterburner): This is a hadron cascade simulator
ideally suited for the description of the dynamics of a system
of hadrons both in and out of equilibrium.

4 SOLVING MAXWELL’S EQUATION

The electromagnetic fields generated by a point-like charge
moving in the +z-direction with velocity v is governed by the
following wave equations [17]:

∇2 �B − z2t �B − σzt �B � − �∇ × �Jext (4.1)

∇2 �E − σ2
t
�E − σzt �E � 1

ϵ
�∇ρext + zt �Jext (4.2)

The electromagnetic fields are generated by both the spectators
and the participant charged nucleons. The transverse distribution
of the right-going (+) and left-going (−) charge density profiles
ρ±spectator( �x⊥) and ρ±participant( �x⊥) is generated by averaging using
the same Monte Carlo–Glauber model used to initialize the
hydrodynamic calculation as in [18]. The external charge and
current sources for the electromagnetic fields are functions of
rapidity, which include the contraction due to relativity, and are
given by:

ρext �x⊥, ηs( ) � ρ+ext �x⊥, ηs( ) + ρ−ext �x⊥, ηs( ) (4.3)

�Jext �x⊥, ηs( ) � �J
+
ext �x⊥, ηs( ) + �J

−
ext �x⊥, ηs( ) (4.4)

with

ρ±ext �x⊥, ηs( ) � ρ±spec �x⊥( )δ ηs ∓ ybeam( ) + ρ±par �x⊥( )f± ηs( ) (4.5)

�J
±
ext �x⊥, ηs( ) � �β

±
ηs( )ρ±ext �x⊥, ηs( ) (4.6)

with �β
± � 0, 0,±tanh ηs( )( ). (4.7)

The Bjorken approximation is being made here: the space time
rapidities ηs of the external charges are assumed equal to their
rapidity. The spectators fly with the beam rapidity ybeam, and the
participant nucleons lose some rapidity in the collisions. Solving
the above-mentioned wave equations is easy since we have
considered the electrical conductivity of the QGP to be
constant, but making it time-varying, which in reality is
because of its dependence on the temperature of the system,
would make it very hard and is what we anticipate to work on
next, so we took four different σ values—σ � 0.023 fm−1, σ �
0.4 fm−1, σ � 0.66 fm−1, and σ � 1.1 fm−1—to have a chance of
analyzing its effect, and the numerical code for calculating the
electromagnetic fields is the same as in [12] which is found at
https://github.com/chunshen1987/Heavy-ion_EM_fields. For
the evolution of the relativistic viscous hydro-dynamics, we
chose the s95p-v1-PCE equation of state from [21]. After we
knew the field evolution, we calculated the drift velocity.

4.1 The Equation of Motion
The drift velocity at each point on the freeze-out surface from the
electromagnetic field evolution was calculated after solving the
following force balance equation as in [12, 16]. This was done first
by boosting to the local fluid rest frame at that point in space time,
namely, the (primed) frame in which u′

→ � 0 at that point by a
Lorentz transformation Λ( �u). In the primed frame, all
components of the electromagnetic field E′

→
and B′

→
are non-

vanishing. We then solve the equation of motion for a charged
fluid element with mass m in this frame using the Lorentz force
law and requiring stationary currents:

m
d �v ′
dt

� q �v ′ × �B ′ + q �E ′ − μm �v ′ � 0 (4.8)

This gives us the local velocity due to electromagnetic effects.
The last term in (4.8) describes the drag force on a fluid element
with mass m on which some external (in this case,
electromagnetic) force is being exerted with μ, the drag
coefficient. Though the drag coefficient is still unclear, its
value is precisely known only for heavy quarks in N � 4 SYM
theory as stated in [16, 21].

We investigated the force balance equation from which we got
the drift velocity �v lrf

drift in every fluid cell along the freeze-out
surface for different values of q on the equation. At the same time,
we considered charges of ±1, ±2, ±1/3, and ±2/3. After having the
drift velocity calculated, we added it with the usual hydrodynamic
flow velocity; then after that, we fed it back to the framework in
order to find out the particle velocity increment.

