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原始ブラックホールの観測的制限

仙洞田 雄一（弘前大学）
構成 
1. 序 
2. 制限 

A. M > 1017 g: 蒸発なし 
B. M < 1017 g: 蒸発あり 

3. まとめ



原始ブラックホール（PBH） 

❖ 等密度時以前から存在するブラックホール 
[Zel'dovich & Novikov (1967); Hawking (1971)] 
‣ 恒星起源のものとは対照的、相補的 

❖ 悪くない暗黒物質候補（M > 1015 g） 

‣ 重さが自由（形成については、この後の後の原田さんの講演） 

‣ 普通の物質から作れる ↔ 未知の物理を必要としない 

‣ aLIGO重力波源? [Nakamura et al. (1997); Ioka et al. (1998); Sasaki et al. (2016); 

Bird et al. (2016); Clesse & García-Bellido (2017)]  

❖ 質量ごとに多種多様な検出方法（現状は観測的制限）が考えられている

序
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PBHへの観測的制限の概観（2017年11月版） 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

‣ 仮定：単色の質量関数、クラスターなし
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紫: 重力レンズ 
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水: 降着（直接） 
青: 大規模構造 
橙: 降着（CMB）
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[CKSY (Carr, Kohri, YS & Yokoyama), preliminary]



M > 1017 g のPBHへの制限
留意点 
• 蒸発しない（M < 1017 g との対比） 
• 制限のすべてが「ブラックホール」であることに依拠するわけではない 
• 単色の質量関数、DM総量のそれに比例する空間分布を仮定（クラスターなし、  
連星もなし）



重力レンズ 

❖ 多様なソースのレンズ現象（の非検出） 

❖ マイクロレンズが最も広範 

‣ 10-7  < M/M⦿ < 10   : MACHO+EROS  
                                   [Tisserand et al. (2007)] 

‣ 10-9  < M/M⦿ < 10-7 : Kepler [Griest et al. (2014)] 
‣ 10-13 < M/M⦿ < 10-5 : M31 (Subaru HSC) [Niikura et al. (2017)] ※波動効果? 

‣ 10-5  < M/M⦿ < 104   : Icarus: z = 1.49 の銀河内の星で z = 0.54 の銀河団内の 
                                   レンズ天体を探査 [Oguri et al. (2017)] 

‣ 10-3 (3 ?) < M/M⦿ < ?: Ia型超新星（未描入） 
                                   [Zumalacárregui & Seljak (2017); García-Bellido et al. (2017)] 

❖ 他のレンズ 

‣ 105 < M/M⦿ < 109       : クエーサー像のレンズ [Wilkinson et al. (2001)] 

‣ 10-16 < M/M⦿ < 10-14 : GRBのフェムトレンズ [Barnacka et al. (2012)]
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動力学 

❖ 質量分離 

‣ Segue 1 [Koushiappas & Loeb (2017)] と 
Eridanus II 内の星団など [Brandt (2016)]  
10 < M/M⦿ < 104 

‣ 銀河中心への集積 [Carr & Sakellariadou (1999)]  
104 < M/M⦿ < 1012 

❖ 重力束縛系の破壊、擾乱（銀河系内） 
102 < M/M⦿ < 1012 
‣ 大長半径の連星 [Yoo et al. (2004); Monroy-Rodríguez & Allen (2014)]; 
球状星団 [Carr & Sakellariadou (1999)]; 
銀河円盤加熱 [Lacey & Ostriker (1985)]  

❖ コンパクト天体の「捕食」 [Capela et al. (2013a, 2013b); Pani & Loeb (2014)]  
10-15 < M/M⦿ < 10-9
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is no black hole darkmatter present (left panel) andwhen 1%
of dark matter is in 10M⊙ black holes (middle panel).
Mass segregation depletes the core; however, with current
observations fDM ¼ 1% in mBH ¼ 10M⊙ is still allowed
(see Fig. 2). The half-light radius in both cases is within the
error of the currently assumed half-light radius of Segue 1, so
in the absence of any additional information it is impossible
to distinguish between the two cases. For comparison, the
right panel of Fig. 3 depicts the projected surface density
profile at the currently excluded case where 10% of the dark
matter is in black holes of mass mBH ¼ 30M⊙.
A future improvement to our analysis could involve a

