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Sensitivity of heavy-quark dipolar flow to its initial spatial distributions in Cu + Au collisions
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We investigate charm-quark dynamics in asymmetric Cu + Au collisions at top energies available at the BNL
Relativistic Heavy Ion Collider using a Langevin approach embedded in a realistic hydrodynamic background.
The intrinsic asymmetry of the colliding nuclei leads to a spatially lopsided initial energy-density profile, which
generates a dipolar flow structure in the transverse plane even at midrapidity. As charm quarks propagate
through this medium, they acquire a finite directed flow, v1. We find that the pT -integrated heavy-quark v1 is
approximately an order of magnitude larger than that of charged hadrons. In addition, the pT -differential v1

exhibits strong sensitivity to the initial spatial distribution of heavy quarks, highlighting the potential impact
of preequilibrium modifications of the heavy-quark phase-space distribution on final-state anisotropies. Beyond
geometric effects, v1 also provides direct sensitivity to medium interactions through the temperature-dependent
drag coefficient. Its pronounced dependence on this transport input indicates that precision measurements of
heavy-flavor directed flow could place meaningful constraints on heavy-quark transport coefficients, thereby im-
proving Langevin-based descriptions and predictive power for heavy-flavor observables in heavy-ion collisions.
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I. INTRODUCTION

Heavy quarks serve as powerful probes of the quark-gluon
plasma (QGP) [1–4] produced in high-energy heavy-ion colli-
sions. Created predominantly in initial hard scatterings, charm
and bottom quarks traverse the entire space-time evolution of
the medium before hadronization [5–7]. Their large masses
ensure early production and sustained interaction with the ex-
panding plasma, making heavy-flavor observables particularly
sensitive to the transport properties and dynamical evolution
of the QGP [8–13]. This sensitivity is reflected in measure-
ments of the nuclear modification factor (RAA) and anisotropic
flow coefficients [14–21].

Among these observables, the directed flow coefficient
v1(yp, pT ) = 〈cos(φ − �)〉 quantifies the first harmonic of
the azimuthal particle distribution, where φ is the particle
azimuthal angle, yp and pT denote rapidity and transverse
momentum, and � is the reference-plane angle. As an early-
time observable, v1 is sensitive to a variety of mechanisms,
including the three-dimensional initial energy-density profile,
event-by-event geometric asymmetries, and electromagnetic
fields generated in noncentral collisions [22–26]. In particular,
heavy-flavor v1 [27–30] provides enhanced sensitivity to the
early-time propagation of heavy quarks through the evolving
QGP background.
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In noncentral collisions, the bulk medium develops a
forward-backward asymmetric tilted geometry due to unequal
energy deposition in the overlap region. Heavy quarks, how-
ever, are produced in initial binary nucleon-nucleon collisions
and approximately follow the binary-collision profile, leading
to a spatial mismatch between the heavy-quark distribution
and the tilted medium at finite rapidity. Within Langevin
dynamics coupled to hydrodynamic evolution, this mismatch
generates a finite heavy-quark directed flow. In this frame-
work, heavy-flavor v1 typically inherits the sign of the bulk
flow while attaining a substantially larger magnitude [31].

Since heavy quarks are produced before local thermaliza-
tion, they experience a preequilibrium stage before the onset
of hydrodynamic evolution. During this interval, their spatial
distribution may be modified by processes such as free stream-
ing, diffusion, or interactions with a preequilibrium medium.
The precise process of these modifications remains uncertain.
Since directed flow originates from the relative spatial config-
uration between heavy quarks and the asymmetric medium,
the final v1 provides a sensitive probe of such early-time
modifications. In this work, rather than modeling a specific
preequilibrium evolution, we investigate its possible impact
by varying the initial heavy-quark spatial distributions at the
beginning of the hydrodynamic evolution. While preequilib-
rium effects on heavy-flavor observables such as RAA and v2

have been studied previously [32–36], their impact on directed
flow remains largely unexplored.

