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provides decision rules and recommends reviews, where required, to ensure technical, scientific, and cost-
readiness prior to commitment of major resources. The survey also identifies a few future projects that are 
targets for significant investment in maturation for consideration by future decadal surveys, as 
summarized in Tables S.5 and S.6, column 2.  

A very large fraction of the astronomical community contributed to this survey through the 
almost 900 excellent science, activity, program, and state of the profession white papers and through 
active engagement in town hall meetings. The program laid out in this report represents a collective vision 
for the future and will require the engagement of a broad community to advance. 

FIGURE S.1  Timeline for the recommended medium and large programs and projects. The starting 
point of each, indicated by the logos, shows the projected start of science operations for missions and 
observatories, or the start date of the program. The boxes on the right show the survey’s three broad 
science themes, and the placement of the logos to the left of the boxes indicate which activities address 
the indicated theme. 

Tables S.1 to S.6 below summarize the survey’s recommended program, divided into tables that 
follow the chapter structure of the report. These tables are only intended to provide a capsule summary of 
the recommendations. The survey’s report provides detailed guidance on the implementation of major 
programs and emphasizes the range of scales and capabilities necessary for a healthy, balanced, and 
visionary program. The ordering of projects in the tables below does not indicate priority ranking. The 
body of the report provides guidance on which programs or projects are the most urgent and have highest 

Astro2020で採択されているサイエンスプログラムのうち、 
コンパクト天体関係は2020年代にオペレーションがある 
2030年代にかけて継続的に観測主体で進展する。

Astro2020より



コンパクト天体：2030年代サイエンスゴール

宇宙の物質の運命：星の進化と終焉の統一
超新星・GRBと恒星進化の統一、元素の起源、 
ブラックホールの統計(1万個の世界)

極限物理の実験場：一般相対論・標準モデルを超えたい
Hulse -Taylor，重力波，Sgr A*に続く更なる検証，
最高E宇宙線・ニュートリノ

新種の自然現象の探究
クエーサー，パルサー, GRB, X線連星, 1987Aニュートリノバースト 
潮汐破壊，FRB，BBH，キロノバなど10年スケールで増えてきた



2020-30年代の3つの軸
1. Time-domain: 突発天体から新たな天体の同定し、新しいサイエンス
を展開する。多波長が極めて重要。 

2. Multi-Messenger Time-domain: 重力波天体、ときどき電磁波対応
天体が見つかる。30年代後半にはニュートリノ天体も出てくる。 

3. Survey & Characterization: 天文サーベイデータからコンパクト天体
を発見し、質量などを詳細に決定する。（系外惑星の方法と類似）
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detect 10 million transient events with sub-arcsecond positional accuracy, sending triggers to telescopes 
around the globe and in space, to follow up with observations at other wavelengths and to correlate with 
observations using other messengers. This revolution is extending to a broader range of wavelengths 
outside the traditional optical and gamma ray bands. The Roman satellite will carry out a near-infrared 
supernova survey that will also likely discover new classes of infrared transients. Roman’s microlensing 
survey will allow characterization for the first time of the mass function of the majority of neutron stars 
and black holes in the galaxy. The extended Roentgen Survey with an Imaging Telescope Array 
(eROSITA) is carrying out the first all-sky X-ray survey since the Roentgen Satellite (ROSAT) in the 
early 1990s. Additionally, there is a tremendous increase in the number of international radio facilities 
searching for radio transients (e.g., CHIME, the Australian Square Kilometre Array Pathfinder (ASKAP), 
MeerKat). 

 

 
FIGURE 2.16  Types of optical transients, distributed in peak brightness and characteristic timescale, adapted from 
Cenko (2017). New wide-field optical surveys expected to come online this decade will surely populate this diagram 
with other transient exotica. SOURCE: Adapted by E. Quataert, with permission from Springer Nature: S.B. Cenko, 
20187, Astrophysics: The true nature of transients, Nature Astronomy 1:0008, https://doi.org/10.1038/s41550-016-
0008, copyright 2017. 
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• 多様な可視光突発天体が明らかに
なりつつある。(PTF, Pans, 
ASAS-SN -> ZTF) 

• これらと恒星・連星進化、宇宙の
物質進化が統一されていく。 

• 重力波・ニュートリノ突発天体と
のシナジーが約束されている。 

今後、10年 
Vera Rubin や Roman、サーベイ体
積が急激に増加 
• 既知の種族は大量に見つかる。 
• 希少なもの、暗いもので新しい種
族の現象にも期待。

