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時間領域天文学とは？

時間的に明るさが変動する天体や 
突発的に現れる天体を対象にする天文学

1.  定常成分がある場合  

      ==> 変光星、変動天体 

2.  突然現れる場合  

　  ==> 突発天体 (新星、超新星、ガンマ線バーストなど)

変動のタイムスケール < 人類のタイムスケールなら 

全て対象となりうる



(例 1) 星の形成

おうし座分子雲 
理科年表 h#ps://www.rikanenpyo.jp/kaisetsu/tenmon/tenmon_009_2.html

分子雲の自由落下時間 ~ 106 年

Tタウリ星

https://www.rikanenpyo.jp/kaisetsu/tenmon/tenmon_009_2.html


若い星 (Tタウリ星)
S. H. P. Alencar et al.: Accretion dynamics and disk evolution in NGC 2264
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Fig. 1. A sample of 6 CTTS light curves from the COROT observation of NGC 2264. F0 corresponds to the maximum flux value of each LC. Light
curves a and b have been classified as spot-like, c and d as AA Tau-like, and e and f as irregular.

a typical U − V excess of −1.69 ± 0.57 mag. Using the one σ
upper boundary in each spectral type range as a threshold for
differentiating CTTS from WTTS (−0.58 for K0-K6, and −1.12
for K7-M3), we selected 7 stars as CTTSs based only on their
U − V excess. While the value of −0.5 mag proposed by Rebull
et al. (2002) seems to be adequate for stars in the K0-K6 spectral
range, it is apparently too large for selecting K7-M3 CTTSs in
NGC 2264.

We found 83 CTTSs among the 301 observed cluster mem-
bers and we present in Table 1 the data used to make the
CTTS classification. The Hα equivalent width was taken from
Rebull et al. (2002) and Dahm & Simon (2005), except for
six stars (CID 223957455, 223959618, 223964667, 223968688,
223991832, 223994721) for which we measured the Hα equiv-
alent width ourselves, using high resolution hectoechelle spec-
tra kindly provided by Gabor Fűrész. The U − V excess data
were obtained from Rebull et al. (2002) and Fallscheer &
Herbst (2006) (a data table was kindly provided by Cassandra
Fallscheer), and the Hα width at 10% intensity was taken from
Fűrész et al. (2006).

Some CTTSs selected based on their U − V excess had Hα
values smaller than 10 Å and would therefore not be selected as
CTTS based only on their Hα equivalent width. However, their
U − V excess values are smaller than our established threshold
values and in the same range as many other systems with either
Hα equivalent widths greater than 10 Å or Hα widths at 10%
larger than 270 km s−1. We took into consideration that both Hα
equivalent width and U −V excess are strongly variable in these
stars and were not measured simultaneously. It therefore appears
reasonable to use both criteria to select possible CTTSs.

3.2. Morphological light curve classification

We searched for periodical variations in the LCs of the ob-
served CTTSs, using the Scargle periodogram as modified by
Horne & Baliunas (1986), and found that 51 of 83 CTTSs ex-
hibited periodical variability. Periodic LCs were divided into

two groups: group PI, containing sinusoidal-like LCs with a sta-
ble shape from cycle to cycle, and group PII, flat-topped LCs
with a clear maximum interrupted by minima that varied in
width and depth from cycle to cycle. The variations in group PI
are associated with long-lived spots with lifetimes of at least of
weeks, while group PII is associated with AA Tau-like systems,
where most of the variability is caused by the obscuration of
the stellar photosphere by circumstellar disk material. The non-
periodical LCs (group NP) may be due to either obscuration by
non-uniformly distributed circumstellar material or non-steady
accretion, or both.

