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| Collective dynamics of polarized spin-half fermions |
in relativistic heavy-ion collisions ;
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BaSiCS Hot QCD White Paper (arXiv:2303.17254) Final detected

particles

Freeze-out
Hadronization @ .7

QGP phase

Phys.Rev.Lett. 94 (2005) 102301, Phys. Rev. C 77, 024906
—— Non-central UR-HIC, due to spatial inhomogeneity, create large

OAM, L. ... ~ 10° A.

nitial 7

Time: 0fm/c <1fm/c ~10 fm/c

—— This OAM is along y-axis (orthogonal to reaction plane) & may

polarize spin of the QGP constituents.

Phys. Rev. Lett. 94 (2005) 102301
—— Spin polarization is expected to be transferred to the

hadrons leading to their global spin polarization.

Predicted in 2005

> Among various spin-polarizable hadrons, A(A) hyperons are
special as they are self-analyzing.

Beam-beam

counter N
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Quark-gluon
plasma

Impact parameter

Forward-going
L - S Schematic diagram of a Au + Au collision (not to scale) where J.. . is the ©€am fragment
Schematic diagram of the initial angular momentum orientation in non- M

central heavy-ion collision. direction of the angular momentum of the collision.
(Prog.Part.Nucl.Phys. 108 (2019) 103709) (Nature 548 (2017) 62-69)



Observation of A(A) global spin polarization provided
— . .
evidence of QGP vortical structure.

—— Shows decreasing behavior with increase in

SNN .

} Differences between A— A polarization may be due to
initial EM fields caused during the collisions.

Motivation

—

P [%]
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Also observed spin
polarization along
the beam dir. which
may result from the
transverse plane
flow structure.

Finite differences
(Open gquestion!)
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Outline

What do | mean?

Why we need spin
hydrodynamics?

\ Pseudogauge
transformations

—— GLW pseudogauge based spin
hydro



Developments towards hydrodynamics with spin

Lagrangian effective field theory approach

D. Montenegro, G. Torrieri, Phys.Rev. D94 (2016) no.6, 065042
D. Montenegro, L. Tinti, G. Torrieri, Phys. Rev. D 96(5) (2017) 056012; Phys. Rev. D 96(7) (2017) 076016
D. Montenegro, G. Torrieri, Phys. Rev. D 100, 056011 (2019)

, Papers 446 365 §
Hydrodynat

¢ Citations 10,862 10,289 §
Relativistici h-index @ o8 °8 bon analysis

Relatlwstlc VISCOUS spln hydrodynamlcs from chlral klnetlc theory
S. Shi, C. Gale, and S. Jeon, Phys. Rev. C 103, 044906 (2021)

Spin polarization generation from vorticity through nonlocal collisions
N. Weickgenannt, E. Speranza, X.-I. Sheng, Q. Wang, and D. H. Rischke, arXiv:2005.01506, arXiv:2103.04896

Spin polarisation due to thermal shear

F. Becattini, M. Buzzegoli, and A. Palermo, arXiv:2103.10917

S. Y. F. Liu and Y. Yin, arXiv:2103.09200 Not enough space to include

all papers. I apologize!



—— Models that assume LTE of spin degrees of freedom are able

Why we need spin hydro?

P, [%]

to explain gIobaI%pin polarization measurement.

|

What does it mean?
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0 = -0.758 £ 0.012
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—— UrQMD-IC+VHLLE, A
= AMPT, A
= = Chiral kinetic, A+A
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Average global spin polarization
for A(A) hyperons in 20-50%

centrality Au + Au collisions as

a function of collision energy.
(Nature 548 (2017) 62-65)



Why we need spin hydro?

In local thermodynamic equilibrium,
one can establish a link between spin
and thermal vorticity

relativistic heavy-ion collision

Y

/ / Observed

Ann. Phys. 323:2452 (2008), Ann. Phys. 338:32 (2013)
Phys. Rev. C 94:024904 (2016)

7 hadrons
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Quark-Gluon Plasma

Hard scattering
and thermalization

nF=(1 eXp[ﬂ p - //tQ/T])‘

Allows to extract polarization at the
freeze-out hypersurface in any model P e

which provides u*, T'and u

space

D.D. Chinellato



Why we need spin hydro?

