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Gravitational Wave detection	

•  連星BH合体からの重力波初観測 

 

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
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96
π−8=3f−11=3 _f

"
3=5
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Event GW150914 GW151226 LVT151012
Signal-to-noise ratio

r

23.7 13.0 9.7

False alarm rate
FAR/yr�1 < 6.0⇥10�7 < 6.0⇥10�7 0.37

p-value 7.5⇥10�8 7.5⇥10�8 0.045

Significance > 5.3s > 5.3s 1.7s

Primary mass
msource

1 /M�
36.2+5.2

�3.8 14.2+8.3
�3.7 23+18

�6

Secondary mass
msource

2 /M�
29.1+3.7

�4.4 7.5+2.3
�2.3 13+4

�5

Chirp mass
M source/M�

28.1+1.8
�1.5 8.9+0.3

�0.3 15.1+1.4
�1.1

Total mass
Msource/M�

65.3+4.1
�3.4 21.8+5.9

�1.7 37+13
�4

Effective inspiral spin
ceff

�0.06+0.14
�0.14 0.21+0.20

�0.10 0.0+0.3
�0.2

Final mass
Msource

f /M�
62.3+3.7

�3.1 20.8+6.1
�1.7 35+14

�4

Final spin af 0.68+0.05
�0.06 0.74+0.06

�0.06 0.66+0.09
�0.10

Radiated energy
Erad/(M�c2)

3.0+0.5
�0.4 1.0+0.1

�0.2 1.5+0.3
�0.4

Peak luminosity
`peak/(ergs�1)

3.6+0.5
�0.4 ⇥

1056
3.3+0.8

�1.6 ⇥
1056

3.1+0.8
�1.8 ⇥

1056

Luminosity distance
DL/Mpc 420+150

�180 440+180
�190 1000+500

�500

Source redshift z 0.09+0.03
�0.04 0.09+0.03

�0.04 0.20+0.09
�0.09

Sky localization
DW/deg2 230 850 1600

TABLE I. Details of the three most significant events. The false
alarm rate, p-value and significance are from the PyCBC analysis;
the GstLAL results are consistent with this. For source parameters,
we report median values with 90% credible intervals that include sta-
tistical errors, and systematic errors from averaging the results of
different waveform models. The uncertainty for the peak luminos-
ity includes an estimate of additional error from the fitting formula.
The sky localization is the area of the 90% credible area. Masses are
given in the source frame; to convert to the detector frame multiply
by (1+ z). The source redshift assumes standard cosmology [40].

The observed events begin to reveal a population of stellar-
mass black hole mergers. We use these signals to constrain the
rates of BBH mergers in the universe, and begin to probe the
mass distribution of black hole mergers. The inferred rates are
consistent with those derived from GW150914 [42]. We also
discuss the astrophysical implications of the observations and
the prospects for future Advanced LIGO and Virgo observing
runs.

The results presented here are restricted to BBH systems
with total masses less than 100M�. Searches for more mas-
sive black holes, compact binary systems containing neutron
stars and unmodeled transient signals will be reported else-
where.

This paper is organized as follows: Sec. II provides an
overview of the Advanced LIGO detectors during the first ob-
serving run, and the data used in the search. Sec. III presents
the results of the search, details of the two gravitational wave
events, GW150914 and GW151226, and the candidate event
LVT151012. Sec. IV provides detailed parameter-estimation
results for the events. Sec. V presents results for the consis-
tency of the two events, GW150914 and GW151226, with the
predictions of general relativity. Sec. VI presents the inferred
rate of stellar-mass BBH mergers, and VII discusses the im-
plications of these observations and future prospects. We in-
clude appendices that provide additional technical details of
the methods used. Appendix A describes the CBC search,
with A 1 and A 2 presenting details of the construction and
tuning of the two independently implemented analyses used
in the search, highlighting differences from the methods de-
scribed in [43]. Appendix B provides a description of the
parameter-estimation analysis and includes a summary table
of results for all three events. Appendix C and Appendix D
provide details of the methods used to infer merger rates and
mass distributions respectively.