Fokker-Planck code of a three component system with
stars, a fraction of dark matter in massive black holes, and
the rest distributed smoothly (as in the case of particle dark
matter). The resulting 3 coupled partial differential equa-
tions will fully describe the evolution of all three compo-
nents over time.
In summary, we have shown that the light profile of

dwarf galaxies can be used to constrain the abundance of
stellar-mass black holes as the dark matter. We used
Segue 1 as a generic example to demonstrate the effects
of relaxation and mass segregation. Our main results are
(i) mass segregation in dwarf galaxies leads to the depletion
of stars in the central regions of dwarf galaxies, and the
projected stellar surface density develops a ring of higher
stellar density, and (ii) Segue 1 data imply that black hole
dark matter fractions greater than (6%, 20%) with mBH ¼
ð30M⊙; 10M⊙Þare excluded at the 99.9% level. If future
observations of dwarf galaxies show the presence of a ring
in the projected stellar surface density then it will be
possible to infer the fraction of dark matter made of heavy
black holes with implications on primordial black holes,
early universe cosmology, and inflation.

We acknowledge useful discussions with Robert
Fisher, Alex Geringer-Sameth, Kyriakos Vattis, and
Matthew Walker. This work was supported by the Black
Hole Initiative, which is funded by a grant from the John
Templeton Foundation. S. M. K. is supported by NSF
PHYS-1417505 and by the Institute for Theory and
Computation at the Harvard-Smithsonian Center for
Astrophysics where part of this work was completed.
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FIG. 3. Simulated effects of mass segregation in Segue 1. Left: projected stellar mass density in the case where there is no black hole
dark matter and the dark matter distribution is smooth. Middle: Similar to left, with 1% of the dark matter in 10M⊙ black holes. Mass
segregation leads to the depletion of stars at the center and the presence of a ring in the projected stellar density. In both cases (left and
middle panels), the half-light radius is within the observed range of 29þ8

−5 pc. With the current amount and quality of data it is not
possible to distinguish between these two cases; however, future observations may be able to constrain such models with an increase in
the number of observed member stars. Right: An example where 30M⊙ black holes constitute 10% of the dark matter density. This
scenario is ruled out by current observations.
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scenario is ruled out by current observations.
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[Koushiappas & Loeb (2017)]

PBHなし PBHあり

[CKSY, preliminary]



降着 

❖ 銀河系内のX線/電波源 
 [Inoue & Kusenko (2017); Gaggero et al. (2017)]  
10 < M/M⦿ < 107 
‣ 星間物質の降着 → 放射 

❖ CMB非等方性  
[Riccoti et al. (2008); Ali-Haïmoud & Kamionkowski (2017); Poulin et al. (2017)]  
1 < M/M⦿ < 104 
‣ z < 1000 での加熱 → 高-ℓ でのTT減衰、低-ℓ でのEE増長
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Figure 1. X-ray luminosity function of PBHs passing through ISM gas for MBH = 103M⊙ and
ΩPBH = ΩDM. Dashed, solid, and dotted curve corresponds to fDM,disk = 0.0, 0.25, and 1.0 accounting
for all the ISM target gases. Dot-dashed curve takes into account radiation feedback for the case of
fDM,disk = 0.25. The values are normalized to SFR= 1 M⊙ yr−1. The data points show the observed
SFR normalized X-ray luminosity function from [71].

enhanced because of its low velocity dispersion. Interaction with molecular clouds dominate
the luminosity function. Other ISM components will not contribute significantly.

The PBH density is constrained by data points having X-ray luminosities above 1039 erg s−1

corresponding to ULXs. Those luminous objects would prevent efficient mass accretion as
given in Equation 2.2 due to radiation feedback effects. Mass accretion rate is known to
decrease by a factor of (1− L/LEdd)2 in the Bondi-Hoyle-Lyttleton accretion [73]. The radi-
ation feedback effect is also shown in Figure. 1. Although it will decrease the XLF at high
luminosity end, the constraint will not be significantly different.

