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Spin polarization in HIC

Spin polarization by rotation
and magnetic fields physics.aps.org/articles/v2/104



The Einstein - de Haas effect

Einstein and de Haas published two papers in 1915
claiming the first observation of the effect



Chiral Magnetic Effect (CME)

A. Vilenkin, PRD, 1980
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Chiral Magnetic Effect (CME)

For a review see D. Kharzeev et. al., Prog.Part.Nucl.Phys., 2016
B J B J,

L R L R L R

oo o ®||®
|

T T

! L l@
u=0 u=0 p=0 p>0 p>0 p=0

> 0|




Chiral Magnetic Effect (CME)

K. Fukushima, D. Kharzeev, H. Warringa. PRD. 2008
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Spin-orbit coupling

Barnett effect, 1915



Chiral Vortical Effect (CVE) O« =%~

A. Vilenkin, PRD, 1978
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A. Avkhadiev, AS, PRD, 2017

CVE of photons

vo -
KH = e BAyaaAB -- photon helicity current

linear response (Kubo)

KH = ¢, T?wh



A. Avkhadiev, AS, PRD, 2017
CVE of photons N.Yzmzmoto, PRD, 2017

Are the fermionic and photonic vortical responses related to
an anomaly? What anomaly is it?

Is the photonic CVE related to the topological properties of
the theory as it is for the other chiral effects (Berry phase)?

Could we extend the notion of chiral effects to the general
case of massless particles?

Is there local, gauge invariant, Lorentz covariant measure
of photon polarization current?



Chiral kinetic theory

D.T. Son, N. Yamamoto, PRL+PRD, 2012
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Chiral kinetic theory

D.T. Son, N. Yamamoto, PRL+PRD, 2012
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Chiral kinetic theory

M. Stephanov, Y, Yin, PRL, 2012
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Berry phase of photons

V.S. Liberman, B.Ya. Zel’'dovich,PRA, 1992
K.Yu. Bliokh, Yu.P. Bliokh, PLA, 2004
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v spin Hall effect of light or
5X — E X b optical Magnus effect



X.-G. Huang, AS, JHEP, 2019

Chiral kinetic theory
Hz%S-p—@—Q-(mxp—l—hS)

the Hamiltonian of a spin S particle in a rotating
frame, where S is (2s + 1)x(2s + 1) matrix
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X.-G. Huang, AS, JHEP, 2019

Chiral kinetic theory

After the spin dof’s are integrated out, the semi-classical EOMs read

where b = is# is an emergent “magnetic” field due to

the Berry phase and the dispersion reads
e=|p|—®—-Q-(xxp) —shQd-p
then the equilibrium number currents for + polarizations are given by

: s(2
Ji = / (x — |p|b x V) fi(p,x) = 52 /2fi(5)5 de
p

and the gradient term corresponds to the magnetization



X.-G. Huang, AS, JHEP, 2019

CVE for an arbitrary spin

CVE appears to be a general phenomenon
for massless particles with spin

JN5 — CSTQQ

A 3 s=11,2
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i,;\ | T | T where C; is fixed by the

topological properties of
the theory (Berry phase)



. . . X.-G. Huang, AS, JHEP, 2019
Chiral kinetic theory A, Avkhadiev, AS, PRD, 2017

We have constructed a chiral kinetic theory for a rotating
system of massless particles with spin;

We have seen that CVE is a general phenomenon taking
place for particles of an arbitrary spin;

If one argues that CVE is related to an anomaly for
fermions, the same should be checked for s>1 (e.g. grav.

anomaly for photons);

Chiral kinetic theory for fermions was used to study
polarization and transport in hot QCD matter, what’s about
vector particles?



Wigner function
dy
v = [ et e )

h2
AP =0 S— (p 82>W“”(x p) =0,

hp-OWH (x,p) = 0.
h .
aluA,u =0 - (pa + 22604> Wk (CIZ,p) =0

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Wigner function

One has to impose an extra gauge freedom, c.f. Coulomb gauge:
87 87
naW M(xap):na[[u (:Cap):O

and then the Wigner function can be solved for
order by order in the semi-classical expansion

wh = WOy gy 4

At the zeroth order:
p*WO (3. p) = p- OW O (2, p) = 0
paW(O)aH(xap) = nawau(x’p) =0

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Wigner function

One has to impose an extra gauge freedom, c.f. Coulomb gauge:
87 87
naW ,u(xjp):na”,u (:Eap):O

and then the Wigner function can be solved for
order by order in the semi-classical expansion

wh = WOy gy 4

At the zeroth order:
WO (2, p) = PAVF (z,p)d(p°)
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X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Wigner function

At the first order:
p*WWH (2 p) = p - W (2, p) = 0

plus the gauge constraints

pa W (2 p) — %%W(mo‘”(w,p) =0,

paW P2 (2, p) 4 = 0V O (2, p) = 0,

na WMok (2 p) = ng Wk (2 p) = 0.

