Spin and chirality in hydrodynamics

Nora Weickgenannt

in collaboration with David Wagner, Enrico Speranza, and Dirk H. Rischke

6th International Conference on Chirality, Vorticity and Magnetic Field in Heavy lon
Collisions | November 3, 2021

GOETHE @.
UNIVERSITAT CRC-TR2n

Strong-interaction matter
FRANKFURT AM MAIN under extreme conditions

UFG



From quantum field theory to hydrodynamics (RC-TRn

»> Want: Polarization dynamics in heavy-ion collisions (see yesterday's talks) from
microscopic theory
— Dissipative spin hydrodynamics

» Spin is quantum property
—> starting point: quantum field theory

» Derived kinetic theory for massive spin-1/2 particles from quantum field theory using

Wigner-function formalism

NW, X.-L. Sheng, E. Speranza, Q. Wang, and D. H. Rischke, PRD100, 056018 (2019)

J.-H. Gao and Z.-T. Liang, PRD100, 056021(2019)

K. Hattori, Y. Hidaka, and D.-L. Yang, PRD100, 096011 (2019)

Y.-C. Liu, K. Mameda, and X.-G. Huang, Chin.Phys.C 44 (2020) 9, 094101

NW, E. Speranza, X.-|. Sheng, Q. Wang, and D.H. Rischke, PRL127 (2021) 5, 052301; PRD104 (2021) 1, 016022

» Now: Derive hydrodynamic equations of motion from kinetic theory,

use method of moments
G.S. Denicol, H. Niemi, E. Molnar, D.H. Rischke, PRD 85 (2012) 114047
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Spin kinetic theory cnm

NW, E. Speranza, X.-|. Sheng, Q. Wang, and D.H. Rischke, PRL127 (2021) 5, 052301; PRD104 (2021) 1, 016022

» Phase-space distribution function f(x,p,s), depends on spin variable s*,
exactly related to Wigner function

» Boltzmann equation (derived from quantum field theory)

p-Of(x,p,s) = C[f]

» Nonlocal collision term

@[f] = /dFldl‘gdP' w [f(ac + A17p1,51)
X f(llf + A27p2752) - f(l‘ + A,p,ﬁ)f(l’ + A/7pl751)]

Particle positions displaced by A*

» Nonlocal collision term: conversion of orbital angular momentum into spin
—> spin alignment with vorticity
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Spin hydrodynamic equations of motion mm

» Spin hydrodynamics is based on conserved quantities:

W. Florkowski, B. Friman, A. Jaiswal, and E. Speranza, PRC 97, no. 4, 041901 (2018)
W. Florkowski, B. Friman, A. Jaiswal, R. Ryblewski, and E. Speranza, PRD 97, no. 11, 116017 (2018)
W. Florkowski, F. Becattini, and E. Speranza, APB 49, 1409 (2018)

charge current

energy-momentum tensor
0, T"" =0
+ total angular-momentum tensor
J)\,,u,u _ x,uT)\u o xl/T)\,u, + hS)\,,u,r/
orbital part spin tensor

HhI M =0 = SV =1

A pY) = ahbt — At
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Pseudo-gauge choice mm

NW, E. Speranza, X.-l. Sheng, Q. Wang, and D.H. Rischke, PRL127 (2021) 5, 052301
E. Speranza, NW, EPJA57 (2021) 5, 155

» Definition of energy-momentum and spin tensor depends on choice of pseudo-gauge
F.W. Hehl, Rept. Math. Phys. 9, 565 (1976)

» Does pseudo-gauge choice affect dynamics? Yes ...
F. Becattini, W. Florkowski, E. Speranza, PLB789 (2019) 419-425
K. Fukushima, S. Pu, PLB817 (2021) 136346
A. Das, W. Florkowski, R. Ryblewski, R. Singh, PRD103 (2021) 9, L091502
M. Buzzegoli, 2109.12084

» Canonical spin tensor: not conserved even for free fields or in global equilibrium
—> not consistent with physical picture of spin density

