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Main topics 

Rotation in heavy ion 
collisions and polarization of 
baryons  

 Spin-rotation coupling of hadrons due 
to gravitational formfactors and 
pressure in proton (Nature, May 2018) 

 

 Spin rotation due to anisotropic metric  
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Microworld: where is the 
fastest possible rotation?  

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

 

 

 

 ~25 orders of magnitude faster 
than Earth’s rotation  
 

 

 



Global polarization of baryons 

 Global polarization normal to REACTION 
plane 

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

 Search by STAR (Selyuzhenkov et al.’07) : 
polarization NOT found at % level! 

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

 How to transform  rotation to spin? 



Anomalous mechanism – polarization 
–kind of anomalous transport similar 
to CM(V)E  

 

 4-Velocity  is also  a GAUGE FIELD (V.I. 
Zakharov et al)  

 

 Triangle anomaly (Vilenkin, Son&Surowka, 
Landsteiner) leads to polarization of quarks 
and hyperons   (Rogachevsky, Sorin, OT ’10) 

 Analogous to anomalous gluon                   
contribution to nucleon spin             
(Efremov,OT’88) 

 4-velocity instead of gluon field!  



O. Rogachevsky, A. Sorin, O. Teryaev 
Chiral vortaic effect and neutron asymmetries in heavy-ion collisions 

PHYSICAL REVIEW C 82, 054910 (2010) 

One might compare the prediction below with  
the right panel figures 

M. Lisa, for the STAR collaboration , QCD Chirality Workshop, UCLA, 
February 2016; 
SQM2016, Berkeley, June 2016 



From (chiral) quarks to hadrons: 
quark-hadron duality via axial charge 

 Induced axial charge 

 

 

 Neglect axial chemical potential 

 T-dependent term (Landsteiner’s gravity 
anomaly)  

 Lattice simulations: suppressed due to 
collective effects 



Energy dependence  

 Coupling -> chemical potential 

 

 Field -> velocity; (Color) magnetic field 
strength -> vorticity;  

 Topological current -> hydrodynamical 
helicity  

 Rapid decrease with energy 

 Large  chemical potential: appropriate 
for NICA/FAIR energies 

 



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

 Analogy of matrix elements and 
classical averages  

 

 Axial current: charge -> polarization 
vector  

 Lorentz boost: requires the sign change 
of helicity “below” and “above” the RP 

 

 



Axial charge and properties of 
polarization 

 Polarization is  enhanced for particles with small 
transverse momenta – azimuthal dependence 
naturally emerges 

 

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

 

 More pronounced at lower energy. Baryon/antibaryon 
splitting due to magnetic field – 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 
role of vector mesons 

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

 Strange axial charge may be also carried by K* 
mesons 

 Ʌ - accompanied by (+,anti 0) K* mesons with two 
sea quarks – small corrections 

 Anti Ʌ – more numerous (-,0) K* mesons  with single 
(sea) strange antiquark 

 Dominance of one component of spin results also in 
tensor polarization (P-even source) –revealed in 
dilepton anisotropies (Bratkovskaya, Toneev,OT’95)  

 



Chemical potential and flavour 
dependence 

 Way via axial current/charge differs 
from “direct” TD 

 TD-Universal, “flavor-blind” (only mass-
dependent) polarization 

 Axial current: polarization depends  on 
baryon structure 

 Most pronounced at low energies  

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



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

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

 Pions may carry the axial current due to 
quantized vortices in pionic superfluid 
(Kirilin,Sadofyev,Zakharov’12) 

 

 

 

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

 



Core of quantized vortex 

 Constant circulation – velocity increases when 
core is approached  

 

 

    S 

 

 

 Helium (v <vsound)  bounded by 
intermolecular distances 

 Pions (v<c) –> (baryon) spin in the center 



Comparison of methods  

 Wigner function – induced axial current   
Prokhorov , OT 

 

 

 

 New terms of higher order in vorticity 

 Topological universal                             
acceleration-directed term 



Role of mass effects 
(Prokhorov,OT,Zakharov,  in preparation) 

 Threshold effects in chemical potential 
and angular velocity 



“Hidden anomaly” 

 Chemical potential (follows already from  
M. Buzzegoli, E. Grossi and F. Becattini, 
JHEP 1710 (2017) 091) and angular 
velocity – “phase structure” 

