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The time-evolution and space-distribution of internalceiemagnetic fields in heavy-ion reactions at beam
energies between 200 and 2000 MeV/nucleon are studiednnéthilsospin-dependent Boltzmann-Uhling-
Uhlenbeck transport model IBUU11. While the magnetic field ceach about Z 1016 G which is significantly
higher than the estimated surface magnetic field (> G) of magnetars, it has almost no effect on nucleon
observables as the Lorentz force is normally much weaker tthe nuclear force. Very interestingly, however,
the magnetic field generated by the projectile-like (taftgef) spectator has a strong focusing/disfocusing ef-
fect on positive/negative pions at forward (backward) dijgis. Consequently, the differential” /r™ ratio as
a function of rapidity is significantly altered by the magodield while the total multiplicities of both positive
and negative pions remain about the same. At beam energigs about 1 GeV/nucleon, while the integrated
ratio of total7r~ to 7™ multiplicities is not, the differentiatr /7" ratio is sensitive to the density dependence
of nuclear symmetry enerdssym(p). Our findings suggest that magnetic effects should be direfunsidered
in future studies of using the differential” /r* ratio as a probe of thEsym(p) at supra-saturation densities.

PACS numbers: 41.20.-q, 25.70.-z, 21.65.Ef

I.  INTRODUCTION

Magnetic fields exist everywhere in the Universe. To set tadesand appreciate the strong magnetic fields createdgdurin
heavy-ion collisions, we first recall the magnitudes of seMgypical magnetic fields from various sources. Many dgjaedaxies
have magnetic fields with a typical strengthroB x 10-8 G [1] and it is estimated that the intergalactic magnetic fiekdsently
have an intensity of about 102 G [2]. Some people believe that the present magnetic field of tiedise is amplified from a
seed about 1¢° G by the dynamo mechanisr8, 4] while magnetic fields up to 8 G might appear in the early Universé [
The strongest magnetic field of about! 2@ near the surfaces of magnetassd] or even higher (18-10'7 G) associated with
the cosmological gamma-ray burs® have been found from astrophysical observations. Dueddirthit of tensile strength of
terrestrial materials, the strongest man-made steady etiadgield is only about 4 x 10° G [8, 9]. To our best knowledge, it
was first pointed out by Rafelski and Mlller that, in additto strong electrical fields, unusually strong magneticlelre also
created in heavy-ions collisions (HICs). In sub-Coulomlriea U+U collisions, the magnetic field was estimated to hefe
order of 13* G [10]. More recently, it has been shown by Kharzeev et al. thatsHHORHIC and LHC can create the strongest
magnetic field ever achieved in a terrestrial laboratady.[ For example, in noncentral Au+Au collisions at 100 Ge\6lewn,
the maximal magnetic field can reach about”1® [11, 12]. It thus provides a unique environment to investigate thi@um
Chromodynamics (QCD) at the limit of high magnetic field. éed, the study of quark-gluon-plasma under strong magfnetic
has attracted much attention by the high energy heavy-iomuanity, see, e.g., ref1B] and references therein. In particular,
it has been shown theoretically thatl] 14-16] QCD topological effects in the presence of very intensetetenagnetic fields,
i.e., the “Chiral Magnetic Effect”, may be an evidence ofdbgarity violation in strong interactions. Experimenyaihteresting
indications have been reported, see, e.g., r&fs.18].

