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STUDYING THE PHASE DIAGRAM OF QCD
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Heavy-ion collision physics

Neutron star physics

figure: Joint Institute for Computational Fundamental Science

figure: D.E. Á. Castillo, talk @RagTime 22

lattice-QCD simulations

figure: D. Leinweber (www.physics.adelaide.edu.au)

figure: Nature Physics 16, 615–619(2020)



COLLECTIVITY OF QGP / STANDARD PROBES
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figure: K. Fukushima, D. E. Kharzeev, H. J. Warringa, PRL 104, 212001

figure: T. Hirano, N. van der Kolk, A.Bilandzic, LNP 785 (2010) 139-178

Anisotropies in momentum distributions  
suggest that QGP is strongly coupled. 

Fluid dynamics modelling applies.



NEARLY PERFECT FLUIDITY OF QGP
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η/s = 0 η/s = 0.16

figures: B.Schenke

Extremely small viscosity is observed!

figure: J. Bernhard, J. Moreland, S. Bass, Nat. Phys. 15, 1113–1117 (2019)



QGP PRECISION STUDIES ERA - CALL FOR NEW OBSERVABLES!
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With the advent of Bayesian analyses  
we are entering the precision studies era.  

Can we find new observables?

figure: J. Bernhard, J. Moreland, S. Bass, Nature Phys. 15, 1113–1117 (2019)



SPIN POLARIZATION DUE TO GLOBAL ORBITAL ANGULAR MOMENTUM
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Non-central heavy-ion collisions create fireballs  
with large global orbital angular momenta

Part of the angular momentum can be 
transferred from the orbital to the spin part

figure: M. Lisa, talk @ “Strangeness in Quark Matter 2016”

 figure: R. Ryblewski

Emitted particles are expected to be polarized 
along the fireball’s global angular momentum.

F. Becattini, F. Piccinini, J. Rizzo, PRC 77 (2008) 024906 Λ
Λ̄

Liang ZT, Wang XN. PRL 94:102301 (2005)

Betz B, Gyulassy M, Torrieri G. PRC 76:044901 (2007) 

Gao JH, et al. PRC 77:044902 (2008)

Becattini F, Piccinini F, et al. J. Phys. G 35:054001 (2008)



MEASUREMENT OF  AND  SPIN POLARIZATIONΛ Λ̄
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L. Adamczyk et al. (STAR) (2017), Nature 548 (2017) 62-65
Self-analysing parity-violating hyperon 

weak decay allows to 
measure polarization of Λ

figure: T.Niida

F. Becattini, I. Karpenko, M. Lisa, I. Upsal, and S. Voloshin PRC 95, 054902 (2017)
Polarization for global thermal equilibrium with rotation is



SPIN POLARIZATION IN EQUILIBRATED QGP — SPIN-THERMAL APPROACH
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figure: D.D. Chinellato

Sμ(p) = −
1

8m
ϵμρστpτ

∫ dΣλpλnF (1 − nF) ϖρσ

∫ dΣλpλnF

ϖμν = −
1
2 (∂μβv − ∂νβμ)

In thermodynamic equilibrium one can 
establish a link between spin and vorticity
Becattini F, Chandra V, Del Zanna L, Grossi E. AP 338:32 (2013)

F. Becattini, L. Csernai, and D. J. Wang, PRC 88, 034905 (2013)

Fang R, Pang L,Wang Q,Wang X. PRC 94:024904 (2016)

F. Becattini, I. Karpenko, M. Lisa, I. Upsal, and S. Voloshin  
PRC 95, 054902 (2017)


Allows to extract polarization at the 
freeze-out hypersurface in any model 

which provides ,  and uμ T μ

βμ =
uμ

T

Spin is enslaved to thermal vorticity



GLOBAL POLARIZATION
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UrQMD+vHLLE: I. Karpenko, F. Becattini, EPJC 77, 213 (2017)

AMPT: H. Li, L. Pang, Q. Wang, and X. Xia, PRC 96, 054908 (2017)

Global polarization data supports  
the spin-thermal approach

Signal is robust and agrees well with predictions of 
transport and hydrodynamic models

Azimuthal modulation is not captured
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Flow structures in the  
plane transverse to beam 
(jet, ebe fluctuations etc.) 

may generate  
longitudinal polarization

LONGITUDINAL POLARIZATION



LONGITUDINAL POLARIZATION — ‘SPIN SIGN’ PUZZLE
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Y. Sun, C-M. Ko, Phys.Rev. C99 (2019) no.1, 011903

LONGITUDINAL POLARIZATION — ‘SPIN SIGN’ PUZZLE



FLUID DYNAMICS OF SPIN?