A total of 83 CTTSs belonging to NGC 2264 were observed
by CoRoT, 28 of which were classified as spot-like (group PI),
23 as AA Tau-like (group PII), and 32 as irregular (group NP). A
sample of light curves of each type is shown in Fig. 1. In Fig. 2,
we present the periodical LCs of Fig. 1 folded in phase with
the periods determined with the Scargle periodogram as modi-
fied by Horne & Baliunas (1986). We note the stability of the
spot-like LCs (Figs. 1 and 2a and b) on the timescale of the ob-
servations, which makes them, in general, easily distinguishable
from the AA Tau-like ones (Figs. 1 and 2c and d). Among the
irregular LCs, some more closely resemble variable accretion
events (variable hot spots, Fig. 1e) and others obscuration by
non-uniform circumstellar material (Fig. 1f), but it is difficult
to decide which process is the dominant one based only on the
CoRoT light curves without any color information. Therefore
we did not make any additional attempt to classify the irregular
systems.

We measured the variability amplitude of a LC as ((Fluxmax−
Fluxmin)/Fluxmedian) × 100. In our sample, the observed CTTS
variability amplitudes range from 3% to 137%, excluding flaring
events. The variability amplitude of spot-like LCs is generally
between about 10% and 15% and most of the stars that have a
variability amplitude larger than 20% have LCs most likely pro-
duced by the obscuration of the stellar photosphere by circum-
stellar material (AA Tau-like). The AA Tau system variability
amplitude, measured from data in the literature, is 76% and 8 of
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10日

10日

- 星表面のhot spot  

- 星周円盤による遮蔽 

(自転周期) 

~ 10日程度の 

タイムスケール

Alencar et al. 2012
h#p://abyss.uoregon.edu/~js/ast122/lectures/lec13.html

(例 1) 星の形成



(C) R. Hurt

銀河回転の周期 ~ 108 年

(例 2) 銀河



(例 2) 銀河

Urry 95

活動銀河核

epochs are given in columns (2) and (3), respectively. The number
of data points and the average andmedian intervals for the V band
are given in columns (4), (5), and (6), respectively, and those for
the K band are given in columns (7), (8), and (9). The maximum
interval corresponds to the sampling gap due to solar conjunction.
The average interval is longer than the median because of sam-
pling gaps of threemonths due to solar conjunction and occasional
blanks of several weeks caused by bad weather or facility main-
tenance. The median interval of 3–5 days over 2–3 yr is much
shorter than any othermonitoring observations in the near-infrared.
Because of changing weather conditions and/or sudden problems
with the instruments, there are cases for which the observations
were successful in theV band but not in theK band, and vice versa.
Therefore, the number of V-band data points does not necessarily
coincide with that for the K band.

The statistics that characterize the observed variability in the
Vand K bands are given in Table 7. The values in this table were
calculated after the offset flux of the host galaxy in the aperture
was subtracted. For each target AGN, the average flux h f i, the
maximum to minimum flux ratio Rmax, and the normalized vari-
ability amplitude Fvar are given. Here we define Fvar as the vari-
ance of the flux !, corrected for the measurement uncertainty ",
divided by the average flux,

Fvar ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!2 " "2

p

fh i
; ð2Þ

where

!2 ¼ 1

N

XN

i¼1

fi " fh ið Þ2; ð3Þ

"2 ¼ 1

N

XN

i¼1

"2i : ð4Þ

It is evident from the values of Fvar in this table that the four
AGNs underwent significant V and K variations during our
monitoring observations.

3.2. Optical Variation

Comparison of flux variations between the B and V bands for
each AGN indicates that their long-timescale variations, as well

Fig. 6.—Optical to near-infrared spectral energy distributions (SEDs) for the
target nuclei, where the host galaxy contribution has been subtracted. The fluxes
shown are averaged over all observing nights. The error bars include the rms
flux variations and subtraction errors. The number below each object name is the
offset value to log f# .

Fig. 7.—Observed BVHK light curves of the NGC 5548 nucleus for the
period from 2001 March to 2003 September.

Fig. 8.—Observed BVJHK light curves of the NGC 4051 nucleus for the
period from 2001 January to 2003 July.