» Hilgevoord-Wouthuyson (HW) currents:

J. Hilgevoord, S.A. Wouthuysen, Nuclear Physics 40, 1 (1963)

T — / T pp” f(z,p,5) + O(R?)
SA”W, _ deA 12;1,1/_ h p[uau] f(x p 5)+O(h2)
2w 277 4Am? ”
Dipole-moment tensor £t = — L e *Fp 54
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Hydrodynamic equations of motion mm

NW, E. Speranza, X.-l. Sheng, Q. Wang, and D.H. Rischke, PRL127 (2021) 5, 052301
E. Speranza, NW, EPJA57 (2021) 5, 155

» Boltzmann equation = Equations of motion
0.1f = [ arpels) =0,

RO\SyLY = /dF gzg" el =T

» HW spin tensor conserved for free fields or in global equilibrium: € =0

» Nonzero nonlocal collision term <—- TI[{"{/“} # 0 <= Spin not conserved
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Decomposition of currents mm

» Decompose currents with respect to fluid velocity u*

N =nu* +n*
Thm =culu” — A" (Py +1I) +uPRY) 4+
S)\,,u,u —u muu +A)\aq30¢‘uu +2U<aﬁ)\)#’/a +Q/\,u,u

+%8[V coulu® — AMN(Py 4+ 10) 4 7t ]

AMY =y g f,i;lz/ = 6;11/03}1&37 a(/zbu) = g"b” + a’ bt
» 4410424 degrees of freedom <> 14+4+6 equations of motion
—> need additional equations of motion to close system of equations

» All components can be related to moments of distribution function,
e.g., spin-energy tensor
gj-tuu _ 1 praf E2
= "om€ Ua(Ep 5p)
— derive additional equations of motion from kinetic theory
use method of moments

G.S. Denicol, H. Niemi, E. Molnar, D.H. Rischke, PRD 85 (2012) 114047
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Equilibrium and scale ordering mm

>

Nonlocal collision term vanishes only in global equilibrium
—= How to define "local" equilibrium as starting point of hydrodynamic expansion?

Issue about local equilibrium:
Nonlocality scale of collision term smaller than scale on which dissipation happens

Treat vorticity on different scale than other gradients
S. Li, M. Stephanov, H.-U. Yee, PRL127 (2021) 8, 082302

Impose ordering of scales

A< ]mfp < [hydro ; A < lv< lhydro
needed for molecular chaos allows for definition of local equilibrium
with
L A lnfp . .
expansion in spin degrees of freedom ™~ hydrodynamic expansion
v “hydro
A: nonlocality of microscopic collision, Imfp: mean free path
lhydro: scale of inverse dissipative gradients, l,: scale of inverse vorticity

Local equilibrium:
neglect O(A/lhyaro) == Nonlocal collision term vanishes if spin potential equal to
thermal vorticity
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» Expand distribution function up to first order in % and gradients
h v
f:feq+6f:f0p |:1+ZQLWZ§L +¢p+5'CP:|7

equilibrium, deviations from equilibrium

Zeroth-order distribution function
1
fop =

(2rh)?

—Bou-p+ag

inverse temperature [y, chemical potential ap,
spin potential: thermal vorticity + dissipative corrections

1
Sz;u/ = Wuv + 0O ( )
lhydro

» Define dissipative irreducible moments

pﬁj'”‘” E( gpw]...p“’))e;

KBt — T ol (K K)
e = (B, s"'pYt . pf)s
A1 pn) . : : : M
A - traceless, symmetric projection orthogonal to u

» §f can be expressed in basis of dissipative moments

Nora Weickgenannt Spin hydrodynamics 8 /25



Matching and equations of motion for thermodynamic potentials mm

» Matching conditions (Landau frame)

no_ I
uy, N* = u, N,

7 4
eq » u,uTsym - uuTsym,eq

» Additional matching condition in presence of spin

A A
uxJ MY = u,\Jeq"“’

