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Section Outline :

Introduction & Motivation
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Introduction :

o Non-central heavy-ion collisions produce large global angular momentum
leading to spin polarization of hadrons.

[STAR Collaboration, Nature 548, 62 (2017)]

o Theoretical models assuming equilibration of spin degrees of freedom, explains
the global spin polarization.

[F. Becattini et. al. PRC 77, 024906 (2008), PRC 88, 034905 (2013), Ann. Phys. 338, 32 (2013)]

o Until recently, the same models did not explain longitudinal spin polarization.
[W. Florkowski et. al., PRC 99, 044910 (2019), F. Becattini et. al., EPJC 79, 741 (2019)]

3/28



Features of Non-central Collisions :
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Figure 1: Heavy-ion collision experiments. [LHC Collaboration, JINST 17 (2022) 05, P05009]

o Properties of the matter produced :
— Behaves like a fluid (Hydrodynamics applicable).

— The viscosity (n/s) is lowest (Dissipative hydrodynamics required).
— Highly vortical (for non-central collisions).
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Features of Non-central Collisions :

Spectators

Participants

Before collision After collision
Figure 1: Heavy-ion collision experiments. [LHC Collaboration, JINST 17 (2022) 05, P05009]
o Special feature of Non-Central Collisions :
— Large Magnetic Field. [ Bzdakand, V. Skokov, Phys. Lett. B 710 (2012) 171-174]

— Large Angular Momentum.  [F. Becattini et. al. Phys. Rev. C 77 (2008) 204906 ]
— Particle polarization at small /Sy .  [STAR Collaboration, Nature 548 62-65, 2017]
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Generation of Angular Momentum :
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Figure 2: Generation of angular momentum in non-central collisions. [B. Mohanty, ICHEP 2020]
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Generation of Angular Momentum :
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Figure 2: Generation of angular momentum in non-central collisions. [B. Mohanty, ICHEP 2020]

Angular momentum vs impact parameter. [Becattini, Piccinini and, Rizzo, Phys. Rev. C 77 (2008) 024906]
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Particle Polarization :

Figure 3: Origin of particle polarization. [W. Florkowski et al, PPNP 108 (2019) 103709]

o Large angular momentum — Local vorticities — spin alignment.

[Z.-T. Liang and X.-N. Wang, Phys. Rev. Lett. 94, 102301 (2005); Phys. Lett. B 629, 20 (2005)]

6/28



Particle Polarization :
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Experimental evidence, [STAR Collaboration, Nature 548, 62 (2017), Phys. Rev. Lett. 123, 132301 (2019), Phys. Rev.

Lett. 126, 162301 (2021)]

Theoretical models assuming equilibration of spin d.o.f. explains the data. 020



Particle Polarization :
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Figure 4: Observation (L) and prediction (R) of longitudinal polarization.
[Left: Phys. Rev. Lett. 123 132301 (2019);  Right: Phys. Rev. Lett. 120 012302 (2018)]
o Inclusion of shear-induced polarization (SIP) solves the problem with extra constraints.
[Fuet. al. Phys. Rev. Lett. 127, 142301 (2021);  Becattini et. al. Phys. Lett. B 820 136519 (2021)]

o Still the resolution remains ambiguous.

[Florkowski et. al., Phys. Rev. C 100, 054907 (2019); Phys.Rev.C 105, 064901 (2022)]

o Do dissipative forces play any role and solve the problem?
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Summary of the Problem :

The main problem we wish to address is :

o Study the effects of dissipative forces on spin polrization.

— Formulate Dissipative Spin-hydrodynamics.
— Explore phenomenological implications.
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Section Outline :

Relativistic Spin-hydrodynamics :
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Relativistic Spin-hydrodynamics :

o Inspired by the success of Relativistic Hydrodynamics (RH) in explaining the
multitude of properties of QGP evolution, development of a framework of RH
with spin was started.

[P. Romatschke, IJMPE 19 (2010) 1-53, J. Y. Ollitrault EJP 29 (2008) 275-302, Jaiswal and Roy AHEP 2016 (2016) 9623034]
[F. Becattini et al, Annals Phys. 338 (2013) 32-49, Phys. Rev. C 95 (2017) 5, 054902, EPJC 77 (2017) 4, 213]
[W. Florkowski et al, Phys. Rev. C 97 (2018) 4, 041901, Phys. Rev. D 97 (2018) 11, 116017]

[D. Montenegro et al, Phys. Rev. D 96 (2017) 5, 056012, Phys. Rev. D 96 (2017) 7, 0760161

How to include internal degrees of freedom in a macroscopic theory? [

[J. Weyssenhoff, A. Raabe, Acta Phys. Pol. 9 (1947) 7]
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Relativistic Spin-hydrodynamics :

o Origin of spin is purely quantum mechanical.

o A theory with spin should be built up from Quantum Field Theory (QFT).

o For a hydrodynamic description of a spin-polarizable fluid starting from QFT,
it was proved that a spin-polarization tensor (w*”) must be introduced.

