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We estimate the event-by-event (e-by-e) distribution of the ratio (σ ) of the magnetic and electric field energy
density to the fluid energy density in the transverse plane of Au-Au collisions at

√
sNN = 200 GeV. A Monte

Carlo (MC) Glauber model is used to calculate σ in the transverse plane for impact parameter b = 0, 12 fm at
time τi ∼ 0.5 fm. The fluid energy density is obtained by using Gaussian smoothing with two different smoothing
parameter σg = 0.25, 0.5 fm. For b = 0 fm collisions σ is found to be �1 in the central region of the fireball
and σ � 1 at the periphery. For b = 12 fm collisions σ � 1 is observed for some events. The e-by-e correlation
between σ and the fluid energy density (ε) is studied. We did not find strong correlation between σ and ε at the
center of the fireball, whereas they are mostly anticorrelated at the periphery of the fireball.
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I. INTRODUCTION

The most strongest known magnetic field (B ∼ 1018–1019

Gauss) in the universe is produced in laboratory experiments
of Au-Au or Pb-Pb collisions in the collider experiments at
the BNL Relativistic Heavy Ion Collider (RHIC) and at the
CERN Large Hadron Collider (LHC). Previous theoretical
studies show that the intensity of the produced magnetic
field rises approximately linearly with the center of mass
energy (

√
sNN ) of the colliding nucleons [1,2]. The Lorentz

boosted electric fields in such collisions also become very
strong which is the same order of magnitude as the magnetic
field (e �B ≈ e �E ∼ 10m2

π for a typical Au-Au collision at top
RHIC energy

√
sNN = 200 GeV) [3], where mπ is the pion

mass. Such intense electric and magnetic fields are strong
enough to initiate the particle production from vacuum via
Schwinger mechanism [4]. Using quantum chromodynamics it
was shown in Ref. [5] that beyond a critical value of magnetic
field the quark-antiquark state can possibly attain negative
mass (in the limit of large number of colors). Thus it is
important to know if there is truly an upper limit of magnetic
field intensity allowed by the quantum chromodynamics when
applied in heavy ion collisions, or the magnetic field can grow
to arbitrary large value with increasing

√
sNN as predicted in

some earlier studies [1,2]. In this work we shall calculate the
electromagnetic field intensity without considering any such
constraints, i.e., we assume that the electric and magnetic fields
can attain any arbitrary large values.

There are several other interesting recent studies related
to the effect of ultra-intense magnetic fields in heavy-ion
collisions. Here we briefly mention a few of them which might
be relevant to the present study. In the presence of a strong
magnetic field as created in heavy-ion collisions, a charge
current is induced in the quark gluon plasma (QGP), leading
to what is known as the “chiral magnetic effect” (CME) [6].
Within a 3+1-dimensional anomalous hydrodynamics model
a charge dependent hadron azimuthal correlations was found
to be sensitive to the CME in Ref. [7]. Along with CME, it
was also predicted theoretically that massless fermions with
the same charge but different chirality will be separated,

yielding what is called the “chiral separation effect” (CSE).
A connection between these effects and the Berry phase in
condensed matter was also pointed out in Refs. [8–10]. In the
hadronic phase a significant change in the hadron multiplicity
was observed in the presence of a strong magnetic field within
a statistical hadron resonance gas model in Ref. [11]. There are
a lot of other important relevant works in this new emerging
field which we cannot refer here, one can see recent reviews
on this topic in Refs. [12–14] for more details.

