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Chirality in heavy-ion collisions '\E",EHFHF cn:ﬁ

Investigation of chirality-related effects in heavy-ion collisions took off with prediction of
“Chiral Magnetic Effect” (CME)

L.D. McLerran, D.E. Kharzeev, H.J. Warringa,
PRD 78 (2008) 074033

K. Fukushima, D.E. Kharzeev, H.J. Warringa,
NPA 803 (2008) 227

= anomaly-induced generation of electric current
in magnetic field
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Precursor theory to spin hydrodynamics qENEHFHF cn:ﬁ

“Chiral Magnetohydrodynamics” (CMHD)
D.E. Kharzeev, H.-U. Yee, PRD 84 (2011) 045025

PHYSICAL REVIEW D 84, 045025 (2011)

Anomalies and time reversal invariance in relativistic hydrodynamics: The second order
and higher dimensional formulations

Dmitri E. Kharzeev'>* and Ho-Ung Yee'"
"Department of Physics and Astronomy, Stony Brook Ln sity, Stony Brook, New York 11794-3800, USA
eparmment of Physics, Brookbaven Natonat Laboratory, Upton, New York 11973-5000, USA
(Received 22 Jun zmlpuhlndu/\gn 1)

I

theory of second-order dissipative conformal
anomalous magnetohydrodynamics

I

conformal symmetry imposes strong
constraints on transport coefficients

However: for massless particles, spin (helicity) is determined by momentum

== spin as independent dynamical degree of freedom requires massive particles
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Rotation leads to polarization an EH F HF CR.-TRR

Condensed matter: Barnett effect

—> spins align under rotation
(due to spin-orbit coupling)

= non-vanishing magnetization

Non-central heavy-ion collisions:
strong orbital angular momentum

Barnett effect in heavy-ion collisions?

= hadrons are polarized by vorticity of matter
Z.-T. Liang, X.-N. Wang, PRL 94 (2005) 102301

PHYSICAL REVIEW LETTERS

PRL 94, 102301 (2005)

Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions

Zuo-Tang Liang' and Xin-Nian Wang>

"Department of Physics, Shandong University,

Nuclear Science Division, MS 70R0319, Lawrence Berl
(Received 25 October 2004; pu

¢ 250100, China
vional Laboratory, Berkeley, California 94720, USA
ished 14 March 2005)
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Experimental observation - A polarization ! E"EHFHF (Rc..ﬁ

A polarization along angular-momentum direction (“global polarization™)

< AL 2050% "] L. Adamczyk et al. (STAR), Nature 548 (2017) 62
~8r % A this study -
St © Atis study 1 —> QGP is “most vortical fluid ever observed”
¥ A PRC76 024915 (2007)
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For comparison:
o Great Red Spot of Jupiter w ~ 107*s7!

o turbulent flow in superfluid He-Il w ~ 15057*

o superfluid nanodroplets w ~ 107 s~ !
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Polarization and hydrodynamics '\E",EHFHF cn:ﬁ

Assuming local equilibrium on freeze-out hypersurface, I Avau 2050% contral [ — A model |
hydrodynamics describes global polarization quite well ... s-‘ el P e |
sk G 4 AsTAR ||
N~ Pk, [o dT - k w0 foc S 1
where @,, = —1 (0,8, — 053,) thermal vorticity, e t
B¥ = u*/ T, fox local-equilibrium distribution function ;
. Karpenko, F. Becattini, NPA 967 (2017) 764 Ws o e 20

Ve [GeV]

. but fails to describe azimuthal-angle dependence of polarization along the beam

direction (“local longitudinal polarization™)
F. Becattini, M.A. Lisa, Ann. Rev. Nucl. Part. Sci. 70 (2020) 395
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Polarization and hydrodynamics Q“,EHFHF CRC.-'R

Recently, further (non-dissipative?) contributions to the polarization were found
F. Becattini, M. Buzzegoli, G. Inghirami, |. Karpenko, A. Palermo, PRL 127 (2021) 272302

