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Global angular momentum in heavy ion collisions

_» Nuclear
Fragments

In case of A’s decay, daughter proton preferentially
decays in the direction of A’s spin (opposite for anti-A)

dN 1
= —(1+aPa -p;
y ’ dQ*  4Arm ( »)
v, Nuclear X(B) a: A decay parameter (=0.642+0.013)
Fragments Pa: A polarization A — p+ 7r+
y(_i) pp: proton momentum in A rest frame (BR: 63.9%, ¢ T~7.9 cm)

AVSNN
L~ %bh ~ 10°A RHIC Au-Au200GeV, b = 10fm

Large initial orbital angular momentum leads to the polarizations of A hyperons and
spin alignment of vector mesons through spin-orbital coupling.
Zuo-Tang Liang, Xin-Nian Wang, Phys.Rev.Lett. 94 (2005) 102301; Phys.Lett.B 629 (2005) 20-26
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Global polarization of A and A

STAR Au+Au 20%—50%
e A oA Nature548.62 (2017)
e A oA PRCT6.024915 (2007)
e A oA PRC98.014910 (2018)
A PRC104.L061901 (2021)
ALICE PRC101.044611 (2020)
+A&A Pb+Pb 15%—50%
HADES PLB835.137506 (2022)
A Au+Au 20%—40%
A Ag+Ag 20%—40%

ot
T

Py /%

ay = —oj =0.732

AMPT, A
Primary Primary +feed-down
UrQMD+vHLLE, A
—— Primary --- Primary+feed-down
10t 102 108

Sxn/GeV

Sun Xu et al., Acta Phys. Sin. Vol. 72, No. 7(2023) 072401

® The lower energy, the stronger
polarization effects.

® Estimation given by Becattini, Karpenko,
Lisa, Upsal, Voloshin, PRC95,
054902(2017)

p W  mB
AA) ToT T T
® w=(9+1) x 10%!/s, greater than
previously observed in any system.

® Polarization at mid-rapidity decreases with
collision energy in good agreement with
hydro and transport models.

5/46



Local polarization

The global polarization reflects the total amount of angular momentum retained in the
mid-rapidity region. How is it distributed in different ¢?

Spin harmonic flow: % = % [Py + 2f5, ,sin (2¢) + 282, , cos (2¢) + - - -]

P; (—P,), rest frame

3\; 06~ STAR prellm‘\nary ‘Au+Au 200(39\/‘ ; | out-of-plane 0.012
out-of-plane e r .. 0.009
[ % 25 0.006
o4r A and A combined < 1 0.003
<Pi> [— — — _+ _______ 8 of 0.000
2r < -1 - -0.003
? + i -2f -0.006
° 1 -3t -0.009
L in-plane <4—> out-of-plane -4 -0.012

025 o5 : e 4-3-2-10 12 3 4

¢ -, [rad] p, [GeV]

® Exp data: Py in-plane > Py out-of-plane, g5’ > 0
® Simulations: Py out-of-plane > Py in-plane, gtzf}\/er <0
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Local polarization alone beam direction

P*, Sax =200 GeV RHIC

0.016
0.001
.012
= AU+AU |5 = 200 GeV 0.0
- e 0.008
S [ 10%-60% 2)
g ooosi = 000a out-of-plane
= - @ 0.000
i S, L -0.004 | .
° = —~0.008 in-plane
[ # g -2 -0.012
-0.0005 *A 5 ‘ -0.016
YA STAR Preliminary -3 -2 -1 0 1 2 3
0.001L1 | . i Px [GeV/C]
) 1 2 5
¢-1112 [rad]

Becattini, Karpenko, PRL (2018)
e Exp data: f3," >0

e Simulations: fiher <0

We have a spin “sign problem”! = A dynamic framework for spin: Relativistic spin
hydrodynamics
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Zubarev's non-equilibrium statistical operators formalism
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Coarse-Graining process

The coarse-graining process is the fundamental procedure that bridges microscopic physics
with the macroscopic, continuous description of the fluid dynamics.
® The Core Idea (Separation of scales): Hydrodynamics is an effective theory that works
because a system’s degrees of freedom can be separated into two distinct categories based
on their relaxation times:

1. Fast Modes: These are the microscopic, non-hydrodynamic modes, such as particle-particle
collisions or the relaxation of internal quantum numbers. They have a very short relaxation
time, 7 =1/T.

