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Local A-polarization cRc’-rm
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Local A-polarization cRc'-rm

» Local polarization:
Angle-dependent polarization of
A-hyperons along
beam-direction

m Could only be explained
recently by incorporating
shear effects (neglecting PR

temperature gradients)
G — _envaBy, J Ak fo(1—fo)la K52,
3 v 4mT [dXxk> fo Palermo, PRL 127 (2021) 272302

P*(¢ — Ugp)

F. Becattini, M. Buzzegoli, G. Inghirami, |. Karpenko, A.

B. Fu, S. Y. F. Liu, L. Pang, H. Song, Y. Yin, PRL 127

(2021) 142301

wpv = 3 (Outiy — Ovuy), Epw = 5 (Opuw + Ouy), A* = g — utu”
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Alignment of ¢-mesons

» Spin-1 particles feature tensor
polarization (= alignment)

David Wagner
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» Spin-1 particles feature tensor
polarization (= alignment)
m Larger than expected
m Some theoretical 035
developments, but no

definitive answer yet
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Spin Hydrodynamics: Basics cRc’-rm

» Hydrodynamics is based on conservation laws
m Consider a system of uncharged fields
— Should conserve energy-momentum and total angular momentum
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Spin Hydrodynamics: Basics cRc'-rm

» Hydrodynamics is based on conservation laws
m Consider a system of uncharged fields
— Should conserve energy-momentum and total angular momentum

Conservation laws

BT = 8y T = g (),

» 10 equations for 16424 quantities

» Additional information about dissipative quantities has to be provided
— Use kinetic theory with spin as effective microscopic model

» Rest of the presentation:

m Construct such a kinetic theory
m Perform hydrodynamic limit
m Obtain expressions for observables

AWBYl .= A*BY — AYB¥
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How to: Quantum kinetic theory cRc’-rm

» Spin is a quantum property
— Start from quantum field theory
— Use Wigner-function formalism
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How to: Quantum kinetic theory cRc'-rm

» Spin is a quantum property
— Start from quantum field theory
— Use Wigner-function formalism

Wigner function (Spin 1)

WH (x, k) = —ﬁ /d%e‘ik’y/h <: V(x4 y/2)VY (x —y/2) :>

» Determines a quantum phase-space distribution function
» Equations of motion follow from field equations
m Determined by Lagrangian Lg + Lint
» Independent components: scalar fx, axial vector G* and traceless
symmetric tensor F”

fr = (1/3) K WH, G* == —(i/2m)e* *Pk, Wap, Fi* = KLyWw*?
K" =g — k'k" /m® | KL = (KKK + KEKZ) /2 — 1/3K" Kag
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Extending phase space cRc'-rm

Boltzmann equations

» Not one, but nine equations in (x, k)-phase space
k-0fk(,k) =Ck, k-0GM(,k)=Cl, k-OF (x,k)=C
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Extending phase space CRc.-rm

Boltzmann equations

» Not one, but nine equations in (x, k)-phase space
k-0fk(,k) =Ck, k-0GM(,k)=Cl, k-OF (x,k)=C

> Way to compactify this: Enlarge phase space from (z, k) to (z, k, s)
> Measure dS := 22d*s6[s” + o2](k - 5)

Boltzmann equation in extended phase space

|

f(z, k,s) = frx —5,G" + ZgusyFI’?’ (2)

» Only on-shell parts (z, k,5) = d(k? — m?)f(z,k,s) contribute
k-0f (. k,5) = €[f] 3)

v,

— 5 v
C:=Cr —5,Cl + 35.5.C¥
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Collision term cRc'-rm

DW, NW, DHR, Phys.Rev.D 106 (2022) 11, 116021

Collision kernel

¢[f] = % / AUy dCadl"dS (k)6™W (ky + ke — k — K)W

X [f(x + A — Ak, s1)f(z+ Ag — A ko, 59)
—fz, k,8) flx+ A = A K, 8")] (4)

dr := 2d*ks(k* — m?)dS (k)
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Collision kernel

¢[f] = % / AUy dCadl"dS (k)6™W (ky + ke — k — K)W

X [f(l’ + A — Ak, s1)f(z+ Ag — A ko, 59)
—fz, k,8) flx+ A = A K, 8")] (4)

