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i Main topics

A Rotation In heavy Ion
collisions and polarization of

baryons

A Spinrotation coupling of hadrons due
to gravitational formfactors and
pressure In proton (Nature, May 2018)

A Spin rotation due to anisotropic metric
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Microworld: where Is the
i fastest possible rotation?

A Non-central heavy ion collisions
(Angular velocity ~ c/Compton
wavelength)

A ~25 orders of magnitude faster
t han Earthos rot a



i Global polarization of baryons

A Global polarization normal to REACTION
plane

A Predictions (Z.-T.Liang et al.): large orbital
angular momentum -> large polarization

ASearch by STAR (Sel yu:
polarization NOT found at % level!

A Maybe due to locality of LS coupling while
large orbital angular momentum is distributed

A How to transform rotation to spin?




Anomalous mechanismi polarization
I kind of anomalous transport similar
to CM(V)E

A 4-Velocity is also a GAUGE FIELD (V.1.
Zakharov et al)

e; ALY = Vo J®

A Triangle anomaly (Vilenkin, Son&Surowka,
Landsteiner) leads to polarization of quarks
and hyperons ( Roaac|

A Analogous to anomalous gluon
contribution to nucleon spin /\
(Ef remov, OT 08 8) “ “

» 4-velocity instead of gluon field & %




One might compare the prediction below with
the right panel figures

0. Rogachevsky, A. Sorin, O. Teryaev
Chiral vortaic effect and neutron asymmetries in heawon collisions
PHYSICAL REVIEW C 82, 054910 (2010)

One would expect that polarization is proportional to the
anomalously induced axial current [7]
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where n and e are the corresponding charge and energy
densities and P is the pressure. Therefore, the ;« dependence
of polarization must be stronger than that of the CVE, leading
to the effect’s increasing rapidly with decreasing energy.

This option may be explored in the framework of the
program of polarization studies at the NICA [17] performed at
collision points as well as within the low-energy scan program
at the RHIC.

February 2016;
SQM2016, Berkeley, June 2016

M. Lisa, for the STAR collaboration , QCD Chirality Workshop, UCLA,
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From (chiral) quarks to hadrons:
i guark-hadron duality via axial charge

A Induced axial charge

p2 + N T?
212 6

Q< =N, [(EJ:IC v e v:0,u

Cy —

A Neglect axial chemical potential

AT-dependent term (La
anomaly)

A Lattice simulations: suppressed due to
collective effects



i Energy dependence

A Coupling -> chemical potential

N. , 3
8 <Y 3 27 N\A2 iik, 5 ..
Qr = — [ d’z ps(z)y e’ ;050

22

A Fleld -> velocity; (Color) magnetic field
strength -> vorticity;

A Topological current -> hydrodynamical
helicity

A Rapid decrease with energy

A Large chemical potential: appropriate
for NICA/FAIR energies



From axial charge to polarization
(and from quarks to confined
i hadrons) 1 analog of Cooper-Frye

A Analogy of matrix elements and
classical averages

) 3
< IJH|JU(_UJ |pn == gpggn < () == _“l\ fd I'i: (T\J

A Axial current: charge -> polarization
vector

A Lorentz boost: requires the sign change
of helilcity nbel owo

RS
—(py, 0, po, 0)
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Axial charge and properties of
i polarization

A Polarization is enhanced for particles with small
transverse momenta i azimuthal dependence
naturally emerges

A Antihyperons : same sign (C-even axial charge) and
larger value (smaller N)

A More pronounced at lower energy. Baryon/antibaryon
splitting due to magnetic field T increase (?!) with
energy. Non-linear effects in H may be essential, cf
vector mesons on the lattice: Luschevskaya,
Solovjeva, OT: JHEP 1709 (2017) 142



Lambda vs Antilambda and

i role of vector mesons

A

Difference at low energies too large T same axial
charge carried by much smaller number

Strange axial charge may be also carried by K*
mesons

- accompanied by (+,anti 0) K* mesons with two
sea quarksi small corrections

A n t T more numerous (-,0) K* mesons with single
(sea) strange antiquark

Dominance of one component of spin results also Iin
tensor polarization (P-even source) T revealed in
dil epton anisotropies (Br



Chemical potential and flavour
i dependence

A Way via axial current/charge differs
from Adirecto TD

ATD-Unit versabl i mddafg-o
dependent) polarization

A Axial current: polarization depends on
baryon structure

A Most pronounced at low energies

A Comparison of hyperons polarization
(c.f. hadronic collisions)



Other approach to baryons in confined
phase: vortices in pionic superfluid

(V.l. Zakharov,OT: PRD96,09623)

