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１、SKA	



SKA Organisation: 10 countries, more to join

Australia	(DoI&S)

Canada	(NRC-HIA)

China	(MOST)

India	(DAE)

Italy	(INAF)

Netherlands	(NWO)

New	Zealand	(MED)

South	Africa	(DST)

Sweden	(Chalmers)

UK	(STFC)

Interested	

Countries:

• France

• Germany

• Japan

• Korea

• Malta

• Portugal

• Spain

• Switzerland

• USA

Contacts:

• Mexico

• Brazil

• Ireland

• Russia

次世代大型長波長電波望遠鏡 
・特徴：高感度・広帯域・広視野・高分解能 
・基本的にはサーベイ望遠鏡 
　（一部PI制、ターゲット観測も） 
・SKA1: 10% (~900億円) 
・SKA2: 100% (~数千億円？） 
・2021年より初期科学運用開始 

Square Kilometre Array	



Square Kilometre Array	
SKA-low 
・オーストラリア 
・50 - 350MHz	

SKA-mid 
・南アフリカ 
・350MHz - 24GHz 



性能：感度	



性能：サーベイ速度	



性能：角度分解能	



スケジュール	
17      18      19      20      21      22      23      24      25 

SKA1建設 

SKA2建設 

SKA1初期運用 

SKA1本格運用 

MWA Phase2 Phase3 

ASKAP初期運用 本格運用 

MeerKAT Phase1 Phase 2, 3 

SKA2デザイン 



サイエンス	

Key Science 
・パルサー 
・暗黒時代と宇宙再電離 
・宇宙磁場の起源と進化 
・宇宙における生命 
・銀河進化（HI, continuum） 
・突発天体 
・宇宙論 
Focus Group 
・VLBI 
・太陽と地球大気 
・宇宙線 
2,000ページ、8.8kg!	



２、SKA-Japan	



SKA Japan組織	
2008年設立、メンバー～200人 
執行部 
・代表：杉山（名古屋） 
・副代表：高橋（熊本）赤堀（水沢） 
・顧問：小林（NAOJ） 
・広報：中西（鹿児島）　　・外部資金：今井（鹿児島） 
・Science Working Group　・Engineering Working Group 
　‐代表：市來（名古屋）　　‐代表：青木（山口） 
　‐副代表：竹内（名古屋） 



Science Working Group 
代表：市來（名古屋） 
副代表：竹内（名古屋） 
　・遠方宇宙：平下（ASIAA） 
　　‐銀河進化：竹内（名古屋） 
　　‐宇宙論：山内（神奈川） 
　　‐再電離：長谷川（名古屋） 
　・パルサー：高橋（熊本） 
　・宇宙磁場：町田（九州） 
　・突発天体：新沼（山口） 
　・位置天文：今井（鹿児島） 
　・星間物質：立原（名古屋） 
　・星惑星形成：塚本（鹿児島） 
　・宇宙生物：？？（？？） 

Engineering Working Group 
代表：青木（山口） 
　・フロントエンド 
　・バックエンド 
　・データ解析 
 
産業フォーラム 
代表：熊沢（東陽テクニカ） 

SKA Japan組織	



SKA-Japanパルサーチーム 
青木貴弘（早稲田大） 
今井裕（鹿児島大）	
大野寛（東北文教大）	
亀谷收（国立天文台）	
隈本宗輝（熊本大）	
黒柳幸子（名古屋大） 
柴田晋平（山形大） 
関戸衛（NICT）	
高橋慶太郎（熊本大） 
岳藤一宏（NICT）	
寺澤敏夫（理研）	
成子篤（東工大） 
本間希樹（国立天文台）	
米丸直之（熊本大）	
柳哲文（名古屋大） 

パルサー理論	
パルサー観測	
相対論	
宇宙論	
の混成チーム！	
	
新しいチームです。	
メンバー募集中！	



日本版サイエンスブック	
日本語版 
・2015年2月完成、320ページ、執筆者～60人 
・再電離、宇宙論、銀河進化、パルサー 
　宇宙磁場、近傍宇宙時空計測 
　星間物質、突発天体 
・内容： 
　‐分野レビュー 
　‐国際サイエンスレビュー 
　‐日本サイエンス 
 
英語版 
・2016年3月完成 
　（2016/3/8のarXivに６編） 
・英語化＋準備研究進展のまとめ 
・2018年大幅改訂予定 
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Formation, Evolution, and Revolution of Galaxies

by SKA: Activities of SKA-Japan Galaxy

Evolution Sub-SWG

Tsutomu T. Takeuchi1, Kana Morokuma-Matsui,2, Daisuke Iono2,3,

Hiroyuki Hirashita4, Wei Leong Tee4,5, Wei-Hao Wang4, Rieko Momose2,6,7,

on behalf of the SKA-Japan Galaxy Evolution sub-Science Working Group

1Division of Particle and Astrophysical Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya
464–8602, Japan.

2National Astronomical Observatory of Japan, Osawa, Mitaka, Tokyo, Japan
3SOKENDAI (The Graduate University for Advanced Studies)
4Institute of Astronomy and Astrophysics, Academia Sinica, P.O. Box 23-141, Taipei 10617,
Taiwan

5Department of Physics, National Taiwan University, Taipei 10617, Taiwan
6National Tsing Hua University, Hsinchu, 30013, Taiwan
7The Institute for Cosmic Ray Research, the University of Tokyo, Japan