» Contributions inside the collision term have gradient corrections
f(@,k,s) + A0, f(x, k,s) = f(x + Ak, 5) ()

» A (momentum- and spin-dependent) spacetime shift A* enters
— Particles do not scatter at the same spacetime point!
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Collision term cRc'-rm

DW, NW, DHR, Phys.Rev.D 106 (2022) 11, 116021

Collision kernel

¢[f] = % / AUy dCadl"dS (k)6™W (ky + ke — k — K)W

X [f(l’ + A — Ak, s1)f(z+ Ag — A ko, 59)
—fz, k,8) flx+ A = A K, 8")] (4)

» Contributions inside the collision term have gradient corrections
f(@,k,s) + A0, f(x, k,s) = f(x + Ak, 5) ()

» A (momentum- and spin-dependent) spacetime shift A* enters
— Particles do not scatter at the same spacetime point!

» This enables a conversion of orbital and spin angular momenta

dr := 2d*ks(k* — m?)dS (k)
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Nonlocal collisions cRc'-rm

DW, NW, ES, 2306.05936 (2023)

Spacetime shifts

11 (2wh)? ik

. 016
AH = gw = sz’Yl“/Q 1 2MC1C2771712h1 '71"]1h2,’72772 2262
x (H" 35k, — ks He,") (6)
» Depend on the transfer-matrix elements
(11 T [22') = € L€r o € sMTT° (7)

» Manifestly covariant
— no “no-jump” frame

a— 1K’“’ + 2’ el oS8 + K“;sasﬁ
HM — lKuu + uyaﬁkasﬁ + SKgugaﬁﬁ
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Equilibrium cRc’-rm

» Local equilibrium distribution function fulfills €[feq] =0
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Equilibrium cRc'-rm

» Local equilibrium distribution function fulfills €[feq] =0
» Has to depend on the collisional invariants
— Charge, four-momentum and total angular momentum

Local-equilibrium distribution function

h
fea(, k,5) = exp (_ﬁOEk + §QWE§“’> (8)

» Necessary conditions on Lagrange multipliers Sou, Q*” for a
vanishing collision term: 9 (Gyu”)) =0, O = —%8[“(Bou”])
» Same conditions as for global equilibrium, where & - 0 feq = 0

» However, we can relax these constraints if we only demand that the
local part of the collision term vanishes!

SEY = —%e””aﬁkasg, Ex =k -u
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Moment expansion cRc’-rm

» Split distribution function f = feq +df
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» Split distribution function f = feq +df

» Perform moment expansion including spin degrees of freedom

Irreducible moments

pﬁ“'"”e (.’E) — /dl“ElT(le . kﬂé>5f(_7;, k,ﬁ) (93)
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Moment expansion cRc'-rm

» Split distribution function f = feq +df

» Perform moment expansion including spin degrees of freedom

Irreducible moments

gt ) = /dFE{;k:““---k“wéf(a:,k,s) (92)
TR () = / dTs" Epkt ... kPO § £ (2, k, 5) (9b)
T / ATK" 506" BI04 - k) § (o, k,5)  (9c)

v,
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Moment expansion CRc.-rm

» Split distribution function f = feq +df

» Perform moment expansion including spin degrees of freedom

Irreducible moments

phih(x) = /dFE{;k;““---k“é>5f(a:,k,5) (9a)
TR () = / dTs" Epkt ... kPO § £ (2, k, 5) (9b)
T / ATK" 506" BI04 - k) § (o, k,5)  (9c)

v,

» Equations of motion can be derived from Boltzmann equation

> Knowing the evolution of all moments is equivalent to solving the
Boltzmann equation

1 i AM1THe L1 v,
R ke = ALLTRRY L e
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Polarization observables in kinetic theory cRc’-rm

Vector Polarization (Pauli-Lubanski Pseudovector)

SH(k) = Tr [ﬁ“ﬁ(k)] - ﬁ/ dEAk’\/dS(k)s“f(:I:,k,s) (10)

N(k) = [d2 k7 [dS(k) f(z,k,5), S = —(1/2m)e"*F ], Ps
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Tensor Polarization

PG S EX IERCTAT (112)

o

N(k) = [d2 kY [AS(k)f(x, k,s),  S* = —(1/2m)e"**P ], Ps
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Polarization observables in kinetic theory CRc.-rm

