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Abstract: It has been proposed that electric fields may lead to chiral separation in quark-gluon plasma (QGP).

This is called the chiral electric separation effect. The strong electromagnetic field and the QCD vacuum can

both be completely produced in off-central nuclear-nuclear collision. We use the Woods-Saxon nucleon distribution

to calculate the electric field distributions of off-central collisions. The chiral electric field spatial distribution at

Relativistic Heavy-Ion Collider (RHIC) and Large Hadron Collider (LHC) energy regions are systematically studied

in this paper. The dependence of the electric field produced by the thermal quark in the central position with

different impact parameters on the proper time with different collision energies in the RHIC and LHC energy regions

are studied in this paper.
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1 Introduction

Relativistic heavy-ion collisions generate not only hot
quark-gluon plasma (QGP) but also large magnetic fields
due to the fast motion of the colliding ions [1–6]. Rela-
tivistic heavy-ion collisions can also generate strong elec-
tric fields due to the event-by-event fluctuation of the
positions of the proton in the ions [3,5]. It has been
proposed that the electric fields may also lead to chiral
separation in the QGP; this is called the chiral electric
separation effect (CESE) [7–11].

The origin of electromagnetic field in relativistic
heavy-ion collisions comes from collisions of two ions of
radius R with electric charge Ze and extremely high ve-
locity at impact parameter b. Lots of analytical and nu-
merical calculations indicate the existence of extremely
powerful electromagnetic fields in relativistic heavy-ion
collisions [1–5]. It is generally believed that this
is the maximum electromagnetic field that nature can
produce.

Kharzeev, McLerran and Warringa (KNW) [10] pre-
sented a novel mechanism for the study of charge separa-
tion of the chiral magnetic effect. The topological charge
changing transitions provide the parity (P ) and CP vi-

olations necessary for charge separation. The variance
of the net topological charge change is proportional to
the total number of topological charge changing transi-
tions. Therefore if sufficiently hot matter is produced in
relativistic heavy-ion collisions, topological charge tran-
sitions can take place.

In Refs [12, 13], we used the Woods-Saxon nucleon
distribution to replace that of the uniform distribution to
improve the magnetic field calculation of the off-central
collision based on the KMW theory [10]. The study
of the chiral magnetic field distribution at Relativis-
tic Heavy-Ion Collider (RHIC) and Large Hadron Col-
lider (LHC) energy regions has been carried out in Refs.
[10, 12, 13]. In this paper, we will calculate the spatial
distribution feature of the electric field in the RHIC and
LHC energy regions. The electric field distributions of
total charges by the thermal quarks produced are also
studied in the paper.

The paper is organized as follows. The study of back-
ground electric field in relativistic heavy-ion collisions
is presented in Section 2. The electric field distribu-
tions of total charges by the produced thermal quarks
are presented in Section 3. A summary is provided in
Section 4.
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2 Background electric field in relativistic

heavy-ion collisions

As the nuclei travel close to the speed of light in ultra-
relativistic heavy-ion collision experiments, the Lorentz
contraction factor γ is so large that the two colliding nu-
clei can be taken as a pancake shape (in the plane). The
Woods-Saxon nuclear distribution is used in Ref. [12, 13]
to calculate the magnetic field. The Woods-Saxon nu-
clear distribution form is as follows:

nA(r) =
n0

1+exp

(

r−R

d

) , (1)

here n0 = 0.17 fm −3, d = 0.54 fm and the radius R
= 1.12A1/3 fm. The nuclear charge density of the two-
dimensional plane can be given as:

ρ±(~x′
⊥)

=N ·
∫ ∞

−∞

dz′ n0

1+exp

(

√

(x′∓b/2)2 +y′2 +z′2−R

d

) ,(2)

where N is the normalization constant. The number
densities function ρ±(~x′

⊥) should be normalized as

∫

d~x′
⊥ρ±(~x′

⊥) = 1. (3)

The electric field can be specified in the following way

~E = ~E+
p + ~E−

p + ~E+
s + ~E−

s , (4)

where ~E±
p and ~E±

s are the contributions of the partici-
pants and spectators moving in the positive and negative
directions, respectively. The contribution of the partici-
pants to the electric field is given by

e ~E±
p =±ZαEM

∫

d2~x′
⊥

∫

dY f(Y )cosh(Y ∓η)

×ρ±(~x′
⊥)θ∓(~x′

⊥)
(~x′

⊥−~x⊥)