II. OVERVIEW OF THE INSTRUMENTS AND THE DATA
SET

The two Advanced LIGO detectors, one located in Han-
ford, Washington (H1) and one in Livingston, Louisiana (L1)
are modified Michelson interferometers with 4-km long arms.
The interferometer mirrors act as test masses, and the pas-
sage of a gravitational wave induces a differential arm length
change which is proportional to the gravitational-wave strain
amplitude. The Advanced LIGO detectors came on line in
September 2015 after a major upgrade targeting a 10-fold im-
provement in sensitivity over the initial LIGO detectors [44].
While not yet operating at design sensitivity, both detectors
reached an instrument noise 3 to 4 times lower than ever mea-
sured before in their most sensitive frequency band between
100 Hz and 300 Hz [1]. The corresponding observable vol-
ume of space for BBH mergers, in the mass range reported
in this paper, was ⇠ 30 times greater, enabling the successful
search reported here.

The typical instrument noise of the Advanced LIGO de-
tectors during O1 is described in detail in [46]. In the left
panel of Figure 1 we show the amplitude spectral density of
the total strain noise of both detectors (

p
S( f )), calibrated in

units of strain per
p

Hz [47]. Overlaid on the noise curves of
the detectors, the waveforms of GW150914, GW151226 and
LVT151012 are also shown. The expected SNR r of a signal,
h(t), can be expressed as

r

2 =
Z •

0

�
2|h̃( f )|

p
f
�2

Sn( f )
dln( f ) , (1)

where h̃( f ) is the Fourier transform of the signal. Writing it in
this form motivates the normalization of the waveform plotted
in Figure 1 as the area between the signal and noise curves is
indicative of the SNR of the events.
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provement in sensitivity over the initial LIGO detectors [44].
While not yet operating at design sensitivity, both detectors
reached an instrument noise 3 to 4 times lower than ever mea-
sured before in their most sensitive frequency band between
100 Hz and 300 Hz [1]. The corresponding observable vol-
ume of space for BBH mergers, in the mass range reported
in this paper, was ⇠ 30 times greater, enabling the successful
search reported here.

The typical instrument noise of the Advanced LIGO de-
tectors during O1 is described in detail in [46]. In the left
panel of Figure 1 we show the amplitude spectral density of
the total strain noise of both detectors (
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S( f )), calibrated in

units of strain per
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Hz [47]. Overlaid on the noise curves of
the detectors, the waveforms of GW150914, GW151226 and
LVT151012 are also shown. The expected SNR r of a signal,
h(t), can be expressed as
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where h̃( f ) is the Fourier transform of the signal. Writing it in
this form motivates the normalization of the waveform plotted
in Figure 1 as the area between the signal and noise curves is
indicative of the SNR of the events.
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TABLE I. Details of the three most significant events. The false
alarm rate, p-value and significance are from the PyCBC analysis;
the GstLAL results are consistent with this. For source parameters,
we report median values with 90% credible intervals that include sta-
tistical errors, and systematic errors from averaging the results of
different waveform models. The uncertainty for the peak luminos-
ity includes an estimate of additional error from the fitting formula.
The sky localization is the area of the 90% credible area. Masses are
given in the source frame; to convert to the detector frame multiply
by (1+ z). The source redshift assumes standard cosmology [40].

The observed events begin to reveal a population of stellar-
mass black hole mergers. We use these signals to constrain the
rates of BBH mergers in the universe, and begin to probe the
mass distribution of black hole mergers. The inferred rates are
consistent with those derived from GW150914 [42]. We also
discuss the astrophysical implications of the observations and
the prospects for future Advanced LIGO and Virgo observing
runs.

The results presented here are restricted to BBH systems
with total masses less than 100M�. Searches for more mas-
sive black holes, compact binary systems containing neutron
stars and unmodeled transient signals will be reported else-
where.

