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Motivation

Cōȡǘ ÃōȵȵƔȡ

� ÅǺ ƔɡǄƍƔǯƆƔ ǺƯ ĹsÃõ ȩǺ Ưōȡϧ
� CǺƔȩ CÃ ǄǯȵƔȡōƆȵ Ǻǯǜɨ ưȡōɡǄȵōȵǄǺǯōǜǜɨϱ
� õȡǺƍɅƆȵǄǺǯ ōϿ fȡōɡǄȵɨЉǭƔƍǄōȵƔƍ ȩƆōȵȵƔȡǄǯưϧ

ƅϿ ;ǜōƆǘ nǺǜƔ ōȩ CÃϧ
ƆϿ KɡōȞǺȡōȵǄǺǯ ǺƯ ;nϧ

ÃōȵȵƔȡ ōǯȵǄЉǭōȵȵƔȡ ōȩɨǭǭƔȵȡɨ

� ÅǺ ƔɡǄƍƔǯƆƔ ǺƯ ōǯȵǄЉǭōȵȵƔȡ ƯȡǺǭ ƆǺȩǭǄƆЉȡōɨȩϨ
ưōǭǭōЉȡōɨȩϧ

� ÃƔƆƿōǯǄȩǭ ϩ ¹ƔȞȵǺưƔǯƔȩǄȩϨ ɹƔƆǘЉCǄǯƔ ƔȵƆϧ

øǺǜƔ ǺƯ ;n ƯǺȡ ȵƿƔǄȡ ƆǺǭǭǺǯ ǺȡǄưǄǯϱ

23. Big-Bang nucleosynthesis 3

Figure 23.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range. Boxes
indicate the observed light element abundances. The narrow vertical band indicates
the CMB measure of the cosmic baryon density, while the wider band indicates the
BBN concordance range (both at 95% CL).
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Ȟƍư ƍōȵō ưȡǺɅȞ
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Primordial Black Hole

� õ;n <ōǯ ƯǺȡǭ ƍɅƔ ȵǺ
ōϿ ƆǺǜǜōȞȩƔ ǺƯ ȞȡǄǭǺȡƍǄōǜ ǺɡƔȡƍƔǯȩǄȵǄƔȩ
ƅϿ ƆǺǜǜōȞȩƔ ǺƯ ǄǯɻōȵǺǯ ɺƔǜƍȩ
ƆϿ ƆǺǜǜōȞȩƔ ǺƯ ȵǺȞǺǜǺưǄƆōǜ ƍƔƯƔƆȵȩ
ƍϿ ƆǺǜǜōȞȩƔ ƯȡǺǭ ƅɅƅƅǜƔ ƆǺǜǜǄȩǄǺǯ ƔȵƆϧ

� nƔȡƔϨ ɢƔ ōȡƔ ōưǯǺȩȵǄƆ ōƅǺɅȵ ƯǺȡǭōȵǄǺǯ ǭƔƆƿōǯǄȩǭϧ
� Ν ƯȡƔƔ ȞōȡōǭƔȵƔȡȩ

ōϿ õ;n ǄǯǄȵǄōǜ ǭōȩȩϨ Ã ϧ
ƅϿ sǯǄȵǄōǜ ƯȡōƆȵǄǺǯōǜ ƔǯƔȡưɨ ƍƔǯȩǄȵɨϨ � � � (ĕ )

�ø(ĕ ) ϧ

� ĹƔ ƆǺǯȩǄƍƔȡ ǭǺǯǺƆƿȡǺǭōȵǄƆ ǭōȩȩ ƍǄȩȵȡǄƅɅȵǄǺǯ ōǯƍ ɲƔȡǺ ȩȞǄǯϧ
� õ;n Ɔōǯ Ȟǜōɨ ǄǯȵƔȡƔȩȵǄǯư ȡǺǜƔ Ǆǯ ȞȡǺƍɅƆȵǄǺǯ ǺƯ ƆǺưƔǯƔȩǄȩϧ ЅΚΰΚΝϧΚΔΪΔΪϨ ΝΚΔΤϧΚΤΤγΪЇ

ÅKnÑõ ΝΔΝΧ ΝϻΚέ



Evaporation of PBH
� ƯȵƔȡ ƯǺȡǭōȵǄǺǯϨ õ;n ƔǭǄȵȩ ȞōȡȵǄƆǜƔȩ ƍɅƔ ȵǺ ÷Ã ƔɷƔƆȵϧ

ĈƔǭǄЉ<ǜōȩȩǄƆōǜ KɷƔƆȵ

� nōɢǘǄǯư ƔɡōȞǺȡōȵǄǺǯ ƍ2Å
ƍȵƍK = 1

2�
�(K;Ã ; ȩ)

