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Our Physical Cosmology
• The Universe is spatially flat, and the expansion is accelerating.

Source: NASA/WMAP science team



The concordance cosmology



Remaining big questions

• From ASTRO2010 decadal review: All related to the nature of 
the building blocks of the concordance model: 

• Dark energy: Why is the Universe accelerating now? 

• Inflation: How did the Universe begin? 

• Dark matter: What is dark matter? 

• Neutrinos: What are the properties of neutrinos? 

• Seize every opportunity to leave no stone unturned!
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Inflation questions

• How did inflation begin? 

• What accelerated the Universe? 

• How did it end? 

• How do we connect inflation to the beginning of the hot, dense 
initial state of the Big-bang cosmology?



Inflation questions

• How did inflation begin? 

• What accelerated the Universe? 

• How did it end? 

• How do we connect inflation to the beginning of the hot, dense 
initial state of the Big-bang cosmology?



A key to inflationary cosmology
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Constraining the seed fluctuations
Planck 2018 I. Overview

PR(k) = Ask
ns

<latexit sha1_base64="ScLQsQF3gBUqTveZaNh6bgWwv6E=">AAACBHicbZC7SgNBFIbPxluMt1XLNINBiE3YFUEbIWKTMoq5QLIus5NJMmR2dpmZFcKSwsZXsbFQxNaHsPNtnCRbaOIPAx//OYcz5w9izpR2nG8rt7K6tr6R3yxsbe/s7tn7B00VJZLQBol4JNsBVpQzQRuaaU7bsaQ4DDhtBaPrab31QKVikbjT45h6IR4I1mcEa2P5djHtEsxR3b+dlEcn6BJd+QqN7lPhq4lvl5yKMxNaBjeDEmSq+/ZXtxeRJKRCE46V6rhOrL0US80Ip5NCN1E0xmSEB7RjUOCQKi+dHTFBx8bpoX4kzRMazdzfEykOlRqHgekMsR6qxdrU/K/WSXT/wkuZiBNNBZkv6icc6QhNE0E9JinRfGwAE8nMXxEZYomJNrkVTAju4snL0DytuIZvzkrVWhZHHopwBGVw4RyqUIM6NIDAIzzDK7xZT9aL9W59zFtzVjZzCH9kff4AoBCW0Q==</latexit><latexit sha1_base64="ScLQsQF3gBUqTveZaNh6bgWwv6E=">AAACBHicbZC7SgNBFIbPxluMt1XLNINBiE3YFUEbIWKTMoq5QLIus5NJMmR2dpmZFcKSwsZXsbFQxNaHsPNtnCRbaOIPAx//OYcz5w9izpR2nG8rt7K6tr6R3yxsbe/s7tn7B00VJZLQBol4JNsBVpQzQRuaaU7bsaQ4DDhtBaPrab31QKVikbjT45h6IR4I1mcEa2P5djHtEsxR3b+dlEcn6BJd+QqN7lPhq4lvl5yKMxNaBjeDEmSq+/ZXtxeRJKRCE46V6rhOrL0US80Ip5NCN1E0xmSEB7RjUOCQKi+dHTFBx8bpoX4kzRMazdzfEykOlRqHgekMsR6qxdrU/K/WSXT/wkuZiBNNBZkv6icc6QhNE0E9JinRfGwAE8nMXxEZYomJNrkVTAju4snL0DytuIZvzkrVWhZHHopwBGVw4RyqUIM6NIDAIzzDK7xZT9aL9W59zFtzVjZzCH9kff4AoBCW0Q==</latexit><latexit sha1_base64="ScLQsQF3gBUqTveZaNh6bgWwv6E=">AAACBHicbZC7SgNBFIbPxluMt1XLNINBiE3YFUEbIWKTMoq5QLIus5NJMmR2dpmZFcKSwsZXsbFQxNaHsPNtnCRbaOIPAx//OYcz5w9izpR2nG8rt7K6tr6R3yxsbe/s7tn7B00VJZLQBol4JNsBVpQzQRuaaU7bsaQ4DDhtBaPrab31QKVikbjT45h6IR4I1mcEa2P5djHtEsxR3b+dlEcn6BJd+QqN7lPhq4lvl5yKMxNaBjeDEmSq+/ZXtxeRJKRCE46V6rhOrL0US80Ip5NCN1E0xmSEB7RjUOCQKi+dHTFBx8bpoX4kzRMazdzfEykOlRqHgekMsR6qxdrU/K/WSXT/wkuZiBNNBZkv6icc6QhNE0E9JinRfGwAE8nMXxEZYomJNrkVTAju4snL0DytuIZvzkrVWhZHHopwBGVw4RyqUIM6NIDAIzzDK7xZT9aL9W59zFtzVjZzCH9kff4AoBCW0Q==</latexit><latexit sha1_base64="ScLQsQF3gBUqTveZaNh6bgWwv6E=">AAACBHicbZC7SgNBFIbPxluMt1XLNINBiE3YFUEbIWKTMoq5QLIus5NJMmR2dpmZFcKSwsZXsbFQxNaHsPNtnCRbaOIPAx//OYcz5w9izpR2nG8rt7K6tr6R3yxsbe/s7tn7B00VJZLQBol4JNsBVpQzQRuaaU7bsaQ4DDhtBaPrab31QKVikbjT45h6IR4I1mcEa2P5djHtEsxR3b+dlEcn6BJd+QqN7lPhq4lvl5yKMxNaBjeDEmSq+/ZXtxeRJKRCE46V6rhOrL0US80Ip5NCN1E0xmSEB7RjUOCQKi+dHTFBx8bpoX4kzRMazdzfEykOlRqHgekMsR6qxdrU/K/WSXT/wkuZiBNNBZkv6icc6QhNE0E9JinRfGwAE8nMXxEZYomJNrkVTAju4snL0DytuIZvzkrVWhZHHopwBGVw4RyqUIM6NIDAIzzDK7xZT9aL9W59zFtzVjZzCH9kff4AoBCW0Q==</latexit>