This paper is organized as follows: Sec. II provides an
overview of the Advanced LIGO detectors during the first ob-
serving run, and the data used in the search. Sec. III presents
the results of the search, details of the two gravitational wave
events, GW150914 and GW151226, and the candidate event
LVT151012. Sec. IV provides detailed parameter-estimation
results for the events. Sec. V presents results for the consis-
tency of the two events, GW150914 and GW151226, with the
predictions of general relativity. Sec. VI presents the inferred
rate of stellar-mass BBH mergers, and VII discusses the im-
plications of these observations and future prospects. We in-
clude appendices that provide additional technical details of
the methods used. Appendix A describes the CBC search,
with A 1 and A 2 presenting details of the construction and
tuning of the two independently implemented analyses used
in the search, highlighting differences from the methods de-
scribed in [43]. Appendix B provides a description of the
parameter-estimation analysis and includes a summary table
of results for all three events. Appendix C and Appendix D
provide details of the methods used to infer merger rates and
mass distributions respectively.
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FIG. 9. The posterior density on the rate of GW150914-like BBH,
LVT151012-like BBH, and GW151226-like BBH mergers. The
event based rate is the sum of these. The median and 90% credi-
ble levels are given in Table II.

FIG. 10. The posterior density on the rate of BBH mergers. The
curves represent the posterior assuming that BBH masses are dis-
tributed flat in log(m1)-log(m2) (Flat), match the properties of the
observed events (Event Based), or are distributed as a power law in
m1 (Power Law). The posterior median rates and symmetric 90%
symmetric credible intervals are given in Table II.

signals (rather than two) in three times as much data. Further-

FIG. 11. The posterior distribution for a in Eq. (7) using the in-
ferred masses for our three most significant triggers, GW150914,
LVT151012, and GW151226. The vertical line indicates the value of
a = 2.35 that corresponds to the power law mass distribution used to
infer the rate of BBH coalescence. This value is fully consistent with
the posterior, which allows a broad range of possible values with a
median and 90% credible interval of a = 2.5+1.5

�1.6.

more, due to the observation of an additional highly signifi-
cant signal GW151226, the uncertainty in rates has reduced.
In particular, the 90% range of allowed rates has been updated
to 9–240Gpc�3 yr�1, where the lower limit comes from the
flat in log mass population and the upper limit from the power
law population distribution.

With three significant triggers, GW150914, LVT151012,
and GW151226, all of astrophysical origin to high probabil-
ity, we can begin to constrain the mass distribution of coa-
lescing BBHs. Here we present a simple, parametrized fit to
the mass distribution using these triggers; a non-parametric
method that can fit general mass distributions will be pre-
sented in future work. Our methodology is described more
fully in Appendix D.

We assume that the distribution of black hole masses in co-
alescing binaries follows

p(m1) µ m�a

1 , (7)

with Mmin  m2  m1 and m1 +m2  100M�, and a uniform
distribution on the secondary mass between Mmin = 5M� and
m1. With a = 2.35, this mass distribution is the power law
distribution used in our rate estimation. Our choice of Mmin
is driven by a desire to incorporate nearly all the posterior
samples from GW151226 and because there is some evidence
from electromagnetic observations for a minimum black hole
(BH) mass near 5M� [82, 141] (but see [84]).

We use a hierarchical analysis [141–144] to infer a from
the properties of the three significant events — GW150914,
GW151226 and LVT151012 — where all three are treated
equally and we properly incorporate parameter-estimation un-
certainty on the masses of each system. Our inferred posterior
on a is shown in Fig. 11. The value a = 2.35, corresponding
to the power law mass distribution used above to infer rates
lies near the peak of the posterior, and the median and broad
90% credible interval is

a = 2.5+1.5
�1.6 . (8)
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•  銀河内の連星、単独BHは観測されるか？ 
　=>物質の降着による放射 
•  Bondi降着 
 

Bondi Accretion�

Bondi 1952�

RB =
GMBH

c2s + v2

⇠ 8⇥ 1015 cm

2 Isolated BHs

[Agol & Kamionkowski(2002)]を参考にする。

2.1 Mass accretion onto BHs

We consider mass accretion onto isolated or binary BHs of mass MBH which move with
velocity v. The Bondi radius of the BH rB and Bondi accretion rate onto a BH Ṁ are
given as

rB =
GMBH

v2
(16)

≃ 8.00× 1015 cm

(
MBH

60M⊙

)(
v

10 km s−1

)−2

≃ 2.67× 1015 cm

(
MBH

20M⊙

)(
v

10 km s−1

)−2

,

Ṁ = 4πr2Bmpnv (17)