Directed flow can arise from multiple sources, including
tilted initial geometries [37], initial-state fluctuations [38],
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and possible charge-dependent deflections induced by strong
electromagnetic fields in noncentral collisions [24,26,39–
42]. Phenomenological tilted-fireball models [37,43] typi-
cally introduce the required asymmetry through additional
parameters, leading to a degree of model dependence even
when constrained by charged-hadron directed flow [29,31].
By comparison, asymmetric collision systems such as Cu +
Au [44–46] naturally generate an uneven transverse geom-
etry due to the different sizes and density profiles of the
colliding nuclei [47,48], providing a more constrained and
physically transparent framework for studying heavy-flavor
directed flow. The intrinsic dipolar deformation of the initial
energy density in such systems generates a sizable rapidity-
even v1 [38,47,49–51] near midrapidity, where experimental
measurements benefit from larger particle yields and im-
proved statistical precision. The present work focuses on
this geometrically driven rapidity-even component. Although
event-by-event fluctuations are not included in our framework,
a finite v1 still emerges at midrapidity purely from the un-
derlying geometric asymmetry, implying that the observed
signal is dominated by the collective response to the asymmet-
ric initial geometry. By contrast, the rapidity-odd component
originates from forward-backward asymmetry in particle pro-
duction, changes sign across midrapidity, and vanishes at
yp � 0.

This paper is organized as follows. In Sec. II, we describe
the heavy-quark dynamics in the hydrodynamic background,
including the initial conditions, collision geometry, and
medium evolution setup. Section III presents the numerical
results and discusses the effects of different spatial sampling
schemes on heavy-quark observables. Finally, Section IV
summarizes the main findings and outlines possible directions
for future investigations.

II. HEAVY-QUARK DYNAMICS
IN A HYDRODYNAMIC MEDIUM

We investigate the evolution of heavy quarks, particularly
charm quarks, in the hot and dense medium created in asym-
metric Cu + Au collisions at top energies available at the
BNL relativistic heavy ion collider (RHIC) by combining
relativistic hydrodynamics with Langevin dynamics. The hy-
drodynamic evolution provides the spacetime profiles of the
fluid velocity uμ(x) and the temperature T (x), which together
define the dynamical background through which heavy quarks
propagate. The medium evolution is initialized using energy
density profiles obtained from a Monte Carlo Glauber model
with 20 000 events, ensuring a smooth initial condition, with
the hydrodynamic evolution starting at an initialization time
of τ0 = 0.4 fm. In our setup, the Cu nucleus is positioned at
−b/2 and the Au nucleus at +b/2 along the impact parameter
axis (x axis). We emphasize that this choice of orientation is
purely conventional and does not affect the physics or the
conclusions presented in this work. The shear viscosity to
entropy density ratio is fixed at η/s = 0.08, while the bulk
viscosity ζ/s is taken to be temperature dependent [52]. The
hydrodynamic evolution is continued until the local tempera-
ture reaches 145 MeV, below which hadronization is assumed
to take place.

The propagation of heavy quarks through this evolving
medium is described using Langevin dynamics [11,53–55],
which, in the post-point realization, can be written as

�ri = pi

E
�t,

�pi = −γ (T )pi�t + ρi

√
2D�t, (1)

where �ri and �pi denote the changes in the position and
momentum of a heavy quark during a time step, �t , with
i = x, y, z. Here, γ (T ) and D represent the drag and diffusion
coefficients, respectively, which characterize the interaction of
heavy quarks with the medium. The drag coefficient is taken
to be temperature dependent in order to reflect the evolving
properties of the QGP, and we explicitly investigate the sensi-
tivity of our results to different temperature dependencies of
γ (T ). The stochastic term ρi is sampled independently from
a Gaussian distribution at each time step and satisfies 〈ρi〉 =
0 and 〈ρiρ j〉 = δi j . The drag and diffusion coefficients are
connected through the fluctuation-dissipation theorem, and
for a thermalized medium the diffusion coefficient is chosen
as D = γ (T )ET , where E =

√
p2 + m2 is the heavy-quark

energy. This choice ensures that the heavy-quark phase-space
distribution approaches the equilibrium Boltzmann-Juttner
distribution in the long-time limit [56]. Since the Langevin
evolution is performed in the local rest frame of the fluid, the
heavy-quark phase-space coordinates are Lorentz transformed
to the local fluid frame at each time step and subsequently
transformed back to the laboratory frame after the momentum
update.

