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Intermediate-mass BH

• Ultraluminous X-ray sources (ULXs)
• Luminosity                    
• X-ray variability

(e) NGC 1313 (1993)
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(f) NGC 1313 (1995)
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(c) M81 X-6
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(d) Dwingeloo 1 X-1
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(a) IC342 Source 1 (PL fit)
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(b) IC342 Source 1  (MCD fit)
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BH formation in double inflation

• WMAP 1st year suggested the power spectrum of 
the density fluctuations with running spectral index
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• Double inflation 
• Smooth hybrid 
inflation

• new inflation
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4 AMOUNT OF IMBHS
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Ͽၙߺ ſ֊״�௺֊ſݏ᎙ნੴ૱ſ+ݏϿԓ౯૱ߺݏϿੴॿߺϿ ᎙ნϿၙϿ෴Ͽၙſ֊ᛰ+Ͽੴ౯+૱+ᢩݭ
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Γ & ��2
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ſ+ߺϿॿſ౯ၙɏ+ſੴ૱.ϿੴॿნੴΓ ॿნ ៹ϿॿϿნੴݏੴſɏſ࿑૱ੴॿੴॿϿݭ+૱ſੴॿ+ߺ

ͯ᎙ੴϿݭ+૱ Ͽნݏੴ౯ݏϿნ֊ੴϿݏੴॿϿᛰ+ნ ૱ၙ+ᝓ ੴნ૱ſ+᜶࿑ॿ૱.ॿߺ૱ɏϿੴϿݏ᎙૱+Ͽɏ

Ᏼ ੴॿϿɏϿ.ნ ნݏੴϿſ֊φᢩ

5 SPECTRAL INDEX AND TYPICAL MASS

OF PBHS
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Ͽ౯ၙੴſ֊ᙶJOߺݏ ᭼᜶࿑Ͽ.ნ+.ſ᎙ͯ౯ੴϿੴॿϿ᎙ნ״ Ͽნ.ॿݏſ֊௺�״֊ſߺߺ

.ſ᎙Ᏼ૱+ნੴ૱ſ+ſ֊%��α&᜶౯ͯ ੴſნ+౯+.Ͽݏੴნ૱+ੴ ૱+ੴॿϿɏϿੴნ૱ၙſ֊
ͯნნݏ᎙Ͽੴߺݏ.૱ݏϿſ+ნ+.Ͽᢩ

ΩIMBH ∼ 10−4.5Observations imply 



6 Kawaguchi et al.

!"#"$%

!"#"$"

!"#"&%

!"#"&"

!"#""%

!"#"$%

"#'" "#'% &#"" &#"% &#&"

103M!

102M!

10M!

1M!

10−3M!

10−6M!

ru
n
n
in

g
α

spectral index n

Figure 4. Contour-lines of the typical mass of PBHs on the n-α
plane.

In Fig.4, we show the relation1 between typical mass of
PBHs and the cosmological parameters n and α. We can see
that larger mass PBHs requires larger running of the spec-
tral index, while lower mass PBHs can be produced with
negligible running. This can be understood by the fact that
the short smooth hybrid inflation is realized for steep po-
tential, which means large running. This scenario can ex-
plain another astronomically interesting black holes, such
as 0.1 − 1M! BHs considered to be a candidate of massive
compact halo objects (MACHOs) or 1015g BHs which are
possible sources of ultra high energy cosmic rays (UHECRs).
The former requires α ∼ −0.01, while the latter requires
negligibly small α. For the latter case, best-fit values of PR

and n is given by

PR = (2.40 ± 0.12) × 10−9, n = 0.947 ± 0.015 (16)

from the result of WMAP 3 year for α = 0, which can be
realised in the present scenario.

6 SUMMARY AND DISCUSSION

We considered the formation of IMBHs as a candidate of
ULXs via gravitational collapse of overdense region of the
curvature perturbation whose spectrum is strongly peaked.
This initial fluctuation is produced by a double inflation
model, the smooth hybrid new inflation. The peak is origi-
nated from the amplification of specific modes of fluctuation
via the parametric resonance. This inflation model can also
explain the observed running spectral index. We found the
relation between typical mass of PBHs and the cosmological
parameters n and α. This result shows that the formation
of IMBHs in this scenario requires significant running of the
spectral index. The amount of IMBHs depends on the height
of the peak, which is determined by the detail of paramet-
ric resonance and the decay rate of the inflaton. The decay
rate must be some specific and fine-tuned value for required

1 Cosmological parameters n and α of the spectrum shown in
Fig.1 and the typical mass of PBHs 118M! is deviated from this
result. The main reason is that v is not negligibly small compared
with µ. Since long oscillatory phase requires extremely long nu-
merical calculation, we chose large v for our calculation.

abundance of IMBHs. The level of required fine-tuning is
no different from other models of PBH formation. What is
important here is that the requirement can be satisfied with
natural values of the parameters. This scenario can also ex-
plain other PBHs, such as 0.1 − 1M! BHs considered to
be candidates of MACHOs or 1015g BHs which are possible
sources of UHECRs with some other appropriate choices of
model parameters.

The production of strongly peaked initial curvature
perturbation via the parametric resonance can take place
in other double inflation models with intermediate oscilla-
tory phases (Kawasaki et al. 2003; Yamaguchi & Yokoyama
2003). Since these double inflation models are required to
explain the possible large running of the spectral index, ob-
servational confirmation of large and negative running spec-
tral index may be regarded as a hint of IMBHs.
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