≃ 1.34× 1015 g s−1

(
MBH

60M⊙

)2( v

10 km s−1

)−3( n

1 cm−3

)

≃ 1.50× 1014 g s−1

(
MBH

20M⊙

)2( v

10 km s−1

)−3( n

1 cm−3

)
,

(18)

where G, mp, and n are the gravitational constant, proton mass, and the inter stellar
medium (ISM) density, respectively. BHの速度 vをどうするかはかなり重要。しかし、最
低でも v = 10 km s−1はあるだろうな 2。It should be noted that the mass accretion rate
is much lower than the BH’s Eddington accretion rate, which defined as

ṀEdd =
LEdd

ηc2
=

4πGMBH

ηcκ
(19)

≃ 8.38× 1019 g s−1

(
MBH

60M⊙

)

≃ 2.79× 1019 g s−1

(
MBH

20M⊙

)
,

where η = 0.1, c, and κ = 0.4 cm2 g−1 are the accretion efficiency, the speed of light, and
Thomson opacity, respectively.
よく使うのは Eddington降着率で規格化した ṁ := Ṁ/ṀEdd。よって、

ṁ ≃ 1.60× 10−5

(
MBH

60M⊙

)(
v

10 km s−1

)−3( n

1 cm−3

)

≃ 5.38× 10−6

(
MBH

20M⊙

)(
v

10 km s−1

)−3( n

1 cm−3

)
,

評価できる。
2[Agol & Kamionkowski(2002)] では v = 40 km s−1 にしている。これは銀河系内の low-mass X-ray binary

(LMXRB)の銀河ディスクからの距離をもとに算出した速度のようだ [White & van Paradijs(1996)]。我々の考え
る連星 BHの親連星は恐らく high-mass X-ray binary (HMXRB)だろう (本当か？)。しかし、これは銀河系内に
Cyg X-1しか存在しなく、固有速度は v ∼ 50 km s−1と求められている [Nelemans et al.(1999)]。また、銀河系内
の O型星の固有速度は古い観測だが v ∼ 10− 30 km s−1 となっているようだ [Gies(1987)]。ただし、O型星にも
星団を組んでいるもの、孤立しているものなどがあり、分類学が存在していることに注意が必要だ。
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where G, mp, and n are the gravitational constant, proton mass, and the inter stellar
medium (ISM) density, respectively. BHの速度 vをどうするかはかなり重要。しかし、最
低でも v = 10 km s−1はあるだろうな 2。It should be noted that the mass accretion rate
is much lower than the BH’s Eddington accretion rate, which defined as
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where η = 0.1, c, and κ = 0.4 cm2 g−1 are the accretion efficiency, the speed of light, and
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2[Agol & Kamionkowski(2002)] では v = 40 km s−1 にしている。これは銀河系内の low-mass X-ray binary

(LMXRB)の銀河ディスクからの距離をもとに算出した速度のようだ [White & van Paradijs(1996)]。我々の考え
る連星 BHの親連星は恐らく high-mass X-ray binary (HMXRB)だろう (本当か？)。しかし、これは銀河系内に
Cyg X-1しか存在しなく、固有速度は v ∼ 50 km s−1と求められている [Nelemans et al.(1999)]。また、銀河系内
の O型星の固有速度は古い観測だが v ∼ 10− 30 km s−1 となっているようだ [Gies(1987)]。ただし、O型星にも
星団を組んでいるもの、孤立しているものなどがあり、分類学が存在していることに注意が必要だ。
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given as

rB =
GMBH

v2
(18)

≃ 8.00× 1015 cm

(
MBH

60M⊙

)(
v

10 km s−1

)−2

≃ 2.67× 1015 cm

(
MBH

20M⊙

)(
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)−2

,

Ṁ = 4πr2Bmpnv (19)
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where G, mp, and n are the gravitational constant, proton mass, and the inter stellar
medium (ISM) density, respectively. BHの速度 vをどうするかはかなり重要。しかし、最
低でも v = 10 km s−1はあるだろうな 5。It should be noted that the mass accretion rate
is much lower than the BH’s Eddington accretion rate, which defined as

