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Infrared Space Observatories – 
pushing deeper

P. Roelfsema

IRAS 1985

ISO 1995

Spitzer 2003

Akari 2006

Herschel 2009-2013

JWST 2018

IRTS 1995

SPICA!
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The SPICA ‘sweet spot’ – the dusty 
universe

What is so unique?   
●  A COLD, big mirror

à true background limited Mid/Far-IR observing
 >2 orders of magnitude better raw sensitivity than Herschel 
●   ~20 to ~350 μm inaccessible for any observatory

à the wavelength domain where obscured matter shines
   fill the blind spot between JWST and ALMA @ R~ few 1000

P. Roelfsema

<8K 

SPICA

106 reduction in
        background!

A unique observatory 
 looking through the veils, enabling 
    transformational science
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SPICA in a nutshell: SAFARI
SAFARI/SPEC - high sensitivity grating spectrometer 
● Basic R~300 mode à 1hr/5σ -5-7×10-20 W/m2 (4.6 m2)

Improves with better TES performance!
● Martin Puplett Interferometer to provide High-R mode

Backup: Fabry-Pérot Interferometer
● 4 bands instantaneously covering 35-230 micron

      …limited imaging capability: 3 pixels on-sky

P. Roelfsema

SAFARI/POL - imager polarimeter
•  Polarization sensitive bolometers

•  3 bands: 110, 220,350 µm
•  FPA architecture designed and tested
•  Readout analogous to PACS system 
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SPICA in a nutshell: SMI

●  SMI/LR-CAM – large area low resolution surveyor
●  17 – 36 µm, R = 50 – 120
●  4 slits (10’ long) with prism
●  Detector: Si:Sb 
●  Camera mode 10’x12’ FoV

●  SMI/MR – medium resolution mapper
●  18 – 36 µm, R = 1200 – 2300, 
●  1 slit (1’ long) with grating 
●  Detector: Si:Sb

●  SMI/HR – molecular physics/kinematics 
●  12 – 18 µm, R = 28,000
●  1 slit (4” long) with immersion grating
●  Detector: Si:As 

P. Roelfsema
9904-83 - Kaneda et.al., 9904-142 - Sakon et.al
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The resistance of baryons to 
cosmology sets the scene for SPICA

● galaxy bimodality: nearly 50% 
of stars in dead regions today

● galaxy downsizing: most 
massive galaxies formed first, 
then died

● SMBH paradigm: dead 
regions all possess a SMBH, 
MBH/M★~1/1000 universally

David&Elbaz! !!– """Cosmology"and"Galaxy"evolu2on":"a!major!niche!for!SPICA !"–"" "SPICA"Science"Workshop""–"23"May"2014"

Observations of present-day galaxies: !
the resistance of baryons to cosmology sets the framework for SPICA 

•  galaxy bimodality:   nearly 50% mass of stars in dead regions ! 
•  galaxy downsizing:   most massive galaxies form first, then died ! 
•  SMBH paradigm:   dead regions all possess a SMBH, universal MBH/M★~1/1000 ! 
•  Main sequence paradigm:  minor role of mergers in hierarchical scenario + not enough infall 

3"

D. Elbaz
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The resistance of baryons to 
cosmology sets the scene for SPICA

● galaxy bimodality: nearly 50% 
of stars in dead regions today

● galaxy downsizing: most 
massive galaxies formed first, 
then died

● SMBH paradigm: dead 
regions all possess a SMBH, 
MBH/M★~1/1000 universally

D. Elbaz

What causes star 
formation?
What stops star formation?
How did BH growth affect 
galaxy growth?
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SPICA mission design drivers

Major science questions that require SPICA* 
● What processes govern star formation across cosmic 

time - what starts it, controls it, and stops it?
● What are the major physical processes in the most obscured regions of the 

universe?
● How is this related to the enrichment of the universe with metals

● What is the origin and composition of the first dust, and 
how does this relate to present day dust processing?
● What is the thermal and chemical history of the building 

blocks of planets?