—> Defines spin potential near local equilibrium

> Conservation laws for N#, T*", and JM*

——> equations of motion for thermodynamic potentials ag, B0, u”, Q"
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General equations of motion mm

» Boltzmann equation = exact equations of motion for spin moments 7"t #!,

eg.,
H00 e, =

G r G r v G r h YAV
[gﬁ% + gg”ne - i;;’n* O~ pd- n:| W = 3T AL VLD

h =~ v BO .
- %Q<u> [I(r+1)11u - I(r+2)1 o0+ Po (_Huu + V., II — AV)\Bpﬂ-Ap)]

. 174 « 124 1
+ ru,n's@l‘ +(r— 1)00437',(&)2‘ B _ Af\‘VyTT)‘;l -3 [(r + 2)735“> —(r— 1)m27§f>2] 0

h .
- %I(r-rl)OGWQBUVQaﬁ
VE = ALY, 0=V -u, o' = Vi, wh = 7(1/2)(‘”’"3u,,Q(w, " = V*aq

» Collision term
@l:»_(iu...un) = /dF E;715”p<m "'p”">¢[f]
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Truncation procedure and dynamical moments mm

>
>

Infinite number of coupled equations = need truncation procedure

Idea (Israel-Stewart): Approximate moments which do not appear in conservation
laws by those which do appear

Conventional hydrodynamics:

2

n“Epg, h”EpT7 HE—?Pm " Epgw
particle diffusion heat flux bulk viscous pressure  shear stress
—> 14-moment approximation
Spin hydrodynamics: additional dynamical moments from spin tensor
n =1Y pt = 7'5 3M4 — 7'1(<“>’A) unV — 7_6/,;0\
- ) - ) - i -
spin energy spin pressure spin diffusion spin stress

— 14+4-24-moment approximation

Dynamical spin moments determined by form of spin tensor
— Pseudo-gauge dependence enters!
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Collision terms mm

» General form of collision terms
N;
it = S0 B [ WEST 8 o o
n=0

h « 1 (e}
X [_Z(Qaﬂ — wap)Xe” + iamﬁ(nﬁﬁp

dissipative spin moments
difference between spin potential and thermal vorticity
from nonlocal collision term, thermal shear,

Au = _ h Guuuﬁ

- vlas
2m(p -t +m) P ’

» |nvert matrix Bﬁlrz to obtain final form of equations of motion
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Closed second-order equations of motion mm

Obtain equations of motion of all dynamical spin moments, e.g.,

rqA”A”* d <p>aﬁ+q<u>uA

_ 0(2)5()0[) v6>\>uaﬂua + ﬁ(2)Q(u>(VI/\> + RgéA”)‘ veOrs _ ﬁ(2)0vkwg

_ﬁgﬂgwxu( ™ + vV — AN g ﬂaﬁ) N RN ONICS Y

+ g§2)A“A vﬁ po 4 9(2)q(u vAp + 9(2)q(# p(v >\> +or qw)P(V >\>

(2)p )(r")‘ 69(2)qpu _|_ g Q)F“;) vA) + 9(2)p<u A>uu 1 C| va Iz

relaxation time
transport coefficients

and similar equations for p‘*) and 3

— closed set of relaxation equations
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Relaxation times mm

» Calculate relaxation times for spin moments in dependence of mf3

» Relaxation times of same order as those for spin-independent dissipative moments

II, n*, ot¥
(

1.2

— 7 /lmfp

— 73/lmfp

11k I Tq/lmfp
1

| | | |
0 0.2 0.4 0.6 0.8 1

mﬁo

Calculations on spin relaxation times in different context can be found in
J. I. Kapusta, E. Rrapaj, S. Rudaz, PRC 101, 024907, 031901, 102 6, 064911 (2020)
A. Ayala, D. de la Cruz, L. Hernandez, J. Salinas, PLB 801, 135169, PRD 102 5, 056019 (2020)
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Pauli-Lubanski vector mm

