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SPICAが革新する系外銀河サイエンス

泉 拓磨 (NAOJ) 
& SPICAサイエンス検討会

2020年3月18日 
日本天文学会春季年会@筑波大学



2次世代赤外線天文衛星 SPICA

(1) 150万km彼方の 
宇宙天文台 （@L2）

(2) 大口径冷却望遠鏡 
（2.5m, < 8K）

(3) 高感度MIR 
・FIR装置群 

（SMI・SAFARI）

SPICA (Space Infrared Telescope 
for Cosmology and Astrophysics)

— 宇宙が重元素と星間塵によ
り多様で豊かな世界になり、
生命居住可能な惑星世界をも
たらした過程を解明する — 

• JAXA + ESA

• λ = 12 - 230 μm

• 2027-2028年の打ち
上げを目指す。



3次世代赤外線天文衛星 SPICA

SPICA サイエンス検討班 32019/5/27

観測装置のまとめ
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SPICAホームページより

次世代赤外線天文衛星 SPICA
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SPICA / SMI Fact Sheet

SMI Factsheet v12  - 16 May 2019 

(a) continuous coverage up to  18.1 μm + partial coverage for H
2
O 18.66 mm. 

;bͿ λͬδλ с ϭϱϬ ;SMIͬLRͿ and ϭϯϬϬ ;ͬMRͿ at λ с ϯϲ μm.   

;cͿ designed for λϮϬ mm diffraction limited PSF.  

(d) sensitivity estimated with Fowler-16 sampling for SMI/LR and /CAM (0.5 Hz),

and with ramp curve sampling  for /MR (0.5 Hz) and /HR (1 Hz sampling).

(e) continuum sensitivity rescaled with R = 50, R = 1300, and R = 25000 for 

SMI/LR, /MR and /HR, respectively.

(f) sensitivity for an unresolved line.

Spectral mapping 

with /MR

Spec

R=1000

High-speed spectral mapping

and wide-area survey 

with SMI/LR and /CAM

20 30 3525

λ (mm)

R=2000 at z=3

λ ;μmͿ

SPICA Mid-infrared Instrument (SMI) covers 

the wavelength range of ϭϮоϯϲ μm with four channels:

spectroscopy (SMI/LR, /MR, /HR) and imaging (/CAM).

(g) survey speed for the 5 V detection of a point source with the continuum flux of 

100 μJy for SMIͬLR at λ с ϯϬ μm (/CAM at 34 μm) and the line flux of 3x10
-19

W/m
2

for ͬMR at λ с Ϯϴ μm, both in the low background case with overheads of readout

time included (32 sec/frame for SMI/LR and /CAM due to Fowler-16 sampling).

;hͿ sensitivity for a diffuse source in a ϰ͟ x ϰ͟ ;SMIͬLR ͕ ͬMRͿ or Ϯ͟ x Ϯ͟ area ;ͬHRͿ͘ 
(i) background levels are assumed to be 80 MJy/sr (High) and 15 MJy/sr (Low) at 25 μm.

Parameter SMI /LR /CAM
Slit viewer 
for SMI /LR

/MR /HR

Band centre - mm
Wavelength - mm
Spectral resolution R

(diffuse source)

27
17 ± 36

50 ± 150 (b)

(20 ± 110)

34
34
5

27
18 ± 36

1300 ± 2300 (b)

(1100-1400)

15
12 ± 18 (a)

33000 (c)

Field of view 

Band centre FWHM
Pixel scale
Detector 1K x 1K

�00´ [ 3.�´
4 slits 
2.�´

0.�´ [ 0.�´
Si:Sb

�00´ [ �20´

3.5´
0.�´ [ 0.�´

Si:Sb

�0´ [ 3.�´
1 slit
2.�´
0.�´

Si:Sb

4´ [ 1.�´
1 slit

2´
0.�´

Si:As
Point source sensitivity (5 V/1 hr)(d)

Continuum - mJy
Line - 10-20  W/m2 (f)

Survey speed - arcmin2/hr (g)

25 (e)

5
~28

13

~4500

280 (e)

2.8
~1.8

1400 (e)

1.0 

Diffuse source sensitivity (5V/1 hr)(d)(h)

Continuum - MJy/sr
Line - 10-10 W/m2/sr

0.04 0.05
0.6 1.5 

Saturation limit ± Jy ~20 ~1 ~1000 ~20000 High background

Low background

/CAM

Sensitivity for a point source (5V, 1 hr)

(j)
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- See for more details: Explanatory Note to SAFARI Fact Sheet on https://spica-mission.org/instruments.html#safari
- R у ϯϬϬ foƌ LR caƐe
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Sky Visibility Contours (days per year)

based on the Observation Angle Constraint
Roll +10 deg.  -10 deg
new shadow cone with ߠ𝑆𝐶 = 13 deg

Ecliptic poles have the highest visibility, while 
the ecliptic plane has the lowest visibility (~16 
days/year). HST Frontier Fields

