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Inflation and Primordial Black Holes (PBHs)
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BHs form in the early universe!

1. Large density perturbation 

2. Domain Wall 

3. Vacuum bubbles 

4. Cosmic string loops 

5. Q balls 

……

Zel’dovich and Novikov, 1966; Hawking, 1971
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Main Target and Previous Works
Fit the CMB Observation. 

Produce big Curvature Power Spectrum  / POSITIVE Non-Gaussianity at  . 

End inflation in 50-60 e-folds. 

𝒫ℛ k > kCMB



Fit the CMB Observation. 

Produce monochromatic PBH mass function.
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Main Target and Previous Works
 gravity and a non-minimally coupled scalar field ——— 2 stage slow rolls connected by a right angle turn of inflation R2

SJ = ∫ d4x −g [ M2
pl

2
f(R) −

1
2

gμν∂μ∂ν χ − V(χ)],

f(R) = R +
R2

6M2
−

ξR
M2

pl
χ2,

V(χ) = V0 −
1
2

m2χ2 .

Shi Pi, Ying-li Zhang, Qing-Guo Huang and Misao Sasaki, 2017 (1712.09896)
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Produce monochromatic PBH mass function.
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 gravity and a non-minimally coupled scalar field ——— 2 stage slow rolls connected by a right angle turn of inflation R2
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Perturbation evolution after exit the horizon? Iso-Curvature ? 

End inflation in 50-60 e-folds ? 

Non Gaussianity? SIGW? 
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Main Target and Previous Works
 gravity and a non-minimally coupled scalar field ——— 2 stage slow rolls connected by a right angle turn of inflation R2

Shi Pi, Ying-li Zhang, Qing-Guo Huang and Misao Sasaki, 2017 (1712.09896)
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Our model: The potential 

SJ = ∫ d4x −g [ M2
pl

2
f(R) −

1
2

gμν∂μ∂ν χ − V(χ)],

f(R) = R +
R2

6M2
−

ξR
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pl
(χ − χ0)2,

V(χ) = V0 −
1
2

m2χ2 +
1
4

λχ4 .

Action in Jordan frame:

Conformal Transformation

F ≡ ∂f/∂R = e 2/3ϕ/Mpl
Two scalar fields  in Einstein frameϕ, χ
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1
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1
4
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Action in Jordan frame:

Conformal Transformation

F ≡ ∂f/∂R = e 2/3ϕ/Mpl

End the Inflation

Drive the 2nd SR
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Our model: Background
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*  for under-damped ξ > 3/16 χ

𝒩1 = 𝒩1(ϕ) =
3
4 (Fini − F⋆1)
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attractor phase.
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= const .

μ2 ≡ H1/H2
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Our model: Background
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Our model: Perturbations
Numerical results

ℛ = H
·ϕδϕ + F−1 ·χδχ

·ϕ2 + F−1 ·χ2
,

𝒮 = HF−1/2
·χδϕ − ·ϕδχ
·ϕ2 + F−1 ·χ2

.

Co-moving Curvature

Iso-Curvature

The Equations of motion:

D ·ψa

dt
+ 3H ·ψa + habU,b = 0,

D2δψa
k

dt
+ 3H

Dδψa
k

dt
+

k2

a2
δψa

k + V;a
;bδψb

k − Ra
bcd

·ψb ·ψcδψd
k − [ 1

a3

d
dt ( a3

H
·ψa ·ψb)] hbcδψb

k = 0.

A generalized description of our model 
Field vector 

 
Field Metric 

ψa = (ϕ, χ)

hab = ( 1 0
0 F−1), a, b = 1,2.
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Our model: Perturbations
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Numerical results

ℛ = H
·ϕδϕ + F−1 ·χδχ

·ϕ2 + F−1 ·χ2
,

𝒮 = HF−1/2
·χδϕ − ·ϕδχ
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Co-moving Curvature

Iso-Curvature

———— Time at the end of Inflation 

———— Time at the Horizon exit stage

Nend

Nexit
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Our model: Perturbations
 formalismδ𝒩

