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In 2017, the STAR collaboration at the BNL Relativistic Heavy Ion Collider measured finite global angular
momentum in heavy-ion collisions through a spin polarization measurement of A hyperons. This measurement
revealed a high angular momentum of the heavy ions and provided experimental evidence for vorticity in the
quark-gluon plasma for the first time. In order to investigate the underlying mechanisms, a dynamic description of
the transfer of angular momentum is required. In this work, the microscopic nonequilibrium transport approach
SMASH (simulating many accelerated strongly interacting hadrons) is applied to study the generation of global
angular momentum by the interaction of two nuclei. As SMASH provides access to the whole phase-space
evolution of every particle at any given time, it allows to assess the fraction of angular momentum generated in
the fireball by all participants. We confirm the previous modeling by Becattini et al., [Phys. Rev. C 77, 024906
(2008)] within a geometric Glauber model approach, which found that the angular momentum transfer reaches a
unique maximum in mid-central collisions during time evolution. The corresponding impact parameter is around
b = 4-6 fm for all beam energies from ,/syy = 2.41-200 GeV. Even though angular momentum is not conserved
locally in the transport approach a priori, we identify the contributions to the conservation violation and propose
optimal setups for different energy regimes that recover conservation, based upon the test particle method and

the treatment of Fermi motion. Furthermore, the system size and centrality dependence are investigated.

DOLI: 10.1103/PhysRevC.108.044903

I. INTRODUCTION

The study of relativistic collisions of heavy ions at various
beam energies provides a unique tool to study the fundamental
properties of strongly interacting matter in different regions
of the quantum chromodynamics (QCD) phase diagram [1].
Some of these regions may be accessed with current and
future facilities dedicated to the experimental realization of
heavy-ion collisions (HICs). At low to intermediate beam
energies these include the HADES experiment at the Facility
for Antiproton and Ion Research (FAIR) [2] or the NICA
experiment at the Joint Institute for Nuclear Research (JINR)
[3], as well as the beam energy scan program by the BNL Rel-
ativistic Heavy Ion Collider (RHIC). The low energy regime
is well known to be dominated by hadronic interactions and,
therefore, it is successfully described by transport approaches
that consider hadronic degrees of freedom [4-8].

In this range of collisional energies, the experimental de-
tection of a nonvanishing polarization of A hyperons lead to
the breakthrough discovery that the medium created during
heavy-ion collisions has a strong vortical structure [9—13].
This polarization is induced by the spin-orbit coupling of the
hyperons to the nonzero local rotation, the so-called vorticity
[14-16]. This can be directly thought to be a consequence of
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the initial configuration of the ions, which travel close to the
speed of light generally with a nonvanishing offset distance,
the so-called impact parameter. This initial condition grants
the system a large amount of initial orbital angular momen-
tum. For example, an AuAu collision at ,/syy = 39 GeV and
an impact parameter of b = 5 fm carries an initial angular mo-
mentum of |Lo| ~ Ab,/syn/2 ~ 2 x 10°, where A denotes
the atomic mass number. As the early out-of-equilibrium
medium created by the collision evolves, such large global
angular momentum is rapidly broken down into smaller ro-
tational domains, which can eventually be described in the
hydrodynamical limit by vorticity.

While the total angular momentum is fully conserved and
it scales almost linearly with the energy of the collision, its
deposition in the interacting region exhibits a more complex
behavior. As the energy increases, the relative deposition of
angular momentum into the medium is reduced, making the
nuclei more transparent [17]. There is therefore a maximum
angular momentum deposition to energy ratio, which can be
traced to be within the low-to-intermediate energy regime.
This argument is supported by the energy dependence of
the measurements of the A hyperon polarization, where the
total polarization signal decreases with the collision energy
[18]. Understanding the dynamics of angular momentum at
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intermediate beam energies is not only important to guide
experimental programs in selecting systems and centralities
for the deeper understanding of observables related to angular
momentum, but also provides constraints on the dynamical
evolution itself. Well-understood dynamical approaches are
the basis for the future solid identification of phase transition
signals.