ELAIS N1

COSMOS

NEP

GOODS-S

GOODS-N

UDS

EGS

ADF-S

Galactic
Centre

Taurus

Orion

Chamaeleon

Ophiuchus

Galactic
Plane

Cygnus



8SPICAの現状 (1/2)

• SPICA実現のためには、ESAの宇宙科学プログラムであるCosmic Vision
の中型ミッション5号機（M5）として採択されることが必須。


• M5に応募のあった25計画に対する一次審査の結果、SPICAを含む3つの
計画が2018年5月に採択。


• M5の最終候補3計画から、2021年の夏頃に1計画が採択予定。
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9SPICAの現状 (2/2)

• そのM5に勝ち抜くための様々な活動が、日欧の双方で強く要求されてい
る段階にある。


• ESA側ではSPICA Science Study Team (SST)が設置され、その下に
Science Working Groupが発足。2020年に”Yellow Book”を編纂予定（各
界への宣伝）。


• 日本では、宇宙研所長の諮問機関として、SPICA研究推進委員会が2018
年8月に発足。その下に、「SPICAサイエンス検討会」を設置。国内研究
者にSPICAへの理解を深めてもらい、多くの重要サイエンスを洗い出して
まとめることで、Yellow Book作成に貢献する。



10SPICAサイエンス検討会
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11
銀河BH進化班の検討内容（概念図）



検討1: 広域マッピング観測 

　- 原始銀河団を念頭に - 



銀河とブラックホールの宇宙論的共進化 13

• 爆発的星形成活動もSMBH降着も同様の赤方偏移進化を示す。


• ただし、z > 4のIR luminosity function (SF) には大きな不定性がある。


• 暗い天体も含めた、dusty star-forming (+ AGN) activityの全貌を理解したい。 
→ 銀河が先か？BHが先か？

AA52CH10-Madau ARI 4 August 2014 10:30
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Figure 15
Comparison of the best-fit star-formation history (thick solid curve) with the massive black hole accretion
history from X-ray [red curve (Shankar et al. 2009); light green shading (Aird et al. 2010)] and infrared (light
blue shading) (Delvecchio et al. 2014) data. The shading indicates the ±1σ uncertainty range on the total
bolometric luminosity density. The radiative efficiency has been set to ε = 0.1. The comoving rates of black
hole accretion have been scaled up by a factor of 3,300 to facilitate visual comparison to the star-formation
history.

large-scale galactic outflows and quenching star formation (Di Matteo et al. 2005), or just modifies
gas dynamics in the galactic nucleus (Debuhr et al. 2010).

Here, we consider a different perspective on the link between the assembly of the stellar
component of galaxies and the growth of their central black holes. The cosmic mass accretion
history of massive black holes can be inferred using Soltan’s argument (Soltan 1982), which relates
the quasar bolometric luminosity density to the rate at which mass accumulates into black holes,

ρ̇BH(z) = 1 − ε

εc 2

∫
Lφ(L, z)dL, (21)

where ε is the efficiency of conversion of rest-mass energy into radiation. In practice, bolometric
luminosities are typically derived from observations of the AGN emission at X-ray, optical or IR
wavelengths, scaled by a bolometric correction. In Figure 15, several recent determinations of
the massive black hole mass growth rate are compared with the cosmic SFRD (Equation 15). Also
shown is the accretion history derived from the hard X-ray LF of Aird et al. (2010), assuming a
radiative efficiency ε = 0.1 and a constant bolometric correction of 40 for the observed 2–10 KeV
X-ray luminosities. This accretion rate peaks at lower redshift than does the SFRD and declines
more rapidly from z ≈ 1 to 0. However, several authors have discussed the need for luminosity-
dependent bolometric corrections, which in turn can affect the derived accretion history (e.g.,
Marconi et al. 2004, Hopkins et al. 2007, Shankar et al. 2009). Moreover, although the hard X-ray
LF includes unobscured as well as moderately obscured sources that may not be identified as AGN
at optical wavelengths, it can miss Compton thick AGN, which may be identified in other ways,
particularly using IR data. Delvecchio et al. (2014) have used deep Herschel and Spitzer survey
data in GOODS-S and COSMOS to identify AGN by SED fitting. This is a potentially powerful
method but depends on reliable decomposition of the IR emission from AGN and star formation.

Black hole mass growth rates derived from the bolometric AGN LFs of Shankar et al. (2009)
and Delvecchio et al. (2014) are also shown in Figure 15. These more closely track the cosmic
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Cosmic SMBH accretion history

X-ray

X-ray

IR

SFRD

Madau & Dickinson 2014, ARAA, 52, 415

The star formation rate density out to z = 6 1109

Figure 10. L: ψ0 (lower points) and SFR0 (upper points) as a function of redshift for quiescent galaxies (normal cirrus plus cool dust; blue) and starburst
galaxies (M82 + A220 + young starburst; red) as a function of redshift, with simple analytical fits. R: differential 500 µm counts from HerMES and H-ATLAS
surveys (Clements et al. 2010; Glenn et al. 2010; Oliver et al. 2010; Bethermin et al. 2012) compared with prediction of evolutionary model derived here.
Black dashed locus: cirrus, blue: cool cirrus, red: M82 starburst, green: A220, black continuous locus: total.