To explore the sensitivity of heavy-quark evolution to
the initial conditions, we consider three different sampling
schemes for the initial phase-space distribution: (i) sam-
pling according to the energy density profile of the medium,
(ii) sampling based on the binary collision (Ncoll) distribution
associated with the initial hard scatterings, and (iii) sampling
from a uniform box-type distribution within the region x, y ∈
[−2, 2] fm, the details of which are discussed in the next
section with a pictorial depiction showing a sampling com-
parison in Fig. 3. The initial momentum distribution of heavy
quarks is generated using the fixed order plus next-to-leading
logarithm framework [57,58], which successfully reproduces
the D-meson spectra measured in proton-proton collisions
after fragmentation [11]. In total, 5 × 106 heavy quarks are
sampled to ensure sufficient statistical precision in the anal-
ysis. To quantify the collective motion of heavy quarks, we
compute the event-averaged directed flow, v1 = 〈px/pT 〉. The
results presented in Sec. III illustrate the effects of different
initial sampling schemes, impact parameters, and tempera-
ture dependencies of the drag coefficient on the heavy-quark
distributions and directed flow. In Fig. 1, we show the ini-
tial energy density profile at b = 6 fm, which serves as the
input for the subsequent hydrodynamic evolution performed
using the music hydrodynamic framework [59–61]. Although
additional calculations are carried out for other impact pa-
rameters to study the influence of varying initial geometries,
they are not shown here. Comparisons between different sam-
pling prescriptions, momentum spectra, and drag-coefficient
parametrizations provide insight into the interplay between
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FIG. 1. Initial energy density profile for a Cu + Au collision at
b = 6 fm, with Cu at −b/2 and Au at b/2, used as input for the
music hydrodynamic evolution at

√
sNN = 200 GeV.

the initial geometry, medium evolution, and drag-diffusion
dynamics in shaping heavy-quark collectivity.

III. RESULTS AND DISCUSSIONS

The initial energy density profile exhibits a pronounced
asymmetry in the transverse plane, reflecting the intrinsic
size difference between the colliding nuclei. In the collision
geometry, the Cu nucleus is shifted by −b/2 and the Au
nucleus by +b/2 along the impact parameter direction (x
axis), as discussed earlier. Due to its smaller transverse thick-
ness, the Cu nucleus deposits less energy compared to the
thicker Au nucleus, resulting in a spatially lopsided energy
density distribution, as illustrated in Fig. 1. This asymmetry
is most prominent along the impact parameter direction: the
energy density varies significantly along the x axis, while
remaining approximately symmetric along the y axis. As a
consequence, the pressure gradients generated during the sub-
sequent hydrodynamic evolution are themselves asymmetric
along the positive and negative x directions. Such an initial
asymmetry drives a preferential collective expansion from the
negative toward the positive x direction, leading to an imbal-
ance in the final-state transverse momentum component px.
This momentum anisotropy gives rise to a nonzero directed
flow (v1) of charged hadrons. The pT -integrated charged-
hadron v1 for different impact parameters is shown as square
markers in Fig. 2. As collisions become more peripheral, the
geometric asymmetry of the overlap region becomes more
pronounced, amplifying the asymmetry in the pressure gradi-
ents and, consequently, the directed flow signal. Accordingly,
the magnitude of charged-hadron v1 increases from central to
peripheral collisions, as illustrated in Fig. 2.