∗E-mail: takeuchi.tsutomu@g.mbox.nagoya-u.ac.jp, kana.matsui@nao.ac.jp, d.iono@nao.ac.jp,

hirashita@asiaa.sinica.edu.tw, momose.rieko@nao.ac.jp

Abstract

Formation and evolution of galaxies have been a central driving force in the studies of galaxies and
cosmology. Recent studies provided a global picture of cosmic star formation history. However, what
drives the evolution of star formation activities in galaxies has long been a matter of debate. The
key factor of the star formation is the transition of hydrogen from atomic to molecular state, since
the star formation is associated with the molecular phase. This transition is also strongly coupled
with chemical evolution, because dust grains, i.e., tiny solid particles of heavy elements, play a
critical role in molecular formation. Therefore, a comprehensive understanding of neutral–molecular
gas transition, star formation and chemical enrichment is necessary to clarify the galaxy formation
and evolution. Here we present the activity of SKA-JP galaxy evolution sub-science working group
(subSWG) Our activity is focused on three epochs: z ∼ 0, 1, and z > 3. At z ∼ 0, we try to construct
a unified picture of atomic and molecular hydrogen through nearby galaxies in terms of metallicity
and other various ISM properties. Up to intermediate redshifts z ∼ 1, we explore scaling relations
including gas and star formation properties, like the main sequence and the Kennicutt–Schmidt law
of star forming galaxies. To connect the global studies with spatially-resolved investigations, such
relations will be plausibly a viable way. For high redshift objects, the absorption lines of HI 21-cm
line will be a very promising observable to explore the properties of gas in galaxies. By these studies,
we will surely witness a real revolution in the studies of galaxies by SKA.

Key words: Galaxies: evolution — galaxies: formation — stars: formation — ISM: metallicity — ISM:

neutral gas — hydrogen

c⃝ 2016 Japan SKA Consortium
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SKA-Japan Pulsar Science with the Square
Kilometre Array
Keitaro TAKAHASHI1 , Takahiro AOKI2, Kengo IWATA3, Osamu KAMEYA4 ,
Hiroki KUMAMOTO1 , Sachiko KUROYANAGI3 , Ryo MIKAMI5 , Atsushi
NARUKO6, Hiroshi OHNO7, Shinpei SHIBATA8 , Toshio TERASAWA5 , Naoyuki
YONEMARU1 , Chulmoon YOO3 (SKA-Japan Pulsar Science Working
Group)
1Kumamoto University, Japan
2Waseda University, Japan
3Nagoya University, Japan
4National Astronomical Observatory of Japan, Japan
5Institute for Cosmic Ray Research, University of Tokyo, Japan
6Tokyo Institute of Technology, Japan
7Tohoku Bunkyo College, Japan
8Yamagata University, Japan
∗E-mail: keitaro@sci.kumamoto-u.ac.jp

Abstract
The Square Kilometre Array will revolutionize pulsar studies with its wide field-of-view, wide-
band observation and high sensitivity, increasing the number of observable pulsars by more
than an order of magnitude. Pulsars are of interest not only for the study of neutron stars
themselves but for their usage as tools for probing fundamental physics such as general rela-
tivity, gravitational waves and nuclear interaction. In this article, we summarize the activity and
interests of SKA-Japan Pulsar Science Working Group, focusing on an investigation of modi-
fied gravity theory with the supermassive black hole in the Galactic Centre, gravitational-wave
detection from cosmic strings and binary supermassive black holes, a study of the physical
state of plasma close to pulsars using giant radio pulses and determination of magnetic field
structure of Galaxy with pulsar pairs.

1 Introduction
Pulsars are rapidly rotating neutron stars with strong magnetic
fields (∼ 108−1014 G) and strongly collimated emission. Their
masses are typically solar mass and they are considered to be
formed as a remnant of supernova explosion. So far more
than 2,500 pulsars have been found and there is a wide vari-
ety of distinct observational classes such as milli-second pul-
sars (MSPs) with rotation periods ∼ 10 msec, magnetars with
magnetic fields of ∼ 1014 G and intermittent pulsars which are
active only for a few days between periods of a month. Pulsars
are extreme objects and their emission mechanism, the prop-
erties of magnetosphere and evolution are studied with multi-

wavelength observations from radio to gamma-rays.

On the other hand, thanks to the long-term stability of ro-
tation period, pulsars have been used to probe fundamental
physics. For example, gravitational waves passing through
Earth and pulsars slightly change the arrival times of pulses.
Then very precise measurement of the arrival times of pulses
from MSPs with very stable rotation periods allows us to de-
tect gravitational waves directly. This method is called pul-
sar timing array (PTA) and is sensitive to gravitational waves
with frequencies 10−9 − 10−7 Hz, depending on the cadence
and period of observation. Thus, PTA plays a part of multi-
wavelength gravitational-wave astronomy, together with ground

c⃝ 2016 Japan SKA Consortium
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Cosmology with the Square Kilometre Array by
SKA-Japan
Daisuke YAMAUCHI1,* , Kiyotomo ICHIKI2,3 , Kazunori KOHRI4,5, Toshiya
NAMIKAWA6,7 , Yoshihiko OYAMA8, Toyokazu SEKIGUCHI9 , Hayato
SHIMABUKURO2,10 , Keitaro TAKAHASHI10 , Tomo TAKAHASHI11 , Shuichiro
YOKOYAMA12 , Kohji YOSHIKAWA13 , on behalf of SKA-Japan Consortium
Cosmology Science Working Group
1Research Center for the Early Universe, Graduate School of Science, The University of
Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

2Department of Physics and Astrophysics, Nagoya University, Aichi 464-8602, Japan
3Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University,
Aichi 464-8602, Japan

4Theory Center, IPNS, KEK, Tsukuba 305-0801, Japan
5Sokendai, Tsukuba 305-0801, Japan
6Department of Physics, Stanford University, Stanford, CA 94305, USA
7Kavli Institute for Particle Astrophysics and Cosmology, SLAC National Accelerator
Laboratory, Menlo Park, CA 94025, USA

8Institute for Cosmic Ray Research, The University of Tokyo, Kashiwa, Chiba 277-8582, Japan
9Institute for Basic Science, Center for Theoretical Physics of the Universe, Daejeon 34051,
South Korea