© Brad Cenko
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新しい種族の突発天体を見つける：新しい領域へ(時間・波長)

速い天体

Near UV 0.1c, optical c

Near UV 0.001c, optical 0.01c

© Brad Cenko



Promising target: Shock Breakout
Jet or Shock Breakout? GRB 060218 5
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Figure 1. The origin of di↵erent components of the prompt and
afterglow emission in our model. The figure is not to scale. The
progenitor has a core-envelope structure. Mc ⇠ 2 M� is confined to
a core of Rc ⇠ 1011 cm (blue), while a mass Mext ⌧ Mc is contained
mostly near the edge of an extended envelope with Rext � Rc (pur-
ple). Upper left: A long-lived, dissipative jet tunnels through the
progenitor system. Upon breakout, it emits blackbody radiation
from radius Rph. Some thermal photons IC scatter from external
shocks (orange) or the jet interior (yellow) to create the Band-like
nonthermal component. The jet obtains terminal opening angle ✓0
and Lorentz factor �0 after breakout. Upper right: Fast SN ejecta
shock the envelope, heating it. The slower bulk of SN ejecta (red)
then lift the hot envelope (pink), which emits in the optical and
UV as it expands and cools. Lower left: The prompt X-rays un-
dergo scattering in a dusty region with inner radius Rd ⇠ tens of
pc and X-ray scattering optical depth ⌧d. The resulting light echo
outshines the synchrotron afterglow, giving rise to a characteristic
soft spectrum. Lower right: External shock synchrotron emission
from the mildly relativistic phase of the jet generates the radio
afterglow.

is worth considering. Motivated by this, we consider the case
where the early optical emission is powered by interaction of
the SN ejecta with a circumstellar envelope, but the prompt
X-rays originate from a long-lived jet.

4 A COMPREHENSIVE MODEL FOR GRB
060218

A schematic of our model is presented in Figure 1. The es-
sential physical ingredients are a long-lived jet, an extended
low-mass circumstellar envelope, and a modest amount of
dust at tens of parsecs, which are responsible for the prompt
X-rays/radio afterglow, early optical, and X-ray afterglow,
respectively. Below we consider the origin of each observed
component in detail, and show that a reasonable match to
observations can be obtained for appropriate choices of the
progenitor, jet, and CSM properties.

4.1 Prompt thermal emission

The thermal X-ray component is a puzzling aspect of GRB
060218, and it is not unique in this regard. A recent review
by Pe’er (2015) lists a number of typical GRBs for which a

Band + blackbody model improves the spectral fit, which has
been claimed as evidence for thermal emission. Burgess et
al. (2014) have also found evidence for thermal radiation in
several other bursts. In fact, Axelsson & Borgonovo (2015)
have recently suggested that most bursts must contain a
broadened thermal component, because in the majority of
observed bursts, the full width half maximum of the spectral
peak is narrower than is physically possible for synchrotron
radiation. Although prompt thermal radiation is observa-
tionally indicated, the physical origin of this emission is yet
unclear. One possible source of thermal X-rays is a jet-blown
cocoon, although the flat early light curve of GRB 060218
and GRB 100316D is hard to explain in this case (Pe’er
et al. 06; Starling et al. 2012; see also Ramirez-Ruiz et al.
2002). Another possibility is that the blackbody emission is
produced at the transparency radius in a dissipative jet out-
flow, as discussed in the context of GRB 060218 by Ghisellini
et al. (2007a) and Ghisellini et al. (2007b). Here we consider
the latter scenario.

Paczynski (1990), who considered photospheric emis-
sion from super-Eddington neutron star winds, showed that
the photospheric radius in a spherical mildly relativistic out-
flow is Rph = (Ṁiso/4⇡⌧ph�c)(1��), where Ṁiso is the isotropic
mass loss rate, c is the speed of light, � is the the wind ve-
locity in units of c,  is the opacity, and ⌧ph ⇡ 1 is the optical
depth at the photosphere. Let Lth and T0 be the observer-
frame luminosity and temperature, and define the Lorentz
factor � = (1 � �2)�1/2. Then the comoving luminosity and
temperature are L̄th = (1 + �2)�1��2