In this work we investigate the dynamical deposition of
angular momentum into the medium using the hadronic trans-
port approach SMASH (simulating many accelerated strongly
interacting hadrons) [4,19]. This grants us the possibility
to access the out-of-equilibrium nature of the deposition of
energy and angular momentum in the initial stages of a
heavy-ion collision. Even though purely hadronic dynamics
is restricted to low beam energies, we can use a hadron-
string approach at higher beam energies. This renders the full
approach valid for a large range of collisional energies, open-
ing the window to study the energy dependence of angular
momentum. Additionally, this kinetic approach allows us to
build on previous geometric studies [17] by not only being
able to assess the conversion of initial angular momentum
to the medium, but also to resolve the evolution of angular
momentum with time.

This work is organized as follows. In Sec. II we briefly
review the hadronic transport model SMASH, the basics of
angular momentum transfer, as well as giving the definitions
we use to quantify the in-medium angular momentum. In
Sec. III we present the results of the study, where we ex-
plore and discuss the impact parameter, energy, and system
size dependence of the deposited angular momentum. We
also discuss the evolution of angular momentum, total and
in-medium. As it is widely known [20-23], angular momen-
tum conservation is broken in transport approaches. However,
we not only show that the local broken angular momentum
conservation has only a minor impact on the overall evolution
of angular momentum, but also that our results display a
good qualitative agreement with theoretical predictions and
experimental data. Finally we present a short summary and
outlook.

II. ANGULAR MOMENTUM IN SMASH

In this work, the model applied to study angular momen-
tum transfer in heavy-ion collisions is the hadronic transport
approach SMASH in version 2.0 [4,19], which has been
shown to be successful in the description of particle pro-
duction in numerous setups [4,24-26]. It provides the full
phase-space evolution of every particle by providing an ef-
fective solution of the relativistic Boltzmann equation

P, fix, p) + miF*dP fix, p) = C (M

in the nonequilibrium dynamics regime, where C. , denotes
the collision term, F* is an external force acting on each
particle species i with mass m; and its corresponding single
particle distribution f;(x, p). The relevant degrees of freedom
in SMASH include most of the well-established hadrons and
hadronic resonances listed by the Particle Data Group [27],
up to a mass of m =~ 2.3GeV. In SMASH, resonances are
treated with their vacuum spectral functions according to a

Breit-Wigner distribution with mass-dependent widths fol-
lowing the Manley-Saleski ansatz [28]. The interface to
high-energy hadronic interactions, by means of hard scatter-
ing processes and string fragmentation, is realized within the
string model PYTHIA 8 [29,30]. A detailed overview of our
approach including a complete list of incorporated degrees of
freedom can be found in Ref. [4].

At the basis of each interaction is the collision search based
on the total cross sections. The geometric collision criterion,
as it is employed in the UrQMD (ultrarelativistic quantum
molecular dynamics) approach [8,31] is based upon determin-
ing the transverse distance of closest approach dr between
two incoming particles. If dr undershoots a threshold distance

dint,
o
dr <dint:‘l_7 2
T

given by a geometrical interpretation of the corresponding
total cross sections, the particles collide. In this work we apply
a modified version of the geometric collision criterion in a
covariant formulation, as presented in Ref. [32]. Equation (2)
is responsible for the well-known broken angular momentum
conservation in transport approaches, as it encodes an imme-
diate finite range interaction which breaks Poincaré invariance
[20-23]. As a direct consequence, angular momentum cannot
be conserved locally. However, the concept of test particles
provides us with a tool to restore locality and remedy angular
momentum conservation in the limit Ny — 00.

SMASH applies the test particle method, which means that
cross sections o and initial particle number N are scaled as

N — NeuN, ®)

o — Nlo 4)

test

while keeping the scattering rate fixed. The factor N thereby
defines the number of test particles. Increasing N has two
effects in particular. On the one hand, the cross sections are
decreased, which causes interactions to become more local
and suppresses nonconservation of angular momentum. The
corresponding increase of particle number results in a sig-
nificant increase in computational time. For the following
considerations, a test particle number of Mg = 20 is chosen
as a compromise between relevance for the results and com-
putational time.

