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１、SKA update	



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

次世代低周波電波望遠鏡 
・高感度、広視野、広帯域、高分解能 
・SKA1: 10% (674MEuro) 
・SKA2: 100% (???） 

Square Kilometre Array	



Square Kilometre Array	
SKA-low 
・オーストラリア 
・50 - 350MHz 
・宇宙再電離21cm線	

SKA-mid 
・南アフリカ 
・350MHz - 24GHz 
・HI、パルサー 



2013 
　cost cap: €674M (2016 Euro) 
　re-baselining 
2016 
　コスト：建設€916M・運用128M/yr 
　Cost Control Project発足 
　　科学・技術・スケジュールを考慮しコスト削減案作成 
2017 
　コスト：建設€797.7M・運用€88.7M/yr・開発€20M/yr 
　Deployment Design 
　　現在の予算で作れるもの。新たな資金が得られ次第、 
　　Baseline Designに近づける。 

コスト	



Deployment Design	

 
SKA-BD-24-07b 
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APPENDIX 1 – Deployment Baseline 
 

x The Design Baseline of SKA-1 is a design that meets the full set of technical 
System Requirements, and has been found by the science community (as 
represented by the full complement of SKA Science Working Groups) to provide 
transformational science capabilities. 

 
x Consideration will also be given to maintaining the momentum of the project 

(retention of key staff and the operation of the SKA Office).   
 

x An ordered sequence of incremental cost-reduction measures and commensurate 
reductions in science capability has been planned and vetted by the science 
community.  This will be reviewed periodically (at least annually) in conjunction 
with rolling estimates of costs.   

 
x The Deployment Baseline will include as much of the Design Baseline as can be 

afforded at the time when construction begins.  Any actual reduction measures will 
be based on the rolling (periodically reviewed) updates at that time.  Actual 
procurement costs may modify these choices incrementally. 

 
x Re-instatement of omitted capabilities, up to the full restoration of the Design 

Baseline, will be given high priority should additional funding become available 
during or after the construction phase. 

 
x Scientific and technical review of re-instatement measures will be carried out 

periodically (at least annually) until the Design Baseline or a reasonable equivalent 
has been restored. 
 

The table below shows the current view of the Design Baseline and Deployment Baseline 
based on June 2017 cost estimates: 

Table 9: Design vs. Deployment Baseline June 2017 view

 Design 
Baseline 

Deployment 
Baseline 

Re-instatement 
‘+’ means add to system 

    
SKA1-Mid    

No. dishes 133 130 +3 dishes at 150 km 
Max. Baseline 150 km  120 km  + infra to 150 km 
Band 1 Feeds 133 130 +3 Band 1 Feeds for 3 dishes 
Band 2 Feeds 133 130 +3 Band 2 Feeds for 3 dishes 
Band 5 Feeds 133 67 +66 Band 5 feeds 
Pulsar Search 

(PSS) 
500 nodes 375 nodes +125 nodes 

SKA1-Low    
No. stations 512 476 +36 stations (18 stns at 49 & 65 km) 

Max. Baseline 65 km  40 km  +infra to 65km 
Pulsar Search  167 nodes 125 nodes +42 nodes 

Common    
Compute Power 260 PFLOPs 50 PFLOPs +210 PFLOPs 

外側のアンテナを省いて基線長を短くし計算機を減らす。 



スケジュール	
18       20       22       24       26       28       30       32 

SKA1建設	 SKA1運用	

PI観測	

KSP観測	

commissioning	
verifica3on	

SKA2建設	SKA2デザイン	



Key Science Project	

Key Science Projectとは 
・数千時間の観測時間を要求するプロジェクト 
・定常運用になったら全観測時間の７割程度？ 
・「宇宙再電離21cm線」「HI全天サーベイ」 
　「宇宙磁場」「パルサー」など 
・広くコミュニティから募集される 
・PI数、参加者数など基本的には貢献度に比例	



２、SKA-Japan update	



SKA Japan組織	
2008年設立、メンバー～200人 
執行部（2018/04~） 
・代表　　　：杉山（名古屋） 
・副代表　　：高橋（熊本）　中西（鹿児島） 
・広報　　　：半田（鹿児島）長谷川（名古屋） 
・外部資金　：今井（鹿児島） 
・天文台担当：赤堀（NAOJ） 
・顧問　　　：小林（NAOJ） 
・Science Working Group 
　‐代表　：市來（名古屋） 
　‐副代表：竹内（名古屋） 
・Engineering Working Group 
　‐代表　：青木（山口） 