—>— Models that assume LTE of spin degrees of freedom are able

to explain global spin polarization measurement. 0.001
'_g :STAR \/SNN :200 GeV @Z ?y
- - AutAu 20—60%, |
% Q
% L
> B
£ 0.0005 |
< :
T I
S or
= i
oD
o I
—0.0005 — _ .
- fit: po+2p1sm(2q>-2\P2)
kA p, =0.0160.003 [%]
. . _ % p =0.015+0.003 [%]
But, unsuccessful to provide clear explanation for the 0.001 1~ >cA P, | | |
. . . " . | I | | | | | | | | | | | | | |
—— azimuthal angle dependence of longitudinal polarization. 0 1 > 3
Recent progress with thermal shear have some agreement. ¢ — Wolrad]

Phys.Rev.Lett. 127 (2021) 27, 272302, Phys.Rev.Lett. 127 (2021) 14, 142301



Why we need spin hydro?

Relativistic fluid dynamics forms
—>— Why spin-thermal approach does not fully capture the basis of HIC models

Time—-

—— Is spin polarization always enslaved to thermal vorticity?

—~ Is there non-trivial space-time dynamics of spin? . B 2

Energy Stopping Hydrodynamic y eI
Hard Collisions Evolution Hadron Freezeout

Initial state

Most of the time
_ _ close to equilibrium
Spin Hydrodynamics ? but the dissipation

IS also iImportant




Boltzmann-like spin-kinetic equation

i d4y i : . . . .
W (x, k) = e TRV T x x ) < — Wigner function for massive Dirac particles
a,B( ) d (272'h)4 < Wﬁ( +) l//a( ) >
N Dirac equation
. N 0%,
((hy*d, —m)yx) = hp(x) = -

oy

Using the total Lagrangian density

‘Does not contain gauge-field interactions

L(x)=ZLpx)+ ZLix) <

h PN
Lp) = D 7 0,y (x) = m ) y (o)

— Transport equation

4

y'o
(ih : ~ +yhk, — m) W(x, k) = h C, gl W(x, k)]

. d4 i )
L CflWee 1 = | ———e T p, e 5 (x,) )
Collisional kernel — . (272'h)

arXiv:2203.15562
Phys.Rev.D 104 (2021) 1, 016022

GLW, Relativistic Kinetic Theory and its Applications



Boltzmann-like spin-kinetic equation

W(x, k) = Weq(x, k) + oW(x, k)

—>— Neglect initial correlations
—— Consider only binary collisions

\ Wigner function varies slowly in space and time on the
microscopic scale corresponding to the interaction range

(2ﬂh)6 n 4 4 4 4 qi 4> q1 b)
C = d*kyd*kod*q,d <k R A F s [y +—;S,s>
ﬂ(zm)“ZdlzCh%ianzle ﬁ()122212in
71579551555
2 q; qj
<[], ("f f E) { W k)oia) = in | 46) | 9, Wex } , (’9 - E)
j=1 / /
Local Non—LocaI‘ ‘
Clifford algebra
1 4 ~ decomposition
W(x, k) = — [14X4 FOo k) +iy° P(x, k) + y* V. (x, k) + v y* A (x, k) + ZF S (x, k)] arXiv:2203.15562

4 H # # Phys.Rev.D 104 (2021) 1, 016022

GLW, Relativistic Kinetic Theory and its Applications



Boltzmann-like spin-kinetic equation

A = (1/2) e A,
X=X " X", Cx=2,n" CY

Real parts Imaginary parts
2 k'AzhCP

h
, S0 F+ kS, = hCy,
—0,P —kPS*)s—mA,=hD h
2 up = = A —k,P==d'S*,y = hC,,
h 5[/4‘/1/] — eﬂyaﬁ k(l A'B — mSMV — hDS,,m/ h S n
—Zk[MVU] — E ﬂmﬂa A —_ h CS,//{U