2. Slow Modes: These are the macroscopic, hydrodynamic modes. They correspond to the
system's conserved quantities (e.g., energy, momentum, charge). Because of their
conservation, these modes relax very slowly at long wavelengths (their relaxation time
Thydro —> 00 as the wave number k — 0).

® The Key Assumption (Local Thermodynamic Equilibrium): This means we don't track
individual particles. Instead, we look at a “fluid cell”-a region small on a macroscopic
scale but large on a microscopic one. We assume that at any given spacetime point x,

this cell is in a state of thermodynamic equilibrium.
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Conservation laws

J(a* b
( ;\(\‘ 1\<_ ® Charge currents conservation
NNz N
A ~—
50 A _
TP K OuNy =0, a=1,...,1I J
e ® Energy-momentum conservation
9, T = 0.
~ H
e(z*), n(z"), o J
T(z"), p(z*), wh e Angular momentum (AM) conservation
p(z?), s(z*), ... n R R
v(z") 8)\./)““/ = a>\5>‘“y + 2 7] — 0,

jj)\}Ll/ — ?—AV ¥ ?—)\;1, + SA/U/ )
—_— <~
orbital AM spin AM

Coarse-graining process: A\ < /< L 10 /46



Pseudo-gauge ambiguity in spin current

Pseudo-gauge transformation: Transformations that preserve the conservation laws of total
energy-momentum tensor and AM

7—!;1,1/ :-A,—;w + %aa ((i)a,u,u _ (i)pau - éuau) ’

ouv cuv =Y Zuvpo
Suve _Guve _ Guve 4 g Fuvee

PP — @upv7 ZUvpo _ vppo . Zurop.

Examples (Dirac field):
® Canonical forms (directly obtained from Noether's Theorem):

SApv 1— v i
Sé“ = 51#{7/\72% }1% EHV = Z[’Yuw’YV]
It is dual to the axial current: 3)&‘” = 6’\’“’ij,)
® Belinfante-Rosenberg version: I — G Zuvpa — ()
® Groot-Leeuwen-Weert and Hilgevoord-Wouthuysen version: TH = TF 9,5 =0

In the following, we will adopt the anti-symmetric gauge. a6



Local-equilibrium statistical operator

The thermodynamic state of a macroscopic quantum system is described by the statistical

operator (rest frame) Spin chemical potential

[)eq — eQ*B(H*ZaHaN’a*%UJQSSQﬁ)7 e—Q — Treiﬁ(i_’iza ﬂaNa*%waBSaﬂ). J

To generalize this equilibrium distribution to an arbitrary reference frame, we perform a
Lorentz transformation of the Hamiltonian: H — P*u,,.

P”:/d3x7'0”(x), /d3><l\l0 , SQBZ/dgxgoaﬁ(X)' ’

Local equilibrium statistical operator: 5" = Su”, vy = Blia, Qo = Bwas

pi(t) = exp{ /d3x Bu(x Zaa - *Qaﬁ( x) §0°7 (X)} }7
e U —Trexp{ / d3x[ﬁ,, ) TO (x Zaa — %Qaﬁ(x)éoaﬂ (x)]}.




