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Discovery of global A polarization

STAR Collaboration, Global Lambda hyperon polarization in nuclear collisions, Nature 548 6265, 2017
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Particle and antiparticle have the same polarization sign. """
This shows that the phenomenon cannot be driven

by a mean field (such as EM) whose coupling is C-odd.

Definitely favors the thermodynamic (equipartition) interpretation

AGREEMENT
¢ for nations o march

= Firstobservation
of fluid vortices
formed by heavy-
ion collisions

BOOKE

SUMMER

STEMCELLS

YOUTHFUL

D NATURE.COM/HATURE




Analogy between
Rotation 2 and Magnetic field B

[MB, Nucl. Phys. A 1036, 122674 (2023)]

Magnetization

BM
Barnett Effect (1915) 9PEg _ O
E
Spin polarization
%2 = ﬁ(l —np)BE (Q“ — u QEP) Sp = ﬁu —nr)f <un _— qBE-p)

[F. Becattini, I. Karpenko, M. Lisa, I. Upsal, S. Voloshin, PRC 95 (2017)]

Electromagnetic radiation
Classical total radiation intensity from circular motion  [Schott (1912)]

q2Q2 o0

7 In magnetic field:
Z / sin #d6 [C0t2 0J,(vBsinf) + 52JL2(V5 sin 9)} :
vr=1 0

B
Q—)wB:q—

EM radiation in B and Q L
[MB, J.D. Kroth, K. Tuchin and N. Vijayakumar, PRD107 (2023)]
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Gravitational anomaly?

The Axial Vortical Effect (AVE) conductivity

Massless AVE (j%) o NT?Q K. Landsteiner, E. Megias, F. Pena-Benitez, PRL 107 (2011)
N K. Jensen, R. Loganayagam, A. Yarom, JHEP 02 (2013)
Vil = N PR, Rop M. Stone, J. Kim, PRD 98 (2) (2018)

G.Y. Prokhorov, O.V. Teryaev, V.I. Zakharov, PRL 129 (2022)

Barnett effect: Classical model for spin polarization

Angular momentume-rotation coupling [MB, Nucl. Phys. A 1036, 122674 (2023)]
] : H—H-—-J- -Q
Classical inertial effect

~ gyromagnetic ratio
(. magnetic moment

(S ) = (u- Q) =

2=
N2

1
3

Furthermore;:

Unlike the CVE/CME the (massive) AVE is allowed at the actual equilibrium (no chiral imbalance)
No connection between the massive AVE and the gravitational anomaly

(mT)*? 1BI(
2\ 2 1 m1 p—m)
<JA>—T(1—|—2m) \/§7r3/26 I'<m

[MB, Lect. Notes Phys. 987 (2021)]
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Agreement between hydrodynamic
oredictions and the data

scaled using e,=0.75

Average of A and A GH (p) a 1 HPoT fz dX-p nF(l B nF)apﬁa
—— hydrodynamics 8m L fE d> . pnp

parton cascade (AMPT)

hadron cascade (UrQMD) _ (eBP—C¢ 41 -1

——— 3-fluid dynamics nr (1e +1)

chiral kinetic 6 N

= —U
T

Different models of the collision, same formula for polarization



Puzzles: momentum dependence

of polarization

STAR Collaboration Preliminge®Dat:
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Theory prediction

Not the effect of decays:




Theory

The spin polarization vector for spin % particles:

1 1 [dY-ptry [7“75W+(x,p)]

7!

Wigner function is an expectation value of an integrated two
point function of the Dirac field

Wi(x, k) = tr (ﬁ/W(x, k))

One needs to know the statistical operator to calculate mean values

(X) = tr (ﬁfc)



The actual statistical operator
(Zubarev theory)

In the covariant Zubarev theory, this is
the LTE at some initial “time”;

L]

~_ 1
P 7 Xp
With the Gauss theorem: NOTE: Tg stands for the symmetrized
' Belinfante stress-energy tensor

P 1 - yyyy o Sy -
p= - exp —/ d>, (Tg B,,—Cj“)%—/d@ (Tg VMB,,—]“VMC)
(1) I S I
Local equilibrium, non-dissipative terms Dissipative terms



Kubo formulas

1

L
p = exp

[ ) [

A= Local equilibrium B = Di
Kubo Identity:

o [+ B] = exp [ 4] + [ exp [= (A4 B)| Bexp [-2] exp [ 4
0

ssipation

Linear response:

1
0~ DLE —l—/ dz exp {zA} B exp {—zA} PLE — (B)LE PLE
0

This is the method to generate the so-called Kubo formulas




Local thermodynamic equilibrium approximation

~ -~ Corresponds to the ideal fluid.
N pvg
/E(T)dz’“‘ (TB B CJM)} Neglecting dissipative term in

. the exponent of the density
= exp [_/ iy, (Tg’/ﬁy _ g}u)] operator
YFo

Wi(x, k) ~Wl(x,k)Lg = tr (ﬁLEW(x, k))

AN —

Wiaes = gt (exp |~ [ 4,0 (T 08.0) - C0)7W) | Tlab)

Even the local equilibrium value of the Wigner function is hard to calculate
for general four-temperature and chemical potential/T fields.