10Faculty of Science, Kumamoto University, 2-39-1 Kurokami, Kumamoto 860-8555, Japan
11Department of Physics, Saga University, Saga 840-8502, Japan
12Department of Physics, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima, Tokyo
171-8501, Japan

13Center for Computational Sciences, University of Tsukuba, 1-1-1, Tennodai, Tsukuba,
Ibaraki 3058577, Japan

∗E-mail: corresponding author; yamauchi@resceu.s.u-tokyo.ac.jp

Abstract
In the past several decades, the standard cosmological model has been established and its
parameters have been measured to a high precision, while there are still many of the funda-
mental questions in cosmology; such as the physics in the very early Universe, the origin of
the cosmic acceleration and the nature of the dark matter. The future world’s largest radio
telescope, Square Kilometre Array (SKA), will be able to open the new frontier of cosmology
and will be one of the most powerful tools for cosmology in the next decade. The cosmological
surveys conducted by the SKA would have the potential not only to answer these fundamental
questions but also deliver the precision cosmology. In this article we briefly review the role
of the SKA from the view point of the modern cosmology. The cosmology science led by the
SKA-Japan Consortium (SKA-JP) Cosmology Science Working Group is also discussed.

c⃝ 2016 Japan SKA Consortium
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Japanese Cosmic Dawn/Epoch of Reionization
Science with the Square Kilometre Array
Kenji HASEGAWA1* , Shinsuke ASABA1, Kiyotomo ICHIKI1, Akio K. INOUE2,
Susumu INOUE3, Tomoaki ISHIYAMA4 , Hayato SHIMABUKURO1,5 , Keitaro
TAKAHASHI5 , Hiroyuki TASHIRO1 , Hidenobu YAJIMA6 , Shu-ichiro
YOKOYAMA7 , Kohji YOSHIKAWA8 , Shintaro YOSHIURA5 , on behalf of Japan
SKA Consortium (SKA-JP) EoR Science Working Group
1Department of Physics and Astrophysics, Nagoya University Furo-cho, Chikusa-ku, Nagoya,
Aichi 464-8602, Japan

2College of General Education, Osaka Sangyo University, 3-1-1, Nakagaito, Daito, Osaka
574-8530, Japan

3Astrophysical Big Bang Laboratory, Riken, Wako, Saitama 351-0198, Japan
4Institute of Management and Information Technologies, Chiba University, 1-33, Yayoi-cho,
Inage-ku, Chiba, 263-8522, Japan

5Faculty of Science, Kumamoto University, 2-39-1 Kurokami, Kumamoto 860-8555, Japan
6Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai
980-8578, Japan

7Department of Physics, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima, Tokyo 171-8501,
Japan

8Center for Computational Sciences, University of Tsukuba, 1-1-1, Ten-nodai, Tsukuba,
Ibaraki, 305-8577, Japan

∗E-mail: hasegawa.kenji@a.mbox.nagoya-u.ac.jp

Abstract
Cosmic reionization is known to be a major phase transition of the gas in the Universe. Since
astronomical objects formed in the early Universe, such as the first stars, galaxies and black
holes, are expected to have caused cosmic reionization, the formation history and properties
of such objects are closely related to the reionization process. In spite of the importance of
exploring reionization, our understandings regarding reionization is not sufficient yet. Square
Kilometre Array (SKA) is a next-generation large telescope that will be operated in the next
decade. Although several programs of next-generation telescopes are currently scheduled,
the SKA will be the unique telescope with a potential to directly observe neutral hydrogen up
to z ≈ 30, and provide us with valuable information on the Cosmic Dawn (CD) and the Epoch
of Reionization (EoR). The early science with the SKA will start in a few years; it is thus the
time for us to elaborate a strategy for CD/EoR Science with the SKA. The purpose of this
document is to introduce Japanese scientific interests in the SKA project and to report results
of our investigation.
Key words: reionization, first stars, galaxies

c⃝ 2016 Japan SKA Consortium
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Resolving 4-D Nature of Magnetism with
Depolarization and Faraday Tomography:
Japanese SKA Cosmic Magnetism Science
Takuya AKAHORI1∗, Yutaka FUJITA2, Kiyotomo ICHIKI3 , Shinsuke
IDEGUCHI4 , Takahiro KUDOH5, Yuki KUDOH6, Mami MACHIDA7, Hiroyuki
NAKANISHI1 , Hiroshi OHNO8, Takeaki OZAWA1, Keitaro TAKAHASHI9 ,
Motokazu TAKIZAWA10 , on behalf of the SKA-JP Magnetism SWG.
1Graduate School of Science and Engineering, Kagoshima University, Kagoshima 890-0065
2Graduate School of Science, Osaka University, Osaka 560-0043
3Kobayashi-Maskawa Institute, Nagoya University, Aichi 464-8602
4Department of Physics, UNIST, Ulsan 44919, Korea
5Faculy of Education, Nagasaki University, Nagasaki 852-8521
6Faculty of Sciences, Chiba University, Chiba-shi 263-8522
7Faculty of Sciences, Kyushu University, Fukuoka 812-8581
8Tohoku Bunkyo College, Yamagata 990-2316
9Department of Physics, Kumamoto University, Kumamoto 860-8555
10Department of Physics, Yamagata University, Yamagata 990-8560

Abstract
Magnetic fields play essential roles in various astronomical objects. Radio astronomy has
revealed that magnetic fields are ubiquitous in our Universe. However, the real origin and
evolution of magnetic fields is poorly proven. In order to advance our knowledge of cosmic
magnetism in coming decades, the Square Kilometre Array (SKA) should have supreme sen-
sitivity than ever before, which provides numerous observation points in the cosmic space.
Furthermore, the SKA should be designed to facilitate wideband polarimetry so as to allow
us to examine sightline structures of magnetic fields by means of depolarization and Faraday
Tomography. The SKA will be able to drive cosmic magnetism of the interstellar medium, the
Milky Way, galaxies, AGN, galaxy clusters, and potentially the cosmic web which may pre-
serve information of the primeval Universe. The Japan SKA Consortium (SKA-JP) Magnetism
Science Working Group (SWG) proposes the project ”Resolving 4-D Nature of Magnetism with
Depolarization and Faraday Tomography”, which contains ten scientific use cases.
Key words:magnetic fields — polarization

