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Introduction to the framework



What is quantum kinetic theory?
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What is guantum kinetic theory?
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What is gquantum kinetic theory?

¢ Nonequilibrium statistical description of a
dilute gas

> Nonequilibrium: Describes process of
thermalization selfconsistently, concept of
temperature emerges from dynamics

> Statistical: Quantity of interest: single-particle
distribution function

> Dilute: Main assumption: System consists of
essentially pointlike free particles scattering via
short-range interactions
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What is guantum kinetic theory?

lhr solltet mein Papier lesen!
L. Boltzmann, Sitz.-Ber. Akad. Wiss. Wien (ll) 66, 275-370 (1872)
english translation: The Kinetic Theory of Gases, 262-349 (2003)

¢ Nonequilibriu
dilute gas
> Nonequilibrium: Describes process of
thermalization selfconsistently, concept of
temperature emerges from dynamics
> Statistical: Quantity of interest: single-particle
distribution function
> Dilute: Main assumption: System consists of
essentially pointlike free particles scattering via
short-range interactions
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Connection to macroscopic currents

¢ Kinetic theory is an effective microscopic description

> Provides (infinitely) more information than macroscopic approaches,
such as thermo- and hydrodynamics

> Can be used to extract information about any macroscopic current of
interest

Kinetic representation of currents

Nt x) = [ ARk (R

T (1, x) = / dK KPR £(t, %, K) |

SH(t,x) = —/de“f(t,x, k) [In f(t,x,k) — 1]

dK = d®k/[(27Rh)3k°]
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Evolution of the distribution function

f(¢, %)

Boltzmann equation (classical version)

((,‘?t X vir. Vk) F(x, k) = C[f]

L. Rezzolla, O. Zanotti, 978-0-19-174650-5 (2013)
* Left-hand side: Advection through (x, k)-phase space
¢ Right-hand side: Collision term
» Depends on higher-order distribution functions, e.g.
Ff2({x1, ki }; {x2,ka})
> Has to be truncated (— BBGKY hierarchy)
> StoBzahlansatz: Replace fg({Xl, kl}; {Xg, kg}) — f(Xl, kl)f(Xg, k2)

Collision term

— % / dK1 dKo dK'W (fifa — f )
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Connecting to quantum theory

® How to translate these ideas to quantum mechanics?
> Try to build on the conserved currents and find W (z, k, t) such that

A A N A A3k
Tr {p(x,p7 t) A(x, p /d3 / S KW (x,k, t)

5

® Choice “closest” to classical kinetic theory: Wigner function
ik v v
W(x,k,t)= [ dve KViix4+ | olx— =
2 2
E. P. Wigner, Phys. Rev. 40, 749-760 (1932)
H.-W. Lee, Physics Reports 259, 147-211 (1995)

® Price to pay: Wigner function is not positive semidefinite
* Relativistic field-theoretical version (scalar field):

W(:c,k):/d4ve ik <¢>T (x+2>¢(x—§)>za<(x,k)
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Equations of motion

to t .;I \ Gttt Gt GF G=
T ¢= (G** G**) - (G> GF)
¢ Real-time QFT: Expectation values of operators can be represented as
time evolution along a closed-time path

¢ EoM: (contour-ordered) Dyson-Schwinger equation

GolGAB(z1,m0) = —icABED (1 — x9)

+i/d4x'EAC(:v1,:U')CCDGDB(JU',xg)

* Wigner transform: —ihd}'GAE(z1,29) — (k“ - %8") GAB(x, k)
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Approximations

® h-gradient expansion: Assume that the
two-point functions are sufficiently localized
in central coordinate x = (x1 + x2)/2

> Notion of a particle should make sense!

