FIRST ORDER TRANSPORT COEFFICIENTS

OF SPIN POLARIZATION

[based on MB, 2502.15520]

Matteo Buzzegoli

l West University

09/05/25


https://arxiv.org/abs/2502.15520

Peripheral collisions: large angular momentum

Peripheral collisions ‘ Angular momentum ‘ Global polarization w.r.t. reaction plane
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* Polarization estimated at quark level by spin-orbit coupling
Z. T. Liang, X. N. Wang, Phys. Rev. Lett. 94 (2005) 102301

* By local thermodynamic equilibrium of the spin degrees of freedom

F. Becattini, F. Piccinini, Ann. Phys. 323 (2008) 2452;
F. Becattini, F. Piccinini, J. Rizzo, Phys. Rev. C 77 (2008) 024906

Spin «(thermal) vorticity



Agreement between hydrodynamic
predictions and the data

Global Spin Polarization

= _

== T A K

== 61— * * STAR
= & e s
scaled using <4__=C-.75|

hydrodynamics

chiral kinetic

Average of A and A

3-fluid dynamics

parton cascade (AMPT)
hadron cascade (UrQMD)

RS

e

ol

10° 10°

Vsun (GeV)

Different models of the collision, same formula for polarization

F. Becattini, V. Chandra, L. Del Zanna,
E. Grossi, Ann. Phys. 338:32 (2013)
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Local spin polarization

AP F. Becattini, MB, G. Inghirami, I. Karpenko,
and A. Palermo, PRL 127, 272302 (2021)

B. Fu, S. Y. F. Liu, L. Pang, H. Song and Y. Yin,
PRL 127 (2021)
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* “Local”: Momentum dependent polarization (along beam direction)
* Explained by incorporating shear effects

However, the picture of equilibrated spins might not be complete

J.I. Kapusta, E. Rrapaj and S. Rudaz, PRCC 101 (2020)

A. Ayala, D. De La Cruz, S. Hernandez-Ortiz, L.A. Hernandez and J. Salinas, PLB, 801 (2020)
M. Hongo, X.-G. Huang, M. Kaminski, M. Stephanov and H.-U. Yee, JHEP 08 (2022) 263

D. Wagner, M. Shokri and D.H. Rischke, Phys. Rev. Res. 6 (2024)

— Develop Spin hydrodynamic and include a Spin potential
See also Sushant Singh Talk 30/04



Dissipative contributions

This talk goal: extend the spin polarization formula to dissipative effects
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Where dissipative effects might be relevant?
Proton-Lead | Low energy

Pb 186 nb™' (8.16 TeV)
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Data: CM5, 2502.07898 D. Wagner, M. Shokri and D.H. Rischke, Phys. Rev. Res. 6 (2024)

Prediction: Yi, Wu, Zhu, Pu, Qin, PRC (2025)
(No spin hydro and no dissipative contributions)



Earlier works on dissipative effects
Quantum kinetic theory for massless field
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Quantum kinetic theory with non-local collisions
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s this dissipative?
Caveat: Different terminology



Earlier works on dissipative effects

* (Quantum kinetic theory with non-local collisions D. Wagner, PRD 111 (2025)
S*(p) = SL(p) + Sk (p) + St (p)
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Polarization from Wigner function

The covariant Wigner function:

W(ek)ap = oo [d'e ™ D@+ y/2)Wale - y/2)

where:
(X) = tr (ﬁX)
It allows to calculate the mean spin vector:

_ lde - k try (7“75W+(x,/€)) B lde -k AL (z, k)

H —
S*(k) 2 [dY -k tryWo(z, k) 2 [dX -k Fi(z, k)



Non equilibrium statistical operator

“ (Zubarev theory)
v _ U
B = T _
1 - -
p=— exp —/Zeq as,, (7, - ()

With the Gauss’s theorem:
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Local equilibrium: non-dissipative contribution

_ 1 A
PLE(T) = E exp | — L(T)dzlu (Tg 61/ _ CJM)]
Entropy:
() = —tr (e(r) logun(r)) = [ dz,s"
(1)
= log Z1E +/ d>, (<f§V>LE/3u — <3“>LEC)
(1)




Hydrodynamic Limit
N
W (x, k) = tr (,0 Wz, k))
Expand the 3, { and all the hydrodynamic fields from the point x where the Wigner operator is to be evaluated. For instance:

Bu(y) = By () + OxBy (x)(y — ) + - -

This gives at leading order
/ A=, T* (y)B, = B.(x) / ds, T (y) = B, ()P
> by

And the local thermal equilibrium (LTE) part is approximated as
1

PLE = 7 exp [—M@ — 2 (BuB(@) — 0B T - %(%ﬁu(x) +0,8(2)) Q4 + - ]

=[5, [w =) TV W) ~ = TH)] @ =as [ - T ) + (g — ) T )

We expand at first order in gradients all the hydrodynamic fields L{(a) (y)
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Linear response theory

In general, we obtain

~ 1 gy ~ S o
P — exp {—5,,(9;)13 +¢(2)Q + by Uiy (2) By + cu / dQU(ay (22) Gy (w2) + - ]
Q
Where M(a) (:13) is a generic hydrodynamic field with its LTE and dissipative contributions respectively.
o . . 1 ~ ~
Using linear response theory, thermal averages reduce to the equilibrium ones: PEq = 2 exp [_@/(@p + C(ZU)Q}

A

Wiz, k) = (W(x, k)>5(a:) + Ay, ureW (2, k) + Ay pW(z, k) +

Ay, W (7) = Ui () by (W, Béta)) Ay, pW(z, k) = Uy (x) cu (W» CAZ(/ta)>D
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| |
Spin hydrodynamics
We consider a general case without specifying the underlying QFT

1 ~ 1

T2 {/ 4, (P 0)8.0) = C0)T0) - 4 T40) - ;S0 ™))

UV Suv i ~ 1~ »
"‘/ dQ2 [Té Euw + T (S — @) = J*Vu( =V, (CAJZJ - §SW\ VMG,\,,] }v
Q

Where:

1
Thermal vorticity . (z) = —% 085 (x) — 9-8,(z)]  Thermal shear & (2) = 5 (9550 (2) + 955,(2)]
Spin potential E Axial chemical potential ¢4 = pua/T
TE = L@ T), TH = o (TR - T

At local equilibrium see also
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Spin hydrodynamics

We consider a general case without specifying the underlying QFT

1

p= ~exp { [ 4.0 (P00 - €670 - W) Ta0) - 380015 0))

=y =y - - Il v
+/ d€ [Tg f/u/ =+ TZ <6,u1/ - w,uu) — ]’uv,u(: T Vu (CA]X) o §Sﬂ>\ V,MG)\V] }7
Q

* Hydrodynamic limit: expand the hydrodynamic fields

* The equilibrium has a residual SO(3) symmetry .
g = - exp [~ B, (2)P* + ((2)Q)]

Z
* Decompose the hydrodynamic fields into irreducible components
* Write down all the possible first order contribution to the Wigner function
(a~0(0"), wrm—8~E~IC~Os~ 06 ~0(0)
* Use linear response theory to obtain the first order LTE and dissipative correction to Wigner function
* Match the linear response with the first order expression
— (Obtain the thermal and transport coefficients as Kubo formulas

Same method as
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Pseudo-gauge ambiguity

The definition of spin vector is based on the Pauli-Lubanski vector and it is pseudo gauge independent

AN

1 P
G = — P R
m

The spin-tensor, which is pseudo gauge dependent, is NOT the Pauli-Lubanski vector

SH(T) = / dZ,5HH
Y

The statistical operator depends on the pseudo-gauge, —
hence also the mean spin vector is pseudo-gauge dependent

SH = (§H) = tr [ﬁ@}

The following results are obtained for a generic choice of the spin tensor. The expressions and the Kubo
formulas are the same, but the actual values depend on the pseudo-gauge.
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Decomposition of the hydro fields

Gradients of chemical potential Gradients of axial chemical potential
9°¢ =u’ D¢+ 1P, P =8¢ 0°Ca = u’DCa+ 15, 1l =0"(a
Thermal vort1|0|ty Acceleration Rotation

Wpy — ( LL/BV — auﬁu) ol Uy — QU + €uppo u’

Thermal shear A | Shear tensor
Epo = Uplie DB + SPU B+ 5 (upAT, + usc A7) (BDu- + 0. 3) EEANEIS
Spin potential
Sy = Gyl — Uyilly T e 187 H

Gradients of spin potential
SH =y (fHu” — fYur) + eA“”pr + (A”\“u AA’ju“) I+ (IA“ v I )