A
M- ~ hvPok, fzf_o_ dy - k (W,m + 28,600 u ) fox

where £, = % (0B + 0rBs) thermal shear tensor
(see also S.Y.F. Liu, Y. Yin, JHEP 07 (2021) 188)

—> this does not quite do the job ... see talks by F. Becattini, B. Fu,
P] +PL 1e-3
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. but neglecting temperature gradients on ¥¢, does!
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Polarization and hydrodynamics '\E",EHFHF cn:ﬁ

Observations:

o derivation of formula for polarization (M* ~ w,,) is strictly valid only for rotating
global-equilibrium state
F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Annals Phys. 338 (2013) 32

— application of formula requires (infinitely) fast equilibration of
spin degrees of freedom (relative to timescale of collision)

o dissipative effects influence (almost) all other observables in a heavy-ion collision,
even seem to appear explicitly in new term ~ &, in formula for polarization

=—> Questions:
(I) How fast do spin degrees of freedom equilibrate?
(1) How is polarization influenced by dissipative effects?

= requires a theory of second-order dissipative spin hydrodynamics!

N. Weickgenannt, D. Wagner, E. Speranza, DHR,
PRD 106 (2022) 096014, PRD 106 (2022) L091901

Remark: for tensor polarization and spin-1 particles, see D. Wagner's talk
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eHFHF

where N* particle four-current

Particle number conservation

Energy-momentum conservation

0, TH =0 where T#” energy-momentum tensor

Angular-momentum conservation

A =0 where J***** angular-momentum tensor

with J#P* = xV THY — xX THY 4 BSH#YA and energy-momentum conservation:

Equation of motion for spin tensor

hd, S = T

where a1 = 22 b7 — 27>
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eHFHF

1 equation, 4 unknowns

Particle number conservation

Energy-momentum conservation

9, T" =0 4 equations, (at least) 10 unknowns

Angular-momentum conservation

Q=0

with J#P* = xV THY — xX THY 4 BSHYA and energy-momentum conservation:

Equation of motion for spin tensor

hd,S*r = T 6 equations, 24 unknowns

where a1 = 22 b7 — 27>
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Ideal spin hydrodynamics '\E",EIHFHF (R:ﬁ

Assume local equilibrium

Single-particle distribution function (to order O(h))

h v
f;q,ks = fok <1 + ZQW’ZI‘(‘s > ,  fox = exp (0( —f- k)

where

°o o= % Lagrange multiplier for particle-number conservation

ut s . . .
o fH = - Lagrange multiplier for energy-momentum conservation, u* fluid 4-velocity
o Q. spin potential, Lagrange multiplier for angular-momentum conservation

1 . . .
o T = —— Pl 55 dipole-moment tensor of particle with mass m,
m

(on-shell) 4-momentum k., and spin 4-vector s3
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Ideal spin hydrodynamics '\E",EIHFHF (R:ﬁ

Assume local equilibrium

Single-particle distribution function (to order O(h))

h v
f;q,ks = fok <1 + ZQHVZ::S > ,  fox = exp (Q —f- k)

where
°o o= % Lagrange multiplier for particle-number conservation
1 parameter
o fH = u—: Lagrange multiplier for energy-momentum conservation, u* fluid 4-velocity
4 parameters

o Q. spin potential, Lagrange multiplier for angular-momentum conservation

6 parameters

1 . . .
o T = —— Pl 55 dipole-moment tensor of particle with mass m,

(on-shell) 4-momentum k., and spin 4-vector sz
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Ideal spin hydrodynamics '\E",EHFHF (R:ﬁ

Extend phase space by spin degrees of freedom (for more details, see D. Wagner's talk):

_ dk _
dK = oysi — I = dK dS(K)

. k2,
with dS(k) = ﬁ d 56(k '5) 6(5 5+ 3),
v v KMKY
such that [ dS(k) =2, [dS(k)s" =0, [dS(k)s"s” = -2 (g” - )

Fluid-dynamical currents

NE = (kM)
i T = (k"K") + O(h?)
1 h
7570 N T R 2 N LR -0 2
S = <k <2st 4m2k a >>+O(h)
where ( = [dl---f(x, k,s)

