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はじめに: お世話になった皆様へ

• 本奨励賞にご推薦いただいた堂谷忠靖先生
• 大学院からご指導いただいている牧島一夫先生
• K. Gendreau 博士, Z. Arzoumanian 博士, 岡島崇 博士をはじめと
した NICER 検出器・サイエンスチーム

• 研究員時代を支えてくださった、玉川徹先生, 柴田晋平先生, 　上
田佳宏先生, 田島宏康先生, R. Blandford 先生, K. Jahoda 先生

• すざく衛星をはじめとする、Ｘ線天文学のみなさま
• 田中孝行さん、山口弘悦さん、北口貴男さん、岩切渉さん、　木
坂将大さん、中野俊男さん他、先輩・同僚・後輩のみなさま

• 京都大学白眉プロジェクトと日本学術振興会のみなさま

http://profs.provost.nagoya-u.ac.jp/view/html/100000279_ja.html
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田中靖郎先生へのご報告

田中靖郎先生 嘉子さん 笹野理君中野俊男君 榎戸

ひのとり (1981), てんま (1983), あすか (1994) から日本の
Ｘ線天文学を開拓。海外でのポスドク時代の交流で感銘。



Chandra, Hubble, and Spitzer image (NGC 1952)

チャンドラＸ線望遠鏡

かに星雲

半径10 km, 太陽質量程度

地上で実現できない
高密度、強重力、強磁場
高速回転、強輻射場など

中性子星: 極限的な宇宙の実験室



重力
白色矮星

中性子星: 超新星爆発が残すコンパクト天体

(ref) http://www.maa.mhn.de/Scholar/Starlife/evolutnc.html
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パルサー発見から50周年
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PERSPECTIVE NATURE ASTRONOMY

We believe we understand their evolution — at least broadly 
— but there are some categories of pulsars that are harder to 
explain. ‘Magnetars’ are considered to be pulsar-like, but with 
much larger magnetic fields (about 1011 T) and may be magneti-
cally powered rather than rotation powered (as are ‘normal’ pul-
sars)7. They have erratically variable radio and X-ray emission 
as well as pulsations. There are also some neutron stars that are 
faintly visible in the optical or X-ray but do not appear to pulse 
or pulse much. Rotating radio transients8 are pulsars that occa-
sionally emit a detectable pulse, but most of their pulses are not 
detected. Consistent with our understanding of the evolution of 
some binary systems, we have found a few in which the neu-
tron star is sometimes a radio pulsar and other times an X-ray-
emitting neutron star9.

There has been some progress in understanding pulsar radio-
emission processes, but with relativistic rotation speeds and huge 
electric and magnetic fields this is a non-trivial problem. Exactly 
how they emit and how this loss of energy slows the rotation is  
still unclear10.

Understanding the interior of a neutron star is an exercise in very 
dense solid-state physics. Its surface density is probably 107 kg m–3 
and its central density is at least ten orders of magnitude larger; we 

have very little information on the behaviour of matter at such den-
sities and consequently there is a plethora of possible models for 
the interior with relatively few observational constraints. We now 
know of one or two heavy pulsars that have masses close to two 
solar masses, which implies some limits to the models11. We also 
know that there must be superfluid inside a neutron star, and that its 
rotation is likely to be quantized with Feynman–Onsager vortices. 
Sudden unpinning of these vortices can cause a ‘glitch’ (a Yiddish 
word that has now entered common vocabulary). In pulsars, a glitch 
is a sudden increase in rotation speed, followed by a gradual (expo-
nential or several-exponential) return to a new normal12.

Pulsars can be used as tools for studying the interstellar medium 
along their lines of sight. Our knowledge of the distribution of free 
electrons in the galaxy is now much improved, but the patchiness of 
this medium is still being revealed13.

Pulsars make remarkably stable clocks (once one gets 1027 tonnes 
spinning, it takes a lot to change that spin!) — their period increases 
by just 10–12–10–21 s per second. Perhaps the most dramatic advances 
using these clocks have been those that test aspects of Einstein’s 
theory of general relativity (GR). Russell Hulse and Joe Taylor, 
using the Arecibo radio telescope, found the first pulsar detected 
in a binary star system in 1974. It proved to be a particularly spe-
cial one: a tight binary with an orbital period of less than 8 hours 
and velocities reaching a significant fraction of the speed of light, 
which means GR effects are important. Doppler shifts of the pul-
sar period give the (changing) pulsar velocity and hence the orbital 
parameters. They were able to show that the orbit was shrinking by 
3.5 m per year, which is consistent with the emission of gravitational 
radiation as predicted by GR. This work won a Nobel Prize, and 
they tell the story in their Nobel Prize lectures14,15.