Kinetic equations using semi-

classical expansion
—For scalar component

k-0F9=2mCY k-oFV=2mCP +0-DV

k. aA(l) —2m C(l) 2%k D(l) _ l aﬁDya For axial-vector component
H A,u HP

L AAO — 0) _ (0) 5
k-0A, —2mCA’M 2k, D, N HPY S(0)

arXiv:2203.15562
Phys.Rev.D 104 (2021) 1, 016022

Spin effects ? GLW, Relativistic Kinetic Theory and its Applications



Boltzmann-like spin-kinetic equation
[dF = [d“k& (k* = m?) JdS(k)

which can then be combined to
have where

1
k-0ftk8) =m () =m(Cp=8:C,) flek,8) = = (Fx.k) = 8- Ax, b))

CLf1=CLf1+aC[f1 = CVLf1+ hCV[f] + AC (]

arXiv:2203.15562
Phys.Rev.D 104 (2021) 1, 016022

GLW, Relativistic Kinetic Theory and its Applications



Canonical currents

—— Hydrodynamics is defined at a length scale larger than the

mean free path of microscopic particles but smaller than the ) For formulating spin hydrodynamics, we need to define T+
system size.

& S**¥ currents as ensemble averages of their respective
normal-ordered QFT operators.

TH = (: TH ), SAHY — (: Shpv :)‘

—— For a system with spin we have

j/l,,m/ _ Z/I,,uy + S\vl,//w _ x,u]’\%v _ xy]’\*}t,u + Svl,,uv

Conservation of TAM

a;tj/l"uy — a/lz/l,,ul/ T 5/13”1’”” — T,MI/ — TI/IM T 0/13'/1"“1/ — O

gives
- ~ A« __ Antisymmetric parts of T+
(3/15 MY = TVH — THY w & Wy are Dirac field operators
- < p is Dirac Lagrangian
We also have — :
W=t P = gyt 0ty — g g =(1,=1,~1,- 1]
— — > > <
Can  » L LA D 0=0—0

For massive free Dirac particles:

C{é>
<
1l

S‘vl,/w

_ Can J; dZ/l Can
A U
by

QFT, ltzykson and Zuber (Saclay 1980)



de Groot-van Leeuwen-van Weert pseudo-gauge

; One obtains new pair of T"* and $*** using f”’éz ~and S’égg Tuw _ Fuv I 0 (ﬁ/l,/w T [IpHA 1"-[/4,1//1)
through pseudo-gauge transformation. Can ~ o 74

Rept.Math.Phys. 9 (1976) 55-82, ~ ~ ~ A
S/I,,uy — S/l,,uv _ H/I,,m/ + 0 Y,m/,/lp
P

Can
ﬁxl,//tv — ﬁ/l,v,u
YHvdp — _ YuAp — _ Y HvpA
There are several choices of w . v
—— [T & YHU4 however, we o' = (i/2) [7/ 4 ]

choose

T UV L /1/4(_)1/ _ /11/(_)/4
[TMH = 2 (o™ 0" — o™ o)y
m

Yrd = ()

.an V n ; V t, Relativistic Kinetic Theory.
Principles and Applications. North Holland, 1, 1980
Prog.Part.Nucl.Phys. 108 (2019) 103709



Relativistic hydrodynamics with spin

Prog.Part.Nucl.Phys. 108 (2019) 103709

—)— Using Wigner function (in equilibrium) We,(x, k) = WZ(x, k) + W (x, k)

L7,
in > + ik, —m | We(x, k) =

1 " _
Wegn k) = = )7 | dP 6@k — p) %7 (p) % () £, p)

J
r,S

1 [ _
Wegr k) = = = > | dPS@k + ) 7°(p) () fx. )

o
)

and ansatz for local equilibrium distribution functions

~+ —
frs(x, p) 5

7 (p) X~V (p) =

1 N 1 _
— U (p)XTU(p) =—U/p) exp

2m

Jrs(t,p) =

2m

Weq(x, k) =

2

. I 1
m %s(p) CXP [_ﬁM(X)p,u - 5()6)] _1 - Ewﬂy -

7 CIW,o(x, b))

N

1
X = exp | ££0) - B,00p"| [1 + Ewﬂyoc)zﬂ"]

=Mty §0) = pug/T, Bx)=UMT
z=ml/T
“4+” means particle contribution

“—” means antiparticle contribution

Transport equation

1
[— B (op* + f(x)] 1 + Ea)ﬂy(x)Zﬂ

We obtain

dP e P P*: 5W(k £ p)