The relativistic hydrodynamic models have so far nicely
explained the experimentally measured anisotropic particle
production in the azimuthal directions in heavy ion collisions.
The success of the hydrodynamics model shows that a locally
equilibrated QGP with small ratio of shear viscosity to entropy
density is formed after the collision within a short time interval
∼0.2–0.6 fm [15–21]. It is also well known that the final
momentum anisotropy in hydrodynamic evolution is very
sensitive to the initial (geometry) state of the nuclear collisions.
So far almost all the hydrodynamic models studies have
neglected any influence of magnetic fields on the initial fluid
energy density or on the space-time evolution of QGP. But as
we know the initial magnetic field is quite large, it is important
to investigate the relative importance of a large electromagnetic
field on the usual hydrodynamical evolution of QGP. For that
one needs a full 3+1-dimensional magnetohydrodynamic code
to numerically simulate the space-time evolution of QGP with
magnetic fields. While one can gain some insight about the
relative importance of the magnetic filed on the initial energy
density of the QGP fluid by estimating the quantity plasma σ ,
which is the dimensionless ratio of magnetic field energy (eB)2

2

to the fluid energy density (ε): σ = (eB)2

2ε
. In plasma σ ∼ 1

indicates that one can no longer neglect the effect of magnetic
fields in the plasma evolution (in some situation σ ∼ 0.01
may also affect the hydrodynamic evolution) [22–25]. In the
present study we use Monte Carlo (MC) Glauber model [26,27]
to calculate event-by-event (e-by-e) magnetic fields and fluid
energy density for Au-Au collisions at

√
sNN = 200 GeV and

investigate the relative importance of the magnetic field on
initial fluid energy density.
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As mentioned earlier, the typical magnetic field pro-
duced in midcentral Au-Au collisions at

√
sNN = 200 GeV

reaches ∼10m2
π , which corresponds to field energy density

of ∼5 GeV/fm3. Hydrodynamical model studies show that
the initial energy density for such cases is ∼10 GeV/fm3,
thus implying σ ∼ 0.2 under these conditions. However,
the magnetic field produced at the time of collisions de-
cays very quickly if QGP does not possess finite electrical
conductivity [28,29,32]. Thus in order to correctly estimate
σ , one needs to consider the proper temporal evolution of
magnetic fields until the thermalisation time (τi ∼ 0.5 fm for
Au-Au collisions at RHIC) when the hydrodynamic evolution
starts. Since the spatial distribution of fluid energy density
as well as the electromagnetic fields varies e-by-e we also
calculate σ accordingly. The spatial distribution of electric
and magnetic fields in heavy ion collisions was previously
studied in Refs. [30,31].

In the present work we study the spatial distribution of
σ in

√
sNN = 200 GeV Au-Au collisions for two different

impact parameters (b = 0 and 12 fm). The temporal evolution
of the magnetic fields after the collision is taken into account
in a simplified manner which will be discussed in the next
section. We also investigate the correlation between σ and fluid
energy density in the transverse plane. The paper is organized
as follows. In the next section, we discuss about the formalism.
Our main result and discussion are presented in Sec. III. A
summary is given at the end in Sec. IV.

II. FORMALISM AND SETUP

We constructed a spatial grid of size 10 fm in each direction
(x and y) with the corresponding grid spacing of �x = �y =
0.5 fm for e-by-e calculation of electromagnetic fields and
fluid energy density in the plane transverse to the trajectory
of the colliding nuclei. The position of colliding nucleons
are obtained from the MC-Glauber model in an e-by-e basis.
The position of nucleons are randomly distributed according
to the Woods-Saxon nuclear density distribution (as shown
in Fig. 1). We adopt the usual convention used in heavy ion
collisions for describing the geometry of the nuclear collisions,
i.e., the impact parameter vector (�b) of the collision is along
x axes and the colliding nuclei are symmetrically situated
around the (0,0) point of the computational grid. The electric
and magnetic fields at point �r(x,y) at time t due to all charged
protons inside two colliding nucleus are calculated from the
Lienard-Weichart formula

�E(�r,t) = e

4π

Nproton∑
i=1

Zi

�Ri − Ri �vi

(Ri − �Ri · �vi)
3

(
1 − v2

i

)
, (1)

�B(�r,t) = e

4π

Nproton∑
i=1

Zi

�vi × �Ri

(Ri − �Ri · �vi)
3

(
1 − v2

i

)
, (2)

where �E and �B are the electric and magnetic field vectors,
respectively, e is the charge of a proton, Z is the number of
proton inside each nucleus, �Ri = �x − �xi(t) is the distance from
a charged proton at position �xi to �x where the field is evaluated,
�vi is the velocity of the ith proton inside the colliding nucleus.