Lth and T̄0 = ��1
T0. (Here

and below, a bar indicates that a quantity is measured in the
frame comoving with the engine-driven outflow.) Substitut-
ing L̄th, T̄0, and Rph into the Stefan-Boltzmann equation, one
may derive Ṁiso in terms of the observables Lth and T0:

Ṁiso =
c⌧ph



 
4⇡Lth

�BT
4
0

!1/2
��

(1 � �)(1 + �2)1/2 , (1)

where �B is the Stefan-Boltzmann constant.
Based on observations of the thermal component in

GRB 060218, we take the luminosity to evolve as a power
law, Lth = L0(t/tL)k, before some time tL, and to decline ex-
ponentially as Lth = L0e

(tL�t)/t f old after tL. An empirical fit to
the data of Campana et al. (2006) gives L0 ⇡ 1046 erg s�1,
tL ⇡ 2800 s, and t f old ⇡ 1140 s. Liang et al. (2006) found
k ⇡ 0.66 by fitting the thermal component in the 0.3–2 keV
band. We set the temperature to a constant, T0, and define
⇠ = T0/(0.17 keV). For simplicity, we assume the outflow is
injected at a constant Lorentz factor; this is supported by
the near constant observed temperature, as otherwise the
comoving temperature would have to vary in such a way to
precisely cancel the change in �. Scaling L0 to 1046 erg s�1

and  to 0.2 cm2 g�1, and setting ⌧ph = 1, the mass loss and
kinetic luminosity Liso = (� � 1)Ṁisoc

2 prior to tL are

Ṁiso(t) = 1.3 ⇥ 10�9�1
0.2L

1/2
0,46⇠

�2(t/tL)k/2��3
M� s

�1 (2)

and

Liso(t) = 2.3 ⇥ 1045�1
0.2L

1/2
0,46⇠

�2(t/tL)k/2��3(� � 1) erg s�1. (3)

We have assumed the Lorentz factor � of the outflow is large
enough that the approximation (1 � �)�1(1 + �2)�1/2 ⇡

p
2�2

applies; at worst, this di↵ers from the exact expression by
a factor 21/2 when � ! 0. The isotropic mass and energy of

MNRAS 000, 1–28 (2015)
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• 衝撃波が星を突き破る際の光 (典型的にはsoft X, UV) 
• 爆発を引き起こした星が何者かわかる 
• 突発天体のフロンティアの一つ



UV 突発天体

• ULTRASAT: near UV, FoV~200 deg2, ~22 mag (AB), cadence min ~ months   

• Dorado: 1000 deg2 every 3hr, ~20 mag (AB) 

• SIBEX: Wide-field X-ray + far UV follow-up. 

• LAPYUTA: 10 arcmin, 23 mag

UVサーベイ： 
• discovery spaceが広い 
• Shock breakout の観測に最適 
• キロノバ の初期の信号を捉える 
• 後期は可視・赤外で明るいはずで、Followup観測をやりやすい
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Cenko (2017). New wide-field optical surveys expected to come online this decade will surely populate this diagram 
with other transient exotica. SOURCE: Adapted by E. Quataert, with permission from Springer Nature: S.B. Cenko, 
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新しい種族の突発天体を見つける：新しい領域へ(時間・波長)

速い天体

遅い電波天体



今後 電波突発天体も出てくるMID-SCALE RI-1 (M1:DP): THE DSA-2000: DESIGN AND DEVELOPMENT

DSA-2000 artist’s impression, and a comparison between the DSA-2000 and other current (small squares) and planned
(large squares) radio telescopes (SKA-I Mid- Mid-frequency Square Kilometre Array; ASKAP- Australian SKA
Pathfinder; JVLA- Very Large Array; GBT- Green Bank Telescope; FAST- Five Hundred meter Spherical Telescope).

