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We have revisited the spin dynamics in intermediate-energy heavy-ion collisions based on the improved spin-
and isospin-dependent Boltzmann-Uehling-Uhlenbeck (SIBUU) transport model, particularly with the constraint
of rigorous angular momentum conservation incorporated. We have studied the spin polarization of free nucleons
and tritons/ *He as well as the spin alignment of deuterons, and predicted the flow splittings for their different
spin states. We have also demonstrated that the spin-dependent potential may enhance dissipations and thus have
a non-negligible effect on the spin-averaged transverse flow at low collision energies. When rigorous angular
momentum conservation in each spin-dependent nucleon-nucleon collision is incorporated, it affects the overall
dynamics, the flow, and also the spin polarization, while the effects of the spin-orbit potential on the spin-
related observables are still appreciable. The well-developed SIBUU model could be further extended to include
hyperons or vector mesons, or used as a hadronic afterburner for spin-related studies in relativistic heavy-ion
collisions, with more inelastic channels incorporated in the future.

DOLI: 10.1103/PhysRevC.109.014615

I. INTRODUCTION

Spin dynamics is of general interest in various fields. In
the nuclear physics community, spin and chiral dynamics in
relativistic heavy-ion collisions have been under extensive
investigations in the past 15 years [1-3]. Due to the high
energy density reached in relativistic heavy-ion collisions, the
chiral symmetry is restored for both quarks and antiquarks,
and they can be considered as massless particles, whose spins
are coupled with their momenta depending on their helicities.
Under the strong magnetic field and vorticity field produced in
relativistic heavy-ion collisions, the dynamics of these partons
exhibits various chiral anomalies, which have been proposed
theoretically [4—6] and investigated experimentally [7-10].
More recently, the spin polarizations of A and A hyperons
[11] and the spin alignment of vector mesons [11] have been
measured through the angular distribution of their decays, and
these have attracted considerable attention and led to various
related studies, e.g., effects of the hadronic evolution on the
spin observables [12,13].

Compared to the extensive investigations in the high-
energy nuclear physics community, the spin dynamics in
low- and intermediate-energy heavy-ion collisions have not
attracted much attention. Since nucleons are massive parti-
cles, their spins and momenta are decoupled, and their spin
dynamics is mostly dominated by the nuclear spin-orbit in-
teraction and, to some extent, affected by the nuclear tensor
force (see, e.g., Ref. [14] for a review). Both the spin-orbit
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interaction and the tensor force have, for many years, attracted
interest in nuclear structure studies and may largely affect
the shell evolution of finite nuclei [15-20]. In low-energy
reactions, the spin-orbit nuclear interaction may lead to the
internal spin excitation of the colliding nuclei, enhance the
dissipation, increase the fusion threshold, and affect signifi-
cantly the fusion cross section based on the time-dependent
Hartree-Fock approach [21-23], while the tensor force may
have subdominant effects [24,25]. In intermediate-energy
heavy-ion collisions, we have developed a spin- and isospin-
dependent Boltzmann-Uehling-Uhlenbeck (SIBUU) transport
model [26,27] by incorporating spin degrees of freedom into
the IBUU transport model. We have observed different col-
lective flows for nucleons of different spin states with respect
to y direction perpendicular to the reaction plane [26,28]. We
have also observed global and local spin polarizations [29]
in the y direction and along the beam direction, respectively.
These phenomena originate from different forces on nucleons
of different spins, a general feature called the spin-Hall effect
[30] for particle transport under the spin-orbit interaction.

In the present study, we have further improved the SIBUU
transport model by incorporating the constraint of rigor-
ous angular momentum conservation. We have also made
minor improvements on the treatment of spin-dependent
nucleon-nucleon collisions and the spin-dependent coales-
cence procedure for the production of light clusters with
different spins. While the spin dynamics remains qualitatively
similar compared to our previous studies, we pay more at-
tention to some new features in the present work. First of
all, we find that the spin polarization as well as the splitting
of the collective flows for free nucleons can be affected by
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the constraint of angular momentum conservation. Second,
besides the spin polarization of nucleons and tritons/ *He with
spin %, the spin alignment of deuterons with spin 1 can also
be observed. Third, we find that the spin-orbit potential has a
non-negligible effect on the spin-averaged transverse flow at
low collision energies.

The rest of the paper is organized as follows. We
describe the details of the SIBUU transport model as well
as the improvements, especially the incorporation of the an-
gular momentum conservation, in Sec. II. We investigate the
spin polarization or spin alignment of free nucleons and light
clusters, as well as the splitting of collective flows for their dif-
ferent spin states, and compare the spin-averaged transverse
flow with and without the spin-orbit potential, in Sec. I1I. We
conclude and give an outlook in Sec. IV.