Figure 11. Star formation density as a function of redshift. Crosses: optical and ultraviolet data summarized by Madau & Dickinson (2014); black filled
hexagons: FIR data of Gruppioni et al. (2013); filled red hexagons: starburst galaxies from present work derived from 500 µm sample; filled blue hexagons:
quiescent galaxies from present work; open squares: sum of starburst and quiescent contributions; open circles at z > 3: effect of assuming ψ0 varies as (1 +
z)−1.

MNRAS 461, 1100–1111 (2016)Downloaded from https://academic.oup.com/mnras/article-abstract/461/1/1100/2595247
by National AstronomicalObservatory, Japan user
on 26 March 2018

Rowan-Robinson et al. 2016, 

MNRAS, 461, 1100

Constant?

Herschel (500μm)



14High-z galaxyの”PAH”サーベイOverarching Motivation

How do galaxies co-evolve 
with cosmic structures?

Boylan-Kolchin+09

How do environments affect
the galaxy evolution?

Toft+14

z=
6→

z~
3

←z~0

SM
Gs

QSO
s

cQ
Gs

Dry 
merg

er

Ell
iptic

al

20 h-1 Mpc

z=4 z=2

z=1 z=0

- (proto-)clusters can be a nice laboratory.



Obscured AGNs in (U)LIRGs
Imanishi-san’s
slide



SPICA SMI Deep Survey? 16
12 Kaneda et al.

Figure 8. Simulated SMI/LR spectra of a galaxy at z = 3 for the deep survey, SF100% on the left and SF50%+AGN50% on the
right-hand side with LIR denoted in each panel. Solid curves indicate best-fit results with PAHFIT.

measure rest-frame mid-IR PAH features while ALMA
(Atacama Large Millimeter/submillimeter Array) can
measure dust continuum emission, follow-up observa-
tions of those targets with SAFARI and ALMA are of
particular importance to study organic matter chem-
istry and dust physics in the early universe.

In the context of a study of PAHs, we can expect
a strong synergy between JWST and SPICA; JWST
can detect all near- and mid-IR features of PAHs in
the nearby universe, while SPICA can access those ex-
cept the 17 µm feature only at z > 1. JWST will be
able to reveal detailed physics and chemistry of PAHs
in the nearby universe and to establish the PAH fea-

PASA (2018)
doi:10.1017/pas.2018.xxx

Kaneda et al. 2017

SPICA SMI “PC” Deep Survey 

� Plan: SPICA deep survey in proto-clusters:
- one CAM field (10’x12’) would be sufficient to cover most of proto-cluster cores.
- Such observations should be very cost-effective.

(HU+, submitted)

Red rectangle:
2’x3’

� ALMA deep field in SSA22 (ADF22) as an example.Umehata et al. 2019

2’ × 3’



（メモ）微細構造線による熱源診断 17

Spinoglio & Malkan 92, Spinoglio+17

• 多様なIR微細構造線を
用いた熱源診断も可
能。


• ただし、AGNの場合だ
とNarrow Line Region
が形成されている必要
あり = 「埋もれた
AGN」とは言い難い天
体のみに適用可能。



SPICA SMI Deep PAH Survey? 18

• 非常に大量の銀河（一般領域）が
PAH分光でz ~ 2-4に発見される
と期待されている。


• この戦略を原始銀河団探査でも踏
襲する。Deep

PAHで検出される銀河数の期待値（括弧内はAGN有の銀河）

サーベイ計画案

Kaneda et al. 2017



w/ SAFARI 19

• 各PAH featureについ
て、SMIの波長域を外
れても、SAFARIで十分
にカバーできている。


• z > 4 でも十分な数の
星形成銀河が検出され
る（各光度binで>100
個程度）。Kaneda et al. 2017



MIRで見えてくる世界…？ 20

• ダストに埋もれて、かつ、活動的な現象が効率よく発見される。


• 若いphaseのAGNや爆発的星形成活動の現場の包括的理解へ。

Science Case: unbiased MIR view

=> Deep survey at various wavelengths provides new pictures for years.
=> Are there ‘missed’ MIR-selected populations?

(HU+. Sci, 19)

ALMA Band6 Chandra

?
SMI/CAMMUSE



FIR - submmの重要性

• Cold dust SEDのpeakやRJ tail
側を、まんべんないredshift範
囲で抑えることはダスト質
量・温度の制限、ISM進化の理
解において重要。

Science Case: SF/AGN separation

=> MIR wavelengths are missing pieces in characterizing SEDs of high-z galaxies.
=> We can

(i) obtain more accurate SEDs and specify each contribution (SF/AGN).
(ii) use PAHs as an independent SFR tracer.

