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Abstract. We study the propagation of charm quarks in the quark-gluon plasma
(QGP) by means a relativistic Boltzmann transport (RBT) approach coupled
to electromagnetic field. The interplay between these fields is responsible to
generate large rapidity odd directed flow v1 of D mesons and for a large splitting
of directed flow ∆v1 between neutral D and anti-D mesons. We show that the
large v1 is generated by the longitudinal asymmetry between the bulk matter
and the charm quarks and by a large non-perturbative interaction in the QGP
medium.

1 Introduction

Charm quarks are the earliest charged particles appearing in the ultra relativistic Heavy Ion
collisons (uRHICs). Due to their short formation time with τ ≈ 0.1 f m/c and a thermalization
time which is comparable to the QGP lifetime they are good probes of both the initial stage
and the subsequent evolution into a thermalized QGP. The matter produced in uRHICs is not
only in the regime of extreme temperature and density but also in the regime of large vorticity
due to huge initial angular momentum and intense electromagnetic (e.m.) fields that are the
two possible sources for a finite directed flow v1. Recent theoretical studies have shown that
the heavy quarks can manifest a large directed flow which is one order of magnitude larger
than the one of light hadrons [1, 2]. This was predicted for the average directed flow of D
mesons [2] and was predicted for the first time a splitting in the directed flow between D0

and D̄0 mesons induced by e.m. field [1]. In these first theoretical investigations a Langevin
approach coupled to the Maxwell equations have been used. Recent experimental data from
STAR collaboration [3] at top RHIC energies and from ALICE collaboration [4] at LHC
energies have shown a directed flow larger than the one of light charged hadrons [5]. Recently,
in Ref.s [6, 7], important features of the directed flow splitting ∆v1 induced by e.m. fields have
been found suggesting that measurement of ∆v1 of D mesons and leptons form Z0 decay and
their correlations could be powerful tool to probe the initial e.m. fields in uRHICs.
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2 Charm quarks transport equation in the electromagnetic field

We discuss results on the directed flow obtained within a relativistic Boltzmann transport
approach developed to study the dynamics of heavy-ion collisions and recently extended to
describe anisotropic flows vn and the nuclear modification factor RAA of D mesons [8–13].
The dynamical evolution of the QGP bulk (gluons and light quarks) as well as of charm
quarks in the QGP bulk is described by the following equations:

[
pµ∂

µ
x + q jFµν(x)pν∂µp

]
f j(x, p) = C22[ f j, fk](x, p) (1)

[
pµ∂

µ
x + qQFµν(x)pν∂µp

]
fQ(x, p) = C22[ f j, fk, fQ](x, p) (2)

where f j,k(x, p) is the phase-space distribution function of quarks and gluons j, k = g, q, q
while fQ(x, p) is the phase-space distribution function of charm quarks Q = c, c. In the
above equations the Fµν is the electromagnetic strength tensor of the external e.m. field. On
the right-hand sides C22 is the collision integral accounting for 2 → 2 scattering processes.
We have employed a bulk with massive quarks and gluons given by a Quasi-Particle Model
(QPM) [14] where quarks and gluons have a thermal masses mg,q(T ) ∝ g(T ) T tuned to
reproduce the lattice QCD thermodynamics [15]. The charm quarks interact with the bulk by
means of 2→ 2 elastic scattering, see [12] for details of the approach used.

The e.m. field included in the transport equations are computed following Ref. [16] and
the results shown have been obtained assuming a constant electrical conductivity σel of the
QGP. The values of σel used are in agreement with the lattice QCD calculations [17] and
correspond to typical values that can be explored in uRHICs. The total e.m. field produced
by the two nuclei is obtained solving the Maxwell equations. The approach consists first to
calculate the elementary e.m. fields generated by single point-like charges e located in the
transverse plane and moving towards +z and −z respectively with speed β and then these field
are convoluted with the transverse charge distribution of the nuclei ρ to get the total e.m.
field. In Fig. 1 it is shown the time evolution of e.m. field for two different collision energies
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Figure 1. Time evolution of |eEx| (solid curves) and |eBy| (dashed curves) in Au+Au collisions at√
σNN = 200 GeV with b = 9 fm (left panel) and Pb+Pb collisions at

√
σNN = 5.02 TeV with b = 7.5

fm (right panel). The different colours correspond to different values of the electric conductivity σel.

at top RHIC energies (left panel) and LHC energies (right panel). The curves are for two
values of the space-time rapidity: ηs = 0 and ηs = 0.5 and for different values of the electric
conductivity as computed in lattice QCD [17]. As shown, at mid-rapidity ηs = 0 the electric
field vanishes due to symmetry while at forward and backward rapidity Ex become huge and
comparable to By. The |eBy| decrease by one order of magnitude in less than 1 fm/c and the
decrease is stronger for smaller electric conductivity. On the other hand, at larger ηs the time
evolution of the |eBy| becomes milder.
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Figure 1. Time evolution of |eEx| (solid curves) and |eBy| (dashed curves) in Au+Au collisions at√
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√
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fm (right panel). The different colours correspond to different values of the electric conductivity σel.

at top RHIC energies (left panel) and LHC energies (right panel). The curves are for two
values of the space-time rapidity: ηs = 0 and ηs = 0.5 and for different values of the electric
conductivity as computed in lattice QCD [17]. As shown, at mid-rapidity ηs = 0 the electric
field vanishes due to symmetry while at forward and backward rapidity Ex become huge and
comparable to By. The |eBy| decrease by one order of magnitude in less than 1 fm/c and the
decrease is stronger for smaller electric conductivity. On the other hand, at larger ηs the time
evolution of the |eBy| becomes milder.

