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Longitudinal spin polarization in a thermal model with dissipative corrections
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In this work, we address the problem of longitudinal spin polarization of the A hyperons produced in
relativistic heavy-ion collisions. We combine a relativistic kinetic-theory framework that includes spin degrees

of freedom treated in a classical way with the freeze-out parametrization used in previous investigations. The use
of the kinetic theory allows us to incorporate dissipative corrections (due to the thermal shear and gradients of
thermal vorticity) into the Pauli-Lubanski vector that determines spin polarization and can be directly compared
with the experimental data. As in earlier similar studies, it turns out that a successful description of data can only
be achieved with additional assumptions—in our case, they involve the use of projected thermal vorticity and a
suitably adjusted time for spin relaxation (t,). From our analysis, we find that 7, ~ 5 fm/c, which is comparable

with other estimates.

DOI: 10.1103/9231-yxke

I. INTRODUCTION

One of the recent motivations for studying noncentral
heavy-ion collisions is to study the spin polarization effects
of various produced particles, for example, A hyperons [1-3]
and vector mesons [4], for a recent review see Ref. [5] and
for various related theoretical developments see Refs. [6—40].
In particular, there is a lot of interest in the measurement of
the longitudinal spin polarization of A’s produced in Au-Au
collisions at the beam energy of ./sxw = 200 GeV [3]. In
this case, the data indicates a quadrupole structure of the
longitudinal polarization in the transverse momentum plane,
which disagrees in sign with most theoretical predictions (the
so-called sign problem) [41].

In this paper, we continue some of the earlier studies of
the longitudinal polarization [42,43] that use thermal model
to parametrize freeze-out conditions in Au-Au collisions. A
novel feature of the current analysis is that we incorporate dis-
sipative corrections to the Pauli-Lubanski (PL) vector. They
are determined within the framework of kinetic theory, which
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treats spin degrees of freedom classically [44]. This approach
turns out to be consistent with the formalism that uses Wigner
functions in the semiclassical expansion and considers GLW
versions of the energy-momentum and spin tensors.

The most common approach in the polarization studies is
to assume that the spin polarization tensor w,,, is given by the
thermal vorticity

Wyy = _%(8M,3v - auﬂp.) (1

Here B* is the ratio of the hydrodynamic flow and tem-
perature, B* = u*/T. This leads to the expression for the
Pauli-Lubanski vector that includes the spin equilibrium dis-
tribution function depending on w,,. The kinetic-theory
approach allows for including corrections to the equilibrium
distributions. In our case, they are obtained from the kinetic
equation treated in the relaxation time approximation (RTA)
[20,45,46]. In this way, we naturally obtain contributions from
the thermal shear

g[w = %(auﬂv + avﬂu) (2)

and gradients of thermal vorticity. We note that the effects due
to the thermal shear were first considered in Refs. [47—49].
Thus, our approach offers yet another method to incorporate
such corrections.

We use the freeze-out parametrization introduced in
Ref. [50]. It turned out to be very successful in describing
many observables like the transverse-momentum spectra or
elliptic flow coefficients of various hadronic species. How-
ever, as the model is boost-invariant, it cannot reproduce the
global spin polarization that points in the out-of-plane direc-
tion. However, as it correctly reproduces the elliptic flow, it is
natural to use it in the studies of longitudinal polarization as
these two phenomena are considered to be interconnected [5].
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Moreover, this model enables us to estimate timescale relevant
for spin equilibration by analyzing results for longitudinal
polarization using dissipative corrections.

It has been demonstrated before that the inclusion of the
thermal shear helps to overcome the sign problem [47-49].
However, further conjectures were usually made to reproduce
the data (for example, neglecting temperature gradients at
freeze-out [49] or exchanging the A mass by the strange
quark mass [47]). In contrast, our approach introduces an
assumption that involves the use of projected thermal vor-
ticity. By projected vorticity we mean the thermal vorticity
tensor with all “electric” like components neglected, i.e., with
wo; = 0. We make this assumption for determination of the
longitudinal polarization, which has been carried out in the
laboratory frame. However, as mentioned before, the result-
ing polarization within the thermal model used here remains
boost-invariant. As found in our previous work [42], this
procedure is consistent with a nonrelativistic treatment where
polarization is determined solely by the spatial components of
the rotation 0;v; — d;v; [51].

