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The magnetic fields in heavy-ion collisions are important ingredients for many interesting phenomena, such
as the chiral magnetic effect, the chiral magnetic wave, the directed flow v; of D° mesons, and the splitting
of the spin polarization of the A/A. Quantitative studies of these phenomena, however, suffer from limited
understanding of the dynamical evolution of these fields in the medium created by the collisions, which remains
a critical and challenging problem. The initial magnetic fields from the colliding nuclei decay very fast in the
vacuum but their lifetime could be extended through medium response due to electrically conducting quarks
and antiquarks. Here we perform a detailed analysis of such medium effect on the dynamical magnetic fields
by numerically solving Maxwell’s equations concurrently with the expanding medium described by viscous
hydrodynamics, under the assumption of negligible back reaction of the fields on the fluid evolution. Our results
suggest a considerable enhancement of late time magnetic fields, the magnitude of which depends sensitively on
the fireball expansion as well as the medium electric conductivity both before and during hydrodynamic stage.

DOLI: 10.1103/PhysRevC.107.034901

I. INTRODUCTION

Ultrarelativistic heavy-ion collisions provide the opportu-
nity to create quark-gluon plasma (QGP) and investigate its
properties under extreme conditions in terms of temperatures,
baryon densities, and more recently also magnetic fields and
vorticity. There are very strong magnetic fields arising from
the fast-moving ions in noncentral heavy-ion collisions, which
can reach about eB ~ m2 ~ 10'® G in Au + Au collisions at
the Relativistic Heavy Ion Collider (RHIC), and can be still
an order of magnitude larger at the Larger Hadron Collider
(LHC) [1-9]. Many interesting effects induced by such mag-
netic fields have been proposed and studied both theoretically
and experimentally, such as the chiral magnetic effect, the
chiral magnetic wave, the directed flow v; of DY mesons, the
splitting of the spin polarization of the A/A, etc. See recent
reviews in, e.g., [10-16].

While the initial strength and spatial distribution of the
magnetic fields at the beginning of a heavy ion collision can
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be accurately calculated, the subsequent dynamical evolution
of such magnetic fields in the medium is rather poorly deter-
mined. If one only considers the field evolution in vacuum
case, it is well known that the strength decays rapidly in
time and the field lifetime at midrapidity can be estimated
as tg ~ R, /(y v,) which is about 0.06 fm for Au 4+ Au col-
lisions at 200 GeV [16] while it is about 0.005 fm for Pb + Pb
collisions at 2.76 TeV. However, the lifetime of the in-medium
magnetic field could be elongated due to the presence of the
quark-gluon plasma in which the electrically charged quarks
and antiquarks form a conducting medium with induction
effect, as qualitatively demonstrated by various theoretical and
numerical investigations [17-30]. A quantitative understand-
ing of the dynamical evolution of magnetic fields, however,
remains a key challenge.

Generally speaking, there are two different types of ap-
proaches: the “strong field” and “weak field” methods. In the
strong field method, the influence of the electromagnetic fields
on the medium evolution cannot be ignored and thus need to
be taken into account for describing the medium. The most
representative example is magnetohydrodynamics (MHD). In
an ideal MHD with infinite conductivity, the magnetic field
obeys the frozen flux (or Alfven) theorem and can therefore
be represented simply in time [31,32] for a Bjorken flow, i.e.,
B(t) = By 79/, where By is the initial magnetic field at time
79. Numerical efforts were developed in [33,34] by using the
improved version of ECHO-QGP to simulate the evolution
of electromagnetic fields in heavy-ion collisions by solving
the relativistic ideal MHD equations with the assumption of
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infinite electrical conductivity of the plasma and ideal hydro
behavior of the medium without dissipative effects. These
analyses show that the medium effect would indeed slow
down the decay of the magnetic field and hence enlarge its
lifetime. However, given the strongly coupled nature of the
quark-gluon plasma, it is difficult to imagine that the electric
conductivity would be very large. In fact, lattice simulations
would suggest a rather limited QGP electric conductivity.

In the weak field method, one assumes that the effect
of the medium on electromagnetic fields must be accounted
for while the back reaction of electromagnetic fields on the
medium is negligible. In this approach, the medium evolution
can be described by usual viscous hydrodynamics without
electromagnetic fields and the evolution of the electromag-
netic fields can be derived from Maxwell’s equations by
including the responses from the medium via, e.g., induction
currents. Several previous theoretical and numerical works
adopted this method; see, e.g., [7,8,35-42]. These studies also
clearly demonstrated the medium response effect that can help
extend the lifetime of magnetic fields, but often suffer from
various unrealistic approximations, e.g., constant conductiv-
ity, static medium, one-dimensional Bjorken expansion only,
infinite transverse medium, etc.

Quantitatively understanding the dynamical evolution of
magnetic fields requires a more realistic hydrodynamic back-
ground, a more realistic QGP conductivity, a proper treatment
of the full space-time dependence of the fields, as well as a
careful analysis of the per-hydro nonequilibrium stage. In this
work, we make an attempt at address these issues based on the
weak field method through numerically solving concurrently
the viscous hydrodynamics for the medium and Maxwell’s
equations for the electromagnetic fields. To be specific, let’ us
take the /sy = 200 GeV Au + Au collisions as an example
to demonstrate the developed framework. The full evolution
includes three different stages in our framework. The first
stage is the initial stage of time interval 7 = 0.0-0.1 fm,
which may be gluon dominated with few quarks. At this time
there would be no medium response and the electromagnetic
fields are assumed to evolve in vacuum. The second stage
is the pre-equilibrium stage of time interval 7 = 0.1-0.4 fm
where the system is undergoing Bjorken expansion. While
substantial numbers of quarks and antiquarks emerge in this
stage, they may or may not be close to thermal equilibrium
yet. Since there is no clear answer for the electric conductivity
in such a nonequilibrium case, we will test several plausible
assumptions for the preequilibrium effective electric conduc-
tivity, such as the zero model, constant model, and linear
model. The third stage is the hydrodynamic stage for time
T > 0.4 fm, in which the QGP medium is assumed to have
thermal conductivity, and several scenarios for the conduc-
tivity will also be tested. A more detailed description of our
framework will be presented later.