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） 
　・位置天文：今井（鹿児島） 
　・星間物質：立原（名古屋） 
　・突発天体：新沼（山口） 
　・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	



precursor参加 
・MWA：宇宙再電離・宇宙磁場・銀河進化 
・ASKAP：POSSUM・GASKAP・WALLABY 
・Parkes：パルサー 
 
出版 
・日本版サイエンスブック(2015, 2016) 
・エンジニアリングレポート(2016) 
 
研究会など 
2017/09 日本物理学会シンポジウム 
2018/01	パルサー・突発天体研究会 
2018/04 MWA EoR Busy Week 
2018/05 宇宙磁場国際会議 
               ASKAP POSSUM Meeting 
2018/06 SKA技術会議 

SKA-Japanの活動	
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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

ar
X

iv
:1

60
3.

01
96

1v
1 

 [a
str

o-
ph

.C
O

]  
7 

M
ar

 2
01

6

Japan SKA Consortium (2016)
Preprint typeset using PASJ LATEX format v.1.0

1

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
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外部資金	

ここ３年・SKAに直結する主なもの 
●科学研究費 
　・50,000千円/3yr 
　・MWA参加費 
　・研究員雇用（名古屋） 
 
●二国間交流事業 
　・10,000千円/3yr 
　・オーストラリアに研究者派遣 
 
●国立天文台大学支援経費（2014.10 - 2017.9） 
　・60,000千円/3yr 
　・鹿児島：SKA本部派遣 
　・熊本：プレカーサー参加、研究者派遣 
　・名古屋：サイエンス、光赤外との協働 
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Detectability of 21cm-signal during the Epoch of
Reionization with 21cm-Lyman-α emitter
cross-correlation. I.
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ABSTRACT
Detection of the redshifted 21cm-line signal from neutral hydrogen in the intergalac-
tic medium (IGM) during the Epoch of Reionization (EoR) is complicated by intense
foregrounds such as galactic synchrotron and extragalactic radio galaxies. The 21cm-
Lyman-α emitter(LAE) cross-correlation is one of the tools available to reduce the
foreground effects because the foreground emission from such radio sources is statis-
tically independent of LAE distribution. LAE surveys during the EoR at redshifts
z = 6.6 and 7.3 are ongoing by the Subaru Hyper Suprime-Cam (HSC). Additionally,
Prime Focus Spectrograph (PFS) will provide precise redshift information of the LAEs
discovered by the HSC survey. In this paper, we investigate the detectability of the
21cm-signal with the 21cm-LAE cross-correlation by using our improved reionization
simulations that are consistent with the neutral hydrogen fraction at z ∼ 6 indicated
by QSO spectra and the observed Thompson scattering optical depth. We also focus
on the error budget and evaluate it quantitatively in order to consider a strategy to
improve the signal-to-noise ratio. In addition, we explore an expansion of the LAE
survey to suggest optimal survey parameters and show a potential to measure a char-
acteristic size of ionized bubbles via the turnover scale of the cross-power spectrum.
As a result, we find that the Murchison Widefield Array (MWA) has ability to detect
the cross-power spectrum signal on large scales by combining LAE Deep field survey
of HSC. We also show that the sensitivity is improved dramatically at small scales by
adding redshift information from the PFS measurements. Finally, we find that a wider
LAE survey is better than a deeper survey with a fixed observation time in order to
detect the cross-spectrum and that the Square Kilometre Array (SKA) has a potential
to measure the turnover scale with an accuracy of 6 × 10−3 Mpc−1.

Key words: reionization: first stars: observations— ......

1 INTRODUCTION

After the Dark Ages, the neutral hydrogen in the IGM
was reionized by massive stars and galaxies which emit UV
and X-ray photons. This phase of the universe is called the