Local-equilibrium statistical operator

Local-equilibrium statistical operator (local rest frame): *x = u° (x) x

pit) = exp{sz,u) — [ 3600 [e00 — 3 10900 — G (9 5 (0] }

e — Ty exp{— / d3)~<ﬁ(x) [é(X) = Z fra(x)a(x) — lwaﬁ (x) G (X)] }’

Thermodynamic relations (entropy operator S=—In p1):

1
Tds =de — Za:,u/adna - §waﬁd5a6a

1
e+p=Ts+ Zuana I 5%55&5,
a

1
dp =sdT + Z nydu, + isaﬁdwaﬁ.
a
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Non-equilibrium statistical operator

Modify g, to incorporate the irreversibility of the thermodynamic processes

pe(t) = exp [_g/t dﬂed“)é(ﬂ)] . |

—00

Complete statistical operator: Local equilibrium

QleMB  Q=Tre 7A+B <— Dissipative corrections

)

(t) =
/d3x B, (x )T (x, £) Zaa x AL (x, £) — ;Qaﬁ(x, 03°%(x, 1)

:/d3x/ dt; €MD C(x, 1),

C(x, t) =T (x, )08, (x, 1) ZN“ X, )0, 05(x, t) — 3*"‘5 (%, £) 2 Qap(x, 1)

ﬁ
A(t) =

+ Qap(x, t) T (x 1).




Second-order expansion of the statistical operator

Keeping the second-order terms in the Taylor expansion of j(t) with respect to the operator
B(t) using the Kubo identity:

- o )
eA+B:eA+/ drem(~ATB) garA A
0

Second-order expansion of the non-equilibrium statistical operator
p=pi+ p1 + pa,
' A&, of t
p1 :/d4x1/ dT[CT (x1) = (C; (X1)>/},6/, X, = eAXeA, /d4xl = /d3x1/ dt et
’ — 00

X 1 1 1 SN N N
:§/d4X1d4X2/0 dT/O d)\[T{CA (X1) CT (Xg)} — <T{C>\ (Xl) CT (Xg)}>/
— (G xliCr (x2) = Cx () {Cr (32 + 2(Cr () (G (x )>}p/

T is the anti-chronological time-ordering operator that rearranges
the operators in chronological order with later times to the right. 15/46




Second-order expansion of the statistical operator

Statistical average of an arbitrary operator <X

= (X(X))1 + / d'x (X (x), C(x)) / d'x / d*xo(X Cx)), |

Two-point correlation function and the three-point correlation function:

1
(X0, ¥ () = / d¢<5<<x>[v (x) - (% <xl>>/1>,,

(X(x) / dT/ d>\ YA (x1) Zr (x2) = (TY» (x1) Z» (x2))s
— (V2 (x >>/z< 2) = 2 () (Z; ()i +2(Ya Ca))Z )] } ) -

Symmetry relation:

/ d4x1d4x2 ( ), Y(x1), 2 xz)) - / i dxo (X(x),Z(xl),S/(xQ)). MA




Spin hydrodynamic equations

Tensor decomposition
N = hout + A,
SAMV _ u)\S;u/ + uusu)\ + UVS/\p + &,)\,uu,
-A,-w/ — et — bA;u/ + %;zuu + lf)uu,u 4 A 4 auuu o az/uu + (/A);w.
A
| I (p) — p (€, nay S*P)

Power counting schemes

13,9 af
2SP

i.,p, ~ T au ~ gg;u/ ~ ,ZAD)\;LV ~ WM~

o S~ e~ ~0(00),

~ 0 (8?),
dp B O,

0SaB ~ 0SB ~ 0SB ~0 (81) :

A 1 A A A A -
e=uuty T, p=—3Au T, B =Aug T, 7 = AGTP, g = A ug T,

2 v 4 - A $ A < A A A Apv cpod
d)lw = Agﬁ Taﬁa Na = uﬂNga JZ = AZNQL, S = U)\S ,ul/’ o :ﬁpgéspo . 17/ 46



Spin hydrodynamic equations

Dissipative spin hydrodynamics: ,,u, = v, Du, + %()A,W + o + Vi

Dns + na0 + 0,44 =0,

D5 = (@ 3 97 W) <k Bl = 1Pl — 57 @y A= Clptey” =5 @ 1Dl — @8tk = 1),
(€ + p+T)Duy — Vo (p + 1) + Anu D + H0,,uq + hab + Anydumh”

=E G BV, = Gl = BaplDlsl = Bop @™ = 0

DS 4+ S + uFO\SA + S0\ + u O\ + SO\ + oM

+ 2q*u” — 2¢°u + 29" = 0.