1 Introduction
(Electro)-Magnetism is one of the four fundamental forces in
the Universe. Magnetic fields induce fundamental astrophys-
ical processes such as particle acceleration, nonthermal radia-
tion, and polarization, and impact on activities of astronomi-
cal objects through field tension, reconnection, instability, and

∗ corresponding author; akahori@sci.kagoshima-u.ac.jp

turbulence. It is interesting that such rich, diverse nature of
magnetic fields is often explained by common theories of mag-
netism, though various effects caused by magnetic fields make
them difficult to understand themselves. Understanding local
magnetic fields will assist studies of the epoch of reionization,
the cosmic microwave background polarization, and the ultra
high energy cosmic rays (CRs), while deepest magnetic fields

c⃝ 2016 Japan SKA Consortium
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Radio Astrometry towards the Nearby Universe
with the SKA
Hiroshi Imai1, Ross A. Burns1, Yoshiyuki Yamada2, Naoteru Goda3, Tahei
Yano3, Gabor Orosz1, Kotaro Niinuma4 and Kenji Bekki5 (SKA Japan
Astrometry Science Working Group)

1Science and Engineering Area of the Research and Education Assembly , Kagoshima University
2Kyoto University
3JASMINE Project Office, National Astronomical Observatory of Japan
4Yamaguchi University
5International Centre for Radio Astronomy Research, the University of Western Australia

∗E-mail: hiroimai@sci.kagoshima-u.ac.jp

Abstract

This chapter summarizes radio astrometry in relation to current very long baseline interferometry
(VLBI) projects and describes its perspectives with the SKA. The scientific goals of the astrometry
with the SKA have been discussed in the international and Japanese communities of researchers,
whose major issues are shown here. We have demonstrated some of the issues, such as censuses of
possible targets and the technical feasibility of astrometry in the SKA frequency bands. The prelim-
inary results of our case studies on SKA astrometry are also presented. In addition, possible synergy
and commensality of the SKA astrometric projects with those in the optical and infrared astromet-
ric missions, especially JASMINE (Japan Astrometry Satellite Mission for INfrared Exploration) are
discussed.

Key words: Astrometry — VLBI — galaxies: the Milky Way, the Local Group — masers

1 Introduction: Radio Astrometry as
Astronomical Basis and New Challenges

Astrometry serves as a backbone of astronomy and as-

trophysics. It has yielded trigonometric measurements

of sources in the nearby universe including our Milky

Way Galaxy (MWG) and the Local Group (LG) of galax-

ies. Annual parallax provide a crucial rung on the “dis-

tance ladders” on which other distance estimates and

standard candles are calibrated. The influences of as-

trometry can therefore reach cosmic scales and some-

times provides great impact on astrophysics.It has also

provided precise celestial coordinate systems such as the

International Celestial Reference Frame (ICRF) in radio

astrometry basing on extragalactic quasars.

Fig. 2 shows the present to future view of astro-

metric missions. Radio astrometry is at a unique po-

sition with regards to other approaches to astrometry.

The numbers of the targeted sources in the present radio

astrometry missions (N ∼ 103 radio sources) are much

smaller than those in optical and infrared astrometry,

such as the Gaia mission (∼ 109 stars)(e.g. Lindegren et

al. 2012). However, the former targets “exotic” sources

emitting non-thermal emission such as pulsars, black-

holes, and masers, complementing well to the latter. One

also would remember the great impact on the distance

scale controversy of the Pleiades Cluster (Fig. 1, Melis

et al. 2014). The annual parallaxes measured in the

cluster in radio finally gave a strong constraint on the

distance scale (D ≈136 pc), which had an unacceptable

uncertainty among different results from optical astrom-

etry. Because radio emission is relatively transparent,

even taking into account stronger interstellar scattering

and poorer angular resolution in longer wavelengths, it

has a unique benefit to astrometry for sources embed-

c⃝ 2016 Japan SKA Consortium

galaxy evolution: 1603.01938 pulsar: 1603.01951 

cosmology: 1603.01959 EoR: 1603.01961 

magnetism: 1603.01974 
astrometry: 1603.02042 



日本は参加するの？	

・日本は今はメンバー国ではない 
・SKA-Japanは関心のある主に大学の、 
　主に理論家の研究者コミュニティ 
　→　国立天文台に圧力 
・VLBIコミュニティと協力 
・国立天文台水沢VLBI観測所の将来計画として 
　SKAを提案、推進室設置を要求 



３、SKAによるパルサー観測	



パルサー	
Jocelyn Bell	

Antony Hewish	

・周期的なパルス 
・周期：1msec – 10sec 
・正確な周期	→	宇宙の時計 
・現在2,500個程度発見 



パルサー観測の歴史	

Pulsars and the SKA Michael Kramer
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Figure 1: Pulsar-related discoveries as a function of time. The time of the first SKA Science Book is marked
and some important (selected) discoveries since are marked. The right panel puts the current numbers into
perspective with those expected for the SKA.