(Dunlop+17)

Dunlop et al. 2017

Riechers et al. 2019

 (VLA COLDZ survey)

• SFR(D)の赤方偏移進化
を、ガス量の観点からも
理解したい。 
→ 将来のダスト連続波、
CO・[CI] 輝線等を用いた
広域サーベイ計画ともシ
ナジーがある。



MIRで見えてくる世界: 原始銀河団中のAGN 22

• 原始銀河団には可視光探査で見落とした銀河が多数存在。しかもそれらは
MIRで明るい（AGN周辺の高温ダストか？）。

Kubo et al. 2019 
(from すばる望遠鏡プレスリリース)

→ 久保さん講演（Z204a）



検討2: 様々な空間スケールでの 

AGN feedback/outflowの調査



AGN feedback (outflow) 24

SDSS composite

• AGN駆動された高速outflowは頻繁に観測され
ている。銀河を超える広がり。 (see for a recent 

review in King & Pounds 2015, ARA&A, 53, 115)


• Molecular outflowsも多数発見されてきてい
る。各種outflowのうち、質量の大部分を担
い、星形成の抑制に寄与。 (e.g., Feruglio et al. 

2010, A&A, 518, L155, Cicone et al. 2014, A&A, 562, 21)

A&A 518, L155 (2010)

Morganti et al. (2010) reported evidence for AGN-induced mas-
sive and fast outflows of neutral H in powerful radio galaxies,
possibly driven by the AGN jets.

The bulk of the gas in QSO hosts, i.e. the molecular phase,
appears little affected by the presence of the AGN. Indeed, most
studies of the molecular gas in the host galaxies of QSOs and
Seyfert galaxies have found narrow CO lines (with a width
of a few 100 km s−1), generally tracing regular rotation pat-
terns, with no clear evidence for prominent molecular out-
flows (Downes & Solomon 1998; Wilson et al. 2008; Scoville
et al. 2003), even in the most powerful quasars at high redshift
(Solomon & Vanden Bout 2005; Omont 2007). Yet, most of the
past CO observations were obtained with relatively narrow band-
widths, which may have prevented the detection of broad wings
of the CO lines possibly associated with molecular outflows.
Even worse, many CO surveys were performed with single dish,
where broad CO wings may have been confused with baseline
instabilities and subtracted away along with the continuum.

We present new CO(1–0) observations of Mrk 231 obtained
with the IRAM Plateau de Bure Interferometer (PdBI). Mrk 231
is the nearest example of a quasar object and is the most lu-
minous Ultra-Luminous Infrared Galaxy (ULIRG) in the local
Universe (Sanders et al. 1988) with an infrared luminosity of
3.6 × 1012 L# (assuming a distance of 186 Mpc). A significant
fraction (∼70%) of its bolometric luminosity is ascribed to star-
burst activity (Lonsdale et al. 2003). Radio, millimeter, and near-
IR observations suggest that the starbursting disk is nearly face-
on (Downes & Solomon 1998; Carilli et al. 1998; Taylor et al.
1999). In particular, past CO(1−0) and (2−1) IRAM PdBI ob-
servations of Mrk 231 show evidence for a regular rotation pat-
tern and a relatively narrow profile (Downes & Solomon 1998),
as well as a molecular disk (Carilli et al. 1998). The existence
of a quasar-like nucleus in Mrk 231 has been unambiguously
demonstrated by observations carried out at different wave-
lengths, which have revealed the presence of a central compact
radio core plus pc-scale jets (Ulvestad et al. 1999), broad optical
emission lines (Lipari et al. 2009) in the nuclear spectrum, and a
hard X-ray (2−10 keV) luminosity of 1044 erg s−1 (Braito et al.
2004). In addition, both optical and X-ray data have revealed that
our line of sight to the active nucleus is heavily obscured, with
a measured hydrogen column as high as NH = 2 × 1024 cm−2

(Braito et al. 2004). The quasar Mrk 231 displays clear evidence
of powerful ionized outflows by the multiple broad absorption
lines (BAL) systems seen all over its UV and optical spectrum.
In particular, Mrk 231 is classified as a low-ionization BAL
QSOs, a very rare subclass (∼10% of the entire population) of
BAL QSOs characterized by weak [OIII] emission, in which the
covering factor of the absorbing outflowing material may be near
unity (Boroson & Meyers 1992). Furthermore, giant bubbles and
expanding shells on kpc-scale are visible in deep HST imag-
ing (Lipari et al. 2009). Recent observations with the Herschel
Space Observatory have revealed a molecular component of the
outflow, as traced by H2O and OH molecular absorption features
(Fischer et al. 2010), but the lack of spatial information has pre-
vented an assessment of the outflow rate.

