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MOTIVATION
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Well established properties of the produced QCD matter:
- Behaves like a flud =4 hydrodynamics applicable
- Low viscosity == inclusion of dissipative effects required
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figure: J. Bernhard, J. Moreland, S. Bass, Nature Phys. 15, 1113-1117 (2019)



NON-CENTRAL HEAVY-ION COLLISIONS
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Non-central collisions are interesting:
- Large initial orbital angular momentum
F. Becattini, F. Piccinini, J. Rizzo, PRC 77 (2008) 024906

- Large magnetic field
A. Bzdak and, V. Skokov, PLB 710 (2012) 171-174
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SPIN POLARIZATION DUE TO GLOBAL ORBITAL ANGULAR MOMENTUM

Part of the angular momentum can be transferred
from the orbital to the spin part

Liang ZT, Wang XN. PRL 94:102301 (2005)

Betz B, Gyulassy M, Torrieri G. PRC 76:044901 (2007)
Gao JH, et al. PRC 77:044902 (2008)

Becattini F, Piccinini F, et al. J. Phys. G 35:054001 (2008)

J init — Linit — Lﬁnal + Sﬁnal

Emitted particles are expected to be polarized along
the fireball’s global angular momentum.

figure: R. Ryblewski



MEASUREMENT OF /\ AND /_\ GLOBAL SPIN POLARIZATION
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SPIN POLARIZATION IN EQUILIBRATED QGP — SPIN-THERMAL APPROACH

In thermodynamic equilibrium one can

establish a link between spin and vorticity

Becattini F, Chandra V, Del Zanna L, Grossi E. AP 338:32 (2013)
F. Becattini, L. Csernai, and D. J. Wang, PRC 88, 034905 (2013)

Fang R, Pang L,Wang Q,Wang X. PRC 94:024904 (2016) et B AL SREE A SR A = S W C | Y 4
F. Becattini, |. Karpenko, M. Lisa, I. Upsal, and S. Voloshin PRC 95, S ain Ty | P
054902 (2017) T n
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Hadronization
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Hard scattering
and thermalization

Spin is enslaved to thermal vorticity

Very attractive: Allows to extract polarization
at the freeze-out hypersurface in any model
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space

figure: D.D. Chir



MEASUREMENT VS SPIN-THERMAL APPROACH: GLOBAL POLARIZATION

Global polarization data supports
the spin-thermal approach

Signal is robust and agrees well with predictions of
transport and hydrodynamic models

Azimuthal modulation is not captured
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LONGITUDINAL (BEAM-AXIS) POLARIZATION

—: Hlow velocity e (GeV / f1'113)
4

z (fm)

Y. Tachibana and T. Hirano,
NPA904-905 (2013) 1023
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Flow structures in the
plane transverse to beam
(jet, ebe fluctuations etc.)

may generate
longitudinal polarization

L.-G. Pang, H. Peterson, Q. Wang, and X.-N. Wang F. Becattini and |. Karpenko, PRL120.012302 (2018)

PRL117, 192301 (2016) S. Voloshin, EPJ Web Conf.171, 07002 (2018)
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LONGITUDINAL POLARIZATION — ‘SPIN SIGN’ PUZZLE
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LONGITUDINAL POLARIZATION — ‘SPIN SIGN’ PUZZLE
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thermal model with projected vorticity w,, = DapA, A,
W.Florkowski, A. Kumar, A. Mazeliauskas, R.R., [1904.00002]
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LONGITUDINAL POLARIZATION — ‘SPIN SIGN’ PUZZLE

=0 g " — 0 A .0 = g Sy N - g 0 y 2 S - g = " s 0 oy g g " — oy gk = o — N S > oy .~
R S S I D P P S S I PN D PP PG S TP - e S F R Sy PP § P P TN P S P P WP P Sy S s

i Au+Au @ 200 GeV, 30-40%
0.016 §2 . - T | |-<1 .
I |y i
0.012 9 ® Iy|<2
0.008 - . -
I ® L N |

0.004 1
i 0.“ :“.‘
.

Pz, \/SNN =_20(l GeV RHIC

0.001 !
Au+Au \s, =200 GeV
1090-60%

0.000
-0.004  §&
—0.008 3
~0.012
0016 Ef *bo ¢ o

-
-8 A l A l A l

o A~ O

0.0005

P (107)

52N
o
-
-
-
°
-
-
®

-0.0005

*
>

UrQMD+VHLLE: F. Becattini, I. Karpenko, PRL 120 (2018) no.1,

012302, 8% " " " " "
. i Local Longitudinal Spin Polarization
STAR Preliminary 5 4] 0002, . _ _ .
L1 2| L1 1 |é L1 '~ —

q)-lpz [rad] 002 B (PZ) 0.001 -

L3 —— 3mb
N , 1)
) - 0.00F 13
T. Niida, NPA 982 (2019) 511514 ‘ -3y

£ —0.01 :
'; —-0.02 ‘ ;

u ] | |

X%
>

Q
T I LI | I I I 1 I I 1 I 1 I I 1 I 1 1

-0.001

o_
—_—

0.000

0.001

P; (pxpy>0)

-0.002

|
3r/2 21

g I % 3
: ¢p ‘ " L 1 2 3 P 5 6 7 ¢
- t (fm/c)

AMPT: X. Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018) Y. Sun, C-M. Ko, Phys.Rev. C99 (2019) no.1, 011903

=" - S = 5 B s i — 3 = dutd = —

R a . = o . \ - o _ o~ . . - o ) o~ - ’ A 5 . \ - c _ 5 . \ o~ -

=~



FLUID DYNAMICS OF SPIN?!