Stimulated by the interesting findings at RHIC and realizimgt all transport model studies of magnetic effects haviaiso
focused on high energy HIC&Z2, 19|, we investigate in this work first the strength, duratiod distribution of internal magnetic
fields created in HICs at beam energies between 200 and 200hMaeon. This is the beam energy range covered by several
accelerators in the world. We then focus on identifying plmiesnagnetic effects on experimental observables usirigaapin-
dependent Boltzmann-Uhling-Uhlenbeck (BUU) transportdeidBUU11 [20, 21]. We find that while the magnetic field can
reach about % 10 G in these reactions, it has almost no effect on nucleon vhbkss as the Lorentz force is negligibly
small compared to the nuclear force. Very interestinglyyéwer, the magnetic field generated by the projectile-ligeget-like)
spectator moving forward (backward) in the center of maas& has a strong focusing/disfocusing effect on positagstive
pions moving forward (backward). As a result, the differaintr— /7r* ratio as a function of rapidity is significantly altered by
the magnetic field while the tota— andr™ multiplicities remain about the same.
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The paper is organized as follows. In the next section, winetiow the internal electromagnetic fields in HICs are glaited
in the IBUU11 transport model. The characteristics of thecbmagnetic fields and their effects on several expetiahen
observables in intermediate energy HICs are then discussgettion Ill. Finally, a summary is given at the end.

1.  THE MODEL

In the presence of electrical and magnetic fiéland B, the BUU equation can be written as
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wherel (r,p,t) is the collision integral simulated by using the Monte Carlethod. The electrical field (Coulomb field)
has already been considered in most transport models. almconsistently both the electrical and magnetic fieltisfying
Maxwell’s equations, the Liénard-Wiechert potentiala @ositionr and timet are evaluated according to
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whereZ, is the charge number of thth particle. R, = r — 7, is the relative position of the field poimtwith respect to the
positionr;, of particlen moving with velocityv, at the retarded timg, =t — |r — 7,(tm)|/c. The summation runs over all
charged particles in the reaction system. In non-reldiiviases, i.e., all particles satisfy the conditio& c, the Eqg. 2) and
(3) reduce to the familiar expressions

e 1
eE(r,t) = F&‘OZZHQRH (4)
and
e 1
eB(’l“,t) = W;ZnQUnXRn. (5)

The first equation is essentially the Coulomb’s law, and #lttet is the Bio-Savart law for a system of moving charges.

To take into account accurately the retardation effectsptiase space information of all nucleons before the motresat
required to calculate the electromagnetic fields at that em@mSome special care is thus necessary in initializingehetion.
In principle, the two colliding nuclei should be initialidéo come from infinitely far away towards each other on th@ulemb
trajectories. In practice, considering the need of keefiiegnitial nuclei stable and the computing time low, theiatidistance
between the surfaces of the two colliding nuclei is taken &% 3n our calculations. We make a pre-collision phase space
history for all nucleons assuming that they are frozen inptiegectile/target moving with a center of mass veloaity,, i.e.,

ri = r+ vy, -t, wherer{ is the initial coordinate of the nucleon. As we shall showngarisons of our transport model
calculations with analytical estimates for two moving ges (target and projectile) in both relativistic and nolatieistic cases
indicate that our method of handing the pre-collision phss@ce histories of all nucleons is reasonable.

We refer the BUU code used in this study IBUU11. ComparedédBUUO04 [20] where the MDI (Momentum-Dependent-
Interaction) is used2], besides the electromagnetic fields with retardationctsfean isospin-dependent three-body force
[23] (instead of the standard one used in the MDI, Gogny and S&effective interactions) is used. Moreover, the high-
momentum tail of the MDI isoscalar potential is readjustedeétter fit the nucleon optical potential from nucleon-eus|
scattering experiments. Details of these modificationstaed effects on experimental observables will be preskitea
forthcoming publicationZ1]. In this work, we focus on the magnetic aspect of HICs atrmtdiate energies. Since one of
our main motivations here is to see whether experimentadrobbles known to be sensitive to thgm(p) is affected by the
magnetic effects, we notice here that in the IBUUL1 By@n(p) is controlled by a parametarintroduced in the three-body
part of the MDI interaction22, 23]. By adjusting the paramet&mone can mimic diverse behaviors of tBgm(p) predicted by
various microscopic many-body theori@d]. As an example, shown in Fid.are theEsym(p) with x= 1,0 and—1, respectively.
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FIG. 1: (Color online) Density dependence of nuclear symyratergy used in the IBUU11 calculations.

