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Probes of Quark-Gluon Plasma



Relativistic heavy ion collisions

RHIC @ BNL LHC @ CERN

Schematic picture of the evolution stages in relativistic heavy-ion colli-
sions [Nucl.Phys.News30no.2,(2020)10–16] 2/30



Quark-gluon Plasma

• A thermalized collective deconfined phase of quarks and gluons

Deconfinement

Thermalization

Collective behavior Schematic spacetime diagram of relativistic heavy-ion col-
lisions [D.D.Chinellato]
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Deconfinement

Simulation of Pb+Pb collision at √sNN = 2.76 TeV, showing hadrons

(blue) and QGP (red) [HIC group @ MIT]

• At t = 1 fm/c after the collision, the
estimated average energy density is

ε ≈ 12 GeV/fm3

which is 20 × the typical hadron
energy density of

εhadron ≈ 500 MeV/fm3

4/30



Thermalization

pT distribution of charge particles emit-
ted from the QGP measured in Pb–Pb
collisions in different centrality intervals
[PhysicsLettersB720(2013)52–62]

• The QGP formed in the collision is
locally equilibrated as suggested
from the spectra
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Collectivity

• Anisotropic distribution signals collectivity

dN/dϕ ≃ 1 + 2v1cos(ϕ− ψRP) + 2v2cos[2(ϕ− ψRP)] + ...

A hydrodynamic model of v2 (top) is compared
with ALICE measurements of the anisotropy
[Ann.Rev.Nucl.Part.Sci.2018.68:1–49] 6/30



Spin polarization in heavy-ion
collisions



Total angular momentum of the QGP

A sketch of a Au+Au collision in the STAR detector system
[Naturevolume548,pages62–65(2017)]

• Non-central collisions involve sub-
stantial global angular momentum
Jsys of the order of 103 − 104ℏ
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Vortical structures in the QGP?

Vorticity in the local fluid cell

• Local vortical structures of the cre-
ated fluid are suggested

• The average (over the fluid ele-
ments) vorticity points along the di-
rection of the angular momentum of
the collision Jsys

ωkin ≃ ∇ × v −→ ωµν = ∇(νuµ)/T
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Hadron spin polarization

• If on average the spin of emitted
hadrons tends to be polarized along
to Jsys, signatures of local vortical
structures are expected
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Global Λ polarization

• STAR at RHIC presented the first measurement in 2017 of an alignment
between the global angular momentum in non-central collisions and the spin
of emitted particles.

[Naturevolume548,pages62–65(2017)] 10/30



Λ-Λ̄ splitting: recent result

[SQM conference 2024]

• Recent polarization results shows no splitting be-
tween Λ-Λ̄

• This result suggest that vortical structures does not
differentiate between Λ and Λ̄
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Angle-dependent polarization along beam-direction

Vorticities along the beam direction (open arrows) induced
by anisotropic flow (solid arrows) in the (x-y)-plane [Phys.
Rev. Lett. 123, 132301]

Pz of Λ hyperons as a function of azimuthal angle ϕ in
Au+Au collisions at √sNN = 200 GeV (Local Polariza-
tion) [Phys.Rev.Lett.123,132301]
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What is spin hydrodynamics?



• Spin hydrodynamics, emerging as an effective limit of quantum field theory,
is a theoretical tool for describing the evolution of the collective partonic
medium produced in non-central heavy-ion collisions throughout its lifetime,
from its formation to the point at which it cools enough to hadronize into
particles

13/30



• Evolution of :

1. T µν ≡ Energy-momentum current,

∂µT µν = 0 , T µν = T µν
0 + δT µν , P ν =

∫
d Σµ T µν , Tµν = ⟨ρ̂ T̂µν⟩

2. j µ ≡ Particle number current,

∂µ j µ = 0 , jµ = jµ0 + δjµ , J =
∫

d Σµ j µ , jµ = ⟨ρ̂ ĵ µ⟩

3. Sλµν ≡ Spin current,

∂λSλµν = T νµ−Tµν , Sλµν = Sλµν
0 +δSλµν , Sµν =

∫
dΣλSλµν , Sλµν = ⟨ρ̂ Ŝλµν

⟩

The goal of this work is to determine the dissipative currents:

δT µν , δj µ , δS λµν
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• Once the evolution is analytically determined:

For given initial conditions

Solve numerically

Calculate Observables at freeze-out

Compare with experiments

http://qgp.phy.duke.edu
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Quantum-statistical formulation and
entropy production rate



Initial state : 2 nuclei colliding forming a strongly interacting system described
by mixed state ρ̂(0). How to evolve ρ̂(0)? (Typical QFT problem)

R.Ryblewski et al. [Prog.Part.Nucl.Phys.108(2019)103709]
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Local equilibrium is achieved at initial hypersurface Σ0, where entropy is maxi-
mum provided that the mean vales of energy, momentum, particle number, and
spin densities are their actual values:
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The Lagrange multipliers are obtained by solving the constraint equations at
Σ0. Their evolution is determined by solving the conservation equations:
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Near local equilibrium at the hypersuface Σ, the entropy is defined as:

Can we define an entropy current out of S ? In other words, is it possible to
show that log ZLE is an extensive quantity?
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Therefore, entropy current exists:

In quantum theory, we only have the total entropy, not the entropy current.
We need to construct an entropy current through an integral. However, this
introduces ambiguities, as several fields can lead to the same integral. However
if s µ − s µ

LE ⊥ n µ,
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Using the entropy current s µ = ϕµ + T µνβν − 1
2ΩλνSµλν , we obtain:

∂µs µ =
(
T µν

S − T µν
S(LE)

)
ξµν − (j µ − j µ

LE) ∂µζ +
(
T µν

A − T µν
A(LE)

)
(Ωµν −ϖµν)

− 1
2

(
Sµλν − Sµλν

LE

)
∂µΩλν

ϖµν : is the thermal vorticity

This formula is a generalization of what was obtained C. Van Weert without spin:
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Dissipative currents: Method and
results (Ongoing work)
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Hence the goal reduces to determining the coefficient tensors:
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Using irreducible representation of SO(3) group,

Our hydrodynamics “tools” existing at global equilibrium,
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Therefore, the irreducible representation, interms of our hydrodynamic
variables:

Hence we can decompose any tensor interms of its SO(3) irreducible
components, by using V µ , B µν , A µν :

1. Any rank
2. Any symmetry
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• Matching conditions

• ∂µs µ is SO(3) invariant, and is a true scalar −→ parity invariant

• ∂µs µ ≥ 0

• This allows us to cancel out all the non-physical coefficients
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Results

1. We have retrieved the standard expressions of δT µν
S and δj µ in relativistic

hydrodynamics.

2. The expressions for δT µν
S , δT µν

A , and δj µ include contributions proportional
to (Ωµν −ϖµν) and ∂λΩµν . Such new contributions are not corrections or only
valid in a specific limit!

3. The expression for δSλµν .
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Conclusions and outlook



Conclusions

1. We used a first-principle quantum-statistical methods to derive the entropy
current and the entropy production rate.

2. We developed a new method based on the SO(3) irreducible representation
that allows for the decomposition of any rank-tensor given any symmetry in
terms of its rotation-invariant components.

3. We showed that δTµν
S , δTµν

A , δjµ admit contributions proportional to
(Ωµν −ϖµν) and ∂λΩµν , and obtained the expression of δSλµν (to be
finalized).
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Outlook

1. Develop a second-order theory based on the form of dissipative currents ob-
tained from our method.

2. Numerically solve the conservation laws.

3. Calculate observables at the freeze-out hypersurface and compare them with
experimental data.
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