Pulsars in short-period binary systems have continued to pro-
vide strong tests of GR. The ‘double pulsar’ — a binary system in 
which both components are pulsars — has been especially useful4. 
It is a particularly close binary with an orbital period of 2.4 hours 
(or an orbital diameter half the diameter of the Sun). In addition  
to the five non-relativistic parameters that specify the binary, 
Michael Kramer and colleagues have  been able to determine the 
five relativistic ones and a number of others, giving five indepen-
dent tests of GR. They have shown that this system is consistent with 
Einstein’s theory of gravity and have significantly constrained several 
other theories of gravity16. They expect to be able to measure several 
other pulsar parameters, including the moment of inertia, very soon.

Pulsar astronomers around the world are collaborating to 
search for nanohertz gravitational waves by timing an array of 
pulsars17. Such gravitational waves temporarily distort space and 
alter observed pulsar periods. With an array of pulsars, correla-
tions in the alterations of the observed periods signal the pas-
sage of a gravitational wave. These waves would most likely be 
produced by the merging of supermassive black holes, such as 
those found at the centres of galaxies, and we have good evidence 
that galaxy mergers take place. So far the pulsar arrays have not 
directly detected any mergers, but some theories of galaxy mergers 
are already constrained18.

One of the most recent developments comes following the dis-
covery of a pulsar in a triple-star system, in which the pulsar orbits 
a dwarf star and the pair orbits another more distant dwarf. This is 
on-going work by Scott Ransom and colleagues6, but should allow 
checking of the principle of equivalence in the relativistic regime. 
This principle says that bodies of different composition (for exam-
ple, a feather and a hammer) should fall at the same rate under the 
influence of gravity. Galileo is reputed to have tried to verify this by 
dropping a feather and a heavy object from the leaning tower of Pisa, 
but the air density made the feather waft down gently. The experi-
ment was subsequently repeated (and filmed) on the moon by US 
astronaut Dave Scott, showing that, in the absence of air, the ham-
mer and the feather do fall at the same rate. There have been other 

Fig. 1 | The four-acre array at the Mullard Radio Astronomy Observatory, 
Cambridge, UK. Credit: Graham Woan.

Radio beam

Magnetic axisRotational axis

Magnetic field

Fig. 2 | Simplified schematic of a pulsar. A pulsar is a rapidly rotating 
neutron star with a strong magnetic field that emits beams of radiation 
from its magnetic poles that, when sweeping across the Earth, create the 
pulses for which these objects are famous.

NATURE ASTRONOMY | VOL 1 | DECEMBER 2017 | 831–834 | www.nature.com/natureastronomy832

Four-acre array at the Mullard Radio Astronomy Observatory, Cambridge, UK, 
Credit: Graham Woan (J. B. Burnell, 2017, Nature astronomy)
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On the pulse of discovery
What started 50 years ago as a ‘smudge’ on paper has flourished into a fundamental field of astrophysics replete 
with unexpected applications and exciting discoveries. To celebrate the discovery of pulsars, we look at the past, 
present and future of pulsar astrophysics.

Fifty years ago this month, Jocelyn Bell 
Burnell (pictured) had already seen 
the recurring blips on her hundreds-

of-metres-long chart paper that was being 
churned out by the newly minted 4-acre-
array radio telescope at Cambridge, UK. 
Together with her PhD advisor, Antony 
Hewish, they were hard at work trying to 
understand their nature and the source that 
could have generated them. The study of what 
we now know as pulsars has developed into 
a vibrant field of research that touches upon 
almost all areas of astrophysics and beyond: 
from stellar astronomy, to the physics of 
condensed matter, to gravitational waves and 
the very fabric of our Universe. In this  
focus issue we bring together some of the 
most exciting pulsar science and reflect on 
the future directions of the field.