[(~x′
⊥−~x⊥)2 +τ 2 sinh(Y ∓η)2]

3

2

, (5)

where θ∓(~x′
⊥) = θ[R2 − (~x′

⊥ ±~b/2)2] is a step function,
η = 1

2
ln[(t + z)/(t− z)] is the space-time rapidity and

τ = (t2 − z2)1/2 is the proper time. The distribution of
participants that remain traveling along the beam axis
is given by:

f(Y ) =
a

2sinh(aY0)
eaY , −Y0 6 Y 6 Y0, (6)

where a≈ 1/2 is given by experimental data. The x and

y components of ~E±
p are given by:

eE±
px =±ZαEM

∫

d2~x′
⊥

∫

dY f(Y )cosh(Y ∓η)

×ρ±(~x′
⊥)θ∓(~x′

⊥)
(x′−x)

[(~x′
⊥−~x⊥)2 +τ 2 sinh(Y ∓η)2]

3

2

, (7)

eE±
py =∓ZαEM

∫

d2~x′
⊥

∫

dY f(Y )cosh(Y ∓η)

×ρ±(~x′
⊥)θ∓(~x′

⊥)
(y′−y)

[(~x′
⊥−~x⊥)2 +τ 2 sinh(Y ∓η)2]

3

2

. (8)

The contribution of the spectators to the electric field
is given by

e ~E±
s =±ZαEM cosh(Y0∓η)

∫

d2~x′
⊥ρ±(~x′

⊥)

× [1−θ∓(~x′
⊥)]

(~x′
⊥−~x⊥)

[(~x′
⊥−~x⊥)2 +τ 2 sinh(Y0∓η)2]3/2

. (9)

The x and y components of ~E±
s are given by:

eE±
sx =±ZαEM cosh(Y0∓η)

∫

d2~x′
⊥ρ±(~x′

⊥)

× [1−θ∓(~x′
⊥)]

(x′−x)

[(~x′
⊥−~x⊥)2 +τ 2 sinh(Y0∓η)2]3/2

, (10)

eE±
sy =∓ZαEM cosh(Y0∓η)

∫

d2~x′
⊥ρ±(~x′

⊥)

× [1−θ∓(~x′
⊥)]

(y′−y)

[(~x′
⊥−~x⊥)2 +τ 2 sinh(Y0∓η)2]3/2

. (11)

Here we should explain that the nuclear charge den-
sity ρ shown in our paper provides actually only event-
averaged distribution of charge nucleons. The actual dis-
tribution in a given event is a different form ρ.

Figure 1 shows the dependence of electric field ab-
solute value spatial distributions of |eEx| on different
collision energies

√
sNN = 62.4 GeV, 130 GeV and 200

GeV at proper time τ= 0.001 fm and impact parameter
b = 8 fm. The collision energies shown in Fig. 1 are in
the RHIC energy region. The |eEx| spatial distributions
show obvious axis symmetry characteristics along the x
= 0 and y = 0 axes. There is a valley at the central
point ( x = 0 , y = 0 ) and |eEx| along the y = 0 axis
take smaller values. It is interesting to find that |eEx|
increases with the increase of the distance from the y = 0
axis.

Figure 2 shows the dependence of electric field spa-
tial distributions of |eEx| on different collision energies√

sNN = 900 GeV, 2760 GeV and 7000 GeV at proper
time τ = 0.001 fm and impact parameter b = 8 fm. The
collision energies shown in Fig. 2 are in the LHC en-
ergy region. Comparing with Fig. 1, we find that with
the increase of collision energy, |eEx| along the y = 0
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axis becomes smaller than that in the RHIC energy re-
gion. When the CMS energy exceeds 2760 GeV, the
original four peaks, which are symmetrically distributed
at the two sides of the y= 0 axis, are turned into two
peaks.

Fig. 1. The dependencies of absolute value of elec-
tric field spatial distributions of |eEx| on differ-
ent collision energies

√
sNN = 62.4 GeV(a), 130

GeV(b) and 200 GeV(c), respectively. The im-
pact parameter b = 8 fm and proper time τ =
0.001 fm.

Compared with Fig. 1 and Fig. 2, Fig. 3 shows
the dependence of electric field spatial distributions of
|eEy| at different collision energies

√
sNN = 62.4 GeV,

130 GeV and 200 GeV, at proper time τ = 0.001 fm and
impact parameter b = 8 fm. The |eEy| spatial distribu-
tions show obvious axis symmetry characteristics along
the x = 0 and y = 0 axes. There is a deep tunnel along
the x = 0 axis.