== for (- )eq = fdr - feqks == equations of motion are closed!
see, e.g., W. Florkowski, A. Kumar, R. Ryblewski, Prog. Part. Nucl. Phys. 108 (2019) 103709
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Boltzmann equation Q ENEHFHF cRc.-TRm

Dissipative spin hydrodynamics
= provide additional equations of motion

—> start from underlying microscopic theory, apply method of moments
see, e.g., G.S. Denicol, H. Niemi, E. Molnar, DHR, PRD 85 (2012) 114047
From equation of motion for the Wigner function, derive to first order in h:
N. Weickgenannt, E. Speranza, X.-l. Sheng, Q. Wang, DHR,
PRL 127 (2021) 052301, PRD 104 (2021) 016022 for more details, see D. Wagner's talk

Boltzmann equation for spin-1/2 particles with nonlocal collision term

k- Of (x, k,5) = C[f]
el = / dr1dT>dT dS(K) Wi i (k)8 (k + K — ki — ko)

X [f(X—l— Al — A, k1,51)f(X-|— AV AW k2,52) = f(X, k,E)f(x + A — A, k/,ﬁl)]

. . h vapp
where nonlocal position shift Af = —————— ¢ Etyka5ﬁ
2m(k - t + m)

<= Berry connection! see, e.g., M. Stone, V. Dwivedi, T. Zhou, PRD 91 (2015) 025004
h
Note: A ~ - Compton wavelength! = quantum length scale!

Nonlocal collisions: allow mutual conversion of orbital angular momentum and spin



Covariant collision term '\E",EIH F HF (R:ﬁ

Position shift A" depends on frame vector £, = (1,0,0,0)

— does not transform covariantly!

= breaking of Lorentz covariance due to (invalid) approximations made in calculation
—> corrected in D. Wagner, N. Weickgenannt, DHR, PRD 106 (2022) 116021

For NJL-type 4-fermion interaction ~ ({I?q))?

covariant position shift

, Im {Tr [hwr“’)hzr(a)] Tr [r“’)hlr(a)h'] ~Tr [hfy“r“’)hlr@)h’r(b)mr(a)]}

A* S = =
4m " Re {Tr [AF@ kT @] Tr [[@hT@ ] — Tr [AF@ @ R T hTOR] }

where h = h(k,s) = ﬁ(u ~s9) (K + m)

and similarly for (ki,51), (k2,52), (k',s"), (k,5)
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eHFHF

Usually, local-equilibrium distribution function feq is defined by condition

Local equilibrium

Clfe] =0

However, as shown in N. Weickgenannt, E. Speranza, X.-l. Sheng, Q. Wang, DHR,
PRL 127 (2021) 052301, PRD 104 (2021) 016022, nonlocal collision term vanishes only in

Global equilibrium

« = const.
BB +8°8" = 0
Qy,u = Wur = const.

= appears too restrictive: nonlocality A < fint € Amip < Lhydro
= (quantum) nonlocality scale A much smaller than hydrodynamic scale Lhydro

Generalized local equilibrium

€ [feq] ~ O(A/ Lhydro)

Dirk H. Rischke Spin hydrodynamics 16/26



Generalized local equilibrium '\E",EHFHF cn:ﬁ

1 1
Define hydrodynamic scale Lnydro by - k - Ofeqks ~ Lifeq,ks J

hydro

3#“ ~ O(Lh_yzl:lro)
— auﬂy _'_auﬁu ~ O((kl-hydro)il)
a)\ QNV ~ O(L;ycl:lro)

. . h s
= using conservation of total angular momentum J** = Atk 4 EZ&' in binary

collisions, order O(h) contribution to nonlocal collision term:
h 1w
~ QT+ D00 = fuK) = EA[‘ K (@0 = Q) + O(A ) Liyero)
—=> for generalized local equilibrium: Q,,, = @, + O((kLhydro) ")
= consistent, as in global equilibrium Lpygro — 00 and thus Q,, — @,
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Modified power counting '\E",EH F HF cn:ﬁ