Ill. RESULTS AND DISCUSSIONS

In this section, we first illustrate and discuss the beamgnand impact parameter dependence of the time-evolutidn an
space-distribution of magnetic field. To help understamdnttagnetic effect in HICs, we shall also compare the Loreorzef
with the Coulomb and nuclear forces. We then present andsisnagnetic effects on experimental observables.

A. Characteristics of internal electromagnetic fields in havy-ion reactions

Features of the internal electromagnetic fields are indég@rof the symmetry energy parametem this subsection, unless
otherwise specified a value gf=1/3 is used. We take the(x) axis as the beam (impact parameter) direction. Based on the
formula of magnetic field strength in EQB)( the dominant component of the internal magnetic field th@y axis perpendicular
to the reaction plane (- x). The componentin the reaction plane is negligible becafide slow motions of nucleons in txer
y directions especially in the early phase of the reactionte$bour approach used in calculating the electromagnetitsfiwe
first compare the magnetic fie)(0) at the center of mass of the reaction system calculated tisérfgll IBUU11 dynamically
with those obtained under some limiting conditions for idesal situations. Shown in Fig@ are the values dBy(0) for Au+Au
reactions at a beam energy of 500 MeV/nucleon (MeV/u) anth@act parameter df=5 and 20 fm, respectively. As areference,
the approximate magnetic field on the surfaces of magnetaisa indicated. The legend “non-rel.” and “rel.” indicegsults
obtained using Eqg.5) and Eqg. 8), respectively. For a comparison, we have also performéxlietions using both Eq.5§
and Eq. B8) assuming that the projectile and target are two point dslgcated at their individual centers of masses and are
moving with their initial velocities only. Results of thiglculation are denoted by the “kine.”. Several interestihgervations
can be made. Firstly, it is seen that Bg0) calculated with the non-relativistic and relativistic fiaulas are very close to each
other, for both the kinematic and dynamical calculatiosre expects for reactions at relatively low beam ener§esondly,
the dynamical IBUU11 results and the kinematic estimatessary close at the beginning and the end of the reactionhleyt t
are very different during the reaction phase spanned byrttadl alls of the same color. The magnetic field has contidimst
from the projectile-like and target-like spectators aslaslcharged particles in the participant region. Contidng from the
latter, however, are very weak because of the approximes@lisopic nucleon momentum distribution there. Once tlogqutile
and target begins overlapping, nucleon-nucleon collsianil start transferring the participants’ longitudinalbmenta into
transverse directions. Thus, tBg(0) from the IBUU11 is weaker than the kinematic estimate dutiregreaction phase. We
notice that the magnetic field in thxeandz directions are rather weak because they only come from ellgrgrticipants which
are moving essentially randomly in all possible directidrar the very peripheral reactions witk20 fm, the two nuclei do not
overlap. As one expects, thus there is almost no differeateden the kinematic and dynamical results. The above cosopas
enhance our confidence in using the IBUU11 model to studyritegrial electromagnetic fields and their effects in HICghin
following, we only present results calculated with the tiglatic formula and the dynamical IBUU11 model.

The contours of the nucleon densftypg , the magnetic field streng#By, and the electric field strengéfy in thex—zplane
att=10, 20, 30 and 40 fraffor the 500 MeV/nucleon Au+Au collisions at an impact parggnefb=10 fm are shown in Fig3.

We notice that both theB, andeBy are plotted here in unit of Medwhich is equal to 44 x 1013 G. For discussing the spatial
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FIG. 2: (Color online) Time evolutions of the magnetic fietcesgtheBy (0) at the center of mass of the reaction system for 500 MeV/oucle
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FIG. 3: (Color online) Distributions of the nucleon densityoo (upper panel), the magnetic field strengBy (middle panel) and the electrical
field strengtreEy (lower panel) in thex— z plane at=10, 20, 30 and 40 froffor the 500 MeV/nucleon Au+Au collisions at an impact paréene