Furthermore, to simulate nucleus-nucleus collisions, it is
necessary to define initial conditions for the phase-space dis-
tributions of the initial nuclei. In coordinate space, spherical
nuclei (e.g., gold) are sampled with nucleons according to a
Woods-Saxon profile [33]. The momentum space distribution
of the nuclear ground state, on the other hand, gives rise to
the so-called Fermi motion. This distribution is reflected in a
uniformly filled sphere in momentum space, also known as
Fermi sphere, with radius

pr(r) = he@Brip(r))', S

where p(r) is the spatial nucleon density at the point r. The
Fermi momentum will typically be of order pr ~ 300 MeV
which corresponds to an excess kinetic energy of roughly
p%/2my ~ 45MeV. Even though the energy contribution
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originating from Fermi momenta is comparably small, for low
beam energy setups it is important to take it into account
as it gives a non-negligible contribution to the transverse
mass spectra. In this work, we apply the frozen Fermi ap-
proximation in which Fermi momenta are neglected during
propagation and the additional momentum is only considered
for the collisions. The Fermi motion contributes to the total
angular momentum of the system as will be shown in the
following.

To study the evolution of angular momentum in heavy-
ion collisions, the relevant quantities are the initial angular
momentum Lo, defined as the total angular momentum Ly
of all nucleons at time # < 0fm, and the final angular mo-
mentum L at a time when no secondary collisions occur any
more. Unless stated otherwise, we choose the final time to
be tr = 200 fm. To investigate which fraction of the initial
angular momentum is transferred to the fireball, we further
distinguish between the remaining angular momentum L, in
the interaction medium carried by the participants and the
contribution of spectators Ly, such that

Lo = L + Lsp~ (6)

The generation of angular momentum in a heavy-ion collision
is predominantly driven by the initial geometry of the colli-
sion setup which is dictated by the chosen impact parameter.
In SMASH, nuclei are propagated along the z axis while a
nonzero impact parameter creates a relative offset between
the nuclei centers in x direction. Consequently, the main con-
tribution of the orbital angular momentum points in the y
direction of the computational frame and all other components
are negligible for qualitative analysis. We can estimate the be-
havior of the orbital angular momentum L, as function of the
invariant mass /s by considering two identical initial nuclei
with four-momenta P = (y/s/2, 0,0, myv,)!. The square of
this four-momentum then determines the z component of the
velocity and the y factor
5 4m? s

o1y =3 ™
where we used that for two identical nuclei /s = 2ym. For
large energies, i.e., s > 4m?, the orbital angular momentum
becomes a linear function in 4/s:

bi/s 4m? b
Ly=—/1l——=——s.

” 2 s Vo

This result provides us with an estimate against which we can

test our results from the next section for plausibility.

®)

III. RESULTS FOR GLOBAL ANGULAR MOMENTUM

Unless otherwise stated, the following results obey the
convention that all plots show as default our findings for which
the Fermi motion was turned off.

A. Impact parameter dependence

In this section, we study the orbital angular momentum of
AuAu collisions for different centralities and energies, rang-
ing from /syy = 2.41 GeV to /syy = 200 GeV.

Au—Au Vsyn = 8.7 GeV
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FIG. 1. Angular momentum as a function of impact parameter
for AuAu collisions at ./syy = 8.7 GeV. Shown is the angular
momentum of the participants, spectators, the total value, and the
analytical approximation of the total angular momentum.