FIG. 1. (Color online) Distribution of nucleons inside target and
projectile nuclei in typical Au-Au collisions at

√
sNN = 200 GeV for

b = 12 fm.

Ri is the magnitude of �Ri . The summation runs over all proton
(Nproton) inside the two colliding nuclei. Following Ref. [1] we
assume that because of the large Lorentz factor (γ ∼ 100) the
colliding nuclei are highly Lorentz contracted along the z di-
rection and all the colliding protons have same velocity vfirst

i =
(0,0,vz) and vsecond

i = (0,0, − vz). vz is related to the c.m.

energy (
√

sNN ) through the relationship vz =
√

1 − ( 2mp√
sNN

)
2
,

where mp is the proton mass. Note that according to Eqs. (1)
and (2) the electric and magnetic fields diverge as �Ri → 0, to
remove this singularity we assume a lower value Rcut = 0.3 fm
as used in Ref. [1]. This particular value of Rcut = 0.3 fm was
fixed as an effective distance between partons and it was found
that the calculated electromagnetic field has weak dependence
for 0.3 fm � Rcut � 0.6 fm. We note that the quantities e �B
and e �E has dimension GeV2 and the conversion from GeV2 to
Gauss is given by 1 GeV2 = 5.12 × 1019 Gauss.

It is customary to use Milne co-ordinate [τ =√
(t2 − z2),x,y,η = 1

2 ln( t+z
t−z

)] in heavy ion collisions. For our
case we shall concentrate on the midrapidity region (z ≈ 0)
where t ∼ τ .

By using the MC-Glauber model we also compute the fluid
energy density in the transverse plane from the position of
wounded nucleons. This is a common practice to initialize
energy density for e-by-e hydrodynamics simulations. Since
the positions of the wounded nucleons (Nwound) are like a δ
function in co-ordinate space, in order to calculate the energy
density profile for hydrodynamics simulations one needs to
smooth the initial profile by introducing Gaussian smearing
for every colliding nucleon. The fluid energy density ε is
parametrized as

ε(x,y,σg,�b) = k

Nwound∑
i=1

e
− (x−xi (�b))2+(y−yi (�b))2

2σg2 . (3)

Here, x,y is the co-ordinate of the computational grid,
xi(�b),yi(�b) are the co-ordinates of wounded nucleons for an
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impact parameter �b, σg is the Gaussian smearing which is taken
to be 0.5 fm (unless stated otherwise) for our calculation. k is
a constant which is tuned to match the initial central energy
density for the event averaged case. We estimate k = 6 which
results in the initial central energy density 40 GeV/fm3 for
b = 0 fm collision. This is the typical value of initial energy
density used in the e-by-e hydrodynamics model to reproduce
the experimental measured charged particle multiplicity in
Au-Au collisions at

√
sNN = 200 GeV for an initial time

τi ∼ 0.5 fm [18]. The same k factor is used to calculate the
initial energy density for all other impact parameters.

Once we calculate the electromagnetic field and the fluid
energy density in the transverse plane, the plasma σ (x,y,�b) =
(eB(x,y,�b))2

2ε(x,y,�b)
is readily obtained for each event. For our case

we only considered the transverse components Bx and By to
calculate the total magnetic energy density, since Bz � Bx,By .
As mentioned, the hydrodynamics expansion of the QGP fluid
starts after a time ∼0.5 fm, and because of the relativistic
velocities of the charged protons the produced magnetic fields
decays very quickly. If there is no conducting medium then
the magnetic field decays as ∼t−3. But in the presence
of a conducting medium the decay can be substantially
delayed [32]. However, the thermodynamic and transport
properties of the nuclear matter right after the collision up to
the time when the system reaches local thermal equilibrium are
poorly known. Thus we investigate in our study two different
scenarios when calculating σ (x,y,�b). From now on we will
omit �b in the expression of σ , and because of spherical
symmetry of the colliding nuclei we omit the vector arrow
and simply write b for the impact parameter.