The use of the projected thermal vorticity leads to a cor-
rect sign of the quadrupole structure of the longitudinal spin
polarization, however, there remains a quantitative difference
between theoretical predictions and the data [17]. In this work,
we show that this disagreement can be removed by the inclu-
sion of dissipative corrections described above with a suitably
fitted spin relaxation time. Our numerical calculations show
that a very good description of the effect can be obtained with
the spin relaxation time 7, ~ 5 fm/c, which is in agreement
with earlier estimates of the spin relaxation time [52-56].

Notation and conventions: For the Levi-Civita tensor e#"*#
we follow the convention €°'?> = —¢j;23 = +1. The metric
tensor is of the form g,, = diag(+1, —1, —1, —1). Through-
out the text we make use of natural units, 7 = ¢ = kg = 1.

II. SPIN OBSERVABLES AT FREEZE-OUT

The mean spin polarization of A hyperons can be found
from the PL vector [12,44]

E dATly(x, p)

1 st pf
VP = 5 Caup ALLE, —

d*p m’

3

where p* = (p°, p) is the A four-momentum with the on-
mass-shell energy p° = E, = /m? + p?, m is the A mass
(m=1.116 GeV), AX is an infinitesimal element of the
freeze-out hypersurface, and S*#" is the spin tensor discussed
in more detail in Appendix A. Integration of Eq. (3) over the
freeze-out hypersurface gives the momentum density of the
PL vector

E dll:(p) _l cosh &
Pddp T 2@a)m

AY ~pe_ﬂ'p er,w,gpﬁ

x [(1 + o — ;—Sp p~8a)“”:|. (4)

Here £ is defined as the ratio of the baryon chemical potential
and temperature, w*" is the spin polarization tensor, 7, is the
spin relaxation time, and x = [t,/(u - p)] p’p°&,,. It is inter-
esting to observe that in the present framework, the thermal

shear has a nonzero contribution only when coupled to the
spin polarization tensor w*", as the spin integrals with an odd
number of s*¥ vanish (unlike Ref. [29]).

As we are interested in the spin polarization per particle,
we introduce the particle number density

dN(p) _ 4 cosh &

AY -pe PP, 5
P d3p (271_)3 pe ( )

A quantity which can be directly compared with the experi-
mental results is the ratio of the integrated densities

d z
_ [ prdprE, 1;[13;,;) ©
= L.
[ d¢pprdprE, 52

(P(¢p))

Given the above theoretical setup, we use thermal vorticity as
a proxy for the spin polarization tensor (w*” — w*") and use
it in the thermal model discussed in more detail below.

III. THERMAL MODEL

A. Freeze-out parametrization

In this work, we use a thermal model that assumes si-
multaneous kinetic and chemical freeze-outs [57,58]. This
model has been quite successful in explaining the transverse
momentum spectra and elliptic flow in heavy-ion collisions
[50,59]. In its standard formulation, the single freeze-out
model has only four parameters: temperature (7;), baryon
chemical potential (uf), proper time (77), and system size
(rmax)- Temperature and chemical potential are inferred from
the measured ratios of hadronic abundances, while the proper
time and system size are extracted from the fits to the experi-
mental transverse-momentum spectra. As we study collisions
at ultrarelativistic energies we can set u = 0 (§ = u/T = 0).