2. Science enabled by the discovery & study of pulsars and radio emitting neutron
stars with the SKA

The pulsar key science described in the first SKA Science Book had a number of related
components, which were summarised under the theme of “Testing Gravity”. With pulsars being
strongly self-gravitating bodies and precision clocks at the same time, timing observations of bi-
nary and isolated millisecond pulsars allow unprecedented strong-field experiments. These include
testing general relativity and alternative theories of gravity using binary pulsars and (the yet to be
discovered) pulsar-black hole systems as well as the direct detection of gravitational waves using
a “Pulsar Timing Array” (PTA) experiment. Given the advances in recent years, prospects are now
described in two separate chapters by Shao et al. (2015) and Janssen et al. (2015), respectively.
In addition to those, we provide here a summary of the rich and varied science goals for the SKA
described in the appropriate chapters:

Chapter 37 — Gravitational wave astronomy with the SKA — Janssen et al. (2015) A
Pulsar Timing Array (PTA) is used as a cosmic gravitational wave (GW) detector. As described
in the chapter by Janssen et al. (2015), Phase I essentially guarantees the direct detection of a
GW signal. This may appear as a stochastic background from binary super-massive black holes in
the process of early galaxy evolution, or it may be bright individual source(s) of this kind. Exotic
phenomena like cosmic strings may also be expected to produce measurable GW signals, should
they exist. The last ten years have seen a much better understanding of the source population, the
detection procedures and the use of a PTA for fundamental physics (such as graviton properties,
e.g. Lee et al. 2010) or single source localisation capabilities (e.g. Lee et al. 2011), all of which is
described in the corresponding chapter.

Chapter 38 — Understanding pulsar magnetospheres with the SKA — Karastergiou et
al. (2015) Considerable progress has been made with our understanding of the pulsar emission
mechanism in the last decade. However, the wide bandwidth and exceptional sensitivity of the
SKA will revolutionise our understanding of radio emission from all types of radio emitting neu-
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Figure 1: Pulsar-related discoveries as a function of time. The time of the first SKA Science Book is marked
and some important (selected) discoveries since are marked. The right panel puts the current numbers into
perspective with those expected for the SKA.

2. Science enabled by the discovery & study of pulsars and radio emitting neutron
stars with the SKA

The pulsar key science described in the first SKA Science Book had a number of related
components, which were summarised under the theme of “Testing Gravity”. With pulsars being
strongly self-gravitating bodies and precision clocks at the same time, timing observations of bi-
nary and isolated millisecond pulsars allow unprecedented strong-field experiments. These include
testing general relativity and alternative theories of gravity using binary pulsars and (the yet to be
discovered) pulsar-black hole systems as well as the direct detection of gravitational waves using
a “Pulsar Timing Array” (PTA) experiment. Given the advances in recent years, prospects are now
described in two separate chapters by Shao et al. (2015) and Janssen et al. (2015), respectively.
In addition to those, we provide here a summary of the rich and varied science goals for the SKA
described in the appropriate chapters:

Chapter 37 — Gravitational wave astronomy with the SKA — Janssen et al. (2015) A
Pulsar Timing Array (PTA) is used as a cosmic gravitational wave (GW) detector. As described
in the chapter by Janssen et al. (2015), Phase I essentially guarantees the direct detection of a
GW signal. This may appear as a stochastic background from binary super-massive black holes in
the process of early galaxy evolution, or it may be bright individual source(s) of this kind. Exotic
phenomena like cosmic strings may also be expected to produce measurable GW signals, should
they exist. The last ten years have seen a much better understanding of the source population, the
detection procedures and the use of a PTA for fundamental physics (such as graviton properties,
e.g. Lee et al. 2010) or single source localisation capabilities (e.g. Lee et al. 2011), all of which is
described in the corresponding chapter.

Chapter 38 — Understanding pulsar magnetospheres with the SKA — Karastergiou et
al. (2015) Considerable progress has been made with our understanding of the pulsar emission
mechanism in the last decade. However, the wide bandwidth and exceptional sensitivity of the
SKA will revolutionise our understanding of radio emission from all types of radio emitting neu-
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パルサー観測の今後	
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分散遅延	

パルスの伝播中にプラズマ	
効果で周波数に応じて	
到着時刻が遅れる	

低周波ほど遅延が大きい	



the	handbook	of	pulsar	astronomy	

散乱	

パルスの伝播中にISMに	
散乱されて経路が歪み	
パルス幅が広がる	

低周波ほど効果が大きい	



観測戦略 
・低周波の方が明るい 
・低周波で遅延、散乱が大きい 
→	銀河面は高周波、面外は低周波 
 
SKAによるパルサー観測 
　全天サーベイ 
　　・SKA-mid銀河面サーベイ 
　　・SKA-low銀河面外サーベイ 
　ターゲット観測 
　　・銀河系中心 
　　・球状星団 
　　・系外銀河 
　　・タイミング観測（ミリ秒パルサー） 
　　・Fermi未同定天体 

SKAによるpulsar観測	



SKAによるpulsar観測	
SKA1サーベイ 
・9,000 normal pulsars 
・1,400 millisecond pulsars 
SKA2サーベイ 
・30,000 normal pulsars 
・3,000 millisecond pulsars 
 
 
これだけたくさんあると・・・ 
・統計　　　　　　　・珍しいもの 
　‐光度関数　　　　　‐質量上限、下限 
　‐質量関数　　　　　‐sub-msecパルサー 
　‐空間分布　　　　　‐惑星系 
　‐周期分布　　　　　‐珍しい連星 



・質量関数 
・最軽量 
・最重量　→　状態方程式 

パルサー質量	
The neutron star EOS Anna Watts

Figure 4: Current NS mass measurements, 68% confidence intervals (http://jantoniadis.wordpress.com/
research/ns-masses/ for original references). Blue -LMXBs; Red - Eclipsing MSPs; Green - DNS; Magenta
- NS-WD binaries; Black - MSP-Main Sequence binaries; Cyan - Triple Pulsar. Though some sources may
have higher masses than PSRs J1614-2230 and J0348+0432, there are large systematic uncertainties on these
measurements or other reasons why they are not as direct or reliable a measurement.

current spin record holder resides in the globular cluster Terzan 5 (Hessels et al. 2006). A signifi-
cant fraction of the MSPs found in targeted searches will be in eclipsing binaries (‘black widows’
and ‘redbacks’ (Roberts 2011)), which, although more difficult to detect and time precisely, may
harbour the most massive NS created by nature (van Kerkwijk et al. 2011; Romani et al. 2012) be-
cause they have accreted significant mass from their companion and/or were formed more massive.