Fig. 9.—Observed BVJHK light curves of the NGC 3227 nucleus for the
period from 2001 November to 2003 June.

REVERBERATION RADIUS OF INNER DUST TORUS 51No. 1, 2006

変動 
100日

降着円盤の変動タイムスケール ~ 1年

Suganuma et al. 2006
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(例 3) 超新星爆発

拡散タイムスケール

放射性崩壊 
タイムスケール



時間領域天文学観測



 1930-1950年代

パロマー 46cm望遠鏡 

初めての系統的な超新星探査

ツヴィッキーら

(C) Caltech



超新星発見の歴史 CBAT  
= Central Bureau for Astronomical Telegrams

h#p://www.cbat.eps.harvard.edu/lists/Supernovae.html

h#p://proMimobrien.com/2014/02/supernova-2014j-in-m82/

http://www.cbat.eps.harvard.edu/lists/Supernovae.html
http://proftimobrien.com/2014/02/supernova-2014j-in-m82/
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突発天体を見つけよう レベル1 (肉眼)



突発天体を見つけよう レベル1 (肉眼)



突発天体を見つけよう レベル2 (50cm望遠鏡)

(C: Rod Pommier 
 hRps://www.sbig.com)

~10 arcmin

https://www.sbig.com


正解

(C: Rod Pommier 
 hRps://www.sbig.com)

https://www.sbig.com


Publications of the Astronomical Society of Japan, (2019), Vol. 00, No. 0 3

Fig. 1. Summary of typical survey depth (in the optical band) and area for long-term transient surveys: All-Sky Automated Survey for Supernovae (ASAS-SN,

Kochanek et al. 2017; Holoien et al. 2017); Asteroid Terrestrial-impact Last Alert System (ATLAS, Tonry et al. 2018); Evryscope (Law et al. 2015); Catalina

Real-Time Transient Survey (CRTS, Drake et al. 2009; Djorgovski et al. 2011); Palomar Transient Factory (PTF, Rau et al. 2009; Law et al. 2009); Zwicky

Transient Facility (ZTF, Bellm et al. 2019); Kiso Supernova Survey (KISS, Morokuma et al. 2014); Skymapper (Keller et al. 2007; Scalzo et al. 2017); La Silla-

QUEST Low Redshift Supernova Survey (Baltay et al. 2013); Sloan Digital Sky Survey (SDSS, Frieman et al. 2008); Pan-STARRS1 (PS1, Rest et al. 2014);

Supernova Legacy Survey (SNLS, Astier et al. 2006); ESSENCE (Miknaitis et al. 2007); Dark Energy Survey (DES, D’Andrea et al. 2018); Subaru/XMM-

Newton Deep Survey (SXDS, Morokuma et al. 2008); Hubble Space Telescope Cluster Supernova Survey (HST-CSS, Dawson et al. 2009) HST/GOODS

(Dahlen et al. 2012); HST/CANDELS (Rodney et al. 2014); and HST/CLASH (Postman et al. 2012; Graur et al. 2014). Orange and blue points show multi-filter

and single-filter surveys, respectively. Surveys shown with a square symbol indicate high-cadence surveys (< 1 day).

現在の突発天体観測

Yasuda, MT+19より高い感度

よ
り
広
い
領
域



すばる望遠鏡 超広視野カメラによる突発天体探査

半年で~1800 天体！

Fig. 1. Pointing layout on the sky (Ultra-Deep : blue (solid), Deep : blue (dashed), Original COSMOS (Scoville et al. 2007) coverage : green (dash dot))

overlaid on SFD (Schlegel et al. 1998) reddening map. Positions of detected SN candidates are indicated by red points. Since we are dithering around fiducial

pointings, actual coverage is a bit wider than dashed blue line and some SN candidates are detected in those area.