+ (EA“O‘Bu’/ — eA”aﬁu“) uo(Ig — Yp) + gpe”\””pup T RNHY L N

512 513
Notation:
APV = gV — bl VP = VI =AVY D=utd,, 6=0,u",
1 1 AHY k/J kv
A:L“/)OO' — 5 (AMPAVO' + A,U,O'Al/p) _ gA,uyApo' Q'L“/ — 3 — J];'QJ—
1
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Example: shear tensor
o o 1 1 b o
Oy = B\ O 07 = [5 (AL pAve + AYeAyy) — §AWAW] 0u

The first order in the statistical operator is

pex 2 exp [~Bu(@)P” +((@)Q + By + Co
where 3 ~
— __5( )0 po (T)TE Co = B(x)0p0(x) [ dQTP7(22)

07— AP / aTA(©) |y = 2)° T (@) + (y — 2)°T ()|

The linear response in the axial Wigner function is

AJ.AM(LU, k) = Au)LTE.A’u(ZE, k) -+ AU,D.A’LL(ZE, k)

= f(x)0po () [("ZM’ %pJ)D B % ('ZM’ %QJ)LTE]
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Example: shear tensor

All possible vector terms that are linear in the shear tensor are:

where u. k k'p Lo
vivy 1vlL
Age =€ k] s B0 AL, =k - u) =t B,
t 1
K __ AMPLO K _(OHPL.O
Q[O'A =A kJ_BO‘PU7 Qlak: _Q kJ_Bo-Pa’ o A 1
We then study the properties under discrete transformations: 3 k1
B DB 9| Dulm, g | A¥, Ak, | o Aty |5, Pz | 6P| @ | §W | 78 | 7P
Pl+ + + — (—+) | (+-) + + | = | - | + |+
T + - - + (+,=) | (=+) — + |+ | = | = | +
Cl+ + + + (+4+) | (++) + + |+ + |+ |+
Uoe aauaoAaak
From which follows that Pl -
T| + —
C| + o 16




Example: shear tensor

We can tell which one are vanishing

_ (k ’LL) ne A 1 -~ (k U)2 7 T 2po
Age = iR )? (A U erurpky k| TE )LTE 172 )2 (.A u qmpk kT )D
P - - - +
T + + + :
C + + + +

This is vanishing!
This term can only come from the LTE part: )
A AM =aqa e,uz/apka uuk 50' Uge = — (k U) (le\,u UAEA T kJ_kj_%ﬁa)
cLTEA" = Gge L) 0% 2)2 ’ alle LTE
We study all the terms in the same fashion.

We always find that
* LTE only contribute to T-symmetric coefficients
* Dissipative part only contribute to T-odd coefficients
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Axial Wigner function

The non-dissipative part: [MB, 2502.15520]

Chiral imbalance
kr
1

(k- u)

Aprp AL = |ac,uu? + ag,i

K ut
— (@w—wu — Gw—wA) (kJ_ w) (o — w)p

Spin potential

——(a— &), + Gpw—w@"’ (v —w),

Acceleration

and grad. of — —— Do Shear tensor
temperature U '

d¥ -k AL (z, k
Remind that spin polarization is S* (k) = 87171 f{iz kn“‘tgii; )k)
kg :
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Axial Wigner function

iral imbalance o

k
ArreAYl = ]ihaCAuuM + aCAkﬁ} Ca

2oV Ky, ( ) (k- w)
— 5 ~a  Qwu — Quw/
(27)3 & 2 (k- uw)

2 C‘:r’/_u/ _ %,uz/ L kl) ut
—(Lgfwg — 0O —wu T am—u’A) (k‘ X ’lL) (m _ u”)/)

[MB, 2502.15520]

L Thermal vorticity
oo K U ,
eHvrPT ¥ ap + QM w),

(k-u)

utt + (a’a’e — a luA)

— Q=

Spin potential

- a)ﬂ -+ lem—ka'u'p(m = ‘lU)p

Acceleration

nr po k,ﬂ-ua Hrop 1.0 /ul/koz -
Aqe € T -y P07 0017 ) S Sy Ve Shear tensor

Thermal vorticity — main effect for global spin polarization

[F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338:32 (2013)]

Thermal shear — needed to explain local spin polarization

[F. Becattini, MB, A. Palermo, PLB 820 (2021)]
[S. Liu, Y. Yin, JHEP 07 (2021) 188]

Chiral imbalance — Can be used to probe topological charge in alternative to CME

[F. Becattini, MB, A. Palermo and G. Prokhorov, PLB 822 (2021)]

Spin potential = When different from thermal vorticity gives an additional contribution

[MB, PRC 105 (2022)]
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Axial Wigner function