3. State of the art (observations and theory)

3.1 State of the art: masses

A measurement of a NS mass, even without a simultaneous measurement of R, constrains the
EOS if it exceeds the maximum mass predicted by a given model (Figure 3). Figure 4 shows current
NS mass measurements. The two most constraining systems are PSRs J1614�2230 (Demorest
et al. 2010) and J0348+0432 (Antoniadis et al. 2013), with masses of 1.97 ± 0.04 and 2.01 ±
0.03 M� respectively. PSR J1614�2230 is a 3.1 ms MSP orbiting an intermediate-mass WD every
8.7 days. The system has a very high inclination (89.17�) resulting in a strong Shapiro delay signal.
PSR J0348+0432 is a 39 ms pulsar in a relativistic, 2.46 h orbit with a low-mass WD. For this binary
the PK parameters cannot be measured and the masses have been measured through phase-resolved
optical spectroscopy of the bright WD companion.

Current knowledge of hadronic physics suggests it is nearly impossible for matter to be purely
nucleonic at the expected massive NS core densities of (7-10) rsat. No matter what the precise
composition, all alternative possibilities add additional degrees of freedom. The immediate effect is

9

中性子星形成の物理 



・周期分布　→　パルサー進化 
・最高速　　→　状態方程式 

パルサー周期	

The neutron star EOS Anna Watts

Figure 5: Left: Constraints arising from different spin rate measurements. NS of a given spin rate must
lie to the left of the relevant limiting line in the M-R plane (shown in blue for various spins). EOS models
as in Figure 3. The current record holder, which spins at 716 Hz (Hessels et al. 2006) is not constraining,
but given a high enough spin individual EOS can be ruled out. Between 1 kHz and 1.25 kHz, for example,
individual EOS in the grey band of nucleonic EOS would be excluded. Right: The spin distribution of radio
MSPs with a spin frequency > 100 Hz. The spin distribution of the smaller sample of accreting NS is similar
(Patruno & Watts 2012; Watts 2012).

et al. 2009), obtained from fits to general relativistic calculations of rotating stars. Since we require
f < fK , this results in a constraint on the radius:

R < 10 C2/3


M
M�

�1/3 f
1 kHz

��2/3

km (3.1)

The more compact the star is, the higher the supported rotation rate can be, and the tighter the
constraint on the EOS. Figure 5 shows the spin distribution of the known radio pulsars. The binary
MSP J1748�2446ad (Hessels et al. 2006) is the NS with the shortest known rotational period,
Pmin = 1.396 ms, corresponding to a spin frequency of 716 Hz (the most rapidly rotating accretion-
powered NS rotates at 619 Hz (Hartman et al. 2003)). The resulting constraint is shown in Figure
5: the radius of a non-rotating 1.4 M� star would have to be smaller than 15 km. This is not
particularly constraining for current models: rotation rates faster than a millisecond are required to
rule out EOS.

3.4 State of the art: glitches

The majority of the glitches known today have been detected in the data of long monitoring
programs (at Jodrell Bank, Parkes and Urumqi; (Yuan et al. 2010b; Espinoza et al. 2011; Yu et al.
2013)). This is because glitches are inferred from observations before and after the glitch epoch.
The most minimal characterisation of a glitch is the measurement of the step in spin frequency (Dn).
However, many glitches also induce a change in spin-down rate (Dṅ) and a process of relaxation
towards the pre-glitch rotational values, with timescales that can go up to a few hundred days.
Constraints and information on the glitch mechanism and the rotational dynamics of the neutron
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球状星団パルサー	

・ミリ秒パルサーが多い 
　‐normal: 2200 ⇔	144 
　‐millisec: 250	⇔	130 
・高い星密度（～1000pc-3） 
　星同士の相互作用が頻繁 
　	‐バイナリーが多い 
　	‐バイナリー組み替え 
　	‐変なシステムができる→ 
　	‐何回もrecyclilngが 
　	　起こる 
　	　→	sub-millisec? 
・中心にIMBH? 



・パルサー国勢調査 
・基礎物理の探求 
　‐強重力での相対論検証 
　‐重力波直接検出 
　‐核物質の状態方程式 
・パルサー磁気圏 
・パルサー風 
・中性子星の誕生、進化 
・銀河系の構造（ガス・磁場） 
・銀河間ガス 