4dm |

2 m(m + },ﬂpﬂ) T 5 a),ul/

1% %S(p) 4 — Dirac spinors

/

(02" 7 (p)

_ Spin polarization tensor

T qwyo (Spin chemical potential)
*p, £ m)Z*(y*p, £ m)




Relativistic hydrodynamics with spin

Prog.Part.Nucl.Phys. 108 (2019) 103709 =iy, E@) =pg/T, B(x) = UMT
—— Decomposing Wigner function using Clifford algebra expansion ¢ = cosh(5), A" =" —(U'U")/(U-U)
%0 gjO
%, 0) :_Z22 (); =, dg = 240 —3%Bg
: c . z=mlT
One can derive the constitutive relations for
® Net baryon current @® Energy-momentum tensor
. . 1, — (- THV .
N%x) = Cyriy:) T w®) = Ty )
_ 4 + - 1 _
= tr[d kya (Weq(xa k) o Weq(xa k)) = — trJd“k kH k¥ (W;](x, k) + Weq(X, k))
m
N%x) = N U° 17 &) = (E+ P)UFU" = P g
with
N =4 sinh(&) A o (T) P =4 cosh(&) P )(T)
r %(T)—EZ[K()+3K()]
Vo) = 5527K5) o) =552 [t D)+ 2R (@

PoyT) =TH o (T)



Relativistic hydrodynamics with spin

Prog.Part.Nucl.Phys. 108 (2019) 103709

A h 2
® Spintensor  SFT = (: ST 1) = " Jd“k tr ({aﬂy, ry = (p Py yay[ﬁkﬂ)) (W;(x, k) + Wi, k))
m

sadr = e ( oty & + ot UV ) U5> e <U[/3wy]a + golf ") Us)
\Fluid—flow four-velocity '\ Spin polarization tensor

with

Thermodynamic coefficients

=@My, §0) = pg/T, Bx) = UMT
@ = cosh(&). AW = gt — (UFUMY/(U - U)
2 o)t P

By = —
(O) Zz T

, gy = 2N 9= 3B

z=mlT



Modeling of the spin polarization dynamics

Mean spin polarization per particle

) (momentum-dependent)
d,(p)’
- L, ;319 B )3m Icosh(f) A2, p Le PP (@ ﬂpﬁ)* »- f Pauli Lubanski four-vector
T — —
HIP |5 dy(p) JCOSh(f) AZ}L p Ae—Pp < f Momentum density of all particles
P d3p (2 : —
Freeze-out hyper-surface element
dV (p)
- |dP (m,), E e
Mean spin polarization per particle ﬂ,u — AN
: (momentum-independent) de E p)
d’p
Transverse momentum Azimuthal angle
| | dIT¥(p) dIL(p)
2—ﬂfdgbp sin(2¢,) £, dzp f prdpr E s
<7T/,¢(pT)> — b E AN (p) <ﬂﬂ(¢l?)> B J E dNV (p)
I ¢P P d3p J ¢p pT d3p



Modeling of the spin polarization dynamics

—>— Non-boost-invariant and transversely homogeneous
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The spin polarization
provides a sensitive

new probe of the
QGP properties

The fluid dynamics
with spin seems to be

a natural framework

Summary

The disagreement
motivates developments
of dynamical models

Spin hydrodynamics
depends on pseudo
gauge




1

" i "y

Probably, yes!

Some questions to my mind!

Can we remove the pseudo-gauge ambiguity?

Can we derive pseudo-gauge independent spin
hydro?

Rel. viscous spin hydro for boosted fluid?

Stochastic hydro with spin?




Pseudogauge ambiguity Gan: Ganorica

BR: Belinfante—Rosenfeld
GLW: de Groot-van Leeuwen-
van Weert
HW: Hilgevoord-Wouthuysen

—— Various pseudogauges

Which one is physical?

A\

o = 414 ([T 4TIV 4 T1HY)

Can 9) Which one describes data?

Is there any general pseudogauge?