II. THEORETICAL FRAMEWORK

In this section, we first review the basic framework of
the SIBUU transport model. Next, we describe in detail how
we incorporate the constraint of rigorous angular momentum
conservation in each nucleon-nucleon collision and in the
mean-field evolution. We also present the improved treatments
for spin-dependent nucleon-nucleon collisions and coales-
cence procedures.

A. Basic framework of SIBUU

The SIBUU transport model solves the spin-dependent
BUU equation written as [31,32]

g+z[§,f]+1(@%+y aé)
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where the single-particle energy & and the phase-space distri-
bution f are 2 x 2 matrices

(7, p) = e(F, Pl + h(F, p) -5, )
fG.p) = foG. DI +3G. )& 3)
with ¢ = (oy, 0y, 0;) and I being, respectively, the Pauli
matrices and the 2 x 2 unit matrix. In the above, &(¥, p)
and fy(7, p) are the spin-averaged single-particle energy and
phase-space distribution, and ﬁ(?, p) and g(7, p) represent
their spin-dependent contributions, respectively. I. represents
the collision term.

We start from the Skyrme-type spin-orbit nuclear interac-
tion between nucleons at 7; and 7, expressed as [33]

m>

Vo = iWp(G) + &2) - k' x 8(F) — Tk, (4)

where Wy is the strength of the spin-orbit coupling whose
default value is set to be 133 MeV fm> [34] in this study,
812y are the Pauli matrices, k= (P1 — P2)/2 is the relative
momentum operator acting on the right with p = —iV, and
K is the complex conjugate of k. Based on the Hartree-Fock
method [35], the contribution to the energy-density functional

can be expressed as
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where both time-even and time-odd contributions are in-
cluded. From the variational principle and in the semiclassical
approximation, the contribution of the spin-orbit interaction to
the single-particle energy can be written as

123028504-}_1"6' (6)
with
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In the above, T = n, p is the isospin index, p = ZT Oz, S =
> .5 j= >, Je,and J = >, J, are the number, spin, mo-
mentum, and spin-current densities, respectively. Omitting the
isospin index, these densities can be expressed in terms of fj
and g in Eq. (3) as [27]
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The spin-averaged energy density in Eq. (2) is

2
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being the momentum-independent mean-field potential, with
the “+(—)” sign for neutrons (protons), and parameters a =
—209.2 MeV, b = 156.4 MeV, ¢ = 1.35, Es’j‘:ﬁ, = 18 MeV, and
Ysym = 2/3 that reproduce the empirical nuclear matter prop-
erties.

As shown in Ref. [27], the left-hand side of the spin-
dependent BUU equation can be solved if the time evolution
of the ith test particle is simulated according to

dr; a

= h-5), 15
T aﬁi(8+ Gi) s)
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In the above, G; is now a unit vector describing the expectation
direction of the nucleon spin in the semiclassical case, and
the third equation describes the precession of &; in the spin-
dependent mean-field potential. Different forces on nucleons
of different spins can be seen from Eq. (16). In the present
study, we extend the above framework by using the lattice
Hamiltonian method [36], so that the average number, spin,
momentum, and spin-current densities at the sites of a three-
dimensional cubic lattice are calculated, respectively, as [29]

pL(Fy) = Zm -7, (18)
SL(Fe) = iaim — 7). (19)
Juu) = D PiS(Fo = To), (20)
J(Fy) = Z (Bi % 5)S(Fy — 7). 1)

In the above, « is a site index, 7, is the position of site «, and
S is the shape function describing the contribution of a test

particle at 7; to the average density at 7, i.e.,

1
S(#) = —— 22
)=+ iy 8(x)g(y)g(z) (22)
with

8(q) = (nl —1g])O(nl — |ql). (23)

N is the number of parallel events, [ is the lattice spacing, n
determines the range of S, and ® is the Heaviside function.
We adopt N =400, I = 1 fm, and n = 2 in the present study.
The Hamiltonian of the whole system is

.
H= Z 5—;’1 + NP Z[VMID(7a) + Vio(7a), 24)

where Vyp is the corresponding potential energy density
from Uyp, and Vj, is the potential energy density from the
spin-orbit interaction [Eq. (5)]. The canonical equations of
motion in the lattice Hamiltonian framework now become

dr; 0H

an_ 27 25
dt 8[5, (25
dp; oH

L - (26)
dt o7;

9 _ L5, m @7)
— = -[3;, H],

dt i

which are similar to Egs. (15)—(17), but with a smearing of the
test-particle size and more accurate numerical derivatives.

B. Spin-dependent nucleon-nucleon collisions

The above subsection describes the spin-dependent mean-
field evolution. For the collision term /. in Eq. (1), we also

treat it as spin-dependent in SIBUU. We only consider elas-
tic nucleon-nucleon collisions, and all inelastic collisions are
turned off in the present study.