The discovery of pulsars required the 
attentiveness of a self-professed imposter-
syndrome-suffering PhD student (whose 
contribution was disappointingly snubbed 
when the Nobel Prize committee came 
knocking), the prowess of a novel telescope 
probing new parts of parameter space and 
of course the collective thinking of our 
community to figure out what these blips 
were (see the Perspective by Jocelyn Bell 
Burnell). Pulsars are the end products of 
massive stellar evolution, compact stars 
made primarily out of neutrons, often 
spinning at dizzying speeds (up to ~0.24 
times the speed of light) and showing a 
precision in their rotation, for the most 
stable pulsars, rivalling that of atomic 
clocks (10–21 s). They also have prodigious 
magnetic fields, which, when combined with 
their rotation, lead to the emission of the 
pulses we observe.

Neutron stars were first predicted by 
Walter Baade and Fritz Zwicky in 1934 
but the idea of a rotating neutron star 
with a strong magnetic field only arose in 
1967, championed by Franco Pacini, and 
independently in 1968 by Thomas Gold, 
who even made the connection between 
such stars and the discovery reported by 
Hewish and Bell in the same year. The 
importance of this discovery for astrophysics 
and physics in general was perhaps made 
crystal clear by the discovery by Joseph 

Taylor and Russell Hulse in 1975 of a pulsar 
in a binary system with another neutron 
star. The orbit of the pulsar was observed 
to shrink in the exact way that Einstein’s 
general theory of relativity predicted if the 
system was emitting gravitational waves 
(and brought in another Nobel Prize 
for the pulsar field). Today, we are not 
only detecting pulsars and neutron stars 
from space (see the Mission Control by 
Keith Gendreau and Zaven Arzoumanian), 
but a network of pulsars is poised to 
become the largest gravitational-wave 
detector at our disposal (see the Article 
by Chiara Mingarelli and collaborators 
and the Comment by Andrea Lommen). 
Gravitational-wave detection aside, pulsars 
are now being used to probe the most 
fundamental properties of spacetime 
(see the Comment by Kuo Liu and Ralph 
Eatough) and of condensed matter. Some 
of these topics were discussed recently at 
the IAU Symposium 337 on the occasion 
of the pulsar discovery (summarized in the 
Meeting Report by Nanda Rea) that took 
place on the grounds of the Jodrell Bank 
Observatory — itself celebrating 60 years of 
discoveries in pulsar research and beyond  
(see the Perspective by Andrew Lyne  
and Ian Morison).

The discovery of pulsars was not only 
fortuitous but more importantly it was 
serendipitous. When the Cambridge 
radio astronomy group decided to build 
their telescope they had quasars in mind. 
This discovery is reminiscent of another 
discovery that heralded the era of precision 
cosmology — in 1964 Arno Penzias and 
Robert Wilson inadvertently detected the 
echo from the Big Bang. Fifty years later, the 
golden age of serendipitous discovery seems 
to be well and truly over. We find ourselves 
instead in the age of certainty, calculated 
risks, assured returns and zero-sum 
science (see the Correspondence by Maura 
McLaughlin). Have our telescopes become 
too expensive and our experiments too 
involved to allow room for the unexpected?

In some sense, whenever a truly new 
instrument is built (the Laser Interferometer 
Gravitational-wave Observatory 
springs to mind) or whenever we are 

probing a new niche of the phase space, 
serendipitous discoveries are bound to 
happen, as long as we have vigilance and 
an open mind to identify them as such 
— attributes Bell Burnell and Hewish 
did have. Nowadays, however, not many 
astronomers sift through piles of chart 
papers to identify signals. They instead 
build algorithms to do the sifting for them. 
How does one build intuitiveness into an 
algorithm, how does one teach algorithms 
to identify what is practically unknown? 
Unsupervised clustering from deep-
learning neural networks may be a step in 
the right direction but this conundrum is 
something that deserves our community’s 
undivided attention. Data from facilities like 
the Square Kilometre Array will soon be 
pouring into our servers and we need  
to be ready. Who knows what 'pulsars'  
may be hiding there? ❐

Published online: 1 December 2017 
https://doi.org/10.1038/s41550-017-0343-6

Credit: Daily Herald Archive / SSPL / Getty Images
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Credit: Daily Herald Archive 
SSPL / Getty Images