r=(tensor)2/(scalar)2



Constraint over the broader range
Bringmann, Scott & Akrami (2011)



For secluded DM!
Bringmann, Scott & Akrami (2011)



Constraint I. PBH abundance

Niikura et al. (2019)
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For secluded DM + PBH

Note: The constraint is milder as the PBH abundance 
scales only as erf(Pδ).



Constraint II. Thermal history

Planck Collaboration



Damping of CMB power spectrum

Planck Collaboration



Silk damping and Diffusion scale

temperature anisotropies  
at ~0.0001’’ scale
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Silk damping and Diffusion scale

temperature anisotropies  
at ~0.0001’’ scale

mean free path:  

# of scatters: 

�mfp ' 1

�e�ne
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�1

diffusion scale (r.m.s. of random walk):  

�D ' �mfp

p
N ' 1p

�e�neH

Diffusion = temperature equalizer



Diffusion damps Acoustic Oscillation
Hu & White 1997

Q: Where does the acoustic energy go? 
A: To mean energy spectrum



CMB spectrum and acoustic reheating
Chluba+ (2019)
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Jeong, Pradler, Chluba, Kamionkowski (2014)



Thermal history @ z>2million

• Thermalization follows immediately after the diffusion b/c 
Double-Compton scattering and Bremsstrahlung very efficient 

• The net entropy production is proportional to the small-scale 
scalar power spectrum: 
 
 
 

N�(z) ' N⇤
� (z) exp


�3

2
C2

Z z

0
�2

R(kD)
d ln kD
d ln z

d ln z

�

Jeong, Pradler, Chluba, Kamionkowski (2014)

number density extrapolated  
from 411cm-3 today 2x106



Constraint from BBN

7Li/H

Yp

D/H

∆2
R0

p
er
ce
nt

d
ev
ia
ti
on

0.10.010.0010.0001

50

40

30

20

10

0

−10

• BBN constraint comes 
from the modes 
dissipated after BBN: 
 
 
 

• No assumption beyond 
the standard model!

Yp :�
2
R0 † 0.007

pD{Hqp :�
2
R0 † 0.2

104 Mpc´1 À k À 105 Mpc´1

Jeong, Pradler, Chluba, Kamionkowski (2014)



Other possibilities

• Increasing the required ηB=NB/N𝛄 at early times.  
If quarks are thermalized, the principal bound: ηB < 1 gives       
                                   
                                      ΔR2<0.3 at kD=1020-25 Mpc-1! 

• Change the temperature-redshift relation, to modify the WIMP 
constraints :  
reduces required <σv> to match the observed DM abundance



Constraint III. Stochastic GWs

• Evolution of Scalar-Vector-Tensor perturbations are 
decoupled only at linear order. 