ṀEdd =
LEdd

ηc2
=
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(21)
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(
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(
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)
,

where η = 0.1, c, and κ = 0.4 cm2 g−1 are the accretion efficiency, the speed of light, and
Thomson opacity, respectively.
よく使うのは Eddington降着率で規格化した ṁ := Ṁ/ṀEdd。よって、
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評価できる。

2.4 Accretion disk formation

ISM is not uniform but has fluctuations in density or velocity. When the fluctuated ISM
accretes onto the BH, it will have angular momentum and form an accretion disk near

5[Agol & Kamionkowski(2002)] では v = 40 km s−1 にしている。これは銀河系内の low-mass X-ray binary
(LMXRB)の銀河ディスクからの距離をもとに算出した速度のようだ [White & van Paradijs(1996)]。我々の考え
る連星 BHの親連星は恐らく high-mass X-ray binary (HMXRB)だろう (本当か？)。しかし、これは銀河系内に
Cyg X-1しか存在しなく、固有速度は v ∼ 50 km s−1と求められている [Nelemans et al.(1999)]。また、銀河系内
の O型星の固有速度は古い観測だが v ∼ 10− 30 km s−1 となっているようだ [Gies(1987)]。ただし、O型星にも
星団を組んでいるもの、孤立しているものなどがあり、分類学が存在していることに注意が必要だ。
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Disk Formation	
•  ISM密度ゆらぎ=>角運動量=>disk形成 
　 
 

•  降着円盤は　　　　　 ゆえ 
　光学的に薄い移流優勢降着流 
　　(Advection Dominated Accretion Flow)となる 

�l ' �⇢

⇢
RBv

Rd ' �l2

GMBH

�⇢

⇢
⇠

✓
R

1018cm

◆1/3

v
Rd

⇠ 3⇥ 1014 cm

2.2 Accretion disk formation

ISM is not uniform but has fluctuations in density or velocity. When the fluctuated ISM
accretes onto the BH, it will have angular momentum and form an accretion disk near
the BH. The specific angular momentum of the fluctuated ISM l is estimated by using
the density fluctuation as follows,

l ≃ δρ

ρ
rBv. (20)

The density fluctuation is correlated with the length scale r as δρ/ρ ≃ (r/1018 cm)1/3[Armstrong et al.(1995)](こ
れもちゃんと検討しないと。. By using this correlation with r = rB and Eqs. (16) and
(20), the specific angular momentum of the accreting ISM is evaluated as

l ∼ 1.60× 1021 cm2 s−1

(
MBH

60M⊙

)4/3( v

10 km s−1

)−5/3

∼ 3.70× 1020 cm2 s−1

(
MBH

20M⊙

)4/3( v

10 km s−1

)−5/3

Then we derive the radius where the ISM forms an accretion disk, by using the conser-
vation of angular momentum. We assume that the ISM starts to rotate when its angular
momentum become equals to the Kepler angular momentum lK =

√
GMBHr at radius r.

Thus, the disk radius rd is given by equating the above ISM angular momentum l with
lK at r = rd as,

rd =
l2

GMBH
(21)

∼ 3.20× 1014 cm

(
MBH

60M⊙

)5/3( v

10 km s−1

)−10/3

∼ 5.13× 1013 cm

(
MBH

20M⊙

)5/3( v

10 km s−1

)−10/3

.

以上までの見積もりから、だいたい次のようになっている。

2.3 Radiation from accretion disk

2.2節で得られた降着円盤に対してA.3節で議論したスペクトラムを当てはめて降着円盤の
観測可能性を議論する。Bremsstrahlungのみを考えると、図 2のようになる。

BH

Disk

Bondi Radius

rB ∼ 108rg

B ∼

rd ∼ 107rg

以上までの見積もりから、だいたい次のようになっている。

Figure 1: 全体像。rgは Schwarzschild半径。

5

Ṁ ⌧ ṀEdd

Armstrong et al. 1995	

Agol & Kamionkowski 2002	



ADAF 	
•  粘性加熱 = 移流 + 放射 
•  自己相似解: 