[F. Becattini et al, Phys. Lett. B 789 (2019) 419-425]

o It has been argued that, at global equilibrium, the spin-polarization tensor
should be same as the thermal vorticity.
[F. Becattini et al, Annals Phys. 338 (2013) 32-49, Phys. Rev. C 95 (2017) 5, 054902, EPJC 77 (2017) 4, 213]

[N. Weickgenannt et al, Phys. Rev. Lett. 127 (2021) 5, 052301]

UJHV‘geq x wh? = (BMBV - aVBM) /2

BH = u* /T is the inverse temperature four-vector.
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Relativistic Spin-hydrodynamics :

o Theories of ideal spin-hydrodynamics were formulated for fluids in
equilibrium.
[D. Montenegro et al, Phys. Rev. D 96, 056012 (2017), Phys. Rev. D 96, 076016 (2017)]

[W. Florkowski et al, Phys. Rev. C 97, 041901 (2018), Phys. Rev. D 97, 116017 (2018)]

o But, we want description of fluid with non-thermalized spin, where the
relation, w"” oc wh” may not hold.

o Here, we want to understand, how w#" and hence a out-of-equilibrium system
of spin-polarizable particles evolves in presence of magnetic field.
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Relativistic Spin-hydrodynamics :

o We first note that spin-polarization originates from the rotation of fluid.
o Hence, we will have to deal with three conserved currents :

8uN* =0, 8uT* =0, B = J

where, J = L+ 5. Also, LMY = gAY — gV TAR,

o For symmetric 7" we have, |8,SM* =0

N* = N§ + 6N*, TH = T4 + 6TH, SAHY = GLHY 4 sGAmY ]
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Relativistic Spin-hydrodynamics :

o We first note that spin-polarization originates from the rotation of fluid.
o Hence, we will have to deal with three conserved currents :

8uN* =0, 8uTH =0, NIV =0 J

where, J = L+ S. Also, LMY = ghTAY — gV TAK,

o For symmetric 7" we have,

N* = NE + 6N*, TH = T 4 5TH, SRV = SuH g §SAH J

o The dissipative parts require microscopic description — Kinetic Theory.
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Kinetic Theory with Spin :

o To import spin in kinetic theory (KT), we start from the Wigner function
(Wap), that bridges the gap between QFT and KT.

o For spin-1/2 particles we set up kinetic equation of W, 3 using Dirac equation,

i
|:’Y . <p+ §6> — m:| Wap = C [Wa,g]
[Xin-Li Sheng, PhD Thesis (2019), N. Weickgenannt et al, PRL 127 (2021) 5, 052301, PRD 100, 056018 (2019).]

o The Wigner function can be decomposed as,

1 1
WQ,B = Z (-7:“1‘ 7:'757) +’YHV'U, + 'YSVN.A# + EEP’DS#V>

ap
F — scalar component,

P — pseudoscalar component,

V,, — vector component,

A, — axial vector component,

S, — tensor component.

where, the y-matrices are the 4 x 4 Dirac v-matrices and, X# = iltyv],
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Kinetic Theory with Spin :

o For spin-hydrodynamics it suffices to consider only 7 and .A,, components.

[Xin-Li Sheng, PhD Thesis (2019)]

Scalar Component Axial Component
Kin. Eq. k1, Flx, k) = Cr kR0, AY (3, k) = C%
RTA Cr=u [feq(m, k) — F(x, k-)] oy = [.A:q(m, k)— A (=, k)]
Dist. fn. Fi(z, k) =2m fp R fi(x,p, s) 5(4)(k F p) Ai(z, k) =2m fp Ss“fj:(:r,p, s) 6(4)(k Fp)

[S.B., W. Florkowski, A. Jaiswal, A. Kumar and, R. Ryblewski, PLB 814 (2021) 136096, PRD 103 (2021) 1, 014030]

Momentum measure — [ (---) — [dP(---), [dP = d3p/(2m)3p°.
Spin measure — [ (---) = [dS(---), [dS = (m/ms) [d4si(s- s+ s2).
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Relativistic Kinetic Equation :

o We take the equilibrium (extended) phase-space distribution function to be :
1
Fae9) = €5 (14 S ) +O)
[F. Becatinni et al., Annals Phys. 338 (2013) 32-49, 'W. Florkowski et al., PRD 97 (2018) 11, 116017]
o Near local equilibrium f(z, p, s) is expanded using Chapman-Enskog :

[E (@, p,s) = fE(x,p,8) + 0fE(x,p, 5).

