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this talk: dark sector monopoles
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2nd order phase transition: 
Kibble-Zurek mechanism

1st order phase transition: 
Bubble radius

[Zurek, 1985] 
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ē′￼e′￼→γ′￼γ′￼
∼ m2

e′￼
/g4

 

 

W′￼±

μ′￼

ρ

 

 

γ′￼

e′￼

M

Unstable Stable

DM:  ΩMh2 = 0.12!
 me′￼

≪ 100 GeV ⇔ mf ∼ yη



The price tag: dark radiation

6



The price tag: dark radiation

6

ΔNeff ≃ 4.4 ( TD
CMB

TSM
CMB )

4

= 4.4 [ gD
s (Tdec)

gD
s (TD

CMB) ]
4/3

[ gSM
s (TSM

CMB)
gSM

s (Tdec) ]
4/3



The price tag: dark radiation

6

ΔNeff ≃ 4.4 ( TD
CMB

TSM
CMB )

4

= 4.4 [ gD
s (Tdec)

gD
s (TD

CMB) ]
4/3

[ gSM
s (TSM

CMB)
gSM

s (Tdec) ]
4/3

 thermalises the two sectorsh ↔ ē′￼e′￼
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 thermalises the two sectorsh ↔ ē′￼e′￼

Planck: ΔNeff < 0.3 TQCD ≲ Tdec

[1807.06209]

CMB + BBN: ΔNeff < 0.125
[2601.22239]

TQCD ≲ Tdec ≲ me′￼/3.5

1 GeV ≲ me′￼
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[F. Brümmer, GF, T. Fischer, M. Frigerio, 2509.21924]

- BUT light  gives sizeable e′￼ ΔNeff ≃ 0.1 − 0.2 (Simons Observatory ) σ(ΔNeff) ∼ 0.045 [2503.00636]

“Monopole dark matter is possible, but it comes at a steep price.”

• Replacing fermions with a charged scalar hardly does better:   ΔNeff ≃ 0.135
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Monopole annihilation

Yprod
M ∼

ξ−3

s(TPT)

Yann
M ∼ q−2

M
T̄

MPl
∼ g2 mW′￼

MPl

YM,0 = min [Yann
M , Yprod

M ]

M̄

M

 plasmaW′￼
±
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ϵ(t) ≡
T(t) − Tc

Tc
τ(t) ∼ ξ(t) ∼

1
m

|ϵ(t)|−ν,

Relaxation 
time

Correlation  
length

t

frozenfrozen

t*

·ϵ/ϵ ·ϵ/ϵ

Reproduced from [Del Campo, Zurek, 2013]

τ

ξ ≈ ξ(t*)
[Zurek, 1985] 

[Murayama, Shu, 2009]

The Kibble-Zurek mechanism (SOPT)

tc



Correlation length in a FOPT

Tp : 𝒫⟨ϕ⟩=0(Tp) = 0.71

⟨ϕ⟩ = 0

⟨ϕ⟩ = η

⟨ϕ⟩ = ηy

x

⟨ϕ⟩ = η

M

M

ξ ≈ ⟨R(Tp)⟩

𝒫⟨ϕ⟩=0(T ) ≈ exp − ∫
Tc

T
dT′￼

Γ(T′￼)
T′￼

4H(T′￼) (∫
T′￼

T
vb

dT′￼′￼

H(T′￼′￼) )
3

[Guth et al., 1980]

Γ ≈ T4e−S3/TTunneling rate: [Linde, 1980]

Tn : Γ(Tn) ≈ H(Tn)4

VT(ϕ) ≈ (−
m2

2
+

g2

4
T2) ϕ2 −

g3

2π
T|ϕ|3 + ( λ

4
+

3g4

32π2
log

T2

μ2 )(ϕ2)2

∼ [HT
dS3/T

dT ]
−1

T=Tp



First order phase transition
Bounce action

m3
T

δ2
T

2π
3(κ − 2/9)2

F(κ), κ > 0 [Adams, 1993]

[Levi et al., 2022]

m3
T

δ2
T

27π
2

1 + exp (−1/ |κ|)
1 + 9|κ|/2

, κ < 0 [Levi et al., 2022]

[Salvio, 2023]

Veff(ϕ, T) ≃
m2

T

2
ϕ2 −

δT

3
ϕ3 +

λT

4
ϕ4

S3 = κ ≡ λT
m2

T

δ2
T
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Bounce action Tp ≈ Tc

Γ(Tn) = H(Tn)4

Tc ≈ (1 + g)T0T0 =
2m2

g2

wFOPT



Tp ≪ Tc

100

102

104

≈ Tn ≈ Tp

Bounce action
sFOPT



Dark fermions



Dark radiation
  limit me′￼

≃ mμ′￼
≃ mf (y → 0)

But  for Tdec ≫ mf y → 0
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Supercooled phase transition
GWs
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Pheno constraints

SIDM:
 (galaxy clusters)σT /mDM < 0.13 cm2/g

 (core-cusp)0.5 cm2/g < σT /mDM < 50 cm2/g

DD:

(E ≪ r−1
M ) (7 orders of magnitude below current LZ reach)

ID:   can be seen as producing  quanta + making them form a  pairhh → MM̄ 2N M − M̄

Perturbative but ∝ g2N Non-perturbative

 very small amplitude⇒

Even if geometric cross section, 4 orders of magnitude below LHAASO



Pheno constraints