¢ Allows to approximate memory integrals

/ A G, )5 (& 2) — G, k) (x, ) — g [G(@, k), 2(z, )} g J

(Gradient-expanded) Kadanoff-Baym equations

Go G (, k) = % [ (2, k)G<(z, k) — < (x, k)G (=, k)]

+ Z ({5 (@,8), G<(3, ) }ps — {Z%(2,%), G (&, k) } |

L. P. Kadanoff, G. Baym, ISBN 9780429493218 (1989)

{f,9}p == (0.1)(9;'9) — (9 f)(ug)
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Example: Scalar field

GS
e Approximate self-energy to
lowest nontrivial 0|.'der - 22 — .
® Separate real and imaginary
parts of KB equations
G2

Quantum kinetic equations (lowest order)

<k2 - m2> G(z,k) =0 = G<(z,k) = 20h26(k* — m2)f(z, k) ,
k-0f(z, k) = % / dK dKy dK' (27h)*6™@ (kg + ky — k — ')

2 ~~ ~ o~
< (1T - Rt f)

v

David Wagner Transport properties from QKT 26.07.2024 7



“Ok, but why the complicated setup?”



Including electromagnetic fields

® Standard definition of Wigner function is not gauge invariant due to
fields at different positions

> Remedy: Include gauge link
U(.’Ill,xg) = exp [—%(171 — :L‘Q) . f_liiz th(:El —+ 2o + t(.’l?l - LL‘Q))]

Wigner function with EM fields

® Main effect: Wigner representation of momentum changes
h ih
it G = (KB P0, - 5 ()P 0,) | 6o

D. Vasak, M. Gyulassy, H. T. Elze, Annals Phys. 173, 462-492 (1987)

A= (1/2)0 - O
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Including electromagnetic fields

® Standard definition of Wigner function is not gauge invariant due to
fields at different positions

> Remedy: Include gauge link
U(l?l,IEQ) = exp |:—%(£171 — :L‘Q) . f_1432 th(.’El + o + t(il?l - ZL'Q)):|

Wigner function with EM fields

.. . . @)
G<(z,k) = /d% Similar effects in curved spacetime _>
Y.-C. Liu, L.-L. Gao, K. Mameda, X.-G. Huang,Phys. Rev. D 99, 085014 (2019)

see also S. Lin’s talk, 22.07. 16:30

® Main
(Classical) kinetic theory in Newton-Cartan geometry
_ZhaitG P. Matus, R. Biswas, P. Suréwka, F. Pefia-Benitez, 2407.08805 (2024) G< (my k)

see also P. Suréwka’s talk, today 14:30

D. Vasak, M. G

A= (1/2)0 - O
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Including spin

® Case of nonzero spin: Wigner function becomes matrix-valued
— Additional components encode spin degrees of freedom

Wigner function (spin 1/2)

1 . ' v
G= = 1 (]—"+Z’Y573+V+75~A+ %[’m,%]‘s" )

® Underlying equations (Dirac, Proca, ---) can be solved perturbatively
in h expansion
— Gradient contributions appear!
o VF v — 9,8 kS~ —BOVF, P~ — ey P, 0,80, -

> Responsible for a lot of the interesting transport phenomena

H. T. Elze, M. Gyulassy, D. Vasak, Nucl. Phys. B 276, 706-728 (1986)
D. Vasak, M. Gyulassy, H. T. Elze, Annals Phys. 173, 462-492 (1987)

S. Mrowczynski, U. W. Heinz, Annals Phys. 229, 1-54 (1994)

Y. A. Markov, M. A. Markova, Theor. Math. Phys. 108, 977-991 (1996)
Y. A. Markov, M. A. Markova, Theor. Math. Phys. 111, 601-612 (1997)
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Equilibrium: Chiral effects

Sessions dedicated to CME: 23.07.24, 11:00-13:00 & 14:30-16:00



CME, CVE, & CSE from intuition

By ) B Js
EFZ]; " r
e N3 g /néo

D. Kharzeev, J. Liao, S. Voloshin, G. Wang, Prog. Part. Nucl. Phys. 88, 1-28 (2016)

® Intuition:

» CME: Imbalance in chirality induces current along B
> CVE: Imbalance in chirality& charge induces current along w
> CSE: Imbalance in charge induces axial current along B

David Wagner Transport properties from



CME, CVE, & CSE from QKT

® Quantum kinetic theory: these effects arise naturally as gradient
contributions at global equilibrium