SKA highlights 

SKA pulsar science	

比較的手薄 

日本が活躍するチャンス！ 



４、重力波直接検出	



pulsar timing array 



pulsar timing array 

原理：重力波が通過すると地球とパルサーの時空の 
　　　変化でパルスの到達するタイミングがずれる 
 
重力波周波数：観測頻度と観測期間で決まる 
　(1日)-1 ～(数年)-1  
　→	0.1µHz ～	1nHz 
　→	巨大BHバイナリー、宇宙ひも 
 
感度：10nsecの精度でタイミング観測、10年継続 
　→ 10 ns/ 10 yr ～	3×10-16 



pulsar timing array 
timing residual: 
重力波がないと仮定した 
タイミングモデルからの 
ずれ 
 
上：シングルソース 
下：背景重力波 
（パルサーと波源の 
位置関係で変わる） 
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Fig. 4.— Examples of the four classes of GW signals predicted in the pulsar timing band. Each graphic
shows the induced timing residuals before parameter fitting (top panel) and after fitting for pulsar spin pe-
riod and period derivative (bottom panel), for simulated data from pulsars PSRJ0437–4715 (red asterisks),
J1012+5307 (blue dots), and J1713+0747 (black triangles) to demonstrate the expected quadrupolar signa-
ture. All discrete GW sources (b–d) were injected in the same sky location. In all simulated pulsar residuals,
�n = 1 ns of white noise and no red noise was injected. Panels are: (a) A GWB with hc = 10�15 and
↵ = �2/3; (b) A continuous wave from an equal-mass 109 M� BSMBH at redshift z = 0.01. The distortion
from a perfect sinusoid is caused by the lower-frequency pulsar term. (c) A memory event of h = 5 ⇥ 10�15,
whose wavefront passes the Earth on day 1500. (d) A burst source with an arbitrary waveform.
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Fig. 4.— Examples of the four classes of GW signals predicted in the pulsar timing band. Each graphic
shows the induced timing residuals before parameter fitting (top panel) and after fitting for pulsar spin pe-
riod and period derivative (bottom panel), for simulated data from pulsars PSRJ0437–4715 (red asterisks),
J1012+5307 (blue dots), and J1713+0747 (black triangles) to demonstrate the expected quadrupolar signa-
ture. All discrete GW sources (b–d) were injected in the same sky location. In all simulated pulsar residuals,
�n = 1 ns of white noise and no red noise was injected. Panels are: (a) A GWB with hc = 10�15 and
↵ = �2/3; (b) A continuous wave from an equal-mass 109 M� BSMBH at redshift z = 0.01. The distortion
from a perfect sinusoid is caused by the lower-frequency pulsar term. (c) A memory event of h = 5 ⇥ 10�15,
whose wavefront passes the Earth on day 1500. (d) A burst source with an arbitrary waveform.
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銀河衝突とSMBH	

Sesana 2013 
BH mergerシミュレーション 

銀河衝突 
→ SMBH binary形成 
→ 重力波放出・合体 
→ 背景重力波 



背景重力波スペクトル	 Ravi et al. 2014	



背景重力波スペクトル	

重力波のみ	

星によるdynamical friction 
＋　重力波	

Ravi et al. 2014	



背景重力波スペクトル	

各軌道半径のバイナリーが	
どれだけいるか	
→	銀河衝突史	

Ravi et al. 2014	



背景重力波スペクトル	

バイナリー形成時の	
軌道離心率分布	

Ravi et al. 2014	



背景重力波スペクトル	 Ravi et al. 2014	

銀河衝突史	
バイナリー形成条件	
バイナリー進化史	



現在のPTA 
３つグループ 
・PPTA（豪） 
・EPTA（欧） 
・NANOGrav（米） 
コンソーシアム	→	IPTA 



 

 
Fig. 1. Residual pulse times of arrival, Δt, for the four pulsars used in our analysis. These 
are PSR J1909-3744 (panel A), PSR J0437-4715 (panel B), PSR J1713+0747 (panel C), and PSR 
J1744-1134 (panel D). 
  

PPTAデータ	
Shannon et al. 2015 
Parkes PTA 
４つのパルサーの 
１０年に渡る観測を 
用いて現在最も厳しい 
上限を与える。 
 
error ~ 1 µsec! 
 
red noise: 
正体不明の長時間スケール 
のノイズ 
パルサー？星間空間？ 
太陽系？観測装置？ 

観測年	



1758 D. J. Reardon et al.

Figure 2. Final post-fit residuals for each of the pulsars in our sample. The vertical range of each subplot is given below the pulsar name.

the binary orbit. An updated model was presented by V08. This
included a precise distance estimate derived from an orbital period-
derivative measurement.

In Fig. 3, we show the two components of the red-noise model
with the power spectrum of the post-fit residuals (panel d). As

shown in panel (b), the model successfully whitens the residuals.
Significant uncorrected DM noise is present in the early data. There-
fore, as expected, the timing noise model underestimates the total
noise, whereas the DM-noise model alone overestimates the total
noise (since it does not apply to the entire data set). There is excess

MNRAS 455, 1751–1769 (2016)
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これなにか考えてください！	



   
  

 

Fig. 2. Predictions and limits on the GWB strain spectrum.  The black asterisks (labeled P15) 
shows the 95% confidence limit we obtain, assuming hc(f)=Ac,yr[f/(1 yr-1)]-2/3.  The other symbols 
show previously published limits from the European Pulsar Timing Array (triangle, labeled E15, 
Ref. 20), the North American Nanohertz Observatory for Gravitational Waves (circle, labeled 
N13, Ref. 29) collaborations, and our previous limit (square, labeled P13, Ref. 8).  Each panel 
shows a different prediction for the GWB as a shaded region that represents the 1-σ uncertainty, 
including four models for SMBH evolution, labeled S13 (9), M14 (10), K15 (12),  and R15 (11), 
which predict a power-law form for hc(f).  Models Exp (See supplementary section S2.2, Ref. 13) 
and R14 (22) include the effects of environmentally driven binary evolution and therefore predict 
more complex strain spectra.   The black curves show the nominal single-frequency sensitivities 
of our observations (see supplementary section S2.2, 13), and is above our limit because of the 
statistical penalties applied when searching individual frequencies.   In Panel D, the blue 
pentagon (labeled A95,SKA) shows the projected upper limit on Ac,yr obtained with a single-pulsar 
timing campaign with a next generation radio telescope (the SKA; see supplementary section 
S2.2, Ref. 13), and excludes all models considered with greater than 98% probability.  