Established over the last few years by the joint Japanese-European-US science 
team, including community inputs through various workshops

* i.e. high sensitivity spectroscopy in the mid/far IR
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Extragalactic science goals

● What are the roles of star formation, accretion onto 
and feedback from central black holes and 
supernovae in shaping galaxy evolution over 
cosmic time? 
● How are metals and dust produced and destroyed 
in galaxies? How does the matter cycle within 
galaxies and between galactic discs, halos and 
intergalactic medium? 
● How did primordial gas clouds collapse into the 
first galaxies and black holes? 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Extragalactic science goals

● What are the roles of star formation, accretion onto 
and feedback from central black holes and 
supernovae in shaping galaxy evolution over 
cosmic time? 



Star formation and black hole 
accretion 

P. Roelfsema 14
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SMI	deep	photometry	

…unknown	

Why is the rate of galaxy evolution changing so dramatically over time?

SPICA spectroscopy will fully 
characterize 1000+ galaxies
●  Densities
●  Metallicities
●  Radiation field
●  Outflow/infall
Deep photometry will extend 
traditional SED analysis to 
z~5/6
à We will redraw IR Madau/
Dickinson, i.e. unaffected by 
extinction, out to z~6



Star formation/AGN line diagnostics
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Galaxy evolution studies with SPICA 5

Figure 6. Left: Overlay of the NGC4151 primary ionising spectrum (black points) with a sketched blue bump and a power law (adapted
from Alexander et al. 1999). Right: IR lines probe the starburst primary spectrum. being sensitive to the presence of Wolf-Rayet stellar
winds or shocks and to the starburst age (models from Leitherer et al. 1999).

In the nearby Universe, SPICA will detect the full
range of mid- to far-IR fine-structure lines, even the
faintest ones, providing an indirect and powerful probe
of the intrinsic, ionizing spectrum. Fig. 6a shows how
the observed IR emission lines trace the primary spec-
trum of the Seyfert galaxy NGC4151, which is not ob-
servable from ⇠10 to ⇠200eV (Alexander et al. 1999),
where the signature of the BH accretion disk (big blue
bump) should become prominent (Malkan & Sargent
1982). This method has been applied to Spitzer spectra
of local AGN (Meléndez et al. 2011). Fig. 6b shows also
a similar plot for starburst galaxies where the stellar
spectrum can be traced by the IR lines, free from dust
extinction often leading to surprising results. For exam-
ple, observations of the [OIV]26µm line have revealed
that starburst and dwarf galaxies can have, in particular
conditions, a significant contribution of ionizing photons
above ⇠50 eV (Lutz et al. 1998; Schaerer & Stasińska
1999; Fernández-Ontiveros et al. 2016), which is di�-
cult to reconcile with current stellar population mod-
els (Stasińska et al. 2015). Observations of low-redshift
starburst and dwarf galaxies with SPICA will reveal the
physical mechanisms (e.g. strong winds or shocks, asso-
ciated to very high mass stars) responsible for the high
ionization tail of the underlying ionizing spectrum, con-
straining the upper mass cuto↵ and the stellar Initial
Mass Function.
It has been recently recognised that finding and char-

acterising AGN in dwarf galaxies is a unique way to
infer the properties of high-redshift BH seeds (z>5),
i.e. accreting BHs with masses of 105 - 106 M�, prob-
ably associated to low metallicity environments. Fur-
thermore, dwarf galaxies are local analogs of the high-

redshift galaxies responsible for the cosmic reionisation,
due to escaping photons produced either by strong star
formation (Lymann ↵ emitters; Dijkstra 2014; Sharma
et al. 2016), and/or by AGN activity from accreting
BH with 105 - 106 M� (Madau & Haardt 2015). The
IR line ratio diagram shown in Fig. 3, that will be popu-
lated with SPICA line observations, is ideal to measure
the AGN contribution in dwarf galaxies, since dwarf
AGN are elusive in X-ray surveys and many of them
are contaminated by strong star formation in classical
optical BPT diagnostics (Baldassare et al. 2016; Sim-
monds et al. 2016). The [NeII] and [NeIII] lines can be
detected at low redshift with SMI/HR and at increasing
redshift with SMI/MR and SAFARI/SPEC.