Figure 4 shows the dependence of electric field spatial
distributions of |eEy| at different collision energies

√
sNN

= 900 GeV, 2760 GeV and 7000 GeV, at proper time τ =
0.001 fm and impact parameter b = 8 fm. The collision
energies shown in Fig. 4 are in the LHC energy region.
Comparing with Fig. 3, we find that with the increasing
of collision energy, |eEy| along the x = 0 axis becomes
smaller than that in the RHIC energy region. There are
two symmetrical platforms on the two sides of the x =
0 axis. The |eEy| spatial distribution is totally different
from that of the |eEx| spatial distributions.

These results for how strong the event-by-event fluc-
tuation of the electric field is are very different from some
other publications [3–5, 7, 9]. These publications [3–
5, 7, 9] used Hijing generator to calculate the event-
averaged e < Ex > and e < Ey >. In this paper, we
calculate |eEx| and |eEy| by using the methods given by
references [10–12].

Fig. 2. The dependencies of absolute value of elec-
tric field spatial distributions of |eEx| on differ-
ent collision energies

√
sNN = 900 GeV(a), 2760

GeV(b), 7000 GeV(c), respectively. The impact
parameter b = 8 fm and proper time τ = 0.001
fm.
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Fig. 3. The dependencies of absolute value of elec-
tric field spatial distributions of |eEy| on differ-
ent collision energies

√
sNN = 62.4 GeV(a), 130

GeV(b) and 200 GeV(c), respectively. The im-
pact parameter b = 8 fm and proper time τ =
0.001 fm.

Fig. 4. The dependencies of absolute value of elec-
tric field spatial distributions of |eEy| on differ-
ent collision energies

√
sNN = 900 GeV(a), 27600

GeV(b) and 7000 GeV(c), respectively. The im-
pact parameter b = 8 fm and proper time τ =
0.001 fm.

3 The electric field of total charges by

the produced thermal quarks

First, let us discuss the time and space evolution of
the produced thermal quark momentum. According to
the theory of the longitudinal collective flow of the rela-
tivistic heavy ion collisions, the rapidity distribution of
the thermal quarks is [14–21]:

f(Y ) = K

∫ Yf0

−Yf0

(1+2Γ +2Γ 2)e−1/Γ dYf , (12)

where K is the normalized constant, and the correspond-
ing function Γ is as follows:

Γ =
Tthe

−(τ−τ0)/τ0

mcosh(Y −Yf)
. (13)

In this paper, we used a simple model to study the
magnetic field from thermal quarks. We made two as-
sumptions which were used in Ref. [12]:

1) We assumed that the contribution to magnetic
field from the charge distribution of thermal quarks is

approximately proportional to the charge distribution of
participant nucleons.

2) We did not distinguish between the charge differ-
ence between the u and the d quark, but discussed only
one kind of quark with a chemical potential is about 1/3
of the baryon chemical potential.

Based on the Fermi-Dirac statistics [22, 23], the
charge distribution function of thermal quarks is given
as followsµ

ρq±(~x′
⊥,Y ) = K1

ρ±(~x′
⊥)

1+exp

(

ε−µq

T

) , (14)

where the nucleon distribution function of the nucleus is:

ρ±(~x′
⊥)

=N ·
∫ R

−R

dz′ n0

1+exp

(

√

(x′∓b/2)2 +y′2 +z′2−R

d

) ,(15)

ε =
√

m2 +p2
T coshY is the thermal quark energy, K1 is

the normalized constant, and µq is the quark chemical
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potential. When
√

sNN = 62.4 GeV, µq = 1/3µB = 0.02
GeV, and when

√
sNN 200 GeV, µq = 0.01 GeV. When√

sNN 900 GeV, 2760 and 7000 GeV, µq = 0.005, 0.002
and 0.001 GeV respectively.

The contribution of the thermal quark to the electric
field is:

e ~E(τ,η,~x⊥)

=±ZKαEM

∫

d2~x′
⊥

∫

dY

∫ Yf0

−Yf0

dYf

× (1+2Γ +2Γ 2)e−1/Γ sinh(Y ∓η)

×ρq±(~x′
⊥,Y )

(~x′
⊥−~x⊥)

[(~x′
⊥−~x⊥)2 +τ 2 cosh(Y ∓η)2]

3

2

, (16)

where proper time is τ =
√

t2−z2, and pseudo-rapidity

is η =
1

2
ln[(t+z)/(t−z)].

