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We present our calculation of electromagnetic effects [1], induced by the spectator charge on
Feynman-xF distributions of charged pions in peripheral Pb+Pb collisions at CERN SPS energies,
including realistic initial space-time-momentum conditions for pion emission. The calculation
is performed in the framework of a specific implementation of the fire-streak model, adopted to
the production of both π − and π + mesons. Isospin effects are included to take into account the
asymmetry in production of π + and π − at high rapidity. A comparison to a simplified model
from the literature is made. We obtain a good description of the NA49 data on the xF - and
pT -dependence of the ratio of cross sections π + /π − . The experimental data favors short times
(0.5 < τ < 2 fm/c) for fast pion creation in the local fire-streak rest frame. The possibility of the
expansion of the spectators is considered in our calculation, and its influence on the electromagnetic
effect observed for the π + /π − ratio is discussed. The influence of directed and elliptic flow, and
vorticity on the observed effect is also estimated. We conclude that the fire-streak model, which
properly describes the centrality dependence of π − rapidity spectra at CERN SPS energies, also
provides realistic initial conditions for pion production. Consequently, it provides a quantitative
description of the electromagnetic effect on the π + /π − ratio as a function of xF .
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Figure 1: The situation after the collision. The area marked in red shows the partonic matter. Each element
moves with a different longitudinal velocity, which can be obtained from energy-momentum conservation [5].

We study the electromagnetic effects in heavy-ion collisions, in particular, in peripheral Pb+Pb
collisions at CERN Super Proton Synchrotron (SPS) energies. After the collision the positively
charged spectators generate electromagnetic fields, which modify the trajectories of charged pions.
We use this effect as a new source of the information on the space-time evolution of the system.
The NA49 experimental data on Feynman-xF dependence of π + /π − ratio [2] shows a strong
electromagnetic effect especially for the pions with small transverse momentum in the vicinity of
spectator rapidity. These experimental results can be qualitatively reproduced within the Monte
Carlo model by introducing the emission distance dE [3]. It defines the initial distance between the
pion emission region, which is reduced in this model to a single point in space, and the spectator.
A reasonably optimal description of the data was obtained when the original pion source was not
far from the spectator. The best, even if still qualitative, agreement with the experimental data [2]
was obtained for dE ≈ 0.5 − 1 fm.
In this contribution, largely based on our recent paper [1], we address the question whether
models with more realistic initial conditions can describe the electromagnetic effects observed for
π + and π − spectra. It was shown that one can describe the broadening of the π − rapidity distribution
with centrality, as observed by the NA49 experiment [4], within a special implementation of the
fire-streak model which we proposed in Ref. [5]. In our opinion, this specific version of the firestreak model provides realistic initial conditions for quark-gluon plasma creation at SPS energies,
in particular obeying energy-momentum conservation.

2. The model
The details about our version of fire-streak model were given in Refs. [5, 6]. We will mention
here only the main concepts of the model. The model describes the longitudinal evolution of the
system. We divide the colliding nuclei in transverse plane into two-dimensial 1 fm × 1fm bricks.
After the collision the fire streaks are formed (see Fig. 1). The fire streaks are moving along the
collision axis. Each fire streak fragments independently into negative pions by the single fire-streak
fragmentation function parametrized in Ref. [5] in the form:

r 
dn
[(y − ys )2 +  2 ] 2
∗
∗
,
(1)
(y, ys , Es , ms ) = A(Es − ms ) exp −
dy
rσyr
where y is the rapidity of the negative pion, ys is the fire-streak rapidity given by energy-momentum
conservation, Es∗ is its total energy in its own rest frame, and ms is the sum of “cold” rest masses of
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Figure 2: The results of calculation of electromagnetic effects on the π + /π − ratio as a function of xF in
peripheral Pb + Pb collisions at top SPS energy, obtained within our version of the fire-streak model with
the pion creation time given by Eq. (3) for two different ranges of pion transverse momentum: 0 < pT <
0.05 GeV/c (left plot) and 0.05 < pT < 0.1 GeV/c (right plot). The scenario with stable spectators is shown
by the solid red lines, and the scenario with expanding spectators with the radial surface velocity, βR = 0.2,
is presented by the dashed blue lines.