Constraints on fPBH ≡ ΩPBH/ΩDM can be set based on the requirement that the pre-
dicted luminosity function does not violate the observed luminosity function of XRBs at any
luminosities. In Fig. 2, we show the upper bound on the PBH mass fraction to DM based
on the XRB luminosity function together with other constraints. For simplicity, we assume a
monochromatic mass distribution for PBHs. We show three limits. One is our fiducial model
with fDM,disk = 0.25. The others are the cases with fDM,disk = 0.0 and 1.0.

If we do not take into account the effect of dynamical friction, the constraints can become
∼ 3% tighter at 10 M⊙ ! MPBH ! 1000 M⊙. This is because dynamical friction changes the
velocity by about 1 km s−1 in our parameter space.

For the ISM gas phases, we assumed nmin = 102 cm−3 for the molecular gas and the
CMZ and nmin = 10 cm−3 for the HI atomic gas [44]. Given in Eq. 2.3, luminosities of
accreting massive PBHs become too high for observed XRB luminosities (See. Fig. 1). Thus,
we see an upper cutoff at high PBH mass range in our constraints.
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[Inoue & Kusenko (2017)]
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FIG. 2: Top panel: Energy deposition functions computed
following ref. [97] in the case of accreting PBH. Bottom

panel: Comparison of the free electron fractions obtained for
a monochromatic population of PBH with masses 500 M�
depending on the accretion recipe used. The curve labelled
“standard” refers to the prediction in a ⇤CDM model whose
parameters have been set to the best fit of Planck 2016 like-
lihoods high-` TT,TE,EE + LOWSim [1].

MPBH < 150 M� for fPBH = 1, as opposed to their
MPBH

<
⇠ 100 M�. We attribute the 50% degradation

of our bound compared to Ref. [58] to our more refined
energy deposition treatment. We checked that an agree-
ment at a similar level with Refs. [57, 107] is obtained if
we implement their prescriptions, but since some equa-
tions in Ref. [107] (re-used in Ref. [57]) have been shown
to be erroneous [58], we do not discuss them further.

Our fiducial conservative constraints (at 95% C.L.)
are represented in Fig. 4 with the blue-shaded region in
the plane (MPBH, fPBH): We exclude PBH with masses
above ⇠ 2 M� as the dominant form of DM. The con-
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FIG. 3: CMB TT (top panel) and EE (bottom panel) power
spectrum obtained for a monochromatic population of PBH
with masses 500 M� depending on the accretion recipe used.

straints can be roughly cast in the form:

fPBH <

✓
2 M�
M

◆1.6✓0.01

�

◆1.6

. (23)

This is two orders of magnitudes better than the spheri-
cal accretion scenario, and it improves significantly over
the radio and X-ray constraints from Ref. [48], without
dependence on the DM halo profile as those ones. Lens-
ing constraints are nominally better only at M <

⇠ 6 M�.
Note also the importance of the relative velocity be-
tween PBH and accreting baryons: If instead of Eq. (8)
we were to adopt ve↵ ' cs,1—representative of a case
where a density of baryons comparable to the cosmo-
logical one is captured by halos at high redshift—the
bound would improve by a further order of magnitude, to
M <

⇠ 0.2 M� (light-red shaded region in Fig. 4). This is
also true, by the way, for the spherical accretion scenario,
where—all other conditions being the same—adopting

[Poulin et al. (2017)]

[CKSY, preliminary]



M < 1017 g のPBHへの制限
留意点 
• 蒸発する 
• M < 1015 g は現在もう存在しないのでDMになれない 
• 単色の質量関数、DM総量のそれに比例する空間分布（クラスターなし、  
連星もなし）を仮定



PBHへの観測的制限 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

‣ 仮定：単色質量関数、クラスターなし
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109 g < M < 1017 g の様子  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

‣ 粒子放射が特異な寄与をしている
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[CKSY (2010)]

f =
⌦PBH

⌦CDM

= 4.11 ⇥ 10
8 �0(M)

