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Structure of Matter: An Ancient Quest
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Exploring the Heart of Matter

4/ 49



Standard Model of Elementary Particles

5/ 49



Quantum Chromodynamics (QCD)
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Chiral Symmetry

Figure: Spontaneously broken chiral symmetry in the vacuum is a
fundamental property of QCD
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Phase Diagram of Water
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QCD Phase Diagram

B⃗ω⃗ “C”

Opening up new dimensions:
Toward Hyper-Phase-Diagram!
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Heavy Ion Collision

Quark-gluon plasma is created in such collisions!
The hottest matter!
The most perfect fluid!
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Heavy Ion Collision
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Spin @ Chirality, Vorticity and Magnetic Field

The interplay of spin with chirality/vorticity/magnetic field ⇒
many novel phenomena
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Dirac fermion in rotation & B field

(1)

(2)

T = 0
R = 103[Λ−1]

Rotational
magnetic
inhibition

(1) eB increases −→ M increases: Magnetic Catalysis
(2) eB increases −→ M decreases: Inverse of MC
Chen, Fukushima, Huang & Mameda, PRD2016
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Chiral Magnetic Effect

Figure: The triangle diagram involving the charged chiral fermion loop, a
composite axial or dilatational current, and two external gauge fields.
Prog.Part.Nucl.Phys. 75 (2014) 133-151

J⃗ =
e2

2π2
µ5B⃗
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Chiral Magnetic Effect

Chiral Magnetic Effect

AVFD: Anomalous-Viscous Fluid Dynamics
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Chiral Magnetic Effect
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Chiral Magnetic Effect
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γ = ⟨cos∆ϕicos∆ϕj⟩ − ⟨sin∆ϕi sin∆ϕj⟩ = κv2F − H

δ = ⟨cos∆ϕicos∆ϕj⟩+ ⟨sin∆ϕi sin∆ϕj⟩ = F + H

F: Bulk Background H: Possible CME Signal
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Isobaric Collisions: 96
44Ru

96
44Ru vs. 96

40Zr
96
40Zr
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Event Selection for the Isobaric Collisions: Insights from

Initial Conditions
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Figure: The relative difference in eccentricity ∆⟨ϵ2⟩ (left) and projected
magnetic-field-strength-squared ∆(Bsq) (right) between RuRu and ZrZr,
with conventional centrality event selection.
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Event Selection for the Isobaric Collisions: Insights from

Initial Conditions
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Figure: joint (multiplicity + elliptic-flow) identical event selection
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Isobaric Collisions: 96
44Ru

96
44Ru vs. 96

40Zr
96
40Zr
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Figure: The relative difference in eccentricity ∆⟨ϵ2⟩ (left) and projected
magnetic-field-strength-squared ∆(Bsq) (right) between RuRu and ZrZr,
with the proposed joint (multiplicity + elliptic-flow) event selection.
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Isobaric Collisions: 96
44Ru

96
44Ru vs. 96

40Zr
96
40Zr
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Figure: The absolute difference in correlation observables
(γOS−SS

Ru − γOS−SS
Zr ) and (δOS−SS

Ru − δOS−SS
Zr ) with respect to event-plane

(EP: left panel) and reaction plane (RP: right panel) geometry, measured
with post-selection events, for varied signal strength as controlled by
initial axial charge density n5/s.

ξEPisobar ≡
γOS−SS
Ru−Zr |EP
δOS−SS
Ru−Zr |EP

≃ −(0.41± 0.27)

ξRPisobar ≡
γOS−SS
Ru−Zr |RP
δOS−SS
Ru−Zr |RP

≃ −(0.90± 0.45)
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Isobaric Collisions: 96
44Ru

96
44Ru vs. 96

40Zr
96
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Figure: Predictions from EBE-AVFD simulations for observables
(γOS−SS

Ru − γOS−SS
Zr ) and (δOS−SS

Ru − δOS−SS
Zr ) as a function of bin-wise

elliptic flow v2 from event-shape analysis with three identical bins for
RuRu and ZrZr systems. The simulation results are obtained with
n5/s = 20%.

24/ 49



However

25/ 49



However

26/ 49



However

27/ 49



However

28/ 49



Introduction

Quark Matter in Strong Magnetic Field

Quark Matter under Rotation

Vorticity in HIC

29/ 49



QCD with large angular momentum: HIC

Figure: Off-central HIC

Rotational polarization effect → Anomalous effects: Chiral vortical
effect, Chiral vortical wave. . .
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QCD with large angular momentum: Neutron Stars

Figure: Spin Neutron Star.

