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• Energy Transfer

• Expansion History                           

Why should we study the phase 
of (p)reheating?

Inflation Reheating Hot Big Bang
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Reheating Model: Motivation
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Reheating Model: Motivation

‘(p)reheating’‘inflation’
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Reheating Model: Motivation

For interactions of the type we have 
seen that [1]:

What happens in case of         -interactions? 
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inflaton does not decay completely during 
the process of parametric resonance
the system does not become radiation 
dominated

tachyonic resonance [2]
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Inflaton Potential

inflation ends at
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We fix                     for the following!                   

inflation ends at
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Preheating: Homogeneous Phase
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Preheating: Homogeneous Phase
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initial resonance 

Natural Variables
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The equation of motion in natural variables 
are then given by:

With the effective coupling parameters:

Preheating: Tachyonic Resonance
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Preheating: Tachyonic Resonance

0.

0.5

1.0

1.5

2.0

2.5

:  narrow resonance

:  broad resonance
<latexit sha1_base64="BiU5+dQPLLtJwU8jz9Gi4FtqK4o="></latexit>

q̃(h) . 0.5

<latexit sha1_base64="8EEh9ZsqPZnZZ++ac7olZOWSeQE="></latexit>

q̃(h) & 0.5

Linearised mode equation of    :  <latexit sha1_base64="H5hu4nM3MWdaGIwpSVoA4CPGY/4="></latexit>�

Preheating: Tachyonic Resonance

with
<latexit sha1_base64="bZN0ZyPq/XjtzbX/jNhgKUzGAt0="></latexit>

̃ = k/(!⇤a)

Inflaton induces a tachyonic mass term 
each time when            ; modes for which                      

grow exponentially:                    

<latexit sha1_base64="iPoiM4WWyWTlQTH62cen+W3078A="></latexit>

��00
k +

⇣
̃2 + q̃(h)'̄

⌘
��k ' 0

<latexit sha1_base64="MW8iDn0TcsLGhO7yIMvfIHOpPoQ="></latexit>

̃2 < q̃(h)'

<latexit sha1_base64="MSzX3a7gFN++KAj/iAKtUmzswnE="></latexit>

|��k|2 ⇠ e2#ku

<latexit sha1_base64="pW+WLO0ikuCtlcVnTltBtB9wZI4="></latexit>

'̄ < 0

<latexit sha1_base64="6lew9G/uSGC9v9VahIFMeK1djFw="></latexit>

'̄00 + '̄ ' 0

Tachyonic resonance is always stronger 
than parametric resonance (              )

<latexit sha1_base64="aIj29Iq9jh5yOF1dW9jdOtfWo2w="></latexit>

⇠ �2X2



For   grid pointsN = 128� 512
<latexit sha1_base64="T7ojo8GitRzM3PH2yqP+UZl71o8="></latexit>

Simulations have been performed for 
the T-model:

Details on simulations:

results almost identical to the 
ones in            dimensions! (3 + 1)

<latexit sha1_base64="gSMWEQxUlTifd9WwYNwjFICHdqs="></latexit>

Performed in dimensions(2 + 1)
<latexit sha1_base64="dZHII/OOydeim7xaPP6yHgWiwxw="></latexit>

with mass scale                    and                , 
initialised the simulations at 

<latexit sha1_base64="A3U9PiUlWfUcm0e1XTRUDXT8lw0="></latexit>

M = 5mpl
<latexit sha1_base64="C+6B7Gc+0V86rLNkj3Mi9KonAng="></latexit>

Nk = 55

<latexit sha1_base64="TwUshyvKzKzXAIIsQYxTmSTMUqI="></latexit>

V (�, X) =
1

2
⇤4tanh2

✓
�

M

◆
+

1

2
h2�X2 +

1

4
�X4

<latexit sha1_base64="TwUshyvKzKzXAIIsQYxTmSTMUqI="></latexit>

V (�, X) =
1

2
⇤4tanh2

✓
�

M

◆
+

1

2
h2�X2 +

1

4
�X4

Preheating: Lattice Simulations
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q̃(h) < 0.5

Self-resonance process continues until
<latexit sha1_base64="nJ/TaskeLhWfyduZv1JqA9E9UdQ="></latexit>

u ⇡ 1800



System starts to become non-linear and
equation of state grows
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Lattice Simulations: Effective Energy Ratios 