The difference imaging has been done for each warped images and warped difference images are

coadded to make deep difference images for each filter and epoch. With this method we can avoid bad

subtraction caused by discrete PSF change at CCD gaps in coadded images. Once difference coadded

images are created, we have detected and measured sources on difference coadded images. Based on

these sources, transient sources are identified (see section 2.4 for details) and forced photometry have

been done at the location of transients for images of all filters and epochs. The location of transients

has been defined as a direct mean position of detected images.

2.3 Limiting magnitude/Detection efficiency

To estimate the limiting magnitude of each epoch images, we have injected artificial stars with mag-

nitudes between 24 and 28 mag in processed CCD images (CORR file in the HSC pipeline world). The

5

HSC FOV

80億光年以上の超新星を50個以上発見



1.5 度
~300,000 天体

突発天体を見つけよう レベル3 (すばる望遠鏡)



0.5 度 
(30 分角)



10 分角



3 分角



1 分角

超新星



ビフォー



アフター



超新星発見の歴史

h#p://proMimobrien.com/2014/02/supernova-2014j-in-m82/

http://proftimobrien.com/2014/02/supernova-2014j-in-m82/


感度

領域の広さ

何日・何時間おきに観測するか 
(時間分解能)

時間領域天文学の 
３パラメータ



Transient survey (op$cal/infrared)
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Zwicky Transient Facility

•パロマー 1.2m シュミット望遠鏡 (P48) 
@ Palomar/California 

•視野: 47 deg2 

•感度: 20-21 mag 

•即時追観測  
1.5m (P60)  
5m (P200) P48 P60P200

2018-



P48 (1.2m)



P200 (1948!)

C: BeRmann/CORBIS

(5m)



Tomoe

東京大学 木曽観測所 1mシュミット望遠鏡@長野県

Kiso 1.05m Schmidt telescope

CMOSセンサーを使った広視野カメラ 
視野: 4 deg2 (CCD) => 20 deg2 (CMOS)

2019-
h#p://www.ioa.s.u-tokyo.ac.jp/tomoe/index.html

巴御前出陣図 
（東京国立博物館）

http://www.ioa.s.u-tokyo.ac.jp/tomoe/index.html


Institute of Astronomy,  The University of Tokyo

Current Status of Conceptual Design Study

The 1st generation wide-field CMOS camera 

x 84 chips

190 Mpixels
760 MB/exposure

Total sky coverage 20 deg2

sensor / package area = 0.3

480 mm

530 m
m

ĭ500 mm = ĭ8.7 deg
vignetting 0.44mag

ĭ225 mm = ĭ3.9 deg
vignetting free area

35mm Full HD CMOS sensor

KWFC-CCD

Photo plate

• 冷却の必要がない 

• 読み出しが早い

• 広視野 (20 deg2) 

• 高効率観測



未知の時間領域へ
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宇宙の「動画」

ApplicaWon of  
object recogniWon technique  
(Single Shot MulWbox detector 
 = SSD, arXiv:1512.02325)

SSD: Single Shot MultiBox Detector 13

Fig. 5: Detection examples on COCO test-dev with SSD512 model. We show
detections with scores higher than 0.6. Each color corresponds to an object category.

Method
VOC2007 test VOC2012 test COCO test-dev2015

07+12 07+12+COCO 07++12 07++12+COCO trainval35k
0.5 0.5 0.5 0.5 0.5:0.95 0.5 0.75

SSD300 74.3 79.6 72.4 77.5 23.2 41.2 23.4
SSD512 76.8 81.6 74.9 80.0 26.8 46.5 27.8

SSD300* 77.2 81.2 75.8 79.3 25.1 43.1 25.8
SSD512* 79.8 83.2 78.5 82.2 28.8 48.5 30.3

Table 6: Results on multiple datasets when we add the image expansion data aug-
mentation trick. SSD300* and SSD512* are the models that are trained with the new
data augmentation.