⋆ E-mail:175d9001@st.kumamoto-u.ac.jp

Epoch of Reionization (EoR) and has attracted much at-
tention in communities of both astrophysics and cosmol-
ogy (Furlanetto et al. 2006; Pritchard & Loeb 2012). So far,
the EoR has often been studied by the Gunn-Peterson test
(Gunn & Peterson 1965) in the spectra of high-z quasars,
which indicates that the reionization was completed by z ≈ 6
(Fan et al. 2006). On the other hand, the integrated Thom-
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ABSTRACT
Observation of the 21 cm line signal from neutral hydrogen during the Epoch of Reion-
ization is challenging due to extremely bright Galactic and extragalactic foregrounds
and complicated instrumental calibration. A reasonable approach for mitigating these
problems is the cross correlation with other observables. In this work, we present the
first results of the cross power spectrum (CPS) between radio images observed by the
Murchison Widefield Array and the cosmic microwave background (CMB), measured
by the Planck experiment. The resulting CPS is consistent with zero because the error
is dominated by the foregrounds in the 21 cm observation, and we obtain an upper
limit ,l2Cl/2π < −3.1 × 107µK2, at l = 100 and at 171MHz. Additionally, the variance
of the signal indicates the presence of non-Gaussian error at small scales. Further-
more, we reduce the error by one order of magnitude with application of a foreground
removal using a polynomial fitting method. Based on the results, we find that the
detection of the 21 cm-CMB CPS with the MWA Phase I requires more than 99.95%
of the foreground signal removed, 2000 hours of deep observation and 50% of the sky
fraction coverage.

1 INTRODUCTION

At the end of the Dark Ages, the first stars were born in
dense clouds and started to ionize neutral hydrogen (H i).
As a result of the cosmological structure formation, young
galaxies and active galactic nuclei created large ionized bub-
bles around them. According to observations of high-z QSO
spectra, almost all of the H i gas was ionized by z ∼ 6
(Fan et al. 2006). This is the epoch of reionization (EoR)
and a measurement of its precise history is a primary moti-
vation of current observational astrophysics. There are other
observations to measure the EoR. For example, the optical
depth to the Thomson scattering of the Cosmic Microwave
Background (CMB) photons constrains the duration of the
reionization (Planck Collaboration et al. 2016), and the de-
creasing of the Lyman-α emitter luminosity function yields
the neutral fraction at z > 6 (Ouchi et al. 2010).

In particular, the 21 cm line signal produced from the
hyperfine structure of H i is a promising tool to probe the
EoR. As the redshifted 21 cm line is observed as a function
of frequency, one can measure the 21 cm line signal along the
line of sight. Thus, the redshifted 21 cm line provides the 3
dimensional distribution of H i gas, and we can study, for
example, the nature of ionizing sources and precise history

of reionization via the topology of ionized gases and its sta-
tistical property. The power spectrum is a common tool to
characterize the parameters of the reionization model (e.g.
Greig & Mesinger (2015)).

The redshifted 21 cm line signal is observed by radio
telescopes. There are many ongoing experiments, such as
the the Giant Metrewave Radio Telescope EoR Experiment
(GMRT, Paciga et al. (2013)), the Donald C. Backer Preci-
sion Array for Probing the Epoch of Reionization (PAPER,
Parsons et al. (2010)), the LOw Frequency ARray (LOFAR,
van Haarlem et al. (2013)), and the Murchison Widefield
Array (MWA, Tingay et al. (2013); Bowman et al. (2013)).
Meanwhile, the construction of future instruments such as
the Hydrogen Epoch of Reionization Array (HERA, DeBoer
(2016)) and the low frequency Square Kilometre Array
(SKA LOW, Mellema et al. (2013)) is planned to begin in a
few years. The current suite of interferometers have enough
sensitivity for a statistical detection of the 21 cm line signal.
Although upper limits on the 21 cm power spectrum at var-
ious scales and redshifts have been given by many groups
(e.g. Ali et al. 2015; Dillon et al. 2015; Parsons et al. 2014;
Jacobs et al. 2015; Beardsley et al. 2016; Patil et al. 2017),
the redshifted 21 cm line signal has not been detected yet be-
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Figure 2. Top: the 21cm brightness temperature in mid model
at redshift z = 6.6. In fully ionized region δTb ∼ 0mK. Bottom:
the associated LAE distribution. The panels are maps integrated
within ∆z = 0.1 ∼ 40Mpc.

face of a galaxy for evaluating the fraction of the Lyα flux
transmitted through the IGM, because the Lyα transmis-
sion rate is sensitive to the line profile. In this work, we use
the line profiles obtained by solving Lyα radiative transfer
with an expanding spherical cloud model in which the ra-
dial velocity is assumed to obey v(r) = Vout

(
r
rvir

)
, where rvir

and Vout are the virial radius of a halo and the galactic wind
velocity (Yajima et al. 2017). The line profile is controlled
by two parameters; the galactic wind velocity Vout and the
H i column density in a galaxy NH i. In the expanding cloud
model, photons with short wavelengths are selectively scat-
tered by outflowing gas. As a result, an asymmetric pro-
file with a characteristic peak at a wavelength longer than
1216 Å emerges from the surface of a galaxy.

