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Introduction



重力波による連星BHの観測
・重力波 = 時空の歪みの伝搬 

・レーザー干渉計(LIGO,Virgo,KAGRA) 
　で観測 

・重力波源: 連星BHの合体など 

・信号から、それぞれのBHの質量、 
　スピン、光度距離が得られる 

・BHについて知る新たな観測手段

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]
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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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初めて検出された連星BH合体からの重力波



現在までの重力波観測
・aLIGO, Virgoによる観測(~2年) 

・85の連星BHが見つかる(~30M⦿) 

・総質量~150M⦿の連星BH 
　(GW190521)も検出 

・銀河系のBH(~10M⦿)より重たい 

・起源解明に向けて、様々な連星進化計算、星団シミュレーションが 
　行われている。

20

FIG. 9. The empirical cumulative density function F̂ =
P

k Pk(x)/N of observed binary parameter distributions (derived
from the single-event cumulative distributions Pk(x) for each parameter x) are shown in black for primary mass (left), e↵ective
inspiral spin (center), and redshift (right). All binaries used in this study with FAR< 1/4yr are included, and each is analyzed
using our fiducial noninformative prior. For comparison, the gray bands show the expected observed distributions, based on
our previous analysis of GWTC-2 BBH. Solid lines show the medians, while the shading indicates a 90% credible interval on
the empirical cumulative estimate and selection-weighted reconstructed population, respectively. GW190814 is excluded from
this analysis.
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FIG. 10. The astrophysical BBH primary mass (left) and mass ratio (right) distributions for the fiducial PP model, showing
the di↵erential merger rate as a function of primary mass or mass ratio. The solid blue curve shows the posterior population
distribution (PPD) with the shaded region showing the 90% credible interval. The black solid and dashed lines show the PPD
and 90% credible interval from analyzing GWTC-2 as reported in [11]. The vertical gray band in the primary mass plot shows
90% credible intervals on the location of the mean of the Gaussian peak for the fiducial model.

m1 2 [5, 20]M� m1 2 [20, 50]M� m1 2 [50, 100]M� All BBH

m2 2 [5, 20]M� m2 2 [5, 50]M� m2 2 [5, 100]M�

PP 23.4+12.9
�8.6 4.5+1.8

�1.3 0.2+0.1
�0.1 28.1+14.8

�10.0

BGP 20.0+10.0
�8.0 6.4+3.0

�2.1 0.74+1.2
�0.46 33.0+16.0

�10.0

FM 21.1+10.7
�8.3 4.1+2.0

�1.4 0.2+0.3
�0.1 26.0+11.5

�8.7

PS 27+12
�9.4 3.6+1.5

�1.1 0.2+0.18
�0.1 32+14

�9.6

Merged 12.8 – 40 0.098 – 6.3 2.5 – 0.5 17.3 – 45

TABLE IV. Merger rates in Gpc�3 yr�1 for BBH binaries, quoted at the 90% credible interval, for the PP model and for three
non-parametric models (Binned Gaussian process, Flexible mixtures, Power Law + Spline). Rates are given for three
ranges of primary mass, m1 as well as for the entire BBH population. Despite di↵erences in methods, the results are consistent
among the models. BGP assumes a non-evolving merger rate in redshift. The merger rate for PP, FM, and PS is quoted at a
redshift value of 0.2, the value where the relative error in merger rate is smallest.

