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Giant Quotes

The Hubble scale, H, during inflation could be as high as 10^14 GeV. This is much larger than any energy
we can expect to achieve with particle accelerators in the foreseeable future. It is therefore
interesting to understand how to extract information about the laws of physics at those scales. We can
view inflation as a particle accelerator.

The very early universe becomes, in Zel’dovich’s words, “an accelerator for poor people” that can give
us some rough information about fundamental physics.



Inflationary Cosmology

• Inflation has proven to be the

pioneering theory/paradigm of the

early universe.

• Albeit, there are some competing

alternatives.

• The universe underwent a period of

(near) exponential expansion at very

onset of its evolution.
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Some History

• Particle creation in a background of gravitational filed first studied by L. Parker and Y. Zel’dovich in

1960s.

• But dominant Energy condition prevent particle production (Hawking, Ellis 1973).

• Space-time curvature can induce negative energy-momentum violating DE condition (Zel’dovich &

Pitaevsky 1971).

• Particle creation in new inflationary cosmology: First attempt to reheat the universe after inflation

(Abbott, Farhi and Wise, 1982)





• Perturbations of a scalar filed (in flat gauge), obey

Scalar Field in de Sitter Background

• Massless field freezes once exit the 

horizon while massive field decays.

• These perturbations make ripples on the 

curvature of space



CMB temperature fluctuations

• Primordial Fluctuations contribute to the temperature fluctuations of the CMB

• CMB multipoles can be find by integrating transfer functions against some kernels.



Particle Production during Inflation 

• Non-adiabatic production of particles:

• Starting from vacuum state, for a single burst 



Classical Treatment

• Early works mostly focus on the back-reaction of the particle production on the classical trajectory 
(Barnaby Huang 2009)

Where  the vacuum expectation value of       filed is (Kofamn, et. al 1997)



• Scalar curvature perturbations obey (Romano, Sasaki 2008)

• The result is an oscillatory feature on small scales. The amplitude is
proportional to the number of coupled fields, their mass, and the square
of the coupling constant. (Romano, Sasaki 2008)

• A general parametrization of models with sinusoidal modulation (Planck
results: 2018)



Cosmological Collider Physics (Arkani Hamed, Maldacena)

• Systematic method of studying this problem is the so-called in-in formalism (Q.F.T)

• In general, there would be some interference term, resonance effects and non-Gaussian features which

can not be addressed precisely by classical treatment.

• The goal is to find which specific non-Gaussianities are a signature of new
particles during inflation (as opposed to signatures that arise due to inflaton self
interactions).



• Very massive particles,                       , can integrated out which produce new terms in the effective 
Lagrangian. 

• For masses of order H,  , the situation is different and give rise to non-local effects.

• For example, for a particle with mass                         and spin  



Standard Clocks (Namjoo, Chen and Wang 2015)

• In the previous talk, Mohammd Hossein told you so much about the story of massive fields in

primordial Universe.



Productive Interactions (Flauger 2016)

• Fields with mass comparable to  scale           in slow-roll inflation give sizable contribution to the 
primordial N-spectra.

• From effective field theory of inflaton accessible scales are  Hubble expansion rate H and the Fourier 
frequency of the time dependent mass and couplings.



• Motivation: Controlling inflation in string theory is a a difficult process (eta-problem), as it requires

stabilizing the moduli (Silverstein 08).

• Assuming a discrete shift symmetry .

• Breaking the shift symmetry explicitly in a controlled

way.

Monodromy (Silverstein, Westphal 2008)



Sinusoidal modulated masses

• Additional (massive) field coupled to the inflaton with masses 
modulated by the periodic term in 

• The production occurs on the timescale                       with

while the state of universe is



Scintillating sources

• For the N point function, we have

where               is the source term integrated against the Green’s function

• For sinusoidal mass, defining 

by Yup Nguyen



Stationary Phase Approximation

• Usually we have to make an estimate of integral like

• Using the stationary phase/saddle point

method, two oscillating functions resonate at



Resonance vs. Parametric Resonance
http://physik.uibk.ac.at

• The Resonance effects can be addressed within standard QFT, while imprints of tunneling events on

scalar perturbations can be studied within EFT of Inflation (Mirbabayi, Senatore, Silverstein and Zaldarriaga 2014).

http://physik.uibk.ac.at/


Cherenkov in Sky (AAA, Jazayeri)

• In particular the highly massive particles, , that burst out of the time dependent

background can decay into massless degrees of freedom, .

• Since the are created almost at rest, they can decay into a back-to-back pair

of s with energies .

• Let us focus on the scalar emission of highly relativistic A pairs as they go

through space during inflation.

• Regardless of original mechanism of production of these relativistic particles,

the observational consequences of these particle is interesting.



EFT of inflation

• Action of point particle in SR 

• Following EFT prescription, leading order interaction term  in unitary gauge is

• After some algebra

where                       .



Position Space Profile

• Integrating the source term against the Green’s

function the scalar perturbations can be found.

• In particular, on the shock-front

we have



Biomimetics!



Imprints on the CMB

Credit:  Sonja Gorjanc, University of Zagreb



QFT consistency check

• Suppose the massive particles quickly decay into two much lighter  particles A with following coupling to 

the inflaton

• After the decay, we have

• The number of produced   particles is



How to



Results

• After some tedious calculation

• Moreover, the bispectrum of scalar perturbations, yields

• To meet the constraints on         ,total number of production events per Hubble 
volume per Hubble time must be much less than 1.



Reheating Monodromy (AAA, Bazrafshan, Sheikh-Jabbari)

• Let us suppose that there is another light scalar field in the model.

• This field may then couple to the inflaton and this coupling respect the discrete shift symmetry of the 
model so

where 



Parametric Resonance

• The field obeys

where and

• To get relativistic particles, we must have for which case the resonance only happens for
, Therefore



Assembly/ Reheating line

• short modes get stretched so that they meet the
resonance band and subsequently grow exponentially.

• However, each mode will soon exit the resonance once it
is it is redshifted so that exceeds the resonance band
width. Therefore



Reheating

• Therefore, contribution of particle to the energy density is given by

• For small enough couplings

• For example for we get while entering the fast-roll it grows much faster and
reheat the universe.



Conclusion

• Early universe lies at the intersection of high energy and cosmology is a fertile and active topic.

• Our universe at the very onset of its evolution has served as a particle collider. However we
should be genius enough to understand how to extract desired information from the left
footprints.

• Both massive and massless particles leave their own distinctive imprints on the statistics of n-
point correlation function

• A long way to go….




