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Extra relativistic degrees  
of freedomDark radiation (DR)  = 

Abundance of DR:

What is dark radiation?

�Ne↵ = Ne↵ � 3.046
<latexit sha1_base64="zbnt4iK7p8IzTWPof5GgL+yvJvI="></latexit>

(Planck 2018) 
TT,TE,EE+lowE 

+lensing+BAO+R18

Ne↵
<latexit sha1_base64="yYqLHQthIdhNJXp9Ms9DNnyaxyk="></latexit>

or 

Candidates for DR:  
             massless or ultralight particles  
             e.g. NG bosons, chiral fermions, and gauge bosons.

Ne↵ = 3.27± 0.15
<latexit sha1_base64="J66RCtk/2HLMu3ygSEv4fMSt0W8="></latexit>



A hint for DR?

Riess et al, 1903.07603

DR with ⊿Neff = 0.4 can  
relax the H0 tension.

There is a tension in the 
estimate of H0 btw the 
early and late Universe.



How is DR produced?

SMDR

•Thermal production 
DR is once in thermal equilibrium with the SM 
particles, and decoupled at a certain point. 

•Non-thermal production 
DR is non-thermally produced by heavy particle 
decays. DR is often overproduced.

DR

DR

modulus E. J. Chun and A. Lukas `95, Lyth and Stewart `96,        
K. Choi, E. J. Chun and J. E. Kim `96,  Ichikawa et al `07, Hasenkamp 
`11, Menestrina and Scherrer `11, K-S. Jeong and FT, K. Choi, K.-Y. 
Choi and C. S. Shin `12, Cicoli, Conlon and Quevedo `12, Higaki FT 
`12, and many others.

Nakayama, FT, Yanagida (2010)
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DR in the landscape

If DR is ubiquitous in the landscape, and if it 
is copiously produced in the early Universe, 
the typical Neff will be >> 1.



DR in the landscape

If DR is ubiquitous in the landscape, and if it 
is copiously produced in the early Universe, 
the typical Neff will be >> 1.

There must be a reason to suppress DR.
Here let us study the anthropic reasoning.



The anthropic argument seems successful to 
explain the observed value of    .⇤
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If     were larger, there would be less time for 
the density perturbation to grow.
⇤
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FT and M. Yamada, 1904.12864
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Anthropic argument for Ne↵
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Anthropic argument for Ne↵
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: Fraction of matter that collapses 
into a galaxy with mass > MG.

/ F (�Ne↵ ,M > MG)
<latexit sha1_base64="ivT1ZMeDZiyON/6t+qJ+n8tBF0E="></latexit>

Aobs(�Ne↵)
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FT and M. Yamada, 1904.12864

Anthropic argument for Ne↵
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Most likely value 
is �Ne↵ = O(10)

<latexit sha1_base64="schBVhNGQeECmQH+VOq5wFrZN90="></latexit>

The probability to find 
                   is about 3%.�Ne↵ < 0.5

<latexit sha1_base64="1TNhkIrXlhNR6xcy+ZK7pW5joog="></latexit>

For a flat prior
Pprior = const.

<latexit sha1_base64="odDFCvqS5UUD+5UCDp5zsTtnFH0="></latexit>



Implications for reheating

SMDR

Inflaton

�D
<latexit sha1_base64="uFwP35V/fJJRtvS7R5pKw1n/7wk="></latexit>

�SM
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Suppose that DR is produced by 
the inflaton decay.

If     takes a random value with a flat distribution, 
the prior distribution of DR is peaked at zero:

�D / c2
<latexit sha1_base64="oMbn6wbF2wblMjZyCDl466KKYK4="></latexit>

the inflaton coupling to DRc :
<latexit sha1_base64="3Ad0VtcD9YMAXdfQG/Em2GyNw90="></latexit>

c
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Pprior(�Ne↵) /
1p

�Ne↵
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The probability to find 
                   is about 10%.�Ne↵ < 0.5
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Implications for reheating

FT and M. Yamada, 1904.12864



Implications for reheating
On the other hand, if there are many decay channels 
to DR, and if each coupling varies, the DR prior dist. is 
peaked at larger values.

SMDR

�SM
<latexit sha1_base64="k8XmblW4/LtJzXNdyeGCqhn1lBU="></latexit>

DR DR DR DR

Inflaton
�D,i / c2i

<latexit sha1_base64="VXmmxYuSrCFLF7u2EHVmsU3qpUc="></latexit>

If this is the case, the anthropic argument fails to 
explain the current upper bound on          .�Ne↵

<latexit sha1_base64="Blm6hViW7bo+hbHnwyQhhvV3VcQ="></latexit>



Summary
-  We found that, for a flat prior distribution, the 
probability of finding                  is about 3%,         
which is not unlikely.

�Ne↵ < 0.5
<latexit sha1_base64="1TNhkIrXlhNR6xcy+ZK7pW5joog="></latexit>

✤ If DR is produced by the inflaton decay through the coupling 
that randomly varies with a flat distribution, the probability of  
                 is about 10%.       �Ne↵ < 0.5

<latexit sha1_base64="1TNhkIrXlhNR6xcy+ZK7pW5joog="></latexit>

- If correct, DR close to the current upper bound 
will be discovered soon.

- The prior distribution is model-dependent.



Back-ups



https://physicstoday.scitation.org/do/10.1063/PT.5.010310/full/



Spherical collapse model Weinberg `87, Martel, Shapiro, 
and Weinberg `98

Overdense

Underdense

V
U

U’

� = (⇢� ⇢̄)/⇢̄
<latexit sha1_base64="1K5zW5mS6aRwVmeSHspB5CQeTBc="></latexit>

The overdense region V is surrounded 
by the underdense region U such that 
the mass fluctuation in V+U vanishes.

If                          , the V+U’ region 

undergoes gravitational collapse. 
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In this overdense region, the fraction of 
the matter that collapses is given by

�c ⌘
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Spherical collapse model Weinberg `87, Martel, Shapiro, 
and Weinberg `98

So, the mean fraction of matter that gravitationally 
collapses is

F =

Z 1

�c

d�

 r
2

⇡�2
e�

�2

2�2

!
F(�)
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Gaussian distribution

The variance depends on the primordial density 
perturbations, growth factor, transfer function, and the 
smoothing scale.

�2 =
1
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Z 1

0
dk k2P�(k)W

2(kR)
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The effect of DR on the sound horizon 
can be compensated by increasing H0.
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