重たい方のBHの質量 [M⦿]

合
体
頻
度

 [G
pc

-3
 y

r-1
 M

⦿
-1

]

~30M⦿

重力波観測から見積もられた質量分布
(Abbott et al., 2021)



今後の重力波観測と観測ターゲット
・Einstein Telescope (2035年-)、 
　LISA (2037年-)、など 

・今後の重力波観測器では 
　感度が飛躍的に向上 
　（赤方偏移~10‒1000,  
　　総質量>1000M⦿） 

・観測可能な領域、質量帯が広がる 
　⇒ さらに重たいBH(つまり中間質量BH)の観測が期待される 

・将来観測される中間質量BHの起源解明に向けて、あらかじめ 
　準備をしておきたい

the localization of astrophysical sources is significantly
improved over that possible with a ground-based network
alone: when combined with the ground-based network, this
long baseline allows a combined TianGO-ground-based

network to increase the angular resolution by a factor of
∼50 over that of the ground-based network alone. This
exquisite ability to localize sources enables this hybrid
network to do precision cosmography. Furthermore, since a
binary of two NSs or of an NS and BH will stay in
TianGO’s sensitivity band for several years, TianGO will
provide an early warning for the ground-based GW
detectors and the electromagnetic telescopes.
Meanwhile, there are astrophysical sources that are

particularly well suited to be studied by a decihertz detector
like TianGO. For example, intermediate-mass black holes
(IMBHs) are one of such examples. TianGO is sensitive to
the mergers of both a binary IMBHs and an IMBH with a
stellar-mass compact companion. Consequently, TianGO
will be the ideal detector to either solidly confirm the
existence of IMBHs with a positive detection or strongly
disfavor their existence with a null detection. Meanwhile,
mass transfer starts at ∼30 mHz for a typical white dwarf
(WD) binary. This frequency will be higher for even more
massive, super-Chandrasekhar WD binaries. As LISA’s
sensitivity starts to degrade above 10 mHz, TianGO will
be the most sensitive instrument to study the interactions
between double WDs near the end of their binary evolution,
whichmaybe theprogenitors of type-Ia supernovae. Last, if a
system is formedwith a high initial eccentricity, TianGOwill
be able to capture the evolution history of the eccentricity,
which will in turn reveal the system’s formation channel.
We summarize the major science targets we will be

considering in Table I and also in the text as follows. We
discuss the precision with which binary black holes (BBHs)
can be localized with a hybrid network and the application
to cosmography in Sec. II. We then examine TianGO’s
ability to localize coalescing binary NSs and to serve as an
early warning for ground-based and EM telescopes, the
most crucial component for multimessenger astrophysics,
in Sec. III. In Sec. IV, we discuss the possibility of using
TianGO to distinguish the cosmological structure formation
scenarios and to search for the existence of IMBHs. This is
followed by our study of the progenitor problem of type Ia
supernovae in Sec. V. We then discuss the detectability of
tidal interactions in binary WDs with TianGO in Sec. VI. In
Sec. VII, we analyze TianGO’s ability to accurately
determine both the effective and the precession spin, and
how we may use it to constrain the formation channels of
stellar-mass BH binaries as well as the efficiency of angular
momentum transfer in the progenitor stars. In Sec. VIII, we
explore TianGO’s capability of measuring the orbital
eccentricity evolution. In Sec. IX, we discuss TianGO’s
ability to directly probe the existence of tertiary masses
around merging binaries.

II. GRAVITATIONAL-WAVE COSMOGRAPHY

The Hubble constant, H0, quantifies the current expan-
sion rate of the Universe, and is one of the most funda-
mental parameters of the standard ΛCDM cosmological
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FIG. 1. Sensitivities of future ground-based and space gravi-
tational-wave detectors. The sensitivities are averaged over sky
location and polarization. The LISA curve includes two 60°
interferometers and the ET curve includes three 60° interferom-
eters. The curve labeled “GW150914” is 2
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waveform of the first gravitational wave detected [20] starting
5 years before merger.
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FIG. 2. Horizons for equal mass compact binaries oriented face
on for the detectors shown in Fig. 1. The maximum detectable
distance, defined as the distance at which a source has an SNR of
8 in a given detector, is computed for 48 source locations
uniformly tiling the sky. The horizon is the maximum distance
at which the best source is detected; 50% of these sources are
detected within the dark shaded band, and 90% of the sources are
detected within the light shaded band. If a source stays in a space
detector’s sensitivity band for more than 5 years, the 5-year
portion of the system’s evolution that gives the best SNR in each
detector is used.