It should be noted that the directed flow presented here
is computed with respect to the reaction plane (see Sec. I).
In our simulations, the reaction plane angle is set to 0 by
aligning the impact parameter vector along the x axis. Ex-
perimentally, the reaction plane angle—defined as the angle
between the reaction plane and the laboratory x axis—is not
directly measurable, but can be inferred from the spectator
plane reconstructed using spectator nucleons [62].

FIG. 2. Comparison of integrated v1 versus impact parameter
for light (pT ∈ [0, 3] GeV) and heavy (pT ∈ [0, 10] GeV) quarks,
calculated with γ (T ) = 0.6 T using Ncoll sampling.

To study heavy-quark dynamics in such an asymmetric
medium, we initialize their production points according to
the binary collision (Ncoll) distribution and evolve them using
Langevin dynamics on the hydrodynamic background. The
schematic sampling using the real data is shown in Fig. 3,
where we display the energy density distribution along the x
axis at y = 0, together with the corresponding binary collision
distribution projected onto the same axis. A clear differ-
ence emerges when comparing the spatial distributions of the
medium energy density, which drives the flow of charged
hadrons, with the heavy-quark production points obtained
from Ncoll. This offset between the mean positions of the
medium and heavy-quark distributions plays a decisive role
in shaping the final directed flow.

Heavy quarks originating from different locations within
the medium experience unequal interactions, undergoing
asymmetric drag along the positive and negative x directions,
which gives rise to a finite heavy-quark v1. The resulting pT -
integrated charm-quark v1, calculated within our framework,
is shown alongside that of charged hadrons in Fig. 2. When

FIG. 3. Initial heavy-quark distributions along the impact-
parameter (x) axis at y = 0 for a Cu + Au collision with b = 6 fm
at

√
sNN = 200 GeV. Shown are three distributions: two from the

Monte Carlo Glauber model and one uniform (box-type) distribution,
with their means −1.01, −0.96, and 0.00 for Ncoll, energy density,
and uniform box samplings, respectively.
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FIG. 4. Comparison of v1 for different heavy-quark sampling
methods at b = 6 fm, yp ∈ [−1,1] with γ (T ) = 1.2 T . Shaded bands
indicate statistical uncertainties.

compared to the light-flavor-dominated charged hadrons, the
heavy-quark v1 is roughly an order of magnitude larger while
retaining the same sign across impact parameters up to b = 6
fm. This behavior can be traced back to the relative spatial
distributions illustrated in Fig. 3: the heavy-quark production
profile is shifted to the left of the energy density distribution
(mean −1.01 versus −0.96 for the energy density), indicating
that a larger fraction of heavy quarks initially resides on one
side of the medium and consequently experiences asymmetric
drag during their evolution. This effect is quantified through
the mean values indicated in Fig. 3. Furthermore, the differ-
ence in their mean in these distributions gradually increases
toward more central collisions, amplifying the difference in
the most-central events.

Motivated by the early production of heavy quarks and the
observed sensitivity of their directed flow (v1) to the relative
spatial distributions of heavy quarks and the medium energy
density, we investigate how different initialization schemes
influence final-state heavy-flavor observables. For this we
consider three initialization procedures. In the first scenario,
heavy quarks are sampled according to the binary collision
(Ncoll) distribution, representing the conventional assumption
based on production through initial hard scatterings. In the
second scenario, heavy quarks are initialized following the
energy density profile of the medium. Finally, in the third
scenario, heavy quarks are uniformly sampled within a box
centered at (x, y) = (0, 0) in the transverse plane. These three
distributions are illustrated in Fig. 3, providing a clear com-
parison of the relative positions of heavy quarks with respect
to the medium and offering intuition for the expected sign and
magnitude of the resulting directed flow. The corresponding
heavy-quark v1(pT ) for each initialization scheme is pre-
sented in Fig. 4 for collisions with impact parameter b = 6
fm and a temperature-dependent drag coefficient of γ (T ) =
1.2 T . For reference, the v1(pT ) of charged hadrons obtained
from the music hydrodynamic simulation is also shown.