Vector Polarization (Pauli-Lubanski Pseudovector)

Tensor Polarization

poolk) = 3=/ 30D (190" (k) (112)

Or (k) = %\/gﬂ[(ﬁ’(“g”hr%f(’“’) f)(k:)]

_ 183 1 [isp e
_ Q\ENUC)./ e /dS(k)Kaes s f(x,k,s) (11b)

N(k) = [d2 kY [AS(k)f(x, k,s),  S* = —(1/2m)e"**P ], Ps
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Truncation cRc’-rm

» Goal: Express polarization observables through fluid-dynamical
quantities
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Truncation cRc'-rm

» Goal: Express polarization observables through fluid-dynamical
quantities
<> Truncate moment expansion
» Which moments are contained in conserved quantities and
polarization observables?

Needed moments

m2 LV
= —3P0, ™= py (TH) (12a)
pp — TSM , 3#1/ — /1(<ll>~,<”>) , q)\/uz — TS/\NW (J)\;U/) (12b)
G (@) (12¢)
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Results I: Dissipative Spin Hydro CRc.-rm

Dissipative Hydro: Evolution equations

mll+1I = —¢d+hot. (13a)
TR ) 4 = 2pot 4+ hoo.t. (13b)
mop# L p = OO — Yy, 4 hott. (13c)
W) ) = hot. (13d)
V) W) — @) g5 eI By 4 hot. (13e¢)
T + 9t = €fom +hot. (13f)
T £ A = hot (13g)
@ = =5 (Bou), AP = VP Ang
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Results I: Dissipative Spin Hydro CRc.-rm

Dissipative Hydro: Evolution equations

mll+1 = —Cf+hot. (13a)

TR ) 4 = 2pot 4+ hoo.t. (13b)
p# 4 p = O — &), + hot. (13c¢)
S50 00— oy (13d)
TGN L N = @) gyg (BeINeBy g 4 ot (13e)
o™ ™ = Efort + hodt. (136)
T¢I 4 pir = hot. (13g)

» Evaluate polarization and alignment in the Navier-Stokes limit

vo.__ 1 v Apv . va
w’“‘ = —56[“(,60u ]), AMY = et BAag
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Results II: Alignment cRc’-rm

» Moments of spin-rank 2:

e Bort ™ =0 (14)
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Results II: Alignment cRc’-rm

» Moments of spin-rank 2:
"y . v wy,\
S SN} SRS (14)

» For an uncharged fluid in the Navier-Stokes limit, tensor polarization
is induced by the shear-stress tensor 7"
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Results II: Alignment cRc'-rm

» Moments of spin-rank 2:
e Bort ™ =0 (14)

» For an uncharged fluid in the Navier-Stokes limit, tensor polarization
is induced by the shear-stress tensor 7"

> We can estimate the coefficient £ for a four-point interaction
Line = (VT-V)2/2
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Results II: Alignment cRc'-rm

» Moments of spin-rank 2:
P om0 (14)

» For an uncharged fluid in the Navier-Stokes limit, tensor polarization
is induced by the shear-stress tensor 7"

> We can estimate the coefficient £ for a four-point interaction
Line = (VT-V)?/2 0.03

.‘2, .
600

0.01 :

2 4 6 8 10
m
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Results II: Alignment cRc'-rm

Alignment: Explicit expression

1
poo(k) = 3

4 !
- [/dEAkAfOk (1 - 3RS M/m? + HGD w ke )]

15
X /dZ kA,Hkl ){IBOfOkE (O)Kuur—aﬁﬂ_mi (15)

v,

fox = EXP(—ﬂoEk)

=y 1=m(pey) 1 spymres =6
Haﬁ ._‘a _B 52_ '_"YHO“S'_'B
ZHY . A”“ + K () /E12<

David Wagner Nonlocal spin transport 17.07.2023 15



Results Ill: Polarization cRc’-rm

» Polarization is determined by the Pauli-Lubanski (pseudo)vector
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Results Ill: Polarization CRc.-rm

» Polarization is determined by the Pauli-Lubanski (pseudo)vector

Pauli-Lubanski pseudovector (spin 1/2)

SHk) = % / dX\kAS(k)s* f(x, k, 5) (16a)