Ɣ
K

Ã2
õ/Ã �(�1)2ȩ

;

nōɢǘǄǯư ȵƔǭȞƔȡōȵɅȡƔ ĕ =
Ã2
õ

Ã �(K; Ã ; ȩ) ! fȡƔɨƅǺƍɨ ƯōƆȵǺȡȩ
� sǯȵƔưȡōȵǄǯư ɢȡȵ KϨ

ƍÃ
ƍȵ

= �� Ã4
õ

Ã2 ; � =
27

4

�ư�;n(ĕ )

480
ϽΚϿ

� Ãōȩȩ ƔɡǺǜɅȵǄǺǯ

Ã (ȵ) = Ã
�

1 � 3 �Ã4
õ

Ã3 (ȵ � ȵ )

�1/3

: ϽΝϿ
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Evaporation of PBH
� nǺɢƔɡƔȡϨ Ĉ< ōȩȩɅǭȞȵǄǺǯȩ ǭōɨ ǯǺȵ ƅƔ ȩƔǜƯ ƆǺǯȩǄȩȵƔǯȵϧ
� sȵ ǄưǯǺȡƔȩ ƅōƆǘЉȡƔōƆȵǄǺǯ ǺƯ ƔǭǄȩȩǄǺǯȩ Ǻǯ ȵƿƔ ȠɅōǯȵɅǭ ȩȵōȵƔ ǺƯ ;nϧ
� ĈƔǭǄЉƆǜōȩȩǄƆōǜ ōȩȩɅǭȞȵǄǺǯ Ǆȩ ɡōǜǄƍ ōȞȞȡǺɧǄǭōȵƔǜɨ fÃ ;ȠÃ gϫ Ƞ � 0:5ϧ

ÃƔǭǺȡɨЉ;ɅȡƍƔǯ KɷƔƆȵ

� øƔƆƔǯȵ ȩȵɅƍǄƔȩ ȩɅưưƔȩȵ ȵƿōȵ ǄǯƯǺȡǭōȵǄǺǯ ǜǺōƍƔƍ Ǆǯ ō ;n ȡƔȩǄȩȵȩ Ǆȵȩ ƍƔƆōɨϧ
� ¶ǯǺɢǯ ōȩ ÃƔǭǺȡɨЉ;ɅȡƍƔǯ ƔɷƔƆȵϧ ЅΝΔΔΪϧΔΔΔΚΚϨ ΝΤΔΝϧΚΤΔΪγЇ
� KɧȞƔƆȵƔƍ ȵǺ ƅƔ ɡōǜǄƍ ƯǺȡ fȠÃ ; 0gϫ Ƞ � 0:5

� Ãōȩȩ ǜǺȩȩ ȡōȵƔ

ƍÃ
ƍȵ

= � �

[Ĉ(Ã )]ǘ
Ã4
õ

Ã2 ; ǘ > 0: ϽΠϿ

;n KǯȵȡǺȞɨ Ĉ(Ã ) = 1
2

�
Ã
Ãõ

�2
= 1

2

�
Ãõ
ĕ

�2
:
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Evaporation of PBH
� eȡƔƔ ȞōȡōǭƔȵƔȡȩ ϩ ǘ ōǯƍ Ƞϧ

Ãōȩȩ ƔɡǺǜɅȵǄǺǯ

SC
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� KɡōȞǺȡōȵǄǺǯ ȵƔǭȞƔȡōȵɅȡƔ ĕ = Ãõ
�

4
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3�2ǘ(3+2ǘ)�
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Evaporation of PBH
KǯƔȡưɨ ƍƔǯȩǄȵɨ ƔɡǺǜɅȵǄǺǯ
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ĈƔǭǄЉ<ǜōȩȩǄƆōǜ ÃƔǭǺȡɨЉƅɅȡƍƔǯƔƍ Ͻǘ = 1; Ƞ = 0:5Ͽ

� õ;n ƍǺǭǄǯōȵǄǺǯ ϩ � > � =
�

(3+2ǘ)2ǘ�
8 Ƞ3�


�1/2 �
Ãõ
ȠÃ

�1+ǘ
:

Can we have cogenesis parameter space for SC as well as MB PBH?
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Production of Dark Matter
� õ;n ƔɡōȞǺȡōȵǄǺǯ ȞȡǺƍɅƆƔȩ ōǜǜ ȞōȡȵǄƆǜƔȩ ƍƔǭǺƆȡōȵǄƆōǜǜɨϧ
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128

�ưǕ�(3)

�3�
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Ãõ

�2
; ǄƯ ǭǕ < ĕ�

Ãõ
ǭǕ

�2
; ǄƯ ǭǕ > ĕ :