✓
M

M�

◆�1/2

(obsolete)



PBHからの粒子放射と蒸発
1次放射 

❖ 重力崩壊する背景時空での粒子生成 [Hawking (1974, 1975)] 

‣ 概ね黒体スペクトル [Page (1976)]  
 
 

‣ 温度 
 

❖ 放射光度 
∝ (表面積) × (温度)4 × (粒子自由度) 

‣ 温度以下の質量を持つ素粒子が 
放射される [MacGibbon (1991)]

11

Birrell & Davies (1984)
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PBH質量の時間進化 

❖ 粒子生成の反作用として質量 M を減らす 

‣ (質量損失率) = −(光度)  
 
 

‣ 質量減 → 温度上昇 → 放射粒子種増加 

❖ 質量の時間進化 M(t) 

‣ f (M) = const.と近似し、  

‣ τ = 宇宙年齢 とおいて 
 

‣ 初期質量 M のPBHが現在持つ質量は

12
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2次放射 

❖ 宇宙線として観測することを念頭におくと、最終的にできる安定粒子の
スペクトルを計算しないといけない 

❖ 1次粒子が起こすQCDジェット／電磁シャワーをモンテカルロ計算して
スペクトルを知る必要がある（例: PYTHIA [Sjöstrand et al. (2006, 2015)]） 

‣ γ, e±, νi, νi（素粒子）: 1次+2次 

‣ p, p（複合粒子）      : 2次のみ 
 
 
 
 
 

‣ γ, e±, νi, νi は π の崩壊経由が支配的 [MacGibbon & Webber (1990)]

13

γ

γ e p
ν
e+

p-

ν-ν
d €N
dE

(E,M) = d €Npri

dE
(E,M)|         {z         }

Blackbody

+
d €Nsec

dE
(E,M)|          {z          }

QCD jets/EM showers



光子 

❖ π0 → 2γ 崩壊が支配的寄与 [MacGibbon & Webber (1990)]
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常に1次より卓越

d €NS
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π 1

E

(Q/TBH)2 (1 � E/Q)2s�1 ⇥(E � k m⇡)
eQ/TBH ± 1

dQ /
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>>>:
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e
�EM (E > M�1)

カットオフ E ~ M-1

(PYTHIA 6)
[CKSY (2016)]



レプトン（e±, νi, νi） 

❖ 数10MeVでは  
π+ → µ+ + νµ → e+ + νe + νµ + νµ など 
が支配的 

❖ MeV以下では n, n のβ崩壊が支配的 
[MacGibbon & Webber (1990)]  
 

ハドロン（p, p） 

❖ π を介さないので、他とだいぶ違う 
スペクトルになる

15

1020

1021

1022

1023

1024

1025

1026

10-4 10-3 10-2 10-1 100 101 102

dN
. /d
E K

[s
-1
G
eV

-1
]

Kinetic energy EK [GeV]

TBH = 1 GeV
e- + e+
ν + ν-

1020

1021

1022

1023

1024

1025

1026

10-4 10-3 10-2 10-1 100 101 102

dN
. /d
E K

[s
-1
G
eV

-1
]

Kinetic energy EK [GeV]

TBH = 1 GeV
p + p-

(PYTHIA 8)

1次

2次 
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2次 
n 経由

(PYTHIA 8)



蒸発からの制限
宇宙線観測 

❖ X・ガンマ線  
[Page & Hawking (1976); Lehoucq et al. 
(2009); CKSY (2010, 2016)] 
2×1014 g < M < 1017 g 
M ~ 5×1014 g 

❖ 反陽子 
[CKSY(2010); Barrau et al. (2002)]  
4×1013 g < M < 2×1014 g 
M ~ 5×1014 g（未描入） 

❖ ニュートリノ [CKSY (2010)] 
1012 g < M < 1016 g 

 
 

 
 
 
 
 
 
 
ビッグバン元素合成 
[Kohri & Yokoyama (1999); CKSY (2010)] 