NEW IN THIS WORK The dissipative part:

kltu, [ kS ut

— vpo "V = u - = . H :
+agc e’ Wfp + “T“ﬁ +ara AP 4 m@“”] T, Gradients of spin potential

[MB, 2502.15520]

[ kiu“ o Hp 4 = P 3 Moy oa ki 3 urop .o u,/kj;
+ |ar—ru (kU) +aI—TAA +a'I—Tk:Q (Ip_Tp)+ QpyU +ag0k: (kU) 90+alse€ kJ_ (k'U)QISpU
[ urk: k™ u, ~ urklt k™ u,
EA/LT Avpo v . pvpo VL q)5’12 eA'uT Avpo v . uvpo VL (I)S13
+ _a812A € -u) T as126€ e-u) u)] r.po T 33134 € e-u) T as136€ Ge-u) | e

NSHY =y (fHru” — fYut) + ek””p’fp + (Ak“u” — AAVU”) I+ (Ig‘“u’/ — Ig‘”u”>

+ (e’\“o‘ﬂu” - eA”aﬂu“) Uo(Ig — Tp) + @ Py, + q)g’l“z” + ‘I’g’fé'/

1 d¥ -k AL (x, k
Remind that spin polarizationis 5" (k) = ¢ f{m y nf(ggx) ->k:) 20
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Axial Wigner function ==p (Local) Spin polarization

* All dissipative coefficients are odd under time-reversal

. from: shear tensor, rate of expansion or gradients of temperature
because they break parity symmetry

* The only dissipative contributions at first order are given by the chiral imbalance and by gradients
of the spin potential

* For interacting fields, there could be more contributions proportional to thermal vorticity at LTE!

25k, (k - w)

ktu,
o T )

u” + (age — apa )"’ F—a, + aw Q" w,

(k- u)

Aw,LTEAM = Qg

N

7
~"

=0 for free Dirac field

alr® = §(k* =m0k - u)np(B-k) (1 —np(B-k))

Radiative corrections:
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The transport and thermal coefficients

(2m)3 o 1 -
_ 1 _
Examples, LTE thermal-vorticity: Ag = _G(k . u) (A+7 Sy “)LTE £ — §€a67puoz=]x By
(k-w)? (4
LTE shear tensor: Ape = — ~———— (A“ urex, kT kT %QU)
€ 4(k2)2 \" wTete TLTE e

w2 = 8 [ ama) [0 -0 + - 0 T )

Dissipative spin potential: (k )
.u o~ o~

a — po1.Lop

v = 5 (up A, by Ch)
1

D

Cos (x2) = ST (23) — 2(xp — 3)"T5° (x4) — CL

(55, ?>D _ W(lx)’ /_C>O d*z, /_:O ds <[)?(33), 5/}(8, 332)} >5($)

P Bl dr  ~ N
(X’ Y)LTE :/0 B /s X (@), e
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Classification of coefficients

The coefficient have been classified according to their properties under discrete transformations:
P parity conjugation, T time reversal and C charge conjugation

ay ap Gy Gy aj G Gy O

Pl +
T| +
C| +

+ + -
+ - 4
- 4+ +

_|_ — —
— _|_ —

Example, a coefficient is chiral if its parity under charge conjugation is odd, i.e.

AN AN AN

POP!= 7706,

AN AN AN

PBP~' =B,

a= <6§>B it nonp = —1

To have a non-vanishing chiral coefficient, a chiral imbalance or parity violating interactions are needed!

-We could treat the axial imbalance as leading order:
1

Foq = - oxp | =B, (@)P” + ¢(@)Q + Ca(2)Qa)

A

-or we could treat the axial imbalance as higher order correction:

(EX, 6(1»)) ~ ¢4 () (@A, By, 6(33))
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Axial Wigner function
with parity breaking [MB, 2502.15520]

NEW IN THIS WORK The chiral non-dissipative part:

)

kp ut a LV po kj_uo' i i i
4 [“f“uﬁ) b apA AR 4 apOF p} Sy o, crvre e Gradients of spin potential
7

k
+ [leuu” + ark 0 J‘u)} I+ aj_~yeet”r?