As the effects of the longitudinal polarization are related to
the phenomenon of elliptic flow, we adopt here an extended
version of the single-freeze-out model [50] that allows for
asymmetry of the hydrodynamic flow in the transverse plane

u":}lv(t, xv 146, yv/1 =16, 72). 7

This introduces an additional parameter §. For § > 0, the flow
in the reaction plane (along the x axis) is stronger than in
the out-of-plane direction (along the y axis), leading to the
positive elliptic flow coefficients v,. The parameter N is de-
termined from the normalization condition u*u, = 1, which
gives

N = /1% — (x2 —y2)3, ®)

where 7 is the proper time at freeze-out
=1 — (P +y+ D). )

Along with the asymmetric flow profile, we introduce the
asymmetry of the fireball boundary in the transverse plane.
This is achieved with the boundary parametrization of the
form

X ="FmaxV 1 —€coS¢p, y=rmxvV1+esing, (10)
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TABLE 1. Thermal model parameters used to describe the
PHENIX data at ./syy = 130 GeV; see Refs. [50,59].

cent. (%) € 1) T [fm] Fmax [fm]
0-15 0.055 0.12 7.666 6.540
15-30 0.097 0.26 6.258 5417
30-60 0.137 0.37 4.266 3.779

where ¢ is the azimuthal angle. The parameter € controls
the spatial elongation of the system. For € > 0, the emitting
source is elongated in the out-of-plane direction [59].

Following earlier studies, we assume that freeze-out oc-
curs at a fixed value of the proper time and temperature,
denoted as T = 1t and T = T;. Under these conditions, a
three-dimensional component of the freeze-out hypersurface,
denoted as AY,, is expressed by the formula

AY, = mdxdytedn, (11)

where

1
nt = —(y/T? + p? coshn, x, y, \/T? + p? sinhp), (12)
T

satisfies the normalization condition n*n; =1 with p =

Vx2 +y? being the radial distance in the transverse plane
and n = %ln[(t +z)/(t — )] is the space-time rapidity. The
particle four-momentum p* can be parametrized in terms of

the rapidity y,, transverse momentum pr = /p? + p?, and
the azimuthal angle ¢, as

p"* = (my coshy,, pr cos ¢p,, prsin¢,, mr sinhy,), (13)

with my = ,/m? + pZ being the transverse mass.

In our calculations, we use previously established values of
the model parameters Tt, €, &, T¢, and ryax [50,59], which have
been fitted to the PHENIX data for three different centrality
classes at the beam energy of ,/syy = 130 GeV, see Table L.

B. Spin polarization at freeze-out

The thermal vorticity can be written as a sum of two terms

1 1
Wy = —ﬁ(f)ﬂuv — ovuy) + ﬁ(uvaﬂT —u,0,T). (14)

1 11
Dy Dy

Similarly, we use the following decomposition for the thermal
shear

1 1
£ = ﬁ(auuv + 0yuy) — ﬁ(uVBMT +u,d,T). (15)

S 5
The derivatives of the temperature can be determined from the
hydrodynamic equations

T =T (Du* — c;u®d - u), (16)

where D = u - 3. We find that &/, turns out to be the same
as wliv. The explicit expressions for all tensor components of
@, can be found in Ref. [42]. The forms of &/ and &/, can

be found in Ref. [43]. In this work, we consider cs2 =0.15
[60], which affects the polarization results through Eq. (15).
The derivatives of thermal vorticity (d,w,,) are listed in
Appendix B.

IV. RESULTS AND DISCUSSION

In this section, we present our numerical results for the
pr-integrated longitudinal component of the mean Pauli-
Lubanski four-vector, which characterizes the longitudinal
spin polarization of the A and A hyperons. The model param-
eters utilized in the calculations are provided in Table I. These
parameters were previously fitted to describe the PHENIX
data at the beam energy of ,/syy = 130 GeV for three cen-
trality classes: 0-15%, 15-30%, and 30-60%, at freeze-out
temperature 7 = 0.165 GeV.

As our primary interest lies in the longitudinal polarization,
there is no need to boost the quantity IT,(py, p,) back to the
particle’s rest frame due to its invariance under transverse
boosts. Additionally, to align with experimental practices, we
solely focus on the central rapidity region (y, = 0). We per-
form the transverse momentum (pr) integral in the range from
0 to 3 GeV, and we have verified that extending the range to
the experimental momentum range of 0.5-6.0 GeV does not
significantly alter the results.

