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Retarded electromagnetic fields — as emerging from the ehang-currents — have been cal-
culated in the Hadron String Dynamics (HSD) model. The doeaand evolution of the fields
as well as their influence on the quasiparticle propagatierewgtudied in detail for non-central
Au+Au collisions at the top RHIC energy. It is shown that teated magnetic field is highly
inhomogeneous but in the central region of the overlappinga it changes relatively weakly
in the transverse direction. We find that at any time the looatf the maximum in the distribu-
tion of magnetic field strength correlates with that of thergy density of the created particles.
Our actual calculations show no noticeable influence of thetmmagnetic fields - created in
heavy-ion collisions - on the effect of the electric chargparation with respect to the reaction
plane.
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1. Introduction

In the last few years, particular attention has been paid to the Chiral Medtftect (CME)
manifesting locaP andCP symmetry violation in strong interactions as suggested in Ref [1] and
widely discussed in Refs. [2, 3]. This effect originates from the extstari nontrivial topologi-
cal configurations of gauge fields and their interplay with the chiral anomhigh results in an
asymmetry between left- and right-handed quarks. Such a chiral asymmbgy coupled to a
strong magnetic field as created by colliding nuclei perpendicularly to tliti@aglane, induces
an electric charge current along the direction of a magnetic field therghyatang particles of op-
posite charges with respect to the reaction plane. Thus, such topolefiexak in QCD might be
observed in heavy-ion collisions directly in the presence of very intexiteernal electromagnetic
fields due to the CME as a manifestation of @2 symmetry violation. Indeed, the electric charge
asymmetry of produced particles with respect to the reaction plane hasdueetly measured by
the STAR Collaboration [4].

Here we present our study [5] of the space-time evolution of electro-et@dields formed in
relativistic heavy-ion collisions. The Hadron String Dynamics (HSD) trartspodel [6] is used as
a basis of our considerations. In our approach the dynamical formdtiba electromagnetic field,
its evolution during a collision and influence on the quasiparticle dynamicslaasiée interplay
of the created magnetic and electric fields and back-reaction effectscrdad simultaneously.

2. Space-time evolution of electric and magnetic fields

The time evolution of the magnetic field componegj(x,y = 0,z) for Au+Au collisions for
the collision energy/syn = 200 GeV at the impact paramete= 10 fm is shown in Fig. 1. If the
impact parameter direction is taken as xaxis (as in the present calculations), then the magnetic
field will be directed along thg-axis perpendicularly to the reaction plafze- x). The geometry of
the colliding system at the moment considered is demonstrated by pointsin-tt¢ plane where
every point corresponds to a spectator nucleon. It is seen that tlestiamjues o€B, ~ 5m? are
reached in the beginning of a collision for a very short time corresponditige maximal overlap
of the colliding ions. Note that this is an extremely high magnetic field, singe: 10'8gauss.
The first panel in Fig. 1 is taken at a very early compression stage=fd@.01 fm/c. The time =
0.05 fm/c is close to the maximal overlapping and the magnetic field here is maximai, thiee
system expands (note the differergcales in the different panels of Fig. 1) and the magnetic field
decreases. Fdr= 0 the overlapping time is maximal and roughly given /% which for our
case is about 0.15 fm/c. For more peripheral collisions this time is even shorter

The possibility of attaining extremely high magnetic fields in heavy-ion collisiorsspe@nted
out 30 years ago [7] but there have been only two real attempts to estimatagimetic field for
relativistic heavy-ion collisions [3, 8]. In Ref. [3] the colliding ions wereated as infinitely
thin layers (pancake-like), and the results in the center of a Au-Au colls&(0,0,z) could be
presented in a semi-analytical form. In Fig. 2 these estimates are confneittedur results.

It is clearly seen that the magnetic field in our transport modebfer 10 fm is lower than the
estimate from Ref. [3] for bothh = 12 and 8 fm. This difference originates mainly from the
fact that to simulate rapidity degradation of pancake-like nuclei, a heuristatibn was assumed
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Figure 1: Time dependence of the spatial distribution of the magriitid By at timest created in Au+Au
(v/s= 200 GeV) collisions with the impact parameker 10 fm. The location of spectator protons is shown
by dots in thgx— z)-plane. The leveBy = 0 and the projection of its location on te— z) plane are shown
by the solid lines.
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Figure 2: Time dependence of theB field in the center of the nuclear overlap region for Au+Ais€
200 GeV) collisions from the HSD calculations. The dotted dot-dashed curves are from Ref. [3] at the
impact parameteis = 8 and 12 fm, respectively.

with making no difference between surviving baryons and new creaglps [3] whereas in
our case the dynamical hadron-string model is used for both primaryuosgguent interactions
while keeping track of the electric and baryonic charges and energy-momeonservation [6].
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The approximation of Ref. [3] is reasonable for first collisions but getgessively worse with
interaction time as seen in Fig. 2. The difference in the shape of the time despeEndf the
magnetic field for early times is due to neglecting the finite size of the colliding nimdRef. [3].