2. Data

We exploited the wide bandwidth offered by the PdBI to observe
the CO(1−0) transition in Mrk 231. The observations were car-
ried out between June and November 2009 with the PdBI, using
five of the 15 m antennas of the array. We observed the CO(1−0)
rotational transition, whose rest frequency of 115.271 GHz is
redshifted to 110.607 GHz (z = 0.04217), by using using both
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Fig. 1. Continuum-subtracted spectrum of the CO(1−0) transition in
Mrk 231. The spectrum was extracted from a region twice the beam size
(full width at half maximum, FWHM), and the level of the underlying
continuum emission was estimated from the region with v > 800 km s−1

and v < −800 km s−1. Left panel: full flux scale. Right panel: expanded
flux scale to highlight the broad wings. The line profile has been fitted
with a Gaussian narrow core (black dotted line) and a Gaussian broad
component (long-dashed line). The FWHM of the core component is
180 km s−1 while the FWHM of the broad component is 870 km s−1,
and reaches a Full Width Zero Intensity (FWZI) of 1500 km s−1.

the C and D antenna configurations. The spectral correlator was
configured to cover a bandwidth of about 1 GHz in dual po-
larization. The on-source integration time was ∼20 h. The data
were reduced, calibrated channel by channel, and analyzed by
using the CLIC and MAPPING packages of the GILDAS soft-
ware. The absolute flux was calibrated on MWC 349 (S (3 mm)=
1.27 Jy) and 1150+497 (S (3 mm) = 0.50 Jy). The absolute
flux calibration error is of the order ±10%. All maps and spec-
tra are continuum-subtracted, the continuum emission is esti-
mated in the spectral regions with velocity v > 800 km s−1 and
v < −800 km s−1.

3. Results

Figure 1 shows the spectrum of the CO(1−0) emission line,
dominated by a narrow component (FWHM ∼ 200 km s−1),
which was already detected in previous observations (Downes
& Solomon 1998; Bryant & Scoville 1997). However, our new
data reveal for the first time the presence of broad wings ex-
tending to about ±750 km s−1, which have been missed, or pos-
sibly confused with the underlying continuum, in previous nar-
rower bandwidth observations. Both the blue and red CO(1−0)
wings appear spatially resolved, as illustrated in their maps
(Fig. 2). The peak of the blue wing emission is not offset
with regard to the peak of the red wing, indicating that these
wings are not caused by to the rotation of an inclined disk,
which leaves outflowing molecular gas as the only viable ex-
planation. A Gaussian fit of the spatial profile of the blue and
red wings (by also accounting for the beam broadening) indi-
cates that the out-flowing medium extends over a region of about
0.6 kpc (0.7′′) in radius. To quantify the significance of the spa-
tial extension of the high-velocity outflowing gas, we fitted the
visibilities in the uv-plane. We averaged the visibilities of the
red and blue wings in the velocity ranges 500 ÷ 800 km s−1 and
−500 ÷ −700 km s−1, and we fitted a point source, a circular
Gaussian, and an inclined disk model. The results of the uv-
plane fitting are shown in Fig. 3 and summarized in Table 1. The
upper panels of Fig. 3 show the maps of the residuals after fit-
ting a point-source model. The residuals of the red wing are 5σ
above the average rms of the map and those of the blue wing 3σ
above the rms. The lower panels of Fig. 3 show the CO(1−0)
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Figure 4. Equivalent width, central velocity, FWHM, and v98% maps of N i D. A nuclear outflow extends from the nucleus up to 2–3 kpc in all directions (as projected
in the plane of the sky). The high velocities suggest that the AGN powers the nuclear wind. The northern quadrant of the nuclear wind is further accelerated by the
radio jet. A lower-velocity starburst-driven outflow is present in the south.
(A color version of this figure is available in the online journal.)

and show kpc-scale extents (Martin 2006; Shih & Rupke 2010).
They have 〈v98%〉 = −450 km s−1 in systems whose infrared
luminosity is dominated by star formation (Rupke et al. 2005c;
Martin 2005). Rupke et al. (2005c) calculate that ULIRG mass
outflow rates are 20% of the star formation rate on average.
However, evidence has remained elusive for large-scale outflows
that are clearly AGN-driven in LIRGs or ULIRGs (Rupke et al.
2005a).

The data we present here are clear: there is a neutral,
∼1000 km s−1 outflow in Mrk 231 that extends in every direction
from the nucleus (as projected into the plane of the sky) out
to at least 3 kpc. Such high velocities have not been seen in
starburst ULIRGs (Table 1), providing strong circumstantial
evidence that this wide-angle nuclear wind is driven by radiation
or mechanical energy from the AGN.

From what we know about the structure of galactic winds
(Veilleux et al. 2005), the molecular disk in Mrk 231 collimates
this nuclear wind. Given the disk’s almost face-on orientation,
we must be looking “down the barrel” of a biconical outflow.
The other end of this bicone is receding from us, behind the
galaxy disk and therefore invisible at optical wavelengths.