In Fig. 1 we show our results for the angular momentum
of an AuAu collision at ,/syy = 8.7GeV as a function of
the impact parameter including frozen Fermi motion. The
blue and green curves show the angular momentum carried
by participants and spectators, respectively. The total angular
momentum, depicted by the red line, on the other hand, is
compared to the dashed gray line, which shows the analytical
estimate from Eq. (8). Our findings for the fraction of angular
momentum contained in the interaction region show a distinct
maximum in midcentral collisions b,x ~ 6.7 fm, while de-
creasing for even larger impact parameters until the angular
momentum generation drops to zero beyond b = 17.0 fm,
where the nuclei no longer have an overlap on average. This
result coincides with findings in [34] and with predictions by
Becattini ef al. [17,35] that have shown the same qualitative
behavior in a geometric Glauber model approach. The maxi-
mum of L, thereby indicates the configuration for which the
orbital angular momentum in the impact area is largest and
for which we therefore expect the strongest vorticity in the
QGP [17,18,36]. Considering also spectators, the total angular
momentum of the whole system, as expected, follows the lin-
ear behavior we predicted with Eq. (8). In general, the global
angular momentum has to be zero in central collisions due
to symmetry arguments. It is then increasing for midcentral
collisions due to the offset of the nuclei that work like spinning
a top, while going to peripheral collisions the interaction rate
decreases and eventually no angular momentum is transferred
anymore to the fireball.

To understand the impact of Fermi motion on the re-
maining angular momentum in the medium, we compare
calculations for AuAu collisions with and without frozen
Fermi motion for different beam energies in Fig. 2. Displayed
as curves are fits to our calculations of the impact parameter
dependence of the angular momentum of the participants.
The blue curve shows the angular momentum of the system
as function of the impact parameter when Fermi motion is
turned off, while the dashed gray curve additionally includes
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FIG. 2. Angular momentum as a function of impact parameter
for AuAu collisions at \/syy = 2.41, 8.7, and 200 GeV within the
fireball. Compared are three calculations with and without Fermi
motion, as well as including 20 test particles depicted by the gray
dashed line.

Nest = 20 test particles. With the pink curve we show our
results without test particles but taking Fermi motion into
account. In general, the curves qualitatively show the same
characteristic shape for all energies, i.e., for every beam en-
ergy we find a unique impact parameter by,x for which L,
reaches its maximum. Notably, the inclusion of Fermi motion
bestows a contribution to the orbital angular momentum. De-
spite the isotropic sampling of Fermi momenta in the nucleus
rest frame, this isotropy is disrupted upon transitioning to the
calculation frame due to a Lorentz boost along the z direc-
tion. This boost sustains isotropy within the transverse plane
while breaking it along the z axis, leading to a discernible
nonzero contribution to —L, within the interaction region.
The pink curve lies above the blue curve for all values of
b and for all calculated beam energies, while the relative
difference between both curves becomes smaller for higher
beam energies as expected. Besides increasing the absolute
value of angular momentum, Fermi motion also slightly shifts
bmax towards more peripheral collisions. Since in the frozen
Fermi approximation Fermi momenta are considered in the
moment of collision, they increase the momentum diffusion at
the edge of the interaction region turning some spectators into
participants and thus effectively increasing the overlap area.
In turn, the maximum impact parameter is shifted to slightly
larger values.

In contrast, with test particles that are incorporated to en-
sure conservation of angular momentum locally, we see that
bmax 1s pushed towards more central collisions. Following
Eq. (4), the cross sections inversely scale with Ny making
interactions more local. The reduced interaction range has
to be balanced by moving the nuclei closer to each other to
recover the maximum angular momentum transfer. Overall
the qualitative behavior and even the magnitude of angular
momentum is only mildly affected at all beam energies.

B. Time evolution

With each interaction of two or more nucleons, the or-
bital angular momentum of the initial state is dynamically
transferred to the participants of the heavy-ion collision over
time until all secondary collisions have ceased. In particular,
this means that we expect a large deposition of angular mo-
mentum at times of highest interaction rates, which can be
traced from the initial to very early collision stages for which
a transport description is still valid. Although SMASH does
not incorporate QGP formation, it is still relevant to under-
stand how angular momentum is generated in initial hadronic
interactions.

Figure 3 shows the time evolution of angular momentum
in an AuAu collision with frozen Fermi motion at the impact
parameter where the highest angular momentum transfer hap-
pens within the hadronic transport approach. As in Sec. IIT A,
the red curve indicates the total angular momentum of the
system, while the blue and green curves show the angular mo-
mentum evolution of participants and spectators, respectively.
The dashed lines indicate our calculation with N = 20 test
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FIG. 3. Time evolution of the angular momentum in AuAu col-
lisions at /syy = 2.4,8.7 and 200 GeV including frozen Fermi
motion. For each energy, the corresponding impact parameter was
chosen such that it maximizes the angular momentum deposition in
the interaction region. The dashed lines depict the result for the same
simulations including 20 test particles.

particles, where locality is restored approximately. Without
test particles, we observe a loss of total angular momentum
for each beam energy.