the two nuclear “bricks” forming the fire streak (see Ref. [5]). The free parameters of the function (1)
are A, σy and r, which are fitted to NA49 experimental data [4] for the rapidity distribution of π − . It
appeared that these parameters are common to all fire streaks and independent of Pb + Pb collision
centrality. Our model describes the whole centrality dependence of rapidity distributions of π −
including, in particular, the narrowing of the rapidity distribution from peripheral to central Pb+ Pb
collisions.
Our model provides only the information about the longitudinal expansion of the system, thus
for the initial transverse-momentum distribution of pions we choose that obtained from UrQMD
model [7], which well describes the NA49 data [4] on transverse-momentum mass spectrum of π −
produced at midrapidity in peripheral Pb + Pb collisions at top SPS energy. The resulting UrQMD
predictions for transverse-momentum distributions of pions we then parametrize by the exponential
function:
SpT
dN
= 2
exp [−(mT − m)/T],
(2)
dpT
T + mT
q
where m is the mass of the pion, mT = m2 + pT2 is its transverse mass, S and T are the yield integral
and the inverse slope parameter, respectively. The fit to the UrQMD simulations at midrapidity
gives Tπ − = 165 MeV and Tπ + = 163 MeV.
In the present contribution we quantify the possible effect of pion flow on the observed π + /π −
ratio. The NA49 collaboration clearly observed [8] nonzero elliptic (v2 ) and directed (v1 ) pion flow
coefficients. We parametrize experimental data on v2 and v1 as a function of pion rapidity and
transverse momentum. For our electromagnetic effect we need data in a broad range of xF , i.e. at
rather large rapidities. Therefore we included also the data of the WA98 collaboration [9] into the
fit.
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Figure 3: The effect of inclusion of the initial v1 and v2 flow coefficients on the observed π + /π − ratio (solid
green lines). The dashed blue lines are for the case when no flow is taken into account (the same as in Fig. 2).

To start the calculation of electromagnetic effects we have to fix also the time of emission
of pions from the fire streaks and the initial position of the pion relative to the spectators. This
cannot be calculated from first principles and it is treated here as a free parameter. We introduce
the pion emission time, τ, in the fire-streak rest frame. Up to this time the fire streak evolves in
the longitudinal direction. For our calculations of electromagnetic effect we have to calculate the
actual position of pion creation in z for each (i, j) fire streak in the nucleus-nucleus center-of-mass
system. This can be done by applying the Lorentz transformation. The transformation is given by
the velocity of a given fire streak in the center-of-mass system which in turn is given by its position
in the impact parameter plane (bx , by ) [5].

3. Results
First we perform the simulations for various fixed values of the pion creation time, τ: τ =
0.5; 1; 1.5; 2 fm/c (please note that this way we assume that the pion creation time is the same for
each fire streak, in its rest frame). We figure out that there is no configuration with fixed pion creation
time that can well describe the experimental data. In fact we expect that the fire-streak lifetime
increases with its excitation energy. For this reason, we try to simulate an initial configuration with
the pion creation time which is not fixed. We choose the following simple linear dependence [1]:
τ = a(Es∗ − ms ) + τ0,

(3)

where τ0 = τmin = 0.5 fm/c and τmax is set to be 2 fm/c, which gives us a ≈ 0.08.
In Fig. 2 by the solid red lines we present the results of calculation of the electromagnetic effect
on the π + /π − ratio as a function of xF in peripheral Pb + Pb collisions at top SPS energies, with
the pion creation time parametrized as in Eq. (3). The results are shown for two different ranges of
pion transverse momentum: 0 < pT < 0.05 GeV/c (left plot) and 0.05 < pT < 0.1 GeV/c (right
plot). At this point we notice that in the calculations made so far we always assumed that spectators
are stable, at least on the time scale when electromagnetic fields interact with charged pions (in
our simulation the spectator systems were taken as two stable, homogeneously charged spheres
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Figure 4: The effect of inclusion of fire-streak rotation as described in the text on the observed π + /π − ratio
(dash-dotted red lines). The dashed blue lines are for the case when no flow is taken into account and the
green solid lines are for the case when flow is taken into account (both dashed blue and green solid lines are
the same as in Fig. 3).