Hewish & Bell et al.,1968, Nature 

© 1968 Nature Publishing Group

パルサー発見の電波望遠鏡 Jocelyn Bell Burnell 

1967
J. B. Burnell さん榎戸
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中性子星の多様性: 進化の統一的理解へ

Credit: Daily Herald Archive 
SSPL / Getty Images
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中性子星の多様性: 進化の統一的理解へ

Credit: Daily Herald Archive 
SSPL / Getty Images
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中性子星の多様性: 進化の統一的理解へ
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中性子星の多様性: 進化の統一的理解へ
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宇宙最強の磁石星 マグネター
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Ｘ線光度 >> スピンダウン光度
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Sasaki et al., 2004

52光年

巨大ガンマ線フレアなどの爆発現象
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SGR と AXP は中性子星より2桁以上に磁場が強く、
磁気エネルギーで輝く新種の天体か？(マグネター仮説)

1044 erg

1044-46 erg/s



(C) ISAS/JAXA

Ｘ線天文衛星すざく: 硬Ｘ線での奮闘
Ｘ線CCD (XIS) と硬Ｘ線検出器 (HXD) を併用し 
0.2-600 keV での広帯域観測を実現！
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磁気活動で突発的に明るくなるマグネター
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• Swift 衛星の活躍で突発増光する新天体の発見が増加
•すざくも新天体 SGR 0501+4516 を世界に先駆け報告

1E 1547.0-5408

(Enoto et al.,  ApJL 2009, ApJ 2010)

• AXP 1E 1547.0-5408 では、連射されるバースト放射を
軌道上で検出し、増光中の天体に緊急観測を実施した

(Enoto et al.,  PASJ 2010, MNRAS 2012)

【解説記事】榎戸「宇宙最強の磁石星: マグネター観測で垣間見る極限物理」パリティ2015年8月号
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マグネター活動期に硬Ｘ線放射を発見

1 mCrab level

Ｘ
線
 フ
ラッ
ク
ス
 (e
rg
 s
-1
 c
m
-2
)

10-12

(b) (a)

10-10

10-9

2008 2009 2010 2011 2012 2013 2014

00:00 04:00 08:00 12:00 16:00 20:00

103

104レ
ー
ト

すざく衛星による観測

3 時間

Ｘ
線
カ
ウ
ント
数
 (1
5.
6 
m
s)
-1

0

0
20

40

60

0 +0.4-0.4
時刻 (s)

ν
F ν
(k
eV

2  s
-1
 c
m
-2
 k
eV

-1
)

10-6

10-4

10-2

100

X線エネルギー (keV)
1 10 100

星表面から
の熱放射

磁気圏からの
非熱的放射？

(c)

200 ms

(d)

星表面からの熱放射のみと思われていたマグネターで
硬Ｘ線で卓越する放射成分を見つけ観測の窓が広げた

Enoto et al., PASJ 2010, see also., Kuiper et al., ApJ 2006

1E 1547.0-5408
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マグネターからのＸ線放射の起源

Enoto et al., ApJL 2010, ApJS, 2017
Makishima, Enoto et al., PRL 2014, PASJ 2016 (トロイダル磁場の観測的兆候?)

内部に蓄えた磁気エネルギー解放が、表面からの熱放射
磁気圏からの非熱的放射、バースト放射になる

表面の熱放射

磁気圏(?)の
非熱的放射

バースト放射
(磁気リコネクション?)

ポロイダル磁場

トロイダル磁場

高次の磁場成分?

自転軸 磁軸

磁極

磁気圏

高温プラズマ
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磁場強度が決めるマグネターＸ線放射
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磁場強度が決めるマグネターＸ線放射

information of all AXPs and SGRs. Combining INTEGRAL,
RXTE, Suzaku (with seven detections), and NuSTAR,
which provided the HXC detections for 1E2259+586

(Vogel et al. 2014) and SGRJ1745−29 near Sgr A* (Mori
et al. 2013; Kaspi et al. 2014), the HXC has been confirmed
from nine objects among ∼23 confirmed sources, and the

Figure 10. Hardness ratios of the HXC to the SXC (Table 6), defined using the absorbed fluxes F F15 60 1 10h = - - (left panels) or using the unabsorbed luminosities
L Lh sh = (right panels), as a function of Ṗ (top panels). Bd (middle), and ct (bottom). Filled circles and triangles are the data from Suzaku and NuSTAR, respectively.