S/L/’”/ — S\VLMU —_ 1/_\[/19/’”/ _|_ a Yﬂyaﬂp
Can p

T,uv i — /4(5)1/ _ g p Svﬂ,,uv _ i =) A | .
Can 2[//}/ l// g D Can_gl// }/9 }/9}/ W
P =g (9 4y 9 )y — g SHHY = ()
Vo iaud 1 PN PEN
N ]l oo Ghuv o ——(”0”— ”@”) ‘w+h.c
T =W 4 L 0" wc*’0 w + 0 wo™ oty ) — L 1Yo '0’1‘)‘(5) Shuy — Ghuv _ L 16" 60 w + 0 wolP ot Rept.Math.Phys. 9 (1976) 55-82
HW — ~ Can 2m Y ﬂw aV/ Y 4mg A Y al// HW ~— ~Can 4m Yi pl// pw /4 ' ' :

Eur.Phys.J.A 57 (2021) 5, 155



Pseudogauge dependence of quantum fluctuations

700 _
T, =

| | [aﬁx TO) exp <—x—z)
} Quantum fluctuations of energy in subsystems of (ay/7)? a
a hot relativistic gas of spin-1/2 particles

c*(a,m,T) = (: Tgo : Tgo SN Tgo )2 o(a,m,T) =

Variance

6, (a,m,T) = ZJdeK’f(a)k)(l — flwy))

1 i a2 / 612 / ]
ogLw(@m, T) = — JdeK'f (0 )(1 = flop)) | (@ + 0p)* (g — k - &'+ m?) e TE K — (0, — ap ) (g — k - k' — m?) e~ T&H’

2m?

A A A 1/2
((: T20 % T20 ) —(: T20 :)2>

(- 790 )

Normalized standard deviation

az / 612 / ]
(0 + OV (O + K -k + mP)e T K — (w0, — oV (oo + K - k' — m?)e =T *AKY

2 i a2 N2 a2 / 2_
oiaw(@m. 1) =23 J dKdK f(ay)(1 = flwy) | (g + k- k' + m2)2 (wpwp —k - k' +m*) e T* R — (o + k - k' — m* (o — k - k' — m*)e™ TEH)

m?2

Phys.Rev.D 103 (2021) 9, L091502
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Pseudogauge dependence of quantum fluctuations

m Can, m = 1.0 GeV

e (3 L\\’ m = 1.0 GeV
- - H\\' .m = 1.0 C; C\.‘r
—— Can, m = 0.15 GeV

""" GLW, m = 0.15 GeV

— = HW,m = 0.15 GeV

1.4

T =0.15 GeV
135F =~ m=10GeV
~g=10

1.3

1.25

,I
,I
4

—

T =0.15 GeV
g =10

L)
—— ~' ........
L

02 03 04 05 06 07 08 09

a [fm]

(Vao2)/ (Vo)

1.05

1.0 0.4

Quantum fluctuatlons of energy in very smaII

thermodynamlc systems |s pseudogauge dependent

Agree with the known

canonical ensemble formula

Phys.Rev.D 103 (2021) 9, L091502
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Pseudogauge dependence of quantum fluctuations
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Physics Letters B 843

Vg O

: ~a

(

2023

)

1.05

=

137994

- g

e

Not all spin operators follow SO(3) angular
momentum algebra except canonical spin

BT e

T = 0.15 GeV
m = 1.0 GeV
g = 10

s

Agree with the known
canonical ensemble formula

Phys.Rev.D 103 (2021) 9, L091502



Can we remove the ambiguity?

Not gauge invariant in theories
with gauge fields

Asymmetric in the presence of spin

/ even there are no interactions
—— Canonical T" —

-» Not unique in linearized gravity

\\A Fails to be traceless in theories

which are manifestly scale invariant

\ Use pseudo gauge,
but?

Emmy Noether, “Invariante Variationsprobleme”,
Gottinger Nachrichten (1918), 235-257

Annals Phys. 309 (2004) 306-389 Coming soon
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Can we remove the ambiguity?