Ideal spin hydrodynamics: (h/), = 0. (7)), = 0. (g"); = 0, ("), = 0. (1)) = 0. () = 0
Dn, + ny60 = 0,
De+ (e +p)6 =0,
(6 + P) Duo = Vap,
DS™ + S 4 9\ S + SO\ + uP IS + SMO\W = 0. 18/



Decomposition into different dissipative processes

2 1~ A N
C=¢DB — pBo — »  haDas — isaﬁ Dop + W (BDuy + 0,8) = ) 40,0
a a

. o 1
+ §" (8,8 — BDuy) + B Ou, — u*SPA0\Qup + O (B, + Q) — 57%)“68)\9&3.

Final expression for the operator C accurate to second order in gradients:

C(x)=C (x) + G (%),
CL(x) == BOD" = IV + LG My + B 0,0, + BH €,

G (4 =B5""Rap + B [(@,a' ) X+ Z (@ 8l a ) (@,-agngw) Z””}

+ BHHy + BaQ, + 7P Erag,
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ap N A na

9p o _ o
0SB ena’fa — e+p

p* =p—Te—S 6.0, = 2P
P P € za: ala Oe

0,
Oc = p

Kayp =
b «@
12,528 onc

5:”b#"cvsaﬁ’
M,u == (hilvupﬂ‘ /Bvu T) :fuu = A‘ﬁi (8>\U6 A /8719>\6) yOpuy = Aﬁia/\uév

298 =g (ulo0y P + S1P20,u%) 4+ g0 — ¢ u® + 9) Wi = BT AL 405 D,

— 1 _ ’ 1 _
Erap =— imaﬁpaaapaw,ya = p7touf, 6% = 3P 1g\areb,

X =— B (0 + o h* — W*Duy — 700 + 8uq" + g Duy — PV O uy)

1
Ho=—ht (—55—1saﬁvgaaﬁ — VoIl + IDuy + Agy D + W0ty + ho + Ay 8’ + ¢ Oty

- qo'0 - AaquV F Ao‘uau.d)uy)y

Q,, =h=! (I1Duy, — V,IL+ A,y DR 4 B 0uuy + hpd + AudpmP” + 70 ut — qul — A DG” + A dp¢f”),

0

B N Oaa
B 2P = Hsde

RaB :elcaﬂ +Waﬂ7Da[3 = 857‘16 . nbv af — 850‘5

b
€,np,SAB£S5P

o L o o o !
©i:(evn17n27"'7n/)7aen:(avainlvaimz“ 8”[) Z I_Z I_ZJ";

he
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Statistical average up to the second order
Statistical average of operator X(x):

(X(9) = (X(9)1+ (X ()1 + (X ().

First-order correction: (7, (x >> d xt (T (X), 7

Tpo (x1)) B (x1) o?? (Xl)

1 - M/PCf¥x1 Cﬁ, X1 )‘Ioc’ ’

Second-order correction: (X (x)) X (%)% + (X ()3 + (X(x)3
by = /d4x1 ), C1 (x1 ) — (X (x))1, «— Non-locality effect
2 = /d4X1 C2 (x1 ),4— Generalized thermodynamic forces

(x)3 = /d4X1d4X2 X(x),C (x1),C (x2) }*— Nonlinear corrections
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First-order spin hydrodynamics
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First-order spin hydrodynamics

Curie’s theorem: in an isotropic medium the correlations between operators of different rank or
parity vanish.