We use different spin-singlet and spin-triplet neutron-
neutron (proton-proton) and neutron-proton elastic scattering
cross sections as parametrized in Ref. [37], which were
extracted from the phase-shift analyses of nucleon-nucleon
scatterings in free space [38]. For two nucleons with their
expectation spin directions at

o1 = (sin 6 cos ¢, sin 6 sin ¢y, cos by),
0> = (sin 6, cos ¢», sin B, sin ¢,, cos b,), (28)

where 02y and ¢(2) are the polar angle and azimuthal angle,
respectively, for the spin direction of nucleon 1(2), the proba-
bility to form a spin-singlet state is

|()(0,0|\If)|2 = le[l_ cos 6 cos 6, — sin §; sin 6 cos(¢; — ¢2)]

with xo0 and W defined in the Appendix. The probability to
form a single-triplet state is thus 1 — |(xo.0]¥)|*>. We have
also used the spin- and isospin-dependent Pauli blocking with
the local phase-space cell more specific for nucleons with
different spin and isospin states. While the isospin has only
two states, the expectation direction of the spin can be of any
direction (¢, ). We count the number of nucleons with their
spins in each bin (A¢, A0) in the solid angle, and the occupa-
tion probability for a certain phase-space cell with a particular
spin state is then evaluated from the projection contribution of
all bins.

How the spins of nucleons change after a successful colli-
sion is largely unknown. In the present study, we assume that
during the collision the colliding nucleons interact with each
other through the short-range spin-orbit interaction vpg =
v;)(r)ljf'm‘ .S , Where S = 01 + G5 is the total spin of the col-
liding nucleons, Zf'm' is the orbital angular momentum of the
colliding nucleons with respective to the center of mass (c.m.)
of the collision. It is known that the zero-range Skyrme-type
spin-orbit interaction is a reduced form of the finite-range
spin-orbit interaction [33,39]. Here, we take v} (r) as that
fitted by proton-proton scatterings [40], i.e.,

Vi, (r) = IT(r) + [P+ Q(ur) + R(urPIW(r),  (29)

with

_ i 3 e _ —cr?\2
T,(r) = [1 ot (W)Z} o (1—e") (30)
and
W(r) =[1+ "/, (31)

In the above, u is the pion mass, and a = 0.2 fm, ro = 0.5
fm, and ¢ = 2.1 fm~2 are the shape parameters. For the spin-
singlet state (S = 0) of nucleon pairs, v}, (r) vanishes. For
the spin-triplet state (S = 1) of nucleon pairs, the values of
I, P, Q, and R for different isospin states (7") are given in
Table I. While the above short-range spin-orbit interaction
is that in vacuum, the corresponding in-medium interaction
is expected to have a similar magnitude, by comparing, e.g.,
the spin-dependent cross sections from nuclear interaction in
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TABLE I. Parameters of the finite-range spin-orbit interaction in
MeV for different isospin states (7') of nucleon pairs.

T I P 0 R
1 —0.62697 —570.5571 —309.3605 819.1222
0 0.10180 86.0658 46.6655 —356.5175

free space and that in nuclear medium based on the Dirac-
Brueckner approach [41].

In each time step for the collision process, the short-
range spin-orbit interaction may lead to the procession of the
nucleon spin according to

d = r = yc.m.

Eal’z = v, (r)c12 x L™, (32)
In the present study with spin degree of freedom, f,fm is
not a conserved quantity, while the total angular momentum
Iom = Ef‘m‘ + § is conserved. Defining A6 = 6| — 7, the
above equations can be rewritten as

d - .o
2§ = (1S x [e™, 33
T Vg, (r)S x (33)
d L ovem @
EAO‘ = v, (r)AG x (L™ — §). (34)

The above coupled equations can be solved numerically. Actu-
ally, it turns out that the spin procession angle from the above
equations is rather small, which means that the spin direction
is largely unchanged after a successful nucleon-nucleon colli-
sion.

C. Angular momentum conservation for each collision

The angular momentum conservation for nucleon-nucleon
collisions in a transport simulation was first investigated
in Ref. [42] and recently revisited in Ref. [43]. Without
considering nucleon spin, the conservation of the orbital angu-
lar momentum requires in-plane nucleon-nucleon collisions.
While there are different prescriptions for such in-plane col-
lisions, considerable effects on the overall dynamics due to
the constraint of angular momentum conservation have been
observed [43]. In the following, we present an improved
treatment in the presence of nucleon spins compared to that
discussed in Ref. [43].

The total angular momentum conservation for a collision
between nucleon 1 and nucleon 2 with coordinates 7y,
momenta ), and spins &) requires

FI X P1+ 72 X Ppr+ 351+ 02
=7 X P} + 7 X Ph+6{ + 7). (35)
From now on, we take the convention that quantities with
(without) “7” represent those after (before) the nucleon-
nucleon collision, and quantities with (without) an asterisk

represent those in the c.m. (lab) frame of the collision. Defin-
ing the central and relative coordinates and momenta as

R=(Fi +7)/2, 7= (i —1)/2,
P=pi+ P2 p=p1— Po,

Eq. (35) is identical to
RxP+7xp+6+6 =R xP +7 xp 435 +3.

