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Spin in heavy-ion collisions
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— Global A polarization [STAR Collaboration, Na
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“Non-central collisions have angular momentum on the order of
100071, and the resulting fluid may have a strong vortical structure...”

The extreme condition with a huge angular momentum!

[In terms of vorticity, it reaches v ~ 9 X 10°! s™! ~ 10 MeV ]



Spin polarization from rotation

Assume created QGP has angular momentum at initial stages!

| Theoretical model [STAR, Nature (2017)]
S e uvAu 2050% ]
~— 8 * ﬁth?s study -
|@$ L ? @ A this study |

1. Hydrodynamic o 5 *encrateis (om

time-evolution di 1

2. Translate hydro into 2 %ﬁf 24 % 1
A4 particle distributions D D#‘ﬁ)
3. Hadronic evolution T L

Rotating velocity profiles after (usual) hydrodynamic evolutions
is expected to induce observed spin polarization!

[Liang-Wang, Becattini, ..., see recent reviews, e.g., Becattini arXiv:2204.01144]
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— ¢ Questions
- What is intrinsic spin dynamics at a hydrodynamics stage?

- What is intrinsic spin dynamics at a hadronic stage?




Outline

— & Spin relaxation at a hydrodynamics stage

[MH-Huang-Kaminski-Stephanov-Yee, JHEP (2021), JHEP (2022)] —
— ¢ Spin dynamics at a hadronic stage

[Hidaka-MH- Stephanov-Yee, PRC (2024)] —




Outline

— & Spin relaxation at a hydrodynamics stage

[MH-Huang-Kaminski-Stephanov-Yee, JHEP (2021), JHEP (2022)] —



Warm u

Derivation of diffusion eq.



Prototype: Charge diffusion

— & Bulding blocks of hydrodynamic equation

(1) Conservation law: on + V-J=0
(2) Constitutive relation: j = /{nﬁ(ﬁ ,u) ~ — Dﬁn
(3) Physical properties: Values of kn, Xn (D = kn/Xn)




[rreversiblity of diffusion

No-go for time-reversal process!

Thermodynamic concepts, especially, The 2,4 law, should be there!




Phenomenological derivation

-Step 1. Determine dynamical d.o.m (& its equation of motion) -

Charge density: n(z) EoM: O0:n + V-J=0

—-Step 2. Introduce entropy & conjugate variable

. , 0s
Entropy density: S(n) ‘Tds = @ Chemical pot.: Bu = 5

—Step 3. Write down all possible terms with finite derivatives —

Current: J = 0 — T/fnﬁ(ﬁ,u) + 0(62) = —Tﬁnﬁgz | 0(62)

-Step 4. Restrict terms to be compatible with local 2nd law

35" such that 8t8—|—§-52()|:{>/<;n20with §'zﬁ,uf




One way to determine k,

— & Linearized constitutive relation

Rn

Xn

J = —Tﬁnﬁ(ﬁu) ~ —DVn with D =

» Diffusion equation: 0;n — DV2n =0
» Dispersion relation: w(k) = —iDk?

— & Green’s function interpretation of the result

~ B ixnDk? e Zmng
Gp (w,k)—w+ka2 <Xn—1£1£>1%)GR (w—(),k)>

» Charge density correlator enables us to obtain D



Semi-phenomenology

— & Bulding blocks of hydrodynamic equation

(1) Conservation law: om + V-J=0

(2) Constitutive relation: f — _T/{nﬁ( 5 M) ~ _ Dﬁn
(3) Physical properties:  Values of Kn, Xn (D = kn/Xn)

Ward-Takahashi identity
resulting from symmetry of systems

(1) Conservation law

Phenomenological analysis
based on local thermodynamics laws

Matching the hydrodynamic result

(3) Physical properties with the field-theoretical correlator




Application to
spin hydrodynamics
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Semi-phenomenology

Ward-Takahashi identity
resulting from symmetry of systems

(1) Conservation law




Angular momentum conservation

¢ Ward-Takahashi identities
Conservation law: (‘%@‘W — 0, 5’M]/WP — ()
Decomposition: J""° = " QM — gPOHY 4 3H7F