It is apparent from the velocity map that the north–south
radio jet in Mrk 231 (Carilli et al. 1998; Ulvestad et al. 1999)

is coupling to the nuclear wind, accelerating the neutral gas
to even higher velocities. The jet is not constrained to emerge
perpendicular to the disk, and thus produces an asymmetric
effect. The present data imply that the northern arm of the
large-scale jet is on the near side of the molecular disk. Neutral
outflows driven by jet interactions with the interstellar medium
(ISM) on kpc scales have also been observed in radio galaxies
in H i absorption (Morganti et al. 2005, 2007). The newly
discovered jet–wind interaction in Mrk 231 appears to be similar,
though this time the jet accelerates an already in situ wind.

Carilli et al. (1998) and Taylor et al. (1999) studied the
diffuse radio continuum emission from Mrk 231, which is
symmetric about the nucleus on scales of 100 pc to 1 kpc.
They hypothesized that this emission is produced by in situ
electron acceleration, but could not rule out that the AGN
distributes these electrons through a wide-angle outflow. Our
data are further evidence for the in situ interpretation, since we
now know that the AGN outflow reaches larger scales and is
asymmetrically accelerated.

Along with these AGN-driven outflows, Mrk 231 also hosts
a starburst-driven wind. Blueshifted velocities with 〈v98%〉 =
−570 km s−1 are observed in the star-forming arc south of
the nucleus. These are comparable to the maximum velocities
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Fig. 8. Top: [OIII]λ5007 emission line morphol-
ogy of MRC0316-257 at z = 3.13 with con-
tours showing the 1.4 GHz morphology. Bottom
left: velocity map. Color bar shows the rela-
tive velocities in km s−1, contours indicate the
1.4 GHz morphology. Bottom right: maps of
the line widths, color bars show the FWHM
in km s−1, contours indicate the 1.4 GHz mor-
phologies. North is up, east to the left in all
images.

Fig. 9. Top: [OIII]λ5007 emission line mor-
phology of MRC0406-244 at z = 2.42 with
contours showing the 1.4 GHz morphology.
Top right: [OIII]λ5007 emission line morphol-
ogy with contours showing the line-free rest-
frame optical continuum. Bottom left: velocity
map. Color bar shows the relative velocities in
km s−1, contours indicate the 1.4 GHz morphol-
ogy. Bottom right: maps of the line widths, color
bars show the FWHM in km s−1, contours in-
dicate the 1.4 GHz morphologies. North is up,
east to the left in all images.

[OIII] velocity [OIII] FWHM

Nesvadba et al. 2008, A&A, 491, 407



SPICAで調べるAGN outflow（中心核編） 25

CO ro-vibrational lines (~4.7 µm)
• vibration: v=1‒0 
• rotation: ∆J=±1 
• simultaneous observation of multiple J 
• basically observed in absorption 
• can effectively probe the vicinity of AGNs

→ 馬場さん講演を参照（Z2028）



SPICAで調べるAGN outflow（中心核編） 26prior observations (ground-based)

• Shirahata+13, PASJ, 65, 5, Onishi+ in prep. 
• Subaru IRCS (R=5,000) observations 
• ULIRG IRAS 08572+3915 (z=0.058) 
• each line velocity resolved 
• outflowing gas (~300 K, NCO~5x1018 cm‒2) 
• likely originating from the nuclear region

prior observations (ground-based)

• Shirahata+13, PASJ, 65, 5, Onishi+ in prep. 
• Subaru IRCS (R=5,000) observations 
• ULIRG IRAS 08572+3915 (z=0.058) 
• each line velocity resolved 
• outflowing gas (~300 K, NCO~5x1018 cm‒2) 
• likely originating from the nuclear region

• CO振動回転遷移線の高速度分解能観測は、す
でに近傍ULIRGに対してSubaruで実例あり 
(Shirahata et al. 2013)。


• 多遷移輝線解析から、温度・体積密度・柱密度
の制限が可能。



SPICAで調べるAGN outflow（中心核編） 27a model (decelerating)
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• 基本的にはOH absorptionを使って、blueshift成分をfitし、outflowに言及。


• OH 119 μmがメイン。その他、65, 79, 84, 119 μm（more is better!）


• SPICA/SAFARIの波長範囲 (~230um)の制限 → z ~ 1くらいまで観測可能。

SPICAで調べるAGN outflow（銀河スケール編）
SDSS 

Herrera-Camus et al.: OH Molecular gas inflows and outflows

Fig. 1. Observed PACS spectra (continuum-normalized) of the OH transition at 119 µm of IRAS F13352+6402 (top-left), IRAS F10091+4704
(top right), IRAS F20036-1547 (bottom-left), and IRAS F18216+6419 (bottom-right). The origin of the velocity scale corresponds to the OH
119.23 µm transition at the systemic velocity. The vertical lines mark the positions of the 16OH and 18OH doublets and the CH+(3 � 2) transition.
Two of the systems, IRAS F20036-1547 and IRAS F13352+6402, show evidence of fast (maximum velocity ⇠ 1, 000 km s�1) molecular outflowing
gas, while IRAS F10091+4704 show evidence for a molecular gas inflow. In the case of QSO IRAS F18216+6419 we do not significantly detect
any of the OH features neither in absorption nor in emission.

this case, however, the 1� uncertainty in the normalized contin-
uum is of the order of 7% in 60 km s�1 channels, about a factor
of ⇠ 2 worse than in the other ULIRGs.