The rest of this paper is organized as follows. In Sec. II, the
analytical solution and the numerical algorithm of Maxwell’s
equations in the static QGP scenario are briefly reviewed, with
certain new results for dynamic magnetic fields under static
QGP with space-time-dependent conductivity. In Sec. III, the
dynamical evolution of magnetic fields in dynamically ex-
panding QGP is studied and the results are compared for

different models of both thermal and preequilibrium con-
ductivities as well as for different choices of hydrodynamic
backgrounds. Finally we conclude in Sec. IV. A number of
relevant technical details are also included in several appen-
dices: Appendix A presents the external electric and magnetic
fields in heavy-ion collision as solutions of Eq. (11); Ap-
pendix B introduces Yee’s grid algorithm for solving the
Maxwell’s equations; Appendix C briefly reviews the Levi-
Civita tensor and electromagnetic tensor in Milne space used
for the expanding case; Appendix D discusses the difference
of the velocity in Milne space and Minkowski space.

II. DYNAMICAL MAGNETIC FIELD IN A STATIC QGP

The covariant Maxwell equations are

FM =Jv, 9, F" =0, (1)
where F/ = lemBF,q is a dual tensor of the electromag-
netic field tensor F/*” = 9*A" — 3"A". Using the relations
B = —Je*Fy =F° E'=F9 F=¢ekB, the co-
variant Maxwell equations (1) can be rewritten in the familiar
form

v-E=J°,
v-B=0,
(2)
GE=VxB-],
B =—-V xE.

The first two equations are the constraint equations, while the
last two equations the dynamical equations of the electromag-
netic fields. The latter can be used to derive the electric and
magnetic fields at the next time step. In a static medium, the
current J° and J can expanded as

=7, J=0E+o,B+]J 3)
with o and o, respectively being the electric and chiral con-
ductivities of QGP. J and J; are the source contributions from
the fast moving protons in the colliding nuclei. They can be
written as

J=e) 8(x —x| )8z —z — ), S
J = eZ,Bz(S(xl — x| )8(z —z; — B). 4

From the above Maxwell equations (2), we can construct
the corresponding wave equations for the electric and mag-
netic fields,

(V2 — 37 —0%)E—0E+0,VxE
=0y B+ 0 + VI, (6)
(V2 =82 —03)B+ (Vo,) xB+0,V xB

= —(Vo)x E—V x ],

where we have used the notations o; = 0,0, 0y, = 0;0y.
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A. Analytical solution of Maxwell equations
at constant conductivities

It is possible to analytically solve the Maxwell equa-
tions (2) or (6), when the electric and chiral conductivity are
all constant for space-time [35,38—40]. In such a case, the
wave equation (6) can be simplified as

(V2 =8} —03)E+0,V x E = 3,J, + vJ°,
‘ 0]
(V* =97 —03)B+0,VxB=-VxJ.

Adopting the cylindric coordinate, its analytical solution is
found to be [35,38-40]

_ Qvyxr ovy
By =~ 55 <1 5 «/K)eA
Q vy’xr
By = =0y —an Y (0 =)+ AVAL, ®)
0 vy 2 2 ovy
BZZO’XQW[V (Ut_Z) 1+T\/Z
#a(1- 2 VE)
E Q vy t AV,
¢ — UX 87'[ A’;/z [y(v _Z)+ ]
0 | yxr ovy
E,=—{"—14+4 —]7—+VA
oL (1 757vA)
o —a(t—z/v)|: y (vt _Z)“ A
——e 14+ ——|t€¢", 9
. JA )
0 A 1 oy
EZZE{—emy(UI_Z)‘i‘A\/Z‘i‘TA
2
+G—2€_”(’_Z/")F(0, —A)},
v
where A = y*(vt —z)* +x3, A= (ovy/2)y(vt —2)—

VA), and T(0,—A) is the incomplete gamma function
defined as I'(a,z) = [ dt1* e,

As noted above, such an analytical solution is based on
the precondition that the electric and chiral conductivities
are space-time independent. Such a condition is not satis-
fied by the rapidly expanding medium form in the heavy-ion
collision. It seems unrealistic to analytically solve the wave
equations (6) or the Maxwell equations (2) when the conduc-
tivities are space-time dependent. Further investigatin of the
realistic dynamical evolution of the electromagnetic field in
heavy-ion collisions calls for numerical calculations.

B. Numerical method to solve Maxwell equations

Numerically solving the Maxwell equations (2) might be
unstable, due to the Dirac delta functions in the source term.
Therefore, we will adopt the method established by McLerran
and Skokov [7]. In this method, the electric and magnetic
fields are separated into two pieces, i.e.,

E = Eexl + Eimv B= Bext + Bint~ (10)

The subscript ‘‘ext” denotes the external part which origi-
nated by the source contribution from the fast moving charge
particles in heavy-ion collisions, whereas “int” refers to the
induced electromagnetic fields generated in the created quark-
gluon plasma (QGP). Then the Maxwell equations (2) under
static medium now can been split into two parts. For the
“external” part,

V:Eext = JS

atEext =V X Bext - Js» (11)
V- Bext = 07

8tBext =-VX Eext~

There is an analytical solution to this set of equations, which
represent the electric and magnetic fields induced by the
fast moving charged particles. Details can be found in Ap-
pendix A. The “internal” part is

V- Eim = O,
0 Eint = V X Bigg — 0 (Eint + Eext) — Oy (Bint + Bext),
VB =0, (12)

atBint =-VX Eint-

We numerically solve this equation set to obtain the internal
electric and magnetic fields in the medium at any time, and
then the resulting dynamical electric and magnetic fields in
heavy-ion collisions are obtained by adding the external and
internal parts.

For numerical stability for the conductivity ranging from 0
to oo when solving Eq. (12), we chose Yee’s algorithm [43],
which belongs to the category of leapfrog algorithms. In Yee’s
algorithm, the computed fields E and B are staggered by half
a step in space-time with respect to each other. More details
about the algorithm of Eq. (12) are presented in Appendix B.
The code package of this section is publicly available [44].