Total AM  Orbital AM Spin AM

*

T



Semi-phenomenology

Ward-Takahashi identity
resulting from symmetry of systems

V/(I) Conservation law




Semi-phenomenology

Phenomenological analysis

(2) Constitutive relation based on local thermodynamics laws




Phenomenological derivation

-Step 1. Determine dynamical d.o.m (& its equation of motion) -

Charge density: n(z) EoM: O0:n + V-J=0

—-Step 2. Introduce entropy & conjugate variable
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Entropy density: S(n) ‘Tds = @ Chemical pot.: Bu = 5
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Result in flat spacetime

— ¢ Equation of motion

OM@“V = O, auzuyp — _(@l/p — @pv)

— ¢ Constitutive relation

O = eut'u, + pAp, —nh,L0,u” — (ns)", 05 (Opu” — p,”)

— & Transport coefhicient: n, (, ns

1
4ty = 2 ( 5 (AP AL+ ARAZ) - SALAL )+ CALAL
)8y = 5 (APOA,, — ABAY)




Semi-phenomenology

Phenomenological analysis
based on local thermodynamics laws

\( (2) Constitutive relation



Semi-phenomenology

Matching the hydrodynamic result

(3) Physical properties with the field-theoretical correlator




Linear-mode analysis
on spin-hydro to compute 1)s



Linearized spin-hydro

Perturbation on the top of e(r) = € + de(x)
global static thermal equilibrium: U”L(x) =0+ 51)2'(;1;)
Pickup O(¢)-terms only o4 (z) =0+ do%(z)
with the flat background

— & Linearized spin-hydrodynamic equations:

0= 8056 &;6#’,

: : : 1 :
0= 8057‘('2' + ci&;ée — 7||8Z-6‘357rj — (’VJ_ + ’}/3)(52‘-7V2 — 6¢a‘7)571‘j -+ §F880ijk3‘750‘k,

0 = dod0; + T's60; + 2vs€0ij1 0" 57",

0 1 4
8 C?E—p, ’YHE C—|—_77 y YL = il
. € €0 + Po 3 €0 + Po
with a set of parameters: < . 9
X 5 —_ O-/L - T]S F — /'78
_ ST 8@7’ 2(6() —|—po)’ © Xs .




Linear-mode analysis

Linearized eom can be solved by the use of Fourier tr.!

50(2) = @R 50(k) mup EoM: A(w, k)sO(k) = 0
(A(w, k) : 7 x Tmatrix)

Characteristic equation: det A(w,k) =0

— & Dispersion relation
wround(k) = Eeg|k| — Syk? + O(k?),

wspin,”(k) = —1l'

g (k) il's + i(VL T 73)’42 - i\/Fg - QFS(VL — '78)’“2 T (VL + 78)2k4
shear — =
2

ils +i(yL +7s)k” +iy/T2 = 205(vL — 75)k? + (71 + 75)?k?
Wspin,J_(k) — 9




Dispersion relation

(a) Longitudinal modes (b) Transverse modes
w(k) w(k)
0.4 — ey
| -0.6 -04 - i 2 0.4 0.6
~0.05"
~0.15
0200 Mode mixing!
o.s. (Level repulsion)
* \
Re wsound(k) ——— Im wsound(k) Re wshear(k)  ——— Im Wepear(k)
_____ Re Wepin (k) —— Im wgpin (k) -==-= Re wypin, 1 (k) —— Im wgpin, 1 (k)

_irs +i(yL + 73)’42 — i\/Fg —20(yL — 7s)k? + (v +7s)°K*
>

il iy + )k FiyT2 = 2T (v — vs)k? + (v + )2k
2

wshear(k) —

wspin,J_(k) —




Spin-spin correlator

Taking k = 0, all spin modes has wspin(k = 0) = —iI’,

I Spin densities shows a gapped relaxation dynamics

° ° ° ° - 1
with a characteristic time scale 7s = 1,

— & Green’s function interpretation of the result

xsl's + -
w~+ il + O(k?)