•  電子温度：イオンと異なりうる  
　イオン: 
　電子   : 
　=>  

Narayan & Yi 1994	

v
RB

Rd

A Advection dominated accretion flows (ADAFs)

ADAFについてまとめておく。なお、ここでは半径R = rRG、質量M = mM⊙、質量降着
率 Ṁ = ṁṀEddと Schwarzschild半径 RG = 2GM/c2 = 2.96 × 105m cm、太陽質量M⊙、
Eddington降着率 ṀEdd = 1.39× 1018m g s−1で規格化する。

A.1 Disk model

[Narayan & Yi(1994)] derived an self-similar solution for ADAFs. In the solution, the
quantities at radius R is given as follows,

v = −c1αvff (A.1)

Ω = c2
vff
R

(A.2)

c2s = c3v
2
ff (A.3)

H = (2.5c3)
1/2R, (A.4)

ρ =
Ṁ

4πRHv
(A.5)

where v, Ω, cs, H, vff =
√

GM/R = c/
√
2r are the radial velocity, angular velocity,

isothermal sound velocity, pressure scale height, and free fall velocity, respectively. α, c1,
c2, c3 are the viscosity parameter [Shakura & Sunyaev(1973)] and constants defined as
follows

c1 =
5 + 2ϵ′

3α2
g(α, ϵ′) (A.6)

c2 =

[
2ϵ′(5 + 2ϵ′)

9α2
g(α, ϵ′)

]1/2
(A.7)

c2 =
2(5 + 2ϵ′)

9α2
g(α, ϵ′) =

2

3
c1 (A.8)

ϵ′ =
1

f

(
5− 3γ

3γ − 3

)
(A.9)

g(α, ϵ′) =

[
1 +

18α2

(5 + 2ϵ′)2

]1/2
−1, (A.10)

(A.11)

where f and γ are the advection efficiency and the adiabatic index. また、断熱指数 γは
全圧力 p = ρc2s = pgas + pBと磁気圧 pB = (1− β)pを関係付けるパラメータ βを用いて

γ =
32− 24β − 3β2

24− 21β
(A.12)

と書ける 4。典型的なパラメータとして α = 0.1,β = 0.5, f = 0.9を使うと、c1 = 0.16, c3 =
0.11, ϵ′ = 0.63が得られる。さらに、この βを使うと磁気圧 pB = B2/8πの関係から磁場B
が

B = [8π(1− β)p]1/2 = [8π(1− β)ρcs
2]1/2 (A.13)

が得られる。
4未確認。
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c1, c2, c3
↵

:	定数	

:	粘性パラメータ Shakura	&Sunyaev	1973		

Narayan & Yi 1994,1995a,b	

qvis = qad + qie
qie = qrad

Shapiro et al. 1976"
Narayan & Yi 1995b	

qad = fqvis (f ' 1)
qrad = qbre + qsyn

制動放射　シンクロトロン	

(1� f)qvis = qie = qbre + qsyn



ADAFの温度構造	

 
 
 
 

(1� f)qvis = qie = qbre + qsyn
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Spitzer 1962, Stepney 1983 	

Rybicki & Lightman 1979, Svensson 1982 	

Rybicki & Lightman 1979, Mahadevan et al. 1996 	
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Figure 17: 各加熱率、冷却率を電子温度の函数で表したときの模式図。
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Figure 18: (A.68 )で与えらる電子温度の空間分布。特に、Narayanたちの結果と比較するため
に、Sgr A*に適用した [Narayan et al.(1998)]の図 2(b)と比較した。パラメータはα = 0.3, β =
0.5,m = 2.5× 106, ṁ = 6× 10−5である。

となる。これよりも大きな降着率の場合にのみ、逆コンプトン冷却がシンクロトロン冷却より
も卓越する領域が内側に形成される。
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Figure 18: (A.68 )で与えらる電子温度の空間分布。特に、Narayanたちの結果と比較するため
に、Sgr A*に適用した [Narayan et al.(1998)]の図 2(b)と比較した。パラメータはα = 0.3, β =
0.5,m = 2.5× 106, ṁ = 6× 10−5である。