All the upper limits (arrows) are also indicated. The solid black line is the best-fit regression model calculated in the linmix package (Kelly 2007). Green lines are
samples from the corresponding posterior distribution of the model parameters.

12

The Astrophysical Journal Supplement Series, 231:8 (21pp), 2017 July Enoto et al.

Enoto et al., ApJL 2010, ApJS, 2017
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強磁場ほど硬Ｘ線 (磁気圏) が卓越するスペクトル進化
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マグネターの進化と磁場減衰
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磁場が減衰する場合の
中性子星の進化経路
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(Colpi+99, α = 0 is plotted)

•磁気エネルギー解放しな
がら P-Pdot 図上を移動

•Ｘ線スペクトルも磁場減
衰に伴って系統的に変化

•まれに突発的なＸ線増光
(アウトバースト)を出す

•マグネターの末裔と思わ
れる種族の天体も示唆

•マグネターと電波パルサー
の境界領域の開拓も進む
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Ｘ線偏光で探る超強磁場の世界
QED 臨界磁場

散乱断面積の抑制 　　原子の変形  光子の自然分裂 真空の複屈折

•理研 (玉川、北口ほか) を中心に
国際連携で進むＸ線偏光の開拓

•おもに偏光計の装置開発やキャ
リブーレションから貢献

• NASA (GSFC, MSFC) との連携
で進む国際プロジェクト　　　　　
GEMS → PRAXyS → IXPE

IXPE = Imaging X-ray Polarimetry Explorer 

φ
σ

2cos∝
Ωd
d

�	
����	��
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国際宇宙ステーション搭載 NICER の登場
• Neutron star Interior Composition ExploreR (NICER)
•高時間分解能・大統計の軟Ｘ線(0.2-12 keV)観測を実現
•中性子星を主要ターゲットに18ヶ月の科学プログラム

(c) NICER Team (PI: K. Gendreau, NASA/GSFC)



中性子星の内部は巨大な原子核!?
中性子星の大気
水素, ヘリウム, 炭素 (H, He, C)

(とても薄い)

アウタークラスト
原子核(鉄ほか)＋電子

インナークラスト
中性子過剰核＋電子＋(超流動)中性子

原子核密度の2倍

1015 g/cm3

原子核密度 
2x1014 g/cm3

neutrino drip
4x1011 g/cm3

アウターコア
(超流動)中性子＋電子＋(超伝導)陽子

インナーコア
なんかやばい。ハイペロン？

内部の高密度状態方程式は、物理学の未解決問題
NICER の主目的は状態方程式の観測的解明

半径 10-12 km

(C) Scientific American より改変



Ｘ線パルス波形から質量と半径を決める

Courtesy: Gendreau & Arzoumanian

状態方程式は質量・半径と一対一に対応することが知られている
Gravitational light-bending
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Ｘ線集光系 (X-Ray Concentrator optics; XRC)
Single reflection, grazing-incidence nested gold-coated Al foils

135 mm 

111 mm 

• Multiple 24 shells are confocally nested to 
increase an effective area. (24x56=1344 foils) 

• Grazing incidence optic of a parabolic gold   
surface to focus X-rays onto a detector (2 mm).  

• Focal length = 1085 mm 
• Total effective area > 1800 cm2 @1.5 keV

NASA 検出器チームの一員として 
Ｘ線集光系の開発と製作に携わる
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2017年6月3日 スケースＸ社による打ち上げ

SpaceX “CRS-11 Hosted Webcast” YouTube: https://www.youtube.com/watch?v=JuZBOUMsYws

NICER を搭載したファルコン９ロケット@ケネディ宇宙センター

https://www.youtube.com/watch?v=JuZBOUMsYws
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2017年6月3日 スケースＸ社による打ち上げ

SpaceX “CRS-11 Hosted Webcast” YouTube: https://www.youtube.com/watch?v=JuZBOUMsYws

NICER を搭載したファルコン９ロケット@ケネディ宇宙センター

Buzz Aldrin 榎戸 K. Gendreau

https://www.youtube.com/watch?v=JuZBOUMsYws


マグネター初期観測 (NICER M&M リード)

4U 0142+61 Swift monitoring 
(C) Robert Archibald / McGill U.