 

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

 



Modification of chemical potential 
(Prokhorov,OT,Zakharov, in 
preparation) 

 Enters in combination 

 

 Factor ½  - may be related to 
equivalence principle – rotation of spin 
with the same angular velocity as 
orbital momentum 

 Similar to appearance of   



Rotation in HIC and related 
quantities 

 Non-central collisions – orbital angular 
momentum  

 L=Σ r x p  

 Differential pseudovector characteristics – 
vorticity 

 ɷ = curl v 

  Pseudoscalar – helicity  

 H ~ <(v curl v)> 

 Maximal helicity – Beltrami chaotic flows                  
v || curl v 

 



QGSM 

 Calculation in kinetic quark - gluon 
string model (DCM/QGSM) – Boltzmann 
type eqns + phenomenological string 
amplitudes):                                 
Baznat, Gudima, Sorin, OT:  

 PRC’13 (helicity separation + P@NICA 
~1%), 16 (femto-vortex sheets, NICA), 
17 (antihyperons, gravitational 
anomaly, STAR) 

 



Simulation in QGSM 
(Kinetics -> HD) 

 

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

 

 

 Vorticity – from discrete partial 
derivatives 



Angular momentum 
conservation and helicity 

 Helicity vs orbital angular momentum 
(OAM)  of fireball  

 (~10% of total) 

 

 Conservation of OAM                          
with a good accuracy! 

 



Distribution of velocity (“Little 
Bang”) 

 3D/2D projection 

 

 z-beams direction 

 

 x-impact paramater 



Distribution of vorticity (“Little 
galaxies”) 

 Layer (on core -                         
corona borderline)                                              
patterns  

 

 

 

 

 

 



Velocity and vorticity patterns 

 Velocity  

 

 

 

 Vorticity pattern –                            

vortex sheets    



Vortex sheet  

 



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

 Non-uniform in                                        
space and time 



Temperature 



The role of (gravitational 
anomaly related) T2 term 

 Different values of coefficient probed 

 

 

 

 

 

 LQCD suppression by collective effects 
supported  



Ʌ vs Anti Ʌ 



Equivalence principle: 
rotation~gravity: 
Gravitational Formfactors 

 

 Conservation laws - zero Anomalous 
Gravitomagnetic Moment :                 (g=2) 

 

 
 May be extracted from high-energy 

experiments/NPQCD calculations  

 Describe the partition of angular momentum between 
quarks and gluons 

 Describe interaction with both classical and TeV 
gravity  

 



Generalized Parton Diistributions (related to 

matrix elements of non local operators ) – 
models for both EM and Gravitational 
Formfactors (Selyugin,OT ’09) 

 Smaller mass square radius (attraction 
vs repulsion!?) 



Electromagnetism vs Gravity  

 Interaction – field vs metric deviation 

 

 Static limit  

 

 

 

 Mass as charge – equivalence principle 



Rotation ->Gravitomagnetism 

 Gravitomagnetic field  (weak, except in gravity 
waves) –   action on spin  from  

                       

                                     spin dragging twice  

                                     smaller than EM 

 Lorentz force – similar to EM case: factor ½ 
cancelled with 2 from                           Larmor 
frequency same as EM  

 

 Orbital and Spin momenta dragging – the same - 
Equivalence principle        



Equivalence principle 

 Newtonian – “Falling elevator” – well known and 
checked (also for elementary particles) 

 Post-Newtonian – gravity action on SPIN – known 
since 1962 (Kobzarev and Okun’ ); rederived from 
conservarion laws - Kobzarev and Zakharov   

 Anomalous gravitomagnetic (and electric-CP-odd) 
moment iz ZERO or 

 Classical and QUANTUM rotators behave in the SAME 
way  

  - not checked on purpose but in fact checked in 
atomic spins experiments  at % level (Silenko,OT’07)  

 Approximately valid separately for quarks and gluons 
(OT’01)  

 



One more gravitational 
formfactor 

 Quadrupole 

 

 Cf vacuum matrix element – 
cosmological constant  

 Kinematical factor – moment of 
pressure C~<p r4> (<p r2> =0)   
M.Polyakov’03 for hadrons (v. Laue’1912 for stars) 

 Stable equilibrium C>0: 