1) Assume global equilibrium, 7O = lexp(k - u/T — ps/T) + 1]
Vi, k) & KSR () + L) A (k) = KSR (f) = 1)
2) Obtain gradient contributions

h rvao, h 1467
¢ B0aAs =~k V) 3¢ B0uVs = —kAy

3) Compute currents

4
JH(z) = / % Vi(z, k) = nut + wh + EpB* |

d*k
w ju — © p 2
J ( ) A (a:,k)—ng,u +§5OJ +€B5B
(2rh)*
J.-H. Gao, Z.-T. Liang, S. Pu, Q. Wang, X.-N. Wang, Xin-Nian, Phys. Rev. Lett. 109, 232301 (2012)
N. Weickgenannt, X.-L. Sheng, E. Speranza, Q. Wang, D. H. Rischke, Phys. Rev. D 100, 056018 (2019)
Y. Hidaka, S. Pu, Q. Wang, D.-L. Yang, Prog. Part. Nucl. Phys., 127, 103989 (2022)
Z. Chen, S. Lin, Phys. Rev. D 105, 014015 (2022)
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CME, CVE, & CSE from QKT

® Quantum kinetic theory: these effects arise naturally as gradient
contributions at global equilibrium

1) Assume global equilibrium, 7O = lexp(k - u/T — ps/T) + 1]
Vi, k) & KSR () + L) A (k) = KSR (f) = 1)
2) Obtain gradient contributions

h rvao, h 1467
7¢ B0aAs =~k V) 3¢ B0uVs = —kAy

3) Compute currents CME

J“(m)—/(;r;;) VH(x, k) —nu“@@
4
- e @

J.-H. Gao, Z.-T. Liang, S. Pu, Q. Wang, X.-N. Wang, Xin-Nian, Phys. Rev. Lett. 109, 232301 (2012)
N. Weickgenannt, X.-L. Sheng, E. Speranza, Q. Wang, D. H. Rischke, Phys. Rev. D 100, 056018 (2019)
Y. Hidaka, S. Pu, Q. Wang, D.-L. Yang, Prog. Part. Nucl. Phys., 127, 103989 (2022)

Z. Chen, S. Lin, Phys. Rev. D 105, 014015 (2022)

David Wagner Transport properties from QKT 26.07.2024 11

CSE



CME, CVE, & CSE from QKT

® Quant int
contrif CME and negative magnetoresistance:

1) Assum Analysis in Dirac semimetals with Keldysh technique |-1
see R. Abramchuk’s talk, 23.07. 12:00

VH (@~ ot T T T e e T )
2) Obtain gradient cof
Eepllaﬂa Anomalous Hall instability in chiral MHD:
2 “l see S. Wang's talk, today 15:00
3) Compute currents
d*E
@ = |
Chiral effects in astrophysics
Jéi (x) — K. Kamada, N. Yamamoto, D.-L. Yang, Prog. Part. Nul_Phys. 129, 104016 (2023)
see also D.-L. Yang’s talk, 23.07. 14:30
J-H. Gao, Z-T. Liang, S. Pu, Q. Wang, X=T—vang AT N ys—Rev—Terr—T0Y,ZSZS0T(Z0TZ)

N. Weickgenannt, X.-L. Sheng, E. Speranza, Q. Wang, D. H. Rischke, Phys. Rev. D 100, 056018 (2019)
Y. Hidaka, S. Pu, Q. Wang, D.-L. Yang, Prog. Part. Nucl. Phys., 127, 103989 (2022)
Z. Chen, S. Lin, Phys. Rev. D 105, 014015 (2022)
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Beyond equilibrium: Collisions




Angular momentum and collisions

W. Florkowski, A. Kumar, R. Ryblewski, Prog. Part. Nucl. Phys. 108, 103709 (2019)
¢ Assume that collisions take place in a point

—» Total orbital angular momentum vanishes
— Spin is conserved on its own
— No exchange of spin and orbital angular momenta

¢ Collisions must be nonlocal for spin equilibration!

David Wagner Transport properties from QKT 26.07.2024



Collisions from QKT

k- 0G<(x, k) = % [5<(, k)G (z, k) — < (x, k)G<(z, k)] J

\g
N
I

¢ Collisions determined by self-energies

¢ Crucial quantum enhancement: All internal lines have to be evaluated
to order O(h)!