C. numerical results

In this subsection, we present the numerical results us-
ing the aforementioned numerical method. The simulation
is performed using initial conditions of the electromagnetic
field provided by event-averaged Monte Carlo—Glauber (MC-
Glauber) simulation for Au + Au collisions at RHIC energy
/svv = 200 GeV and impact parameter b = 6 fm. The ve-
locity and Lorentz factor for both target and projectile can be
estimated by v> =1 — y =2 and y = \/syn/2m,. To explore
the effect of conductivity, we parametrize the electric conduc-
tivity as the result of hot QCD medium being obtained in the
lattice calculations [19] scaled by a factor (1),

o=A OLQCD = 5.8 A MeV. (13)

To test the stability of our program and investigate influence
of the conductivity on the evolution of the magnetic field, the
parameter is chosen as A = 1, 10, 100, and 1000. The chiral
conductivity is [45]

62
oy = (mNc Zqi)us, (14)
-
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FIG. 1. The dynamical magnetic field in the static medium.

where us is the chiral chemical potential. Based on these
inputs and the aforementioned method, we numerically solve
the time evolution of the magnetic field in the origin x =0
as a function of the electric conductivity. Results are shown
in Fig. 1, and are qualitatively consistent with McLerran and
Skokov [7].' In our calculation, we took two values of the
chiral chemical potential: an optimistic limit that us = 1 GeV
and a pessimistic limit that us = 0. We find the difference
between these two cases to be negligible.

The rapidly expanding conducting medium created in
heavy-ion collisions is highly inhomogeneous. A realistic
simulation requires a space-time-dependent electric conduc-
tivity. Meanwhile, quarks are not formed immediately after
the initial collisions, and it takes finite time for the quark to
equilibrate. One needs to pay special attention to the nontrivial
time dependence of o in the preequilibrium stage.

Herein, we test the influence of different components by
choosing a couple of different models in the simulation. To
explore the limits without transverse expansion and with the
strongest one, we take two the Bjorken and Hubble models
to estimate the time dependence of electric conductivity, o (),

i.e.,
Tt To [t
Bjorken: o (t) = UCQ = O'C_0<_0>’
T T.\ t
T) Tyt ()
Hubble: o(t) = o, :o‘c—o(_o) )
T, T.\ t

In our calculation, we take Top =37. and o, = 10 opqcp.
The spatial dependence is then modeled by assuming a

'We speculate that the difference in qualitative value is due to the
fact that a different colliding system was considered in [7]. See also
[41].

homogeneous or Gaussian profile,

homogeneous: o(¢,x) =o(t),

x

2 2 (16)
Gaussian: ]

where the corresponding parameters in the Gaussian model
are Ry =Ry — b/2, R, = «/Ri — b2/4, and R, =3 fm; Ry =
6.38 fm is the radius of Au; and b = 6 fm is the impact param-
eter. Finally, the effect of quark formation time is estimated by
taking two limits: quarks at time 0 < ¢ < f( are not created at
all, or rapidly created to the density at #y. Correspondingly, the
conductivity is parametrized as

o) =0, <1,
Zero: {o(t) £0, 1<t
o(t) =0, t <0, )
nonzero: L o0(t) =0(ty), 0 <t <,
o(t)#0, to < t.

Here the ty = 0.4 fm is the start time of the hydro stage which
is assumed as global equilibrium. The picture of these two
cases is that the system is under the pre-equilibrium stage
at time interval 0 <t < £y, and then the system is close to
the equilibrium stage after time ¢ = #3. The difference is in
the conductivity at the pre-equilibrium stage. Corresponding
numerical results are shown in Fig. 2. It shows that B(t) is very
sensitive to the effective conductivity of the preequilibrium
stage (0 < ¢ < #p) and the hydro stage (+ > #y). We note that
in Ref. [37] the authors solve the Maxwell equation for a o (¢)
that is similar to our “zero” scenario, and in Fig. 2 we observe
similar behavior for B(t).

III. DYNAMICAL MAGNETIC FIELDS IN
THE NONSTATIC QGP

A. The Maxwell equation in Milne space

It is convenient to use the Milne space for investigating the
dynamic evolution of the electromagnetic field in the rapidly
expanding QGP. The Maxwell equation can be expressed as

D,EY =J", (18)
D.E™ =0, (19)

where the electromagnetic field tensor is marked with the
subscript M to refer to Milne coordinates. The covariant
derivative DH acting on a tensor is expressed as ﬁut"p =
91" + T}t + T 1", with affine connections I'f), =
(1/2)g"° (0v8op + 9u8ov — 958uv)- We adopt the metric con-
vention to be g, = diag(1l, —1, —1, —12). The dual tensor is
Fﬁﬁ,” = (1/2)e""7? F)!. Herein, the Levi-Civita tensor €
and the electromagnetic tensor are different from the case
of Minkowski coordinate, and their explicit forms can be
found in Appendix C. The currents are composed of normal
currents, diffusion current, Ohm’s law, and chiral magnetic
effect (CME) current follows:

JE=JL + IR, 0)
J=nu" +d" +o F; u, + Uxfﬁvuv.
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FIG. 2. Time dependence of the magnetic field along the out-
of-plane direction. Upper and lower panels compare the effect of
preequilibrium conductivity (17). In each plot, red and blue lines
compare the temporal distribution (15), whereas solid and dashed
lines compare the spatial distribution (16).