» Observable in heavy-ion collisions: Pauli-Lubanski vector
F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, AP338, 32 (2013)
F. Becattini, arXiv:2004.04050
E. Speranza, NW, EPJA 57 (2021) 5, 155
L. Tinti, W. Florkowski, arXiv:2007.04029

1) = 5 / dSAp*dS 5" f (2, p,5)

» Equilibrium:

Ik, (p) = dAp™ Q" (Epus + pioy)

__h
AmN

» Express dissipative corrections through dynamical spin moments:

l p“pl’ v 174 174
() TN (g,‘,‘ T ) /C’ZAPA{XMJ< b 6xng”", + xpu 3>\/\

+ |:X35u<y + (qu/\(; +Zzpp<a>) uz/:| Play + (qu(u>uﬁ +2:5ul/5<uﬂ>> p<”p/3>}
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Navier-Stokes limit m%

» So far: kept terms up to second order in equations of motion
—> transient hydrodynamics

» Now: keep only first-order terms = Navier-Stokes limit

» No additional dynamical quantities,
everything can be expressed in terms of ao, Bo, u*, Q" and their derivatives

» Full expression of Pauli-Lubanski vector lengthy

» From nonlocal collision term: contributions independent of spin potential

1 p”p A a ByvTp
SI1* (p) ~oN <g,‘f - pzu dXa\p X(,Up“e’> PUrpappy + .-
—> contribution from shear to local polarization, vanishes after momentum
integration

Effects of shear important for description of local A polarization

B. Fu, S. Y.F. Liu, L. Pang, H- Song, Y. Yin, PRL127 (2021) 14, 142301

F. Becattini, M. Buzzegoli, A. Palermo, arXiv:2103.10917
F. Becattini, M. Buzzegoli, A. Palermo, G. Inghirami, I. Karpenko, arXiv:2103.14621
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What comes next? mm

» Numerical implementation of second-order equations of motion?
== Causality and stability?

» So far: No work in that direction done in dissipative spin hydrodynamics
But: Causality and stability for chiral hydrodynamics

E. Speranza, F. Bemfica, M. Disconzi, J. Noronha, 2104.02110

> So far: spin-1/2 fermions
— What happens for higher spins? — ¢-polarization in heavy-ion collisions

» First step:

Derive kinetic theory for massive spin-1 particles from Wigner-function formalism
D. Wagner, NW, E. Speranza, D. H. Rischke, in preparation
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Ideal chiral hydrodynamics from kinetic theory mm

E. Sp , F. Bemfica, M. Di i, J. N ha, 2104.02110

» Constitutive equations in ideal chiral hydrodynamics
e.g., Chen, Son, Stephanov, PRL 115, no.2, 021601 (2015); Yang, PRD 98, no.7, 076019 (2018)

T = eut'u” + PA"™ + &p(wh'u” + w”u)
JU =nvu! + v Wt

Jh = nau’ + Ea "

Ji:, J% - Vector- and axial-vector current, w* vorticity vector

» Equations of motion

0T =0, O-Jy=0-Ja=0

» One can prove:
solution of system of equations either does not exist or is not unique
—> cannot be numerically implemented
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Ideal chiral hydrodynamics in Landau frame mm

E. Speranza, F. Bemfica, M. Disconzi, J. Noronha, 2104.02110
» Shift fluid velocity such that it becomes eigenvector of T+
> Drop terms of order O(5?)

> Resulting constitutive equations:
T = eutu” + PA*
JE =nyut + &y W

Jh =naut + 40"

» Impose nontrivial conditions on &y, &4
—> equations of motion have unique solution and are causal and stable
== numerical implementation possible
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Interacting Proca fields mm

» Proca fields V* interacting with electromagnetic fields A*

> Starting point: Maxwell-Proca Lagrangian
H. C. Corben. J. Schwinger, PR58, 953 (1940)

m2

2

Field strength tensors V¥* = D*V” — D¥V# | FH = gAY — 9V A*,

covariant derivative D* = 0* + (iq/h) A"