A Plons may carry the axial current due to
guantized vortices In pionic superfluid
(Kirili n, Sadofyev, Zakl
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Oip = pv;

A Suggestion: core of the vortex- baryonic
degrees of freedom- polarization



‘L Core of quantized vortex

A Constant circulation i velocity increases when
core Is approached

A S‘

A Helium (v <v, .,y bounded by
Intermolecular distances

A Plons(v<c) 1> (baryon) spin in the center



i Comparison of methods

A Wigner function T induced axial current
PrOkhorOV y OT (1;;,:&-15.”5)1,15“:a‘“_ w 1 B _ “n
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A New terms of higher order in vorticity

A Topological universal
acceleration-directed term



Role of mass effects

(Prokhorov,OT,Zakharoy In preparation

A Threshold effects in chemical potentia
and angular velocity

Wa (T, Q)
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FIC. 1: Axial current coefficient j5 = Wa(, T, m, $2)€2 normalised to T2/64+-p?/(272) as a function
of chemical potential j1/m. Acceleration a = 0. There is a step at g = m for T = 0 and ©2 = 0
(red solid line), which is smoothed for nonzero T' (green dashed-dot line) and nonzero rotational
velocity © (blue dashed line). For high chemieal potential axial current asymptotieally tends to its
value 72/6 + p?/(27%), corresponding to a = @ =m = 0.
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FIG. 2: Typical behaviour of axial current as a function of rotational velocity 2 (blue dashed
line) in comparison with its value in linear approximation over {2 (red line). Chemical potential
it = 1, temperature T' = m. One can see, that rotational velocity dependence in the coeflicient
W, increases axial current value. Acceleration a = 0.
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FIG. 3: Coefficient W4(p, T, m,0) as a function of u and T for zero rotational velocity £ = 0,
normalised to zero mass value. For zero temperature 7" = 0 it vanishes below p < m.
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FIG. 4: Coefficient W4 (1,0, m, Q) as a function of p and 2 for zero temperature T' = 0, normalised
to zero mass limit value. There is an area with vanishing W4 (p,0,m,Q) = 0 for low g and ©Q,
border is Q = 2(m — p). In particular Wa(m,0,m,0) = Wa(0,0,m,2m) = 0. For high rotational
velocity and chemical potential W, tends to zero mass limit value.



iﬁHi dden anomal

A Chemical potential (follows already from
M. Buzzegoli, E. Grossi and F. Becattini,

JHEP 1710 (2017) 091) andangular
velocty T nphase structu

A Anomalous current recovered in chiral
limit and integration over all momenta



Modification of chemical potential
(Prokhorov,OT,Zakharoy In
preparation)

b=

A Enters in combination j: &£ {1 £ i)/

A Fact o-rmaybe related to
equivalence principle i rotation of spin
with the same angular velocity as
orbital momentum

A Similar to appearance of ~=Jj+ix. ' = J-x

(1/2) exp [ ~ H!T, + a h':_:'a.,gl



Rotation iIn HIC and related
i guantities

A Non-central collisions 1 orbital angular

momentum

A L=Grxp

A Differential pseudovector characteristics i
vorticity
P = curl v

Pseudoscalari helicity

H ~ <(v curl v)>

Maximal helicity T Beltrami chaotic flows
v || curlv

> > >» >



i QGSM

A Calculation In kinetic quark - gluon

string model (DCM/QGSM)T Boltzmann
type egns + phenomenological string
amplitudes):
Baznat, Gudima, Sorin, OT:

A P R C 0 Helgity separation + P@NICA
~1%), 16 (femto-vortex sheets, NICA),

17 (antihyperons, gravitational
anomaly, STAR



Simulation In QGSM
i (Kinetics -> HD)

E[:l b E[:I by I[:I[:I |::|E:]]g-7| dy =dy =0.6fm,dz =0.6/y tm

A Velocity (=of cell; other definitions
possible, dependence on the definition
IS not strong)

Zl’
2.

A Vorticity T from discrete partial
derivatives

v(x, ¥, 2, 1) =

Y, P
Y E



Angular momentum
i conservation and helicity

A Helicity vs orbital angular momentum
(OAM) of fireball

A (~10% of total)

IM_|,h/2n

IMc|,h/2
A Conservation of OAM 2 i
with a good accuracy! -

5 10 12.
t, fm/c
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A 3D/2D projection

A Z-beams direction

A X-lImpact paramater
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patterns

* Velocity and vorticit

A Velocity

A Vorticity pattern 1
vortex sheets



i Vortex sheet




Strange chemical potential
(polarization of Lambda is carried
mostly by strange quark!)

A Non-uniform in
space and time