Using the obtained line profile φα (ν), the Lyα transmis-

sion rate Tα,IGM is calculated as

Tα,IGM =

∫
φα (ν0) e−τν0,IGM dν0∫

φα (ν0)dν0
, (18)

where ν0 is the frequency in the rest-frame of a galaxy, τν,IGM
is the optical depth through the IGM described as

τν0,IGM =

∫ lp,max

rvir

sα (ν,Tg)nH idlp, (19)

where sα is the Lyα cross section of neutral hydrogen. Note
that the frequency in the rest frame of the expanding gas,
ν, is given by

ν = ν0

(
1 −

H (z)lp

c

)
, (20)

where lp is the distance from an LAE candidate in the phys-
ical coordinate. The upper bound of the integration, lp,max,
is set to be 80 comoving Mpc. The Lyα transmission rate
Tα,IGM tends to be higher as the outflow velocity Vout or
the H i column density NH i increases, because the remark-
able peak shifts towards redder wavelengths (Yajima et al.
2017).

In summary, observable Lyα luminosity is given by

Lα,obs = fesc,αTα,IGMLα,int. (21)

As described above, the transmission rate Tα,IGM implic-
itly depends on Vout and NH i. Thus, the observable Lyα
luminosity is determined not only by the neutral hydro-
gen distribution in the IGM, but also three parameters, i.e.,
fesc,α , Vout and NH i. In this work, we set the parameters
to be 0.16 ≤ fesc,α ≤ 0.45, Vout = 150km/s, NH i = 1019 or
1020cm−2 so that simulated Lyα luminosity functions match
the observed LFs. The parameters we set are summarized
in Table1. Fig.3 shows the comparison between the sim-
ulated Lyα luminosity functions with the chosen param-
eters and observed LFs at redshifts z = 6.6(Konno et al.
2017) and z = 7.3(Konno et al. 2014). Although the sim-
ulated LFs are well consistent with observations, as men-
tioned above, our simple LAE model cannot reproduce clus-
tering properties of LAEs provided by recent observation
with HSC (Ouchi et al. 2017; Inoue et al. 2017). We note
that LAE bias in our LAE model is larger than the results
in Ouchi et al. (2017); Inoue et al. (2017) by one order of
magnitude at k ∼ 1.0Mpc−1. This inconsistency will dimin-
ish the power of the cross-spectrum signal by the magnitude
and possibly affects the detectability of the cross-power sig-
nals on small scales. We will discuss this point in the future
work.

The bottom panel of Fig. 2 shows the distribution of
observable LAEs (Lα,obs > 1042erg/s) in the mid model
at z = 6.6. The comparison between the 21cm and LAE
maps indicates that LAEs clearly reside in the ionized re-
gion (δTb ∼ 0mK) and the 21cm brightness temperature is
high in the no LAEs region. This anti-correlation was seen
in the previous works.

4 DETECTABILITY

In this section, we describe how to estimate the error on
the cross-power spectrum. We calculate the error accord-
ing to Lidz et al. (2009); Furlanetto & Lidz (2007). As to
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Figure 2. Top: the 21cm brightness temperature in mid model
at redshift z = 6.6. In fully ionized region δTb ∼ 0mK. Bottom:
the associated LAE distribution. The panels are maps integrated
within ∆z = 0.1 ∼ 40Mpc.

face of a galaxy for evaluating the fraction of the Lyα flux
transmitted through the IGM, because the Lyα transmis-
sion rate is sensitive to the line profile. In this work, we use
the line profiles obtained by solving Lyα radiative transfer
with an expanding spherical cloud model in which the ra-
dial velocity is assumed to obey v(r) = Vout

(
r
rvir

)
, where rvir

and Vout are the virial radius of a halo and the galactic wind
velocity (Yajima et al. 2017). The line profile is controlled
by two parameters; the galactic wind velocity Vout and the
H i column density in a galaxy NH i. In the expanding cloud
model, photons with short wavelengths are selectively scat-
tered by outflowing gas. As a result, an asymmetric pro-
file with a characteristic peak at a wavelength longer than
1216 Å emerges from the surface of a galaxy.