. - > . - d

Noether’s sec

: % - — B ISP

g o Atk ik ok
72 o, o > am

nd theorem

o

g E AN S . VS
S - o ——c - A o . =

Emmy Noether, “Invariante Variationsprobleme”,
Gottinger Nachrichten (1918), 235-257

Gauge invariant in theories
with gauge fields

Symmetric in the presence of spin
even there are no interactions

- ,u(_>1/ 1/(_>,u Uv —»
l/f(}/ 0" +y" 0 )l/f—g ZLp——

v \ Traceless in theories which are
] } W

manifestly scale invariant

Conserved when there are no
Interactions

Satisfy SO(3) angular momentum
algebra

Can be applied to massless case PRD 106, 125012 (2022)

Coming soon

Lead to covariant description of .
g (arXiv:2310.xXxXXXX)

spin for free fields



Classical phase-space distribution function

Prog.Part.Nucl.Phys. 108 (2019) 103709

— Using classical single-particle distribution function in a phase space extended to spin

—— ldentifying the collisional invariants of the local Boltzmann equation

|
1 + Ea)ﬂy(x)sl“‘”]

fax,p,8) = exp (=) - p £ Ex))

—— And using relations

N*(x) =[dP dS p* | g[l(x,p, §) = feqX> D» S)_

120 = [P dS phpt [f5eps) + )

Sé’{‘\”y = JdP ds p” st | og (X P> 8) + fog(X, s S)_

s* = (1/m) e"*Pp,s,

Considering spin polarization is small

— b, N°

_ 7/ apy _
=0, aaTGLW =0, 6aSGLW; 0]

Not true if we include non-local collisions



Coupling between spin and electromagnetic fields - |

—>— Modified single particle distribution function

faa(x.p,8) = exp (—p(x) - p £ &) (

@ Net baryon current

N%(x) =[dP dS p“

Nx) = (N pp+ N pum) U* + N§

with

e_l_q(xapa S)_

eq(Xs D5 S)

N Em = oy cosh(S) A g, ePrm wz,U,B,

N{ = oy, cosh(é)ef5(UFP + 6UUYET —

|
1 + Ea)ﬂy

UPFTV — gHPET] ) 5

(x)s””) (15 @y, s

Py

ay = /T



Coupling between spin and electromagnetic fields - Il

—)— Modified single particle distribution function oy = py /T

1
f;(x’p’ S) = CXPp <—,B(X) p=* f(X)) (1 T Ea)ﬂy(x)sﬂ”> (1 + aMFﬂy(x)Sﬂy) A:B=A, B"

@® Energy-momentum tensor

17 () = JdP dS p*p” _ og (X P> 8) + fog(X, s s)_

Iy ) = (E+ P)UFU" — P g + Q"U + Q°U' + TW

with
%EM=aMsinh(5){%(O)a) : F+2[<I§g>+1ﬁ>)x-E—2151%-B]}

E=UUTW =Epp+ &

Ho o =M P = ay, sinh(E)d P a)'F—Z[ 10 42 O K-E—l—ol(o)a)-B]

1 EM M 0) = - 41 3 42 3 42
P = A:T=DPr+ P

: PF EM
3

Q" = A", UﬁT“ﬁ =2 ay, smh(f)] (O gnvap U, (Eaa)ﬁ — Bal('ﬂ)

1
TH = A’;; T% = 4 Ay smh(cf)l(o) (E(”K”) + B¥@p?) — EA”” (k- E+ w - B))



Coupling between spin and electromagnetic fields - |l

—)— Modified single particle distribution function oy = py /T

1
fegp» ) = exp (=flx) - p % () (1 i E%u)S””) (15 @y, s )

@® Spin tensor

Séf\”y = JdP dS p” st | oq(Xs P> 8) + fog(X, s S)_

SHHY = SEHY — Day, tanh(E) ST

with

S%I = cosh(é) Ud, FPr + o, U*UV F" U° + o s (UW e S U‘S)_




Dispersion relation of spin-wave velocity - |

K- U=w-U=0

— @, is an antisymmetric tensor of rank 2: @, = Kqu — K,,Uﬂ T Cuvap Uw” W U7

K, =0, U", o,=(/2)¢,

2 apy

—— We introduce a basis formed by a set of mutually orthogonal
four-vectors: U, X, Y, & Z — In an unpolarized fluid at rest, U* = (1,0,0,0) & w** = 0.
Considering small perturbations along z, we look for
oscillations inw,,,.