Spin-thermal approach does not capture properly Relativistic fluid dynamics forms
phenomena seen in experiment. the core of HIC models

¥

Nonequilibrium dynamics of spin is suggested.

Energy Stopping Hydrodynamic

If spin polarization is trully hydrodynamic quantity )
it should not be enslaved to thermal vorticity. il St Hard Collisions Evolution
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Fluid dynamics with spin
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INCORPORATING SPIN IN HYDRODYNAMICS
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CONSERVATION OF ANGULAR MOMENTUM AND SPIN CHEMICAL POTENTIAL

Conservation of charge (baryon number, electric charge, ...)

&’HZ/\\V‘(x):O (1 equation/charge) » Il/t — gT

Conservation of energy and momentum

— o e e P N R S P

Loy U Sy Py { e 1
TP () = T () = AP TE (1) + SEP () y TE (x) =0 (4 equations) » T MU
: ~ ~~ ~ i 7

/L\‘Lé,a'ﬁ (x)

e o s st vk oot The conservation of angular momentum

Conservat,f total angular momentum implies introduction of new hydrodynamic
variables — spin chemical potential

=) Qﬂl/ — Ta)/w

= 9,58 () = T (v) - T (v)
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CONSERVATION OF ANGULAR MOMENTUM AND SPIN CHEMICAL POTENTIAL

If the energy-momentum tensor is symmetric the spin tensor is conserved

W. Florkowski, B. Friman, A. Jaiswal, E. Speranza, PRC 97 (4) (2018) 041901

W. Florkowski, B. Friman, A. Jaiswal, R. R., E. Speranza, PRD 97 (2018) 116017
F. Becattini, W. Florkowski, E. Speranza, PLB 789 (2019) 419-425

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

0,T" =0, 0,8 =0, 9N'=0

What are the constitutive relations which enter equations of motion??

THY = T’uv[ﬁ, ), 5], S'M’/IV — S'M’ﬂv[ﬂa w, 5]9 NF = N'M[ﬁa w, 5]

Fluid dynamics with spin should tell how the spin chemical potential evolves but
not its origin — need for modeling of initial conditions!

16



RELATIVISTIC KINETIC THEORY WITH SPIN

To include spin in kinetic theory, we start from the Wigner function (WF) that bridges the gap between QFT and RKT

1 1

Wap = 7 (]—“ R e 52"“”&1/)
af

F — scalar component,

P — pseudoscalar component, S i
= ¢

VYV, — vector component, .

A, — axial vector component,

S, — tensor component.

For spin-1/2 particles the Wigner function satisfies the quantum kinetic equation

v - (p %8) —m| Wug =C [Wag]

[Xin-Li Sheng, PhD Thesis (2019), N. Weickgenannt et al, PRL 127 (2021) 5, 052301, PRD 100, 056018 (2019).]
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RELATIVISTIC KINETIC THEORY WITH SPIN

From the leading and next-to-leading orders of the semi-classical expansion of the WF in powers of h, one obtains
two independent kinetic equations for the scalar and axial-vector components

Scalar Component Axial Component
Kin. Eq. ko Flr k)= U k"0, A" (z, k) =C}
RTA Cr=u [feq(x, k)— F(z, k)] cy =) [qu(a:, k)— A (z, k)]
Dist. fo. | FE (2, k) =2m [ _ f¥(x,p,s) 6W(k Fp)| AL (z, k) =2m [ _s*fE(z,p,s) 6@ (k F p)

[u(+) = (m/ms) [ dési(s - s +52) = 1(1+)

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

In the classical treatments of particles with spin-1/2 one introduces internal angular

momentum tensor of particles [M. Mathisson, APPB 6 (1937) 163-2900]

1
gP — a575p785

s*P is antisymmetric i.e. s*” = —s°* and satisfies Frenkel (or Weyssenhoff)

pa Q‘/B_

The spin four vector can be obtained by above equation,

a 1 oz,nyé

2m pIBS'Vé

In particle rest frame (PRF) where p* = (m,0,0,0), s
vector given by —s° = —s%s, = |8, =8 = 1 (1 + 3)

19
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RELATIVISTIC KINETIC THEORY WITH SPIN

The distribution function in the extended phase-space is a function of spacetime, momentum, and internal angular
momentum of the particles

f::(m7p7 S)

Following Liouville theorem the kinetic equation governing the evolution of the distribution function can be written as
[Suttorp, de Groot, Nuovo Cimento A (1965-1970), van Weert Thesis (1970)]

ph O fE + mFrP) fE + mSH ) f = C[f ]

where
SO B TR g o _ P° op _ 05°P
o ) i — ) Uy — ) F — S —
oxH opH OsHV dr dr

Using the Frenkel condition, one can derive the force (Lorentz and Mathisson) and torque term