— Introduces gradient corrections inside the collision integral!

David Wagner Transport properties from QKT 26.07.2024 13



Collisions from QKT

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

Boltzmann equation with collisions

f(z,k,5) = 6(k* — m?) f(z,k,s) = = [F(z,k) — 5 - Az, k)]

o
2
k-0f(z,k,s) = % / dT1dCodIdS (k)0 (ky + ko — k — KW

X [f(z+ A1 — A ki, 51) f(x + Ay — A, ko, 59)
—f(x,k,8) f(x + A — A,k’,s')}

dr := 2d*kS(k* — m?)dS(k)
David Wagner Transport properties from QKT 26.07.2024 14




Collisions from QKT

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

Boltzmann equation with collisions

f(z,k,5) = 6(k* — m?) f(z,k,s) = = [F(z,k) — 5 - Az, k)]

o
2
k-0f(z,k,s) = % / dT1dCodIdS (k)0 (ky + ko — k — KW

X [f(z+ A1 — A ki, 51) f(x + Ay — A, ko, 59)
—f(x,k,8) f(x + A — A,k/,sl)}

® Contributions inside the collision term have gradient corrections

fla,kys) + APOLf(x, kys) = flo+ Ak, s)

* 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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Collisions from QKT

More on collisional QKT:

S. Mrowczynski, U. W. Heinz, Annals Phys. 229, 1-54 (1994)
ﬁ K. Morawetz, P. Lipavsky, V. Spicka, N.-H. Kwong, Phys. Rev. C 59, 3052-3059 (1999)
D.-L. Yang, K. Hattori, Y. Hidaka, Yoshimasa JHEP 07, 070 (2020)
K. Hattori, Y. Hidaka, N. Yamamoto, D.-L. Yang, JHEP 02, 001 (2021) x’ k,)]
N. Weickgenannt, E. Speranza, X.-L. Sheng, Q. Wang, D. H. Rischke, Phys. Rev. D 104, 016022 (2021)
X.-L. Sheng, N. Weickgenannt, E. Speranza, D. H. Rischke, Q. Wang, Phys. Rev. D 104, 016029 (2021)

J. Hu, 2110.12339 (2021) W
S. Lin, Phys. Rev. D 105, 076017 (2022)
S. Fang, S. Pu, D.-L. Yang, Phys. Rev. D 106, 016002 (2022) 52)

Y. Hidaka, S. Pu, Q. Wang, D.-L. Yang, Prog. Part. Nucl. Phys. 127, 103989 (2022)
DW, N. Weickgenannt, D. H. Rischke, Phys. Rev. D 106, 116021 (2022)
X.-L. Sheng, Q. Wang, D. H. Rischke, Phys. Rev. D 106, L111901 (2022)
DW, N. Weickgenannt, E. Speranza, Phys. Rev. D 108, 116017 (2023) ionS
N. Yamamoto, D.-L. Yang, Phys. Rev. D 109, 056010 (2024)

—

J\ub7n/73}—|7u UMJ\J/,IL,U} J\wTu,m,a}
* 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)



Back to equilibrium

¢ Local-equilibrium distribution function makes local collision term
vanish (without spacetime shifts A*)
® Has to depend on the collisional invariants
— Charge, four-momentum and total angular momentum
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Back to equilibrium

¢ Local-equilibrium distribution function makes local collision term
vanish (without spacetime shifts A*)
® Has to depend on the collisional invariants
— Charge, four-momentum and total angular momentum

Local-equilibrium distribution function

h
feq(®, k,5) = exp (00 — BoEx + 590,;“/22“/)

® Necessary conditions on Lagrange multipliers for a vanishing nonlocal
collision term: 9 =0, ¥ (Byu)) =0, QY = —%3[“(60u”])

® Same conditions as for global equilibrium, where k - 0feq = 0

SEY = —%e“”o‘ﬁkaﬁg, Fyx:=k-u
David Wagner Transport properties from QKT 26.07.2024 15



