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PBHs: Why & How
Perturbations in 2-field Inflation

CMB anisotropies follow nearly scale invariant,
almost Gaussian statistics

Pζ(kcmb) ∼ 10−9

For collapse into BHs we need

ζcr(kpbh) ≃ 10−1

If we keep the scale invariance, this is an outlier 103σ away...
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PBHs: Why & How
Perturbations in 2-field Inflation

Numerous ways to achieve this either with one or many fields:

Pζ ∝
H2

ϵcs

inflection points (regions) in the potential (USR, running mass),
oscillatory (resonant) features in the sound speed (potential),
reheating, gauge fields. . .
In addition PBH can stem from bubble/soliton collisions. . .

Is there any mechanism that operates only in multifield inflation?

Pζ ∝ H2

ϵ f (λ)
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PBHs: Why & How
Perturbations in 2-field Inflation

S = SEH −
∫

d4x
√
−g

[
1

2
γab(ϕ) ∂µϕ

a∂µϕb + V (ϕ)

]
ϕa(x , t) = ϕa0(t) + T a(t)φ(x , t) + Na(t)ψ(x , t)

ds2 = −N2dt2 + a2e2ζ(dx⃗ + N⃗dt)2 (φ = 0)
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PBHs: Why & How
Perturbations in 2-field Inflation

L(2) ∝ (Dtζ)
2 − 1

a2
(∇ζ)2 + ψ̇2 − 1

a2
(∇ψ)2 +���*0

U(ψ)

with

Dtζ ≡ ζ̇ − λHψ, λ ≡ 2Ω

H
=

2

H

δθ

δt

Result:

Pζ,pbh ∼ e2δθ

4(1+4δθ2)
× Pζ,cmb

This implies δθ = λδN/2 ∼ 4π for 107 enhancement.
No canonical model can do that!
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PBHs: Why & How
Perturbations in 2-field Inflation

On a hyperbolic surface, parallel lines deviate, so the trajectory can
turn for ∆θ > π without self crossing!

Lcirc = 2π
sinh[K ]

K
≫ 2π

(curvature K controled by the coupling λ)
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Analytical solution

d

dt
Dtζ + 3HDtζ +

k2

a2
ζ = 0,

ψ̈ + 3Hψ̇ +
k2

a2
ψ + λHDtζ = 0.

Choise:
λ(t) = λ0 [θ(t − t1)− θ(t − t2)]

Piecewise solution:
t < t1: dS mode functions with BD ICs
t1 < t < t2: assume δt ≪ H−1 plane waves with ICs set by region I
t2 < t: dS mode functions but with ICs set by region II
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Analytical solution

ζ(k) =
iH√
2k3

∑
±

{
[
A±[k, ω±, δN] cos

(
ω±δN

k0

)
+ B±[k, ω±, δN] sin

(
ω±δN

k0

)]
aζ(k)

+

[
C±[k, ω±, δN] cos

(
ω±δN

k0

)
+ D±[k, ω±, δN] sin

(
ω±δN

k0

)]
aψ(k)

}
+ h.c.(−k) , (A,B,C,D such that [ζ,Pζ ] = iδ etc)

ω± =
√

k2±kk0λ0 : ω− has an unstable region
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Power spectrum

Ppbh

H2/ϵ
∼


1 + 4δθ2 if k ≪ k0λ/2 CMB

1
4e

2δθ if k ∼ k0λ/2 PBH
1 if k ≫ k0λ/2

-1 0 1 2 3 4 5 6

⋆ Evades theorems [Byrnes et al. ’18, Carrilho et al. ’19, Palma, SS, Patil ’20]:
Ppbh ∝ k5 vs k4

⋆ Does not break slow-roll conditions [Hertzberg, Yamada ’17]
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⋆ Purely multifield mechanism for PBH formation

⋆ Need for nontrivial field geometry

⋆ Completely decoupled from slow-roll dynamics

⋆ Evades known theorems of steepest growth

⋆ First analytic solution in the rapid turn regime λ(t) ≫ 1
[Cremonini et al. ’10, Achúcarro et al. ’10, ’12, ’19,

Assassi et al. ’14, Iyer et al. ’17, An et al. ’17,

Fumagalli et al. ’19, Bjorkmo ’19, Christodoulidis et al. ’19]
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To do:

⋆ Compute the NG PBH mass function

⋆ GW spectrum
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Thanks!
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