Concept: The DSA-2000 is a proposed world-leading radio survey telescope and multi-messenger discov-
ery engine, with first light in 2026 (Hallinan et al. 2019). The concept is submitted to the Astro2020 Decadal
Survey, with construction to be proposed via NSF Mid-scale Research Infrastructure-2 (MSRI-2). The total
cost will be $96 million, which assumes 70% from NSF, and 30% from partners. The project and a detailed
Basis of Estimate (available upon request) were presented to the Astro2020 RMS Panel on Feb 4, 2020.
This proposal requests $X.X million to complete the DSA-2000 design.
Innovation: The DSA-2000 is enabled by ground-breaking ambient-temperature receivers and low-cost an-
tenna platforms, based on established technology demonstrated via the DSA-10 and the NSF/MSIP-funded
DSA-110 precursor arrays. The DSA-2000 breaks a barrier in imaging performance with radio arrays, im-
plementing a “radio camera” to deliver science-ready images in real-time via a streaming GPU platform.
Survey Design: In the era of epochal astronomical surveys (e.g., with the Rubin Observatory, SPHEREx,
SRG/eROSITA), the DSA-2000 will serve the US research community with world-leading radio survey data
to address community-identified priority science questions. During a five-year prime phase, 65% of the time
will be used for a 16-epoch all-sky survey (500 nJy/beam rms noise). Science-ready images and catalogs
will be delivered to the research community with no proprietary period. 25% of time will be used to survey
the nanoHertz gravitational-wave (GW) sky through pulsar timing (US-led NANOGrav collaboration). The
remainder will be split between daily observations of Rubin Observatory deep fields (5%), and a systematic
search for electromagnetic counterparts to neutron-star mergers detected by LIGO/Virgo/KAGRA (5%).
Community Benefit: A new generation of GHz-frequency radio telescopes have emerged around the world
in the past decade. ngVLA sentence These include ASKAP, MeerKAT, Apertif, FAST and in the future,
the SKA-mid array (construction completed in 2028). With limited or no access to these telescopes, the
US cedes leadership in this domain, further exacerbated by the recent loss of the Arecibo Observatory. As
shown in the figure above, the DSA-2000 will survey the skies at a rate that is ⇠ 1000⇥ the current state
of the art in the US (the VLA), ⇠ 100⇥ the current state of the art worldwide (MeerKAT), and ⇠ 10⇥ any
array in development. The DSA-2000 data products will bypass the growing data deluge problem in radio
astronomy, enabling broader community access to the radio sky.

1

© Gregg Hallinan

• 電波は通常、突発天体を追加観測に用いられてきた (FRBなど短いものを除く) 
• しかし、2030年代には、サーベイ速度が現在の100-1000倍！！！ 
• おそらく、相対論的な突発天体が一網打尽



2020-30年代の3つの軸
1. Time-domain: 突発天体から新たな天体の同定し、新し
いサイエンスを展開する。多波長が極めて重要。 

2. Multi-Messenger Time-domain: 重力波天体、ときどき
電磁波対応天体が見つかる。30年代後半にはニュートリ
ノ天体も出てくる。 

3. Survey & Characterization: 天文サーベイデータ（Gaia
など）やコンパクト天体を発見し、質量などを詳細に決
定する（系外惑星の方法と類似）。



Abbott et al. ApJ,  2017
Gravitational waves

(2017 Aug 17.5) 
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(~15 uJy @ 3 GHz)
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Kilonova  
(radioactivity of r-process elements) 
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(shock between outflows and the ISM)

重力波の電磁波対応天体 (キロノバ )



キロノバのサイエンス

• 重元素の起源を理解できる鍵 

• 同定するだけで、重力波による宇宙論が進む



Lesson from GW170817 
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-3
3 4.5 days

Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
model’s Sr lines are shown, with the blueshift indicated by arrows. Green dotted
lines show the Gaussian emission profiles added to ensure the overall continuum
is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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• 可視領域には構造が少ない。 
• Sr II? P-Cygniが見えるが、かなり広がって
いる。 

• 膨張速度 ~ 0.1c 程度。 
• 中分散で良い 
• 狭い波長域の分光データは使いにくい。 
• 可視から近赤外までカバーしたデータが極
めて有用だった（VLT X-shooter） 

• 今後、可視ピーク~1日, T~5000K, λ<8000A
に構造がない天体を探せば良い。

Mpeak ~ 17 mag at 40 Mpc (GW170817) 
        -> 21 mag at 200 Mpc (O4 2022~) 
        -> 22 mag at 330 Mpc (O5 2025~?) 
        -> 25 mag at >1 Gpc (３G 203?)