5"

Spin-spin correlator: é‘ﬂi"j (w, k) =

( Definition of spin susceptibility: Er% é%"'(’j (w=0,k) = Y0 )
—

27
X s

» Spin-spin correlator enables us to obtain 1’5 =



Semi-phenomenology

Ward-Takahashi identity
resulting from symmetry of systems

\{(I) Conservation law

Phenomenological analysis
based on local thermodynamics laws

Matching the hydrodynamic result
with the field-theoretical correlator

\{ (3) Physical properties




Summary of our result

— ¢ Equation of motion

OM@“V = O, auzuyp — _(@l/p — @pv)

— ¢ Constitutive relation

@5 — Eu'uul/ pA:uV T nluypaapua o (778) vV O'(a u’ — :upo-)

— & Green-Kubo-formula for rotational viscosity 1

v 1 ’ v
(775)“& P 5773(AM Aap — AHAA)

1 ~0%.1(0),9%;|(a
ns =2 lim lim —ImGg ol gl
I'sw<I' k—0 W

(w, k)




Sketch of our result

lw(k)| = frequency scale

fast modes

Non-hydro regime [
—— |Wsound (k)]
—— |Wshear(K)]
— (Uspin,J_(k)l
----- Wspin, || (©)]

G
N/

Spin hydro regim@ -

Pure hydro regime ()

k = wave number




When occurs?



Spin hydro is ill-defined

— & Scenario 1 (Bad: Spin hydro = Hydro++++?)

w(k) At finite k Atk=0
. . ™)
_ :: > Infinite towers of
Spin — - non-hydrodynamic modes
Energy _—

....... Hydrodynamic modes
} Hydrody

— & Scenario 2 (Better but still not good: Spin hydro = Hydro+?) -
w(k) At finite k Atk=0

~

> Infinite towers of
non-hydrodynamic modes

ol o T } Hydrodynamic modes




Well-defined Hydro+

— ¢ When Hydro+ is well-defined
At finite k Atk=0

> Infinite towers of
non-hydrodynamic modes

} Quasi-hydrodynamic modes
} Hydrodynamic modes

If I'y, <1 issatisfied, Hydro+ becomes well-defined!!

This generally happens when

emergent symmetry appears by tuning parameters (7, m, ...)!

- Critical fluid: Scale symmetry emerges at 7= 7.
- SU(2)a chiral fluid: SU(2)a symmetry emerges at my = 0



HQ-spin hydro is well-defined

When we consider heavy quark limit: M — oo,

emergent heavy quark symmetry appears!

— ¢ Heavy quark spin dynamics

Heavy quark spin relaxation rate is suppressed by M1,
so that HQ-spin hydro is well-defined Hydro+!

— & Heavy quark spin hydro & its relaxation rate

(1) Hydrodynamic equation for HQ-spin density

(2) Evaluation of the HQ-spin relaxation rate at high-T limit
(i) Kubo formula (ii) HQ-spin correlator (iii) Spin kinetic theory

22
g mA
Ly = Co(R) 2D log(1/9)

[MH-Huang-Kaminski-Stephanov-Yee, JHEP (2022)] —




Outline

— & Spin relaxation at a hydrodynamics stage

|w(k)| = frequency scale

Non-hydro regime |

{ - Semi-phenomenological approach —

- Heavy quark spin relaxation at T > A, p

2,42
g mpl —
1 1 Spin hydro regime ' g ————~="--------=----—----.
Pure hydro regime ()

[MH-Huang-Kaminski-Stephanov-Yee, JHEP (2021), JHEP (2022)] —

I's = Cy(R)




Outline

— ¢ Spin dynamics at a hadronic stage

[Hidaka-MH- Stephanov-Yee, PRC (2024)] —




Baryon spin relaxation

Medium (Pion gas)

N:(p) + 7 (k) — N3 (p) + n°(k")

Dynamics of baryons (p, n, A, ...) at low tempearture 7' < f_
is dominated by scattering with pions in a medium!

» Spin flipping ampritude induces spin relaxation!