Watch out 16th frame



時間軸天文学：まとめ

•時間軸天文学の対象 

• 変化のタイムスケール＜人間のタイムスケール 

• 例：変光星、変動天体、突発天体 

•時間軸天文学の３パラメータ 

• 広さ、深さ、時間分解能 

•時間軸天文学のフロンティア 

• 数時間分解能、全天監視 
8m級望遠鏡の深宇宙突発天体探査、、、 
（小さい望遠鏡でも最先端のサイエンスができる） 

• ビッグデータの時代に突入
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14.2 マルチメッセンジャー天文学 
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宇宙からの様々なシグナル

電磁波

ニュートリノ

重力波

原子核反応 
高温物質 (熱ニュートリノ) 

重力の強い天体の激しい運動

荷電粒子の加速度運動 
原子核、原子、分子のエネルギーの遷移



ニュートリノ



ニュートリノの検出原理

http://www-sk.icrr.u-tokyo.ac.jp/sk/detector/cherenkov.html



ニュートリノ検出装置

スーパーカミオカンデ IceCube

h#p://www.icehap.chiba-u.jp/icecube/index.html



太陽

http://www-sk.icrr.u-tokyo.ac.jp/sk/sk/solar-e.html

ニュートリノ電磁波

E ~ 1 MeV (原子核反応)

1.5 x 1011 m = 1.5 x 108 km

黒体放射



超新星爆発

電磁波 ニュートリノ

E ~ 10 MeV  (高温物質)

50 kpc ~ 15万光年 ~ 1.5 x 1021 m

黒体放射



高エネルギーニュートリノ天体

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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ブレーザー TXS 0506+056

The IceCube collaboraWon+ 2018

40 億光年 ~ 4 x 1025 m

電磁波 ニュートリノ

E ~ 300 TeV (高エネルギー宇宙線)シンクロトロン放射など



宇宙を飛び交う「宇宙線」
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Figure 1. Global view of the cosmic-ray spectrum.

would be an increase in the relative abundance of heavy nuclei as first protons, then helium,
then carbon, etc. reach an upper limit on total energy per particle [17]. The first evidence of
such a sequence (which I call a “Peters cycle” [1]) is provided by the recent publication of the
KASCADE experiment [21], which was discussed extensively at this workshop. The data from
KASCADE are limited in energy to below 1017 eV. The larger KASCADE Grande array [22],
which encloses an area of one square kilometer, will extend the reach of this array to 1018 eV.
KASCADE measures the shower size at the ground, separately for protons and for GeV muons.
Inferences from the measurements about primary composition depend on simulations of showers
through the atmosphere down to the sea level location of the experiment.

17

1粒子が1020 eV ~ 10 J 

時速100 kmの 

野球のボールと 
同じぐらいのエネルギー！

宇宙のどこで 
できているのか？ 
未解明の大問題

Gaisser 2006



ニュートリノ = 天体を同定するもっとも有効なメッセンジャー

https://icecube.wisc.edu/news/research/2016/10/neutrinos-and-gamma-rays-partnership-to-explore-extreme-universe/

宇宙線 (磁場で曲がってしまう)

電磁波 
(高いエネルギーの電磁波は 

宇宙空間で吸収されてしまう)



高エネルギーニュートリノ天体の同定  

=> 宇宙を飛び交う 

高エネルギー粒子(宇宙線)の起源

(C) NSF/IceCube collabora$on



重力波



重力

(C) NASA



(C) NASA

重力：時空のゆがみ



重力波：時空のゆがみの伝播

(C) LIGO/T. Pyle

重力の強い天体が激しく動き回ると、強い重力波が発生



(C) Essay Web

中性子星 ブラックホール

宇宙の二大「強重力天体」



中性子星の合体

(C) NASA



Advanced LIGO  
(アメリカ, 2015-)

Advanced Virgo 
 (ヨーロッパ、2017-)

KAGRA (日本)