KUNS, YU, CHEN, and ADHIKARI PHYS. REV. D 102, 043001 (2020)

043001-2

連星BHの総質量 [M⦿]

ホ
ラ
イ
ズ
ン
の
赤
方
偏
移 Kuns et al., (2019)



中間質量BHとは
・中間質量BH 
　・102‒105M⦿ 
　・ほとんど見つかっていない 

・中間質量BHを観測する意義 
　・天文学 
　　・不明とされる質量分布の解明　 
　　・超大質量BH形成の手がかり 
　・物理学 
　　・重力理論の検証 

・親星の候補 
　・Pop.IIIの大質量星(102‒103M⦿)など 

・本研究 ⇒ Pop.IIIの孤立連星を取り扱う

574 S. Hirano et al.

Figure 5. The local FUV intensity field, J21, in the same comoving cosmological volume with (3 h−1 Mpc)3 at z = 25, 20, 19.5, 19, and 15. The colour
contours indicate the FUV intensity ranging from J21 = 0.025–6.3 (blue to red). The yellow and red clumps show the active Population III.1 and III.2D stars,
respectively. The local FUV radiation field decreases with decreasing redshifts (from left- to right-hand panels), because the typical stellar mass becomes lower
and separations between the stars are stretched by the cosmic expansion.
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Figure 6. Mass distribution of Pop III.1 and III.2D stars. The dotted line
shows the sum of the two populations (see also Fig. 17 below).

the early runaway collapse stage, which are driven by either H2

cooling alone or H2 cooling plus HD cooling (Paper I). Pop III.2D

stars have relatively large masses, clustering around "400 M#. We
discuss the redshift-dependence of the mass distribution in Sec-
tion 6.

4 C O S M O L O G I C A L S A M P L E O F
P R I M O R D I A L S TA R - F O R M I N G C L O U D S

We study the physical properties of the 1540 primordial star-forming
clouds found in our cosmological simulation. In this section, we ig-
nore the effect of FUV fields and assume that all the clouds bear
Pop III.1 stars, allowing a direct comparison with the statistical re-
sults presented in Paper I. The dependences of cloud properties and
stellar mass distribution on the formation redshifts are discussed.

The cloud properties are calculated at two different mass scales
by averaging over the gas in the virialized DM haloes and over
the gravitationally collapsing gas at the Jeans scale. We define the
boundary for the former to be the halo virial radius, within which
the average matter density is 200 times higher than the cosmic
mean value. For the latter mass scale, the boundary is defined as the
cloud radius, where the ratio of the enclosed mass to the local Jeans

mass (equation 1) has its maximum value. We present the statistical
analyses for the cloud properties calculated for the two mass scales.

4.1 Virial scale: DM mini-haloes

The distributions of the formation redshift and the virial mass of
mini-haloes are shown in Fig. 3. We see that most of the mini-haloes
form at z = 30–10 with Mvir = 2 × 105–1 × 106 M#. The virial
temperature of a star-forming halo is about Tvir " 1000 K,5 and thus
the virial mass is

Mvirial,3σ ∼ 4 × 105
(

1 + z

20

)−3/2

M# , (6)

which gives Mvir = 2.1 × 105 and 9.9 × 105 M# at z = 30 and 10,
in good agreement with the typical masses of our mini-haloes. As
shown in Fig. 3, the average halo mass increases with decreasing
redshift, which is also consistent with the redshift-dependence in
equation (6). We have more than 100 haloes per each redshift bin
in the range of z = 22–14, which allows us to study even redshift-
dependences of the properties of our samples.