Rotational Supression of fermion pairing in J=0 (PRL 117,
no.19(2016)192302) This study (first): isospin matter
Isospin chemical potential: imbalance between the u-flavor and d-
flavor of quarks
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Phase Diagram of QCD for nu ̸= nd
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Figure: D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 86, 592 (2001)
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Dirac fermion in rotation & B field

(1)

(2)

T = 0
R = 103[Λ−1]

Rotational
magnetic
inhibition

(1) eB increases −→ M increases: Magnetic Catalysis
(2) eB increases −→ M decreases: Inverse of MC
Chen, Fukushima, Huang & Mameda, PRD2016
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Rotation suppression of scalar pairing
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Description of rotating system

Dirac Lagrangian in rotating frame

gµν =


1− v⃗ 2 −v1 −v2 −v3
−v1 −1 0 0
−v2 0 −1 0
−v3 0 0 −1

γ̄µ = e µ
a γa

Γµ =
1

4
· 1
2
[γa, γb] Γabµ

v⃗ = ω⃗ × x⃗ =⇒ L = ψ̄ [i γ̄µ(∂µ + Γµ)−m]ψ

Under slow rotation:

L = ψ†
[
i∂0 + iγ0γ⃗ · ∂⃗ + (ω⃗ × x⃗) · (−i ∂⃗) + ω⃗ · S⃗4×4

]
ψ

Ĥ = γ0(γ⃗ · p⃗ +m)− ω⃗ · (x⃗ × p⃗ + S⃗4×4)

= Ĥ0 − ω⃗ · ˆ⃗J rotational polarization effect!

σ = ⟨ψ̄ψ⟩, π = ⟨ψ̄iγ5τψ⟩, ρ = ⟨ψ̄iγ0τ3ψ⟩

ω
ẑ

r̂
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Model

L = ψ̄(iγµ∂
µ −m0 +

µI
2
γ0τ3)ψ + Gs

[(
ψ̄ψ

)2
+
(
ψ̄iγ5τψ

)2]
− Gv

(
ψ̄γµτψ

)2
LR = ψ†

[
(ω⃗ × x⃗) · (−i ∂⃗) + ω⃗ · S⃗4×4

]
ψ

MF approximation:

σ = ⟨ψ̄ψ⟩, π = ⟨ψ̄iγ5τψ⟩, ρ = ⟨ψ̄iγ0τ3ψ⟩
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Model

Ω = Gs(σ
2 + π2)− Gvρ

2

−NcNf

16π2

∑
n

∫
dk2t

∫
dkz [Jn+1(ktr)

2 + Jn(ktr)
2]T ×

[
ln
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1 + exp(−ω

+ − (n + 1
2)ω

T
)
)
+ ln

(
1 + exp(

ω+ − (n + 1
2)ω

T
)
)

+ ln
(
1 + exp(−ω

− − (n + 1
2)ω

T
)
)
+ ln

(
1 + exp(

ω− − (n + 1
2)ω

T
)
)]

ω± =

√
4G 2

s π
2 + (

√
(m0 − 2Gsσ)2 + k2t + k2z ± µ̃I )2, µ̃I =

µI
2

+ Gv ρ

Gap equation: ∂Ω
∂σ = ∂Ω

∂π = ∂Ω
∂ρ = 0
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σ, π Channel

Rotational Suppression on Pion Superfluidity

T=20MeV

ω=0
ω=480MeV
ω=500MeV

0 200 400 600

0.0

0.5

1.0

μI (MeV)

σ
,π

/σ
0

Solid:σ

Dashed:π

T=100MeV

ω=0
ω=200MeV
ω=300MeV

0 200 400 600

0.0

0.5

1.0

μI (MeV)

σ
,π

/σ
0

Solid:σ

Dashed:π

Figure: Suppression effect is consistent with (PRL117, no.19 (2016)
192302). inverse catalysis effect

σ : s = 1, L = 1, J = 0; π : s = 0, L = 0, J = 0
Rotation weaken spin 0 condensate: inverse catalysis effect
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Results —σ, π Channel

Rotational Suppression on Pion Superfluidity

T=20MeV

μI=0

μI=480MeV

μI=500MeV

0 200 400 600 800

0.0

0.5

1.0

ω (MeV)

σ
,π

/σ
0

Solid:σ

Dashed:π

T=100MeV

μI=0

μI=160MeV

μI=200MeV

0 200 400 600

0.0

0.5

1.0

ω (MeV)

σ
,π

/σ
0

Solid:σ

Dashed:π

Figure: Prefer σ than π

σ : s = 1, L = 1, J = 0; π : s = 0, L = 0, J = 0
Rotation weaken spin 0 condensate: inverse catalysis effect
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Pion superfluidity phase diagram in T − µI
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Figure: Dashed line stands for the second-order phase transition, while
solid for the first-order. The star denotes a tri-critical point (TCP).
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Enhanced ρ Superfluidity under Rotation
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Figure: Rotation weaken spin 0 condensate, but enhance spin 1
condensate
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σ, π, ρ Channel
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Figure: σ, π, ρ dominated phase
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Phase diagram in ω − µI
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New phase diagram, New Tri-Critical End Point!
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Conclusion

▶ pion and rho meson superfluidity under rotation in NJL model.

▶ inverse catalysis effect on the pion superfluidity (spin-0
channel).

▶ Rotation weaken spin 0 condensate (1606.03808). And
enhance nonzero ones (this work).

▶ Rho condensate at T=mu=0 with none zero isospin chemical
potential under rotation.

▶ A new type phase diagram in the ω − µI plane and a new
TCP ∼ (µcI = 165, ωc = 548) MeV.
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Vorticity in heavy ion collisions

Vorticity

STAR, Nature 2017

▶ Orbital momentum Ly = Ab
√
SNN
2 ∼ 104−5h̄

▶ global kinetic vorticity ω⃗ = 1
2∇× v⃗ ∼ 1021s−1
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Vorticity in heavy ion collisions
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Many other novel phenomena
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Thank you for your attention!
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