ランタノイドは特殊な構造を持つため 許容遷移 ~ eV 程度まで存在 
-> 可視-近赤外(~1μm)付近まで弱い許容遷移による吸収線がたくさん。 

λ >~ 1μm の禁制線からなる構造が１週間後くらいには出てくるはず 

可視から中間赤外(~20μm)まで広くカバーする分光・測光データがあると素晴らしい。 
(例：JWSTだと100Mpcくらいまで構造を分解可能) 

元素の特定に向けて：準黒体から輝線期へ

10

20

30

40

50

60

F
�

[1
0�

17
er

g
s�

1
cm

�
2

Å
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
model’s Sr lines are shown, with the blueshift indicated by arrows. Green dotted
lines show the Gaussian emission profiles added to ensure the overall continuum
is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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Figure 8. Kinetic temperature evolution for the dynamical ejecta model (left: "ej = 0.02"� and E0 = 0.22) and slow wind model (right: "ej = 0.05"� and
E0 = 0.052). The fiducial model (wind) is also shown as a dash-dotted curve for comparison. The time scales on which the ejecta enters the nebular phase for
the dynamical ejecta and slow models are ⇡ 10 day and 70 day, respectively.
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Figure 9. Normalized spectra for Nd II, Nd III, and Nd IV. Here we use a kinetic temperature of )4 = 4500 K, an electron density of =4 = 1.6 · 104 cm�3, and
electron fraction of j = 1. These values roughly correspond to those around 40 day after merger in the fiducial model. Solid, dashed, and dash-dotted curves
depict the total spectrum, the contribution of E1 transitions, and the contribution of M1 transitions, respectively. Also shown as vertical lines are individual E1
(blue) and M1 (red) lines. The Doppler broadening of each line at a frequency a8 is incorporated by using a Gaussian distribution with a standard deviation of
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Figure 10. Spectra for the fiducial model at 40 day (left) and 80 day (right) after merger. The contributions of Nd II, Nd III, Nd IV are also shown. Filled
circle and triangle are the detection at 4.5 `m and 3f upper limit at 3.6 `m obtained by Spitzer telescope at 43 day (left) and 74 day (right) after GW170817
(Kasliwal et al. 2019).
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GW170817 残光・超光速度運動

Figure 1: Proper motion of the radio counterpart of GW170817. The centroid offset posi-

tions (shown by 1� errorbars) and 3�-12� contours of the radio source detected 75 d (black)

and 230 d (red) post-merger with Very Long Baseline Interferometry (VLBI) at 4.5 GHz. The

two VLBI epochs have image RMS noise of 5.0 µJy beam�1 and 5.6 µJy beam�1 (natural-

weighting) respectively, and the peak flux densities of GW170817 are 58 µJy beam�1 and 48 µJy

beam�1 respectively. The radio source is consistent with being unresolved at both epochs. The

shape of the synthesized beam for the images from both epochs are shown as dotted ellipses to the

lower right corner. The proper motion vector of the radio source has a magnitude of 2.7± 0.3 mas

and a position angle of 86o ± 18o, over 155 d.

Day 75Day 240

• GRB ジェットの運動を始めて分解 
• ジェットのローレンツ因子 > 4 
• ジェットに対する見込み角 ~ 20度 
• この観測、実は、スペースなら可視・赤外でも可能

VLBI H0 from GW + VLBI

Mooley,..KH, 18
KH+, 19



キロノバ Golden observation
t=0 重力波検出 
(t~1sec GRB) 
~ 1hr UVでキロノバ 発見 
            ジェットとエジェクタの相互作用がわかる 
~ 数hr - 数ヶ月 可視・赤外測光 
            キロノバ のエネルギー源を特定　(β崩壊、核分裂、中心エンジン?) 
~ 数日~ 数ヶ月 可視・赤外分光 
              可視近赤外の強い吸収線・輝線から元素特定 
              放射性崩壊で崩壊で消えていく成分も見つかる 
~ 数日 ~ 数年 電波, 可視, X線で残光 
               ジェットの構造や粒子加速に関する知見 
~ 数ヶ月 電波・可視でジェット超光速度運動を分解 
               ジェットのローレンツ因子を測り、連星合体に対する見込み角を決定 
~ 数年 電波でキロノバ 残骸を分解 
              キロノバ エジェクタの構造を得る

※これは30年代には完了してるかもしれない



第三世代と重力波天文学
第３世代の地上干渉計（2030年代） 
- 中性子星合体は毎日10個、典型的な距離が1Gpcを優に超えてくる。 
- 初代星由来のBBHもあれば見つかる（z~10）

2. 標準サイレン宇宙論（z~1） 
- GRBを特定する（5％が付随すれば、年間～100回） 
- 可視・赤外の測光・分光追観測でキロノバを確認して、母銀河の赤方偏移 
- 宇宙の膨張率をz~1くらいまで正確に測る。（電波だともっと遠くまで行くか、Dobie KH＋21）