Since R = R’ and P = P’ are satisfied, the task is to find
proper 7 and ' which lead to a given orbital angular momen-
tum I, = 7 x j once & + &, is determined. To do that, first
we need to select properly the direction of the c.m. momentum
ﬁ"l‘/ in such a way that the relative momentum 7’ is perpendic-
ular to the angular momentum Z;, ie, p E; = 0. Through
Lorentz transformation, p - Z; can be further expressed as

N , N 292 L L N
PL=p - (2 2B LB) 4 yach L

In the above, f is the velocity of the c.m. frame of the nucleon-
nucleon collision with respect to the laboratory frame, y =
1/4/1 — B2 is the Lorentz factor, and Ae* = \/p*l"2 +m? —
Vpi? +m3 is the energy difference between two particles
after collisions in the c¢c.m. frame, which vanishes for elastic
collisions with m; = m, = m. The above equation shows that
the direction of ﬁf should be perpendicular to

2y?
y +1
In the collision treatment, we first determine the polar angle

6 according to the differential cross section. Afterwards, we
select the direction of pj perpendicular to g by setting

g=2L + B-LB. (36)

P = P (cospé; + sin pé,) 37
with the unit vectors & 1 and 52 written as
~ qgxpt = g X pixqg
G=12P 5 AXPXT (38)
I x pil Ig x py x 4l

It is easy to see that &, and &, form a plane perpendicular to g,
and the angle ¢ characterizes the direction of j} in that plane.
By substituting Eq. (37) into 13’1‘/ -py = pT/ D cosf, we get

. cos 0
sing = ——. 39)
& - pi

Since we have the constraint | sin ¢| < 1, the range of cos 6 is
also limited to |é, - pi| = |cos 8], and this is equivalent to

T S a

_u < cos 6 < |l)1—*q|. (40)

qp qp,

Now the direction of 7 x 7 is the same as L. To ensure

that they have the same magnitude, the relative coordinates 7
of the colliding nucleons must satisfy

L L.
F=Aey + jéﬁ’xﬂ’ D

where &5 and ¢, 7, are the unit vector in the direction of /'

XZ;
and p x Z; respectively. A can be any real number, and its
value is determined by minimizing |7 — 7|, which leads to

[42]

P o= (7 85)ey + —85 10 (42)
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It can be verified that the total angular momentum is now
conserved with a minimum |7 — 7.

D. Angular momentum conservation for mean-field evolution

Besides nucleon-nucleon collisions, the mean-field evolu-
tion may also violate the conservation of the total angular
momentum, which includes the contribution from the orbital
angular momentum and the nucleon spin. To correct for that,
we use the following method similar to that in Ref. [44]. At
each time step, we correct the momentum of each particle with
a small amount Ap; to ensure the conservation of the total
angular momentum, with its each component expressed as

AJe =" €abelialApi: (43)

1

where &, is the Levi-Civita symbol, a, b, and c represent
symbols of the Cartesian coordinate, and double symbols im-
ply summation. To make the global correction small enough,
we define a function

8 = Z Api,aApi,u + )\c (Z 8abc"‘i,aApi,b - A-’c) s (44)

and the values of Ap;, and A, can be obtained by taking the
partial derivatives of this function

R 1
0Apia 0 {Api.a = §8abcri,b)"c

ﬁ :0 )\,C Zi ri,ari,a _)"a Zi ri,ari.c +2AJC =0

e
In this way, the correction of the momentum Ap;, can be
obtained once we solve a ternary system of equations about
¢, which can help us to conserve the total angular momentum
in the mean-field evolution. The resulting A p; is about a few
keV/c for each nucleon. Since there are many test particles
used in the study, we note that the violations of the total energy
and the total momentum are of the order 0.0001%, smaller
than the numerical fluctuation.

E. Spin-dependent coalescence model

We use a spin-dependent coalescence model to study the
production of light clusters with different spins with minor
improvement compared to that in Ref. [45]. The yields of
deuterons (d) as well as tritons (¢) and *He from free nucleons
are expressed by the following Wigner function forms [46,47]:

2
0
Ja = 8gaexp <——2 - Pi%?)v 45)
04
2 2
pT+A
fipae = 82g1/3He exp (‘ 3 - (Pi + Pi)“ﬁ/ﬁfh)'
Ut/3He

(46)
In the above,

. | r .
P = E(rl - 7”2)7Pp = 7§(P1 — P2),

1 ~ L r N
%(?1 +7 —27R), P = %(m + P2 —2p3)