5 RESULTS AND DISCUSSIONS

This work focused on including the electromagnetic field
evolution calculation on the well-known iEBE-VISHNU code
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package for relativistic heavy-ion collisions [11]. We studied the
percentage increase of the elliptic flow of identified particles due
to the electromagnetic force evolution created in relativistic Pb +
Pb collision with collision energy of

�
s

√ � 2.76 ATeV using a
similar model setup as [12]. The results show that the
electromagnetic force affects the flow harmonics with a

different magnitude as explained below. In heavy-ion collision,
the magnetic field is expected to be solenoidal fields from those
flying charges. In line with this, during the beginning of the
collision time, the dominant magnetic field is from the spectators,
yet the participants of both incoming projectile ions contribute to
the evolution of the electric and magnetic fields created. In the

FIGURE 2 | (Color online) (A) Evolution of the three components of the electric fields in the local fluid rest frame at points on the freeze-out surface created in
relativistic Pb + Pb collision with collision energy of

�
s

√ � 2.76 ATeV. The calculations were made at centrality ranging from 20 to 30% (impact parameters in the range
6.24 fm < b < 9.05 fm) and ηs ranging from −7.9 to 7.9, where z is the reaction axis, while x and y represent the transverse and longitudinal directions, respectively. (B)
Evolution of the three components of the magnetic fields in the local fluid rest frame at points on the freeze-out surface created in relativistic Pb + Pb collision with
collision energy of

�
s

√ � 2.76 ATeV. The calculations were made at centrality ranging from 20 to 30% (impact parameters in the range 6.24 fm < b < 9.05 fm) and ηs
ranging from −7.9 to 7.9. (C) The three components of the electric fields versus the local time in the fluid rest frame at a fixed space time rapidity of ηs � 0. (D) The three
components of the magnetic fields versus the local time in the fluid rest frame at a fixed space time rapidity of ηs � 0. (E) The magnified version of the circled part from
figure (b), showing the three components of the electric field evolution during the very early propagation time in the fluid rest frame at a fixed space time rapidity of ηs � 0.
(F) Themagnified version of the circled part from figure (d), showing the three components of the magnetic field evolution during the very early propagation time in the fluid
rest frame at a fixed space time rapidity of ηs � 0.
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next two sections, we shall discuss the evolution of the
electromagnetic field and its effects on observables.

5.1 The Electromagnetic Field Evolution
The first top image of Figure 2 is an illustration of the evolution of
the three components of the electromagnetic field created in
relativistic Pb + Pb collision with collision energy of

�
s

√ �
2.76 ATeV. The calculations were made at centrality ranging
from 20 to 30% (impact parameters in the range 6.24 fm < b
< 9.05 fm) and ηs ranging from −7.9 to 7.9. The three
components of the electric fields in the local fluid rest frame
at points on the freeze-out surface created are presented in
Figure 2A. The created electric field seen above and below of
the reaction axis is quite different, and this is expected due to the
coulomb electric field created by the positively charged spectator
particles at the beginning of the collision. This field created from
the spectators is the reason for the current created in the plasma.
The electric field in the z-direction is shown to be smaller than
that of the two axes. This is presented as 2(c). The electric field
evolution in the reaction plane increases as the system evolves. It
is easy to notice that the transverse (x) and the longitudinal (y)
components of the electric field are indistinguishable only at the
very early stages of the evolution of the system, yet �Ey and �By

have been found to be in the same order throughout the
evolution. As can be seen in 2(a), the y-component of the
electric field varies steeply, which dictates the fact that at the
very beginning of the evolution a large amount of net charge stays
temporally in the “almond”-shaped overlapping region as
explained in [23].

