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The Primordial Dark Age

• Energy Transfer

• Expansion History (i.e. 
equation of state)

Why should we study the phase 
of reheating/preheating?

Inflation Reheating Hot Big Bang
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inflaton daughter field
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inflation (p)reheating

inflaton daughter field
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We consider                    , which is 
consistent with CMB observations

oscillates in positive curved 
region of the potential
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We consider                    , which is 
consistent with CMB observations

oscillates in positive curved 
region of the potential
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Homogeneous phase

Resonance phase

Non-linear phase
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Reheating: Homogeneous Evolution

‘inflation’ (p)reheating

p = 2
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EoM of the homogeneous 
inflaton condensate    :
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Reheating: Homogeneous Evolution

‘inflation’ (p)reheating

initial 
amplitude

p = 2
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EoM of the homogeneous 
inflaton condensate    :
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Resonance Phase: Parametric Resonance

Linearized mode equations for   :�
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Resonance Phase: Parametric Resonance

Linearized mode equations for   :�
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Resonance Phase: Parametric Resonance

Linearized mode equations for   :�
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Resonance Phase: Self-Resonance

Linearized mode equations for    :'
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Lattice Simulations

Dynamics become non-linear at
lattice simulations 

Simulations done in              
dimensions and with

grid points
results almost identical to the 
ones in            dimensions! 

CosmoLattice (arXiv: 2102.01031)

Solves EoM on an expanding 
lattice:

(3 + 1)
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Non-Linear Phase: Lattice Simulations

Focus on the following volume and 
oscillation averaged quantities:

kinetic gradient potential interaction

Etot = Ek,' + Ek,� + Eg,' + Eg,� + Ep,' + Eint
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Energy density ratios:

Equation of state:

Dynamics become non-linear at
lattice simulations 

Simulations done in              
dimensions and with

grid points
results almost identical to the 
ones in            dimensions! 

CosmoLattice (arXiv: 2102.01031)

Solves EoM on an expanding 
lattice:

(3 + 1)
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Averaged Energy Densities 
and Equation of State
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Determine exact Number of e-folds
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Assuming RD until BBN followed by  
RD      MD       ΛD phases until today, 
allows us to determine       via:



Determine exact Number of e-folds
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We study the evolution of the e↵ective equation of state ! during (p)reheating after inflation, and

its dependence on the inflaton couplings to preheated fields. We consider an inflationary potential

with a monomial shape V (�) / |�|p, p � 2 around the minimum, and a quadratic interaction

between the inflaton and one preheated field.

1 2 3
4 5 6
7 8 9

M
p

3 4 5 6

2mpl 55.5 55.8 56.1 56.5

10mpl 56.9 57.4 57.8 58.3

TABLE I: Values for Nk

[1] Y. Akrami et al. [Planck Collaboration],

arXiv:1807.06211 [astro-ph.CO].

[2] P. A. R. Ade et al. [BICEP2 and Keck Array Col-

laborations], Phys. Rev. Lett. 121, 221301 (2018)

doi:10.1103/PhysRevLett.121.221301 [arXiv:1810.05216

[astro-ph.CO]].

[3] R. Kallosh and A. Linde, JCAP 1307, 002 (2013)

doi:10.1088/1475-7516/2013/07/002 [arXiv:1306.5220

[hep-th]].

[4] T. Krajewski, K. Turzyski and M. Wieczorek, Eur. Phys.

J. C 79, no. 8, 654 (2019) doi:10.1140/epjc/s10052-019-

7155-z [arXiv:1801.01786 [astro-ph.CO]].

[5] K. D. Lozanov and M. A. Amin, Phys. Rev. Lett. 119, no.
6, 061301 (2017) doi:10.1103/PhysRevLett.119.061301

[arXiv:1608.01213 [astro-ph.CO]].

[6] K. D. Lozanov and M. A. Amin, Phys. Rev. D 97,
no. 2, 023533 (2018) doi:10.1103/PhysRevD.97.023533

[arXiv:1710.06851 [astro-ph.CO]].