  

PPTAデータ解析	

重力波周波数	(yr-1)	

Shannon et al. 2015 
Parkes PTA 
背景重力波モデルに 
不定性はあるが 
最もシンプルな 
モデルは棄却した。 



感度予想	

Kramer	・SKA以前に検出される 
　可能性はある 
・SKA1なら確実 
・ナノヘルツ重力波 
　検出前夜！ 



多波長重力波天文学	
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日本のサイエンス	

パルサーのVLBI観測による距離決定 
　・感度、角度分解能の大幅向上 
　　（距離を知らないと分解能〜40平方度） 
　・パルサーによる銀河系マップ作り 
　　（VERAの拡張） 
 
サブナノヘルツ重力波検出 
　Yonemaru, KT+ 2016, 2017 
 
宇宙ひもからの重力波探索 
　Kuroyanagi, KT+ 2017 

Hiramatsu, KT+ 



５、一般相対論検証	



相対論の検証	

銀河系中心巨大ブラックホールを用いて一般相対論を検証	



相対論の検証	

銀河系中心巨大ブラックホールを用いて一般相対論を検証	
●修正重力理論	
　・暗黒物質・暗黒エネルギー	
　　「既成の理論＋変なもの」vs「新理論＋普通のもの」	
　　‐水星の近日点移動	
　　‐海王星の発見	



相対論の検証	

銀河系中心巨大ブラックホールを用いて一般相対論を検証 
●修正重力理論 
　・暗黒物質・暗黒エネルギー 
　　「既成の理論＋変なもの」vs「新理論＋普通のもの」 
　　‐水星の近日点移動 
　　‐海王星の発見 
　・ミクロな世界の重力：超ひも理論？余剰次元？ 
　・Brans-Dicke理論 
　　→	スカラー・テンソル理論 
　　→	Horndeski理論 
　　　	（スカラー場を含み運動方程式が２階になる 
　　　	　もっとも一般的な理論） 



相対論の検証 
ブラックホールの基本的な定理 
・no-hair theorem 
　ブラックホールの性質は質量、 
　スピン、電荷だけで決まる 
 
・cosmic censorship conjecture (Penrose) 
　‐ブラックホールの回転速度が 
　　大きすぎると裸の特異点が出て 
　　しまい理論が破綻 
　‐一般相対論の解としては存在する 
　‐現実の宇宙ではそのような解は 
　　実現されないであろう 
　　→	ブラックホールの回転速度に上限 



ブラックホールの形を測る	

銀河中心の巨大ブラックホール近傍のパルサー（1mpc） 
→	パルスのタイミング 
→	パルサーの軌道要素 
→	巨大ブラックホールの質量、スピン、形（四重極）を 
　	精密に測る 
　	・四重極は予言通りか？ 
　	・スピンは上限を超えていないか？ 

+	 +	

-	

-	
もっとも相対論らしいもので 
相対論を検証する 



銀河系中心にパルサーはある？	

PSR J1745−2900  
　SgrA*から0.1pcに 
　マグネター！ 
 
銀河系中心から大量の 
ガンマ線 
 
Wharton+ 2012 
  ~ 1000 in (1pc)3 
Zhang+ 2014 
  ~ 200 in (0.01pc)3 

 
誰か見積もってください！ 

Galactic Centre Pulsars with the SKA R. P. Eatough

Figure 2: The positions of detected radio pulsars in the central 0.5◦ toward the GC overlaid on a 10.55 GHz
continuum map made with the Effelsberg telescope (Seiradakis et al. 1989). Assuming a GC distance of
8.3kpc, 0.5◦corresponds to a projected distance of ∼ 70pc. Even PSR J1745−2900, which overlaps the
position of Sgr A* on this scale (∼ 3′′≡ 0.1 pc offset), is too distant for gravity tests. Figure courtesy of
B. Klein.

reactions should occur as they do in globular clusters. Voss & Gilfanov (2007) show that tidal
capture of NSs by low-mass main-sequence stars is the dominant mechanism for forming binary
NS in approximately the central 1′ of M31 and these can produce millisecond pulsars (MSPs)
via long-term accretion. Along with similarly captured stellar-mass BHs, accreting objects in the
central part of M31 can account for the excess number of point X-ray sources in the inner bulge of
M31. The same processes should occur in the GC over a similar-sized region (0.1–0.2 kpc) (Muno
et al. 2005).

Arguably the strongest evidence for a significant NS population in the central parsec now
comes from the recent detection of a radio loud magnetar - PSR J1745−2900, an inherently rare
class of pulsar, just ∼3′′(0.1 pc) from Sgr A* (Kennea et al. 2013; Mori et al. 2013; Eatough
et al. 2013a; Shannon & Johnston 2013). Along with the five pulsars previously discovered in
proximity to Sgr A* (at 10′−15′- see Figure 2 (Johnston et al. 2006; Deneva et al. 2009)) these
objects cannot be explained as part of a Galactic disk population because the number of foreground
pulsars expected in the pulsar surveys to date is much less than one. Consequently, the question of
the GC pulsar population has been recently revisited by a number of authors (Chennamangalam &
Lorimer 2014; Zhang et al. 2014; Dexter & O’Leary 2014). As will be described in Section 3, it is
pulsars in compact orbits (Porb < 1 yr - corresponding to a semi-major axis of ∼ 160 au) around
the BH that will enable the most precise tests of GR. Recent simulations suggest that up ∼ 200
pulsars could orbit within 4000 au of the BH, the closest of which could have a semi-major axis of
∼ 120 au (Zhang et al. 2014). It is only through observations with the SKA that the full GC pulsar
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７、まとめ	



まとめ	

SKA 
　・究極の長波長電波望遠鏡 
　・究極のパルサー望遠鏡 
　・日本も参加に向け大きな一歩 
 
SKAのパルサーサイエンス 
　・パルサー国勢調査 
　・パルサーを道具として（重力波・相対論検証） 
　・パルサーそのもの 
　　→　活躍の余地が大きい。チャンス！ 

メンバー募集中！ 



研究会案内	

日本SKAパルサー・突発天体研究会 
・1/5-1/7＠鹿島 
・2020年代のパルサー研究について議論 
・電波でなくても講演歓迎！ 
・参加登録受付中！ 
・詳しくはtennet 