(i) In the first scenario, following Ref. [32] we assume that
the matter in the pre-equilibrium phase has finite electrical
conductivity and the field components are evaluated at τi = 0.5
fm by reducing the magnitudes of the initial magnetic field
(at τ = 0 fm) to 0.1 times. This is a simplification of the
actual scenario, since the time evolution of the fields depend
on the electrical conductivity, the impact parameter, and on the
Lorentz gamma (γ ) of the collisions. According to Ref. [32] the
initial electromagnetic field produced in a b = 7 fm collision
and for an electrical conductivity σel = 5.8 MeV reduced
∼50% to its original value after τ ∼ 0.5 fm. Note that for
simplification in the numerical simulation we have ignored
the impact parameter dependence of the evolution of the
electromagnetic field in medium as was discussed in Ref. [32].
We note that according to lattice QCD and perturbative
QCD studies QGP possesses finite temperature-dependent
σel [33–35]. Similar temperature dependence of σel in the QGP
phase was also found from a strongly coupled holographic
calculation, for example, see Refs. [36–38], and references
therein.

(ii) In the second scenario, we assume the magnetic field
is evolved in vacuum (zero electrical conductivity) until the
hydrodynamics expansion starts. For this case we reduced the
magnitude of the initial electromagnetic field 0.01 times.

We note that in reality the situation may lie in between
the above-mentioned two scenarios. From now on we denote
the first and second scenarios by medium and vacuum,
respectively.

〈    〉

〈      〉

〈      〉

FIG. 2. (Color online) Impact parameter dependence of event
averaged magnetic and electric fields at the center of the fireball
for Au-Au collisions at

√
sNN = 200 GeV.

We consider 1000 nucleus-nucleus collisions for our
present calculation for each impact parameter.

III. RESULTS AND DISCUSSION

At first we shall concentrate on the electromagnetic fields
computed at the center of the fireball (i.e., at point x = y = 0
in our computational grid). Figure 2 shows the event averaged
value of magnetic and electric fields as a function of impact
parameter b. The By , its absolute value |By |, and x component
of the electric field Ex are shown by pink dashed, blue dotted,
and black solid lines, respectively. We note that our result is
consistent with the result of Ref. [1]. We also checked other
components of electric and magnetic fields and they are found
to be consistent with Ref. [1].

The electric and magnetic fields are created in high energy
heavy-ion collisions in presence of the electrically charged
protons inside the two colliding nucleus. Whereas both neutron
and protons inside the colliding nuclei deposit energy in the
collision zone as a result of elastic and inelastic collisions
among them. Since the positions of protons in the colliding
nucleus is different with that of the positions of all nucleons,
the resulting spatial distribution of the electromagnetic field is
expected to differ from that of the initial fluid energy density.
Figure 3 shows the event averaged value of fluid energy density
at point (x = y = 0) as a function of impact parameter b.
The energy density is obtained from Eq. (3) for k = 6. This
specific value of k was chosen in order to obtain the central
energy density ∼40 GeV/fm3 for b = 0 fm collisions. From
previous studies [18] we note that the initial central energy
density for central (0–5 % centrality which corresponds to
b ∼ 2 fm) Au-Au collisions requires ε ∼ 40 GeV/fm3 at
initial time τi = 0.6 fm at the center of the fireball (x = y = 0)
to reproduce the experimentally measured charged hadron
multiplicity at

√
sNN = 200 GeV. However, we note that a

different initial time (τi) will give different initial energy
density [39], in that case the magnitude of magnetic field at τi

will also be different. From Figs. 2 and 3 we notice that fluid
energy density decreases whereas the intensity of magnetic
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FIG. 3. Impact parameter dependence of event averaged central
energy density (〈ε(0,0)〉) of fluid for Au-Au collisions at

√
sNN =

200 GeV.

field increases with b. It is thus expected that σ (x,y,b) will
reach its maximum value for b ∼ 12 fm. So far we have shown
the event average �E(x,y), �B(x,y), and ε(x,y) at the center of
the collision zone.