of b=10 fm.
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distribution of the electromagnetic fields, we can divide fipace into three zones in terms of theoordinate: the outside-
zone whergx| > 15 fm; the spectator-zone where 5 fm|x| < 15 fm; and the overlap-zone whele < 5 fm. As mentioned
above, the electromagnetic fields come from both the sestahd participants. In the outside-zone, the spectatorthe field
point generates a stronger magnetic field in the negsidlieection while the other spectator farther away gensrateveaker
magnetic field in the positive-direction. The superposition leads to a magnetic field ploatts to the negative-direction. On
the other hand, the electric fielE, in the outside-zone includes contributions from all chardes sign is the same as the sign
of thex-coordinate of the field point. In the overlap-zone, the neigrfields generated by the two spectators will superimpose
constructively since they are all in the positiglirection, while the magnetic fields generated there byntloging charges in
the participant region will largely cancel each other. Ttierggth of the magnetic field peaks when the two nuclei hazehed
the maximum compression. It then drops when the spectagpartifrom each other. The signs of the electric filed in the
x-direction generated by the two spectators are always depteading to the very weak electrical field in the partasipregion
where the magnetic field is the strongest.

Next, we explore the impact parameter and beam energy depeadf the magnetic field at the center of mass of the reaction
system. Shown in Fig4 is the impact parameter dependence®f(0). The strength of magnetic field grows with increasing
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FIG. 4: (Color online) Impact parameter dependenceByt0) for the 500 MeV/nucleon Au+Au collisions. Durations of theedap between
the projectile and target are indicated roughly by the opesies (for b =15, 20 fm there is no overlapping). The thin black dotted line
indicates the magnetic field strength at the surfaces of ptagh

impact parametelp up to aboutb = 12 fm. It then starts decreasing with larder This is easily understandable. There are
basically two factors determining the magnetic field stthrfgr a given beam energy. One is the position vedoirom the
moving charges to the field point, and the other one is thegehanmber of the spectatbg. Their competition determines the
strength of the magnetic field. As the impact parameter as@s, while the spectators are farther away from the cdregr t
carry more charges. The net result is that the magnetic fietdbines stronger with increasing impact parameter. However
as the impact parameter becomes larger than the sum of thes @afcthe projectile and target, e.g., whien> 12 fm for the
Au+Au reaction, almost all charges are with the spectathesmagnetic field is thus only determined by #e Therefore, the
reactions with lager impact parameters create weaker niiadieéds at the center of the reaction. Based on the IBUU$llts,
off-central collisions withh = 8 ~ 10 fm seem to be the most suitable impact parameter rangedo@e the strongest magnetic
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effect. These reactions create strong magnetic fields ard tre also enough light charged particles moving in thenetag
fields to be detected in experiments.
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FIG. 5: (Color online) Distributions of the magnetic fieldestgtheBy in thex — z plane at=10, 20, 30 and 40 fraffor the head-on collisions
of Au+Au at a beam energy of 500 MeV/nucleon.

For head-on collisions, equivalently there are two couoterents approaching each other leading to an approxiynzéed
magnetic field at the center of the reaction. Itis worth mptirat the magnetic field at the center is not exactly zero batifating
within a small range. This is because the phase-spacebdistm of charges in the collision is not completely isoicogue to
the finite number of test-particles used. Moreover, becatifiee finite duration of the reaction, there are finite magrétids
around both the projectile and target as they approach gheh @o be more quantitative, shown in Figare the distributions
of the magnetic fieléBy in thex— z plane at=10, 20, 30 and 40 fnaffor the head-on collision of Au+Au at a beam energy of
500 MeV/nucleon. In the early stage of the reaction when togeptile and target squeeze into each other, they cremegst
magnetic fields around them. While the magnetic field at tiéeceof the reaction is almost zero constantly, the magfietats
at other locations vanish only in the late phase of the reagthen an approximately isotropic momentum distributrati¢ating
significant stopping is achieved. As we shall show later fithite magnetic fields in the early stage of head-on collisioan
influence the ratio of charged pions that are mostly creatéldd compression phase of the reaction.