<latexit sha1_base64="bEd3ZjVLmrJfXddTbkjIWZhtM6M="></latexit>

�00 � a�2r2
~y �+ q̃(h)'�+ q̃(�)�3 = 0

<latexit sha1_base64="U3F91ZrIRs6UCTJoqjCCrxyAxvE="></latexit>

'00 � a�2r2
~y '+ '+ F (') + q̃(h)�2 = 0

Equations of motion:
<latexit sha1_base64="nx7K9Gi6G2twcxLwBD4Tk9L8SJ8="></latexit>

q(h)⇤ = 30, q(�)⇤ = (q(h)⇤ )2

<latexit sha1_base64="8BRVSpBkHJV314tcp8fyHBB7jNI="></latexit>

w̄ ! 0

<latexit sha1_base64="J8mk3ApgXr/XyUnEf1KPtLcDTOg="></latexit>

w̄ ! 0.25

<latexit sha1_base64="5TJ7vGNe6it3zr0/WHEBXYea4Uc="></latexit>

w̄ ' 0.25

<latexit sha1_base64="KMnGdvygD2KvCsGq2jCXt2uZ8kY="></latexit>

w̄ ' 0Homogeneous phase:

Eventually:

Backreaction process terminates and

Self-resonance process continues and
equation of state stays at
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Lattice Simulations: Effective Energy Ratios 

<latexit sha1_base64="nx7K9Gi6G2twcxLwBD4Tk9L8SJ8="></latexit>

q(h)⇤ = 30, q(�)⇤ = (q(h)⇤ )2

<latexit sha1_base64="rB46t4iUBpE0h89xULiMnvzc7Eg="></latexit>

q(�)⇤ = (q(h)⇤ )2
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The trilinear interaction               provides a 
perturbative decay channel, with decay rate:

<latexit sha1_base64="1VzqGWtyxa5s1W/ibtzQLrxznh8="></latexit>

�� =
h4

32⇡m�

Thus reheating may be completed by the 
decay process , when                    . 

<latexit sha1_base64="2qqmGyc3TiixJa9bXiCbA6QCG9I="></latexit>

HRH ⇠ ��
<latexit sha1_base64="S8SFX9Hskw72jgwtkK7IeVASphU="></latexit>

� ! XX

<latexit sha1_base64="MzKtNumQb9IeN3G27Eonv4GgHqI="></latexit>

NRH =
1

3(1 + w̄RH)
ln

⇢end
⇢RH

<latexit sha1_base64="rB46t4iUBpE0h89xULiMnvzc7Eg="></latexit>

q(�)⇤ = (q(h)⇤ )2

<latexit sha1_base64="ydJt+ZO/pMhbIo3lo4DlKxzqCL4="></latexit>

⇠ �X2

We can then determine:

<latexit sha1_base64="Ycw6gnF0CY9XeVlv28vTMI7tBZU="></latexit>

w̄RH =
1

�N

Z NRH

Nend

w(N)dN
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The trilinear interaction               provides a 
perturbative decay channel, with decay rate:

<latexit sha1_base64="1VzqGWtyxa5s1W/ibtzQLrxznh8="></latexit>

�� =
h4

32⇡m�

Thus reheating may be completed by the 
decay process , when                    . 

<latexit sha1_base64="2qqmGyc3TiixJa9bXiCbA6QCG9I="></latexit>

HRH ⇠ ��
<latexit sha1_base64="S8SFX9Hskw72jgwtkK7IeVASphU="></latexit>

� ! XX

<latexit sha1_base64="MzKtNumQb9IeN3G27Eonv4GgHqI="></latexit>

NRH =
1

3(1 + w̄RH)
ln

⇢end
⇢RH

<latexit sha1_base64="rB46t4iUBpE0h89xULiMnvzc7Eg="></latexit>

q(�)⇤ = (q(h)⇤ )2

<latexit sha1_base64="ydJt+ZO/pMhbIo3lo4DlKxzqCL4="></latexit>

⇠ �X2

We can then determine:

<latexit sha1_base64="Ycw6gnF0CY9XeVlv28vTMI7tBZU="></latexit>

w̄RH =
1

�N

Z NRH

Nend

w(N)dN

<latexit sha1_base64="b7TyHG0nPsVxIifeGcyaxpWkJm8="></latexit>

(q(h)⇤ )min

<latexit sha1_base64="Nt3+pclM2cfqw4HTq4UK7Z7nG/g="></latexit>

w̄ = 0

<latexit sha1_base64="f+qaIWijSnDmrLUfjhCXcVlWRak="></latexit>

w̄ = 1/3



<latexit sha1_base64="/0ZdPZWEt3cGSh8yQlTY+JD5hIA="></latexit>

...+
1

4
ln

V 2

k

m4

pl
⇢end

+
1� 3w̄RH

12(1 + w̄RH)
ln

⇢RH

⇢end

<latexit sha1_base64="zga8Mku9LQEkA98ociGO1RYCBAE="></latexit>

Nk ' 67� ln
kCMB

a0H0
� 1

12
ln gth + ...
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Assuming the system stays in       until          , 
followed by the standard expansion history 
of the universe (                                )

for the pivot scale     :       

<latexit sha1_base64="rB46t4iUBpE0h89xULiMnvzc7Eg="></latexit>

q(�)⇤ = (q(h)⇤ )2

kCMB = 0.05Mpc�1
<latexit sha1_base64="Z98b6R+whecjplbDdEkngF8i/kg="></latexit>

<latexit sha1_base64="jTc5lNTj8VqzisAVbV+XvUkNybg="></latexit>

Nk

<latexit sha1_base64="b7TyHG0nPsVxIifeGcyaxpWkJm8="></latexit>

(q(h)⇤ )min

The number of e-folds of inflation are given by:

with          and          we can determine 
<latexit sha1_base64="1jGrSv6EZ2IE7uZQCoDCKcU2dSk="></latexit>

NRH

<latexit sha1_base64="FRP7k18OFxErYTvX3tDqJ8VrPB4="></latexit>

w̄RH

<latexit sha1_base64="jTc5lNTj8VqzisAVbV+XvUkNybg="></latexit>

Nk

<latexit sha1_base64="QcWmHC7Z0LSM7XEcRJdJ7GX6/eo="></latexit>

RD
<latexit sha1_base64="9a1PQ1gF2xAw/KOzR5VKMgQO23M="></latexit>

BBN

<latexit sha1_base64="QcWmHC7Z0LSM7XEcRJdJ7GX6/eo="></latexit>

RD
<latexit sha1_base64="baqeKn0wi45QidVEsP9+qwc67EU="></latexit>

MD
<latexit sha1_base64="dkMupiPo1IsOTyF1yKL0tXkVhEE="></latexit>

⇤D
<latexit sha1_base64="iGeSTFpBBKks+eOi2zUyTDRNWbs="></latexit>

(gth = 103)

since       depends on        we use an
iterative scheme

<latexit sha1_base64="bJvkLt4KJnGnCYH09M4HSqh4hSw="></latexit>

Vk
<latexit sha1_base64="jTc5lNTj8VqzisAVbV+XvUkNybg="></latexit>

Nk

Lattice Simulations: Number of e-folds of Inflation 



Equation of state eventually returns to and the total energy is 
distributed as                           

The inflaton decays at latest perturbatively via the trilinear interaction.
This allows us to determine the maximal possible number of e-folds 
and         , as well as the according       and    . 

Concluding Remarks

w̄ ! 0
<latexit sha1_base64="kiNZb3OnyF/Xwo/T320UmXvQxR0="></latexit>

Thus, the reheating process is not completed after the initial preheating 
phase.

<latexit sha1_base64="lK7pLRR8DDpskAhsWlG6MVi21Z0="></latexit>

"̄'k ' "̄'p ' 0.5

<latexit sha1_base64="wuyfK+TW7vHW3uGbociGHDOmPFc="></latexit>

NRH

<latexit sha1_base64="qGDFSDFmA8VApHxWMHZXjbPhroA="></latexit>ns
<latexit sha1_base64="bpgmF9HTjUkz9nSqNJHkXNTkkCw="></latexit>r



Energy distribution and equation of state of the early Universe: matching the  end of 
inflation and the onset of radiation domination (2005.07563)
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