The top panel of Fig. 4 shows the event averaged ε(x,y) for
b = 0 fm collisions. Since the Au nucleus is almost spherical in
shape, a head on Au-Au collision deposits energy in an almost
circular zone. Different color schemes in the legend denote the
energy density in units of GeV/fm3. The miiddle and bottom
panels of Fig. 4 show the corresponding magnetic field energy
density (eB)2

2 due to the y and x component of �B, respectively,
where �B is calculated at time τ = 0. We observe that the
distribution of magnetic field energy is similar to the fluid
energy density obtained from elastic and inelastic nucleon-
nucleon collisions in the MC-Glauber model. The magnetic
field energy density due to Bx and By is peaked at the center and
has a SO(2) rotational symmetry for b = 0 fm collision. This
is not surprising since the positions of the protons for b = 0
fm collisions have such rotational symmetry about the center
of the fireball in the transverse plane for the event averaged
case. The situation for a nonzero impact parameter collision
becomes different. The overlap zone between the two nuclei
becomes elliptical, as can be seen from the top panel of Fig. 5
which corresponds to ε(x,y) for b = 12 fm. The middle and
bottom panels of Fig. 5 show the corresponding energy density
for By and Bx components. We find that the field energy density
due to By has similar shape as fluid energy density, but that
due to Bx has maximum in a dumbbell shaped region which is
different from the initial fluid energy density.

So far we have shown the event averaged value of ε and
components of �B. It is not clear from the above discussion
whether the magnetic field energy density is negligible
compared to the initial fluid energy density for every events
because both ε and (eB)2

2 are lumpy in the transverse plane as
shown in Fig. 6. This leads us to study σ (x,y) on an e-by-e
basis.

FIG. 4. (Color online) (a) 1000 event averaged initial energy
density of QGP for b = 0 fm Au-Au collisions at

√
sNN = 200 GeV.

(b) 1000 event averaged magnetic field energy density calculated
from the y component of the magnetic field for b = 0 fm Au-Au
collisions at

√
sNN GeV. (c) Same as (b) but for the x component of

the magnetic fields Bx .

A. Event-by-event σ (x, y)

The top panel of Fig. 6 shows the energy density, middle
and bottom panels show corresponding σ (x,y) at τ = 0.5 fm
for evolution of the magnetic field in medium and in vacuum,
respectively, for a single event of b = 12 fm collisions. The
shaded band in the middle and bottom panels correspond to the
zones where 0.01 � σ (x,y) � 10 (increasing in the outward
direction). As expected σ (x,y) reaches its maximum value in
regions where ε(x,y) becomes small.
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FIG. 5. (Color online) (a) 1000 event averaged initial energy
density of QGP for Au-Au at

√
sNN = 200 GeV for impact parameter

b = 12 fm collisions. (b) event averaged magnetic field energy density
calculated from the y component of the magnetic field for b = 12 fm
Au-Au collisions at

√
sNN GeV. (c) Same as middle panel but for the

x component of the magnetic fields Bx .

However, note that those regions of large σ (x,y) strongly
depend on the temporal evolution of the magnetic field from
τ = 0 fm until the hydrodynamics expansion starts at time
τi . This can be seen from the bottom panel of the same
figure where the regions of large σ (x,y) moves outward as
the magnetic filed for this case decays faster than the case of
medium with finite electrical conductivity.