重力波検出装置

(C) LIGO

(C) Virgo

(C) KAGRA
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(C) 東京大学 宇宙線研究所

長さL



ΔL/L = 0.000000000000000000001 
　= 10-21



(C) JAXA/ISAS

(C) NASA

1億5000万km 
(1.5 x 1011 m)

水素原子1つ 1A (= 0.1 nm = 10-10 m)   

地球と太陽の距離 (1.5 x 1011 m)
10-21 = 



2015年9月14日

LIGO ScienWfic CollaboraWon  
and Virgo CollaboraWon, 2016, PRL, 061102

重力波 初の直接観測 

ブラックホールの合体



h#ps://www.nobelprize.org/nobel_prizes/physics/laureates/2017/

2017年10月

重力波観測への貢献に対して

ノーベル物理学賞



- 1960年台 太陽ニュートリノ+電磁波 

- 1987年 超新星ニュートリノ+ 電磁波 

- 2015年 ブラックホール合体からの重力波 

- 2017年 中性子星合体からの重力波 + 電磁波 

- 2017年 高エネルギーニュートリノ +  電磁波 

マルチメッセンジャー天文学の時代に突入！

マルチメッセンジャー天文学



Sec$on 14. 
時間領域天文学と 
マルチメッセンジャー天文学

14.1 時間領域天文学 

14.2 マルチメッセンジャー天文学 

14.3 中性子星合体の 

　　マルチメッセンジャー観測



中性子星が合体 => 物質が吹き飛ぶ

質量 ~ 0.01 x 太陽質量 
速度 ~ 0.2 x 光速

流体力学 
相対性理論



r-process元素合成

(C) Nobuya Nishimura

原子核物理学



中性子星の合体

(C) NASA



中性子星合体が金やプラチナを合成 
 => 放射性崩壊エネルギーで輝く「キロノバ」

Tanaka & Hotokezaka 2013



中性子星合体はどうやって探すの？

(C) LIGO/T. Pyle

重力波！



2017年8月17日

LIGO ScienWfic CollaboraWon  
and Virgo CollaboraWon, 2017, PRL

2

gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.

中性子星合体からの 
重力波初検出 
GW170817
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(C) 東京大学 宇宙線研究所
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(C) Michitaro Koike (NAOJ/HSC)   



すばる望遠鏡HSC + IRSF望遠鏡 (Utsumi, Tanaka et al. 2017)

中性子星合体からの「光」 (1億3000万光年)

可視光　赤外線 可視光　赤外線

鉄より重い元素の合成現場が初めて捉えられた！ 
（放出された総質量は地球の1万倍）
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理論的な予想との比較

Kawaguchi+ 
2018, 2020

赤外線

可視光

中性子星合体でr-processが起きた強い証拠が得られた



• 金やプラチナの起源：50年以上続く「謎」 

• 中性子星の合体が候補の一つ 

• 2017年：中性子星合体からの重力波が検出 
=> 重元素合成の兆候が初めて捉えられた 

• まだまだ「謎」がたくさん 

• いつも同じ元素、同じ量ができる？ 

• 宇宙に存在する元素の量を説明できる？

元素の起源を解明するため、研究が進行中

中性子星合体のマルチメッセンジャー観測



• 恒星の性質と進化の概要を理解する
• 星の爆発で何が起きているのかを理解する
• 爆発のメカニズム
• 電磁波放射のメカニズム

•宇宙の元素の起源を理解する
•「時間軸天文学」や 
「マルチメッセンジャー天文学」の 
最新の話題に触れる

「宇宙の爆発現象」



様々な疑問を物理を使って理解しよう

•なぜ星は「進化」するのか？
•なぜ質量で運命が変わるのか？
•なぜ星は爆発するのか？
•超新星の膨大なエネルギーはどこからきたのか？
•超新星はなぜ非常に明るくなるのか？
•なぜ中性子星合体は輝くのか？
• …



宇宙物理学 
天体物理学

力学 電磁気学

量子力学

熱力学 統計力学

流体力学 原子核物理学

相対論


