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What is Spin Alignment?

Spin alignment (pgo # 1/3) C Tensor polarization
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® Strong decay, parity even = Tp,, only.
.
Graph: STAR, Nature.614.244 (2023)
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Why Hydrodynamics?

Spin alignment A’s global polarization
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Overview

® Diagram scheme

o

® Leading order of tensor polarization comes from O(9?)

(0B)(9B), (9B)p, pp, 03B, op

Thermal current B, (x) ~ O(1)  Spin potential yps(x) ~ O(9)
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LEDO

® Free Lagrangian for neutral vector bosons £ = —}F,,F* + Jm2A, A"

® |ocal equilibrium density operator (LEDO)

PLE =

ZiE

v L Gupo
exp{ _/z(r)d W) [T (y )ﬁu( )= 55 (y)up<(y)]} (@)

Thermal current ﬁu@)/~ O(1)  Spin potential ppr(y) ~ O(9)

Canonical operator T* = —FF9"A, — gt L, SM7 = —FH A7 4 FHI AP

® |LEDO maximizes the entropy

S[Z(7)] = — Tr(pLe InpLE), (3)

under constraints pr""(x):f,,<T7‘"(x)>LE[ﬁ,y], £, Sm7 (x) = 1, <sw > 8.1
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MVSD and Cumulant Expansion

® LEDO pie = 7t exp { — fo 42,0 [T )Bu) — 38 Wi )]}
® Matrix-valued spin-dependent distribution (MVSD)

3 - d3 —iq-x 55 ~4
Frs(x, k) :/ (27_;)133 PEEE Ty (4)
frs(x, k) =Tr [ﬁLEﬁs] =Tr [eg"'gﬁs(x,k)] /Tr [EA+§] (5)
“Gaussian” term A = —B,(x) x) [ dE, (y) T (y)

“Perturbative” terms B = — fd_,y [T*”( )(Bv(y) — Bu(x)) — %S"f" W)or ()]
® Cumulant expansion eA*8 = ¢A ¥ B, with By =1, B, ~ O(3"),

i) — <B"fri(x'k)>° (6)
Yo <B" >0

with <5>0 =Tr (e’ié) /Tr (e‘&). And <5>0 easy to derive.
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Zeroth-Order Result

® Cumulant expansion: £ (x, k) = <ﬁs(x,k)>o

® “Free" distribution: (@fay,), = (271)%6"6®) (k — q)np(B(x) - k)

Bose-Einstein distribution: ng(x) =1/(e* — 1)

® Zeroth-order: Nothing but Bose-Einstein distribution.

3 .
1ok = | (;’7536%,( (@ g Thrg ), =[Gsnn(B(x) 4) (7)
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1st-Order Diagrams

Cumulant expansion: f,(sl)(x,k) = <§1f,5(x,k:)>0

.

Dlok) = by () [ dh [ a8, ()0 -0 (<79 (1~ B )
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fr(sl)\s(x/ k) = iy, poyoy (%) { 51(411)Pw1 o+ S;(tll)mvl
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Diagram Rules

/“’\

DE‘ST’”” Y= [ ANDEE L (pr—pe)ns(B 1) + s (B pa)el (pr)el™ (p2)

\)__/ Vertex B-E distributions from Iiney
Polarization vectors from lines

Momentum conservation

o M (pitpy) AP

P
! l»,ﬂ (Pnpj)
J2Ep, 2y,

1 |
+ 5 (P ) i — zpf,w,-pm,-v””l + g |

1 J
szlm —_ |:E 2‘71 ( amlm _ ﬁ?‘mﬁém) apé
i

v v v
[= P iy + pi ™,

} o) = £, g = g/ (- pi)

® Inner lines: np(B- pi)(—n"" + pJip}" /m2) or [np(B- pi) +1)(=y"" + p]'p;’ /m?)

® Adaptability (higher-order results, additional operators in LEDO, fermions)
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1st-Order Result

Using FeynCaIc, V. Shtabovenko et al., Comput.Phys.Commun..256.107478 (2020)

FOlrok) = Lng(+mnp)ok B (x) {M(es B R —he(res)|  (9)
2 1 Y+ 1
f,(51>\s(x,k) = %nB(l + nB)}‘pm (x) {egle;’l* + (es "2)351*
2% o, (=D og
X <'Yk+1n + P k h.c.(r <+ s) (10)

with 7, = Eg/m and ¢/, = —(0,,0,£1)/+/2, e} = (0,0,1,0).

® Herimit: fr(sl)(x,k:) =f5(,1>*(x,k:)
® Space-time reversal (PT) odd: fr(é)(x,k) = —(—1)’+Sf£15)'_,(x,k)
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From MVSD to Tensor Polarization

® Space-time reversal property caused by power counting rules

fE = (=ayreen ) (11)

with £ the n-order MVSD.
® Spin density matrix in phase space p,s(x, k)

frs(x, k) = prs (x, k) f(x, k) (12)

with f(x, k) =Y, frr(x, k) the scalar distribution
® The leading order of polarization (y-axis as the spin axis)

2
{Pe, Py, P} = 3y {\[Zlmféll)r A \szef&l)}
1 2
{T20, To,1, Top} = 3np {\/;(fg) *fég)), *\/iféf)f f1(2>1}

o~ 3 = g (fla) ~ ) (13)
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D MM

(1) ~(1) ? f + other 15 diagrams

FNrr(x, k) = g Py oy (%)3y By (%) {

f,(52)|T5(x,k:) = iy Ty Oy Buy (X) oy (X) + other 15 diagrams

§M1Pa

) + other 15 diagrams

+ other 15 diagrams}

f7(52> ss(x, ) = iy iy oy oy (X) Mooy (X)

F2 |57(x, k) = g iy Moy o7 (X)9a By (X) {

Ca

41 XD H1V]
DyDay Ty f

F2 N0 (%, k) = Ay, 9y Dy By (%) {

N
D s(x, k) = Ty Oy oy oy (X) { D?})S?ll)plgl f | + the other diagram}
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Take-Home Message

® Leading order of tensor polarization comes from O(9?)

(9B)(9B), (9B)u, pp, 99B, op

9By = Thermal vorticity + Thermal shear, i, — Spin potential

® The diagram scheme has been checked at global nonrelativistic equilibrium
(with small vorticity) and vector mesons’ k = 0.

g

Thank you!
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Analogy to Feynman’s Path Intergral

Starting point of diagram scheme

5o (Bufis( ), (QITp(x1)p(x2) |0)
frs(x, k) = 7= ~ 0| T et J d*2Lint(2) 0
Y20 <Bn> (0[Te ‘ ¢(x1)9(x2) |0)
0 <O| Telfd42£irzt(z) |O>

Both denominators cancel out the vacuum fluctuation.
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Cumulant Expansion

Cumulant expansion: eA+*8 =AYy ™ 1 4"B, asx — 0

By = 1 (14)
~ 1 =

Bo— [ anBw (15)
R 1 M M=l .

B, - /0 A /0 ’Mz"'./o AAuB(A)B(A2) -+ - B(Ay) (16)
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