Herein, J!! denotes the current in the medium and J# the
source COIltI‘lbuthIlS from the fast moving charged partlcles in
heavy-ion collisions; n is the charge number density and d*
the diffusive current. We further denote electric and magnetic
fields in the Milne space as

E'=F B =F", @20

with i being x, y, or n. The current in the medium can be
further simplified as follows:

=5, JN 0,
J ' =nu"+d° + O'(Exux +EW + t22;‘71,/7)
+ o, (Bu* 4+ B'w’ + T2B""),
F - S P
+ oy (EX”I —TE"W + l'Evu"),
P =nw +d +o(E*u’ — 1B + tBu") 22)
+0,(Bu” + tE"w* — tE*u"),

= B . B,
J"=nu"+d"+ a(E"uT + —u" - —u>'>
T
E | E
+ oy Bt — —uf 4+ —u’
T T

In order to facilitate the subsequent numerical calculations,
let us further simplify the above Maxwell equations. From
Eq. (18) and (19), one can get the evolution equations of the
electric and magnetic fields as

OE* 4+ 8,EY + 0,E" = J°,
9. (r E¥) = 8,(t*B") — 9,B" —tJ*, (23)
0 (T E’) = —0,(t*B") + 8,B* — t J*,
3 (tE") = 0,B® — 3,B* — T J";

9.8 + 0,B" + 9,B" = 0,
3:(t BY) = —3,(t>E") + 8,E”, (24)
3:(t B') = .(t?E") — 9,E",
3. (t B") = —0,E” + 0,E*.

Now we can carry out the simulations with above
equations (23) and (24), according to the aforementioned nu-
merical method in Sec. II B. In the final numerical results, we
will compute the electric and magnetic fields in Minkowski
coordinates, which are Lorentz transformation of electric and
magnetic fields in Milne coordinates by the following:

E* = coshnE* + sinhn B,

EY = coshnE” - sinhnﬁx,

E* =tE", (25)
B* = coshnB* — sinhn E?,

B = coshngy + sinhnEx,

B =1B".

B. Electric conductivity

The electric conductivity of QGP remains an open
question. There are many works focusing on the electric
conductivity in the hydro stage of QGP using theoretical
calculations and simulations, but significantly different results
are obtained. Here we briefly outline some of them in the fol-
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lowing for further estimation of the reasonable region. First,
results from different lattice QCD calculations can be different
by an order of magnitude. They are listed as follows:

[17] Fli.5<1/1.<3 = TCom ~ 0.428,
[18] %|T/TL.%15 = (04 +0.1)C,,, = 0.0245 + 0.006,
[19,20] % [1.17, =(0.201-0.703)C,,, & (1.23-4.30) x 1072,
% l1.37, =(0.203-0.388)C,,, ~ (1.24-2.37) x 1072,
2|57, = (0.218-0.413)C,y, ~(1.33-2.52) x 102,

where the factor Cey, = Y_ ; € & 0.06115 for the three-flavor
case, and ey is the charge of a quark with flavor f.
Additionally, results from different theoretical calculations
are also different. The hard thermal loop (HTL) calculation
up to leading logarithm for high temperature QGP pro-

duces o /T = 11.8687e=Ho) = 146.33(26.12) for o =
0.01(0.05) [23], where Q, = (2/3, —1/3, —1/3) for (u,d, s)
and the numerical results are for Qy = Q.. Meanwhile, the
leading order perturbative QCD calculation gives o /T =~
5.98 [29], whereas the dilute instanton-liquid model gives
o /T ~ (0.46-1.39)C,,, =~ (0.0281-0.0850) [27]. The trans-
port model with relaxation time gives us an analytical
representation (see, e.g., [25,46-49]),

. By
_ngLIg q/kdk i _ ’ 26)
62T (e* e 1)2
where the 4+ (—) sign indicates fermion (antifermion). One
can estimate o /T = 0.007-0.026 for T = T, — 5T, with zero
chemical potential.”> Furthermore, the parton-hadron-string
dynamics (PHSD) transport [28] approach finds that o /T ~
0.0009 + 0.015(T — T.)/T.. Finally, simulation using the mi-
croscopic relativistic transport model Boltzmann Approach
to Multi-Parton Scatterings (BAMPS) [50] obtained o /T ~
(0.05-0.2).

Based on the above summary, we choose o /T = 0.1 as a
relatively reasonable value in our numerical simulation. We
also take o /T = 100 to explore the medium response in the
large conductivity limit.

C. Numerical results

In this subsection, we present the simulate results of
the electromagnetic field evolution in the no-static QGP.
As mentioned before, the evolution of the medium formed
in the relativistic heavy-ion collision, as well as that of
the electromagnetic field, consists of three stages: initial
(t < 0.1 fm), preequilibrium (0.1 < v < 0.4 fm), and hydro
(r 2 0.4 fm) stages. Our simulation will be arranged accord-
ingly. The initial condition of the electromagnetic field is
generated by two heavy nuclei moving toward each other.
Then we solve the Maxwell’s equations (23) and (24) and

2In  this

1

5.1Ta2 Inery HI1+0.12Q2N+1)]°
mass composed of the bare mass and thermal mass, and the coupling

3(153—19N7) In[2 In(T /A7) i
T T®BoaN)? W@/ ), with

estimation, the relaxation time is 7, =

gr =2 x3, the mass is the effective

_ 61
constant o, (T) = (33—2Nf)]n(T//\»,-)(

Az = 200 MeV.

(oL = EEE EA R B
E —0=0 ]
100_ —— 0=0,qcp, Static
— 0=0,qcp, Bjorken
--- 0=0.qcp, Gubser
1071
o~ K
£ .
o 107
()
1073
1074
oo e b L
0.0 0.5 1.0 15 2.0

7 (fm)

FIG. 3. The suppression effect of the longitudinal expansion of
the medium.

simulate the electromagnetic field evolution in the preequi-
librium and hydro stages. In the pre-equilibrium stage, the
QGP is assumed to expand as a Bjorken flow, and we ex-
plore three different models for the time dependence of the
electrical conductivity. In the hydro stage, we take the hydro
background from Bjorken flow, Gubser flow, and a realistic
hydro profile from the MUSIC package [51-54]. The cor-
responding temperature and fluid velocity are produced by
these three models. (See Appendix D for analytical forms
of temperature and fluid velocity in the Bjorken and Gub-
ser solutions.) These temperature and fluid velocity profiles
are then read into the program and provide the background
field to solve Maxwell’s equations (23) and (24). In what
follows, we will focus on the dynamical magnetic field at
the center of the fireball [x = (0, 0, 0)].> Herein, we focus
on the case that the net number density (n) and the diffusive
current density (d*) are set to zero, and their influence on the
dynamic evolution of the magnetic field will be studied in our
future work.