In coordinate space the bulk it has been initialized by using the standard Glauber model
assuming boost invariance along the longitudinal direction. In momentum space we have
considered a mixture of Boltzmann-Jüttner distribution function up to transverse momentum
pm j

T = 2GeV at RHIC (pm j
T = 3.5 GeV at LHC) while mini-jet distributions as calculated by

pQCD at NLO order in [18] at higher transverse momentum. The charm quark distributions
are initialized in coordinate space by using Ncoll. In momentum space we use the charm
quark distribution according to the Fixed Order + Next-to-Leading Log (FONLL) calculation
[19]. In a non-central collision, the system of the two incoming nuclei possesses an angular
momentum J which depends on the collision energy and impact parameter. After the collision
a fraction of the angular momentum is transferred to the plasma created which manifests in
a nonzero vorticity of the system. In hydrodynamical simulations J has been introduced as
an asymmetric initial energy density distribution in the longitudinal direction [20, 21]. We
show the results obtained in [22] where similar initial conditions have been implemented in
a transport approach in order to take into account the nonzero angular momentum. We show
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Figure 2. v1(y) of D mesons as a function of rapidity at RHIC (left) and LHC (right). In panel a) the
black solid line is the case where bulk is tilted but charm distribution not while the green dot-dashed is
the case where charm quark are distribuited with a tilted distribution like the bulk. The red dashed line
corresponds to the case where charm quarks interact according to a pQCD interaction. In panel b) it is
shown the effect of the e.m. field on the v1 of D0 meson (blue solid line) and D̄0 meson (blue dashed
line). The experimental data are taken from [3]. In panel c) the solid green line is the case where the
bulk has a tilted distribution while the red dashed line is the case without vorticity with a bulk forward
and backward symmetric. The experimental data are taken from [4].

how the rapidity dependence of the directed flow v1 of neutral D mesons is originated by
the vorticity of the bulk matter coming from the initial tilted longitudinal distribution and the
non-perturbative interaction of charm quarks. As shown in Fig. 2 a) if the initial charm quarks
are initialized according to a tilted distribution, as done for the bulk, the large v1 of the charm
quarks disappears and the final v1 is very small, see green dot-dashed lines shown in Fig. 2
a). On the other hand, the large v1 shown by the black solid line is due to a pressure gradient
of the bulk to the charm quarks toward the negative x−direction at positive ηs. The effect of
this pressure gradient comes from the non-perturbative interaction of the HQ with the bulk.
In fact, if one keeps the non-tilted space distribution but assume a drag and diffusion of the
charm quarks according to pQCD interaction one get a very small v1 as shown by the red
dashed line in Fig. 2 a). The charm quark develops a finite v1 only if the initial distribution
of charm quark is not tilted and charm quarks interact non-perturbatively with an interaction
coming from QPM. However, in addition to this dynamics there is also a motion induced by
the e.m. field produced in the collision. In Fig. 2 b) it is shown the effect of the e.m. fields
on the directed flow of D mesons for Au+Au collisions at top RHIC energy. The value of the
electric conductivity used isσel = 0.023 fm−1 which is the value from lattice QCD calculation
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at T = 2 Tc. As shown in Fig. 2 b) at forward rapidity positively-charged particles get a
negative contribution to the v1 and negatively-charged particles get a positive contribution to
the v1. This suggest that the overall effect is slightly dominated by the electric field. Finally,
in Fig. 2 c) the results for D meson are shown in comparison with the experimental data at
LHC energies. The dashed line correspond to the standard initialization while the solid line is
the result with tilted initial distribution for the bulk where both simulations includes the e.m.
fields. The ALICE data indicate a positive slope for the combined directed flow of D meson
that is smaller than the one observed at RHIC.

3 Conclusion

The directed flow v1(y) of charm quarks it has been studied within a transport approach at
both RHIC and LHC energy. We have observed that the origin of the directed flow for the
D meson comes from two process: i) the rotation induced by the initial angular momentum
of the spectators transferred to the bulk matter which produce a v1(y) of D0 and D̄0 mesons
several times larger than the one of the light mesons and ii) the interaction of HQ with the bulk
matter which is non-perturbative and is responsible for the transfer of the gradient pressure of
the bulk matter to the charm quarks. We have studied the splitting of v1(y) of D mesons due to
the e.m. field. It has been shown that this effect is in agreement with the experimental data at
RHIC energy, but due to large error bars currently it is not possible to draw any conclusions.
At LHC energy theoretical models based on electromagnetic field that assume a medium at
constant electric conductivity are not able to account for it.
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