as described in Ref. [3]). However, the spectators are rather highly excited systems. Therefore,
presently we impose a scenario with expansion of the spectators. In its own rest frame, each of
the two spectator systems is taken as a homogeneously charged sphere, expanding radially with a
given surface velocity βR . We introduce this surface velocity βR as an additional free parameter.
The configuration with τ given by Eq. (3) and βR = 0.2 (in the spectator rest frame) gives the
best description of the NA49 experimental data [2] for both ranges of pion transverse momentum,
0 < pT < 0.05 GeV/c and 0.05 < pT < 0.1 GeV/c, as shown in Fig. 2 by the dashed blue lines.
In Fig. 3 we demonstrate the effect of the pion flow on the observed π + /π − ratio as a function
of Feynman xF , for v1 and v2 included together. We find no effect for v2 , but a non-negligible effect
for v1 .
Another effect to be considered is the well-known phenomenon of vorticity of stronglyinteracting matter created in the collision [10]. We estimate this effect in the following way.
We assume that starting from the moment of closest approach of two nuclei (t = 0) the fire streak
rotates for a given small angle α. After the rotation the fire streak follow its modified trajectory
until pions are emitted from the fire streak. Consequently the pion emission point is shifted in
transverse and longitudinal direction with respect to the case with no rotation. The size of the shift
increases with increasing τ and α. We find that rotation by α = 1.75 deg gives a good description
of the experimental data on the directed flow [1]. Finally, in Fig. 4 (dash-dotted curve) we present
the result of simulation made for the same values of τ (Fig. 3, blue dashed curve) but including
the rotation of fire streaks by a total angle α = 1.75 deg. Evidently no significant change is visible
with respect to the case with no rotation also shown in the figure (dashed curve). This is due to the
small value of the angle α allowed for our model by the experimental data on v1 , which also results
in a small displacement of the pion emission points. We conclude that for the relatively short pion
emission times τ discussed here, vorticity has no much effect on the electromagnetic distortion of
π + /π − ratios.
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In the present contribution we introduced the model of the longitudinal evolution of the
system, which explains the centrality dependence of pion yields and rapidity spectra in Pb + Pb
collisions [5, 6] and provides the first ever quantitative description of the electromagnetic effects
on π + /π − ratio measured at large rapidity. We investigated that rather small pion creation times
have been necessary to describe the experimental data on electromagnetic effects on fast pions
(0.5 < τ < 2 fm/c). The configuration with the expanding spectators gives the best description of
the data. The inclusion of directed flow gives a non-negligible effect, whereas elliptic flow shows
no effect. We also found that rotation (vorticity) of fire streaks results in the presence of rapiditydependent directed flow, but brings no effect on the spectator-induced electromagnetic modification
of π + /π − ratios.
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References
[1] V. Ozvenchuk, A. Rybicki, A. Szczurek, A. Marcinek, M. Kiełbowicz, Spectator induced
electromagnetic effects in heavy-ion collisions and space-time-momentum conditions for pion
emission, Phys. Rev. C 102 (2020) 014901 [nucl-th/1910.04544].
[2] A. Rybicki, What is the role of nuclear effects in ultrarelativistic reactions at 158 GeV/nucleon,
Acta Phys. Polon. B 42 (2011) 867.
[3] A. Rybicki and A. Szczurek, The spectator electromagnetic effect on charged pion spectra in
peripheral ultrarelativistic heavy-ion collisions, Phys. Rev. C 75 (2007) 054903.
[4] T. Anticic et al. [NA49 Collaboration], System-size and centrality dependence of charged kaon
and pion production in nucleus-nucleus collisions at 40A GeV and 158A GeV beam energy,
Phys. Rev. C 86 (2012) 054903.
[5] A. Szczurek, M. Kiełbowicz and A. Rybicki, Implications of energy and momentum conservation for particle emission in A + A collisions at energies available at the CERN Super Proton
Synchrotron, Phys. Rev. C 95 (2017) 024908.
[6] A. Rybicki, A. Szczurek, M. Kiełbowicz, A. Marcinek, V. Ozvenchuk and Ł. Rozpłochowski,
Rapidity distributions of pions in p + p and Pb + Pb collisions at energies available at the
CERN Super Proton Synchrotron, Phys. Rev. C 99 (2019) 024908.
[7] S. Bass et al., Microscopic models for ultrarelativistic heavy ion collisions, Prog. Part. Nucl.
Phys. 41 (1998) 255; M. Bleicher et al., Relativistic hadron hadron collisions in the ultrarelativistic quantum molecular dynamics model, J. Phys. G 25 (1999) 1859.
[8] C. Alt et al. [NA49 Collaboration], Directed and elliptic flow of charged pions and protons in
Pb + Pb collisions at 40A GeV and 158A GeV, Phys. Rev. C 68 (2003) 034903.
[9] H. Schlagheck [WA98 Collaboration], Thermalization and flow in 158 GeV/A Pb + Pb
collisions, Nucl. Phys. A 663 (2000) 725.
[10] L. Adamczyk et al. [STAR Collaboration], Global Λ hyperon polarization in nuclear collisions: evidence for the most vortical fluid, Nature 548 (2017) 62.
6