1. Suppression effect due to the longitudinal
expansion of the medium

We first study the evolution of magnetic field along the
out-of-plane direction (e By) with three different backgrounds:
a static medium, Bjorken flow, and Gubser flow. We take
identical electric conductivities in these three different cases,
i.e., 0 = 0 for the initial stage, and o = o1 qcp for the pree-
quilibrium and hydro stages. Results are shown in Fig. 3. We

31t is worth noting that we can generate the dynamic magnetic and
electric fields at any given coordinate and the spatial distribution of
electromagnetic fields at any time under our framework.
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FIG. 4. Tllustration of the suppression effect. (a) Lorentz force
acting on in-medium charged particles due to the external magnetic
field. (b) Induced electric currents due to the Lorentz force and their
resulting induced magnetic field.

observe a suppression effect for the longitudinal expansion of
the medium. The dynamical magnetic field was depressed in
the Bjorken expansion and the Gubser expansion compared
to the static case.

The reason for the suppression effect is illustrated in Fig. 4
and explained as follows. In the presence of a external mag-
netic field along the y axis, in-medium particles with positive
(negative) at forward rapidity experience a Lorentz force

pointing at the negative (positive) x direction, and vice versa
for particles at backward rapidity. Collective motion of the
charged particles, due to the Lorentz force, induces a clock-
wise circular current. It generates an induced magnetic field
in the negative y direction and thereby weakens the external
magnetic field.

2. The dynamical magnetic field with realistic hydro background

Now we move on to the realistic hydrodynamic back-
ground provided by numerical simulation using the MUSIC
package [51-54]. We set o = 0 at the initial stage, and we ex-
plore the medium responses to the magnetic field by choosing
three different electric conductivity models in the preequilib-
rium stage and respectively setting the electric conductivity
0 =01T, 0 =01qcp, and 0 = 1007 in the hydro stage.
The three models for the preequilibrium stage are (a) zero
model that assumes vanishing conductivity, o (z, x) = 0; (b)
constant model that assumes constant conductivity, which
takes the value at the initial time of the hydro stage, o (t, x) =
o(tr = 0.4 fm, x); and (c) linear model that the conductivity
that grows linearly from zero to the value at the hydro initial
time, o (7, X) = (7/0.4 fm)o (r = 0.4 fm, x). We will assume
that the temperature and velocity of the background flow in
the preequilibrium stage follow the Bjorken flow.

Both hydro and electromagnetic field initial conditions
are generated by event-averaged MC-Glauber simulation for
/snvv = 200 GeV AuAu collisions. For a more direct com-
parison of the response of different hydro profiles, we fix
the magnetic field to be the one with impact parameter
b =6 fm, and vary the hydro background from 10-20% to
50-60% centrality classes.

Results for 0 = 0.17 in the hydro stage are presented in
Fig. 5. The dynamical magnetic field is more sensitive to the
electric conductivity model of the preequilibrium stage than
to the hydro background. The dynamical magnetic fields in
Bjorken, Gubser, and realistic backgrounds are almost the
same except for the late time region where the magnetic
field strength is very small. It means that the evolution of

10"F | 4 10'F I 4  10'F l =
— Vacuum
10° o=01T .. Bjorken 10° 0=01T ] 10° g=01T ]
zero model  --- %Jbsg(r)o/ constant model linear model
107" o0-_30% 3 107'F 4 107 :
~ E —20--30%
g 30--40%
> 1072 40--50% + 1072 -4  107%- -
) —50--60%
1073 - 1073 N\ e, = 1073 ..
10~ -4 107 -4 104 —
-5 l l I -5 l x | 5 | | 1
107% 1 2 3 0% 1 2 3 1075 1 2 3
T (fm) T (fm) 7 (fm)

FIG. 5. Proper dependence of magnetic field along the out-of-plane direction at the center (x = 0,y = 0, z = 0) and with conductivity
o = 0.1T in the hydro stage. Panels from left to right correspond to zero, linear, and constant models for the preequilibrium stage. Black solid
curves represent the vacuum value, whereas dotted (dashed) curves take Bjorken (Gubser) flow as the background. Colored solid curves from
purple to red are respectively for realistic hydro backgrounds in the 10-20% to 50-60% centrality classes.
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TABLE I. The fit parameters of the fitted magnetic field Eq. (27) for electric conductivity o = 0.1 T in the hydro stage with a different

conductivity model in the preequilibrium stage.

ap bo bl bz Co C1 Cy C3
zero model —8.848 —2.193 0.412 —-0.207 0.0 13.074 —11.66 19.679
constant model —21.693 —28.039 —148.773 —16.302 0 159.619 6.285 4.948
linear model —10.177 —7.549 0.183 —0.299 0.351 36.926 —16.311 3.285

the y component of the magnetic field is dominated by the
longitudinal expansion of the QGP, rather than the transverse
expansion. We fit the magnetic field as a function of time with
a parameterized function,

bo+byT+by T2

eB’ = eB)_exp [agevrraras ], 27

Corresponding parameters in Table I are fit from the data of
the MUSIC hydro background with centrality 40-50%.

Then we investigate the evolution of magnetic field with
the constant conductivity o = orqgcp in the hydro stage. Re-
sults are presented in Fig. 6, and parameter fit for 40-50%
centrality range is listed in Table II. Given the constant
conductivity, the influence of transverse expansion become
negligible.

Finally, let us explore the response of a highly conductive
plasma where the electric conductivity is 1000 times that in
the hydro stage, i.e., 0 = 100 T. Results are shown in Fig. 7
and Table III. Compared with the results in Fig. 5, the late-
time strength of the magnetic field is much greater, and it is
more explicitly dependent on the choice of the conductivity
model in the preequilibrium stage.

IV. CONCLUSION

To conclude, we have developed a framework to numer-
ically simulate the dynamical magnetic fields in heavy ion
collisions. This framework has allowed us to investigate the
in-medium evolution of space-time-dependent magnetic fields
on top of a variety of background medium evolution models
for different scenarios of electric conductivities both in the
thermal phase and in the pre-equilibrium stage. Our main
findings can be summarized as follows.