δ𝒩(k) = ∑
i

δ𝒩i

≈ {δ𝒩1(ϕ) + δ𝒩3(χ) for k < k1

δ𝒩3(χ) for k ≥ k1

=

∂𝒩1

∂ϕ
N=Nk

δϕk(Nk) +
∂𝒩3

∂χ
N=N⋆2

δχk(N⋆2) for k < k1

∂𝒩3

∂χ
N=Nk

δχk(Nk) for k ≥ k1

Sasaki & Stewart, 1995 (astro-ph/9507001)

Kodama & Sasaki, 1984

H1

H2
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Our model: Perturbations

𝒫ℛ(k) ≈
M2

4(2π)2

[ 2
3 (ln

k1

k
+

3
4

F⋆)
2

+ g2
1h2χ−2

0 ( k
k1 )

α

] × [1 + (ln
k1

k
+

3
4

F⋆)
−1

] for k < k1

g2
2h2χ−2

0 μ−2 ( k
k1 )

β

for k ≥ k1 .

α ≡ Re (3 − 3 1 −
16
3

ξ)
β ≡ 3 − 3 +

48ξ(A − 1)
1 + 1/μ2

,

Broken power-law!

CMB

Analytical Approximation

 is determined by  

the oscillation behavior of 

  in the end first stage!

α

χ
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Our model: Perturbations
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Analytical Approximation

𝒫peak
ℛ ≈ 𝒫ℛ(k1) =

g2
2h2

4(2π)2
μ−2(M/χ0)2

α ≡ Re (3 − 3 1 −
16
3

ξ)
β ≡ 3 − 3 +

48ξ(A − 1)
1 + 1/μ2

,

Broken power-law!

CMB

 is the ratio of  to μ2 ≫ 1 H1 H2

 is the ratio of field perturbation to backgroundχ0/M
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PBH formation — A brief discussion of NG (at the peak)

– 3. × 10–6 – 2. × 10–6 – 1. × 10–6 0 1. × 10–6 2. × 10–6 3. × 10–6

– 0.5

0.0

0.5

1.0

– 0.4 – 0.2 0.0 0.2 0.4

0.0

0.5

1.0

1.5

2.0

2.5

3.0

ℛ = δ𝒩3 =
ρ1

Mpl
δχ +

ρ2

M2
pl

δχ2 +
ρ3

M3
pl

δχ3 + ⋯ f local
NL ≈ 2(A − 1)ξ ≪ 1 Small and Positive



Starting Point Details Application (2/3) Conclusion

PBH formation
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Scalar Induced Gravitational Wave

10–10 10–9 10–8 10–7 10–6
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10–5 Narrow peak

EPTA

NANOGrav

Our model

Pi & Sasaki, 2020 (2005.12306) NANOGrav, 2023 (2306.16219) EPTA, 2023 (2306.16227)
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Conclusion

1. We can enhance the power spectrum by 2-
stage inflation dominated by different fields 
connected by a sharp turn (Iso-curvature). 

2. The power spectrum can be easily recognized 
(or excluded) by observation of it’s broken 
power law shape especially the growing 
feature of  . 

3. The non-Gaussianity is positive and small. 

4. Our model produce a nearly monochromatic 
PBH mass function. 

k3
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On the basis of fitting CMB observation & ending the inflation……. 

If you are interested, please see the details in our up coming paper : )
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Look a step further

1. Our model probably can lead to an interesting reheating. 

2. What happens for the “I”-Stage “J”-field inflation?                                           
🤔 Muti-peak power spectrum? Muti-modal distribution of PBH?           
🤔 Will the growing behavior of power spectrum still be limited to ? 

3. What if there is a USR phase in between of the two stages? 

k3

To be continued…

Carr and Kuhnel, 2018 (1811.06532)
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CMB fitting

nR2

s (kCMB) ≃ 0.947 < 0.965

(M = 2 × 10−5Mpl, ln(k1/kCMB) ≈ 36)

f(R) ≡ (R +
R2

6M2
+ q

R3

3M4 ) −
1

M2
pl

ξRχ2

 gravityR3

 V.S. R3 R2

nR3

s (kCMB) − nR2

s (kCMB) ≈ − 8 pMq

pM ≡ 9.7 × 10−7M2
plM

−2

𝒫R3

ℛ(k)
𝒫R2

ℛ(k)
≈ 1 + 6pMq + 𝒪(q2)

Appendix (1/3)
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