Hydrodynamic limit: Taylor
expansion

Expand the B and ( fields from the point x where the Wigner operator is to be evaluated

Bu(y) = By () + OBy (z)(y — x)* + - -

1

. - 1 .
pre = e [ = B, (@)P" + ()0 (@)@

:ﬁzx (v 2 T () — (y— o) )| Q= /m (y— 2T (y) + (y - 2) T ()]

1 1
— —5 (8M5V _ ayﬁu) quV: 5 (a’uﬁy —|_ 81/5,u)
Thermal shear
Adimensional in natural units Adimensional in natural units

Non-equilibrium
At global equilibrium the thermal shear vanishes because of the Killing equation
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Spin polarization at local
thermal equilibrium

Linear response theory mmmmp SH (p) = SH + Sg B

VOftiCitY: qH (p) o —LEM'OJTp fZ dX-p nF(l y np)wpa
e 8m i fz dX-png

Shear: Sﬂ(p) _ _ie,ul/anTpp fE dx - p nF(l I nF)tl/fap
$ 4m 5 [ dE - pnp

Same (not precisely the same) formula obtained by Liu and Yin with a different method:
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Spin-thermal shear
iNn kinetic theory

Derivations by using expansions of the Wigner functions in h:

ope o h
Need of a local equilibrium ansatz [7. (p+ i§8> B m] Wap = hCus

From relativistic kinetic theory:

U“’k(,_,)
Ex

: K o :
X [ﬁpeu,oaﬁ (QQ._IB — 'wgl,g) U, + —q(}'&.@(—: el ug k(pkg)} }

M~ f dE - k ford €77 ko Qpo + (62 —
2fo.

T

Dissipative ?

Note: derived in the Hilgevoord-Wouthuysen (HW) pseudo gauge 12




Theory summary

Local equilibrium density operator

LE gradient
expansion +
/ = Alse \ Linear response

Wigner
function Kubo
formulas

\hbar expansion /

Spin-vorticity, Spin-shear, grad chemical pot, ...

Note: there is no principle distinction between “statistical method” or “Quantum
field theory method” or “Kubo-formula method” or “Wigner function method”
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Application to relativistic
heavy ion collisions

o Qp T
St = St 4 8!
1 [-d¥ - pnp(l —np)wy
M) — __— _ppoT, J& p

1 P [«dE - pnp(l —np)t,é,
Sg(p) . __Eluyo'rp p fz p F( F) f P
4m € fEdE-pnF

Comparison between thermal vorticity and shear
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Comparison between different
calculations

1 [dX -pnp(l —np)A*

B —
SH(p) = A [d% - png P, (1/1000)

A hyperon =~

1 1
AEY = —ghPo7 [Ewpcrp'r iy Eupfa)\pipr
b

3E

Total - = -W/O shear

upﬁa%dﬂg)] .

P, (1/1000)
s quark

Qualitative agreement found in the ‘
strange memory” scenario - Total - — -W/O shear

15



lIsothermal hadronization

At high energy, > ro
expected to be T= constant!

B = (1/T)u

16



|lsothermal local equilibrium: result

| — Thee=150 MeV
- Tyee=165 MeV
v Thee=173 MeV

Tdec— 133 MeV

"3 A, STAR\ —*/
A A, STAR g




Comparison between different
calculations

0.004

0.003

0.002

0.001

T
“ih

nT/(e+ P) =0.08
e wﬁ-i’ + SIP(BBP) w = 0.8 fm
T Lu‘fli) + SIP(LY) Cow — 05 GeV},’fmu

....... W + SIP(LY) + pplP

0.000 &

—0.001

—0.002

0.5 < pr < 3 GeV
20-60% Au-+Au @ 200 GeV

Dependence of the dominant
Fourier component (sin 2phi) on
centrality

Agreement with the BBP formula
WITH thermal gradients!

Attributed to different initial
conditions...