1 UV * 1 v . *U
Lp=h <_2V MV + =V MV#) - ZF“ Fu, —igrF, V'V

» Magnetic moment u = (1 + x)gh/2m
== Choosing x = 1 sets gyromagnetic ratio g = 2

S. Ferrara, M. Porrati, V. L. Telegdi, PRD46, 3529 (1992)
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Spin-one Wigner-function formalism cnm

D. Wagner, NW, E. Speranza, D. H. Rischke, in preparation

» |dea: Calculate Wigner function and its equations of motion in presence of

electromagnetic fields by %i-expansion in collisionless regime
NW, X.-L. Sheng, E. Speranza, Q. Wang, and D. H. Rischke, PRD100, 056018 (2019)

——-extend formalism used for Dirac fields to Proca fields

» Spin-one Wigner function:

WH (z, k) = (273},1)4 /d4v e~ Hk Ve <: v (1’+ %)U+—V” (;L‘f %) :>

gauge link

» Proca equation
—> mass-shell relations, constraints and kinetic equations for Wigner function
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Decomposition of Wigner function mm

D. Wagner, NW, E. Speranza, D. H. Rischke, in preparation

» Decompose Wigner function into symmetric and antisymmetric part
Huang, Mitkin, Sadofyev, Speranza, JHEP 10 (2020) 117

WH = WE + Wh

» Decompose both parts with respect to k*

s

W = E"™fp+ K" fx + ——F% + F

K K \/F K
[n

Wi = Py gweske G

2vk2

EM = k*EY V2, KM = g™ — BV
Flk, = Fik, = G'k, = F;;M =0, k=0, F¥=F

independent components, determined by mass-shell conditions and kinetic equations
dependent components, fixed by constraint equations

= Solve these equations order by order in i
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Results: equations of motion | mm

D. Wagner, NW, E. Speranza, D. H. Rischke, in preparation

» Scalar distribution function V' = on-shell part of fx

h

1 gh a S
v +%(87F ﬁ)aszaﬁ]

_ 2 (0) v
0 = 4k —mc)|:k v 3<V+34k2F“ EW>

—6'(k* = m*)ghF*Pk - VOS5,

VO = gl — gFM 8y,

» Dipole-moment tensor

SUV v q k kM, o G (0
o= _ZWA,on—shell 2h Ik2 ]”V< ) + EF} V( )
0 = &K —m’c) {k VOIS R, sl

qh v v qto alpq v
~ L F, )0 (Filp+ g0V ) - L2 N F R 1}

+28' (k> — m®c®)ghF, " {k VOFN 4 qF, I FR 4 Kk @(())V]
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Results: equations of motion Il mm

D. Wagner, NW, E. Speranza, D. H. Rischke, in preparation

pv

» Tensor polarization F&” = on-shell part of F£”

h

0 = 6K —m’c )[k VOFY 4 qF, P FP 4+ L o K07 FYa)or ”“]

+6/(k2 _ m202)thZgFBN (k . @(O)iu? qF [v Zﬂ )

» Scalar distribution and dipole moment: analogous to spin-1/2

Tensor polarization: new degrees of freedom for spin 1
—> Effects in heavy-ion collisions?

» Kinetic theory is starting point to derive dissipative hydrodynamics for spin-1
particles
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Conclusions and outlook mm

» Derived second-order spin hydrodynamics from kinetic theory using method of
moments

» Dissipative corrections to Pauli-Lubanski vector
— depend on all dynamical spin moments
— Navier-Stokes limit: contributions from spin potential and shear
— Need numerical implementation to compare to experiment

> Presence of vorticity in spin/ chiral hydrodynamics leads to causality issues even in

ideal case
E. Speranza, F. Bemfica, M. Disconzi, J. Noronha, 2104.02110

—> Causality and stability analysis of second-order equations of motion needed

» Derived kinetic theory for spin-1 particles
D. Wagner, NW, E. Speranza, D. H. Rischke, in preparation

= Derive spin-1 kinetic theory with particle collisions and spin-1 hydrodynamics

» Include electromagnetic fields
— dissipative spin magnetohydrodynamics
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