We observe here that even if the magnetic field decays
quickly (as in vacuum) until the hydrodynamics expansion
starts, there is a corona of large σ (x,y). It is then important to

FIG. 6. (Color online) (a) Fluid energy density. (b) σ (x,y) for
the medium. (c) σ (x,y) for the vacuum in a single b = 12 fm Au-Au√

sNN = 200 GeV collision. The shaded annular region in (b) and (c)
corresponds to 0.01 � σ (x,y) � 10.

consider the magnetohydrodynamics framework to investigate
further the possible effects of those large σ (x,y) zone on the
space-time evolution of the QGP fluid. We expect that since
the region of large σ seems to lie mostly outside the places
where ε(x,y) is high there will be a minor modification in the
transverse evolution of the QGP fluid when the effect of the
magnetic field is taken into account. The above conclusion is
made by investigating only one particular event, in order to
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FIG. 7. (Color online) (a) e-by-e distribution of σ (0,0) as a
function of ε(0,0) for b = 0 fm Au-Au collisions at

√
sNN =

200 GeV. (b) Same as (a) but for (x = 7,y = 0).

understand the ensemble of events let us look at the e-by-e
distribution of σ (x,y) at the center (x = y = 0) and at the
periphery of the collision zone.

Top panel of Fig. 7 shows the e-by-e distribution of σ (0,0)
as a function of ε(0,0) for b = 0 fm collisions. The bottom
panel of the same figure shows the event distribution of
σ (7,0) versus ε(7,0). All results are obtained for magnetic
field evolution in medium. Naively one expects that σ (x,y)
and ε(x,y) should be anticorrelated, i.e., for places where ε is
large σ will be small and vice versa, the same conclusion was
made in Ref. [31]. But it is clear from Fig. 7 that there is no such
simple relationship between ε and σ for b = 0 fm collisions
in the MC-Glauber model. In fact, we notice that at the center
of the collision zone ε and σ are almost uncorrelated. For
regions at the periphery of the collision zone (bottom panel)
we observe similar behavior, but notice that here σ (7,0) may
reach ∼1 in some events, whereas for x = y = 0 it never
exceeds 0.01.

Now let us discuss the result for b = 12 fm collisions where
the relative importance of the magnetic field is expected to be
highest. The top panel of Fig. 8 shows the e-by-e distribution
of σ (0,0) as a function of ε(0,0) for b = 12 fm collisions. We
notice that like σ (0,0) distribution for b = 0 fm collisions,
most of the events have σ (0,0) � 0.01. However, for few
events σ (0,0) ∼ 1. Like b = 0 fm collisions here we also
notice no clear correlation between ε and σ . The bottom panel
of Fig. 8 shows the distribution of σ (3,0) as a function of
ε(3,0). We notice that a considerable number of events have
σ ∼ 1 for this case.

FIG. 8. (Color online) (a) e-by-e distribution of σ (0,0) as a
function of ε(0,0) for b = 12 fm Au-Au collisions at

√
sNN =

200 GeV. (b) Same as top panel but for (x = 3,y = 0).

Next we discuss the event averaged transverse profile of
σ (x,y) for b = 0 and 12 fm as depicted in Figs. 9 and 10,
respectively. As expected, the event averaged σ (x,y) in the
range 0.01 � σ � 10 for b = 0 fm collisions (Fig. 9) form
an annular region enclosing the high energy density zone
of the QGP fluid. The top panel of Fig. 9 shows the result
for magnetic field evolution in vacuum and the bottom panel
shows in medium. However, σ (x,y) for b = 12 fm collisions
shows different spatial distribution as depicted in Fig. 10. The
nontrivial contour in this case results from the fact that for some
events σ (x,y) becomes very large and the event averaged value
is dominated by those large σ . The top and bottom panels show
the result for vacuum and medium, respectively.

B. Sensitivity of σ (x, y) on Gaussian smearing

The Gaussian smearing σg in Eq. (3) is a free parameter
which is usually taken in the range ∼0.1–1.0 fm. Here we
discuss the sensitivity of our result on Gaussian smearing by
setting σg = 0.25 fm which is taken from a recent study [40].
Reducing σg results in very lumpy initial energy density hence
we expect a different spatial dependence of σ (x,y) compared
to the previous case where σg = 0.5 fm is used. For σg =
0.25 fm we adjusted k to a new value k = 17 to keep the event-
averaged initial central energy density for b = 0 fm collisions
the same as before i.e., ∼40 GeV/fm3. The top panel of Fig. 11
shows the e-by-e distribution of σ (0,0) as a function of ε(0,0)
for b = 0 fm Au-Au collisions. Bottom panel shows the same
but for x = 7,y = 0. Comparing Figs. 7 and 11 we found
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FIG. 9. (Color online) Event averaged σ (x,y) in the range
0.01 � σ � 10 (shaded region) for Au-Au collisions of b = 0 fm
at

