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Inflation
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Inflation

Sets initial conditions for 

CMB temperature 

fluctuations:

Δ𝑠
2 = 𝐴∗

𝑘

𝑘∗

𝑛𝑠−1

• Gaussian and almost scale 

invariant fluctuations

|𝑛𝑠 − 1| ≪ 1



Inflation
• Also provides a causal mechanism for seemingly a-causal temperature 

correlations: 

e.g.    provides a simple solution to the horizon problem of the hot Big 

Bang cosmology

𝜆 ∝ 𝑎 𝑡 , 𝑑𝐻 = 𝐻 𝑡 −1

𝜆/𝑑𝐻 is increasing

To fully enjoy the successes of the inflationary paradigm we need to understand how 

it ends and smoothly transitions to the Hot Big Bang

we need  ሷ𝑎 𝑡 > 0 for 60 e-folds  dilution of any matter by 𝑒−60 (a.k.a 0)

𝐻−1

𝜆



End of inflation

< 0 Decelerating FLRW 

expansion! ( Nice )



Energy Transfer: Reheating

The nature of the energy transfer 

process depends on:

• Shape of the potential

• Couplings to other fields

Particle production 

𝜒 ,𝜓



Reheating

An example: 
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Reheating vs Inflation

Couplings we wrote down to study reheating do not appear in the picture 

suddenly, they should be present during inflation as well:

Conflict between reheating vs Inflation

Efficient reheating with parametric resonance requires g ≫ 10−5

Loops of daughter fields during inflation: Δ𝑚𝜙
2 ∼ 𝑔2Λ𝑢𝑣

2 < 𝑚𝜙
2 g < 10−5

𝜑𝜑



An EFT approach ?
An EFT approach:

*Assassi et al.

*Armendariz-Picon et al.

Issue to deal with: we must stabilize background 𝜒0

Source terms

ℒ𝑚 = −
1

2
𝑓

𝜒

Λ
𝜕𝜇𝜙𝜕

𝜇𝜙 − 𝑉 𝜙 −
1

2
𝜕𝜇𝜒𝜕

𝜇𝜒 − 𝑈 𝜒

𝑓
𝜒

Λ
= 1 + 2𝑐3

𝜒

Λ
+ 2𝑐4

𝜒

Λ

2

ሷ𝜒0 + 3𝐻 ሶ𝜒0 + 𝜕𝜒𝑈 =
ሶ𝜙0
2

Λ2
𝜒0 +

ሶ𝜙0
2

Λ

𝜙 → 𝜙 + 𝑐



An EFT approach ?

𝑈𝑒𝑓𝑓 =
1
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𝑚𝜒
2𝜒2 −
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Fluctuations:

𝛿 ሷ𝜒𝑘 + 𝑘2 +𝑚𝜒
2 −

ሶ𝜙0
2

Λ2
𝛿𝜒𝑘 = 0

𝛿𝜒𝑘 ∼ 𝑒𝜇𝑘𝑡

𝐾 = 𝑘2 +𝑚𝜒
2Certain wave-numbers grow (Particle Production)



New EFT approach

Alternative Approach:

Take the background evolution as a priori 𝑎 𝑡 , 𝐻 𝑡 , ሶ𝐻 𝑡 ,… , e.g.    ሷ𝑎 𝑡 < 0

Write down the most general EFT for fluctuations around this background. 

It is customary to use symmetries as a guidance for constructing the EFT.

Observation:

Background FRW evolution         time re-parametrizations are broken !

Use the left-over symmetries to build EFT 𝑥𝑖 → 𝑥𝑖 + 𝜉𝑖(𝑥)



background evolution fixes 𝑓1 𝑡 = 𝑚𝑝𝑙
2 (3𝐻2 + ሶ𝐻) , 𝑓2(𝑡) = −𝑚𝑝𝑙

2 ሶ𝐻

(the only linear terms in fluctuations)    

New EFT approach

One scalar mode 𝜋 is hidden in 𝑔00 = −1 + 𝛿𝑔00. It can be re-introduced by 𝑡 → 𝑡 + 𝜋

𝐹 2 (… ) is an expansion in fluctuations and their derivatives:

𝛿𝑔00: 0 derivative, 𝛿𝐾𝜇𝜈 contains a single derivative of the metric, etc..  

*Cheung et al.



Background parametrization:

𝜔 ≫ 𝐻(𝑡) 𝑚𝜙 ≫ 𝐻(𝑡)

Capturing existing models:     𝛼1 = 1, 𝛼2 = 0, 𝑚2 = 0 and notice that

𝑚𝑝𝑙
2 3𝐻2 + ሶ𝐻 ≡ 𝑉(𝜑) 𝛼3 ∝ 𝑚𝑝𝑙

2 (3𝐻2 + ሶ𝐻)
𝑝

to capture  𝑔2Λ4−𝑚−𝑛 𝜑𝑚𝜒𝑛

censorable



New class of models

Non-trivial sound speed, 𝑐𝜒 ≠ 1 .

Number of particles are enhanced due 

to sound speed, 𝑐𝜒 < 1 .

still 
censorable

broader  bands compared to 𝑐𝜒 = 1



Gravitational Waves 

Scattering of produced particles leads 

to GW background: Also amplified via 

small sound speed. 

𝑀𝜔 3/2

𝑐𝜒
3 𝐻4

𝑘3

𝑀𝑝𝑙
2 × censorable

𝑓 ≈
𝑀𝜔 1/2

𝑎∗𝐻∗ 𝑐𝜒
4 × 1010𝐻𝑧 Oops, peak frequency also increases 

ℎ𝑖𝑗
′′ + 𝑘2 −

𝑎′′

𝑎
ℎ𝑖𝑗 = 𝑀𝑝𝑙

−2 𝑇𝑖𝑗
𝑇𝑇



Conclusions/Outlook 

Non-linear stage is crucial in setting up the final amplitude of GW’s. 

Therefore it would be good to check our analytic estimates by Lattice simulations 
to determine if one can amplify GW’s significantly. 

Direct approach EFT of fluctuations: Adequate to capture all existing models in 

the literature.

Guided by the symmetries we have found new models with non-trivial sound 

speed, 𝑐𝜒 ≠ 1 .

Amplifications of GW’s during the linear stage of parametric resonance by 𝑐𝜒 ≠ 1



Cheat Sheet
Preferred time slicing:

𝑡 → 𝑡 + 𝜉0(𝑥),        under which  𝛿𝜙 𝑥 → 𝛿𝜙 𝑥 − ሶ𝜙0(𝑡)𝜉
𝑜(𝑥),     

fix the “gauge” by 𝜉𝑜 𝑥 = 𝛿𝜙 𝑥 / ሶ𝜙0(𝑡) to set  𝛿𝜙 𝑥 = 0

Particle production when 𝜔𝜒
2 is 

at its minimum 

1-D Scattering Problem from a 

parabolic potential



Cheat Sheet