 Inflation ~ annihilation (q2>0)  



Deeply Virtual Compton 
Scattering 

 Exclusive process sensitive to Generalized 
Parton Distributions – probe for EMT matrix 
element (X. Ji’96 in relation to angular 
moments) 

 C – related to subtraction constant in 
dispersion relation (OT’05; Anikin,OT’07;NLO-
Diehl,D. Ivanov’07) 

 May be used to extract moment of pressure 
from the data (Muller,Kumericky’12) 



 Largest                                               
ever                                                   
(~Λ4

QCD)                                             
~1035 pascals 



Stability 

 All the known cases (hadrons, Q-balls) 
Schweitzer e.a.                                                                                                      

– stable objects 

 

 

 Photon (but no rest frame!): C ~ln2 
Gabdrakhmanov, OT ‘12 



Yet another approach to 
rotation - Dirac Equation 

 Metric of the type  

 

 Tetrads in Schwinger gauge 

 

 

 Dirac eq  



Dirac hamiltonian 

 Connection 

 

 

 

 

 Hermitian Hamiltonian  



Foldy-Wouthuysen 
transformation 

 Even and odd parts 

 

 FW transformation (Silenko ’08) 



FW for arbitrary gravitational 
field (Obukhov,Silenko,OT’13) 

 

 Result   



Operator EOM 

 Polarization operator 

 

 

 Angular velocities   



Semi-classical limit 

 Average spin 



Application to anisotropic universe 
(Kamenshchik,OT’16) – no 
suppression ~ G M/Rc2 

 Bianchi-1 Universe 

 

 Particular case 

 

 

 No anholonomity   



Kasner solution 

 t-dependence  

 

 

 

 Euler-type expressions 



Heckmann-Schucking solution 

 Dust admixture 

 

 

 Modification: 



Biancki-IX Universe  

 Metric 

 

 Anholonomity coefficients 

                           + cyclic permutations 

 -> non-zero  

 



Approach to singularity  

 Chaotic oscillations – sequence of 
Kasner regimes  

 If Lifshitz-Khalatnikov parameter u >1 – 
“epochs” 

 

 If u< 1 – “eras” 

 Change of eras – chaotic mapping of 
[0,1]interrval  



Angular velocities  

 New epoch: u -> -u  

 New era – changed sign 

 

 Odd velocity 

 

 New epoch  

 New era - preserved 

 



Possible applications 

 Anisotropy (c.f. crystals) ~ magnetic field  

 Spin precession + equivalence principle = helicity flip (~AMM 
effect) 

 Dirac neutrino – transformed to sterile component in early 
(bounced) Universe 

 Angular velocity ~ 1/t -> amount of decoupled ~ 1  

 Possible new candidate for dark matter?! 

 Other fields AFTER inflation? 

 

 AdS/QCD – description of HIC (talk of I. Aref’eva)  

 Parameters  for AdS/QCd phenmenology (like pdf’s xa(1-x)b)      

  Relation of standard and AdS/QCD parameters?  



Conclusions 

 Polarization may provide the new probe of largest ever angular 
velocity and anomaly in quark-gluon matter (to be studied at 
NICA!) 

 Quark-hadron duality via axial charge/pionic superfluid 
 Energy dependence: confirmed, reproduced 

 Same sign and larger magnitude of antihyperon polarization: splitting decreases 

with energy     

 

 Gravitational formfactors – coupled to rotation   

 Largest ever pressure in proton measuredl 

 

 Anisotropc metric – generation of sterile Dirac fermions 

 AdS/QCd phenomenology 

 



BACKUP 

 



Properties of SSA 



Phases and T-oddness 



Perturbative PHASES IN QCD 



Short+ large overlap–   
twist  3 

 Quarks – only from hadrons  

 Various options for factorization – shift of SH 
separation  

 

 

 

 
 New option for SSA: Instead of 1-loop twist 2 – Born twist 3 

(quark-gluon correlator): Efremov, OT (85, Fermionic poles); 
Qiu, Sterman (91, GLUONIC poles) 

 Further shift to large distances – T-odd fragmentation functions 
(Collins, dihadron, handedness) 



Polarization at NICA/MPD    
(A. Kechechyan) 

 QGSM Simulations and recovery 
accounting for MPD acceptance effects 