>l
Il

are relative coordinates and momenta, and o; = 2.26 fm, o, =
1.59 fm, and o3y, = 1.76 fm are the width parameters for the
Wigner functions that reproduce the root-mean-square radii of
corresponding light clusters [48]. In the spin-averaged case,
the statistical factors have the values g; = 3/4 and g5y, =
1/4. With the information of nucleon spin explicitly available,
the statistic factor g, for deuterons with a neutron and a proton
forming a spin-triplet state can be calculated from

g4 = 119 P+ 100l 9) P + 1 -1 W)
=1— [(x0.0lW)I*
= ﬁ[3 + cos 61 cos 6, + sin 0y sin 6, cos (¢ — ¢»)],
(47)

where 02y and ¢;(2) are the azimuthal angle and polar angle
for the spin direction of nucleon 1(2), and the definitions of
X1.1» X1.0» X1.—1, X0.0, and ¥ can be found in the Appendix.
The po,0 term of the spin arrangement matrix characterizing
the spin alignment can be written as

[(x1.019)[*
1 — {x0,0|¥)I?

_ 1 — cos 6 cos B, + sin O sin 6, cos (¢p; — ¢po) 48)

" 3+ cos 6 cos b, + sin by sin 6, cos (1 — )’
where the sin 6; sin 6, cos(¢; — ¢,) term is a small correction
term compared to that in Ref. [49]. The spin state of tritons
(*He) is determined by the additional neutron (proton), and
the rest neutron-proton pair form a spin-singlet state, so the
statistic factor can be calculated from

£0,0 =

8 pme = [(X0.0l¥)I?
= %[1 — cos 0y cos B, — sin By sin 6, cos (¢p; — Po)].
(49)

III. RESULTS AND DISCUSSIONS

We explore the spin dynamics in intermediate-energy
heavy-ion collisions based on the improved SIBUU transport
model, and compare extensively the spin-dependent observ-
ables with and without the constraint of rigorous angular
momentum conservation (AMC). These spin-dependent ob-
servables include the global and local spin polarizations as
well as transverse and elliptic flows for nucleons and light
clusters of different spin states. Compared with traditional
IBUU calculations, we will also illustrate the effect of the
spin-dependent potential on the spin-averaged transverse flow.
According to our previous studies, the spin polarization as
well as the spin splitting of the collective flow are largest at
the beam energy of around 100A MeV [28,29]. To have an
appreciable angular momentum and bulk medium to illustrate
the effect of the spin-orbit potential, the following discussions
will be mainly focused on midcentral Au+Au collisions at the
beam energy of 100A MeV.

A. Spin dynamics and polarization

We begin with showing contours of nucleon number den-
sity and spin density in the reaction plane (x-o-z plane) in
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FIG. 1. Left: Contours of the reduced density p/po (first row), and the y component of the spin density with (second row) and without
(third row) angular momentum conservation in the x-0-z plane, in Au+Au collisions at the beam energy of 100A MeV and impact parameter
b = 8 fm. Right: Spin polarization of free nucleons in y direction as a function of reduced rapidity y,/y**™ in the same reaction of the

left window.

the left window of Fig. 1, for the typical midcentral Au+Au
collisions at Ej,, = 100A MeV. Here, we only show the den-
sity evolution with AMC, which leads to a slightly lower
density compared to the calculation without AMC (see Fig. 5
of Ref. [43]). Generally, the global spin polarization, shown
by the y component of the spin density s,, is generated by
the dominating contribution of the time-odd term (V x ]‘)y
over that of the time-even term (Vp X p),, as demonstrated in
Ref. [29]. The lower density with AMC thus generally leads
to a weaker s, in both participant and spectator regions. The
right window of Fig. 1 displays the rapidity distribution of the
global spin polarization of free nucleons, with the latter iden-
tified by their low densities p < pp/8 in SIBUU simulations.
The global spin polarization in y direction perpendicular to the
reaction plane is defined as

P (50)
g Né\':+% + NA)':7% ’

where N, _.1 is the number of free nucleons at spin state

3y = j:%. Such spin polarization was measured for A hy-
perons in relativistic heavy-ion collisions [50], and here we
are discussing the spin polarization for free nucleons in
intermediate-energy heavy-ion collisions. The global spin po-
larization is generally stronger at midrapidities, where it is
dominated by the spin density s, of the participant, and weaker
at large rapidities, where it is affected by the spin density
sy of the spectators. It is seen that SIBUU with AMC pre-
dicts a slightly weaker global spin polarization compared to
that without AMC. This is consistent with the weaker s,
with the constraint of AMC shown in the left window of
Fig. 1.