ϽΤϿ

� ÅǕ Ǆȩ ǄǯƍƔȞƔǯƍƔǯȵ ǺƯ ǭƔǭǺȡɨЉƅɅȡƍƔǯƔƍ ȞōȡōǭƔȵƔȡȩϧ
� ĹƔ ƆǺǯȩǄƍƔȡ ō ȡƔōǜ ȩǄǯưǜƔȵ ȩƆōǜōȡ ȵǺ ƅƔ CÃϧ

ĈȵȡɅƆȵɅȡƔ ƯǺȡǭōȵǄǺǯ ƆǺǯȩȵȡōǄǯȵ

� <ǺǭȞōȡǄȩǺǯ ɢǄȵƿ ȵƿƔȡǭōǜ ɢōȡǭ CÃ ưǄɡƔȩ hK (ȵ )i ≲ 10�4 ǭ ϧ

hK (ȵ )i � 2 � 10�9fƔĸ
Ã
ȠÃ

r
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Production of Dark Matter

CÃ øƔǜǄƆ

� CÃ ōƅɅǯƍōǯƆƔ


 ƿ2 = 1:6 � 108 ư�ȩ(ĕ0)
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ǭǕ < ĕ ƔɧƆǜɅƍƔƍ ƯȡǺǭ ɢōȡǭ CÃ ƆȡǄȵƔȡǄōϧÅKnÑõ ΝΔΝΧ ΰϻΚέ



Production of Visible Matter

¹ƔȞȵǺưƔǯƔȩǄȩ ƯȡǺǭ õ;n

� <ǺǯȩǄƍƔȡ ȞȡƔȩƔǯƆƔ ǺƯ ønÅ ϩ �L � ɨ�Ǆ¹�~nÅǄ +
1
2ÃÅǄÅ

Ɔ
Ǆ ÅǄ + : :

� eǄǯōǜ ƅōȡɨǺǯ ōȩɨǭǭƔȵȡɨ ϩ Ŀ�¹(ĕ0) = ��¹
1 ō ǯ (ō )

ȩ(ō ) ÅÅ1

� nǄƔȡōȡƆƿǄƆōǜ ϩ ��¹
1 =

3ÃÅ1

p
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ÅKnÑõ ΝΔΝΧ γϻΚέ



Production of Visible Matter

;ōȡɨǺưƔǯƔȩǄȩ ƯȡǺǭ õ;n

� ƍɡōǯȵōưƔ ϩ <ōǯ ƅƔ ȞȡǺƍɅƆƔƍ ɅǯȵǄǜ ȵ Ϩ ɅǯǜǄǘƔ ¹ƔȞȵǺưƔǯƔȩǄȩϧ
� sǯȵȡǺƍɅƆƔ ȵɢǺ ȩƆōǜōȡȩ Ĉ1;2 Ͻ3; 1; 2/3Ͽ ōǯƍ ō ƯƔȡǭǄǺǯ  Ͻ1; 1; 0Ͽϧ
� øƔǜƔɡōǯȵ ¹ōưȡōǯưǄōǯ ϩ ЅΚΧΔΤϧΔέΚγΪϨ ΚέΚΝϧΔΝέΚΠЇ
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� ;ōȡɨǺǯ ōȩɨǭǭƔȵȡɨ ϩ Ŀ;(ĕ0) � Ŀ;(ĕ ) = (�1 + �2)ÅĈ
ǯ (ĕ )
ȩ(ĕ ) :

ÅKnÑõ ΝΔΝΧ ΚΔϻΚέ



Production of Visible Matter

;ōȡɨǺưƔǯƔȩǄȩ ƯȡǺǭ õ;n
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ÅKnÑõ ΝΔΝΧ ΚΚϻΚέ



Production from gravity mediated process

� ĜǯōɡǺǄƍōƅǜƔ ȞȡǺƍɅƆȵǄǺǯ ƯȡǺǭ ưȡōɡǄȵɨ ǭƔƍǄōȵƔƍ
ȞȡǺƆƔȩȩϧ

� ΝЉȵǺЉΝ ōǯǯǄƿǄǜōȵǄǺǯȩ ǺƯ ĈÃ ȞōȡȵǄƆǜƔȩ ɡǄō
ƔɧƿōǯưƔ ǺƯ ǭōȩȩǜƔȩȩ ưȡōɡǄȵǺǯȩϧ ЅΚΰΔΠϧΔΚΰΪΪЇϧ

ĿǕ =
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Ã3 ƯǺȡ ǭǕ < ĕ ;

ĕ7

Ã3 ǭ4
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ƯǺȡ ǭǕ > ĕ :
ϽΰϿ

� ĿǕ ɢǄǜǜ ưƔȵ ƍǄǜɅȵƔƍ ƍɅƔ ȵǺ õ;n ƔɡōȞǺȡōȵǄǺǯϧ
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� <ǺǯȵȡǄƅɅȵǄǺǯ ƯȡǺǭ ưȡōɡǄȵɨ ǭƔƍǄōȵƔƍ ȞȡǺƆƔȩȩ Ǆȩ ȩɅƅƍǺǭǄǯōǯȵ ƯǺȡ ĕ = ĕ ϧ
� õȡǺƍƆɅȵǄǺǯ ǺƯ ƅōȡɨǺǯ ōȩɨǭǭƔȵȡɨ ȡƔȠɅǄȡƔȩÃ < 10�2 ưϧ

