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Waterfall phase transition
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Waterfall phase transition

Today’s topic
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Natural and Hybrid inflation
Natural inflation

Inflation = pNGb 

[Phys. Rev. Lett. 65, 3233]

V (ϕ) = Λ4 (1 ± cos (ϕ/f)) f ∼ MP Λ ∼ MGUT

Hybrid inflation

V (σ, ϕ) = 1
4λ (M2 − λσ2)2 + m2

2 ϕ2 + g2

2 ϕ2σ2

Ending stages Chaotic inflation

m2
σ = − M2 + g2ϕ2 becomes tachyonic for  ϕ > ϕc = M/g
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Inflation ends due to a phase transitionInflation ends due to a waterfall phase transition
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ϕ < ϕc
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The model
V(ϕ, χ1, χ2, H) =

ϕ ⟶ − ϕ, χ1 ⟷ χ2

Origin of the Z2 symmetry Z4 × CP : ϕ → − ϕ, Φ → iΦ*, H → H

VI(ϕ) +VW(ϕ, χ1, χ2) +VRH(χ1, χ2, H)
Natural inflation Hybrid inflation 

Symmetries

Φ = 1
2

(χ1 + iχ2)

Reheating 

VW(ϕ, χ1, χ2) = B(ϕ)(χ2
1 − χ2

2) + 1
2 m2

χ (χ2
1 + χ2

2) − α2χ1χ2

+β(χ3
1 + χ3

2) + γ(χ2
1 χ2 + χ1χ2

2)

+ 1
4 λχ(χ4

1 + χ4
2) + 1

2 λ̄χ χ2
1 χ2

2 + 1
3 λ′ χ(χ3

1 χ2 + χ1χ3
2)

VI(ϕ) = V0 + A(ϕ) VRH(χ1, χ2, H) = κ1(χ2
1 + χ2

2) |H |2 + κ2 χ1χ2 |H |2 .

 protects the inflationary potential against quantum correctionsZ2

3

A (−ϕ) = A(ϕ)
B (−ϕ) = − B (ϕ)

ϕ2 (χ2
1 + χ2

2) suppressed
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 [JHEP 07 (2021) 147 -  Deshpande, Kumar,  Sundrum]

Similar constructions

[J.O. Gong, K.S. Jeong, Phys.Rev.D 104 (2021)]



Extra  symmetryZ′￼2

VW(ϕ, χ1, χ2) = B(ϕ)(χ2
1 − χ2

2) +
1
2

m2
χ (χ2

1 + χ2
2) − α2χ1χ2 + β(χ3

1 + χ3
2) + γ(χ2

1 χ2 + χ1χ2
2)

+
1
4

λχ(χ4
1 + χ4

2) +
1
2

λ̄χ χ2
1 χ2

2 +
1
3

λ′￼χ(χ3
1 χ2 + χ1χ3

2),

Z′￼2 : ϕ → ϕ, χ1 → χ1, χ2 → − χ2,
α = β = γ = λ′￼χ = 0

 becomes a stable candidate for DMχ2
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Exit from inflation
m2

1(ϕ) = m2
χ − B2(ϕ) + α4

m2
2(ϕ) = m2

χ + B2(ϕ) + α4

sin 2θ(ϕ) = 2α2

m2
2(ϕ) − m2

1(ϕ)

A(ϕ) = Λ4 cos( ϕ
f ) B(ϕ) = − 1

2 μ2 sin( ϕ
2f )

ϕc = 2f arcsin( m4
χ − α4 /μ2)

Time dependent waterfall masses Mass mixing

No mixing for α = 0  determines the end of inflationχ1⟶

We take the values 

End of inflation

*Slow-roll conditions still hold!

ϕ → ϕ + 4πf
Shift symmetry broken to a discrete one
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UV insensitivity

VCW =
1

64π2 ∑
i=1,2 [2m2

χi
M2

* − m4
χi

ln( e
1
2 M2

*

m2
χi

)] ≃
1

16π2
m2

χ M2
*

Constant vacuum 
 energy must be renormalized

−
1

64π2 (m4
χ + 4B2(ϕ) + α4)ln

M2
*

m2
χ

B2(ϕ) ≲ 16π2 |A(ϕ) |
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μ2 ≲ 8πΛ2
A(ϕ) = Λ4 cos( ϕ

f ),

B(ϕ) = −
1
2

μ2 sin( ϕ
2f )

For our  particular case

Ensures control of the log divergences during inflation



Inflationary predictions

The symmetry responsible for the PNGB is broken during inflation

Planck

N=40-60

512



Vacuum structure
 symmetry for Z′ 2 χ2

vϕ = πf

vχ =
μ2 − m2

χ

λχ

λχ = m4
1

4V0
= 1.4 × 10−20( m1

100HI )
4

( HI

105 GeV )
2

vχ = 4V0
m2

1
= 0.035MP( 100HI

m1 )
  for  

 for   
HI ≲ 1.6 × 1010 GeV f ≲ 1016 GeV

λχ < 10−10 m1 ≳ 100HI
vχ ∼ 0.035MP

m2
a = 0.0495H2

I + (3 × 10−9)( r2

r2 − 1 ) ( m1
100HI

)
2

v2
χ

The inflation mass receives corrections from the waterfall couplings 

m2
1 = λχν2

χ
Inflation mass much heavier  settles fast in the minimum→

 is a DM candidateχ2
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λ = m1/2 = λχvχ /2

Strength of the waterfall transition

[Garcia-Bellido, Ruiz Morales, Phys. Lett. B 536 (2002)]
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Preheating
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Preheating vs reheating

1018



Dark Matter Production
 Dark Matterχ2 Another scalar candidate 

m2
S,eff = m2

S,0 + λS χ2
1(t)
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Summary

• We presented a natural inflation model, in which the inflation is a PNGB. 


• We showed how the Z2 symmetry arises from a larger Z4 symmetry


• Large parameter space for successful inflation


• We studied the possibility of preheating, but reheating is dominant.


• We studied Dark Matter production

Phys.Lett.B 834 (2022) 