The density contours in the transverse plane (x-o-y plane)
may provide us with additional information of the spin dy-
namics in a different point of view, and they are displayed
in the left window of Fig. 2. While the general features
of the evolution of nucleon number density as well as
the y and z components of the spin densities s, and s,

respectively, are similar to those shown in Ref. [29], weaker
sy and s, are observed with AMC compared to that without
AMC in both participant and spectator regions. This is again
due to the slightly lower density reached with AMC. We
also display the azimuthal angular distribution of the spin
polarization for free nucleons in y and z directions in the
right window of Fig. 2, with the azimuthal angle calculated
from ¢ = atan2(p,, p,). Here, ¢ = 0 and &7 correspond to
nucleons that emit in £x directions, and ¢ = :I:% corresponds
to nucleons that emit in %y directions. It is seen from panel
(a) that the P, of total free nucleons, which include those from
both participant and spectator regions, has a flat ¢ distribu-
tion. The ¢ dependence becomes stronger for nucleons with
larger transverse momenta pr, since they emit at early stages
and their P, reflect the different s, in the participant and
spectator regions. It is seen that the P, are affected differently
by the constraint of AMC for low- and high-p7 nucleons. The
spin polarization P, in z direction, which is defined similarly
as Eq. (50), is called the local spin polarization, and for A
hyperons its azimuthal angular dependence measured by the
STAR Collaboration [51] has attracted considerable attentions
[52-55]. Without the constraint of AMC, the ¢ distribution
of P, is consistent with s, shown in the left window, and
it has an opposite sign compared to that for A hyperons at
relativistic energies [51]. With the constraint of AMC, while
the ¢ dependence is qualitatively similar, the P, has a smaller
magnitude.

The spin polarization of nucleons may affect the produc-
tion of nuclear clusters in different spin states, and for light
clusters this can be studied through a spin-dependent coales-
cence method as discussed in Sec. II E. In Fig. 3(a), we display
the rapidity dependence of the triangular components of the
spin arrangement matrix for deuterons, and here, p1.1, po.0,
and p_; _; correspond to the relative fractions of deuterons
in spin states 8, = +1, 0, and —1, respectively. It is seen that
p1.1 and p_; _; have oppositive rapidity dependence, while
po.0 has almost no rapidity dependence and is slightly smaller
than 1/3. The deviation of pg from 1/3, which is called
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FIG. 2. Left: Contours of the reduced density p/p, (first row), the y component of the spin density with (second row) and without (third
row) angular momentum conservation, and the z component of the spin density with (fourth row) and without (fifth row) angular momentum
conservation in the x-0-y plane, in Au+Au collisions at the beam energy of 100A MeV and impact parameter b = 8 fm. Right: Spin polarization
of midrapidity free nucleons at different transverse momenta pr in y (a) and z (b) directions as a function of azimuthal angle ¢ in the same

reaction of the left window.
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FIG. 3. Triangular components of the spin arrangement matrix
for deuterons (a) as well as spin polarization of tritons (b) and *He
(c) iny direction as a function of reduced rapidity y,/y**™ in Au+Au
collisions at the beam energy of 100A MeV and impact parameter
b = 8 fm with and without angular momentum conservation.

the spin alignment, has attracted considerable interest [56,57].
Referencing the situation here, in relativistic heavy-ion colli-
sions one expects that p; ; and p_; _; of vector mesons could
be more sensitive to the spin polarization of the quark-gluon
plasma, while pg o is more easily measurable [11,49]. For
tritons, the neutron-proton pair form a spin-singlet state, so the
triton spin is determined by the residue neutron. In Fig. 3(b)
it is seen that the spin polarization of tritons is similar to that
of free nucleons. The result is similar for *He as shown in
Fig. 3(c), except that the P, distribution is a little narrower
and the P, with AMC is larger compared to that of tritons,
since now the residue proton dominates the spin of *He. In
Fig. 3 one observes a weaker global spin polarization for
light clusters with the constraint of AMC, consistent with the
weaker global spin polarization of nucleons shown above. For
the local spin polarization, it is rather weak for light clusters.

We devote Fig. 4 to the global spin polarizations for free
nucleons at different beam energies and impact parameters.
As already observed in Ref. [29], P, for midrapidity nucleons
is larger at about 100A MeV but smaller at lower or higher
energies, and this is due to a weaker vorticity characterized
by the V x j term at lower energies, and due to more free
nucleons at higher energies. The P, is also seen to be stronger
in more peripheral collisions, since the spin-orbit potential de-
pends on the density gradient and is stronger near the surface
of the nuclear matter. While a weaker s, with AMC compared
to that without AMC is observed in each scenario, the result-
ing P, of free nucleons may depend on various competition
effects. Generally, one sees that the constraint of AMC has
some influence on the spin polarizations, while the resulting
P, are still appreciable at midrapidities in most cases. At larger
rapidities and especially at smaller beam energies P, becomes
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FIG. 4. Comparison of the spin polarization of free nucleons in
y direction as a function of reduced rapidity y,/y***™ in Au-+Au
collisions at different beam energies but a fixed impact parameter
b = 8 fm (a) and at a fixed beam energy of 100A MeV and different
impact parameters b = 4, 8, and 12 fm (b) with and without angular
momentum conservation.

negative, since it is dominated by the spectator matter with
a negative s, (see the left window of Fig. 1). Compared to
the results without AMC, the weaker spin-orbit potential with
AMC leads to a less negative s, of the spectator matter, and
thus a less negative P, at larger rapidities especially at lower
beam energies.