109 g < M < 3×1013 g 

CMB 
❖ 非等方性: 降着円盤と類似 

[Zhang et al. (2007)]  
3×1013 g < M < 2×1014 g 

❖ スペクトル歪み 
[Tashiro & Sugiyama (2008)]  
1011 g < M < 1014 g

16

(obsolete)



光子からの制限 

❖ 銀河系外X・ガンマ線（等方成分）の観測

17
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et al. (2010c) and Ackermann et al. (2011a) that report a sky-
averaged intensity of sources from Galactic latitudes |b| > 10◦

of 4.0 × 10−6 photons cm−2 s−1 sr−1 after one year and
4.4×10−6 photons cm−2 s−1 sr−1 after two years of observations
above 100 MeV. This difference corresponds to only ≈5% of
the IGRB intensity.

Figure 10 places LAT measurements of the total EGB
intensity in context with other measurements of the extragalactic
X-ray and γ -ray backgrounds, together spanning nearly nine
orders of magnitude in energy between 1 keV and 820 GeV.
There is a good agreement between the total EGB measured
by the LAT and the previous measurement of the IGRB using
EGRET data (Sreekumar et al. 1998; Strong et al. 2004) below
1 GeV. The IGRB measured by the LAT is lower than the

EGRET IGRB measurement, as expected from the greatly
superior sensitivity of the LAT to resolve individual sources
when compared to EGRET.

As discussed in Section 1, numerous source populations and
truly diffuse processes are expected to contribute to the EGB
intensity. A detailed review of the expected contributions of
specific source populations and diffuse processes is beyond the
scope of this work. Instead, we focus on general constraints
that can be applied to extragalactic γ -ray source populations
based on the EGB spectrum, taking into account the effects of
EBL attenuation. Other efforts to statistically characterize the
EGB properties considering the fluctuations of counts in spatial
pixels (Malyshev & Hogg 2011) and two-point correlation
functions (Ackermann et al. 2012a) have proven valuable for

15

[Ackerman et al. (2015)]



❖ 銀河系外PBHの制限 

‣ 等方成分の観測値が最大許容値 → PBH量の上限

18

M*

[CKSY (2010)]

M!, the primary photons start to dominate and generate a

redshifted low-energy tail which scales as E3=2
!0 [172].

Although most of the energy from both M>M! and
M<M! PBHs currently appears below 100 MeV, there is
also a higher energy component from any PBHs with M
slightly larger thanM! which today have the mass m given
by Eq. (3.13). The relationship between the current mass
function (dn=dm ) and the formation mass function
(dN=dM) can be approximated by

dn

dm
¼ min

!"
m

M!

#
2
"
dN

dM

#

!
;
"
dN

dM

#$
; (5.4)

where these are interpreted as comoving number densities.
The spectra are the same well aboveM! but one has a low-
mass tail with dn=dm / m 2 for m # M!. In the more
precise calculation presented in the Appendix, the slope
flattens as m goes towardsM! and decreases to around 1 at
M $1:5M!. It should be stressed that the low-mass tail
would not be present if the formation mass function were
precisely monochromatic, so it is not accounted for by the
5%1014 g curve in Fig. 4. For if all the PBHs had exactly
the mass M!, they would all evaporate at exactly the same
time. Indeed, the width of the mass function determines
how much of the mass tail is present, as discussed in the
Appendix.

So far we have implicitly assumed the PBHs are uni-
formly distributed throughout the Universe. However, if
the PBHs evaporating at the present epoch are clustered
inside Galactic halos (as is most likely), then there will also
be a Galactic background generated by PBHs with M &
M!. As discussed in Sec. VIA, the Galactic spectrum is
essentially dominated by the solid (red) curve in Fig. 4 but
with the height increased by the local density enhance-
ment. While the mass tail makes a negligible contribution

to the time-integrated extragalactic background, we will
see that it is important for the Galactic background.