The magnitude of dissipative corrections depends on the
value of the spin relaxation time t,.We note that the pro-
jected vorticity ansatz, previously employed in Ref. [42], can
qualitatively reproduce the observed sign even when t, = 0.
Moreover, we observe that the inclusion of dissipative cor-
rection leads to an increase in the magnitude of longitudinal
polarization. This feature may be attributed to the fact that
dissipation results in increased conversion of fluid angular
momentum to spin polarization. To determine the value of
7, we have performed a reduced chi-squared test. We find
that the optimal description of the data for A hyperons is
achieved with t, = 7.5fm/c, corresponding to the reduced
chi-squared value x? = 0.6. However, for A hyperons, we
find good agreement with t; =4.9fm/c corresponding to
x2 = 1.5. These values of the spin relaxation times are in
agreement with those obtained in Refs. [52-56].

In Fig. 1 we show the longitudinal polarization as a func-
tion of the azimuthal angle ¢, for 30-60% Au-Au collisions
at \/syny = 200 GeV. Experimental data points are taken from
[3], and conversion from (cos¢;) to polarization helicity is
conducted using ay = 0.732 [61]. Error bars represent the
combined statistical and systematic uncertainties. The solid
line represents our theoretical result without dissipative cor-
rections, the dashed line corresponds to the dissipative case
with 7, = 7.5 fm/c, while the dashed-dotted line corresponds
to t;, = 4.9fm/c. In Fig. 2 we present our theoretical predic-
tions for two other centrality classes for the same colliding
system.

V. SUMMARY AND CONCLUSIONS

In this study, we addressed the issue of longitudinal spin
polarization of A hyperons generated in relativistic heavy-ion
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FIG. 1. Longitudinal polarization shown as a function of the az-
imuthal angle ¢, for 30-60% Au-Au collisions at ,/syy = 200 GeV.
Our theoretical results are compared with the experimental data by
STAR. For more details see the description in the text.

collisions. We employed a relativistic kinetic-theory frame-
work, incorporating classical treatment of spin degrees of
freedom, combined with the freeze-out parametrization uti-
lized in prior investigations. By employing kinetic theory, we
were able to include dissipative corrections, such as those
arising from thermal shear and gradients of thermal vortic-
ity, into the Pauli-Lubanski vector, which determines spin
polarization. This allowed for direct comparison with exper-
imental data. Similar to previous studies, we found that a
comprehensive explanation of the data necessitated additional
assumptions. Specifically, we employed projected thermal
vorticity as a proxy to spin polarization tensor. The spin relax-
ation time was fitted to match the experimental data through
areduced chi-squared minimization procedure. The estimated
spin relaxation time was found to be approximately 5fm/c,

0.0006 .
e, N —  0-15%
0.0004 YN °
‘/." )\ — 15-30%
0.0002 “\
€ 0.0000
a NS T —
-0.0002 — T = 0.0 fm/c
..... C L= 4
—0.0004 15 =4.9 fm/c AN %
----- 1= 7.5 fm/c e
-0.0006
0.0 05 1.0 15 2.0 25 3.0
¢p(rad)

FIG. 2. Our predictions for the Au-Au collisions at ,/syy = 200
GeV for centralities 0-15% and 15-30%. Dashed-dotted lines for
the relaxation time 4.9 fm/c and dashed lines for the relaxation time
7.5 fm/c. For comparison, we also show the case without dissipative
corrections, represented by solid lines. The Green lines represent
0-15% centrality and, the red lines represent 0-30% centrality.

which is consistent with earlier estimates [52,53,55,56]. From
this analysis, we conclude that dissipative corrections to spin
tensor play an important role in explaining the observed lon-
gitudinal polarization in heavy-ion collisions. Further, it is
desirable to perform this analysis in a realistic 3 4+ 1D hydro-
dynamic framework, which we leave for future work.
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APPENDIX A: PAULI-LUBANSKI VECTOR
WITH DISSIPATIVE CORRECTIONS

In this Appendix, we outline the steps to evaluate Eq. (4)
starting from the kinetic theory expression of the nonequi-
librium correction to phase-space distribution function,
given by

Ty L g 1,
Sfr=——_¢** ﬁp[—pkp“(aﬂ ,8,\)(1 + s ﬂwaﬂ)
u-p 2

1
+ Epﬂsaﬂ(ay_waﬁ)}- (A1)