Using the obtained line profile φα (ν), the Lyα transmis-

sion rate Tα,IGM is calculated as

Tα,IGM =

∫
φα (ν0) e−τν0,IGM dν0∫

φα (ν0)dν0
, (18)

where ν0 is the frequency in the rest-frame of a galaxy, τν,IGM
is the optical depth through the IGM described as

τν0,IGM =

∫ lp,max

rvir

sα (ν,Tg)nH idlp, (19)

where sα is the Lyα cross section of neutral hydrogen. Note
that the frequency in the rest frame of the expanding gas,
ν, is given by

ν = ν0

(
1 −

H (z)lp
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, (20)

where lp is the distance from an LAE candidate in the phys-
ical coordinate. The upper bound of the integration, lp,max,
is set to be 80 comoving Mpc. The Lyα transmission rate
Tα,IGM tends to be higher as the outflow velocity Vout or
the H i column density NH i increases, because the remark-
able peak shifts towards redder wavelengths (Yajima et al.
2017).

In summary, observable Lyα luminosity is given by

Lα,obs = fesc,αTα,IGMLα,int. (21)

As described above, the transmission rate Tα,IGM implic-
itly depends on Vout and NH i. Thus, the observable Lyα
luminosity is determined not only by the neutral hydro-
gen distribution in the IGM, but also three parameters, i.e.,
fesc,α , Vout and NH i. In this work, we set the parameters
to be 0.16 ≤ fesc,α ≤ 0.45, Vout = 150km/s, NH i = 1019 or
1020cm−2 so that simulated Lyα luminosity functions match
the observed LFs. The parameters we set are summarized
in Table1. Fig.3 shows the comparison between the sim-
ulated Lyα luminosity functions with the chosen param-
eters and observed LFs at redshifts z = 6.6(Konno et al.
2017) and z = 7.3(Konno et al. 2014). Although the sim-
ulated LFs are well consistent with observations, as men-
tioned above, our simple LAE model cannot reproduce clus-
tering properties of LAEs provided by recent observation
with HSC (Ouchi et al. 2017; Inoue et al. 2017). We note
that LAE bias in our LAE model is larger than the results
in Ouchi et al. (2017); Inoue et al. (2017) by one order of
magnitude at k ∼ 1.0Mpc−1. This inconsistency will dimin-
ish the power of the cross-spectrum signal by the magnitude
and possibly affects the detectability of the cross-power sig-
nals on small scales. We will discuss this point in the future
work.

The bottom panel of Fig. 2 shows the distribution of
observable LAEs (Lα,obs > 1042erg/s) in the mid model
at z = 6.6. The comparison between the 21cm and LAE
maps indicates that LAEs clearly reside in the ionized re-
gion (δTb ∼ 0mK) and the 21cm brightness temperature is
high in the no LAEs region. This anti-correlation was seen
in the previous works.

4 DETECTABILITY

In this section, we describe how to estimate the error on
the cross-power spectrum. We calculate the error accord-
ing to Lidz et al. (2009); Furlanetto & Lidz (2007). As to
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Figure 1. Left panel is the observed image centered at EoR0 field, (RA, Dec) = (0, −27), with ∆B = 8 MHz, tint = 3 hours. The field
of view is ∼ (20 deg)2 and the centered frequency is 171MHz. This image is made from 540 snapshots created by RTS with natural
weights. Using the RTS, 1000 bright point sources are peeled. The image shows apparent diffuse structure and un-subtracted point
sources. Negative value is a result of lack of sampling at the center of uv-plane. Right panel is the CMB temperature fluctuation map
corresponding to the EoR0 field.

Commander map stored in Planck Legacy Archive 2. The
right panel of Fig. 1 shows the CMB map associated with
the EoR0 field.

4 FOREGROUND REMOVAL

As shown in Eq. 6, the foregrounds contribute to 21 cm-
CMB cross power spectrum as a source of error. Since the
foregrounds are a few orders of magnitude brighter than
other contributions, the terms of the foreground and CMB
PS dominate the total error. Thus, one has to remove the
foreground from the MWA images. Although 1000 bright
point sources have been subtracted from the MWA data,
the diffuse emission and un-peeled sources remain in the
data. In this work, we perform a simple polynomial fitting
to the spectral dimension of the data, and use this as the
foreground removal.

First, we make 24 images with 1.28 MHz spectral chan-
nels from the MWA data in the observed frequency range of
167 MHz to 197 MHz. Next, we fit a n-th-order polynomial
function along the frequency axis at each pixel of the image
cube, and obtain smooth functions. Finally, we subtract the
smooth functions from our main images.