The results indicate that the heavy-quark directed flow
exhibits a strong dependence on the initialization procedure,
displaying qualitatively different behaviors across the scenar-
ios. When heavy quarks are sampled uniformly in the box,
most are initially located to the right of the energy density

maximum, resulting in a strongly positive v1. In contrast, Ncoll

sampling positions the majority of heavy quarks to the left
of the maximum, yielding a negative v1. Sampling along the
energy density profile places heavy quarks near the medium
peak, producing a v1 that transitions from negative at low pT

to positive at intermediate pT , a similar trend shown by the
light charged hadron’s v1.

These findings demonstrate that both the sign and the
magnitude of v1, as well as its transverse momentum depen-
dence, are strongly influenced by the initial spatial distribution
of heavy quarks. Measuring the directed flow (v1) of heavy
quarks in asymmetric collisions can provide valuable infor-
mation about their spatial distribution at the onset of the
hydrodynamic evolution. Although heavy quarks are pro-
duced at very early times through hard scatterings, their
distribution at τ0 = 0.4 fm/c may differ from the original pro-
duction profile due to possible preequilibrium dynamics. By
studying different initializations at the hydrodynamic starting
time, future measurements of heavy-flavor v1 can help con-
strain whether such early-time modifications are significant.

The directed flow of heavy quarks is also influenced by
their interactions with the medium, which are described by the
Langevin drag coefficient. By exploring different parametriza-
tions of the drag, we can investigate how v1 reflects both
the initial geometry and the heavy-quark transport proper-
ties. In this study, the drag coefficient is defined as γ (T ) =
γ0T ( T

m )x, where γ0 controls the overall interaction strength,
for which we consider values of 0.6 and 1.2 in the present
study, while x governs the additional temperature depen-
dence and is taken to be either 0 or 1/2. In addition to
these temperature-dependent parametrizations, we also ex-
plore a phenomenological momentum-dependent form of the
drag coefficient, γ (p, T ) = γ0T ( m

E )0.5, to examine the pos-
sible impact of momentum dependence on the heavy-quark
directed flow. This parametrization is not intended to rep-
resent a microscopic calculation of the transport coefficient,
but rather serves as a simple phenomenological extension
motivated by the expected qualitative behavior of momentum-
dependent energy loss. In this form, the drag coefficient
reduces to the purely temperature-dependent expression in
the low-momentum limit (E → m), while it gradually de-
creases with increasing heavy-quark momentum, reflecting
the weaker interaction strength expected for highly energetic
quarks. Using these variations, we calculate v1 while keeping
the initial heavy-quark distribution fixed to Ncoll sampling.
The resulting heavy-flavor v1 is shown in Fig. 5. While the
overall trend of v1 remains similar, its magnitude increases
with stronger drag, highlighting the sensitivity of heavy-quark
directed flow to the transport properties of the medium.

The drag coefficient affects not only heavy-quark directed
flow but also other key observables, such as the nuclear modi-
fication factor RAA and the elliptic flow v2 [31]. Among these,
the directed flow v1 offers an independent and complementary
probe of heavy-quark transport. Unlike RAA and v2, which
mainly reflect energy loss and momentum anisotropy, v1 is
directly sensitive to the relative spatial configuration of heavy-
quark production and the asymmetric medium. Its ability to
change sign makes it particularly responsive to both the initial
geometry and the transport dynamics. A combined analysis of
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FIG. 5. Comparison of v1 for heavy quarks and light charged
hadrons at b = 6 fm, yp ∈ [−1,1] showing sensitivity to the tem-
perature and momentum dependence of the drag coefficient. Heavy
quarks are sampled via Ncoll; shaded bands indicate statistical
uncertainties.

v1, RAA, and v2 can therefore reduce uncertainties in the tem-
perature dependence of heavy-quark transport and improve
the overall modeling of heavy-quark evolution in the medium.