It is of interest to note that in our transport model the spectator contribtditime magnetic
field is practically vanishing at~ 1 fm/c (see Fig. 2). In subsequent times the magnetic field
eB, is formed essentially due to produced participants with roughly equal nuofipegative and
positive charges which approximately compensate each other. The vi$dueie our approach is
by an order of magnitude lower than that in the estimate [3] which demonstratesdbntial role
of the retardation in this interaction phase.

We also studied [5] the background electric field which, being orthogoriaétmagnetic one,
is directed along thraxis. Similar to the case of the magnetic field, #f(x, y = 0, z) distribution
is also inhomogeneous and closely correlates with geometry.

Along with a high magnetic field, the presence of a quark-gluon phase easery condition
for a manifestation of the chiral magnetic effect according to Refs. [3]. Z,he phase structure of
excited matter is essentially defined by the energy density (cf. Refs.Q@.can expect that for
energy densities > 1 GeV/fn? the system is in a deconfined phase. Our calculation in Ref. [5]
shows that even at the tinte- 0.5 fm/c the local energy density is seen to be above the effective
threshold of a quark-gluon phase transitoon 1 GeV/fn?.

3. Electric charge separation

The HSD model quite successfully describes many observables in adaggaof the collision
energy [6, 10]. We have investigated in detail that the electromagnetic fielcbrporated in the
HSD approach — only very slightly affects observables like the transveassn-spectra, rapidity
y-distribution or elliptic flowv, [5].

As a signal of possible loc&lP violations in relativistic heavy-ion collisions, it was proposed
in Ref. [11] to measure the two-particle angular correlations ¢, + @ — 2Wrp)), whereWgp is
the azimuthal angle of the reaction plane defined by the beam axis and the ling jbimcenters of
colliding nuclei. The correlator is calculated on an event-by-event bagisubsequent averaging
over the whole event ensemble. The experimental data from the STAR Quaitadn [4] and the
results of HSD calculations are presented in Fig. 3. The expected CME Stamshe interplay
of topological effects of the excited vacuum and the chiral anomaly in tbgepice of a strong
magnetic field [2, 3]. One can see that the calculated background - takingdotmnt hadron
string interaction dynamics and evolution of the electromagnetic field - is nottaldescribe
the measured distribution especially for pions of the same charge. Onkl shention that our
results are rather close to the background estimates within the UrQMD modelerpgbeemental
works [4].

4. Summary

We have extended the HSD model to describe the formation of the retardécbelagnetic
field, its evolution during a nuclear collision and the effect of this field oniglarpropagation.
The case of Au+Au collisions gfsyny = 200 GeV forb = 10 fm is considered in particular detail.
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Figure 3: Azimuthal correlation in the transverse plane as a funafarentrality for like and unlike charged
pions from Au+Au (/Syn = 200 GeV) collisions. The experimental points (with lines taken from [4].

It is quite important to understand the interplay of strong and electromagngradtions in this
case since it provides a point which is decisive in the CME measurementsl@ta® a function
of centrality [4]. It is shown that the most intensive magnetic field orientepgralicularly to the
reaction plane is formed during the time when the Lorentz-contracted nueleaasing through
each othert < 0.2 fm/c. The maximal strength of the magnetic field here attains very high values,
€8/ ~ 5.

This maximal strength of the magnetic field is created predominantly by spect&ttivan
target and projectile remainders are separated, the spectator contripogisrsharply down and
fort ~ 1 fm/c decreases by more than three orders of magnitude. In substiquesithe charged
participants come into the game, but their contributions are small due to the momoéosation
of approximately equal number of positive and negative charges assvilthe suppressive role
of the relativistic retardation effect.

The important accompanying quantity is the energy dersity the created particles. The
location of the maximum in the field streng#iB, and the energy density nicely correlate with
each other. Both, strong magnetic field and large energy density, aessaeg conditions for
the CME. We find that the energy density decreases faster than the mdggiefibut stays long
enough at values > 1 GeV/fn?® needed for the matter to be in the quark-gluon phase. Certainly,
the issue of thermalization remains open in this consideration.

Our analysis of the angular correlators — specific for the CME — show#thaalculated HSD
background is very small and not able to describe the STAR measuremgritsi¢ consideration
of in-plane and out-of-plane projection components of this correlatos doeallow us to clarify
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the picture and rises new questions related to the experiment [12]. In #peateit is of great
interest to include quark-gluon degrees of freedom directly in ourcagmbr. In particular, the
partonic generalization of the HSD model (PHSD) [9] is highly suited for this @nother way
to approach the CME is to simulate an induced chromoelectric field which is adsonhbe the
source of the observed electric charge separation of pion pairs eclatilie reaction plane.
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