となる。これよりも大きな降着率の場合にのみ、逆コンプトン冷却がシンクロトロン冷却より
も卓越する領域が内側に形成される。
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(m = 2.5⇥ 106, ṁ = 6⇥ 10�5)
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•  BH mass m1 : 5 ‒ 50 Msun , Salpeter like 
•  固有速度 v :  
  ＊合体前：銀河系内のX線連星 : σv ~ 40 km/s , Maxwell 
  ＊合体後：合体に伴うkick  vkick < 200 km/s 
•  星間物質密度 n : 　　  

Luminosity Function	

White & van Paradijs 1996	

Gonzalez et al. 2007	

3.2 光度函数
When we integrate the luminosity function (42) over v, we should note that the electron tem-
perature θe also depends on mass accretion rate (see, Eqs. (A.76 ) and (A.78 )). However,
we ignore the ṁ dependence of θe and substitute the minimum electron temperature given
at ṁ = ṁheat for the above equation for simplicity. This results in that we underestimate
the X-ray luminosity about factor of two. Thus, this simplification is justified for our oder of
magnitude estimate. Then, we integrate Eq. (42) over v and obtain

dN

dLx
= NBH

∫
dm1

dp(m1)

dm1

∫
dm2

dp(m2|m1)

dm2

∫
dv

df(v)

dv

∫
dn

dξ(n)

dn
h(m1,m2, v) (42)

δ

[
Lx(n,m1,m2, v)− Lx

]
(43)

= NBH

∫
dm1

dp(m1)

dm1

∫
dm2

dp(m2|m1)

dm2

∫
dn

dξ(n)

dn

df(v0)

dv
h(m1,m2, v0)

V 2|v=v0

6v0Lx
(44)

where,

V 2 = c2s + v2 + v2GW (45)

v0 =

[(
4πG2M2nµmu

Ṁ0

)2/3

−c2s − v2GW

]1/2
(46)

Ṁ0 =

[
CMLx

θ̃ee
hνx
kBT̃e

F (θ̃e)
ln

(
Rout

Rin

)−1]1/2
(47)

C =
4πG

hνxcαfσT

c21(2.5c3)
1/2α2(µemu)2

1.25
(48)

= 1.631× 10−30

(
hνx

10 keV

)−1

c21c
1/2
3 α2

= 2.115× 10−33

(
hνx

10 keV

)−1( c1
0.4790

)2( c3
0.3193

)1/2( α

0.1

)2

The other integrals are performed by numerically.
We show the results in Fig 7.
TeV unIDとの議論。
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we ignore the ṁ dependence of θe and substitute the minimum electron temperature given
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Lx / M�1
BHṀ

2
Ṁ / M2

BHv
�3n

Phase n1 [cm−3] n2 [cm−3] β ξ0 cs [km s−1] Hd

Molecular clouds 102 105 2.8 10−3 10 75 pc
Cold HI 10 102 3.8 0.04 10 150 pc
Warm HI 0.3 − − 0.35 10 0.5 kpc
Warm HII 0.15 − − 0.2 10 1 kpc
Hot HII 0.002 − − 0.4 150 3 kpc

Table 1 Interstellar matter

accretion. The parameters in Table 1 are similar to that in Agol & Kamionkowski (2002)
[13].

3.4. Scale height

The BHs have their scale height of the disk H. A fraction of BHs in a phase of the ISM with
a scale height Hd in Table 1 is given by

h(m1,m2, v) = min
(

1,
Hd

H (vz)

)
. (22)

For simplicity, we make a one-dimensional analysis of the vertical structure, neglecting the
coupling of the vertical and horizontal motions. The scale height H (vz) is determined by
the velocity in the z-direction,

1
2
v2
z = Φz [H(vz)] , (23)

where we assume v2
z = 1

3(v2 + v2
GW) and the potential in the z-direction,

Φz(z)
2πG

= K
(√

z2 + Z2 − Z
)

+ Fz2, (24)

where Z ∼ 180 pc, K = 48M⊙ pc−2, and F = 0.01M⊙ pc−3 [49, 50]. This simple model is
sufficient for our order-of-magnitude discussions.