One of the important quantities at the halo scale is the spin pa-
rameter, λ ≡ jvir/

√
2RvirVvir (following the definition of Bullock

et al. 2001), which characterizes the rotational degree of a halo.
Fig. 7 shows the spin parameters for both DM and baryonic com-
ponents and the relative angle of their angular momentum vectors.
The lognormal distributions and the time (redshift) evolution are
consistent with previous studies. At high redshift, the baryon spin
parameter is lower than that of DM. The distribution of baryon
spin parameter becomes close to that of DM at lower redshift (after
z ∼ 14) because of the momentum redistribution between the two
components (de Souza et al. 2013). The average angle is θ ave " 35◦,
suggesting that the spin vectors of the two components are roughly
aligned with each other in most haloes, although with a few excep-
tions whereby θ > 90◦. Interestingly, we find a trend that the offset
angle and the spin parameter are anticorrelated, i.e. the gas and the
DM components rotate differently in slowly rotating haloes.

5 This is the critical temperature for a primordial cloud to collapse with
efficient H2 molecular cooling which is weakly dependent on redshift (e.g.
Glover 2013). In fact, our samples of DM mini-haloes have temperatures
close to the critical value (see also Paper I).
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連星進化の不定性: 共通外層
・ロッシュローブを満たしたあとの質量輸送が不安定になる 
　→ 共通外層(common envelope)が起きる 

・軌道が縮まり、近接連星へ。もしくは合体。 

・宇宙年齢以内に合体する連星BH形成には重要 

・どの程度軌道が縮まるかを知りたい

ヘリウム 
コア

ヘリウム 
コア

伴星 伴星

伴星ヘリウム 
星

軌道が著しく縮まる
水素外層

水素の共通外層

伴星ヘリウム 
コア

合体することも

ロッシュローブ

質量輸送
質量輸送が
不安定な場合



共通外層の取り扱い
・シミュレーションが困難で、継続時間の短さから観測も難しい 
　⇒ 共通外層でどの程度軌道が縮まるかは分かっていない 

・エネルギー収支に基づく定式化(Webbink 1984): 

　 
　 

　αλの積が分かれば、共通外層後の軌道半径(af)がわかる 
　しかしα、λともに良い制限は得られていない 

・αλの積を一つのパラメータとして、色々な値を用いる

外層の束縛エネルギー
( でパラメトライズ)λ外層剥ぎ取りの効率

α (
GMc,donMacc

2af
− GMdonMacc

2ai ) =
GMdonMenv,don

λRenv
共通外層後の
軌道半径

af =
Mc,donMacc

MdonMacc+
2MdonMenv,don

αλRdon /ai

ai .⇒



本研究の目的
・将来の重力波観測で中間質量BHの観測が期待される 

・将来見つかる中間質量BHの起源解明のために、種々の進化経路 
　から質量分布等の観測量を調べておくことが重要 ⇒ 調べる 

・有力な起源として、Pop.IIIの孤立連星に着目 

・共通外層の不定性も取り入れて、影響を調べる



Method



手法: Population synthesis
・連星の種族合成 (binary population synthesis)を用いて調べる 

・各パラメータ(後述)ごとに、106個の 
　Pop.IIIの孤立連星の進化を追う 

・星形成史 (de Souza et al., 2011) 
　を採用し、合体頻度を求める

(rapid) binary population synthesisとは 
多数の連星の進化を追い、統計量(質量分布や合体頻度など)を求める。
恒星のパラメータ(光度、半径、コア質量など)を時間と初期質量の関数
として記述する fitting formulae 用いて、連星相互作用(質量輸送、
潮汐相互作用など)を取り入れた連星の進化を高速に多数追う。

星
形
成
率

 [M
⦿

 y
r-1

 G
pc

-3
]

赤方偏移

今回用いたPop.IIIの星形成史



連星の初期値と共通外層のパラメータ
・主星の初期質量M1の分布:  
　double power law 
　γ1=0, 1; γ2=1.5, 2, 2.5, ..., 5; 
　mc[M⦿]=100, 200, 300; 
　10M⦿ < M1 < 1500M⦿ 