3.2. QSO ULAS J131911+095051at z = 6.13

Figure 2 shows the ALMA OH spectrum extracted from the in-
ner ⇠ 3 kpc region of ULAS J131911+095051. The rest-frame
velocity is set based on a precise redshift measurement derived
from the detection of the [C ii] line by Wang et al. (2013). We
observe a tentative absorption feature blueshifted from the sys-
temic velocity by ⇠ 150 km s�1 that could indicate the pres-
ence of a molecular outflow. The significance of the detection
—based on the integrated flux inside a single Gaussian fit— is
⇡ 3�, and the median (v50) and v84 velocities are �154 km s�1

and �314 km s�1, respectively. As Figure 2 shows, the poten-
tial outflow signature in ULAS J131911+095051 resembles in
intensity and velocity structure (smoothed to match the ALMA
spectrum velocity resolution) the OH 119 µm absorption profile
detected in the nearby ULIRG Mrk 273 (Veilleux et al. 2013). 1

1 We use Mrk 273 for the comparison as this system has an OH 119 µm
absorption feature median velocity (v50 = �201 km s�1) and a

In Appendix B we discuss the ALMA Band 7 dust contin-
uum properties of the QSO host, including a refined measure-
ment of the far-infrared luminosity and the dust mass.

4. Discussion

4.1. Molecular Outflows

Figure 3 shows the median velocities and equiva-
lent widths of the OH 119 µm profiles measured in
IRAS F13352+6402, IRAS F20036-1547, IRAS F10091+4704,
and QSO J131911+095051. We also include measurements of
nearby AGNs (Stone et al. 2016), ULIRGs and QSOs (Veilleux
et al. 2013; Spoon et al. 2013), and z ⇠ 0.3 hyperluminous
infrared galaxies (LIR > 1013 L�, HyLIRGs; Calderón et al.
2016). The wide spread in OH 119 µm EWs and median
velocities at high bolometric luminosities could be partly
explained by evolutionary e↵ects, as the covering fraction of the
119 µm continuum by the outflow is expected to vary as systems
transition from extremely buried phases with no wide-angle
outflows to phases where the outflow activity has subsided (e.g.,

continuum-normalized peak absorption intensity (Ipeak/Icont ⇡ 0.9) sim-
ilar to those of the outflow in ULAS J131911+095051.

Article number, page 3 of 9

Herrera-Camus+19; Veilleux+13
Herrera-Camus et al.: OH Molecular gas inflows and outflows

Fig. C.1. Total molecular mass loss rates inferred from models of multiple OH transitions in 12 local ULIRGs by González-Alfonso et al. (2017, ;
gray circles) as a function of the observed OH 119 µm equivalent width for gas with velocities v < �200 km s�1 (EW v<�200 km s�1

OH 119 µm ) and the square
root of the FIR luminosity. The implied mass outflow rates for IRAS F13352+6402, IRAS F20036-1547, and QSO J131911+095051 are shown
as red, green, and black diamonds, respectively.

Article number, page 9 of 9



検討3: 高赤方偏移宇宙でのダスト進化
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• 近年のALMA観測で、ごく初期の宇宙の銀河にも大量のダストが存在すると
判明しており、その形成過程に注目が集まっている。


• 様々な物理過程を組み込んだダスト形成モデル（e.g., Asano et al. 2013）は
存在するが、その検証のためには初期宇宙での多波長観測が必須。


• SPICAの広い波長coverageと圧倒的な感度に期待！ → 竹内さん講演(Z203a)

Dust budget crisis
[O iii] and Dust at z = 8.312 5

Figure 1. (Left) The ALMA 850 µm continuum image of MACS0416 Y1 (contours) overlaid on the HST/WFC3 near-infrared
pseudo-color image in the F160W band. The contours are drawn at �2�, 2�, 3�, ..., 7�, where � = 10.9 µJy beam�1. The
negative contour is indicated by the dotted line. The synthesized beam size is indicated at the bottom-left corner. (Center) The
ALMA [O iii] 88 µm integrated intensity image (contours) overlaid on the HST/F160W image. The contours are drawn in the
same manner as the Left panel, but � = 55 mJy beam�1 km s�1. (Right) The false-color HST/WFC3 image taken with F160W
(red), F140W (green) and F125W (blue) bands. The letters ‘E’, ‘C’ and ‘W’ denote the positions of the eastern, central, and
western clumps seen in the rest-frame UV, respectively. The physical scale of 1 kpc on the image plane is indicated by the bar
at the bottom-left corner.