Back to equilibrium

«| Alternative way of introducing 2": Statistical operator |y, term

Then explicitly pseudogauge dependent!
see also M. Buzzegoli’s talk, 23.07. 17:30

— Charge, four-momentum and total angular momentum

Local-equilibrium distribution function

h
feq (J"a ki,ﬁ) = exp (”(] — BoEx + 590,;“/22“/)

® Necessary conditions on Lagrange multipliers for a vanishing nonlocal
collision term: 9oy = 0, AW (Bou)) =0, QF = —%fﬂ“(ﬁou”])

® Same conditions as for global equilibrium, where k - 0feq = 0

SEY = —%e’“’o‘ﬁkaﬁg, Fyx:=k-u
David Wagner Transport properties from QKT 26.07.2024 15



Polarization & spin hydrodynamics

Sessions dedicated to polarization: 22.07.24, 11:00-13:00
24.07.24, 14:30-16:00
26.07.24, 11:00-13:00
Sessions dedicated to hydrodynamics: 23.07.24, 16:30-18:00
25.07.24, 14:30-16:00
26.07.24, 14:30-16:00



Global A-Polarization

— T T T T T
AA
10} _ 00 ALICE |
* %« STAR
§ % ©o© HADES
m 5[ - :
& ¥
iy, b
0 7777‘7‘]777!‘*‘7@57?77iiﬁflﬂiﬂ
10! 10? 103
\/SNN [GeV]

¢ “Global”: Integrated

polarization along the direction
of orbital angular momentum \ ~yp
|

N

® Can be explained by assuming

™ i [‘I []

{3 !

spins in equilibrium : j\\{‘ » i ”{”‘,,I
“ . . . " ? 'I!\_l' 1 {

— “Polarization through rotation AL 1 Hr gy
- t

> Analogous to Barnett effect
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Local A-Polarization

P# (¢~ Wrp)

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

¢ “Local”: Angle-dependent PRL 127, 272302 (2021)
polarization along 15 ‘ ‘ -
L. 10 LP2(111000) ]
beam-direction st squark ==, ]

¢ Could only be explained recently 0 >
by incorporating shear effects 12 [ ]
. . .- ——Total - - -W/O shear
— Simple picture of equilibrated 5 : 5 5

8 [rad]

spins not complete -
B. Fu, S. Y. F. Liu, L. Pang, H. Song, Y. Yin, Phys. Rev. Lett. 127, 142301 (2021)
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Local A-Polarization

@ z ‘y
(o))
§
|
s
a
/2 n
Wrp
Many great ta|kS at thIS Conference i, 1. Karpenko, A. Palermo,
. "
L9 see also A. Palermo’s talk, 22.07. 09:45
pol ‘ -
beam-direction s[ squark =~ ]
¢ Could only be explained recently 0 ~ ;
by incorporating shear effects 12 [ ’ ]
. . - —— Total - = -W/O shi
— Simple picture of equilibrated 5 = 5 2 ea;
¢, [rad]

spins not complete -
B. Fu, S. Y. F. Liu, L. Pang, H. Song, Y. Yin, Phys. Rev. Lett. 127, 142301 (2021)

David Wagner Transport properties from QKT 26.07.2024 17



Open questions

Pauli-Lubanski vector in (global) equilibrium

SH — _e,ullaﬁk deAk)\fO(l - fO)wa,B

8m [ A kN [y

¢ Traditional approaches to computing the polarization

> assume equilibrated spin degrees of freedom
> neglect dissipative quantities

@y = 3[0u (un/T) — 8y (un/T)]

David Wagner Transport properties from QKT 26.07.2024




Open questions

Pauli-Lubanski vector in (global) equilibrium

SH — _e,ullaﬁk deAk)\fO(l - fO)wa,B

8m [ A kN [y

¢ Traditional approaches to computing the polarization

> assume equilibrated spin degrees of freedom
> neglect dissipative quantities

® Not clear so far:
(I) How fast do spin degrees of freedom equilibrate?
(IT) How do dissipative effects influence polarization?