3. 重力波のstrong lensing　(Oguri 18, 19) 
-  年間O(100) 
- 中性子星合体の電磁波対応天体と組み合わせれば宇宙論、基礎物理に対する強
力なProbeになる。strong lensと判明してからの観測でよければ、電波，SKA, 
ng-VLA, DSA2000

1. 近傍イベント. D=O(100Mpc) 
- できるだけ早く見つけて詳細な観測（X or UV -> opt/IR -> X-radio）
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FACILITIES FOR OBSERVING EM COUNTERPARTS TO GWS

Table 2.2: Present (P) and future (F) EM facilities that are able to observe faint/distant counterparts to GWs.
Detection Limit (DL, 1 hr exposure time) for UV, optical, and near-IR facilities are expressed in AB magnitudes,
for X-rays in 10�16 ergs�1 cm2, and for radio in µJy. Distance reach (D in Mpc) of facilities for GW170817-like
events are also shown.

Facility DL D
Gamma-rays Fermi P S/N 5 80

AMEGO F S/N 5 130
Swift P S/N 5 ⇠80
Chandra P 30 150

X-rays ATHENA F 3 480
Lynx F 6 450
STROBE-X F S/N 5 120

UV HST (im) P 26 2000
HST (spec) P 23 400

Optical Subaru P 27 3200
Imaging LSST F 27 3200

IR WFIRST F 27.5 4800
Imaging Euclid F 25.2 1700

Facility DL D
Keck/VLT 23 500
Gemini Obs. 23 500

Optical GMT F 25 1265
Spec. TMT F 25.5 1592

E-ELT F 26 2005
Keck/VLT 21.5 481

Infrared GMT F 23.5 762
Spec. TMT F 24 960

E-ELT F 24.5 1208

Radio

VLA (S) P 5 91
ATCA (CX) P 42 51
ngVLA (S) F 1.5 353
SKA-mid (L) F 0.72 634

produce prompt EM signals or even precursors? What is the distribution of the time delays between the EM
and GW signal arrival times? What are the characteristics of a jet from a NS-BH merger? A census of NS
binary mergers, and full GW and EM coverage of the signals, joint multimessenger parameter inference
will be key in understanding the physical origin of jets, ubiquitous around relativistic sources. For the first
time, a direct measurement of the BH spin in a source emitting a collimated jet, will enable to establish the
close correlations between the jet power, the spin and the inflow rate from the debris disk, which determines
the conditions for launching the jet. The sensitivity of gamma-ray, X-ray and radio telescopes will enable
studying jet physics out to 500 Mpc, thus requiring a sample of the order of a thousand events localized to
better than few square degrees to map the full parameter space provided by the 3G network.

2.5 Outlook for Extreme Matter and Extreme Environments
Observations of BNS and NS-BH mergers with a network of 3G detectors will transform our understanding
of the fundamental properties of matter in unexplored regimes of density and temperature and, in conjunction
with EM facilities, will address longstanding questions about the formation of heavy elements in the universe,
the central engines of highly energetic EM transients, and the formation and evolution of NS binary systems.

SCIENCE REQUIREMENTS

The unique capabilities of 3G detectors required to accomplish these science goals are:
• an order-of-magnitude greater sensitivity than 2G detectors enabling observations of the NS

binary population in the cosmos and measurements of loud-source properties with exquisite
accuracy,

• a wider frequency range than 2G detectors that will allow tracking the entire GW signals from
the inspiral through the merger, tidal disruption and beyond, and

• synergies with panchromatic EM facilities, that will be critical to fully capitalize on the rich
multimessenger science potential of these sources for cosmology, fundamental physics, and
astrophysics.

The next global generation gravitational wave observatory science book 
単純には、HSC, LSST, Romanでキロノバ探査が有力



2020-30年代の3つの軸
1. Time-domain: 突発天体から新たな天体の同定し、新し
いサイエンスを展開する。多波長が極めて重要。 

2. Multi-Messenger Time-domain: 重力波天体、ときどき
電磁波対応天体が見つかる。30年代後半にはニュートリ
ノ天体も出てくる。 

3. Survey & Characterization: 天文サーベイデータ（Gaia
など）やコンパクト天体を発見し、質量などを詳細に決
定する。（系外惑星の方法と類似）



• 現在、重力波BHの数 ~ 100  これから定常的に増え続ける(104 個第３世代)。

• 銀河系の電磁波から見つかっているBHが15ほど。

• 銀河系に存在するはずの1億個ほどのBHはどこに眠っているのか？



• eROSITA: X線連星, ~300(Doroshenko+ 14)、孤立BH (Kimura, 

Kashiyama, KH 21) 