Au+Au@200 GeV

= 0.00 k=

—0.25

o nT/(e+ P)=0.08

o7 esw = 0.5 GeV /fm?
40 30

Centrality(%) 18




Solution of the puzzle

[sothermal local equilibrium (ILE)
At high energy, >ro expected to be Tro= constant! ‘ Improved approximation

Kinematic vorticity

' — PP
St (p) = —€'Tp fz et nF(l nF) [wpcf - th ° HAU} Wpo = % (Osup — Optis)
- ) 8mlro fE dX-pnp Kinematic shear

i 1
—=po = 2 (Osup + Opus)

Quantitative
agreement:

Recent analysis of shear induced polarization: v
» Global polarization is not significantly
affected by thermal shear

« Sensitivity to initial conditions

» Isothermal equilibrium should be
implemented at high energies

19



Pseudo-gauge
INn spin polarization

Role of pseudo-gauge transformations

20




Angular momentum decomposition

Noether current: Canonical form

AN

Y MUV upAV  UPAR | QALY
0, 15" =0 Jo' =2t TEY — 2V 4 SG
Energy momentum tensor (EMT) and spin tensor are not unique in special relativity

Pseudo-gauge transformations

f/,uy N fuu £+ %v)\ (C/I;)\,,w/ i EI\),u,)\l/ . a:\)V,A,LL)

S\/)\,,ul/ _ S\A,,uu . EI\)A,,W/ + 8p2,uu,>\p

P o1y _EI\)A,W’ THUAp . ZUIAD UV, pA

They leave the conservation equations and spacial integrals (=generators, or total
energy, momentum and angular momentum operators ) invariant

Belinfante EMT and spin tensor

AN

From canonical choosing & = S¢, Z = 0 ‘ T]'g'/ - TBV'“ — 0 S];‘"uy — ()

21



What spin-tensor should we use?

Out-of-equilibrium dynamics of spin, relaxation time of spin

Hydrodynamic and kinetic theory with a spin tensor

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

M. Hongo, X. G. Huang, M. Kaminski, M. Stephanov, H.U. Yee, JHEP 11 (2021), 150 and JHEP 08 (2022) 263;
K. Hattori et al, Phys.Lett.B 795 (2019) 100;

S. Bhadury et al, Eur.Phys.).ST 230 (2021) 3, 655;

D. She, A. Huang, D. Hou and J. Liao, Sci. Bull. 67 (2022);

S. Bhadury et al., Phys.Rev.D 103 (2021) 1, 014030;

22



What spin-tensor should we use?

* Canonical spin tensor

. F. W. Hehl and Y. N. Obukhov,Fundam. Theor. Phys. 199 (2020), 217-252
v 1= A v
St =3u {1 v

* de Groot-van Leeuwen-van Weert (GLW)

S. R. De Groot, Relativistic Kinetic Theory. Principles and Applications, 1980
W. Florkowski, A. Kumar, R. Ryblewski, Prog. Part. Nucl. Phys. 108 (2019) 103709

S\éﬁiv'(, = ﬁ (\TIJWSA\P — 8,)6“”)")\1175\11)

* Hilgevoord-Wouthuysen (HW)

J. Hilgevoord, S.A. Wouthuysen, Nuclear Physics 40, 1 (1963)
E. Speranza and N. Weickgenannt, Eur. Phys. J. A57, 155 (2021)

P 1 _ >
Sﬁ’v’”\;’/ = ﬁ@a’”a)‘\l!

S., Dey, W. Florkowski, A. Jaiswal and R. Ryblewsky, 2303.0527
Only the canonical form satisfies the SO(3) algebra!

23



Local equilibrium density operator

The operator is obtained by maximizing the entropy S = —tr (p log p)
with the constraints of fixed energy momentum density

’ﬂutlf' ()/O\T,uy) — 'n,luT/“/
nutr (,5\/7\“””/) =n,J"" -y n,tr (ﬁg”\’“’/> — N\ SMHY
nytr (:53“> = 1y, "

General covariant Local thermodynamic
Equilibrium density operator

ﬁ:i exp —/ dx, (f“”ﬁy— EQAI/S\M’)\V —;MC)
Z 5 (o) 2
B=—u =" O~ spinPotentil
= —U — — Spin Potentia
T 1

24



Local equilibrium density operator

For Belinfante decomposition: TH” S+ — ()
PLTE = = exp |— [ dX, (TB By —J C)
For a general decomposition:
~ ]- -yyyy 1 = v -
PrrE = Z OXP [— /dzu (Tg By — §Q>\,/8$’>‘ s JMC)}
~ ~ 1 ~ = ~ ~ ~ N
T(,gy - Tgu + §V)\ ((I))\,/u/ a (I),u,Ay N (I)V,Au> : Sé;,'u’/ - _(I))\,uy + apr/,)\p

We can highlight the difference:

N 1 ey o g ~ 3 ~y ., 1 - ~
PrTE = Z &P {—/dzu[Tg 51/—5 (ry — Day) PHA 4 £y, OMHY — §QMV,)ZA P _ qu] }

1 1
Thermal vorticity @, = —5 (9.6, — 0,6,) Thermal shear &uw = 5 (080 + 0u5y)

At global equilibrium the density operator does not depend on pseudo-gauge!

