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Outline:
•Pure Yang-Mills FOPT 
•YM+Heavy Quarks 
•Squeezeout Dark Matter 
•Boundary Effects
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Bubble Expansion: ·R > 0
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Bubble Expansion: ·R > 0
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Pocket Contraction: ·R < 0
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vw ≃ 100HRi

vw ≃ 2 2HRf

Rf ≃ 2H1/5R6/5
i

Bubble Expansion, x ≤ 1/2

Pocket Contraction , 1/2 < x
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YM + Heavy Quarks:  
mq > 100Λ

Eq
kin ∼ Λ ≪ mq











Dark Baryon Dark Matter



Dark Matter Squezeeout
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Survival 
Factor

Survival Factor: 

 S =
NcNB

Ni
≪ 1

Thermal Freeze-out

Exceeds the Unitarity Bound ( )mDM ≤ 100TeV

Asadi, Eric, et.al. 2021



∼ ℓ2

Collective Escaping

θ

Δt (v" cos θ + vw)
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phase






Confined
phase

σ

⟹

Confinement 
Length  

ℓ = 1/Λ

∼ ℓ2

Average particle over  Δt

λ = Δtv⊥n

ℓ2 ≫ αs/m2
q

Δt ∼ ℓ/(vq + vw)



ℓ × ℓ

Average particle over  Δt

λ = Δtv⊥nσ

t = 0
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dNi

dt
= Γbulk[i]

Γbulk[i] = − ∑
a+b=c+d

si
ab,cd

⟨σv⟩bulk
abcd

V (NaNb − NcNd fabcd)

Asadi+, 2021

Quark depletion/BSF rate



Γbdy
(1,1,1)→3 = ∮∂V

dS
σΔt
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Pλ (k) Γbdy
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dS
σΔt [

∞

∑
k=1

Pλ (k)]
2

Baryon formation rate via  
three quarks collisions

Meson formation rate via  
quark anti-quark collisions

Γbulk[i] = − ∑
a+b=c+d

si
ab,cd

⟨σv⟩bulk
abcd

V (NaNb − NcNd fabcd)

dNi

dt
= Γbulk[i] + Γbdy[i]

This WorkAsadi+, 2021

Quark depletion/BSF rate
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•Analytical   FOPT, numerically : 
slow domain wall 
•Boundary Effects of DM Squeeze Out, : 

heavy quarks mainly collectively escape near the DW. 
•Generic Finite Volume Boltzmann Equations.

vw SU(N) vw ≪ 1

Sbdy ≫ Sbulk

Conclusion and Outlook
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Finite Volume Boltzmann equation
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