Constitutive relations: ) )
Shear viscosity
Ty =200y,
v—— Rotational viscosity
P =27EH,

Bulk viscosity

Diffusion coefficients

/; = Z Xabvuab + X‘/aqMNa
b

¢ =— MM+ )\ 4, VFa,,
a

Boost et conauCTivity
This theory is parabolic and suffers from acausality and instabilities.
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First-order transport coefficients

)
w=0

¢=8 [ dixa (57 (.57 () = — o Im G ()],
0 _65/d4X1 (¢ "(X), dan (Xl)) = édd ImGSM% () ’wzo’

|
w=0

X7 .4 3ﬁ/d4X1 (/a (%), ax (Xl)) %(Til G}NM (w) ‘w:07
P %/B/d‘lm (ax (x), (Xl)) = %%Imnggu (w) ’w:O’

N s 5 /d4X1 (Zf‘ (), Far (Xl)) =3 %ImG:A Fax (w)‘w:().

GR (w) = —i [5° dtet [ d-"qu(x. t), S/L;(m)} >/ 1
G/;x(“) =nxnyG3 (w), nx,y = 1 for even/odd parity under time reversal
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Second-order spin hydrodynamics
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Relaxation equation for the shear stress tensor

TT\'A/I,I/IJ(T D'/TpU ar Tuv = 2770;LV + 7]7'0'/1_;11/ + 2;701‘0'/”/

+277"rp'00-;u +ZT}—;’ /bV@ﬂ v,,>0b+ZZ7] ;quQLO /\//,,>

ab

+77quM(u MV) + NrrrOa(u0 ) + 27}7”7(70-(\(;151 ) =+ M >(’)£(Y<}1€ )

.. .d
Tr = —1M 777:/%77(@

’w:O

o
—

—io FReGE, o (@) |7 =Tu” 5(3/5 Za "5,).

oo == 3% [ it (0,57 () 777 () e g, = 5 [ A (s (00, A7 (), A ),
e i =— 58 [ e (7 (9, A7 (0), () hmaa = 36° / dxid'a (75 (00,47 ()& ()
. 2252/d4x1d4><2 (. 00,75 () 7y (X2)),77M :775 /d4x1d4X2 7,5 (0,75 () By ()

Nrpd —*ﬁ ‘/d4X1d4X2(7TW (X) ¢5 (Xl) ¢>\ (X2 /d4X1/ M(t_tl) (ﬁuu (X7 t),fl'“y (X1,t1)).
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Relaxation equation for the bulk viscous pressure

_ 22 af
DI + Tl= —¢0 + (6T + [2 De QCEP Z Bn T C”aPC”bP+Z dedn, Cepcnap]e + CspKapt™

- [r¢+ TG +ng,, 6? +Z<pq [(2:,8) X+Z Blra) Vs + (8inQas) 2]

+ Copp0°+ D Cp g, 7, VaraVe (1b+QZCp;/ eV Mo + CogaM® Mo + Conn 0P 0po 4 Copg€P% Epor-
ab

15 . d 1 & =
m = - 1,4::%«m‘wzovgwRecﬁw(w) Gn=m¢ 5(55T Z 5.,

G =B [ ' (€095 () = = - ImGEy (&)
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(sp = —lﬂ/d‘le SA" (%), &an (Xl)) = %%'m@nq}%n () ‘wzo’
/d4x1 i) = _d%lmcg*@i @]

G =i e )]w_():—%%l%ec )| = ionl)| = -jaRecia@)|
h+z b [577 4071 (0n5™ + SP0n + 0,8 + 500

5. = 86

65a5 [SQB +07" ( U S + S oau® + 19, S + Smawﬁ)] ’