25



Different descriptions

Consider a fluid temporarily at rest with a constant temperature T, hence B=(1/T)(1,0,0,0),
wherein both particles and anti-particles are polarized in the same direction.

a) Zero thermal vorticity.
Impossible with Belinfante decomposition
Possible with spin tensor

b) With thermal vorticity.
Possible with Belinfante decomposition

§>\,,UJV # O S\A,,LLV — O
“Slow” evolution of spin “Fast” evolution of spin
Weak spin-rotation coupling Strong spin-rotation coupling
26



Spin polarization in other pseudo-gauges

Spin polarization predictions are pseudo-gauge dependent

- 1 ~w o, L ~ ~y ., 1 ~N ~
PrTE = Z &XP {—/dE,{Tg B— (waw — Doy ) B + £, PV — §Q>\prZ’\ L g ]“C] }

2
* Belinfante . 1 oory JndE - Enp (1 —np)@,,
Solk) = — g€ ke o dX - kng
St (k) == St (k) + SE (k) A
St (k) = L er k7 kP fz: dX - knp (1 —np) répo
q am" Ek JdX - kng

* Canonical spin tensor
Sg(k) = Sk (k) + Sg (k) + AgS* (k)
AC.SH (k) = o7ty (kPk, — ntm?) [¢ dX(z) - knp (1 — nr) (e — Qpo)
C i (1) =

meg [ dY2 - kng
° G LW a nd HW Also confirmed in

Stiw mw (k) = S& (k) + ASS* (k) + Ag ™Y S (k)

1 Akk‘af dZ-knF(l—nF)(wg—QU)
AGLW,HW L k - ,u)\th T p P P
o SR o= JodS - knp

Similar to

No (non-dissipative) shear induced polarization in GLW and HW!

The shear contribution can be tuned by choosing the PG. 27



Arbitrary pseudo-gauge

Spin polarization predictions are pseudo-gauge dependent

1 1 1 ~ ~
pie = = exp{ /dz {T“”ﬁy ERe o 20, v, 7 —j“C]}

'z
G e o ke [ e (=) e
/C, ¢ Am £ Jo X kng

Thermal shear | Serw/aw, ¢ (k) =0
Contribution ! :

1 kokP [ dS - knp (1 —np) 260
Aaz Pk = =9 K — pAoT VT X P
} Sﬁ( ) T 4m€ Ek fE denF

» Choose a pseudo-gauge with &) = —~ K50 v
m

where K is an arbitrary real parameter.
You can tune the shear contribution by choosing K!

28



Pseudo-gauge dependence
Relativistic kinetic theory with spin

Trying to solve the dynamical Wigner equation for interacting fermions without the
introduction of the density operator

h
y - p—l—i§8 —m Wagzhcag

Equilibrium form of the Wigner function is an ansatz and for consistency it depends
on the chosen pseudo-gauge.

Wigner-function formalism, recent developments

N. Weickgenannt, X.-L. Sheng, E. Speranza, Q. Wang, and D. H. Rischke, PRD100, 056018 (2019)
J.-H. Gao and Z.-T. Liang, PRD100, 056021(2019)

K. Hattori, Y. Hidaka, and D.-L. Yang, PRD100, 096011 (2019)

Y.-C. Liu, K. Mameda, and X.-G. Huang, Chin.Phys.C 44 (2020) 9, 094101

N. Weickgenannt, E. Speranza, X.-l. Sheng, Q. Wang, and D.H. Rischke, PRL127 (2021) 5, 052301
X.L. Sheng, N. Weickgenannt, E. Speranza, D. H. Rischke , Q. Wang PRD104 (2021) 1, 016022

PAS




Summary and outlook

Quantum statistical mechanics is an essential tool to properly deal with
spin physics in relativistic fluids (and not just spin)

Spin-thermal shear coupling: new unexpected, non-dissipative
phenomenon, not dependent on unknown dynamical transport
coefficient. Also a dissipative contribution?