C. Limits on !0ðMÞ imposed by observations of the
extragalactic photon background

The origin of the diffuse x-ray and !-ray backgrounds is
thought to be distant astrophysical sources, such as blazars,
but so far no firm consensus has been established. The
relevant observations come from HEAO 1 and other bal-
loon observations in the 3–500 keV range [222],
COMPTEL in the 0.8–30 MeV range [223], EGRET in
the 30–200 MeV range [224], and Fermi LAT in the
200 MeV–102 GeV range [225]. In the intermediate region
between HEAO 1 and COMPTEL, we adopt the fitting
formula given in Ref. [222]. Note that the EGRET results
given in Ref. [224] are somewhat different from the earlier
ones reported in Ref. [217]. The measurements from the
Fermi satellite seem more compatible with the earlier
EGRET results. All the observations are shown in Fig. 4.
The upper limit on the PBH abundance is summarized in

Fig. 5 and is set by the condition that the photon flux
touches one of the upper tips of the 1" error bars of each
observation. In what follows, we explain the form of this
constraint analytically. We should note that the peak of
the flux for each M plays an essential role in our analysis.
We denote the energy and flux at the peak as Ê! and Î,
respectively, with a subscript ‘‘0’’ indicating current
values.
In order to analyze the spectra of photons emitted from

PBHs, different treatments are needed for PBHs with
initial masses below and above M!. We saw in Sec. III B
that PBHs withM>M! can never emit secondary photons
at the present epoch, whereas those with M ) M! will do
so once the peak energy of their emission becomes com-
parable to the QCD scale, which applies once M falls
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❖ 銀河系外PBH存在量の上限
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❖ 銀河系内ガンマ線の観測: Fermi LAT [Ackerman et al. (2015)]  
 
 
 
 
 
 
 
 
 
 
 

❖ 100 MeV < E < 820 GeV 
❖ |b| > 20 deg の高銀緯で平均化されている 

❖ 異方的銀河系内成分と等方的銀河系外成分を両方含み、成分への分解は
宇宙線モデル依存 → 制限では、保守的に全部使うことにする
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❖ 銀河ハロー内PBHからのガンマ線（単色質量関数） 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

‣ 初期質量関数から現在の質量関数を得て、放射スペクトルを計算 

‣ 高E尾部ができる場合は、m ~ M* のPBHから来る E ~ 300 MeV で制限 

‣ できない場合、m ~ Mf  のPBHをWien領域の E = 100 MeV で制限
21
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観測: −3 乗 
より硬い

m ≪ M* から 
来る −3 乗

m ~ O(M*)
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[CKSY (2016)]



❖ β(Mf)の上限（幅Δをパラメターとして） 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

‣ M > M* の少々の領域で系外PBHより強い制限
22
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❖ ニュートリノ 

‣ 銀河系外から 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

❖ 反陽子（計算中） 

‣ 銀河ハローから・・・ 
 
 
 
 
 
 
 
 

‣ 近傍のバーストから・・・
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and collaborators [113,121]. However, they assume that
the PBHs have a continuous mass function and they link
their model with a particular inflationary scenario. They
also consider the possibility that positrons from the same
PBHs could explain the 511 keV annihilation line from
center of the Galaxy, as first suggested by Okele and Rees
[112]. We do not show the associated constraint in Fig. 6
because it is very model dependent.

G. Other relics

Evaporating PBH should produce any other particles
predicted in theories beyond the standard model. The
number of PBHs is therefore limited by both the abundance
of stable massive particles [123] or the decay of long-lived
ones [122]. In supersymmetry (SUSY) or supergravity
(SUGRA), the lightest supersymmetric particle (LSP) is
stable and becomes a candidate for the dark matter. If LSPs
are produced by the evaporation of the PBHs, in order not
to exceed the observed CDM density at present, one ob-
tains the upper bound [124]:

!0ðMÞ & 10# 18

!
M

1011 g

"# 1=2
!

m LSP

100 GeV

"# 1

ðM< 1011ðm LSP=100 GeVÞ# 1 gÞ:
(6.13)

This constraint is shown in Fig. 6 but depends on the mass
of the LSP and is therefore subject to considerable uncer-
tainty [258,259]. In addition, unstable particles such as the
gravitino or neutralino might be produced by evaporating
PBHs. The decay of these particles into lighter ones also
affects BBN [164,260] and this gives another constraint
[122]:

!0ðMÞ & 5 $ 10# 19

!
M

109 g

"# 1=2
!