Another factor determining the strength of magnetic fielthis velocity of spectators, i.e., the beam energy of theti@ac
Shown in Fig.6 is the beam energy dependenceBj(0). As one expects, while the maximum strength of the magnetid fi
increases with beam energy the duration of the strong miadfiedt! decreases since the spectators leave the collisgiom
quickly at higher beam energies. Compared to reactions &CRtHe strength of the magnetic field is about 10 times lower
but the reaction lasts about 10 times longer. Since obskeredtects of any force depend on not only its strength bud s
duration, magnetic effects in HICs at intermediate energre thus worth an investigation.

B. Magnetic effects on observables in heavy-ion collisions

While no chiral magnetic effect is expected in HICs at intediate energies, it is still interesting to examine magreffects
on hadronic observables. First of all, we would like to mentihat the effects of strong magnetic fields on the Equati@iate
(EOS) of cold hadronic and quark matter including the Langaantization and the nucleon anomalous magnetic moment in
neutron stars have been studied extensively, see, e.g.,[B285-29]. It has been shown consistently that the magnetic effects
become significant only for magnetic fields stronger tharuati6'® G. Moreover, at finite temperature some of the magnetic
effects get mostly washed o). Since the temperature is high and the maximum strengtheofitagnetic field created is still
below 138 G even at RHIC energies, it is not necessary to considertsfiéthe magnetic field on the nuclear EOS. Instead, we
focus directly on magnetic effects due to the Lorentz foicténg on moving charges. In the following, we examine sefgdya
magnetic effects on nucleons and pions.
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1. Lorentz force compared with the Coulomb and nuclear forces

For nucleons, the magnetic effects are expected to be itdglas the Lorentz force is known to be very small compared to
the nuclear force. On the other hand, while the electricdl rmagnetic fields are strongly correlated, the Coulomb fbias
been routinely taken into account but the Lorentz force isnadly neglected in modeling HICs. To check the validity list
practice and obtain a more quantitative understandingtaheuelative importance of the Lorentz, Coulomb and nudiees,
we examine in Fig7 the ratios of the Lorentz force over the Coulomb and nuclearess for a test-charge. For this illustration
only 500 test-particles are used. To be specific, we caketlat ratioR)'E of the x-component of the Lorentz force over that
of the Coulomb force for a test-charge in the outside-zorsea feference, we first make an analytical analysis for a giegpl
case. For a test-charge located at the surface of the glejeuiving on the trajectory of(—g —R, 0,25+ vot), whereR, zg
andvy is the radii, initialz-coordinate and the beam velocity, assuming the electroatagfields are due to two moving point
charges (projectile and target) given by Eg.gnd 6), theRYE is simply

M ewBy, /v)2
R = FE = e, (c) ‘ ©

Thus, it is clear that only for fast moving particles likelyigting in reactions at high beam energies, the Lorentzefasc
expected to be significant compared to the Coulomb force. bVe examine numerically th&YE for the test-charge using
the electromagnetic fields calculated with the IBUU11. Ima@dw (a), the time evolution d®'E is shown for several impact
parameters for the 500 MeV/nucleon Au+Au reactions. Théugiam can be approximately divided into four periods. Befo
the two nuclei get in touclRME =0.21 which is exactly the same as the prediction of&dn the compression phase, since the
magnetic fields in the outside region generated by the pitgdike and target-like spectators are in the oppositeations, the
net magnetic field decreases whereas the electric field le@@mes stronger. Consequently, R drops until about 15 fm/c.
In the expansion phase, the situation is reversed. Aftectliisions are over, th&E keeps approximately a constant value
smaller than(vp/c)? depending on the impact parameter. The beam energy depensleown in window (b) for the Au+Au
reactions withb=10 fm can be similarly understood. We notice tR¥f = (v /c)? at the beginning of the collision is satisfied
at all beam energies. As the incident energy increases,drentz force becomes closer to the Coulomb force.

We now turn to the ratio between tiecomponents of the nuclear and Lorentz forces, REM = EN/FM, for a test-proton
at the center of mass with a constant velocitywpf vo. Shown in windows (c) and (d) are the impact parameter anthbea
energy dependences of tREM. Because the nuclear force is proportional to the gradittiteosingle-nucleon potential, i.e.,
FM = —[0,U, large fluctuations are seen in tREM. It is seen that the nuclear force is several 10 té tifies larger than the
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to guide the eye), respectively.