• TESS: BH＋主系列, a few x 100 (Masuda & KH 19) 

• Gaia: Astrometric BH連星, 100 - 105 (e.g., Mashian & Loeb 17, 

Yamaguchi+18, Yallnewich..KH,18) 

• Vera Rubin: マイクロレンズ BHs, ~105 (Natasha & Takada 20)

電磁波BHの数が再び重力波BHの数を上回る可能性もある

眠っているBHの探査の展望



22 T. Jayasinghe et al.

Figure 16. BH masses as a function of orbital period for X-ray binaries (black), non-interacting binaries in globular clusters (blue; Giesers et al. 2018, 2019) and
non-interacting binaries in the field (red; Thompson et al. 2019; Jayasinghe et al. 2021b). The BH masses and periods for the X-ray binaries are from Tetarenko
et al. (2016). From the limited sample of non-interacting compact objects in the field, we see hints that the typical non-interacting BH masses are lower than
expected from the mass distribution of the X-ray binaries.

Table 9. Comparison of the possible scenarios involving stellar companions (*), white dwarfs (WD), neutron stars (NS) and black holes (BH) that can explain
the nature of the companion. We assumed "comp ' 3.0 "� from the PHOEBE model with 'giant = 29 '� (§3.3, Table 6). A ‘3’ indicates that the scenario
is possible, a ‘?’ indicates that while the scenario is technically possible, it is very unlikely and a ‘7’ indicates that the scenario is ruled out. The simplest
explanation is that of a single low mass black hole, indicated with ‘33’.

Dark Companion Possibility Comment

Single Star ? Hot, main sequence companions ruled out by SED limit ("⇤ . 1.4 "�).

Single WD 7 WD will exceed Chandrasekhar limit ("WD > 1.4 "�).

Single NS 7 NS will exceed maximum mass ("NS > 2.3 "�).

Single BH 33 Simplest explanation.

†Star + Star 7 Ruled out by SED limit ("binary . 2.6 "�).
†Star + WD 7 For "⇤ . 1.4 "� , the WD mass exceeds Chandrasekhar limit.
†Star + NS 7 For "⇤ < 1.4 "� , the NS mass exceeds 2.2"� .
†Star + BH 7 For "⇤ < 1.4 "� , the BH mass should be "BH > 2.8 "� .

†WD + WD 7 Both WD components exceed Chandrasekhar limit.
†NS + WD 7 NS mass is in the observed range if "WD > 0.8 "�
†BH + WD 7 BH mass is even lower than with no WD.
†NS + BH 7 The BH must have a NS-like mass.
†NS + NS 7 Both NS components should have "NS & 1.2 "� , so @inner & 0.67.
†BH + BH 7 The BHs have NS masses.

† Disfavored because the orbital motion of an inner binary will dominate over the reflex motion of the giant’s orbit
observed in our spectra.
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今は少ししかないが、10年~20年後には、HR図のように

たくさんのブラックホールで埋まる。

Thompson

眠っているBHの探査の現状 

マイクロレンズ天体も！MOA-11-191/OGLE-11-0462       BH  or NS (Sahu+22, Lam+22)                                                     



20年後、コンパクト天体どうなるか？

第３世代の地上干渉計（観測的宇宙論と連携） 
- 中性子星合体は毎日10-100個。 
- 標準サイレン宇宙論が赤方偏移2まで伸ばせるか。(GRB & 電波) 
- 重力レンズ重力波が出てくる。 
- できる多く、遠くの対応天体を特定できる装置・戦略が重要になる。

超新星爆発と恒星進化 
- ショックブレークアウトなどから、超新星の多様性と恒星進化が結びつく。 
- GRBジェット駆動条件、爆発せず重力崩壊で消える条件が判明。

サーベイ天文学（系外惑星探査と連携） 
- ブラックホールが1万個観測され、BBHマイクロレンズや自己レンズする

BH連星などか連星進化や重力理論のテストができる。

その他 
- LISA, TianQin, DECIGOから新たな重力波天体、IceCube-Gen2からニュー
トリノ天体が見つかる。 

- フォローアップ観測には膨大な突発天体から適切な選択が必要。