・初期質量比qの分布: 一様 

・初期軌道半径aの分布: ∝ a-1 

・初期離心率: e = 0 (円軌道) 

・共通外層のパラメータ: 
　αλ=0.01, 0.1, 0.5, 1.0, 2.0, 5.0

log M1

lo
gI

M
F(

M
1) M−γ1

1

M−γ2
1

M1 = mc

共通外層後の軌道がより広く

初期質量M1 初期質量比q=M2/M1

初期軌道半径a, 離心率e

Pop.Iの観測結果を用いる

初期質量関数の模式図

af =
Mc,donMacc

MdonMacc+
2MdonMenv,don

αλRdon /ai

ai .
共通外層後
の軌道半径



Results



連星BHの分類
・中間質量BHを含む連星BH 
　├─中間質量BH + 中間質量BH 
　└─中間質量BH + 恒星質量BH 

・pair-instability mass gap (45-135M⦿)の上下で中間質量BH 
　と恒星質量BHを区別 

・それぞれのsub-populationについて、以下を紹介する。 
　- 主星BHの質量分布 
　- delay timeの分布 
　- 合体頻度



中間質量BH+中間質量BH



質量分布 (中間質量BH+中間質量BH)
・典型的質量 ~ 150̶300M⦿ 
・上限質量があり、αλが大きいほど小さく

重たい方のBHの質量 [M⦿]
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内
、
合
体
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た
連
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B
H
の
数 αλ = 0.01 αλ = 0.1 αλ = 0.5

αλ = 5.0αλ = 2.0αλ = 1.0

(IMFごとに分布を描画)



質量分布 (中間質量BH+中間質量BH)
・典型的質量 ~ 150̶300M⦿ 
・上限質量があり、αλが大きいほど小さく
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質量分布 (中間質量BH+中間質量BH)
・典型的質量 ~ 150̶300M⦿ 
・上限質量があり、αλが大きいほど小さく

αλ = 0.01 αλ = 0.1 αλ = 0.5

αλ = 5.0αλ = 2.0αλ = 1.0

~300M⦿~400M⦿~800M⦿

~900M⦿

~1300M⦿~1350M⦿

重たい方のBHの質量 [M⦿]
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上限質量はなぜ存在するか(前提知識)
・前提知識1/3: 
　ZAMS 質量 > 600M⦿ ⇒ 主系列星の段階で対流優勢に 
　中心光度の上昇により、星が十分に膨らむ
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対流優勢輻射優勢

主系列星の段階で膨らむ

HR図

赤→緑→青
の順に進化



上限質量はなぜ存在するか(前提知識)
・前提知識2/3: 
　対流優勢な星がロッシュローブを満たす ⇒ 共通外層が起きやすい 
　対流優勢な星と輻射優勢な星では半径の変化の仕方が異なる 
　対流優勢な星 → 短い時間スケールの間でもロッシュローブの外側 

・前提知識3/3: 
　主系列星が共通外層を起こす ⇒ 連星は生き残れない 
　コアと外層がないので外層の剥ぎ取りが止まらない

伴星 伴星

ロッシュローブ

質量輸送

主系列星



上限質量はなぜ存在するか

主系列

軌道半径が小さい
⇒ロッシュローブ半径も小さい

ロッシュローブ

伴星

軌道半径が大きい
⇒ロッシュローブ半径も大きい

伴星

主星がまだ主系列の段階で
ロッシュローブを満たす

ヘリウム
コア

水素外層

主星が主系列を離れた後に
ロッシュローブを満たす

伴星

共通外層
連星BHには
もうなれない

ヘリウム星連星

> 600M⦿

> 600M⦿

対流優勢

(∵ロッシュローブ半径 ∝ 軌道半径)