Lorentz force. The magnetic field is thus not expected tacaffee reaction dynamics and nucleon observables. Thexgtas
not surprising that nuclear reaction models can descrilbs mgerimental data without considering any magneticeéeall.

2. Magnetic effects on collective observables of nucleons and pions

While the magnetic effects on nucleon observables are ¢agec be very small, to be quantitative, it is still necegsar
examine how small the effects are. From the expression oEdnentz forceFM = qu x B, it is easy to see that the main
component of the Lorentz force is in the reaction plane (@sfig in the x-direction). The average transverse momentum in
the reaction plane, i.e< px >, is thus a quantity most likely to be affected. Shown in thepanels of Fig 8 are the average
in-plane transverse momentum as a function of rapiditystirealled in-plane transverse flo&(], for free protons and pions,
respectively. Indeed, there is essentially no magnetecetin nucleons. It is seen that both negative and positaesdiow in
the same direction as nucleons but with much lower transv@@mentum in the reaction plan®&l]. Interestingly, there is a
very weak indication of some magnetic effects on ¢hex(y) > of pions at forward/backward rapidities. This is qualitaty
understandable because the Lorentz force influences pions @asily as they are light compared to nucleons. Moredver,
also indicates that the magnetic field decreases (increasgsslightly the magnitude of pyx > for positive (negative) pions at
both forward and backward rapidities due to the magnetiadg/disfocusing effects as we shall discuss in detathértext
subsection. Next, we investigate in the lower panels of Bithe so-called differential elliptic flow as a function of tiverse
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pane) Elliptic flow for free protons and pions as a functiortrahsverse momentum for the 2 GeV/nucleon Au+Au reactioanaimpact
parameter of 5 fm witkx=0.

momentum 82, 33],

1 N pi-p
(Va(p) =5 > 5—— ()
N5 ps+ p%,
whereN is the total number of free particles. Thg is ith particle’s transverse momentum perpendicular to theti@aplane.
Again, there is essentially no magnetic effect on the dffieial elliptical flow of both nucleons and pions.

3. Magnetic effects on the 7~ /™ and neutron/proton ratio

It is well known that the Coulomb force affects significante 7~ /rr* ratio in HICs. The so-called Coulomb peak often
appears near the projectile and/or target rapidities. phénomenon has been studied extensively both experirhefga-39]
and theoretically40-45] since the 1970’s, see. e.g., refif] for a review. However, to our best knowledge, magneticaffe
were not considered in any of these studies. While the Larfante on pions is normally smaller than the Coulomb foreeyt
have the same order of magnitude. Moreover, compared teons] pions are light with relatively higher speeds andfaus t
more easily affected by the Lorentz force. Furthermorereth® no nuclear force acting on pions once they are produced a
least in most model simulations where pions change their emd@only through pion-hadron collisions and the Coulomld fie
To our best knowledge, theoretical studies on the mean-fikghersion relation) for pions are still rather inconaheg47].
Thus, most transport models neglect the mean-field for piG@ossidering all of the above, the magnetic force on piomsbea
significant. In fact, we expect the Lorentz and Coulomb fetteehave the opposite effects on thie/ 1" ratio. Namely, near the
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projectile/targer rapidity the Coulomb force increaseshe it ratio while the Lorentz force reduces it. Effects of the Luire
forces on positive and negative pions are illustrated in igsing the projectile-like spectator as an example. The ngpirack
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FIG. 9: (Color online) A sketch illustrating the Lorentz ¢é&s on charged pions in the magnetic field created by theqtitejike spectator.
Positive pions are focused into smaller polar angles wrelgative pions are dispersed into larger polar angles reggardvhether they are
moving above or below the spectator.

of the spectator can be regarded as a current. Above/betowutinent, the magnetic field is perpendicular to the reagilane
and points outward/inward. The Lorentz force focusesritieinto smaller forward (backward) polar angles while dispers
the r~ to larger forward (backward) polar angles. So tiie/rr" ratios at large rapidities are reduced by the Lorentz force.
Moreover, due to the magnetic focusing/dispersing effaqi@sitive/negative charges, the changes in transversesmtom for
particles above and below the current are opposite. So thernagnetic effect on the average transverse momentunein th
reaction plane is very tiny even for pions. This explains iy magnetic effects on the transverse flawpy(y) > and the
differential elliptical flowv,(p;) are negligible for both nucleons and pions.