[de Groot, van Leewan, van Weert, ‘Relativistic Kinetic Theory - Principle and Applications (1980)’]

o 4 f is the non-equilibrium correction and is obtained from the Boltzmann
equation,

pua,ufi(x7p7 S) = _Méfi(x7p7 S)

Teq
[Anderson, Witting, Physica 74 (3) (1974) 466-488.]
o Solution:
T, — 3. 1 1
5fE = *T.Speig o { (ip“aué — p pHp 5)\) (1 + ;saﬁwaa) + ;p“saﬁ (%waﬂ)]

o The conserved currents are expressed in kinetic theory as,

Ne=[ pH(T=fT) =, et (ST sk«““:fp,sp*s“”(fuf*)‘

16/28



Dissipative Currents in Spin-hydrodynamics:

o The dissipative quantities are defined as,

nt :Ag/dp/dspa (6fF—=6f7)
Aunp

m=-=22 [ap [asper? (o1 +657)

ThY = Agg/dp/ds;)apﬁ (BfF+6f7)
SSMHY = /dP/dSp’\s“” (6t +6f7)
where, ALY = (1/2)(ALAL + AGAG) — (1/3) AR Ay is a traceless

af
symmetric projection operator.
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Dissipative Currents in Spin-hydrodynamics:

o The non-equilibrium parts give the transport coefficients:

SNH = 7eq in(VHE),
STHY = Teq[ — Bo ARV 042 B J/U/L
SSMHY = reg B O+ BN (V) + BEPHY 05+ B P ( puing)|

o By choosing the Landau frame and matching conditions we found the following
relations:

no tanh &
(E+P)
WHY = DI + DY (Vak) + DEV*Payg + DI PY (Vawgs,),

=60, B=p0, Piu=-VuB+ (V,.€)

[S.B., W. Florkowski, A. Jaiswal, A. Kumar and, R. Ryblewski, PLB 814 (2021) 136096, PRD 103, 014030 (2021)]
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Section Outline :

Polarization Estimation :
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Pauli-Lubanski and the Polarization

dATI, dsrrv ph
o Pauli Lubanski Vector : E, % - R
p

[W. Florkowski, A. Kumar and, R. Ryblewski, Prog. Part. Nucl. Phys. 108 103709 (2019)]

[ prdprE, I(jp)

o Polarization : (P(¢p)) =
J dopprdpr Ep dﬁ(;” )

N h
Eyp dda(p) = /AEMDA o, §=p/T,p* = ut/T.
P (2m)3

o Further Contraints : w — o, wo; =0

Thermal Vorticity : @ = —%(8#,6’1, —ehiem)
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Thermal Model

o Single freeze-out model.
o T =17 —a% —y? —2? with 24y <r2 ..
o Asymmetry of the fireball boundary :
T = TmaxV1 — € cos ¢ y = rmaxV/1 + € sin o)
o Hydrodynamic flow:

u“:%(t, zvV1i+d,yvVi—46,z2)
N =+/72 — (2 — y2)§

[W. Broniowski, A. Baran, and W. Florkowski, AIP Conf. Proc. 660 (2003) 1, 185-195]
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Parametrizing the Flow and Hypersurface

Table 1: Freeze-out Temperature (T¢) = 165 MeV.

H c% € 1) 7 [fm]  Fmax [fm] H

0-15 0.055 0.12 7.666 6.540
15-30 0.097 0.26 6.258 5.417
30-60 0.137 0.37 4.266 3.779

[W. Broniowski, A. Baran, and W. Florkowski, AIP Conf. Proc. 660 (2003) 1, 185-195]
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Section Outline :

Results :
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Polarization for 30-60% Centrality
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Figure 5: Polarization. 75 = 7.5 fm forK(Xf = 0.6) and, 75 = 4.9 fm for A (sz =1.5).

o T, is in agreement with [Hidaka et. al., arXiv: 2312.08266, Wagnar et. al., arXiv: 2405.00533]
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Polarization for different centralities
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Figure 6: A and A for different centralities



Next Steps Forward :

o Does magnetic field play any role?

[Sun, Yan, arXiv: 2401.07458]
o Recall:

Ts _g. 1, 1 o
0fs = _u-pe #p _pApM (8M /BA) (1 + ;5 Bwaﬁ) + ;pus A (8uwo¢ﬁ)

o The theory of spin magnetohydrodynamics indicates vorticity plays a role in
the evolution of the system.
[S.B., W. Florkowski, A. Jaiswal, A. Kumar and, R. Ryblewski, PRL 129 (2022), 192301]

X = 7eq[Bx11 0+ B%n (Vat) + B atia + BY20as

+ 85 2ap + B (VaBp) + B35 (Vawsy)],

where, X = nt, II, 77, §SMHY,

o Evolution of spin-polarization tensor (obtained from spin-matching) is given by,

Y = DHY 9 L DEYY (V.4 €) + DEY Vit + DY PRy + DI PF 2,0+ DR PPF (W g0 i) J
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Section Outline :

Summary and Outlook :
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Summary and Outlook :

o Summary :

1. Although SIP resolves the “spin sign puzzle", multiple models exist and details differ.
2. Inclusion of dissipative forces provides another alternative solution.
3. Using thermal vorticity as proxy for spin polarization tensor should be reconsidered.

o Outlook :

1. May explore the consequences of magnetic field.
2. Development of a 3+1 D code for spin-hydrodynamic code is essential.

Thank you.
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