生き残れない

生き残れる
場合もある

対流優勢

共通外層

この↑シナリオを回避するためには

伴星

主系列

主系列



上限質量はなぜ存在するか
・>600M⦿の星が連星系として生き残るためには、主系列の段階で 
　ロッシュローブを満たさない程度に広い軌道が必要 

・重たい星ほど半径は大きい 
　⇒ 連星系として生き残るために、より広い初期軌道半径 
　⇒ 合体までの時間が長くなる 

・合体までの時間が宇宙年齢を超えないための初期質量が存在 
　= 上限質量

主星の ZAMS 質量~600M⦿ critical mass

重たいほど半径も大きい ⇒ 重たいほどより広い初期軌道半径が必要になる

合体までの時間~13.8Gyr

主系列 主系列 主系列 主系列主系列



質量分布 (再掲)
・典型的質量 ~ 150̶300M⦿ 
・上限質量があり、αλが大きいほど小さく

αλ = 0.01 αλ = 0.1 αλ = 0.5

αλ = 5.0αλ = 2.0αλ = 1.0

~300M⦿~400M⦿~800M⦿

~900M⦿

~1300M⦿~1350M⦿

重たい方のBHの質量 [M⦿]
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上限質量のαλ依存性
・共通外層後の軌道半径afとαλ (再掲): 

・αλの積の値が小さい 
　⇒ 共通外層でより軌道が縮まる 
　⇒ 広い軌道半径を要する重たい星も宇宙年齢以内に合体できる 
　⇒ 上限質量が大きくなる

af =
Mc,donMacc

MdonMacc+
2MdonMenv,don

αλRdon/ai

ai .



delay time分布 (中間質量BH+中間質量BH)

連星が生まれてから合体するまでの時間(delay time) [Myr]

αλ = 0.01 αλ = 0.1 αλ = 0.5

αλ = 5.0αλ = 2.0αλ = 1.0

100Myr

10Myr ~100Myr

・αλが大きい ⇒ 軌道半径が長く ⇒ 合体までの時間も長くなる

10
6 個
の
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の
内
、
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合体頻度 (中間質量BH+中間質量BH)
合
体
頻
度

 [G
pc

-3
 y

r-1
]

赤方偏移

αλ = 0.01 αλ = 0.1 αλ = 0.5

αλ = 5.0αλ = 2.0αλ = 1.0

合体頻度

連星形成率

・αλが大きい ⇒ 合体までの時間が長く ⇒ 近傍でより合体

z~4 ピークが近傍寄りに

近傍で
合体頻度=0

z~10

z~10

z~10

z~3



中間質量BH+恒星質量BH



進化経路(中間質量BH + 恒星質量BH)
・連星の初期パラメータ: 
　初期質量: 共に100̶200M⦿ 
　初期軌道半径: ~100R⦿ (非常に狭い) 

・共通外層を経由 

・αλが小さい ⇒ 共通外層で合体してしまう 
　⇒ αλ 1のときのみ形成可能≥

af =
Mc,donMacc

MdonMacc+
2MdonMenv,don

αλRdon/ai

ai .

MSMS

141M⦿150M⦿

a = 78R⦿

stable mass transfer

MS MS

MSCHeB

235M⦿
56M⦿

a = 176R⦿

a = 184R⦿

45M⦿

MS

235M⦿

BH

common envelope

BH

45M⦿

BH

136M⦿

a = 11R⦿

共通外層後
の軌道半径



進化経路(中間質量BH + 恒星質量BH)
・連星の初期パラメータ: 
　初期質量: 共に100̶200M⦿ 
　初期軌道半径: ~100R⦿ (非常に狭い) 

・共通外層を経由 

・αλが小さい ⇒ 共通外層で合体してしまう 
　⇒ αλ 1のときのみ形成可能≥

af =
Mc,donMacc

MdonMacc+
2MdonMenv,don

αλRdon/ai

ai .