ÅKnÑõ ΝΔΝΧ ΚΝϻΚέ



Cogenesis of Dark and Visible Matter

<ǺưƔǯƔȩǄȩ ɢǄȵƿ nƔǄȡōȡƆƿǄƆōǜ ¹ƔȞȵǺưƔǯƔȩǄȩ

� ƆǺǭǭǺǯ ȞōȡōǭƔȵƔȡ ȩȞōƆƔ ȡƔȠɅǄȡƔ
ǭ < 1 fƔĸϧ

� øɅǜƔƍ ǺɅȵ ƯȡǺǭ ȩȵȡɅƆȵɅȡƔ ƯǺȡǭōȵǄǺǯ
ƆǺǯȩȵȡōǄǯȵϧ ЅΝΤΔΧϧΚΧΰΧΰЇϧ
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Cogenesis of Dark and Visible Matter

ĹǄȵƿ øƔȩǯǺǯōǯȵ ¹ƔȞȵǺưƔǯƔȩǄȩ
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Observational Probes

fȡōɡǄȵōȵǄǺǯōǜ ĹōɡƔȩ

� õ;nȩ ōȡƔ ƍǄȩȵȡǄƅɅȵƔƍ ǄǯƿǺǭǺưƔǯƔǺɅȩǜɨ ȵƿōȵ ǄǯƍɅƆƔ fĹȩ ōȵ ȩƔƆǺǯƍ ǺȡƍƔȡ ƍɅȡǄǯư
õ;n ƔɡōȞǺȡōȵǄǺǯϧ ЅΝΔΚΝϧΔΰΚΧΚϨ ΝΤΔΠϧΚΤΠΔγЇ
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Observational Probes

ĹǄȵƿ øƔȩǯǺǯōǯȵ ¹ƔȞȵǺưƔǯƔȩǄȩ
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Conclusion

� KɡōȞǺȡōȵǄǺǯ ǺƯ õ;n Ɔōǯ ȞȡǺƍɅƆƔ ƍōȡǘ ǭōȵȵƔȡ ōǯƍ ƅōȡɨǺǯ ōȩɨǭǭƔȵȡɨ
ǯǺǯЉȵƿƔȡǭōǜǜɨϧ

� <ǺưƔǯƔȩǄȩ ɢǄȵƿ ƿƔǄȡōȡƆƿǄƆōǜ ǜƔȞȵǺưƔǯƔȩǄȩ Ǆȩ ǯǺȵ ȞǺȩȩǄƅǜƔ ƍɅƔ ȵǺ ƆǺǯȩȵȡōǄǯȵ ƯȡǺǭ
ȩȵȡɅƆȵɅȡƔ ƯǺȡǭōȵǄǺǯϧ

� ĹƔ ȩƿǺɢ ɡǄōƅǄǜǄȵɨ ǺƯ ƆǺưƔǯƔȩǄȩ ɢǄȵƿ ȡƔȩǺǯōǯȵ ǜƔȞȵǺưƔǯƔȩǄȩ ōǯƍ ƅōȡɨǺưƔǯƔȩǄȩϧ

� ĕƿǄȩ ȡƔȠɅǄȡƔȩ ǭƔǭǺȡɨЉƅɅȡƍƔǯƔƍ ȞōȡōǭƔȵƔȡ ȩȞōƆƔ Ǆǯ ȵƿƔ ȡōǯưƔ 0 � ǘ < 1ϧ

� ĕƿƔȩƔ ȵɢǺ ȩƆƔǯōȡǄǺȩ Ɔōǯ ưǄɡƔ ȩǄưǯōȵɅȡƔȩ Ǆǯ ƯɅȵɅȡƔ ưȡōɡǄȵōȵǄǺǯōǜ ɢōɡƔȩ
ǺƅȩƔȡɡōȵǄǺǯȩ ōǯƍ Ɔōǯ ōǜȩǺ ƅƔ ȞǺȵƔǯȵǄōǜǜɨ ƍǄȩȵǄǯưɅǄȩƿƔƍϧ

� ĕƿƔ ȡǺǜƔȩ ǺƯ ưȡōɡǄȵɨЉǭƔƍǄōȵƔƍ ȞȡǺƆƔȩȩƔȩ ōȡƔ ǯǺȵ ȩǄưǯǄɺƆōǯȵ ƯǺȡ ĕ = ĕ ϧ

ÅKnÑõ ΝΔΝΧ ΚέϻΚέ