— Can be answered through spin hydrodynamics from quantum kinetic
theory

@y = 5[0 (un/T) — 8y (un/T)]

David Wagner Transport properties from QKT 26.07.2024 18



Spin hydrodynamics

( QFT )
id—m)y = p
- ( ) 7 gint < /\mfp
Y
s QKT )
Length scale

| kor=c |
- M 5 Amfp <K Lydr

Hydro b hro

Y 0, T* =0

David Wagner Transport properties from QKT 26.07.2024 19



Comparison: Nuclear magnetic resonance (NMR)

®* NMR: Large constant
B-field in z-direction and
short-lived alternating field
in x,y-plane

¢ |dentify materials by
relaxation times 17, 15

— 99 — T 99
pr =TidL, po =TT

~

https://en.wikipedia.org/wiki/Bloch_equations

Bloch equations

ToMyy + My = pa (M x B),

26.07.2024 20
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Spin waves in a fluid at rest

Conservation equations

9, T™) =04 O(h?)
NS = %T[”“] +O(R?) .

® No backreaction of spin on fluid evolution, fluid profile serves as input
for spin potential

Equations of motion for the spin potential

Tn/%<“> + gH = une””a’guyvaw5 7

Tww(m LM = —,U«wﬁﬂyaﬁuyva/fﬁ .

¢ Relaxation times 74, 7., determined by nonlocal collisions

V. E. Ambrus, R. Ryblewski, R. Singh, Phys. Rev. D 106, 014018(2022)
J. Hu, Z. Xu, Phys. Rev. D 107, 016010 (2023)
DW, M. Shokri, D. H. Rischke, 2405.00533 (2024)

David Wagner Transport properties from QKT 26.07.2024 21



Spin relaxation timescales

® Relaxation time depends on interaction model, can potentially get
large
—» Spin relaxation can be a slow process, dynamics cannot be neglected!

1.06,

100

10

z
=
%)
=
o
=
I
o
T
X
2
o
>
=
o
[N}
FN
S
o
=}
S
G
@
@
~
o
8}
&
[
I
=
T
Ea
<
@
Py
©
<
O
=
o
&
o
©
=3
S
IS}
[t
™
S
I}
S}
=

T (MeV)
A. Ayala et al, Phys. Rev. D 109, 074018 (2024) A. Ayala, D. de la Cruz, L. A. Herndndez, J. Salinas,
Phys. Rev. D 102, 056019 (2020)
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Spin relaxation timescales

® Relaxation time depends on interaction model, can potentially get
large
—» Spin relaxation can be a slow process, dynamics cannot be neglected!

More on spin relaxation:

Y. Hidaka, M. Hongo, M. A. Stephanov, H.-U. Yee, Phys. Rev. C 109, 054909 (2024)
wll M. Hongo, X-G. Huang, M. Kaminski, M. Stephanov, H.-U. Yee, JHEP 08, 263 (2022)
A. Ayala et al, Phys. Rev. D 109, 074018 (2024)

A. Ayala, D. de la Cruz, L. A. Herndndez, J. Salinas, Phys. Rev. D 102, 056019 (2020)
A. Ayala, D. de la Cruz, S. Herndndez-Ortiz, L. A. Herndndez, J. Salinas, Phys. Lett. B 801, 135169 (2020)
J. I. Kapusta, E. Rrapaj, S. Rudaz, Phys. Rev. C 101, 024907 (2020)

J. Hu, Phys. Rev. D 105, 096021 (2022)

DW, J. Hu, Z. Xu, Phys. Rev. D 107, 016010 (2023)

DW, M. Shokri, D. H. Rischke, 2405.00533 (2024)

S. Lin, H. Tang, 2406.17632 (2024)

4 G. Torrieri, D. Montenegro, Phys. Rev. D 107, 076010 (2023)

10

E
© - ~
T 5
100 120 140 160 180 200 0
T[Mev] 100 120 140 160 180 200
T (MeV)
A. Ayala et al, Phys. Rev. D 109, 074018 (2024) A. Ayala, D. de la Cruz, L. A. Herndndez, J. Salinas,

Phys. Rev. D 102, 056019 (2020)
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Spin relaxation timescales

Relaxation time de ally get
large
Spin relaxation

Updates on spin hydrodynamics
see M. Shokri’s talk, 23.07. 16:30

neglected!