Nonequilibrium dynamics of spin?

Relativistic fluid dynamics forms  
the basis of HIC models

Fluid dynamics with spin

If spin polarization is trully hydrodynamic quantity  
it should not be enslaved to thermal vorticity.

13

Most of the time 
close to equilibrium 
but the dissipation 
is also important

Spin-thermal approach does not capture properly 
phenomena seen in differential observables.

W. Florkowski, B. Friman, A. Jaiswal, E. Speranza, PRC 97 (4) (2018) 041901




BASICS OF SPINLESS RELATIVISTIC FLUID DYNAMICS

perfect fluid dynamics   =   local equilibrium   +  conservation laws

energy-linear momentum 
conservation

baryon number 
conservation
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Caution:  
Eckart-Landau theory is acausal!

figure: Avdhesh Kumar



CONSERVATION OF ANGULAR MOMENTUM AND SPIN CHEMICAL POTENTIAL

μ ≡ ξT

T, uν

Ωμν ≡ Tωμν
15

For particles with spin the conservation  
of angular momentum implies  

introduction of new hydrodynamic variables  
— spin chemical potential



PSEUDOGAUGES AND THE PROBLEM OF ENERGY AND SPIN LOCALIZATION

16 figure: Physics World



IDEAL FLUID DYNAMICS WITH SPIN
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If the energy-momentum tensor is symmetric the spin tensor is conserved

∂μTμν = 0, ∂λSλ,μν = 0, ∂μNμ = 0

Tμν = Tμv[β, ω, ξ], Sμ,λv = Sμ,λv[β, ω, ξ], Nμ = Nμ[β, ω, ξ]

What are the constitutive relations which enter equations of motion?

W. Florkowski, B. Friman, A. Jaiswal, E. Speranza, PRC 97 (4) (2018) 041901

W. Florkowski, B. Friman, A. Jaiswal, R. R., E. Speranza, PRD 97 (2018) 116017 
F. Becattini, W. Florkowski, E. Speranza, PLB 789 (2019) 419-425 

W. Florkowski, A. Kumar, R. R., Prog. Part. Nucl. Phys. 108 (2019) 103709

Fluid dynamics with spin should tell how the spin chemical potential evolves but  
not its origin — need for modeling of initial conditions!



RELATIVISTIC KINETIC THEORY FORMULATION OF PERFECT FLUID DYNAMICS
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classical RKT

For dilute systems, the fluid dynamics  
can be derived from relativistic 

kinetic theory (RKT)

quantum RKT

pμ∂μ f(x, p) = C[ f(x, p)]

(γμKμ − m) 𝒲(x, k) = C[𝒲(x, k)]

Kμ = kμ +
i
2 (ℏ∂μ)

kμ∂μℱeq(x, k) = 0

kμ∂μ𝒜v
eq(x, k) = 0

semi-classical  
expansion

moments  
method

∂λSλ,μν = 0

∂μTμν = 0
∂μNμ = 0

∂μTμν = 0
∂μNμ = 0

moments  
method

W. Florkowski, A. Kumar, and R. R., PRC 98, 044906 (2018)

W. Florkowski, A. Kumar, R. R., Prog. Part. Nucl. Phys. 108 (2019) 103709




LOCAL EQUILIBRIUM DISTRIBUTION FUNCTIONS
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System with spin

De Groot, van Leeuwen, van Weert: Relativistic Kinetic Theory. Principles and Applications, 1980.

W. Florkowski, A. Kumar, R. R., PRC 98 (2018) 044906

System without spin

f ± = exp [±ξ(x) − βμ(x)pμ]

X± = exp [±ξ(x) − βμ(x)pμ± 1
2

ωμν(x)Σμv]

F. Becattini, V. Chandra, L. Del Zanna, E. Grossi , AP 338 (2013) 32

W. Florkowski, B. Friman, A. Jaiswal, E. Speranza, PRC 97 (4) (2018) 041901

W. Florkowski, B. Friman, A. Jaiswal, R. R., E. Speranza, PRD 97 (11) (2018) 116017

f +
rs(x, p) =

1
2m

ūr(p)X+us(p)

f −
rs(x, p) = −

1
2m

v̄s(p)X−vr(p)

Tβα
eq (x) = Tαβ

eq (x)
Spin is conserved separately!