The left (right) panel of Fig. 2 shows examples of the
fitting for the brightest (faintest) pixel at 167 MHz. Cir-
cles are values at a pixel of each image for the fitting, and
triangles are values of main images. Clearly, the circles are
not smooth and have a wave-like feature as a function of
frequency. This feature is caused from the mode-mixing and
frequency dependence of the instrumental point spread func-
tion (e.g. Morales et al. (2012)). In the images transformed
from visibility data, there is a concentric side lobe structure

2 Based on observations obtained with Planck
(http://www.esa.int/Planck), an ESA science mission with
instruments and contributions directly funded by ESA Member
States, NASA, and Canada.

around point sources because of the sparse uv-coverage, and
the side lobe propagates emission from point sources in the
field. Perfect removal of this structure is impossible due to
the number of point sources.

In the panels, the fitting function with n=3 does not re-
produce the data and a higher nth-order polynomial function
is required 3. Thus, the remaining signal could be corrupted
by the foreground residuals. In order to reduce the residual
contamination, we attempt to fit with n = 7 and the repro-
duction of the data is better than n = 3. However, the 7-
th polynomial fitting slightly improves the results discussed
following section. Thus, we adopt n = 7 for the foreground
removal in this work. Note that the higher order polynomial
fitting function could fit out the EoR signal.

Generally, the expected spectral index of the syn-
chrotron emission is negative. However, as shown in the right
panel of Fig. 2, the data shows a positive index, which is un-
derstood as below. The average intensity is subtracted from
actual intensity since the interferometer cannot observe the
visibility at (u,v) = (0,0). Then, for example, the intensity
of image is F (ν, θ) − Fave(ν), where true flux of a LOS is
F (ν, θ) = F0ν

α and averaged flux is Fave(ν) = Fave,0ν
α . If the

index α is larger than the α, the index of observed intensity
can be positive.

Fig. 3 shows the image at 171 MHz after performing
the polynomial foreground removal with n = 3. Interestingly,
although the foreground removal method is relatively simple
and has no prior that uses spatial correlation, we can reduce
the diffuse structure shown in the left panel of Fig. 1 and
reduce the fluctuation by one order of magnitude.

The quality of fitting depends on regions because the
smoothness is different for each LOS. In this work, we quan-
tify the quality of the fitting using squared error,

∑
i (di− f i )2,

3 Since the diffuse emission should be spectrally smooth, the poly-
nomial fitting method is effective. However, to remove the point
source contribution which is the wave-like spectrum, we may need
additional functions.
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３、SKA参加に向けて	



●方向性 
　・SKA1から参加したい 
　・2020年代SKA1：マイナー（数十億円規模） 
　・2030年代SKA2：メジャー（数百億円規模） 
　・2020年マスタープランへの応募 
　・サイエンス、技術開発の両方の寄与 
　・VLBIコミュニティとの協働 
●サイエンス 
　・引き続き準備研究を進める 
　・国際SWAへの寄与 
　・precursorを用いた観測研究 
●技術開発 
　・SKA1のための短期的な開発（日本の既存技術で） 
　・SKA2のための長期的でよりチャレンジングな開発 
　　→　超広帯域受信機（Band 1-3）、省電力相関器 

SKAへの参加に向けて 



●経緯	
・SKA本部、EWGと調整し、３つのオプション	
・後発でも貢献可能な項目	
・フルメンバー以外の扱いが未定なので交渉が必要	
	
●Band 5c (14-26GHz) 
　・開発担当：天文台、NICT（氏原）、鹿児島、川口氏 
　・サイエンス：パルサー、アストロメトリ、宇宙磁場 
●VLBIバックエンド 
　・日本の強みと興味 
　・開発担当：天文台（小山・河野）、鹿児島、山口など 
　・サイエンス：アストロメトリ 
●AIV (assembly, integration, verification) 
　・日本の経験が評価され期待されている 
　・開発担当：天文台、熊本 

SKA1における技術的貢献 

明日の 
青木さん講演 





●水沢観測所への要望書（2015/04：本間所長宛）	
　サイエンス・技術開発・推進体制への協力依頼	
　→　水沢観測所SKAサイエンス検討会	
	
●幹部面談（2017/08：林、小林、半田、杉山、高橋） 
　大学から 
　　・SKA-Japan、大学支援経費活動報告 
　　・SKA1参加のための推進体制と技術貢献案の提案 
　天文台よりの回答 
　　・SKAを水沢の将来計画と位置づけ推進するのが良い 
　　・2018年度からのサブプロジェクト化を目指すと良い 
　　・SKAJP + VLBIというより大きなコミュニティ 

天文台との折衝	

電波専門委員会・VLBI小委員会、VERAUM、V懇 
などを経てサブプロジェクト申請へ 