]

L
A

100

Spin hydro from quantum statistics
o /| F. Becattini, A. Daher, X.-L. Sheng, Phys. Lett. B 850, 138533 (2024)
see also A. Daher’s talk, 23.07. 17:00

ow, M. sn{ Vortical waves in fluids with AVH charges )

— S. Morales-Tejera, V. E. Ambrus, M. N. Chernodub, 2403.19755 & 2403.19756 (2024)

N\J see also S. Morales-Tejera’s talk, 22.07. 11:30

Anomalous hydro transport in Weyl semimetals —

A. Amoretti, D. K. Brattan, L. Martinoia, |. Matthaiakakis, J. Rongen, JHEP 02, 071 (2024)

see also L. Martinoia’s talk, 25.07. 15:30 Hernandez, J. Salinas,
bo)




Spin relaxation timescales

|, can potentially get

Ideal spin hydro on rotating background
see A. Chiarini’s poster & talk, 22.07. 17:30

hics cannot be neglected!

oo

100

Helicity relaxation time in fermionic plasmas
see V.E. Ambrus’s poster & talk, 22.07. 18:05
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That'’s not all Folks: Alignment



Alignment of ¢-mesons

® Spin-1 particles feature tensor
polarization (= alignment)
¢ Intuition: “Polarization counts the
difference between spin-projections
+1 and —1, alignment counts
spin-projection 0" 035
> Larger than expected

P> Many theoretical developments
Z.-T. Liang, X.-N. Wang, 0.3
Phys. Lett. B 629, 20-26 (2005)
X.-L. Sheng, L. Oliva, Q. Wang,
Phys. Rev. D 101, 096005 (2020)

*¢ (yl<108&1.2<p, <54Gevic) |

0 K®(lyl<1.08&1.0<p, <50 GeV/c)
—C¥ = 1109 + 143 fm?®

0.4

pOO

filled: Au+Au (20% - 60% Centrality)

X.-L. Xia, H. Li, X-G. Huang, H.-Z. Huang, 0.25|— open: Pb+Pb (10% - 50% Centrality)
PLB 817 (2021) 136325 P T T R
X.-L. Sheng, L. Oliva, Z.-T. Liang, Q. Wang, 10 10? 10°
X.-N. Wang, Phys. Rev. D 109, 036004 (2024 \
ang ys. Rev. ( ) sNN (GeV)

F. Li, S. Y. F. Liu, 2206.11890 (2022)

DW, N. Weickgenannt, E. Speranza,

Phys. Rev. Res. 5, 013187 (2023) STAR collaboration, Nature 614, 244-248 (2023)
J.-H. Chen, Z.-T. Liang, Y.-G. Ma, X.-L. Sheng,

Q. Wang, 2407.06480
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Alignment in QKT

¢ Spin-1 Wigner function has 16 components, 9 of which are
independent

W — gy 4 K
fB+— 2k

> fx — particle-number density
> GH — polarization
FI?” — tensor polarization/ alignment
* Several approaches on the market (incomplete list)

> Coalescence
Y.-G. Yang, R.-H. Fang, Q. Wang, X.-N. Wang, Phys. Rev. C, 97, 034917 (2018)

> Strong force fields
X.-L. Sheng, L. Oliva, Z.-T. Liang, Q. Wang, X.-N. Wang, Phys. Rev. Lett. 131, 042304 (2023)
X.-L. Sheng, S. Pu, Q. Wang, Phys. Rev. C 108, 054902 (2023)
S. Fang, S. Pu, D.-L. Yang, Phys. Rev. D 109, 034034 (2024)
X.-L. Sheng, L. Oliva, Z.-T. Liang, Q. Wang, X.-N. Wang, Phys. Rev. D 109,036004 (2024)

> Holography
Y.-Q. Zhao, X.-L. Sheng, S.-W. Li, D. Hou,2403.07468
X.-L. Sheng, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, Defu, 2403.07522
> Hydrodynamic gradients
DW, N. Weickgenannt, E. Speranza, Phys. Rev. Res. 5, 013187 (2023)
W.-B. Dong, Y.-L. Yin, x.-L. Sheng, S.-Z. Yang, Q. Wang, Phys. Rev. D 109, 056025 (2024)
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Summary and (personal) outlook