Aﬁ _i"w M_u“k@
/dEAk 2]\/{ 2mQ ky, + <(51, B

X |:8Xp (QVP — 1%'%) up — anﬁo(jp(aeﬁ)ual’uglﬂ(ak@] }(16[))

12

o

N = [dS kS (k) f(z, k,5)
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Results Ill: Polarization CRc.-rm

» Polarization is determined by the Pauli-Lubanski (pseudo)vector

Pauli-Lubanski pseudovector (spin 1/2)

SHk) = % / dX\kAS(k)s* f(x, k, 5) (16a)

Aﬁ _i"w M_u“k@
/dEAk 2]\/{ 2mQ ky, + <(51, B

X |:8Xp (QVP — 1%'%) up — anﬁo(jp(aﬁﬁ)ual’uglﬂ(ak@] }(16[))

12

o

» Contains novel contributions from fluid shear
m Only sourced by nonlocal collisions

N = [dS kS (k) f(z, k,5)
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Summary cRc’-rm

» Developed quantum kinetic theory and dissipative spin hydrodynamics
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Wigner-function formalism
m Quantum effects result in nonlocal collisions
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Summar CRC-TR2n
y

» Developed quantum kinetic theory and dissipative spin hydrodynamics

m Kinetic formulation can be derived rigorously from QFT via the
Wigner-function formalism
m Quantum effects result in nonlocal collisions
m Employed method of moments to extract hydrodynamic limit
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Summary cRc'-rm

» Developed quantum kinetic theory and dissipative spin hydrodynamics

m Kinetic formulation can be derived rigorously from QFT via the
Wigner-function formalism

m Quantum effects result in nonlocal collisions

m Employed method of moments to extract hydrodynamic limit

— Introduce multiple sets of moments dependent on spin
— Follow standard procedure to obtain equations of motion
— Truncate such that the evolution of S** can be described

» Connected polarization and alignment to fluid quantities in the
Navier-Stokes limit
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Future perspectives cRc'-rm

» Evaluate expressions for polarization and alignment with
hydrodynamic simulations

» Implement full spin hydrodynamics numerically

» Include electric and magnetic fields
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Appendix



Relevant time scales: An estimation cRc'-rm
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» Simplest interaction: constant cross section

» Spin-related relaxation times shorter than standard dissipative time
scales, but not much

David Wagner Nonlocal spin transport 17.07.2023 19



Moment equations: Spin-rank 0 cRc'-ﬁ

» Moments follow relaxation-type equations

Moment equation for / =0

pr—C1 = [(1 =7 — Liol0 — Inoco + Irs1,080
+(r = Do 500 + 7oyt = Vupl
1
~3 [(r +2)p, — (r— 1)m2pr_g] 0 (17)

» Depend both on equilibrium and dissipative quantities
> Not a closed system

» Blue terms will become Navier-Stokes values

A=wu-9A, V" = AM9,
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Moment equations: Spin-rank 1 CRc.-rm

» Same procedure as for the moments of spin-rank 0

Moment equation for ¢ = (0
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» Determine the (vector) polarization of particles

A v
QWY = e“”"‘BQa@, QW = u[”ﬁo] + e””aﬁuawo,g
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Moment equations: Spin-rank 2 cRc'-rm

Moment equation for ¢ = 0

B — el = —§ (r+ 29 = (r = Dm2pd | + ry )
— AP P 4 (r — 1)y P o (19)

» No dependence on equilibrium quantities appears because moments of
spin-rank 2 do not appear in any conserved current

» Nonetheless, they determine the tensor polarization of spin-1
particles

Aus = (ALAY) /2~ (1/3) A A
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Truncation cRc’-rm

» Spin-1: Which moments are contained in the total tensor
polarization?
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Truncation cRc'-rm

» Spin-1: Which moments are contained in the total tensor
polarization?

Total tensor polarization

OH = / dK N (k)" (k \/7 / ds, *w“”+¢“”) (20)

dK = d®k/[(27h)*2k")
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Truncation cRc'-rm

» Spin-1: Which moments are contained in the total tensor
polarization?

Total tensor polarization

OH = / dK N (k)" (k \/7 / ds, *w“”+¢“”) (20)

P Lowest-order approximation: Keep only these moments in the
employed basis, i.e.,

5w, k)= 8f (T, o, g, 5, 0t k) (1)

dK = d®k/[(27h)*2k")
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