MSMS

141M⦿150M⦿

a = 78R⦿

stable mass transfer

MS MS

MSCHeB

235M⦿
56M⦿

a = 176R⦿

a = 184R⦿

45M⦿

MS

235M⦿

BH

common envelope

BH

45M⦿

BH

136M⦿

a = 11R⦿

共通外層後
の軌道半径



進化経路(中間質量BH + 恒星質量BH)
・連星の初期パラメータ: 
　初期質量: 共に100̶200M⦿ 
　初期軌道半径: ~100R⦿ (非常に狭い) 

・共通外層を経由 

・αλが小さい ⇒ 共通外層で合体してしまう 
　⇒ αλ 1のときのみ形成可能≥

af =
Mc,donMacc

MdonMacc+
2MdonMenv,don

αλRdon/ai

ai .

MSMS

141M⦿150M⦿

a = 78R⦿

stable mass transfer

MS MS

MSCHeB
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56M⦿
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a = 184R⦿
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BH

common envelope

BH

45M⦿
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a = 11R⦿

共通外層後
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進化経路(中間質量BH + 恒星質量BH)
・連星の初期パラメータ: 
　初期質量: 共に100̶200M⦿ 
　初期軌道半径: ~100R⦿ (非常に狭い) 

・共通外層を経由 

・αλが小さい ⇒ 共通外層で合体してしまう 
　⇒ αλ 1のときのみ形成可能≥

af =
Mc,donMacc

MdonMacc+
2MdonMenv,don

αλRdon/ai

ai .

MSMS

141M⦿150M⦿

a = 78R⦿

stable mass transfer

MS MS

MSCHeB

235M⦿
56M⦿

a = 176R⦿

a = 184R⦿

45M⦿

MS

235M⦿

BH

common envelope

BH

45M⦿

BH

136M⦿

a = 11R⦿

共通外層後
の軌道半径



質量分布(中間質量BH + 恒星質量BH)
・質量分布の多様性はあまりない (初期質量が100‒200M⦿の範囲)

αλ = 5.0αλ = 2.0αλ = 1.0

αλ = 5.0αλ = 2.0αλ = 1.0

135—180 M⦿
135—180 M⦿ 135—180 M⦿

質量比 = 軽い方のBHの質量/重たい方のBHの質量

重たい方のBH(中間質量BH)の質量 [M⦿]

0.2—0.3 0.2—0.3 ~0.2—0.3
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・delay timeは短く、近傍での合体は生じない

合
体
頻
度

 [G
pc

-3
 y

r-1
]

赤方偏移

連星が生まれてから合体するまでの時間(delay time) [Myr]

αλ = 5.0αλ = 2.0αλ = 1.0

αλ = 5.0αλ = 2.0αλ = 1.0

合体頻度

連星形成率

~10Myr ~100Myr~1Myr

delay time/合体頻度(中間質量BH + 恒星質量BH)

z~10

z~7

どれも近傍で合体頻度=0
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検出率



将来観測での検出

共通外層のパラメータ, αλ

検
出
率

 [y
r-1

]
・aLIGO(O4)でも、一年から数年で一つ程度見つかるかもしれない 

・Einstein Telescopeが最も期待できて、O(102)yr-1ほどの検出率

年間1つの検出



aLIGOでの観測とαλ
・aLIGOで一つ観測と仮定 

・総質量=300̶500Msun: 
　αλ=0.1̶5.0でかつ 
　Pop.IIIの孤立連星で 
　説明可能 

・総質量>800Msun: 
　Pop.IIIの孤立連星で説明する 
　ためにはαλ=0.1のみが 
　許される。

観測された連星BHの総質量 [M⦿]
尤
度
比

 (L
ik
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)



まとめ
・Pop.IIIの孤立連星起源で中間質量BHを含む連星BHについて、 
　質量分布等を調べた。 

・中間質量BH同士の連星の質量には上限が存在し、αλ↗上限↘ 

・αλ 1のときのみ、中間質量BH+恒星質量BHは合体 

・Einstein Telescopeで O(102) yr-1程度観測可能 

・aLIGO(O4)の観測期間で1つくらい受かるかも

≥