3

Pulse profile of 4U 0142+61
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(Note) Epoch is not the same

2017年7月13日のバースト放射の直後に緊急観測し
パルス波形の変化を計測。グリッジ直後の貴重なデータ
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NICER の打ち上げ日に体験した新しい潮流

SpaceX “CRS-11 Hosted Webcast” YouTube: https://www.youtube.com/watch?v=JuZBOUMsYws

2017年6月3日、スペースX社 ファルコン９ロケットの打ち上げ

https://www.youtube.com/watch?v=JuZBOUMsYws


宇宙科学においても 
新しい時代が来る



さそり座 X-1 (中性子星)の 定常重力波を狙う
BH−BH, NS-NS 連星合体の重力波の直接検出➡X線観測での貢献は？

and all five detectors were not always on. For these reasons,
the expected Z-track in the X-ray color-color diagram cannot
be recovered now; this awaits better understanding of the
spectral calibration of the PCA at high count rates and off-axis
source positions. Raw count rates varied between 60 and
1.3 3 105 counts s21 (2– 60 keV).

We calculated power spectra of all 0.125 ms data using 16 s
data segments, and we calculated one average spectrum for
each continuous data interval. For measuring the properties of
the kilohertz QPO, we fitted the 256–4096 Hz power spectra
(Fig. 1) with a function consisting of a constant, two Lorent-
zian peaks, and either a broad sinc function or a broad
sinusoid to represent the dead-time–modified Poisson noise,
depending on the Very Large Event window setting (Zhang et
al. 1995; Zhang 1995). The PCA dead-time process at 105

counts s21 is not, as yet, sufficiently well understood to predict
this Poisson component accurately. Therefore, we cannot
report on the properties of any intrinsic broad noise compo-
nents in the kilohertz range.

For measuring the 45 Hz QPO and its harmonic, we fitted
the 16–256 Hz power spectra with a broad Lorentzian cen-
tered near zero frequency to represent the continuum, and one
or two Lorentzian peaks to model the QPO. The conversion of
the power in the QPO peaks to fractional rms amplitude
depends on the derivative of the dead-time transmission
function with respect to count rate (van der Klis 1989), which
we do not know. The dead time is expected to suppress the
QPO amplitude more than the total count rate. Our reported
raw (i.e., uncorrected for dead time) fractional rms amplitudes
are therefore lower limits to the true values. These could be
several times as large.

3. RESULTS

Kilohertz QPOs were detected in all observations. The
peaks (Fig. 1) are very significant, with raw rms values of up to
2.5%, and the spectra are well fitted by the fit function
described in § 2. Figure 2 illustrates the changes in power-

spectral shape as a function of inferred Ṁ. Notice the increase
in frequency and the decrease in power of the two kilohertz
QPO peaks, the emergence of the normal-branch oscillations
(NBOs) near 6 Hz apparently f rom the low-frequency noise
(LFN), and the complicated variations in strength and shape
of the 45 and 90 Hz peaks with Ṁ (increasing upward). As in
Paper I, the frequency of the NBOs is correlated to that of the
kilohertz QPOs.

Since we cannot estimate Ṁ from the X-ray color-color
diagram, we plot in Figure 3 the results of our fits versus the
centroid frequency nu of the upper peak; nu increases mono-

FIG. 1.—Power spectrum from 110 ks of data showing double kilohertz
QPO peaks, with best fit superimposed. Note the absence of additional peaks.
The sloping continuum above 1 kHz is instrumental (§ 2).

FIG. 2.—Representative 13 ks power spectra sorted according to inferred
Ṁ (increasing upward) and shifted up by factors of 1, 2, 5, 10, 20, 40, and 80,
respectively, for clarity. The frequency of the upper kilohertz peak increases
with Ṁ from 872 to 1115 Hz, that of the lower one from 565 to 890 Hz. The
large width of the 10 Hz peak in the top trace is due to peak motion. The
sloping continua in the kilohertz range are instrumental (§ 2).