Usually, all gradients of fluid-dynamical quantities are O(Lhydm)

However, global-equilibrium conditions do not restrict value of thermal vorticity w .,
see, e.g., F. Becattini, L. Tinti, Annals Phys. 325 (2010) 1566

— vorticity does not follow usual power counting, @, % O((kLnydro) %)

= define scale fyor set by vorticity: Wy ~ O((k&,o,t)_l) J

In principle, luort can take any value from fuort < Lhydro t0 fvort ~ Lhydro

<1

. . h
However, in order for i—expansion to apply: 7€, Xk ~ ;wwe’waﬁkaﬁg ~

vort

== lyon cannot be arbitrarily small (as in global equilibrium)

= remember A < fint K Amfp K Lhydro == Luort could be as small as Ay !

£ NMEKH<<1 J

—> for the sake of simplicity assume
evort Lhydro
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Method of moments @@H F HF (R:ﬁ

Extend method of moments developed in G.S. Denicol, H. Niemi, E. Molnadr, DHR, PRD 85
(2012) 114047 by spin degrees of freedom

Single-particle distribution function

f(x, k,s) = feq,kJ + Ofks
. kv
O = f"kz Z Hkn [ e — Té#%m . (g;w - WE)k )5 ] Ky -+ Ky
=0 nESy
where

© Ky, -+ ku,y irreducible tensors

e = <E,fk<“1 ---k"’5>>6 irreducible moments, (-+-)s = () — (-+ - )eq

©

©

TR = <5“E,(’k<“1 e k“‘>>6 spin moments

©

Ex = k-u energy of particle in fluid rest frame

o A = AMYA,, with A* = g™ — u"u” projector onto 3-space orthogonal to u*
o Aln) = NS A

ALLE symmetric, traceless rank-2¢ projection operators built from A

° Hkn polynomials in Egx of rank N,

l



eHFHF

Inserting f(x, k,s) = faq,ks + dfks into definition of spin tensor

-

s,u,u)\ _ u,u;j'tuk +£’B(,u)u)\ + uaﬁuu)\a + uu‘s’%au)\a + ﬁ,uy)\ _ 4h28[)\ TV];L
m

where
° ;)f"tu)\ = Eukaﬁmaﬂ’
. 1 .
with M8 = — — ~ {<E,(25B> + 7-2’8] spin energy tensor
2m eq
° iﬁ’“})\ = euu)\agpa,
. 1 .
with ¢ = ——— [< (m2 - Ek2> 5°‘> + mPr — Tz“] spin pressure vector
6m eq
Guria — viaf &
°H =70,

1
; uB — _ (n) B
with HHF = 5 [<Ekk 5 >

° ﬁ,uuA = eu)\aﬁﬂu

+ 7-13*”} spin diffusion tensor
eq

af’
1

with Qref = — — {<k(“k°‘)sﬁ> + Tég”“‘o‘] spin stress tensor
2m eq

Dirk H. Rischke Spin hydrodynamics 20/26



Matching conditions '\E",EHFHF (R:ﬁ

Define local-equilibrium state via

Landau matching conditions

w _ W
Nu, = Ngquu
T = T&u
TN TN
J Up = Jeg Uy

relates o, 5", and Q. in foqks to fluid-dynamical variables

I

determine «, 8", and €, via conservation laws!

still need to derive equations of motion for dissipative currents 1, n*, and 7*”,

as well as spin moments 7¢*, 75, 7", and 7"

I

appearing in §#

Equations of motion for standard dissipative currents I, n*, and 7#"
=—> see G.S. Denicol, H. Niemi, E. Molndr, DHR, PRD 85 (2012) 114047

. 1 .
= relaxation-type equations, e.g., M+ —MN = ..., with N = v*9,N
m
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Equations of motion for spin moments q E"EIHFHF (R:ﬁ

Take spin moments of Boltzmann equation:

Equations of motion for spin moments

— T-éu%(mmue) _ d’@l’m-"w

Q:ﬁ,_ull'“w _ /dr El?*lk(ul . kue>5u Q:[f]