[Suttorp, de Groot, Nuovo Cimento A (1965-1970), van Weert Thesis (1970), Nora W. et al. PRD 100 (2019) 5, 056018]

. ? : . 1 q a
Ve — . s pe | > ((9 F ) M3~ saB — o 0l mB],y = (X - E)F(m s®loe pBlyy

poaBa 43 I el A it _ A B¢ Lo _po<2 2 SSCR T o ) S _ Ao B4 Lo g sha poama

where magnetic dipole moment is maﬁ =X e
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RELATIVISTIC KINETIC THEORY WITH SPIN

In the limit of infinite conductivity, field strength tensor is
e S0 0 0y B

'U/’UJB’U' = f B'u,B'u S O

If the medium if magnetizable, then the Maxwell's equations are given by
[Balakin, Grav.Cosmol. 13 (2007) 163-177; Hehl and, Obukhov, Phys. Lett. A 311, 277 (2003)]

8, HM = J7, 9, FH — 0,

HPY — FHY | |V

21



RELATIVISTIC KINETIC THEORY WITH SPIN

The particle current, energy-momentum tensor, and spin tensor of the fluid can be expressed as
[S.B., W. Florkowski, A. Jaiswal, A. Kumar and, R. Ryblewski, PLB 814 (2021) 136096, PRD 103, 014030 (2021)]

N# =/ p )

)

. :/ps P (T ST);

L6 =/ e G
pP,S

while the polarization-magnetization tensor is

MeP :m/ mP (]“L —f_)
P,S

22



RELATIVISTIC MHD WITH SPIN

Assuming that the microscopic interactions preserve conservation laws one requires

/p,s Clf] =0,
/p’s p"Clf] =0,
/,, sel]=o

Zeroth, first, and ‘spin’ moment of the kinetic equation (in absence of the torque term) then lead to
e — [
9, TH = FHJF + % (BHFY®) My
SNt

N = nut + n¥ J = qNH TY = eutu” — (P + II) A*Y 4 7k
23



RELATIVISTIC MHD WITH SPIN

Using RTA kinetic equation we can write the first-order gradient correction as

5f(:1:) - _Dfe:éa

£ (@,p,5) = foi(@.p,5) + 67% (2,p,9). =)

- (uTép) <pa o Jmi>

The equilbrium distribution function has the form (we use the small polarization limit)

» feq:fO‘F%(w:S)fOan

~

fo={1+exp[B(u-p) — €]} fo=1- fo

1

Jea = 1 4+ exp [ﬁ(u-p)—ﬁ—%w:s]’
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RELATIVISTIC MHD WITH SPIN

The expressions for dissipative currents in terms of the nonequilibrium correction to the distribution function are

Aap
3

- AZZ/ pp” (6 +6f7)
P,S

T = / e (e R D
pP,S

=2 [ (6 -85

)

sgh = | e Of L0f )
pP,S
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RELATIVISTIC MHD WITH SPIN

Equilibrium polarization-magnetization tensor is

M& = a. (T, p) w*” + ax (T, p) ’u,["'“uyw”]'y

In global equilibrium, spin polarization tensor
corresponds to rotation of the fluid.

W |goq o< T = (91BY — 0¥ ") /2

We conclude that rotation of the fluid produces magnetization,
which is precisely the physics of Barnett effect. figure: Journal of the Physical Society of Japan 90, 081003 (2021)
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RELATIVISTIC MHD WITH SPIN

Using the spin matching condition we obtain the evolution equation for the spin polarization tensor

MY =DM L DEYY (V4 €)+ D iy + DEVPR g+ DEPR( + DEYPPR (400,00 )

Q= (Ouuy, — 0vuy,)/2

We observe that the above equation contains information about the connection between
evolution of spin polarization tensor and fluid vorticity.

UV PK
DQ vanishes in absence of electromagnetic field which leads us to conclude that the
conversion between spin-polarization and vorticity proceeds via coupling with electromagnetic field.
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RELATIVISTIC MHD WITH SPIN

The expressions for dissipative currents in terms of the nonequilibrium corrections to the distribution function are

X = Teq|Bx11 0+ Bk (Vab) + Batia + BYaTas

+ B¥ 00 + BYr (VaBs) + BYS (V awﬁ'y)]’

where

X =nM, II, 7HY, §SHMHY

Demanding that the divergence of the above entropy current is positive definite we identify which first-order
gradient terms are dissipative

[I=—C0, nt=rt*(VaE), 7 =n"Pogg,

JSHB — ymaBAyp (Vaws,) -
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CONCLUSIONS

We presented the first kinetic theory formulation of relativistic dissipative nonresistive magnetohydrodynamics
with spin in the limit of small polarization.

We demonstrated that multiple transport coefficients, dissipative as well as non-dissipative, are present.
We showed that our framework naturally leads to the emergence of the relativistic analog of Barnett effect.

We show that the coupling between the magnetic field and spin polarization appears at gradient order.

Simulation based on our unified framework has the potential of explaining the difference of A and anti-A polarization.
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