The broken conservation does not have a single reason, but
is an effect composed of two separate contributions: as stated
in Sec. II, our hadronic transport approach is based upon a
geometrical interpretation of cross sections as a maximum
threshold for performing an interaction between incoming
particles. Such an immediate finite range interaction breaks
Poincaré invariance in binary interactions locally. Therefore,
it also violates angular momentum conservation which can
be seen from the kink in the total angular momentum and
the subsequent undershooting during evolution [21]. If test
particles are added, the picture changes considerably. The
time evolution of the angular momentum in Fig. 3 shows
that the test particle method improves the nonconservation of
angular momentum already for 20 test particles by correcting
the participant contribution significantly, while the spectator’s
evolution stays nearly unchanged within error bars. This is
particularly evident at early collision times, for which the
initial kink is clearly smoothed out. We find that the noncon-
servation is purely driven by the participant evolution, which
is consistent with our previous statement that the geometrical
interpretation of cross sections in binary interactions induces
a spurious contribution to the angular momentum. However,
especially for small beam energies as in the leftmost plot
of Fig. 3, we observe that the conservation of angular mo-
mentum can only be improved to a certain extent with the
test particle method and a residual contribution exists that
breaks the conservation, which does not appear to originate
from the nonlocality of binary interactions. This part is due
to the frozen Fermi approach. With frozen Fermi motion,
Fermi momenta are neglected for initial propagation of the
nuclei and are considered only for interactions. This treatment
leads to a discontinuity in the nucleon momenta, which conse-
quently also contributes to the violation of angular momentum
conservation. Accordingly, if this assertion is true, the angular
momentum of the system must be conserved if, in addition to
the test particle method, Fermi momenta are either neglected
(off) or considered for the entire evolution, including initial
propagation (on). Our statement is supported by Fig. 4. Here,
similar to Fig. 3, we show the angular momentum evolution of
an AuAu collision at ,/syy = 2.41 GeV with (dashed lines)
and without test particles (solid lines). In each plot we ap-
plied Fermi motion in a different approach (frozen, off, on).
As claimed earlier, we observe that conservation of angular
momentum can be fully recovered with test particles if Fermi
momenta are either neglected or considered throughout the
whole evolution, starting from the initial state. In general,
we find that the impact of broken conservation on the global
behavior is not relevant for medium to high beam energies
even without test particles. Nevertheless, as a conclusion,
we can define optimal configurations for angular momentum
studies in transport approaches. In the low energy range, the
test particle method in combination with Fermi motion taken
into account over the entire evolution has proven to be the
optimum in our studies. In this setup, however, potentials need
to be taken into account to prevent the nuclei from flying
apart. For medium to high beam energies, on the other hand,
we see that the violation of angular momentum conserva-
tion predominately arises from the nonlocality of the binary
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FIG. 4. Time evolution of the angular momentum in AuAu colli-
sions at \/syy = 2.41 GeV. Compared are three different approaches
for Fermi motion (frozen, off, on) The dashed lines depict the result
for the same simulations including 100 test particles. It can be seen
that the violation of angular momentum has a contribution originat-
ing solely from the frozen Fermi approach.

interactions and is thus remedied by the test particle method
alone, while the contribution from the frozen Fermi approach
is negligible.

Frozen
7 —e— Off
—e-- Off, Testp.

bmax (fm)

161 162
Vsyy (GeV)

FIG. 5. Impact parameter at which transfer of angular momen-
tum is maximal as a function of the beam energy in AuAu collisions.
Shown is the angular momentum of the participants with frozen
Fermi motion and without Fermi motion. Additionally, the dashed
line shows our results taking into account 20 test particles while
Fermi motion is turned off.