Copp = B /d4X1d4X2 (B (2,0 (x1),p" (x2)),Cozs 7 = 1/d4X1d4x2 [A’* (), jaw o) /A: (X2)) 7
Cp}aq = _%ﬁ/d‘lmd‘lm (A*( ) /av (Xl) (Xz)) Cpgg = 5 /d4x1d4x2 (X)ael"/(xl),q’y(x2))7
Comm = éﬂQ/d4X1d4X2 (i)* (%), Ty (x1) ,7r7 (XQ)) s Cpps = gﬂ /d4X1d4x2 (p (X)’q;w (x1) 7(2>w5 (Xz)) .
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Relaxation equation for the charge diffusion currents

Z T,C/g AuﬁD/bﬁ + o= 2 pXabVuas + X geaMu + X sn Z nah~? (Fh + Z 5a”a> OV uaa
b a a
+YC0M“ + Z T;exf’quuﬁ DM’ + Z ;f;()/ﬁb“ - Z S(fo;ijq(/’Mﬂ
b b b
‘HZ}”CQHFM/I + )?}”CQA;A‘S DM’ + SX,}é’chH;A + X,}«‘chu +2 Z X,}‘c/ﬂfﬁv/lo‘a
a

+2X _gepg My + 2 Z X\jc\jawvyaaaﬂl’ +2 Z X Fe 726V Qabpn
a a

+2X _geqn M’ o, + 2X #cas M’ &,
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d T o?
b __ ~.—1 _ =~ —1 & R _
7% == G e = = el o Tae = s = g gz RS g, @)y
_ d T &? _ .d 1 "
Rgon=igxgan@)| == 2aReCs, @] o X =igxsa@| = —gaaRehn, @]
_1 25\ A _ Trd

xsn=5 [ d'x (/a (), s (xn) ——3 LimG @]

~cb __ = X )ab —C ijq _ 8beq

X g —Bza:Xca(F 25 ) ZT ( Ed:éd By )7

X7, =38 [ dradi (/ca (3,5 (1), FE (02)) X oo = — 567 / dhadtia( s (9,5 (), 47 (),
X Fefor =— éﬁ/d‘lmd‘l)@ (/}A (X), Fas (x1), 70 (Xz)),X/C/ﬂp = —%ﬁ/d‘led‘le (/A (), Fas (x1),7° (XQ))
X peam =58 [ dxadaa(Fon (3,85 (0a), 7% (0)) X peaw = 587 [ dhadbie(For (9,85 () 6 ().
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Relaxation equation for the rotational stress tensor

Tc‘)A;uzpa D(“)po- + ¢[_Ll/ = 2’7£uu aF }7@}00#7/ A 2:,70115;”/ aF Wr‘)SROL)( /)

+2’\,"«,>p(‘)0£;;,1/ = Z Yo 2, ,/bv navy ap + 2 Z Yo Z, qv [n®a M

ab

Jr’\//quM[L M v] + 9 YprmOalul 1/] + 2707”)0-(1 ;LEJ/ + Vo4 UE(Y LL£7

- 1. .d 1 & .
7o = =AY ,w::%ww)\ = 5 27ReGE, o () |

w=0

Yo = TsY " ﬁ(aﬂ Z a)77¢s: %5/d4x1 (@AW (x), San (Xl)) =- di'mGng (w )‘

)
w=0

)
w=0

1

3
Yomo = —50° [ dxad'na (615 (0,57 (), 870 ()05 = 5 [ dra(05 00 A7 (), S ),
Yo = =38 [ dxade(Brs (9, A7 ()8 ()70 = 5B° [ dxidxa (25098 (), (),
Yorn = =368 [ (827 09,757 () 7 () v0me = 267 [ dixidea (8% (31757 () 8y o))
Yoo = =38 [ dxda(8:° (9.8, ()60 ().
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Relaxation equation for the boost heat vector

TaDwDd + Gu= Ty Aa g Tuta =AMy + > Xapnah > (Th+ " 6aa) 09,00 + 3 Ra s, Air D (V7 ats)
XM, + 7q8, > A 2,D(VV0) + > N0V,aa + Aefgu — Y Agdg £,0V e
FAapHy —AQu + 2D Aap 2,0V + 20gpg0My + 2D " Ag 5,2 V¥ 0001

42 X5,V 0l + 2hagr M T + 2hgqe M &

-~ .~ d 1 d?