Baryon spin density matrix pzxz(p)

[Hidaka-MH- Stephanov-Yee, PRC (2024)]
— ¢ Kinetic equation for Baryon spin density matrix

n(p)=>. p(p;s,s) = Tr[p>?(p)]
p?* % (p) {

T T
N ’

S(p) = (h/2)Trlop>2(p)] R @ .
9 2x2 |
ppar 2 - / L > T ke p K0y @[Ty (p s p k)] New) ) = N+ 7 k)

Pk b p

x np(ep)[1 + ng(€)]2n )8 (p +k — p' —k)S(Ep + & — Ey — &) — Wn(p)py* (D),

Derivation |See, e.g., Appendix of Hidaka-MH- Stephanov-Yee, PRC (2024)]

1. Write down Kadanoft-Baym eq. with the selt energy shown below
k

2. Consider the nonrelativistic limit b b
1 2 1
iS5 (p) = 5 (it5a)" > it g
3. Take the dilute baryon limit P . | el

by neglecting the O(p?)-terms R



Baryon spin density matrix pzxz(p)

[Hidaka-MH- Stephanov-Yee, PRC (2024)]
— ¢ Kinetic equation for Baryon spin density matrix

n(p)=>. p(p;s,s) = Tr[p>?(p)]
p?* % (p) {

T T
N ’

S(p) = (h/2)Tr[op>(p)] N> @ - N

8,02><2(P) / / X / ’ ’ -}- s u v /

pat - L’kk/ Zﬁbﬁcz(p’k;l”k)Pé ‘(p )[7;,]95“(17,k;p,k)] N:(p) + (k) — N3 (p') + 7 (k)
9TV a,b’ﬂ

x np(e)[1 + np(e)]2m)* 8P (p+k — p' —K)S(Ep + ek — Ey — &) — (D)0, *(P),

We can evaluate the baryon spin relaxation rate
once we know the scattering amplitude [ 755 (p'. k'; p, )l s
- Nr-scattering: Enough experimental data (phase shifts)
{ - Ar-scattering: Experimental input/SU(3)-Chiral perturbation

» Evaluate spin relaxation rates of nucleon & A-baryon!



Nucleon spin relaxation rate y,

[Hidaka-MH- Stephanov-Yee, PRC (2024
-4 Nucleon spln relaxation in A-resonance apprOXImatlon

s I s s s 7
S s

: \\ // + \\//f/
N—» @ > N N—p——o—p—o p N N—p e—p—0o p N
A A

- Fit the experimental phase shift é(w) for I = J = 3/2 channel

O
- Use that to evaluate ¥n, = O / dw|e* ™ — 17 ng(w)[1 + np(w)]

sin® [6(w)] YN, MeV)
1.0 | TNS=;/]§SI ~ 8tmatT ~ 150 MeV

| 0
0.8 25§
0.6+ 20

15

0.4

0.2

B0 250 300 350 400 450 so0 @ (MeV) ety T (MEV)



A-baryon spin relaxation rate y,

[Hidaka-MH- Stephanov-Yee, PRC (2024)

- ¢ Two ways to obtain the scattering amplitude
1. SU(3) chiral perturbation . 2. Low-energy scattering
a b a + : Reasonable parametrization
AN k’/ . reproducing spectrum of A, X, X*
L b, * k\;\///,k/ : 1 1
A—>—o > ¢ P>\ A—> o > o p A 2i81 12 (k) ik — 32 7
D D+ k p/ D p— L/ p/ e 1/2 ~ : 1 1
> b —ik — YA
ya, MeV)
0r 7y =yy' ~4-TfmatT~ 150 MeV
50 forrerrrrs s . (a, r) = (-0.64 fm, —0.1 fm)
40 : (@, 1) = (-1.02 fm, 0.5 fn)
30}
@ eeeeeeeeeeeseesnesessessessessessnssesseesesseeseeseesesseesessesssaglonflonnann s (a, r) = (—12 fm, —-1.0 fm)
20
Chiral perturation theory
10




Summary

— & Spin relaxation at a hydrodynamics stage

|w(k)| = frequency scale

Non-hydro regime |

{ - Semi-phenomenological approach —

- Heavy quark spin relaxation at T > A p

2,42
g mpl —
1 1 Spin hydro regime ' g ————~="--------=----—----.
Pure hydro regime ()

[MH-Huang-Kaminski-Stephanov-Yee, JHEP (2021), JHEP (2022)] —
— ¢ Spin dynamics at a hadronic stage

T T
N ’

I's = Cy(R)

{ - Kinetic eq. for Baryon spin density matrix

- Experimental input/chiral perturbation — y » {7} » x

N

o =7vy ~8fmatT ~ 150 MeV, 7, =yKS1~4—7fmath 150 MeV

) Ky S

[Hidaka-MH- Stephanov-Yee, PRC (2024)] —