(1) In the case of a static QGP, previous results assum-
ing constant electric conductivity are reproduced and
new results with more realistic space-time-dependent
electric conductivity are obtained, demonstrating a
robust medium response that extends the lifetime of
the magnitude and that is sensitive to the values of the
conductivity.

(i) For an expanding QGP, we find a strong influence
of the longitudinal expansion which considerably re-
duces the contributions from medium response and
as a result leads to a much smaller magnetic fields
as compared with the static case. On the other hand,
the inclusion of transverse expansion in addition to
the longitudinal expansion only affects the dynamical
field evolution rather mildly.
The lifetime of the dynamical magnetic fields is
strongly dependent on the medium conductivities in
the thermal QGP. Choosing a conductivity value in the
range implied by relevant lattice simulations would
only lead to a limited medium enhancement of late
time field strength.
More importantly, the lifetime is found to be par-
ticularly sensitive to, and mainly determined by,
the nonequilibrium contribution from the early time
partonic medium, as demonstrated by comparisons
among the three different choices (zero model, con-
stant model, and linear model). A considerable
prehydro effective conductivity could significantly
enhance the dynamical field strength.

(iii)

(v)

Clearly, the main “bottleneck” for an accurate description
of the dynamical magnetic fields is a better estimate of the
effective conductivity for the preequilibrium stage, which in

10'F I | vaculum _ 10'F ! I E 10'F | ! E
100t 0=10001cp gjotr)ke” 1 4ok 9=10001acD 1 4ok @=10001ac0 ]
--- Gubser .
zero model T 0——20% constant model linear model
L 107! —20--30% § 107" 4 1075 =
” 30--40%

=102 40--50% 102 g 10 — =
a  __50--60% . ]
103 S o 4 10 R
107 5 107 5 107 =

-5 | | | -5 | | | -5 | | |

1075 1 2 3 0% 1 2 3 107% 1 2 3

T (fm) T (fm) T (fm)

FIG. 6. Same as Fig. 5 but with hydro constant conductivity 0 = o1.gcp.
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TABLE II. Same as Table I but for constant conductivity o = o1gcp.

ap b() b1 b2 Co C1 C C3
zero model —-9.924 —2.145 —8.568 3.602 0. 14.76 12.063 14.417
constant model —10.871 —1.786 —5.669 —7.969 0.0 10.273 16.761 20.953
linear model —10.298 —2.785 —6.329 —1.854 0.0 16.528 10.082 18.5673

turn relies on a detailed understanding of the prethermal evo-
lution (especially that of the quarks and antiquarks). From a
phenomenological perspective, a magnetic field lifetime on
the order of ~1fm/c in ,/syy =200 GeV collisions ap-
pears to be needed for explaining relevant observables of
the chiral magnetic effect and the A/A global polarization
splitting [55—60]. According to our findings in this work, such
a lifetime would suggest a considerable medium response
contribution at the very early stage of the collisions. Whether
this scenario could realistically occur will be an important
question for future investigation.

Finally, while this work focuses on ,/syy = 200 GeV
Au + Au collisions, our framework can be readily applied
for other colliding systems at different collision energies. The
simulation code for the static case has been made available
at [61], and efforts are under way to make the full dynamical
package publicly available in the future. Such a framework
will allow quantitative estimates of many interesting observ-
ables induced by the dynamical magnetic fields in heavy ion
collisions.
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APPENDIX A: THE SOLUTIONS OF EQ. (11)

As mentioned before, we do not need to solve Eq. (11):
it can be represented analytically by a boosted point charge.
If we choose the distribution of protons in both projectile
and target according to the Woods-Saxon distribution with the
standard parameters [62],

1+ w(3)’

r=R

—I—eu

For the Au nucleus, a = 0.535 fm, R = 6.38 fm, w = 0. In
this work, we will use the Gauss theorem in the rest frame
of the target, and then boost the electromagnetic fields to the
laboratory frame with the velocity of the target. In the rest
frame of the target,

p(r) = po (AD)

e ro " 2
o= —0(n)5. Q) =4r f pl)xdsx,
7 ry 0

By=0, ro=x-x. (A2)

Where x and X’ are the locations of the field and nucleus center
respectively. After boosting to the laboratory frame,

E, =yE’, E,=yE), E.=E,

Natural Science Foundation of China (NSFC) Grants No. 0 0 (A3)
11725523, No. 11735007, and No. 12221005. D.S. is By =—yvE,, By=yvE, B, =0.
, No. , . .D.S. is grateful y ) x
10'F | I 4  10'F I 4  10'F I E
——Vacuum
ol 0=100T - Bjorken ol o=100T ol o=100T
10 del  --- Gubser 1 del T del i
Zero mode — 10--20% constant mode Inear moae
. 10~ —20--30% + 107'F 4 107N -
e 30--40% ~
1072 40--50% 102~ 102 =
e —50--60%
107 1073 4 107°% =
1074 < 107 5 107 g
-5 | | | -5 | | | -5 | | |
107% 1 2 3 0% 1 2 3 107% 1 2 3
T (fm) T (fm) 7 (fm)

FIG. 7. Same as Fig. 5 but with hydro conductivity o = 100 T'.
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TABLE III. Same as Table I but for conductivity o = 100 7.

ap b() bl b2 Co C1 C C3
zero model —10.676 —4.081 —0.93 —18.58 0.052 19.787 13.497 14.866
constant model —5.633 —1.344 —4.912 1.406 0 12.345 —0.039 0.677
linear model —7.311 —1.248 0.483 —12.433 0 8.03 —0.223 16.904

The corresponding coordinates represented by the laboratory

frame are

r(),x =X

_x/’

One can also generate the electromagnetic fields of heavy-
ion collisions by using the Monte Carlo method as in the work
of Deng and Huang [5]. In this work, we will use the above

ro.=y@—2 —wvt). method for simplicity.