==X 1AW, = gaaRetie @]
) y L d2 . _ d T d2 R

Yon =i han )], = =5 gaReCon, )| dor = igde @), = 5 aReeh 4, @)

P
w=0
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Agh _7ﬂ/d4xl A h>\ Xl)) = %di me*hA (w) ‘w o
)\q P ( o Z 76(1) —_ pr (8)\(,; Z a)\qf 5d)
)xqpfa :%ﬁ/dzlnd‘lm as (X) 5 13 (Xl) ) /aB (Xz))’quq = _56 /d4X1d4X2 (EIB (X) ’ b* (Xl) ’ fyﬁ (XZ))7
Mo %5/d4xld4xz (@A (), Sy (x1) 7 (Xz)),)\qu — _éﬁ/d‘lxld‘lxz (fh (%), Fas (x1), 6™ (Xz))»
L / a8 (0,35 (), 2% 0)) A = 7 / dxidxe (@ ()85 (), ().
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Dissipative flux from spin tensor

w)\uu _ pEv)\;LV +2 Z ijavaaafgﬁﬁjkyvpo’é + 2$9wq(f) Mpf(yﬁﬁJA#VpO-(S.

o a d
) :/d4x1 ({ﬂﬂ % (X), @pos (xl)) = —TalmGg,pgsﬁpaé (w) ‘

)
w=0

i == B [ dxda (57 (0, I () 6ec () s = B2 [ dixadta (57 (9,8 (1), buc ()

v
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Generalized relativistic second-order spin hydrodynamics

The additional second-order contributions arising from nonlocal corrections due to two-point
correlation functions of tensors of different ranks at distinct spacetime points.

Cxa) = Ci(a), + G (x), + 8-C(xa), 0a —x)7 J

9.C=—p*0- (89) + 6

EO:T)+ ) A, (a,aa)] — (0rup) > (VPa,) [% (€+p) — ha]

a

1

+ h, | —2B80"7 (8, uy) — 2 (g - r) B0 (8-u°) + Z 9- (nah™ ') VPar, + BO (8- u”) h™ ! Z n353:|

+ 8, [0 (BMP) — 2867 (8rus)] + D FL (B (Bru,) 62 — 07 (V,p03)]

+ Fpo + bpo

0- (Bo™") + (8-0") > %V"aa

8- (BE*") + (8,0”) Y ';:V‘Toza:| .

Arus Harutyunyan, Armen Sedrakian, Annals Phys. 481 (2025) 170159
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Relaxation equation for the shear-stress tensor
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Relaxation equation for the bulk viscous pressure
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Relaxation equation for the charge-diffusion currents
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Relaxation equation for the rotational stress tensor
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Relaxation equation for the boost heat vector
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Dissipative flux from spin tensor
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Summary and Outlook
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Summary and outlook

Summary: We present a new derivation of relativistic canonical-like second-order spin
hydrodynamics from Zubarev's non-equilibrium statistical operator. We obtain relaxation
equations for dissipative fluxes, including the shear stress tensor, bulk viscous pressure,
charge-diffusion currents, rotational stress tensor, boost heat vector, and spin tensor-related
dissipative current. Furthermore, we express all transport coefficients represented by two-point
or three-point correlations in terms of retarded Green's functions.

Outlook:
® Calculation of transport coefficients in spin hydrodynamics via thermal field theory.

® Research on causality and stability conditions for spin hydrodynamics in the nonlinear
regime (Ongoing work).
® Numerical spin hydrodynamics (In collaboration with Hui Zhang from SCNU).
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Bulk viscous pressure
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Correlation functions and Kubo formulas
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