Local polarization puzzle solved by isothermal hadronization

Important phenomenological consequences: local equilibrium (“ideal
fluid” picture) seems to hold in the spin sector too!

What is the role of pseudo-gauge transformations?

Polarization has a great potential to pin down the initial conditions and
the QGP evolution which is yet unexploited to a large extent.



hank youl

Temperature

_ifl'uid

dynamics

Fluid Fluid
flow P | % flow

Maﬁtic field Vortic@‘ A

Takahashi et al, Nature Physics 12, 52-
56 (2016)

Applications
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What is this new term?

Does it have a non-relativistic limit? Let us decompose it

1 1 1 1 1 1 1
fgp = 580 (T) Up am §3p (T) Us T ﬁ (Ap’u,g + Aaup) -+ fa-po' + S—T(QAPU

: : : 1 1
A is the acceleration field G — §(Vuuy Y gAW@

HZVU A,uy:g,u,l/_u,uuu

All terms are relativistic (they vanish in the infinite c limit)
EXCEPT grad T terms, which give rise to

Sg _ lv “ deX nF(l — nF)V (%)
8 [ d3xng

There is an equal contribution in the NR limit from thermal vorticity




Dissipative vs Non-dissipative

1 prpp f d>: - p nF(l - nF)gvfap . . .
SH(p) = ——eMvoT 2 is a non-dissipative term
e (P) 4m© £ JgdX-png P

Gradient corrections, even those proportional to the shear tensor, may be non-dissipative
if they stem from the gradient expansion of the LE operator.

Two important signatures:
1) they do not involve any unknown, dynamical, transport coefficient (fulfilled)
2) the two sides have the same time-reversal transformation (fulfilled)

Dissipative: correlators of operators at different time (e.g. Kubo formula):

From operator
I3 (£.7) =no 2
’ 0K~

t
lim Im iT/ d*z’ ([X(a:),Y(x’)])ﬁ(w)e_iK'(x/_x)

Non-dissipative: correlators of operator on the SAME hypersurface (or same time)

From operator

3 | [ ) (O@)T ty+ izB@))) o) — (O(a)) o) (T (y + i2B@)si) 65,



Why do we have a dependence
on %"

The thermal shear term depends on
the correlator

(QM'W (2, k)

A~

= [ as, [y -2 T - (v - 0 T

QL = /dZA [(y — )T (y) + (y — :E)”f”(y)}

The divergence of the integrand of J* vanishes, therefore it does not depend on the
integration hypersurface (it is a constant of motion) and

K@VK—l i A;l’uAglngﬁ

The divergence of the integrand of Q" does not vanish, therefore it does depend on the
integration hypersurface and

RQEA-Y £ AT A0
12



s it the best Approximation?

The formulas we have derived are based on a Taylor expansion of the density operator

Wia)es = gt (exp |~ [ 4%, (T 08.0) - ) 7W) | Tiob)

Bu(y) = By () + OBy (x)(y — ) + - -

pe = exp [—5,,(9:)13” = @uBul@) — BuBu@)TE — 5 (B,Bu(x) + BB (@)L + - ]

This is generally correct, but it is an approximation after all.

Can we find a better approximation for our specific case?

Experimental data for local polarization:

STAR, Au+Au at 200 GeV
Alice, Pb+Pb at 5 TeV S.



Understand the point: a simple example

Task: approximate the integral:

W:/e\’xzﬂ/QG(x,y)ds
T

Where G(x,y) is a peaked function around the
point (Xo ,Yo ) on the circle.

Since G is peaked, one can Taylor expand the
exponent about (Xo,Yo)

W ~ e\/m3+y§ / eﬂio(Jf—wo)/R-i-yo(y—yo)/RG(x,y)ds
r

oF / e70(@=70)/ Ftu0(u=90) /R 3 y)ds
r

eft / evr|(woay0)'(w_mO)G(£C, y)ds
r

But it is just pointless if we integrate over the circle!

W = eR/ G(z,y)ds
T




In the previous example, the Taylor expansion at first order introduces an
undesired term:

W = eR/ G(z,y)ds W =~ eR/ e ¥ @o,v0) (F=®0) (5 4)ds
T r

Exact With gradient of r expansion

which is proportional to the gradient of the constant quantity on the circle,
perpendicular to the integration line. This term does not vanish in the integration!

Similarly, for an isothermal hadronization, the inclusion of temperature gradients
results in an additional, undesirable contribution proportional to the gradient of T,
perpendicular to 2ro:

1

3 (OuT ) () = (0,T)uy ()] T2 + 5 [(OuT ) () + (0T ()] Q4"
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