We found out that By is not symmetrical and dominated Bx
and Bz which can be easily seen in Figure 2B. The sudden pop-
ups of By seen in Figure 2F dictates a similar conclusion.
Moreover, field components Bx, Ex, and Ey, which are as large
as By, are seen in a different time of the system evolution. This can
be due to the fluctuations of the positions of charged particles.
This inhomogeneous spatial structural distribution of the
electromagnetic field has also been studied in [23], where they
have utilized the HIJING model to investigate the generation and
evolution of the electromagnetic fields in heavy-ion collisions.

By zooming out Figure 2A, we have noticed that the electric
fields perpendicular to the reaction plane shows a larger gradient
than the electric fields created parallel to this plane. As explained
in [23], depending on how the electrical conductivity is, these
outside electric fields can derive positively (negatively) charged
particles to move outward (toward) the reaction plane and thus
induce an electric quadruple moment which can lead to an elliptic
flow imbalance between the same particles of different signs, and
our result have confirmed this by presenting the elliptic flow
variation as given in Figure 4.

To provide more complete information on the early evolution
of E and B fields, we showed in 2(e) and (f) by magnifying the
circled region from 2(c) and (d), respectively. As expected, Ex is
shifted away from zero earlier, which dictates the dominance of
the field from the positively charged spectator particles in the
beginning of the hydrodynamics. The coulomb force between the
particles in the plasma creates an electric field which is against the
coulomb electric field. The decrease of the electric field in the

reaction plane, in turn, drops the magnetic field—causing the
Faraday electric field to evolve. Furthermore, as expected, Bz is
smaller than Bx and By.

As explained in the previous sections, the total electric field
comes from Coulomb field of the spectators plus the plasma, the
Faraday, and finally the Lorentz field from the moving charges.
The fluctuating electric field evolution at a fixed space time
rapidity given in Figure 2C assures the non-uniformity of the
created field, yet, at a later time when the spectators have already
moved far away from the collision region, the contributions from
the residue become important because they move much slower
than the spectators. These residues can essentially slow down the
decay of the transverse fields in the later time, as seen from
Figure 2 and [23].

The electrical conductivity governs how fast the magnetic
fields sourced initially. When it is large, the magnetic field in
the plasma decays more slowly, and this gives a large magnetic
field for drifting particles away. Practically, since the electrical
conductivity is highly sensitive to temperature, a temperature-
dependent function should have been used. However, as given by
Figure 3, our analysis used four different values of conductivity to
see the order of estimate of its effect on electromagnetic field
evolution which potentially can be seen on the flow patterns. At
the lower conductivity, it is easy to see that the evolution of the
electric field is dominated by the x component of the electric field.
This is to mean that the evolved electric field contributes to the
side flow rather than the longitudinal flow. This occurred due to
the coulomb electric field created by the positively charged
spectator particles at the beginning of the collision. These
spectators should have found enough time to evolve before the
electromagnetic fields were built up by the wounded particles and
the fluid itself.

As the conductivity increases, the electromagnetic field
evolution in both transverse and longitudinal directions
become similar. The two components of electric fields are
indistinguishable at higher conductivity because the
conductivity suppresses the fields.

5.2 The Electromagnetic Field on Flow
Harmonics
In Tables 1–3, the momentum-dependent elliptic flow
coefficients for proton-P, Pion Plus-π+, and Kaon Plus-K+ are
shown. The elliptic flow for the ideal case is compared to the case
with the electromagnetic field. The electromagnetic field acts on
the evolution of flow that leads to the reduction of elliptic flow of
these positively charged particles dominantly. The elliptic flow of
protons was suppressed up to 2.37% of its initial value. At a lower
momentum, they also get a percentage increase of −1.5% from its
initial value. It is different for pions, and at a lower momentum,
the created electromagnetic field raised their elliptic flow up to
2.7%. The effect of the electromagnetic evolution is seen to be the
same for the considered three particles at higher momentum. As
far as the system evolution is concerned, the flow harmonics
values get suppressed or rouse in a non-uniform fashion
throughout the evolution. In order to explain the effects
caused by the electromagnetic evolutions better, every possible
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FIGURE 3 | (Color online) The electric field evolution created in a system of relativistic heavy-ion collision after a Pb + Pb collision with 20–30% centrality at collision
energy

�
s

√ � 2.76 ATeV on the choice of different electrical conductivity for the Maxwell equations.