√
sNN = 200 GeV. (a) For vacuum; (b) for medium.

that changing σg from 0.5 fm to 0.25 fm changes the e-by-e
distribution of σ vs ε. Since the energy density is more lumpy
for σg = 0.25 fm than 0.5 fm, the number of events with large
σ increases. To see the effect of changed σg in peripheral
collisions, we show the e-by-e distribution of σ vs ε for b = 12
fm in Fig. 12. The top panel of Fig. 12 shows the e-by-e
distribution of σ (0,0) vs ε(0,0) and the bottom panel shows
e-by-e distribution of σ (3,0) vs ε(3,0). It is clear that for
b = 12 fm collisions the correlation between σ and ε at the
center (x = y = 0) is sensitive to σg , and the maximum value
of σ ∼ 1, in contrary to what was observed for the case of
b = 0 fm collisions.

C. Event-by-event σ (x, y) due to electric fields

So far we have only discussed the ratio of magnetic field
energy to the fluid energy density. Previously we have seen that
the electric field in e-by-e Au-Au collisions is also comparable
to the magnetic field. Thus it is worthwhile to investigate the
ratio of electric field energy density to the fluid energy density
σ = (eE)2

2ε
.

The top panel of Fig. 13 shows the e-by-e distribution of
σ (0,0) calculated for the electric field as a function of ε(0,0)
for b = 0 fm collisions. We notice that σ (0,0) due to the

FIG. 10. (Color online) Event averaged σ (x,y) in the range
0.01 � σ � 10 (shaded region) for Au-Au collisions of b = 12 fm at√

sNN = 200 GeV. (a) For vacuum; (b) for medium.

FIG. 11. (Color online) (a) e-by-e distribution of σ (0,0) as a
function of ε(0,0) for Au-Au b = 0 fm collisions at

√
sNN = 200

GeV. (b) Same as (a) but for (x = 7,y = 0). σg = 0.25 for both cases.
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FIG. 12. (Color online) (a) e-by-e distribution of σ (0,0) as a
function of ε(0,0) for Au-Au b = 12 fm collisions at

√
sNN = 200

GeV. (b) Same as (a) but for (x = 3,y = 0). σg = 0.25 for both cases.

FIG. 13. (Color online) (a) e-by-e distribution of σ (0,0) com-
puted from the electric fields as a function of ε(0,0) for Au-Au
b = 12 fm collisions at

√
sNN = 200 GeV. (b) Same as (a) but for

(x = 7,y = 0). σg = 0.5 for both cases.

FIG. 14. (Color online) (a) e-by-e distribution of σ (0,0) com-
puted from electric fields as a function of ε(0,0) for Au-Au b = 12 fm
collisions at

√
sNN = 200 GeV. (b) Same as (a) but for (x = 3,y = 0).

σg = 0.5 for both cases.

electric field is small (�0.01) and weakly correlated to the
fluid energy density as was also observed for the magnetic
fields. The bottom panel of Fig. 13 shows the same thing
but for x = 7,y = 0. Compared to the case for the magnetic
field (see Fig. 7), σ (7,0) for an electric field shows strong
correlation to the fluid energy density for b = 0 fm collisions.
This is expected, since the electric field fluctuates less at the
periphery as the electric fields from both the nuclei directed
radially outward, whereas the magnetic fields from the two
nuclei tend to cancel each other because they point in the
opposite direction and hence fluctuates more compared to
electric field. But for peripheral collisions the electric fields
in the fireball from the colliding nuclei point in the opposite
direction hence they show more fluctuation as can be seen
for b = 12 fm collisions from the top and bottom panels of
Fig. 14. Note that as for the case of magnetic fields, σ due to
electric fields are also large for some events in the periphery
of the fireball for peripheral collisions.