’
rO,yzy_y»

APPENDIX B: APPLYING YEE’S GRID ALGORITHM TO EQ. (12)

Yee’s grid algorithm for Eq. (12) can be easily understood by the following representation:

dE,
7 (t+dt/2,x+dx/2,y,z) =[0,B, — 9.B,

— 0 E, — 0y By — L1|(t +dt/2,x + dx/2,y, 2),

dE, ~
d_;(t +dt/2,x,)’+d)’/2’ Z) = [asz - aXBZ _GEy _GxBy _Jy]|(t +dt/2’x,y+d)’/2, Z)a

dE ~
St +dt/2,x,y,z+dz/2) = [0:By — 0,B, — 0 E. — 0B, — L1|(t +dt/2,x,y, 2+ dz/2),

dt
B (B1)
— Xy +dy/2, 24+ dz/2) = [0.E, = QEN| (. X,y +dy/2, 2 + dz/2),
dB,
—o (x4 dx/2,y,24dz/2) = [E. — REN|(t, x +dx/2,y, z +dz/2),
dB,
T t,x+dx/2,y+dy/2,z) =[0,E, — axEy]|(t, x+dx/2,y+dy/2,z).
Let us use the center difference method at the given points to solve these equations. One can get the following results:
n+1/2 B n+1/2 B n+1/2 n+1/2
E |n+1 —E |n L dr Z|i+1/2,j+1/2,k - Zii+1/2,j71/2,k —dr >’|i+1/2,j,k+1/2 - Y|i+1/2,j,k71/2
Xlit1/2.5.k = Txliv1/2, 5k dy dz
n+1/2 n+1/2 ~n+1/2
—dt{o Ex|i+1/2,j,k + UXBX|i+1/2,j,k + ini+1/2,j,k}’
n+1 n xrlﬂ/ﬁzk 1/2 _BX|"1J'FI/1221< 12 Z|r‘l+1l/22' 1/2,k _BZ|V'H11/22' 1/2,k
E.™ =E| +dt bj+1/2,k+1/ i j+1/2.k—1/ _dt i+1/2,j+1/2, i—1/2,j+1/2,
Vi j+1/2,k Vi, j+1/2,k dz dx
n+1/2 n+1/2 ~n+1/2
- dt{" E.V|i,j+1/2,k + 0XB>‘|i,j+1/2,k + Jy|i,j+1/2,k}’ (B2)
n+l1 n y|l‘1+11/22 jk+1/2 BY|r'lJr11/22 jk+1/2 xr'H'—l/lzzk 12~ X|Y'H'—1/122/< 172
ot =E|.. + dp 2k 2 k412 g A2k ij—1/2.k+1/
<li, jk+1/2 <li, jk+1/2 dx dy
n+1/2 n+1/2 ~n+1/2 .
- dt{o E1|i,j,k+1/2 + GXBZ|i,j,k+1/2 + Jz|i,j,k+1/2}’
n n n n
n+1/2 —B n—1/2 d EY|i,j+1/2,k+1 - Ey|i,j+1/2,k EZ|i,j+1,k+1/z - Ezii,j,k+1/2
i = Bl Tt dz B dy ’
n n n n
n+1/2 _B n—1/2 d Ez|i+1,j,k+1/2 - EZ|i.j,k+1/2 Ex|i+1/2,j+1,k+1 - Ex|i+l/2,j,k (B3)
y|i+l/2,j,k+1/2 = y|i+1/2.j,k+l/2+ 4 dx - dz ’
n n n n
n+1/2 _ n—1/2 d EX|i+l/2,j+l,k o Ex|i+1/2,j,k Ey|i+1,j+1/2,k B Ey|i,j+l/2,k
Z|i+1/2,_/+1/2,k = Z|i+l/2,j+l/2,k+ t dy - dx :
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These two sets of equations should be further simplified for the next numerical simulations. Then the electric parts can be cast
into the following:

n+1 _ n+1/2 n n+1/2 dt n+1/2 n+1/2
Ex i+1/2,j.k _C0E|i+1/2,j,1<Ex|i+1/2,j,k + CE|i+1/2,j,k[d_y( Z|i+l/2,j+l/2,k - Bz|i+l/2,j—l/2,k>
dt n+1/2 n+1/2 n+1/2 n+1/2 ~\n+1/2
- d_z (B)’|i+1/2,j,k+1/2 - BY|[+1/2,j,k—1/2 —dtoy |i+1/2,j,ka|i+1/2,j,k - dtJX|i+1/2,j,k]’
n+1 _ n+1/2 n nl2 [dt n+1/2 n+1/2
E, i j+1/2,k _COE|i,j+1/2,kEY|i,j+1/2,k + CE}i,j-&-l/Z,kl:d_Z <Bx|i,j+l/2,k+l/2 - BX|i,j+1/2,k—1/2)
(B4)
dt nt1/2 nt1/2 nt1/2 n+1/2 ~ n+1/2
T dx <Bz|i+1/2,j+1/2,k - Bz|i—1/2,j+1/2,k — dtoy |i,j+1/2,kBY|i,j+1/2,k - dt‘])’|i,j+1/2,k]’
n+l _ n+1/2 n ntly2  [dt n+1/2 n+1/2
E, i, j k4172 _COE|i,j,k+l/2EZ|i,j.k+1/2 + CE|i,j,k+1/2|:E (B>’}i+1/z,j,k+1/2 o By|i—l/2,j,k+l/2)
dt nt1/2 n+1/2 nt1/2 n+1/2 ~n+l/2
- @ <BX|i,j+1/2,k+1/2 - Bx‘i,j—l/z,k+1/2 — dtoy |i,j,k+1/2BZ|;,j,k+1/2 B dt‘]z|i,j,k+l/2:|’
where we have used an approximation E;|"*'/2 = (E;|"+! + E;|")/2 for the term o E;, where i = x, y, z.
The magnetic field parts can be written as
n+1/2 —B n—1/2 dt n E n dt n E n
X|i,j+1/2,k+1/2 - X|i,j+1/2,k+1/2 a( Y|i,j+1/2,k+1 - —V|i,j+1/2,k) - @( Z|i,j+1,k+1/2 - Z|i,j,k+1/2)’
n+1/2 . n—1/2 dt n n dt n n
By‘i+l/2,j,k+1/2 _By’i+1/2,j,k+l/2 E(Ezyi+1,j,k+l/2 - Ez‘i,j,k+l/2) - d_z( X’i+1/2,j.k+l - Ex’i+1/2,j,k)’ (BS)
n+1/2 12 dt n n dt n n
BZ’i+1/2,j+1/2,k _Bz|i+l/2,j+1/2,k @(EX|i+1/2,j+1,k - Ex|i+1/2,j,k) - E( y|i+],j+1/2,k - Ey|i,j+l/2,k)‘