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Wigner function

At the first order:
p*WWH (2 p) = p - W (2, p) = 0
plus the gauge constraints

W™ =0, paW M = ZPL9, Pz, p)d(p?)

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Wigner function

At the first order:
p*WWH (2 p) = p - W (2, p) = 0

and the solution reads
. ~[MP1/]04
L p n 2 - UV aanU 2
—— O F'(z,p)o(p*) + 1e"PP—U(x,p)d(p
5 Gz 0o F (@ 2)O ) p,n‘< )5 (p°)

a free function

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Wigner function

o) = [ Gt pe (e )P (o= §)

l for a rotating system

[J — %e,uypappna Q,LLI/F/(B ' p) + U,

TN \

a free function,
no n-dependance

thermal vorticity

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020
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Wigner function
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X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Wigner function

We have constructed a Wigner function for a rotating
system of photons;

It is still not fully constrained -- Uy;

We can compare some expectation values to see if it can
be further constrained;

For instance we can try to figure out what operator

corresponds to the helical current of photons we considered
in the naive CKT;

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Zilch Vortical Effect

Dictionary

Search for a word

< zilch
[zIICH/
INFORMAL

pronoun

nothing.
"l did absolutely zilch"

determiner

not any; no.
"the character has zilch class"



Zilch Vortical Effect

JOURNAL OF MATHEMATICAL PHYSICS VOLUME 5, NUMBER § MAY 1964

Existence of a New Conservation Law in Electromagnetic Theory

DanieL M. Lipkin

American Electronic Laboratories, Inc., Colmar, Pennsylvania
(Received 17 January 1964)

Ten new extensive quantities that appear to be independent of stress—energy, but that analogously
characterize the physical state of an electromagnetic field, are exhibited and are shown to be con-
served in vacuum because of Maxwell’s equations. These new quantities are shown to be capable of
retrograde flow in a circularly polarized plane-wave field.

. oH
div Ex +H GT]

3T [E-(curl E) 4+ H-(curl H)] = 0. (1)

extra conservation law for free EM fields



Zilch Vortical Effect

/ P K° = / drA-B= Z ng(k) — np(k)]
k

integral of CS density is gauge-inv. and measures polarization
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k

weighted measure of the polarization transport
with gauge-inv. density



Zilch Vortical Effect

KH = emoBA,0, Ag
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K = ?Q -- CVE for photons (A. Avkhadiev, AS, PRD, 2017)
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Zz'OO — A5 qu -- ZVE for photons (M. Chernodub, et al, PRD, 2018)



Zilch Vortical Effect

< <
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051 g

symmetric modification of the general zilch current
(see e.g. C. Copetti, J. Fernandez-Pendas, 2018)

s—l—l d4p .
30 0= Z A= / (27)3 5(192) P{oPo0---J13}

from the Lorentz structure we can deduce the zilch
in CKT and in equilibrium it reads




J.-Y. Chen et al, PRL, 2015

Side jumps
J'LLV — CC'upV — .fUVp'u —+ SILLV full angular momentum

p'uS,LLI/ — nluS"W — O fixing the spin part

UV po
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. 1N
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Zilch Vortical Effect

J'LLV — CC'upV — .fUVp'u —+ SILLV full angular momentum

p'uS,LLI/ — nluS"W — O fixing the spin part
. e"’Pon . n
],u — 'uf -+ S;;Wayf with Sﬁy = \h Pplto
covariant current p "N
(s s—1(s+2)(s+1) Q <
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r—0

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Zilch Vortical Effect

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Zilch Vortical Effect

Now we can compare the two answers
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X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Zilch Vortical Effect

The results for the ZVE obtained with the naive CKT
and the Wigner function agree if

Up=20
and read

1 (s+2)(s+1) 0

= ()T Y 2 [ dowtfa(00) + 0(22)

X.-G. Huang, P. Mitkin, AS, E. Speranza, JHEP, 2020



Outlook -- kinetic theory

We have constructed a naive CKT for particles of an
arbitrary spin;

We have seen that the Wigner function formalism results in

the same CKT for photons (at least at the level of some
observables);

The frame vector for photons is directly related to the
residual gauge freedom;



Outlook -- chiral effects

CVE takes place for massless particles of an arbitrary spin,
in the general case it originates in the Berry phase;

ZVE in the general zilch current originates in the Berry
phase as well giving a further insight into the origin of CVE;

CVE and ZVE can be used to study spin polarization of
gauge bosons in rotating plasma (hydrodynamics with spin,
evolution of spin dof’'s in HIC);



Some questions

There is a large family of CVEs — are they anomalous?

Can the Wigner function for gauge fields be constrained in a
more clear way? What's about massive vectors?

Hydrodynamics from particles of different spin, can one
further constrain its structure comparing these cases?

Are there other gauge invariant measures of the gauge field
polarization in interacting systems?