L
krus

(k- u)

K? kT AP LT QHPKT
(Ip_Tp)+ [aISQL?uM_'_aISAﬁ_FaISkﬁ ISpo’

+ [as12A ATPAHT 4 ag10 QTP AR B2 4 [agiza ATTAMP + ag13. Q7 AHP] HTL3

T,p0

T,p0 "

NEW IN THIS WORK The chiral dissipative part:

Ap,x A =
_ “ _ KX ut _ oo Erus : .
+8a—arAHP(a — &), — Ga—au LJ_ " (a — ) p + Go—wee ﬁ)am(rn — w), Spm potent|a|
_ o _ N Y _ _ H
+aa—ar@Q"’(a — @), gu |:aD,3uu'u + apsr W} Dpg + [aqu" + dor % - u)} 36
_ Kur _ _ K2 kT,
+ Gy Aga AN + ag QP | (BDu, + 0,5) R s e ey Shear tensor
i

—|—acrAA/'1'pkjf_b)o_pcr + aak’,Qlekj—_ /Bo-/)f’
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Chiral Spin Hall Effects

Spin Hasl} effect Chiral Sspin Hall effect Chiral Elc}ctrical effect Axial Hall effect
: = 7;7, 7gl,
Axial part of Wigner function: kJ_u SHE, Chiral SHE
9 __ pvpo v 70 C
Vector part of Wigner function:
L Chiral electrical effect, Axial Hall effect
kU

ASHEV_/ﬁ (.CC, k) — G’LWPU

The currents are vanishing:

s [ore(R2,C + 05, ()9,Ca]

Jhe = / d*k AsupV*(z, k) =0, jh gy = / d*k AsgpA¥ (z,k) =0
But the spin vector is

- (s (3 -vio1))

It can be used to probe anisotropies in the topological charge
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Chiral Spin Hall Effect: free field

Axial part of Wigner function: kJ_u SHE, Chiral SHE
ASHEAI_T_ (CE, k) = E’U“Vpaﬁ [aﬁe(k)ﬁpC + arAe(k)ﬁpCA]

Vector part of Wigner function:
kJ_ U Chiral electrical effect, Axial Hall effect
(o

ASHEVQJJ_ (ZC, k’) = MVPT X [nre(k)c‘?p( + UﬁAe(k)apCA]

(k- u)
i, == LEPED (020, )(1 = i, ) + b, 1)1 = ()]
e = — 5(k2(>2i()kg' %) TnB(z, k) (1 — n2(z, k)) — nk(z, k) (1 — nk(z, k)]
or. = — LEPCE [0l )1 = i, ) — b, 1)1 = b, )]
e == D) (0, k)L oK) + oK)= ),
Wl ) = !

B@) F—C(@)—xCa(@) 1 1’

X

{

+1 R
—1 L
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Conclusions

All possible first order dissipative effects on spin polarization have been classified
Only the gradients of spin potential contribute without breaking the parity symmetry
Outlook: estimate the phenomenological impact,

for instance, compute the transport coefficients

With interaction there could be additional contribution even at LTE
Chiral Spin Hall Effect is a LTE effect contributing to local spin polarization



Thank you for the attention!
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Kubo formulas in momentum space

v V) Lo : 0 R
(5.7), =~ g I, a0

See also:




Comparison with D. \Wagner, PRD 111 (2025)

Quantum kinetic theory with non-local collisions N@)=2 [ dS-ph
S*(p) = Sk (p) + Sk (p) + St (p)
Sh(p) = 1 /dE u“(wo-p)—w(‘)‘(p-u)f(1 i) wh — 1ok, <“>—>T“ why — w,
P N(p) 2mp 0 0 e“”o‘ﬁuyﬂakaoﬁ — TH, ija’guyva/ﬂo,g — I,
wh :
thf.)((}“) of w{;‘ s _wi}fw e 6“”“’-3':‘1..,, (Ewnv(x""*{)-b’ — Tw?:’n h”.-(]__;g) @WJU;IV 0.0 + A”D O (82)
H 7 <p> I
1 s kg — o, Kg'T = f
St =—— [ d¥ - p— 1—
I{(p) N(p)/ p 2mA Ko,p fo( f0> EMVOZBUV’[LOCUJO”B N f‘,u,7 Euyaﬂuyvawo’ﬁ N (I)T,pa’
L L "‘-."'J” LIy Th' L T L
Thh{{)r‘) + Kkl = & J BBy, ( = Vawo g + TlaWo, 3)@( I Laai® S ij
me’u”ﬂy + /. 1/_\'”T JLV)\>
1 " P, pPpy
S0) = 5777 | 95 P et fo(l = o) s

o 0 E
TV g — fgﬁw@_i_ Azt Wog®¥r 4 _Tlt}‘( “"’I{> + £,V '”r;) + lewl{{ﬂu_’[f} A Ko AR 3D

O (67)
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