[7] L. Kofman, A. D. Linde and A. A. Starobin-

sky, Phys. Rev. Lett. 73, 3195 (1994)

doi:10.1103/PhysRevLett.73.3195 [hep-th/9405187].

[8] L. Kofman, A. D. Linde and A. A. Starobinsky, Phys.

Rev. D 56, 3258 (1997) doi:10.1103/PhysRevD.56.3258

[hep-ph/9704452].

[9] P. B. Greene, L. Kofman, A. D. Linde and

A. A. Starobinsky, Phys. Rev. D 56, 6175 (1997)

doi:10.1103/PhysRevD.56.6175 [hep-ph/9705347].

[10] D. I. Podolsky, G. N. Felder, L. Kofman and

M. Peloso, Phys. Rev. D 73, 023501 (2006)

doi:10.1103/PhysRevD.73.023501 [hep-ph/0507096].

[11] M. S. Turner, Phys. Rev. D 28, 1243 (1983).

doi:10.1103/PhysRevD.28.1243

[12] D. G. Figueroa and F. Torrenti, JCAP 1702,

M/p 3 4 5 6

2mpl 55.5 55.8 56.1 56.5

10mpl 56.9 57.4 57.8 58.3

TABLE II: Values for Nk

no. 02, 001 (2017) doi:10.1088/1475-7516/2017/02/001

[arXiv:1609.05197 [astro-ph.CO]].

2 4 6 8 10 12 140.00.10.20.30.40.50.6

for pivot scale :       

Assuming RD until BBN followed by  
RD      MD       ΛD phases until today, 
allows us to determine       via:
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Final energy ratios and EoS

Parametric resonance 
dominates over self-resonance, 
but inflaton fluctuations are 
produced even after
backreaction for            . 

Final amount of energy 
transferred to daughter 
field depends only  on    . 

For             the system becomes 
radiation dominated (RD) and 
one can calculate       . 
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Further mechanisms are 
needed to transfer energy 
from the inflationary sector 
to SM.
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Thank you!







5 10 50 100 500 1000
10

100

1000

104

105

106

107

�

�2
|�
�
2

Spectra p=2.3, q=600:
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Comparison: (2+1)D and (3+1)D simulations

(3D: dashed red, 2D: solid blue)
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Comparison: (2+1)D and (3+1)D simulations

(3D: dashed, 2D: solid)
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Number of e-folds and Inflationary Observables

On the equation of state during (p)reheating

Stefan Antusch,1 Daniel G. Figueroa,2 Kenneth Marschall,1 and Francisco Torrent́ı1

1
Department of Physics, University of Basel, Klingelbergstr. 82, CH-4056 Basel, Switzerland.

2
Instituto de Fsica Corpuscular (IFIC), CSIC-Universitat de Valencia, Spain.

(Dated: March 24, 2021)

We study the evolution of the e↵ective equation of state ! during (p)reheating after inflation, and

its dependence on the inflaton couplings to preheated fields. We consider an inflationary potential

with a monomial shape V (�) / |�|p, p � 2 around the minimum, and a quadratic interaction

between the inflaton and one preheated field.
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Assuming RD until BBN followed by  
RD      MD       ΛD phases until today, 
allows us to determine       via:
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With exact      , accurate predictions 
for CMB observables      and    can
be given:  

determine       iteratively Nk
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Homogeneous evolution and field and redefinitions

Which suggests a redefinition of field
and space-time variables :
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Inflaton performs homogeneous oscillations with frequency: 

equations of motion:

Resonance 
parameter
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Energy densities and equation of state
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In terms of natural fields the 
different energy density of the system are 
given by: 

f = {',�}
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we consider the energy density ratios:

and equation of  state:
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The energy density ratios preserve the 
following equipartition identities
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during the phase of homogeneous 
inflaton oscillations:
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and