The observations were carried out in an ABBA nodding
mode pattern with 4 ⇥ 900 s integrations. During the
observations, the sky transmission was clear or pho-
tometric and the seeing varied between 0.004 and 0.008,
yielding the best possible conditions for detecting faint
emission lines.
The data were reduced with esorex scripts (Modigliani

et al. 2010) using adjacent positions in the nodding se-
quence for sky background subtraction. Corrections
for telluric absorption lines were applied from models
with Molecfit (Kausch et al. 2015) applied to obser-
vations of hot stars following the science integrations.
Errors were propagated throughout the data processing
steps. Since the seeing FWHM was smaller than the
slit widths, we measured the spectral resolutions from
telluric absorption lines, yielding e↵ectively R = 5600 in
the near-IR spectra. Observations of spectrophotomet-
ric standard stars on each of the 10 nights were used to
flux calibrate each spectrum before they were co-added.

4. RESULTS

4.1. Detection of 850 µm Dust Continuum

We detect 850-µm continuum emission at the posi-
tion of MACS0416 Y1 as shown in Figure 1 (left). The
peak ICRS position is (↵ICRS, �ICRS) = (04h16m09.s423±
0.s002, �24�05035.0050 ± 0.0001). The r.m.s. noise level af-
ter combining all of the SPWs is � = 10.9 µJy beam�1,
yielding the significance of 7.6� on the resulting image.
The flux density and the image component size decon-
volved with the synthesized beam are measured using
a casa task imfit with an assumption that the source

is 2-dimensional Gaussian and found to be S850µm =
137±26 µJy and (0.0036±0.0009)⇥(0.0010±0.0005) in FWHM
(PA = +84�), respectively. This elongation is not likely
due to the cluster magnification but the intrinsic shape
of the LBG, because its elongation does not align with
the lensing shear direction. The overall spatial distri-
bution of the 850 µm continuum emission is similar to
that of the rest-frame UV emission, while the bulk of
dust emission is likely to be associated with the eastern
‘E’ knot (or a gap between the ‘E’ and central ‘C’ knots)
seen in the HST/WFC3 image (Figure 1 right).
We also retrieve a previous 1.14 mm imaging result ob-

tained for the MACS J0416.1�2403 cluster (González-
López et al. 2017). No 1.14 mm emission is found with
the 2� upper limit of 116 µJy. This places an upper limit
on the spectral index between 1.14 mm and 850 µm to
be ↵ > 0.6 (2�), where ↵ is defined such that S⌫ / ⌫

↵.
Despite a relatively weak constraint, this could rule out
a low-z interloper with non-thermal emission from an
active galactic nucleus, where ↵ ⇠ �0.7 is expected.

4.2. Blind Detection of [O III] 88 µm

At the position of the dust emission, we detect
an emission line feature at 364.377 ± 0.012 GHz,
strongly suggesting the [O iii] 88 µm emission line
at z = 8.3118 ± 0.0003 (Figure 2). This redshift is
slightly lower than, but yet consistent with, the photo-
metric redshifts. This is a rather common feature seen
in LBGs in the reionization era (e.g., MACS1149-JD1
Zheng et al. 2017; Hashimoto et al. 2018a); the slight
o↵set is likely due to the fact that the largely-neutral

ダスト放射
z = 8.31

Tamura et al. 2019
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• 実はz > 6の低光度quasarの中には、NIR帯にhot dustの放射を示さない (トー
ラスがない!?) ”dust-free quasar”が存在し、SMBH進化のごく初期段階に位
置する天体の候補として注目されている。


• SPICA + ALMAによりwarm + cold dustの有無を明らかにすることで、「こ
れからダストを形成していく」若いSMBH天体の発掘につながる。

“Dust-free” quasar

鳥羽さん

検討資料より
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まとめ
• ダストに埋もれた宇宙の活動性を理解するため、従来の同波長帯装置を凌駕
する圧倒的感度をもつSPICA計画が進行中。


• 多くの若手を中心に、サイエンス検討会も発足（天文学会企画セッショ
ン）。研究者向けdocumentの編纂に向けて活動中。


• SPICA自身が作るdeep fieldで、大量のdusty galaxyが発見される。それらの
熱源診断を通じて、埋もれた活動現象も含めた天体進化の完全理解につなげ
たい。


• AGN-drivenのアウトフローもSPICAで中心核から母銀河に至るまで観測可
能。アウトフローの統計からfeedbackのduty cycleの理解も進むだろう。


• 高赤方偏移のダスト進化にも注目している。SPICAの広い観測波長範囲と圧
倒的感度で、様々な天体（dust rich galaxy, dust-free quasar等) の性質の理
解が進むだろう。