IV. SUMMARY AND DISCUSSION

We have studied the relative importance of magnetic
and electric field energy on initial fluid energy density
of the QGP by evaluating σ = (eB)2

2ε
and (eE)2

2ε
for Au-Au

collisions at
√

sNN = 200 GeV. The fluid energy density and
electromagnetic fields are computed by using the MC-Glauber
model using the following parameters: the cutoff distance
Rcut = 0.3fm, Gaussian smearing parameter σg = 0.5 (and
0.25 fm), and the scalar multiplicative factor k = 6 (and 17).
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The initial energy density (at time τi = 0.5 fm) for the fluid is
fixed to ∼40 GeV/fm3. The ratio of the magnetic and electric
field energy density to the fluid energy density σ is evaluated
in the transverse plane for two different impact parameters
b = 0 and 12 fm. We find that for most of the events, at the
center of the collision zone σ (0,0)�1 for both b = 0 and
12 fm collisions. However, at the periphery of the collision
zone where ε becomes small we observed a region of large
σ . For large impact parameter collisions σ becomes larger for
peripheral collisions (large b) compared to central (small b)
collisions as a result of increase in magnetic field and decrease
in fluid energy density. We observe that in central collisions
(b = 0 fm) at the center of collision zone σ � 1 for most of
the events. However, large σ is observed in the outer regions
of the collision zone. In peripheral collisions σ becomes quite
large at both the center and periphery of the collision zone.
From this observation we conclude that initial strong magnetic
fields might contribute to the total initial energy density of
the Au-Au collisions (or other similar heavy ion collisions
like Pb-Pb) significantly. However, the true effect of large
σ (or large magnetic fields) will remain unclear unless one
performs a realistic magnetohydrodynamics simulation with
the proper initial conditions, for example see Refs. [22–25]
for some theoretical estimates. We checked that the event
averaged eccentricity of the initial energy density changes
by ∼3.5% for b = 12 fm collisions when one includes the
magnetic fields. This change in initial state might effect
the final elliptic and higher order flow in hydrodynamics
simulations, and hence it may introduce further uncertainty in
the extracted η/s obtained from the comparison of simulation
and the experimental data for peripheral collisions as was
also speculated in some previous studies [41,42]. A number
of possible experimental observables, e.g, charge dependent
azimuthal correlation, soft photon production among others,
might be affected due to the azimuthally fluctuating electric
and magnetic fields in heavy-ion collisions, for details see

Refs. [3,43,44] and references therein. Since the matter energy
distribution changes when we include electromagnetic field
energy in the matter distribution, it is worthwhile to check in a
future study the possible effect of this change on the correlation
of �B and the participant plane angle as done in a previous
study [3]. On the other hand such a large σ also implies that
those chiral phenomena, e.g., chiral magnetic effect, chiral
separation effect, might not be ignorable in the hydrodynamic
simulations. More systematical studies and simulations are
required.

It is also worthwhile to mention that according to a recent
study [45] the shear viscosity over entropy density ratio along
the external magnetic field may violate the lower bound
( 1

4π
) predicted by string theoretical and quantum mechanical

calculations [46] which was also confronted by viscous
hydrodynamics studies without an external magnetic field.
Note that the results in this paper are obtained for a specific
model of initial conditions (MC-Glauber model) with few free
parameters. We have not explored all possible allowed values
of these free parameters. In the future we can incorporate
other initial conditions and a more realistic time evolution
of the electromagnetic fields in the pre-equilibrium phase (as
described in Ref. [32]) to study the effect of magnetic fields
on initial fluid energy density distribution. It is also interesting
to study the similar thing for lower

√
sNN collisions where the

decay of a magnetic field in vacuum is supposed to be much
slower than the present case because of the slower speed of
the colliding nuclei, and also the corresponding initial energy
density for such cases is smaller than the present case of Au-Au
collisions at

√
sNN = 200 GeV.
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