Figure 5 shows the dependence of the electric field
eE produced by the thermal quark in the central region
with different impact parameters on the proper time τ
with

√
sNN = 62.4 GeV and 200 GeV in the RHIC en-

ergy region. It is well known that the formation time of
quark gluon plasma (QGP) is τ ≈ 1 fm, so the thermal
quark evolution time should be larger than 1 fm. From
Fig. 5 (a), the maximum of the electric field at

√
sNN =

62.4 GeV is about 20 MeV2, which is much smaller than

Fig. 5. The dependence of the electric field eE pro-
duced by the thermal quark in the central region
with different impact parameters on the proper
time τ with

√
sNN = 62.4 GeV and 200 GeV in

the RHIC energy region. The real line is for b = 4
fm, the dashed line is for b = 8 fm and the dotted
line is for b =12 fm.

that of the electric field of nuclear collisions. For the
periphery collisions, the contribution of produced ther-
mal quarks to the electric field eE becomes very small.
The electric field formed at the beginning of the colli-
sion is only 0.4 MeV2 in the case b =12 fm. At the
same time, we find that the electric field decays rapidly
with the time evolution. Even in the case of b = 4 fm
collision, the electric field is quickly reduced to about
10−5 MeV2. Figure 5 (b) shows the same as Fig. 5(a)
but for

√
sNN = 200 GeV. There is almost the same

variation of the electric field with the time τ as in
Fig. 5 (a).

Figure 6 shows the dependence of the electric field
eE produced by the thermal quarks in the central region
with different impact parameters on the proper time τ
with

√
sNN = 900 GeV, 2760 GeV and 7000 GeV in the

LHC energy region. From Fig. 6, one can find that the
electric field increases with the decrease of the impact
parameter b. The maximum of the electric field eE at√

sNN = 900 GeV is about 10 MeV2. This value is slightly
smaller than that of 20 MeV2 at

√
sNN = 62.4 GeV in

the RHIC energy region.

Fig. 6. The dependence of the electric field eE pro-
duced by the thermal quark in the central region
with different impact parameters on the proper
time τ with

√
sNN = 900 GeV, 27600 GeV and

7000 GeV in the LHC energy region. The real
line is for b = 4 fm, the dashed line is for b = 8
fm and the dotted line is for b =12 fm.

It is found that the electric field decays rapidly with
the time evolution. Even in the case of b = 4 fm colli-
sions, the electric field is quickly reduced to about 10−3

MeV2. Figure 6 (b, c) shows the same as Fig. 6(a) but
for

√
sNN = 2760 GeV and 7000 GeV. It is found that
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there is almost the same variation of the electric field
with time as in Fig. 6(a).

4 Summary and conclusion

It is shown that an enormous electric field can indeed
be created in off-central heavy-ion collisions. The electric
field distributions of |eEy| and |eEx| are highly inhomo-
geneous, like the magnetic field distributions. The enor-
mous electric field is produced just after the collision, and
the magnitude of electric field of the LHC energy region
is larger than that of the RHIC energy region at small
proper time. These highly inhomogeneous distribution
features of electric field in RHIC and LHC energy regions
will help us to study the experimental results given by
RHIC and LHC.

The dependencies of electric field spatial distributions
of |eEy| and |eEx| on different collision energies

√
sNN =

900 GeV, 2760 GeV and 7000 GeV at LHC energy re-
gion and at

√
sNN = 62.4 GeV, 130 GeV and 200 GeV

at RHIC energy region proper time τ= 0.001 fm and

impact parameter b = 8 fm are studied in this paper.
The collision energies mentioned in this paper covered
the whole RHIC and LHC energy regions. The feature
|eEy| spatial distribution is totally different from that of
|eEx| spatial distributions. There are two symmetrical
platforms as shown for |eEy| on the two sides of the x
= 0 axis. It is found that the |eEx| takes small values
along the y = 0 axis, and increases with the increase of
the distance from the y = 0 axis.

We also study the dependence of the electric field
eE produced by the thermal quark in the central region
with different impact parameters on the proper time τ
in the RHIC and LHC energy region. One can find
that the electric field produced by thermal quarks is
much smaller than that of nuclear collisions. The max-
imum of the electric field at

√
sNN = 900 GeV is about

10 MeV2. This value is slightly smaller than that of
20 MeV2 at

√
sNN = 62.4 GeV in the RHIC energy re-

gion. For the periphery collisions, the contribution of
produced particles to the electric field eE becomes very
small.
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