B. Spin-dependent flows

We now turn to the flows of nucleons in different spin
states. Due to the coupling between the nucleon spin and
the angular momentum in y direction, nucleons with differ-
ent spins 3, = %ay are expected to be affected by different
spin-orbit potentials, and this is called the spin-Hall effect
[30]. As shown in the upper panel of Fig. 5, nucleons with
3y = —%(+%) are affected by a more repulsive (attractive)
spin-orbit potential, and they thus have a stronger (weaker)
transverse flow. We can define the spin up-down differential

transverse flow as [26]

N(yy)

1
Fu0n) = 5o > ©@)ipi (51)
" =1

where N(y,) is the nucleon number at rapidity y,, and (o,);
and (p,); are the y component of the spin and the momentum
in x direction for the ith nucleon. As shown in the middle
panel of Fig. 5, the spin up-down differential transverse flow
has an appreciable magnitude, and it actually characterizes the
strength of the spin-orbit potential [26,45]. The elliptic flow of
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S 10
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= o0
A
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o 10t
\Y
-20
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[ b=8fm ]

F ., (MeV/c)
o

4 T ——withAMC |
Y without AMC |
10 05 0.0 T 05 10
eam
/Y,
6 T T T T
|E,.. =100 AMeV (©)
eam LeTmea
4lb=8fm P o
ly/y;""|<0.5
—~ 2 i ”
)
~Of
>
oL with without AMC
— 5, =112
B R 3,=-1/2
0 100 200 300 400
p,; (MeV/c)

FIG. 5. Transverse flows of spin-up (3, = +%) and spin-down
@y =— %) free nucleons (a) and spin up-down differential transverse
flows (b) as a function of reduced rapidity y,/y***™, and elliptic flow
of spin-up and spin-down free nucleons at midrapidities (c) as a
function of transverse momentum pr, in Au+Au collisions at the
beam energy of 100A MeV and impact parameter b = 8 fm with and
without angular momentum conservation.

free nucleons at midrapidities, as shown in the lower panel of
Fig. 5, also demonstrates the spin splitting, with nucleons of
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FIG. 6. Transverse flow as a function of reduced rapidity y,/y**™ (upper) and elliptic flow as a function of transverse momentum pr
(lower) for deuterons at spin states S, = +1, 0, and —1 (left) and for spin-up (3, = —|—%) and spin-down (3, = —%) tritons (right) in Au+Au
collisions at the beam energy of 100A MeV and impact parameter b = 8 fm with and without angular momentum conservation.

spin 3, = —%(—F%) affected by a more repulsive (attractive)
spin-orbit potential and thus leading to a stronger (weaker)
vy. Incorporating the constraint of AMC, a lower density is
reached, and this generally leads to a weaker transverse flow
as shown in Fig. 5(a), and also weakens slightly the spin up-
down differential transverse flow in Fig. 5(b). The preferred
in-plane collisions with AMC generally enhance the in-plane
flow and thus v, at lower pr, but weakens the squeeze-out
flow in %y direction and thus leads to less negative v, at
higher pr.

The spin-dependent flows of free nucleons may also lead
to the spin splitting of flows for light clusters at different spin
states, and this is displayed in Fig. 6 where the productions of
deuterons and tritons are calculated from the spin-dependent
coalescence method. Note here, the transverse flow is divided
by the constituent nucleon number, i.e., 2 for deuterons and 3
for tritons. It is seen that the spin splittings of both transverse
flows and elliptic flows are stronger for deuterons, compared
with those for tritons. This is understandable, since deuterons
at spin states S, = =1 and 0 are formed by, respectively, the
spin-triplet and spin-singlet state of neutron-proton pairs, so
the spin effect are doubled or canceled, while the spin effect
for tritons at 3, = +1 and —1 is determined by the residue

2
neutron apart from the spin-singlet neutron-proton pair. The

results are similar for *He. Again, the constraint of AMC leads
to systematically weaker transverse flows and stronger elliptic
flows, at least for larger pr values.