Y

10# 14

"!
x"

0:006

"# 1

ðM< 109 gÞ; (6.14)

where Y is the limit on the number density to entropy
density ratio and x" is the fraction of the luminosity going
into quasistable massive particles, both being normalized
to reasonable values. This limit is not shown explicitly in
Fig. 6 but it has a similar form to Eq. (6.13).

H. Reionisation and 21 cm signature

The 5-year WMAP results give the optical depth as # %
0:1 for CMB photons emitted from the last scattering
surface. On the other hand, recent observations of the
Gunn-Peterson troughs and a $-ray burst around z % 6
imply that reionization of the Universe occurred at z % 6
[253]. Thus PBHs cannot be so numerous that they lead to
reionization earlier than z % 6. In principle, this leads to a
constraint on PBHs with

M & M'

!
tdec
t0

"
1=3

!
fðMÞ
f'

"
1=3

( 2 $ 1013 g: (6.15)

An increase in the ionization of the intergalactic medium
would also produce a 21 cm signature. Mack and Wesley
[138] have shown that future observations of 21 cm
radiation from high redshift neutral hydrogen could place
important constraints on PBHs in the mass range 5 $
1013 g <M< 1017 g. This is essentially due to the coin-
cidence that photons emitted from PBHs during 30< z <
300 peak in the energy range in which the intergalactic
medium has low optical depth. Any process which heats
the intergalactic medium in this period will produce a
signal but the ionising flux of photons and electrons and
positrons from PBHs would generate a distinctive feature
in the 21 cm brightness temperature. PBHs with 5 $
1013 g <M< 1014 g evaporate in 30< z < 90 and would
raise the 21 cm brightness temperature, thereby reducing
the absorption seen against the CMB. PBHs with M %
1014 g would raise the spin temperature above the CMB,
so that the 21 cm appears in emission rather than absorp-
tion. PBHs with 1014 g <M< 1017 g would have a less
pronounced effect. The latter limit is shown in Fig. 8 of
their paper and can be expressed in the form

!0ðMÞ< 3 $ 10# 29

!
M

1014 g

"
7=2

ðM> 1014 gÞ:

(6.16)

It bottoms out at a mass of around 1014 g and is well below
the photon background limit. The associated limits are
shown in Fig. 6 but only as a broken curve since they are
potential rather than actual.
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nents and the thick curves denote their sum. M * M' holes emit
primary neutrinos only.
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PBHへの主要な制限 

❖ M > 1017 g では、 

‣ 重力レンズ 

‣ 動力学 

‣ 降着 

‣ 大規模構造 
[Mészáros (1975); Afshordi et al. (2003)] 

‣ 重力波? 
[Ali-Haímoud et al. (2017); Raidal et al. (2017)] 

❖ M < 1017 g では、蒸発の制限が主: 

‣ 宇宙線 

‣ ビッグバン元素合成 

‣ CMB 
‣ エントロピー生成 [Miyama & Sato (1978)] 

‣ Planck/SUSY残存粒子 
[MacGibbon (1987); Lemoine (2000)]
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応用: スカラー揺らぎへの焼き直し 

❖ 小スケールのユニークな情報 

❖ インフレーション模型の制限 
 
 
 

今後考えるべきこと 

❖ クラスターした空間分布 [Chisholm (2006); Clesse & García-Bellido (2017)] を考え
ると、相当状況が変わると思われる 

❖ 単色での制限さえあれば、任意の質量関数の場合での制限が計算できる
ので、質量関数 [e.g., Carr, Kuhnel & Sandstad (2016)] を変える議論は? 

❖ 重力波源の連星は原始ブラックホールなのか? [Nakamura et al. (1997); 
Ioka et al. (1998); Sasaki et al. (2016); Bird et al. (2016); Clesse & García-Bellido (2017)] 
‣ M < M⦿ のブラックホールが重力波で見つかれば・・・ 

おわり
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