Why is it so important to understand clearly and precisely etectromagnetic effects on the /m" ratio? One special
reason is that the~ /mr" ratio has been predicted as one of the most promising prdtike auclear symmetry energy at supra-
saturation densitiegt]. While comparisons of transport model predictiof8{51] with exiting data p2] are still inconclusive,
all models have consistently shown that #ite/ 7t ratio is rather sensitive to the high density behavior ofithelear symmetry
energy. The latter is rather poorly known as indicated in Eidgn fact, even the trend of the symmetry energy at supraraon
densities, namely, whether it increases or decreases matbasing density, is still controversial partially besawwf our poor
knowledge about the isospin-dependence of strong interacto extract reliably accurate information from tite /" ratio
about the high-density behavior of nuclear symmetry eneérgg/thus necessary to understand precisely effects franwell-
known electromagnetic interactions. So, how strong is tagmetic effect on ther /7" ratio in comparison to the symmetry
energy effect? To answer this question and give a quangtatiample, we show in FiglOthe 77~ /" ratio as a function of
rapidity with and without the magnetic field calculated wilinee different values of the symmetry energy paramefer the
2 GeV/nucleon Au+Au reactions at an impact parameter of bwD%afm, respectively. In each case considered here, 200,000
IBUUL1 events are used. Comparing the results obtained avithwithout the magnetic field using any of th@parameter
considered, it is seen that magnetic effects orthérr" ratio are significant compared to the symmetry energy effsgecially
at forward and backward rapidities particularly for miditral collisions. Quantitatively, the /m™ ratio obtained with the
magnetic field is significantly lower at forward and backweagidities (polar angles) due to the magnetic focusinégdissing
effects on the positive/negative pions as we illustrateign 9. Pions at higher rapidities have larger longitudinal motaemd
thus feel stronger Lorentz forces compared to those at apddity. For the head-on collisions, the magnetic effedterr /"
ratio is small but still appreciable. This observation rieggisome explanations. As shown earlier in Fgin the compression
phase of the reaction when most pions are produced, everaithdre collisions there are considerable magnetic fieldsrato
both the projectile and target spectators although the stagfield is approximately zero at the center of the reactibnus,
it is understandable that thre” /rr* ratio in head-on collisions is also affected by the magrfegld. From peripheral to head-
on collisions, ther /m* ratio changes gradually from forward-backward peaked merepeaked distributions. In peripheral
collisions, there are significant Coulomb effects due togbectators. One thus expects tiie/r* ratio to peak at forward-
backward rapidities. It is seen that the magnetic effecvatdrd-backward rapidities is compatible with the symmetmergy
effect from changing the parameter by one unit. Thus, compared to the symmetry eredfegt, the magnetic effect on the
-/t ratio is significant. Overall, the /7™ ratio decreases as the symmetry energy at supra-satudeaigities becomes
stiffer when the parametarchanges from 1 to -1. For comparisons, the neutron/protemmap of free (selected as those with
local density less thapy/8 at freeze-out) and all nucleons are shown as functiongiditg in the middle and bottom windows
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FIG. 10: (Color online) Ther /m" ratio (top windows), the neutron/protary p ratio of free (middle windows) and all (bottom windows)
nucleons as a function of rapidity with and without the maigrféeld calculated with the three different values of syniyenergy parameter
x for the reactions of 2 GeV/nucleon Au+Au at an impact paramiet0 and 5 fm, respectively.

of Fig. 10, respectively. It is seen that there is essentially no eatite magnetic effects within error bars on the ratios.
This is consistent with our expectation and the results enrdmsverse and elliptical flows discussed earlier. Theuroform
n/p and m /mrt ratios as functions of rapidity indicates the lack of conlisospin equilibrium for both the nucleon and
pion components. This is the so-called isospin translucerpected in heavy-ion reactions at the beam energiesstindire
[53, 54].