Using this we can determine the off-equilibrium correction to
GLW spin tensor as [20]

SSHH = f dPdSp*s"™ (SfF +8£7)

T,
A e_ﬂp
u-p

1
X |:—p”p”(3a ﬁp)<1 + Esaﬁa)aﬂ)

1
+ Epps"ﬂ(apwdﬂ)}

—ZCosthdeSp sHY ——

= 7, cosh & wap(ds ﬁp)/ —p pPp°stvsP ePp

deS
— tycosh & (0 a)aﬂ)/ —p PPty s?P e=Pp,

(A2)
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where we have used the result [dSs*’ =0 as derived in
Refs. [20,44] and the integral measures are defined as

d3
==F_ (A3)
(2m)’p°
4 3
dSz—md4s5 s-s+ = |8(p-s). (A4)
3 4
Further, using the relations [20,44,62]
nv of 1 uvpo afysd
dSststt = —2—mz€ € PpPy8os> (AS)

we can carry out the integration over spin to obtain

SSMAY — Ty coshé / e
@ p’

X [p )4 (3(7 ﬂp)(m w/'“} +2pap[ﬂwv]a)
_m2pﬂ(8pww) _ zpppatp[ll-(apwu]oz)]7

(A7)

where the square brackets imply antisymmetric combination,
ie., AI“BY = (A*B” — A"B*)/2. Interestingly, we observe
that in Eq. (A2), the first term within the square brackets,
after the second equality, contains the linear shear term (i.e.,
95 B,,), which is not coupled to spin polarization tensor (wqg).
However, this term vanishes due to the property that the

vpo _afys 2 v v
wap€"" € P pypy gas = —(2mPe™ + 4p,pa'), spin integral with an odd number of s*¥ is zero. The Pauli-
(A6) Lubanski vector in Eq. (3) can then be expressed as
|
dll,(x, p) s pb
pT - _EGWU‘?AZAEP d’p m
coshé 7, pP
= - MPeup AT - p| PP + ——(p"p° @ (8, B,) — P (B,
Iyl Cans p[pw +(u_p){ppw (358p) — P"(3,0"")}
cosh &
=——— ¢ PPe, P AT - 1 o 2 P(3,0"") . A8
Iyl CanpP p[( + x)w (u.p)p(pw ) (A8)
Integrating over the space-time volume we can write
dIls(p) cosh(§) 5 _p. Ty
= — AT - péegun Br| (1 nv o P30 |, A9
" dp om (2 ) péappp” e PP (1 + x)w (u'p)p(pw ) (A9)
[
with z
p o ol =—"—[148—-V1+46]
x= i o' aaﬁp)z—“i’ P f‘”’. (A10) TiNS
“ep uep X [2+2(0 482 —(1 =8> -2, (B6)
APPENDIX B: DERIVATIVE OF THERMAL 3
VORTICITY COMPONENTS o' = Y i (1438 — 143811 —-29), (B7)
;N
Here we list the derivatives of the “magnetic-like” compo-
nents of the thermal vorticity: D3 TN5 ——[1+68§—+1+]
—3txy
12 _
o' = TN [«/1—8—«/1+8+8(«/1—8+«/1+8)], x [12 = (1+8)x> — (1 — 8)y> + 2721, (BS)
B1)
2 _ b0 = 4 L5 T3] (B9)
o TNS[«/l—5—«/1+5+5(¢1—5+¢1+5)] o TN ,
X [t2 4 2(1 4 8)x* — (1 = 8)y* — 721, (B2) 9B = 3xy§[1 —5—V1=08](149), (B10)
TiN
12 _ — — z
hw TNS[x/l §—V1+8+8(/1=8++1+8)] 32w23=TN5[1_8_m]
f
2 2 2
2 _ 3xyz
K [~/1—6—¢1+5+5(J1—6+J1+8)] a3w23=TN5[1—3—«/1—3]
f
B4
s 3z B9 x [12 = (1+ 82 — (1 - 8)y* +22°].  (B12)
dow = [1+8—+1434], (BS)

— TN
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