Linearized collision integral

Q:sjil'"ﬂl = Cf: Mlllocal + Ct:’ullnonlocal
Q:Z Mlllocal = - Z Bnr Trﬂyﬂl“'ue
= reSy
el: Mllnonlocal = /drldrzdrdr Wssljslfz E 1f(-)kﬂ)k'
h
X k(Hl - k#l)gl‘ [Z(waﬁ _ Qaﬁ)zﬁ;ﬁ + gaBAa kﬂ
] Q:f: M11|oca| == inverting B,(,f) yields relaxation times

14,441 : : .
o g el == gives rise to Navier-Stokes terms
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(144-24)-moment approximation \:NJEI H F H F cnzﬁ

Infinite set of moment equations needs to be truncated
—> lowest-order truncation:

14 standard fluid-dynamical moments + 24 moments for components of spin tensor
=—> (14+24)-moment approximation

Independent spin moments: p* = TOM, M = 7'1<“>’” + 7'1<”>’“, gt = 7'0<”>"’A

3 4+ 6 + 15 components

Equations of motion for independent spin moments

Tp)ﬁ<”>+p“ ~ e”"o‘ﬁ(waﬁ—ﬂaﬁ)uu—i—...
7’33<u><u>+ﬁw

~

2 (e » 1
qu(u)( >\>+qu Ao 70'05 6>‘>“a5u5+...

where o*” = 9 ") fluid shear tensor

for more details, see D. Wagner's talk
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Spin relaxation times and Pauli-Lubanski vectorElHFHF m:ﬁ

Spin relaxation times

4

e . = spin relaxation times of the same order
=== TafAmp [222--77]
N ----n;mp (but somewhat smaller) than
--------- _‘,-""— — 7p/Amfp
—rq;i,,.;,, relaxation times for I, n*, ©#"
> — 13/ Amip
] —> spin degrees of freedom equilibrate

-

< (i.e., approach their Navier-Stokes values)
as fast (or even faster) than I, n*, 7#

=—> answers Question (I)

Pauli-Lubanski vector (spin polarization vector!) in Navier-Stokes limit

nﬁs’“/
b

X [erupaﬁ (Qaﬁ — wag) u, + H_;aa(p60>uaﬁ u$k<pkg>:| }

Mk
s - kfbk{euupakyﬂpa I <55 _ %)
k

f.o.

= novel dissipative(?) corrections ~ Q.3 — @,z and 0o = answers Question (II)
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Sign puzzle of the longitudinal polarization '\E",EHFHF cn:ﬁ

. . K
Note: no temperature gradients in term ~ %Ja“’e")”aﬁu[; kipka)

—> just what we need according to
F. Becattini, M. Buzzegoli, G. Inghirami, |I. Karpenko, A. Palermo, PRL 127 (2021) 272302
also S.Y.F. Liu, Y. Yin, JHEP 07 (2021) 188 features no temperature gradients

standard + shear contribution, ¢, = 0.5 GeV/fm?
PL+ P, 1e-2 Ps +P3 te3 °
2 6
2 2 0.1 4
1 d
2
s = Tl
(3 y 1 o3 s
O 0 . 0o 9 o0 0.0 T ]
S 5 5 /
» /
-2 -2 -0.1 -4
-2 / - .
-2 -2 0 2 0 n2 n
px [GeV] px[GeV] ¢

N. SaB, D. Wagner, H. Elfner, DHR, in preparation
qualitative agreement with experimental data!

still need to dynamically solve spin hydrodynamics, to account for Q.5 # was
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Conclusions and Outlook Q“,EHFHF CRC.-'R

©

Starting from Boltzmann equation with nonlocal collision term, and using method of
moments, derived equations of motion of relativistic second-order dissipative spin
hydrodynamics in (14+24)-moment approximation

©

Spin degrees of freedom relax as fast as usual dissipative quantities

©

Polarization vector is influenced by dissipative(?) corrections

©

Corrections could potentially solve sign problem of longitudinal polarization!
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