It is worth noticing that so far only the integratexd /" ratio, i.e., the ratio of totatr~ to " multiplicities, has been used
in attempts to constrain the symmetry energy at high dessitithout considering the magnetic effects. While thegrated
/7t ratio is rather sensitive to the symmetry energy paramétereactions near the pion production threshold, as the beam
energy becomes higher than about 1 GeV/nucleon, the sétysifiadually disappear2lp). It is thus interesting to see that the
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rapidity distribution of ther /" (y) ratio shows a strong sensitivity to the parameteven in the reactions at a beam energy
of 2 GeV/nucleon where the baryon density can reach ab&pp3Thus the differentiatr /" (y) ratio is a potentially useful
probe of the high density behavior of the nuclear symmeteygn Nevertheless, since the strongest sensitivity tayhemetry
energy is at forward and backward rapidities where fthe' ™ ratio is also strongly affected by the magnetic field, sdecia
cares have to be taken in both model calculations and theadatgsis. We notice that most of the currently availablecketrs
including the one used by the FOPI Collaboratié][do not provide full coverage at very forward/backward &sgl The
integratedrt— /7t ratio is normally obtained by extrapolating the angulatribistions of pions measured in a limited angular
range to all polar angles. While this procedure ignores tagmatic effects on the angular distribution of pions, dffedf the
magnetic field on the integrated /mr* ratio is small. Shown in Tableare the integrated /7" and neutron/proton ratios

TABLE I: Integratedrr— /™ andn/p ratio calculated without/with the magnetic field using thkalues of the symmetry energy parameter
x=1,0and—1.

Ratio b (fm) x=1 x=0 x=-1
T/ 0 2.02/1.97 1.81/1.78 1.68/1.67
5 1.87/1.86 1.79/1.79 1.73/1.73
n/p (free) 0 1.23/1.23 1.24/1.24 1.25/1.25
5 1.28/1.28 1.29/1.29 1.29/1.29
n/p (all) 0 1.23/1.23 1.24/1.24 1.25/1.25
5 1.31/1.31 1.31/1.31 1.32/1.32

calculated without/with the magnetic field. It is seen tha integrated ratios are not affected much by the magnetit fie
This is what we expected as the Lorentz force affects diffiyeonly the angular distributions of positively and negely
charged particles, but not their total multiplicities. &Jsonsistent with previous finding49], the integratedr /" ratio at
beam energies higher than about 1 GeV/nucleon is not sotisertsi the variation of the symmetry energy while there is a
clear indication that a higher /" ratio is obtained with a softefsym(p) at supra-saturation densities. Thus, the differential
-/t (y) ratio is a better probe of the symmetry energy at supra-a@dardensities after taking care of the magnetic effects
using detectors covering very forward and/or backwardmtgles.

IV. SUMMARY

In summary, within the transport model IBUU11, the timedetion and space-distribution of internal electromagnéélds
in HICs at beam energies between 200 and 2000 MeV/nuclecstadieed. While the magnetic field can reach aboutT0*®
G, it has almost no effect on nucleon observables as the toferce is normally much weaker than the nuclear force. @n th
other hand, the magnetic field has a strong focusing/disfagweffect on positive/negative pions at forward/bacldvapidities.
Consequently, the differential™ /" (y) ratio as a function of rapidity, but not the integrated one, is significantly altered by the
magnetic field. At beam energies above about 1 GeV/nucleerdgifferentialrr /'t (y) ratio is more sensitive to th€sym(p)
than the integrated— /™ ratio. Our findings suggest that magnetic effects shouldabefally considered in future studies of
using the differentialr /rr* ratio as a probe of thEsym(p) at supra-saturation densities.
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