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As = (2.10 ± 0.03) × 10−9

ns − 1 = − 0.0351 ± 0.0042
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quantum vacuum 
+ evolution

scale-invariant 
power spectrum

many ways 
of “evolving”

�̄�ζ(k) ∼ k0



As = (2.10 ± 0.03) × 10−9

ns − 1 = − 0.0351 ± 0.0042

r =
At

As
< 0.036 (95 % CL)

f local
NL = − 0.9 ± 5.1

f equil
NL = − 26 ± 47

f ortho
NL = − 38 ± 24

glocal
NL = (−5.8 ± 6.5) × 104

all consistent 
with zero

…
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Add interaction with massive field σ
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Quantum vacuum:

⇒ ∂2
τζk + k2ζk = 0 ⇒ ζk(τ) ∼ e−ikτ

ds2 = a(τ)2(−dτ2 + d ⃗x2)

Massive spectator fields:

ds2 = − dt2 + a(t)2d ⃗x2

⇒ ∂2
t σ + m2

σσ = 0 ⇒ σ(t) ∼ e±imσt

a dτ = dt

large  
early time

k

large  
early time

mσ



⟨Ω | ̂ζ2 |Ω⟩ = ⟨0 |(T̄ei ∫ dτ ℋint) ̂ζ2 (Te−i ∫ dτ ℋint) |0⟩

= ⟨0 | ̂ζ2 |0⟩ + 2Im⟨0 | ̂ζ2 ∫ dτ ℋint |0⟩ + …

⇒
Δ𝒫ζ

�̄�ζ
∼ 2Im∫ dτ σ(∂ζ)2

∫ dτ e±imσte−2ikτ

in-in:

interaction 
vacuum

free theory vacuum

�̄�ζ(k)
Δ𝒫ζ(k)



∫ dτ e±imσte−2ikτ
highly oscillatory 
integrals average 

to zer0

heavy fields can usually be 
integrated out in low-energy 

effective field theories

Except for resonance 
(saddle point) when

d
dτ (±imσt − 2ikτ)

τ=τres

= 0 ⇒ mσ =
2k

a(τres)



a(t) ∝ | t |p

Δ𝒫ζ

�̄�ζ
∼ 2Im∫ dτ e±imσte−2ikτ ∼ sin (k1/p)

p ≪ 1p ≫ 1

Chen (2011, 2012)
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inflationary 
cosmology

contracting 
cosmology 

(before a bounce)

Guth (1980), 
…

Gasperini-Veneziano (1993), 
Khoury-Ovrut-Steinhardt-Turok (2001), 

JQ+ (2014, …), 
…



inflationary 
cosmology

contracting 
cosmology 

(before a bounce)

a(t) ∼ tp , t > 0 , p ≫ 1 a(t) ∼ (−t)p , t < 0 , p ≪ 1



inflationary 
cosmology

contracting 
cosmology 

(before a bounce)

H ≡
1
a

da
dt

time

en
er

gy mσ

H

cosmological 
collider

particle 
scanner
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Chen—Wang (2009), 
Arkani-Hamed—Maldacena (2015)

Chen—Loeb—Xianyu (2019)



JQ-Chen-Ebadi (2024)
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We hope for…

ϕ1

ϕ2

V(ϕI)

We do not know what degrees of 
freedom there are at high energies…

But the reality…
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Modelling





Chen-Namjoo-Wang (2015)

In inflation…



ϵ ≡ −
·H

H2

d𝒩 ≡ d ln(a |H | )

JQ-Chen-Ebadi (2024)

a(t) ∝ (−t)p , t < 0



clock signal
JQ-Chen-Ebadi (2024)



sharp feature

JQ-Chen-Ebadi (2024)
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JQ-Chen-Ebadi (2024)



JQ-Chen-Ebadi (2024)

transition 
sharpness
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Ongoing/ 
next

connecting with data 
quantum clock 
non-Gaussianities 
(Beyond) Standard Model 
massive fields 
…



Questions?

Thank you for your attention! 

More in arXiv:2405.11016