TABLE 1 | The percentage increase of the elliptic flow of proton due to the electromagnetic force evolution created in relativistic Pb + Pb collision with collision energy of
�
s

√ � 2.76 A TeV at centrality ranging from 20 to 30% (impact parameters in the range 6.24 fm < b < 9.05 fm). The change in elliptic flow (ΔV2) is the difference between
V2 theory and V2 with EM.

Number Particle type Pt (GeV) V2 Theory V2 with EM ΔV2 Percentage increase
of V2

(in %)
due to

the electromagnetic
field

1 Proton 0.00717752 −1.79444*10–6 −1.81221*10–6 −1.777*10–8 0.990285
2 0.0935073 −2.93797*10–4 −290903*10–4 2.89379*10–6 −0.984963
3 0.0378994 −5.04515*10–5 −4.99594*10–5 4.92179*10–7 −0.975547
4 0.282125 −1.61245*10–3 −1.63177*10–3 −1.93163*10–5 1.19795
5 0.174611 −8.91892*10–4 −8.82765*10–4 9.12714*10–6 −1.02334
6 0.581994 2.54867*10–3 2.51128*10–2 −3.73926*10–5 −1.46714
7 0.417334 −1.26594*10–3 −1.2359*10–3 3.00437*10–5 −2.37322
8 0.778479 1.12569*10–2 1.12195*10–2 −3.74261*10–5 −0.332473
9 1.01002 2.361811*10–2 2.35998*10–2 −1.82688*10–5 −0.077351
10 1.28111 3.65891*10–2 3.65551*10–2 −3.39672*10–5 -0.0928342
11 1.59819 4.76291*10–2 4.75076*10–2 −1.21351*10–4 -0.254785
12 1.97107 5.54413*10–2 5.52049*10–2 −2.36478*10–4 -0.426537
13 2.41596 5.95462*10–2 5.91717*10–2 −3.74466*10–4 −0.628866
14 2.9639 5.95623*10–2 5.90161*10–2 −5.46161*10–4 −0.916958
15 3.69431 5.42503*10–2 5.34394*10–2 −8.10862*10–4 −1.49467
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contributor like drag force, electrical conductivity, and gluon
charge density shall be explained well. The electromagnetic field
suppressing the elliptic flow at higher momentum is also seen in
[11], with the change on the increase percentage being
closer to 5%.

As stated in Figure 4B, the electromagnetic field effect on Δv2
and Δv3 is small in magnitude for the positively charged and
lighter particles. The change on the odd flow harmonics and the
even ones is not quiet equal. The even flow harmonics get

suppressed or lower in higher magnitude than the odd ones.
The directed flow is influenced insignificantly. This is because the
Faraday and Coulomb fields almost canceled the electric Lorentz
field created in the fluid system. Nevertheless, there is still a very
small contribution to the directed flow, and this is from the
collision axis. Meanwhile, as presented in Figures 4C,D, the
triangular flow change is in the order of 10–4 for neutron, xsi,
antiproton, lambda, and anti-kaon, yet from Figure 4A, it is easily
depicted as the elliptic flow of neutron, xsi, antiproton, lambda,

TABLE 2 | The percentage increase of elliptic flow of Pion-Plus due to the electromagnetic force evolution created in relativistic Pb + Pb collision with collision energy of
�
s

√ � 2.76 A TeV at centrality ranging from 20 to 30% (impact parameters in the range 6.24 fm < b < 9.05 fm). The change in elliptic flow (ΔV2) is the difference between
V2 theory and V2 with EM.