L98 VAN DER KLIS ET AL. Vol. 481

(van der Klis et al., 1997)

PSD of  
kHz twin QPO 

10 ks RXTE/PCA 

• X線の強度変動に QPO が知られ、その差分が自転周期?
•周期は質量降着に応じて時間変動。重力波の探査が難しい。
•さそり座X-1は全天で最も明るく大型衛星で観測が困難。
•小型衛星で QPO モニタ観測し、重力波探査に貢献できるか？

高速回転する中性子星
(質量降着で回転が早くなる)

角運動量を抜くのは円盤？重力波？

パ
ワ
ー
ス
ペ
ク
ト
ル
強
度

周波数 (Hz)200 500

自転周期



大規模実験の時代に 
少人数チームでサイエンスが出せるか？

構想中



雷雲と雷からの高エネルギーガンマ線放射
雷雲も、宇宙や深海と並ぶ人類未踏の研究対象 
Ｘ線天文学の技術応用で、少人数チームで挑む

学術系クラウドファンディング 
で資金調達→多地点放射線計測
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雷から光核反応を観測的に発見！
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雷は核反応で窒素・炭素の同位体を生成する

少人数でトップサイエンス (Enoto et al., Nature 2017)
2017年度物理分野のトップ10に選出 (英国物理学会)



高エネルギー大気物理学への挑戦

(C) NASA

では、系外惑星の大気での高エネルギー物理は？



プロキシマ・ケンタウリにハビタブルな惑星!?
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Figure 2: All datasets folded to the 11.2 days signal. Radial velocity measurements phase folded
at the 11.2 day period of the planet candidate for 16 years of observations. Although its nature is
unclear, a second signal at P∼ 200 days was fitted and subtracted from the data to produce this plot
and improve visualization. Circles correspond to HARPS PRD, squares are HARPS pre-2016 and
triangles are UVES observations. The black line represents the best Keplerian fit to this phase folded
representation of the data. Error bars correspond to formal 1-σ uncertainties.

alone did not prove consistency with the pre-2016 data. Final confirmationwas achievedwhen all the
sets were combined (Figure 1, panel c). In this case statistical significance of the signal at 11.2 days
increases dramatically (false-alarm probability< 10−7, Bayesian evidence ratio B1,0 > 106). This
implies that not only the period, but also the amplitude and phase are consistent during the 16 years
of accumulated observations (see Figure 2). All analyses performed with and without correlated-
noise models produced consistent results. A second signal in the range of 60 to 500 days was also
detected, but its nature is still unclear due to stellar activity and inadequate sampling.

Stellar variability can cause spurious Doppler signals that mimic planetary candidates, especially
when combined with uneven sampling.9, 17 To address this, the time-series of the photometry and
spectroscopic activity indices were also searched for signals. After removing occasional flares, all
four photometric time-series show the same clear modulation over P ∼ 80 nights (panels b, c, d
and e in Figure 3), which is consistent with the previously reported photometric period of ∼83 d.3

Spectroscopic activity indices were measured on all HARPS spectra, and their time-series were in-
vestigated as well. The width of the spectral lines (measured as the variance of the mean line, or
m2) follows a time-dependence almost identical to the light curves, a behaviour that has already

4

(Anglada-Escude et al., 2016, Nature)

Pale light from a red dwarf star 
Proxima Centauri b : artist’s illustration  
by ESO, M. Kornmesser

4.2 光年のお隣さんの星 (dM5.5e) Porb=11.2 日

⬅野心的スターショット計画

• Ｘ線光度は太陽と同程度で、惑星への距離0.05AU。影響は？ 
• 中心星の可視光観測で周期性? 83 日(星の自転), 7年(太陽周期) 
• 過去のＸ線観測は散発的: 可視光の変動と反相関との指摘? 
• NICER で磁気活動の長期モニタリング観測を開始した！



MAXI-NICER 連携 OHMAN 計画

岩切、三原ら(理研)と協力し、MAXI-NICER 連携を推進！　
すでにブラックホールや星のフレアで成果があがっており、      
宇宙ステーション上での「国際連携」への米国の期待は大きい

On-orbit Hookup of MAXI and NICER (OHMAN) 計画

突発天体
アラート

全天Ｘ線観測装置 MAXI

浅く広く新天体を監視

NICER

迅速に深く観測
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まとめ
•中性子星の観測には、普遍的な物理の研究と多様性の両方
の醍醐味がある。物理の基本的な未解決問題へ挑める。 
•日本のＸ線衛星も駆使して、マグネターの硬Ｘ線放射という
新しい窓を開拓し、スペクトル進化を統一的に研究した。 
•中性子星の研究を通し、尊敬できる研究者に出会えたこと
を出会えたことを大変幸せに思います。

NASA/GSFC の同僚 中性子星ワークショップ