Ka — CKan -+ CK.YYa -+ CKzza g
Thus C X C ¥ C .7 —— Perfect fluid background leads to well-known sound speed
w" = wX “+ oY “+ w/ !
2o (92 (2
08), E+P\on),
where
—— We find 0,C_, = 0,C,, = 0 and remaining components
propagate as transverse waves.
CK — (CK ’ CKY’ CK‘Z)
1 (0%/0T), —z* (0N 10E)
are (scalar and dimensionless) spin 4 (@%/@T)f + % (0/1//85) .

components



_}» C2 1 K3(Z)
Ideal-gas limit: Cspin N
eal-gas limit: “sp M 4 K3(Z) 4+ %KQ(Z)
—_ Fermi-Dirac
gas limit: . (_1)Lﬂ+1
i » ol cosh(ZE)K;(¢7)
C-. - -
Spin £+1
FD 4 3 i = 1) cosh(Z&) | K5(£7) A I’;ZKz(z/”z)

—— Linearly polarized solutions:

Dispersion relation of spin-wave velocity - I

C. = CyRe [e""< o’ Z>] (€, cos(9) + é,sin(0))

C,=2c

) spm

C,Re [e ~ik <CSPi“t_ Z>] (él sin(@) — e, cos(é’))

0.50

0.25

0.20

C spin|FD (¢ = 0)
""" Cspin|FD (£ =2
""" - Cspin|FD (¢ = 6)

in|FD (¢ = 10)

p enhances the ¢,

where analogy to the EM
waves Is evident since

CO)

= 2c

nxcC,

spin

kcgpin is the angular

frequency
E=upglT, z=mlT

@ is the inclination angle
with respect to x-axis

il = e, being the direction
of the wave propagation

C, is real amplitude of
the wave



a hot relativistic gas of spin-1/2 particles

c(a,m, T) = (: TO :: T ;) — (;

Pseudogauge dependence of quantum fluctuations-ll|

\ Quantum fluctuations of energy in subsystems of

Variance
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Spin polarization tensor

K-U=w-U=0

— @, is an antisymmetric tensor of rank 2: @,,, = K, U, — K,,Uﬂ T Cuvap Uw” w® U7

K, =0, U", o,=(/2)¢,

2 apy

—— We introduce a basis formed by a set of mutually orthogonal
four-vectors: U, X, Y, & Z

Ka — CKan + CK.Yya —+ CKZZa
Thus
a)a — Ca)an —+ Cwaa + Ca)ZZa

where

CK — (CK ’ CKY’ CK‘Z)
Ca) — (Ca)X’ Ca)Y’ Ca)Z)

are (scalar and dimensionless) spin
components



Modeling of the spin polarization dynamics - |

—— Non-boost-invariant and transversely homogeneous &5
&) = =* |0 (tanh(@ = nb) + 1) + O(=n)(tanh(a+nb) +1)|
0.30} u Freeze_outl#CBozo.lzGev — 10 = 0.25fm/c 03 - Freeze_OUt'ﬂcBO=o.12GeV ; a=6.2 . b=1.9
- ® Freeze—out|,c, 27, ] - ® Freeze—out|, .
025 - ] 02 ] ¢ = 0.26 GeV
- — Up=0.12GeV [ - 470 f - — U =0.12 GeV R 0=026G
— - .. . / A I 87'() 7 I b
§ 020 -~ gy =0 §< = H(TE, ut,)
B 0.15 T |
= ] CwYO = 0.1 sech(n)
0.10" -
0.05 i
: . Pattern is opposite in
000 5 5 0 5 10 | 10 comparisontor = 0
! //
0.10" W Freeze=outl sy o — 79 = 0.25fm/c| W Freeze—outl,e, T
I ¢ FI'CGZC—Ollq,ucBO:O 270 | 004. Freeze—out| 800 1
0.08 4 :
- — §po = 0.12 GeV 0 | -
i . — 8719 1 0.02 -
T HBo=0 | T
>-4 006 _— 167'() i >< -
3 4 i X _—
@) : 327 | 0,00~ i |
0.04- ] yﬂ
| / _002_ To = 025fm/C — 87'() |
0.02 — ] — 21 — 167,
* | —4 — 32
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0 s 0 s 0 s 0 s
L n
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