• At second order, scalar perturbations generate the 
anisotropic-stress in the energy-momentum tensor; hence, 
generating the induced gravitational waves. 

• The induced-GWs are redshifted, falls into the observation 
frequency window of PTA/SKA, eLISA, and LIGO.



Chluba+ (2019), Many papers from Kohri-san

Summary of the constraints
Acoustic Reheating



Warning: gauge-dependence
Hwang, Jeong, Noh (2017)

Induced GWs 
in four different 

gauges



déjà vu!
Page 1 of my talk in 2011



“Observable” must be gauge indep.
Jeong, Schmidt, Hirata (2012)

x
galaxy is here

galaxy is 
observed to be 

here

observer

x∼

15

FIG. 6: Monopole galaxy power spectrum [Eq. (106)] from the full expression Eq. (103), and using the e�ective fNL approxi-
mation, Eq. (104). We use the same set of bias and redshift as in Fig. 5 (and Q = 0). The e�ective fNL approximation is valid
within the horizon (k . 1/aH), marked by a vertical line, while it breaks down on large scales where the x�4 term in Eq. (107)
is important. The breakdown is more apparent when B is large (upper two panels).

FIG. 7: E�ective fNL [Eq. (110)] as a function of redshift for
di�erent galaxy biases when Q = 0.

FIG. 8: Same as Fig. 7, but for galaxy bias (b = 2) with
di�erent magnification Q = �1, 0.5, 1 and 2.



Usual Stars ⇏ sub-M  Black Holes!
Heger et al. (2003)

1.4 M  (Chandrasekhar mass) 2~3 M  (Maximum mass of the NSs)
Final mass



New possibility: Dark Black holes!
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Set up: U(1)-interacting dark matter (X,c=Fermions, 𝞬D= Boson)
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Particles in the dark sector

• In dark sector, we have 

• Dark proton (X) 

• Dark electron (c) 

• Dark radiation (𝞬D) 

• Free parameters in the theory: mX, mc, αD (~1/137), ξ(=TD/Tγ) 

• With dark radiation, we have a variety of dark structures by 
energy dissipation, including dark black holes.



Dissipation and cosmic structures

• CDM(~5/6): no interaction. responsible for growth of structure 

• Baryons(~1/6): interaction with photon, can radiate, cool down 

• With Dark-atom, DMs can also sink/form small structures.

Radiative Cooling!



Constraint on dark temperature

• The CMB anisotropies and BBN constrain the effective number 
of neutrino species Neff with ΔNeff ~0.2 (Planck 2015),  
 
 
from which ξ<0.46 (0.69) is allowed in 1-σ (4-σ) level. 

• If thermally produced, we can lower ξ by decoupling dark 
sectors at high temperature where g★,s is higher. 

• But, for secluded dark sector, ξ can be anything below the limit.



Dark recombination & decoupling
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DO NOT spoil large-scale structure
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All cooling mechanisms

• With U(1)-DM, dark matters 
can cool by usual processes 

• To explain observed large-
scale structure, we invert the 
Rees-Ostriker condition to 
make cooling unimportant 
for M>1011 M  halos,

mc

mX

tcool > tage

Buckley & DiFranzo (2018)



• is parallel to the formation of first stars. 

• Residual dark electrons from dark recombination catalyze the 
formation of dark Hydrogen molecule. These molecules can 
cool dark matters with energy level 
 

• DS formation is similar to Pop-III except for the temperature. 

• We, therefore, use the Pop-III binary literature extensively.

Dark star formation



• Chandrasekhar mass 

• Opacity limit (minimum Jeans mass of fragmentation) 
 
 
 

Two mass scales

Chandrasekhar (1931)

Rees (1976), Low & Lynden-Bell (1976)



Dark BH mass function
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Shandera, Jeong, Gebhardt (2018)
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aLIGO is capable to hear sub-M  BHs!
During the in-spiral phase, Noise curve from B. S. Sathyaprakash



Yes, we can detect them!
Shandera, Jeong, Gebhardt, (2018)



Search result so far
Magee et al (2018)



Conclusion

• A complete model of inflation requires a solid understanding 
of the small-scale primordial power spectrum; yes, it is hard! 

• Here, we discuss three possible constraints: 

• Abundance of primordial black hole 

• Alternative thermal history due to diffusion 

• Stochastic gravitational waves 

• As usual, need to study the systematics and foreground.