C. Energy and system size dependence

From Fig. 2 we already concluded that we expect a sin-
gle impact parameter that maximizes the angular momentum
transfer at a given beam energy. However, we also want to
understand whether such a maximum impact parameter is a
generic characteristic that only depends on the structure of
the initial state or if it changes as a function of the beam
energy. Therefore, we extract for each simulated beam en-
ergy, i.e., o/syv = {2.41, 3.0, 8.7, 39.0, 120.0, 200.0} GeV,
the corresponding bnax and plot it as function of /sy, as
seen in Fig. 5. The two solid curves depict our findings for
the maximum impact parameter with Fermi motion (upper)
and without (lower), respectively, while the dashed gray line
represents our findings without Fermi motion and including
20 test particles. Our simulations show that the impact pa-
rameter of maximum angular momentum transfer depends
weakly on the beam energy, precisely it varies within a range
of byax € [4.3fm, 6.2 fm] without Fermi motion and by, €
[4.6fm, 6.6 fm] including frozen Fermi motion. As already
stated in Sec. IIT A, Fig. 5 also reinforces our observation that
Fermi motion shifts the point of maximum angular momen-
tum transfer towards slightly more peripheral collisions. On
the other hand, the curve for test particles consistently lies
slightly below those without test particles, as we have also
already seen in Sec. III A due to the reduced cross sections of
the nucleons.

Another quantity that determines the deposition of angular
momentum in the fireball is the system size. In Fig. 6 we
show our results for the system size dependence of the rel-
ative angular momentum transfer at midrapidity for different
sets of fixed beam energies and impact parameters. To obtain
Fig. 6, we simulate a heavy-ion collision for nuclei with
varying nucleon number in the range of A = 16 ({°0) to A =
208 (3%8Pb). For each event we choose every combination be-
tween ,/syy = 8.7 GeV, 200.0 GeV and b = 2.0 fm, 6.0 fm.
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FIG. 6. Ratio of the transferred angular momentum to the initial
value as a function of system size and beam energy for two different
fixed impact parameters.

We calculate the relative transfer by normalizing the partic-
ipant angular momentum to the angular momentum of the
initial state. Thereby, the solid lines belong to our results
for /syy = 8.7 GeV and the dashed lines depict the case
of /sy = 200.0 GeV. Although one might make the intu-
itive assumption that the deposition of angular momentum
increases at higher beam energies due to the higher particle
production and interaction rate, we see a clear trend towards
lower beam energies and more central collisions for a higher
relative angular momentum transfer. This result sets an im-
portant orientation marker to guide future experiments in the
choice of systems and centralities with the aim of identifying
potential signals of a phase transition.

IV. CONCLUSIONS

The evolution and transfer of angular momentum in heavy-
ion collisions has been studied applying the hadronic transport

approach SMASH. It was shown that the angular momentum
of the fireball exhibits a distinct maximum for one unique
impact parameter which is, furthermore, found to be a system
specific parameter that is approximately beam energy inde-
pendent. This is consistent with Glauber model predictions
by Becattini ef al [17]. System size studies at midrapidity
suggest that the relative transfer and deposition of angular
momentum in the interaction volume is larger for lower beam
energies and in more central collisions. This observation is
made equally for all studied nucleus sizes. Furthermore, our
results show that the impact of the nonconservation of angular
momentum due to Poincaré violations originating from the
geometrical interpretation of cross sections and the frozen
Fermi approach are insignificant, especially in the medium
to high beam energy regime. However, in order to restore
locality fully, we applied the test particle method as a simple
tool to guaranty angular momentum conservation in the limit
Niest = 00. Even though finite Fermi momenta increase the
angular momentum at all beam energies, we found that they
are most relevant for low beam energies as expected. Our
results indicate under which conditions the highest transfer of
angular momentum in heavy-ion collisions is expected, which
is relevant to guide experimental programs and help to identify
possible signals of a phase transition of hadronic matter by
constraining the dynamical evolution. In the future, the deter-
mination of vorticity based on coarse-graining the transport
evolution could be interesting to compare to experimental data
for A polarization.
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