C. Spin-averaged flows

While the spin-dependent potential does lead to the spin
polarization and the spin-dependent flows, one may argue that
the spin-averaged observables predicted by traditional trans-
port models are still valid. This is only partially true when the
collision energy is relatively high. At lower collision energies,
the dissipation effect from the spin-dependent potential is
non-negligible. As seen in fusion reactions, the incorpora-
tion of the spin-dependent potential affects significantly the
fusion threshold and the fusion cross section [21-23]. Here,
we compare the spin-averaged transverse flow at Ej,, = 50A
MeV in Fig. 7. With the spin-dependent potential (Wy 5 0),
the stronger dissipation effect leads to a stronger transverse
flow for free nucleons, compared to the case without the
spin-dependent potential (W = 0). The effect on the slope
of the transverse flow is further enhanced when we consider
deuterons from the coalescence of nucleons. Comparable to
the effect of the spin-dependent potential, the incorporation
of the AMC constraint leads to a systematical reduction of
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FIG. 7. Spin-averaged transverse flows of free nucleons (a) and
deuterons (b) as a function of reduced rapidity y, /y***™ in Au+Au
collisions at the beam energy of 50A MeV and impact parameter b =
8 fm with and without angular momentum conservation and/or spin-
dependent mean-field potential.

the transverse flow. It is thus seen that one should incorpo-
rate properly the spin-dependent mean-field potential and the
constraint of AMC to predict accurately the transverse flow.

IV. CONCLUSION AND OUTLOOK

We have improved the framework of the spin- and isospin-
dependent Boltzmann-Uehling-Uhlenbeck (SIBUU) transport
model, in the aspects of spin-dependent nucleon-nucleon col-
lisions as well as the coalescence method, and particularly
by incorporating the constraint of rigorous angular momen-
tum conservation. We have revisited the global and local
spin polarization in intermediate-energy heavy-ion collisions,
as well as the spin-dependent transverse flows and elliptic
flows, for spin-half nucleons, spin-one deuterons, and spin-
half tritons/ *He. While the constraint of rigorous angular
momentum conservation generally leads to weaker spin polar-
ization and has some influence on the flows, the effects of the
spin-orbit potential on the spin dynamics and spin-related ob-
servables are still appreciable. We have further demonstrated
that the spin-orbit potential has a non-negligible effect on the
spin-averaged transverse flows of nucleons and light clusters
at low collision energies.

Experimentally, it is difficult to identify different spin
states for nucleons or light clusters. On the other hand, the
spin polarizations of hyperons or the spin alignment of vector
mesons are measurable through the angular distribution of

their decays. It is thus of great interest to incorporate the
relevant inelastic collision channels for the production of these
particles, and see whether their spins will be affected by the
nucleon spin dynamics. The well-developed SIBUU model in
the present study could then be used to study of spin dynamics
in heavy-ion collisions at the beam energy of a few A GeV,
or even used as a hadronic afterburner for the spin-relevant
studies in relativistic heavy-ion collisions.
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APPENDIX: DEFINITION OF SPIN STATES

The expectation value of a nucleon spin is determined by
the azimuthal angle ¢ and the polar angle 6,

o = (sin 6 cos ¢, sin 6 sin ¢, cos 9), (A1)
and its spin state can be written as
e cos %
=\« ., ) (A2)
e2 sin 3

The expectation values of the spin in x, y, and z directions are

oy = x o x = sin6 cos ¢, (A3)
0_‘), = X+o‘yX = sin @ sin ¢, (A4)
o. = xto,x =cosé. (A5)

We can define the two-nucleon spin state as the direct product
of the spin state of each nucleon

—i(p1+¢2)
2

2 Ccos &

2

(23
2
0>

% gin &
cos 3 sin

cos
—i(g —¢2)
e 2

v=xen=| (A6)
2 o gn 4 e
e 2 sin B COS 0
i@ +¢2) 0 s 0
e 2 sin > sin >

In this way, the expectation values of the spin in the a =
x, v, and z directions for nucleon 1 and nucleon 2 can be
expressed as

@1 = X oux1 = VoV, (AT)
(G2)2 = X3 0uxo = V(0,2 ¥ (AB)
with
(0a)1 = 04 ® hx2, (A9)
(04)2 = hhx2 ® 0,. (A10)
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With the spin-up and spin-down states for each nucleon pair defined as

1 0
m=[o] mo=],|
0 0

1) =

NIy =

o= O O
- o OO

the spin-singlet and the spin-triplet states of two nucleons can be expressed, respectively, as

X0,0 =

and

X1 = , X1,0 = s Xl—1 = (A12)

SO O =
> 44 ©
—_ o O O

By taking the product of Eq. (A6) with Eqs. (A11) and (A12),
we can calculate the probability of a nucleon pair in the

(Al1)

S ol-5l=

(

spin-singlet state and in the spin-triplet state, and the normal-
ization condition

[0, ) 12+ 11 1) 1+ 100,091+ [ 1 W) 12 =1

is satisfied. The above definition of the spin state is general,
since we can rotate the polar angle 6 and the azimuthal angle ¢
in Eq. (A1) so that the projection of the spin can be performed
in an arbitrary direction.
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