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The Universe at the end of inflation

• Cold, dominated by inflaton

• should decay to matter and radiation to 
recover BBN - REHEATING
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Time-line of Reheating

time

inflation
linear regime
(preheating)

non-linear
regime

perturbative
regime thermalization
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Allahverdi, Brandenberger, et al. (2010), Amin, et al. (2015), KL (2019) (reviews)



Observational signatures

• Difficult

- very small length scales

- thermalization



Observational consequences

• Expansion history effects

• Potentially observable remnants:
- Stochastic GWs
- Non-gaussianities
- Solitons

• Constraints on high energy physics models:
- Overproduction of defects
- Complete decay of
- Primordial BHs

Allahverdi, Brandenberger, et al. (2010), Amin, et al. (2015), KL (2019) (reviews)



The way forward 

• Theory
- more realistic models (couplings)

• Phenomenology
- detailed (numerical) analysis
- observational signatures

• Observations
- non-Gaussianities, high-freq GWs
- expansion history effects



Our works



The equation of state
after inflation

KL and M. Amin, PRD 99 123504 (2019)
KL and M. Amin, PRD 97 023533 (2018)
KL and M. Amin, PRL 119 061301 (2017)



What is     after inflation?



What is     after inflation?

flat (observations)



What is     after inflation?

flat (observations)

Kallosh and Linde (2013)
Carrasco, Kallosh and Linde (2015)
Silverstein and Westphal (2008)
McAllister, et al. (2014)



What is     after inflation?

assumption: self-couplings dominate over others

flat (observations)

Kallosh and Linde (2013)
Carrasco, Kallosh and Linde (2015)
Silverstein and Westphal (2008)
McAllister, et al. (2014)



What is     after inflation?

flat (observations)

at sufficiently late times:
(even without 
couplings to 
other fields!)
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Inflaton (homogeneous) dynamics

inflation

inflation ends:
oscillatory phase

Turner (1983)



Inflaton (actual) dynamics

inflation

inflation ends:
oscillatory phase

• parametric resonance of
• fragments
• for 

KL and M. Amin (2017, 18, 19)
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Towards radiation domination
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Towards radiation domination

• slow production of

• fragments gradually

virialized + turbulent

at sufficiently late times:

• fragments quickly 

(transients)
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Matter domination?

matter-like eos:

• forms oscillons (stable)

• production shut off 

• pressureless dust

couplings to other fields?

KL and Amin (2017, 18, 19)
See also Amin, Easther, Finkel, Flauger, Hertzberg (2011)
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Other connections …
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• dark matter (n=1 oscillons Q-balls)
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Other connections …
• stochastic GWs from fragmentation

• (early) dark energy (n=2)

• dark matter (n=1 oscillons Q-balls)

• matter-antimatter asymmetry… KL and M. Amin (2014)

KL and M. Amin (2019)

Agrawal, Cyr-Racine, Pinner, Randall (2019)
M. Amin, KL and T. Smith (in progress)



Oscillons & baryogenesis
complex 

inflaton ϕ
+ U(1)

inflaton/anti-inflaton
asymmetry

decay

matter-antimatter 
asymmetry

dynamics at the end of inflation

very different dynamics from homogeneous case!

KL and M. Amin, PRD 90, 083528 (2014)
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Gauge fields, inflation & reheating



Non-Abelian code in collaboration with 
A. Caravano, KL, Eiichiro Komatsu, J. Weller 
(2021a, 2021b, in progress)

%Gauge fields, inflation & reheating

GFiRe: Gauge Field integrator for Reheating
NEW LATTICE CODE!!! JCAP 058 04 (2020) 

Abelian code: KL, M. Amin (2020)
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Drive inflation
(+extensions)

Gauge fields, inflation & reheating

Spectator sector

Non-trivial vevs:

Adshead and Wyman (2012)

Dimastrogiovanni et al (2016)
Maleknejad (2016, 2018) 
Fujita, Sfakianakis, Shiraishi (2018)
A. Agrawal, Komatsu et al (2017, 2018)

Adshead, Sfakianakis (2017)
Adshead, Martinec, Sfakianakis, Wyman (2016)
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Gauge fields, inflation & reheating

Non-trivial vevs:

Linear coupling between Gauge Fields and GWs!
and

Adshead and Wyman (2012)

Enhanced and chiral GWs!



Gauge fields, inflation & reheating

Non-trivial vevs:

Linear coupling between Gauge Fields and GWs!

Figure from 
Campeti, Komatsu et al.
arXiv:2007.04241

G
W

 p
ow

er
 s

p.

log(frequency) 

Adshead and Wyman (2012)
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Gauge fields, inflation & reheating

Non-trivial vevs:

Schwinger effect?

KL, Maleknejad and Komatsu (2018)

Backreaction?

Mirzagoli, Maleknejad and KL (2019)

Adshead and Wyman (2012)

See also Domcke et al (2018), Adshead, Sfakianakis (2015)
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See also 
Mirzagoli, Komatsu, KL, Watanabe (2020)
(on gravitational CS)



Kaloian Lozanov
UIUC, Cosmology and HEPheno

Based on: PRD 103, 103501 (2021) (Adshead and KL)
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Fuzzy Dark Matter (FDM)

FDM is
• Cold: no free streaming

• Bosonic: forms Bose-Einstein Condensate

• Ultralight: macroscopic wave properties



Fuzzy Dark Matter (FDM)

FDM is
• Cold: no free streaming

• Bosonic: forms Bose-Einstein Condensate

• Ultralight: macroscopic wave properties



Fuzzy Dark Matter (FDM)

FDM is
• Cold and Bosonic: forms Bose-Einstein Condensate

• Ultralight: macroscopic wave properties



Fuzzy Dark Matter (FDM)

FDM is
• Cold and Bosonic: forms Bose-Einstein Condensate

• Ultralight: macroscopic wave properties



Fuzzy Dark Matter (FDM)

FDM is
• Cold and Bosonic: forms Bose-Einstein Condensate

• Ultralight: macroscopic wave properties



Motivation for FDM
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• Missing-satellite/too-big-to-fail problems

• Cusp-core problems

FDM solution 
• No grav. collapse below 
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Vector FDM Simulations



Conclusions

Reheating at the end of inflation:
• very rich dynamics

Future plans:
• more realistic models (e.g. gauge fields)

• observational signatures
-expansion history, relics, GWs