First, the respective coordinates (n, i, j, k) denote (to + ndt, xo +idx, yo + jdy, 20 + kdz), where n, i, j,k =0,1,2,.... The
coefficients are

n

Lk (B6)

. 2 . 2—dto
’ |“k_2+MUmJ

Lk 2+dta|l.jk

E|

in which alhk =o(ty+ndt,xo+idx,yo+ jdy,zo + kdz).
Second, the external source terms are

n —
ik —

n

g n n n
Jmi o‘iiyj‘kE;lXt i,j,k +O‘X|i,j,kar)lq i,j,k’ m = (-x9 yv Z)' (B7)
Finally, the coordinates of the magnetic field at the chiral magnetic effect term in the set of equations (B4) are not the same as the
positions of the computed magnetic field. So we need to represent them with the computed magnetic field. There is one method

to solve this problem, i.e.,

Bx‘zr‘l:ll//;,j,k = %( X’?:ll,/jil/Z,k+l/2 + BX’?:ll,/]'il/z,k—l/z + BX’?:II,/jz—l/Z,k+l/2 + BX’?:II,/jz—l/Z,k—l/Z
x BX|:'I,:':IL/12/2,1<+1/2 + Bx|7,-j~‘_-:-/12/2,k—1/2 + BX|?,J;1/12/2,1¢+1/2 + BX|Z;‘L1/12/2$1<—1/2)’
>|7;1r/12/2k = %( )’|:Lrll//22,j+l,k+l/2 + By|?:11//22,j+1,k—1/2 + B)":ljll//;,j-ﬁ-l,k—ﬁ-l/z + By|?jll//22,j+l,k—l/2 (BS)
x BY|?:11//22,.i.k+1/2 + By|?:1l//22,j,k—1/2 + BY|:Z—+11//22,_;',1<+1/2 + By|:l:rll//22,j,k—l/2)’
Z|:'1,er,}</+21/2 = %( Z}?-:rll//zz.j-kl/z,k-q—l + BZ‘?:II//ZZ,j—l/Z,k-Q—l + BZ|:'1:r11//22,j+1/2,k+1 + BZ|?j11//22,j—1/2,k+1
x BZ|?:11//22,j+1/2,k + BZ|:'++11//22,J>1/2,1< + BZ|:Zj11//22,j+1/2,k + BZ|77+11//22,1>1/2,1<)'
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APPENDIX C: LEVI-CIVITA TENSOR AND ELECTROMAGNETIC TENSOR IN MILNE SPACE

In Milne coordinates, the Levi-Civita tensor is different from that in Minkowski coordinates,

1
e — THYPO

\/rg' s €uvpe = Q(g)\/ |g|’gﬂ\}p07 (Cl)

where g = det(g,,,), 0 is the Heaviside step function, and the Levi-Civita symbol in the Minkowski coordinate €/"*“ is defined
by the following,

+1, even permutation of (0, 1,2,...,n—1),
EMPT =€ e = § —1, odd permutation of (0, 1,2, ...,n— 1),
0, otherwise.
Taking g = —72 and |g| = 72, one finds €% = % and €123 = —T.

The electric and magnetic fields in the Milne space are defined by
Fi—po F=Fo (2)

Then one can directly derive the electromagnetic tensor in Milne space with the above Levi-Civita definition, which can be
expressed as

0 -E* —E -Ev 0 -B -B -B
~ ~ ’Ey ~ ~ E}.
e o Y L - V- (©3)
M EY B 0 BN M B —E" 0 &
En _B B 0 B E _E 0
T T T T

APPENDIX D: THE VELOCITY IN MILNE SPACE AND MINKOWSKI SPACE

We will need some simplified velocities of the medium when we do the numerical calculations in the moving medium for
doing comparisons, such as the static velocity, Bjorken velocity, and Gubser velocity. These velocities in the Milne space and
Minkowski coordinates can be expressed as follows:

sinh n .
coshn, 0,0, — for static case: u* = (1,0, 0, 0),
t
uy = REu” = {(1,0,0,0), for Bjorken flow: u" = (;, 0,0, %), (D1)
<u’, uLi, ull, O), for Gubser flow: u" = <u’ coshn, u* i ut l, u’ sinh 77).
X X1 X1 X1

The velocity with M subscript represents the velocity in Milne coordinates, while the velocity without M subscript is the velocity
in Minkowski coordinates. The transformation matrix and antitransformation matrix from Minkowski coordinates to Milne space
are defined as follows:

) coshn 0 0 —sinhp coshn 0 0O <tsinhp
A e
—@ 0 O @ sinhn 0 0O <tcoshpy
The corresponding components in the velocity of the Gubser flow are expressed as [63,64]
r_ 1+q212+q2xi L gx _ l—l—qzxi —qzrz' (D3)

2qt/1+g ‘ i+ g § 2qt

Herein the proper time is defined by T = /12 — 72 and the transverse distance x; = /x2 + y2, while the temperature in the local
rest frame of the fluid is defined as

1 7o Hog [ 2\1/6 113 5
T = + 1—(1+H%FR (2 - 5= ) | ) (D4)
rf*1/4<(1+g2)1/3 JI+& *N26°2

Ty is a dimensionless integration constant, and f, = € /T* = 11, ¢ = 1/(4.3 fm). For RHIC energy ./syy = 200 GeV, Ty = 5.55
and Hy = 0.33. The function ,F; denotes a hypergeometric function.
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For the Bjorken flow, the temperature changes as

T(t)=T % (D5)

where the Tj is the temperature at time 7, which can be given by the Glauber model. For example, Ty &~ 400 MeV at the center
of the QGP at 7y = 0.4 fm for /syy = 200 GeV Au + Au collisions.
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