De Groot, van Leeuwen, van Weert (GLW) pseudogauge



CLASSICAL APPROACH TO SPIN HYDRODYNAMICS
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M.Mathisson

J. Weyssenhoff

M. Mathisson, APPB 6 (1937) 163-2900



CLASSICAL APPROACH TO SPIN HYDRODYNAMICS - PERFECT FLUID

W. Florkowski, R. R., A. Kumar, Prog. Part. Nucl. Phys. 108 (2019) 103709 ;

Explicit constitutive relationsDefinitions of the currents
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S. Bhadury, W. Florkowski, A. Jaiswal, A. Kumar, and R.R. PLB 814, 136096 (2021) 
S. Bhadury, W. Florkowski, A. Jaiswal, A. Kumar, and R.R, PRD 103, 014030 (2021).

S. Bhadury, J. Bhatt, A. Jaiswal, and A. Kumar,, EPJ ST 230, 655 (2021). 
S. Bhadury, W. Florkowski, A. Jaiswal, A. Kumar, and R.R, PRL 129 (2022) 19, 192301 

Important extensions to dissipative systems using RTA

Distribution function in extended phase-space



SPIN DYNAMICS IN BJORKEN-EXPANDING BACKGROUND
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Decomposing into electric- and magnetic-like components one has

One can introduce orthogonal basis which allows us to write

For Bjorken-expanding system we may choose



SPIN DYNAMICS IN BJORKEN-EXPANDING BACKGROUND
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The conservation laws for energy-linear momentum and baryon number yield well known results



SPIN DYNAMICS IN BJORKEN-EXPANDING BACKGROUND
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The conservation law for spin gives



SPIN DYNAMICS IN BJORKEN-EXPANDING BACKGROUND
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Other developments towards hydrodynamics with spin
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Hydrodynamics with spin based on entropy-current analysis
K. Hattori, M. Hongo, X-G Huang, M. Matsuo, H. Taya, PLB 795 (2019) 100-106

Lagrangian effective field theory approach
D. Montenegro, G. Torrieri, PRD 94 (2016) no.6, 065042; PRD 100, 056011 (2019)

D. Montenegro, L. Tinti, G. Torrieri, PRD 96(5) (2017) 056012; PRD 96(7) (2017) 076016

Hydrodynamics of spin currents using presence of torsion
D. Gallegos, U. Gursoy, A. Yarom SciPost Phys. 11 (2021) 041

Relativistic viscous hydrodynamics with spin using Navier-Stokes type gradient expansion analysis
D. She, A. Huang, D. Hou, J. Liao, Sci.Bull. 67 (2022) 2265-2268

S. Shi, C. Gale, and S. Jeon, PRC 103, 044906 (2021)
Relativistic viscous spin hydrodynamics from chiral kinetic theory

N. Weickgenannt, E. Speranza, X.-l. Sheng, Q. Wang, and D. H. Rischke, PRL 127, 052301 (2021), PRD 104, 016022 (2021)

Spin polarization generation from vorticity through nonlocal collisions

Spin polarisation due to thermal shear
F. Becattini, M. Buzzegoli, and A. Palermo, Phys.Lett.B 820 (2021) 136519  
S. Y. F. Liu and Y. Yin, JHEP 07 (2021) 188 

Relativistic second-order dissipative spin hydrodynamics from the method of moments
N. Weickgenannt, D. Wagner, E. Speranza, and D. H. Rischke, PRD 106 (2022) 9, 096014; PRD 106 (2022) 9, L091901



SUMMARY AND OUTLOOK
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The spin polarization provides a new probe of the QGP properties 

The disagreements between spin-thermal approach and data  
motivates developments of dynamical models 

The fluid dynamics with spin is a natural framework one should seek for QGP

The theory is developing fast - future looks interesting!  

Presented ideal spin hydro formulation is readily applicable
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