3.5. Gravitational recoil velocity

GWs carry linear momentum Kickes are generated by asymmetries in either the masses or
the spins of the two merging BHs. empirical formula, heuristic model for the graivitational
recoil of a merging binary. PN-inspired fitting formulas combined with the numerical results
[4, 51, 52].

M = m1 + m2 (25)

q =
m2

m1
(26)

η =
m1m2

(m1 + m2)2
=

q

(1 + q)2
(27)

⃗̃∆ =
1
M

(
S⃗2

m2
− S⃗1

m1

)
(28)

7/14

Ioka et al. in prep	

:体積占有率	



Luminosity Function	
BHの個数が少ない 
=>観測も期待:薄 
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Chandra DFS	

eROSITA	 そもそも	
GW天体の性質自体は使っていない	
(	※	BHスピンなどは考慮していない	
　　　Ioka	et	al.	in	prep.）	
=>銀河系内の	
　　single	BH全体で考える	



10-1

100

101

102

103

104

105

10-2510-2410-2310-2210-2110-2010-1910-1810-1710-1610-1510-1410-1310-1210-1110-10

Cu
m

ul
at

ive
 N

um
be

r  
 N

(>
f x)

X-ray Flux fx [erg s-1 cm-2]

10-1

100

101

102

103

104

105

10-2510-2410-2310-2210-2110-2010-1910-1810-1710-1610-1510-1410-1310-1210-1110-10

C
um

ul
at

iv
e 

N
um

be
r  

 N
(>

f x)

X-ray Flux fx [erg s-1 cm-2]

10-1

100

101

102

103

104

105

106

107

108

10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10

C
um

ul
at

iv
e 

N
um

be
r  

 N
(>

f x)

Flux fx [erg s-1 cm-2]

AK02

Einstein

ROSAT

Chandra

XMM-Newton

eROSITA

Figure 5: logN(> f)− log f plot of Galactic isolated BHs. Red solid line shows the cumulative
number of Galactic isolated BHs above a given flux. Turquoise, light-green, magenta, dark-blue,
and orange-red dotted lines represent the contribution of the populations which accrete ISM
from hot H II, warm H II, warm H I, cold H I gas, and molecular cloud, respectively. We also
show the logN(> f)− log f plot calculated by [Agol & Kamionkowski(2002)] for comparison.
The stars represent the properties of performed (or planed) X-ray surveys. The value of flux
means the sensitivity achieved in the survey, and the number means the necessary number in
order to detect at least one BH in the survey (we take into account for the covered area in
the survey). These values are taken from Figure 4.1 in [Merloni et al.(2012)]. Thin red solid
line shows logN(> f)− log f obtained in XMM-COSMOS survey [Cappelluti et al.(2009)], but
we multiplied 4π in order to convert our convention. This may underestimate the number of
sources because COSMOS field is not on Galactic plane.
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Galactic Isolated BHs	
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Figure 3: Normalized mass accretion rate distribution of Galactic isolated BHs
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Figure 4: Bremsstrahlung X-ray luminosity function of Galactic isolated BHs.
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NBH ⇠ 108
Shapiro & Teukolsky 1983	

※先行研究との比較	
Agol	&	Kamionkowski	2002	
1.質量の最大値	
　Mmax	=	13	Msun	↔	50	Msun	
2.放射効率	
	
　↔	ADAFモデルにもとづき評価　	
✏
x

= L
x

/Ṁc2 = 10�5

分子雲内のBHが寄与	:	大	
X-ray	survey	での観測可能性	
　ROSAT	で既に紛れ込んでいる？	
　eROSITAで〜100個ほど検出できる可能性	

X線サーベイで得られているsource分布"
 Cappelluti et al. 2009	

	



Conclusion	

•  単独BHは星間物質をBondi降着&円盤形成 
今回 
•  BH周囲のADAFからの放射,光度函数を計算 
=>1. GWイベント関連のBHは観測期待 : 薄 
　２.系内に存在しうるBHで考える 
　　今後のサーベイで観測可能？ 
　　特に、分子雲からのX線源を探せ！ 

今後やるべき課題	
分子雲からのX線は減光されずに届くのか？	
大きい降着率の明るいBHのdisk構造はどうなっているか？	



ADAFの温度構造	
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