Number Particle type Pt (GeV) V2 Theory V2 with EM ΔV2 Percentage Increase
of V2

(in %)
due to

the electromagnetic
field

1 Pion Plus 0.00717752 5.5400*10–6 5.38847*10–6 1.51576*10–7 −2.73601
2 0.0935073 1.20967*10–3 1.18482*10–3 −2.48565*10–5 −2.05481
3 0.0378994 1.6268*10–4 1.67079*10–4 4.39942*10–6 2.70434
4 0.174611 4.16565*10–3 4.21296*10–3 4.73037*10–5 1.13557
5 0.282125 9.14852*10–3 9.18976*10–3 4.12446*10–5 0.450833
6 0.417334 1.58252*10–2 1.5842*10–2 1.68271*10–5 0.106331
7 0.581994 2.37454*10–2 2.3729*10–2 −1.63782*10–4 −0.0689745
8 0.778479 3.21444*10–2 3.20853*10–2 −5.90906*10–5 −0.183828
9 1.01002 4.02371*10–2 4.01232*10–2 −113938*10–4 −0.283167
10 1.28111 4.73655*10–2 4.71827*10–2 −1.82811*10–4 −0.385958
11 1.59819 5.30007*10–2 5.27339*10–2 −2.66865*10–4 −0.503512
12 1.97107 5.67017*10–2 5.63339*10–2 −3.67824*10–4 −0.6487
13 2.41596 5.8028*10–2 5.75364*10–2 −4.91671*10–4 −0.8473
14 2.9639 5.63363*10–2 5.56782*10–2 −6.58154*10–4 −1.16826
15 3.69431 5.0082*10–2 4.91452*10–2 −9.36862*10–4 −1.87066

TABLE 3 | The percentage increase of elliptic flow of Kaon-Plus due to the electromagnetic force evolution created in relativistic Pb + Pb collision with collision energy of
�
s

√ � 2.76 ATeV at centrality ranging from 20 to 30% (impact parameters in the range 6.24 fm < b < 9.05 fm). The change in elliptic flow (ΔV2) is the difference between
V2 Theory and V2 with EM.

Number Particle type Pt (GeV) V2 Theory V2 with EM ΔV2 Percentage Increase
of V2

(in %)
due to

the electromagnetic
field

1 Kaon Plus 0.00717752 −2.40631*10–6 −2.42153*10–6 −1.52199*10–8 0.632501
2 0.0378994 −6.55524*10–5 −6.51401*10–5 4.12321*10–7 −0.628995
3 0.0935073 −3.29362*10–4 −3.27201*10–4 2.16099*10–6 −0.656113
4 0.174611 −5.55964*10–4 −5.51048*10–4 4.91587*10–6 −0.884207
5 0.282125 7.68163*10–4 7.73334*10–4 5.17059*10–6 0.67311
6 0.417334 5.76995*10–3 5.77054*10–2 5.9139*10–7 0.0102495
7 0.581994 1.46153*10–2 1.46046*10–2 −1.07354*10–5 −0.0734528
8 0.778479 2.53318*10–2 2.52963*10–2 −3.54238*10–5 −0.139839
9 1.01002 3.58571*10–2 3.57777*10–2 −7.94344*10–5 −0.22153
10 1.28111 4.49585*10–2 4.48142*10–2 −1.44262*10–4 −0.320878
11 1.59819 5.20171*10–2 5.17884*10–2 −2.2869*10–4 −0.439648
12 1.97107 5.66788*10–2 5.63469*10–2 −3.318679*10–4 −0.585524
13 2.41596 5.86183*10–2 5.81607*10–2 −4.57648*10–4 −0.780726
14 2.9639 5.72915*10–2 5.66676*10–2 −6.23967*10–4 −1.08911
15 3.69431 5.12312*10–2 5.03334*10–2 −8.97795*10–4 −1.75244
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and anti-kaon is significantly influenced by the created
electromagnetic evolution. This leads us to notice how the
multi-directional side push of the created heavier particles is
significantly influenced by the fields of electromagnetic evolution.
The created particles are subject to have interactions with the
electromagnetic field caused by the spectators, other created
hadrons, and from the fluid itself. Even though the QCD
dynamics of hadronization is not fully understood yet, our
result of heavier particle elliptic flow being affected with larger
magnitude than the lighter ones has to do with the time that they
have spent passing through the field. Those light particles are
expected to be created sooner and thus pass through the reaction
region fast before all the electromagnetic field developed. The
flow harmonics of protons change due to the developed
electromagnetic field with comparable magnitude to that of
the flow harmonics change of kaons and pions because of the
spectators. Since the spectators are protons, the created proton
flow harmonics get suppressed from the repulsion force. As a
result, Lambda and Xsi get larger odd flow harmonics changes
than proton as found in [22].