® Quantum kinetic theory is a versatile effective microscopic theory
> At (global) equilibrium: allows to recover, e.g., CME, CVE, CSE, ---
> At (local) equilibrium: provides a basis for ideal (spin) hydrodynamics
> Near local equilibrium: provides a basis for dissipative (spin)
hydrodynamics
> Away from equilibrium: can be studied as a full-fledged nonequilibrium
transport theory
* Future applications & developments (I would like to see):
> Study of spin hydro from QKT in various setups, in particular
polarization dynamics
> Numerical implementation of kinetic equations to first order in
> Application to astrophysical scenarios, e.g., spin transport in neutron
stars
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Appendix



Conserved currents in QKT

Conserved currents

1
§T(’“’) = / dTk K f

1
AW — o / dTE eH Pl 55 f

Tl _ %/[dF]VNVA[”k”] (fif2=1f)

Conservation laws

/drkm[f] —0

/ APk, 5501 f] = / (Qir;:) D)

[dF] = dF1 ng dar dF/
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Polarization observables in kinetic theory

Vector Polarization (Pauli-Lubanski Pseudovector)

SH(k) = Tr [ﬁﬂ f)(k)] — ﬁ / A8k / dS(k)s f(z, k, s)

Tensor Polarization

poo(k) = é—\/gef?)(k)fuo)(k)@w(k)

1 Al & 4
O (k) = 5\/§Tr (S(“S”)-I-gK””) ﬁ(k)]

_ Ly 1 A o Bp
_ 2\/;N(k)_/ A8k /dS(k)Kaﬁss (o, k,s)

N(k) = [d2 k7 [dS(R) f(r,k,s), S = —(1/2m)e"*F ], Pp
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Moment expansion

* Split distribution function f = feq +0f

¢ Perform moment expansion including spin degrees of freedom

Irreducible moments

péfl""u’é (;C) = /dFE{;k;Q“ co k/‘é)éf(a;7 k75)
7—#7“1"'”5 (w) = /dFEMEIZk(Ml ce kﬂé)df(x, k75)
PHTB (g) = /drKggg%ﬁE{;le - kMOS f(x, K, 5)

¢ Equations of motion can be derived from Boltzmann equation

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

. AML Y v
Bl ) = ARLTLe R
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Nonlocal collisions

DW, NW, ES, 2306.05936 (2023)

Spacetime shifts

AP = M71725162MC1C2?71?72}L1 o h2,’72772hC262 [h v ]C151

® Depend on the transfer-matrix elements
<11’| tA|221> = ﬂl,a’ﬁll’@qu’U,Q/ﬁMa'B'ya

¢ Manifestly covariant
— no “no-jump” frame

hi= (1 + s 8) (K +m)
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Moment equations: Spin-rank 1

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

* Navier-Stokes limit: ¢/ =0

e Contains local and nonlocal contributions

(p) A JTRZON
> Q:r,local ~ Ty

IDR2 A
> Q:r,nonlocal ~ UP<V€ >Hapu0¢
¢ Leads to shear-induced polarization, coefficient independent of total
cross-section
¢ Magnitude not yet clear

N. Weickgenannt, DW, E. Speranza, D. H. Rischke, Phys. Rev. D 106, L091901 (2022)
N. Weickgenannt, DW, E. Speranza, D. H. Rischke, Phys. Rev. D 106, 096014 (2022)
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Moment equations: Spin-rank 2

Moment equation for ¢ = 0

dp et = 2 - - Dm0+ o),

_Al“év’yd)aﬁ Y + (,r. _ 1)1/]< w), aﬁo'aﬂ

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

® Nonetheless, they are important to e.g. describe tensor polarization
of spin-1 particles
DW, NW, ES, 2207.01111 (2022)
> Main argument: Cﬁff’f ~ AR + B, leads to Y ~ ¥ in the
Navier-Stokes limit

. ( )
AbG = (AJ‘AE )/2 — (1/3)AFY Aqup
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