We emphasize that the present results are not directly for D
mesons, as hadronization via fragmentation or coalescence,
as well as subsequent hadronic rescattering and freeze-out
effects, are not included in this study; while these effects may
modify the results quantitatively, the qualitative features and
underlying trends are expected to remain unchanged. This
expectation has been checked by applying the standard Peter-
son fragmentation prescription to the final-state charm quarks,
which confirms that the qualitative features of the directed
flow remain preserved after fragmentation.

IV. CONCLUSION

We have investigated the directed flow (v1) of heavy quarks
in asymmetric Cu + Au collisions at

√
sNN = 200 GeV us-

ing hydrodynamics coupled with Langevin dynamics. Our
results demonstrate that heavy-quark v1 is highly sensitive
to their initial spatial distribution relative to the medium en-
ergy density. Depending on the initialization scheme—binary
collision (Ncoll), energy-density profile, or uniform box—the

sign, magnitude, and pT dependence of v1 can vary substan-
tially, underscoring the critical role of early-time heavy-quark
positioning in shaping final-state observables. The magnitude
of v1 increases with stronger drag, reflecting its sensitivity to
medium transport properties. Compared to the pT -integrated
v1 of light-flavor hadrons, the heavy-quark signal is roughly
an order of magnitude larger across the centralities studied (up
to b = 6 fm), arising from the asymmetric drag experienced
in the lopsided energy density profile. In conjunction with
other observables such as elliptic flow (v2) and the nuclear
modification factor (RAA), v1 offers a complementary probe of
heavy-quark interactions in the quark-gluon plasma.

These findings suggest that similar effects may arise in
other asymmetric systems, such as Pb + O, where geometric
asymmetry could generate analogous heavy-flavor v1 signals.
Additionally, asymmetric collisions produce highly nonuni-
form electromagnetic fields. Incorporating electromagnetic
effects in future studies could illuminate the interplay between
medium-induced and electromagnetic contributions to heavy-
quark directed flow, complementing prior investigations that
focused mainly on symmetric collisions [27,30,63].

In summary, heavy-quark v1 in asymmetric collisions
emerges as a sensitive probe of both the initial geometry and
the transport properties of the medium. Experimental mea-
surements of heavy-flavor directed flow can directly constrain
the early-time spatial distribution of heavy quarks and their in-
teractions with the quark-gluon plasma, offering new insights
into heavy-flavor dynamics in high-energy nuclear collisions.
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[31] S. Chatterjee and P. Bożek, Large directed flow of open charm
mesons probes the three-dimensional distribution of matter in
heavy-ion collisions, Phys. Rev. Lett. 120, 192301 (2018).

[32] S. K. Das, M. Ruggieri, F. Scardina, S. Plumari, and V. Greco,
Effect of pre-equilibrium phase on RAA and v2 of heavy quarks
in heavy ion collisions, J. Phys. G: Nucl. Part. Phys. 44, 095102
(2017).

[33] M. Singh, M. Kurian, B. Schenke, S. Jeon, and C. Gale, Charm
quark evolution in the early stages of heavy-ion collisions, Phys.
Rev. C 113, 024904 (2026).

[34] S. K. Das, M. Ruggieri, S. Mazumder, V. Greco, and J. Alam,
Heavy quark diffusion in the pre-equilibrium stage of heavy ion
collisions, J. Phys. G: Nucl. Part. Phys. 42, 095108 (2015).

[35] Y. Sun, G. Coci, S. K. Das, S. Plumari, M. Ruggieri, and
V. Greco, Impact of glasma on heavy quark observables in
nucleus-nucleus collisions at LHC, Phys. Lett. B 798, 134933
(2019).

[36] M. Ruggieri, F. Scardina, S. Plumari, and V. Greco, Elliptic flow
from non-equilibrium initial condition with a saturation scale,
Phys. Lett. B 727, 177 (2013).
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