A handful of other groups have studied the effect of
electromagnetic field evolution on the flow of particles in
relativistic heavy-ion collision. They all have used different
approaches, making some crude assumptions to tackle the

problem as we just did. All the studies [12, 18–20, 24–30]
came up to a similar understanding, as the electromagnetic
evolution has an effect on the bending of particle flow.
Moreover, the result from [18] on flow harmonics changes of
heavier particles agrees with ours.

6 SUMMARY AND CONCLUSION

We have utilized the iEBE-VISHNU framework to investigate the
generation and evolution of the electromagnetic fields in
relativistic heavy-ion collisions. The evolution of the
electromagnetic field created after a Pb + Pb relativistic
collision with 20–30 centrality and collision energy of

�
s

√ �
2.76 ATeV was explored. The spatial structure of the
electromagnetic field was studied, and a very inhomogeneous
distribution is found. We have also investigated the time
evolution of the fields at the early stage of the evolutions. We
found that the residues give considerable contribution to the
fields during the early-stage evolutions. A study of the effect of
this external electromagnetic field on the elliptic flow of particles
was investigated. Both the ideal and the electromagnetic field
cases were initialized equally, and the transverse profile was taken
from a Monte Carlo–Glauber model initialization calculation.

FIGURE 4 | (Color online) (A) : Illustrates the effect of electromagnetic force on the change in elliptic flow ΔV2 for neutron, xsi, antiproton, lambda and anti kaon. (B) :
Illustrate the effect of electromagnetic force on the change in elliptic flow ΔV2 for proton, kaon and pion. (C) : Illustrate the effect of electromagnetic force on the change in
triangular flow ΔV3 for proton, kaon and pion, and (D) : Illustrate the effect of electromagnetic force on the change in triangular flow ΔV3 for neutron, xsi, antiproton,
lambda and anti kaon.
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As a result, a maximum of ±2.7% increase in elliptic flow
is observed. The elliptic flow of protons was raised up to 2.37%
from the initial value. At a lower momentum, the elliptic flow of
proton gets suppressed to 1.5% of its initial value. For pions, the
flow was raised by 2.7%. As far as the system evolution is
concerned, the flow harmonics values get suppressed or rouse
in a non-uniform fashion throughout the evolution. In order to
explain the effects caused by the electromagnetic evolution better,
every possible contributor to the change in elliptic flow should be
included in functional form.

Furthermore, we found out that heavier particles like
lambda and xsi get the higher flow harmonics increase. The
directed flow is not that affected as the elliptic flow because the
different radial electric forces cancel out each other. In here mass
is the dominant factor than charges, which is observed as
particles, and their anti-particles get washed aside by the field
in a similar fashion. The lighter particles get slight flow harmonics
increase, and they had to flow off the region before getting pushed
by the fields.

To conclude, the present study shows that the inclusion of
electromagnetic field affects the flow of particles by suppressing
or raising it in a non-uniform fashion throughout the evolution.
Lastly, further study is needed to establish a better understanding
on the electromagnetic field evolution and its effects on the

created system by softening many of the crude assumptions
that we made and keeping the functionality of the parameters.
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