2.2 AGN Feeding and Feedback in the
context of galaxy evolution

The correlations between SMBH masses and their host
galaxies properties and the bimodality of the color dis-
tribution of local galaxies (e.g., Strateva et al. 2001;
Baldry et al. 2004), suggest that some mechanism for di-
rect feedback should exist between SMBH and circum-
nuclear star formation. While gas inflow via mergers
or cold mode accretion power star formation and feed
SMBH, starbursts and AGN can drive galactic outflows,
dumping energy into the ISM. Once the SMBH reaches
a threshold in mass/luminosity, the energy and momen-
tum released by accretion can quench star formation
through turbulence and fast winds, heating and sweep-
ing out the molecular gas from which stars form (neg-
ative feedback). This process may lead to the MBH -�

PASA (2016)
doi:10.1017/pas.2016.xxx
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physics of galaxy evolution requires infrared observa-
tions of large, unbiased samples of galaxies spanning
a range in luminosity, redshift, environment and nu-
clear activity. From Spitzer and Herschel photometric
surveys the star formation rate (SFR) and black hole
accretion rate (BHAR) density functions have been es-
timated through measurements of the bolometric lumi-
nosities of galaxies. However, these estimates do not ap-
pear to be fully reliable, because based on the observed
integrated luminosities alone, the contribution due to
star formation and to black hole accretion could not
be separated on the basis of observed physical quanti-
ties. This crucial separation has been attempted so far
through modelling of the spectral energy distributions
and relied on model-dependent assumptions and local
templates, with large uncertainty and degeneracy. On
the other hand, determinations from ultraviolet and op-
tical spectroscopy (e.g. the SLOAN survey, Eisenstein
et al. 2011) track only marginally (⇠10%) the total in-
tegrated light (Fig. 1). X-ray analyses of the BHAR,
in turn, used large extrapolations, because based on
partial (soft X-ray only) sampling of the total X-ray
flux. Furthermore, the SFR density at z>2-3 is very un-
certain, since it is derived from UV surveys, highly af-
fected by dust extinction. As opposite, through infrared
emission lines, the contributions from stars and gravity
can be separated. SPICA spectroscopy will allow us to
directly measure redshifts, star-formation rates, black
hole accretion rates, metallicities and dynamical prop-
erties of gas and dust in galaxies at lookback times up
to about 12 Gyrs. The SPICA spectroscopic observa-
tions will allow us for the first time to redraw the star
formation rate and black hole accretion rate functions
(Fig. 1) in terms of measurements directly linked to the
physical properties of the galaxies.

2.1 Star Formation and Black Hole
Accretion across Cosmic Time

To understand galaxy evolution, we need to measure
the rate at which stars form and black holes accrete
matter as a function of time. The similar histories of
star formation and black hole accretion with redshift,
the fact that most active galaxies display an AGN and
enhanced star formation and the black hole-stellar mass
correlation seen in the local Universe (Magorrian et al.
1998; Ferrarese & Merritt 2000), all strongly suggest
that the two processes are intimately linked.
The mid- to far-IR spectral range hosts a suite of

atomic and molecular lines and features covering a wide
range of excitation and tracing the physical conditions
(excitation, density, ionization, radiation field, metallic-
ity, dust composition) in galaxies (Fig. 2, and Spinoglio
& Malkan 1992). These lines reveal the detailed physics
in the various phases of the ISM, from HII and photo-
dissociation regions (PDR), to the Narrow Line Regions

Photodissociation
Regions

Stellar/HII
Regions

AGNs

Coronal
Line
Regions

Figure 2. IR fine-structure lines cover a wide range in the
ionization-density parameter space (Spinoglio & Malkan 1992).

Figure 3. [NeIII]15.5µm/[NeII]12.8µm vs
[OIV]25µm/[OIII]88µm line ratios compared to models for
local Universe AGN, LINER, starburst galaxies, and dwarf
galaxies (Fernández-Ontiveros et al. 2016).

(NLR) excited by AGN. In the highly opaque ISM of
actively star-forming galaxies and AGN, the IR lines are
the only probe of the physical conditions in the gas and
dust surrounding the supermassive black holes (SMBH)
or young, hot stars. The SFR can be measured via
low-ionization lines (e.g. [NeII]12.8µm, [SIII]18.7µm),
while the AGN accretion rate through high-ionization
lines (e.g., [OIV]25.9µm, [NeV]14.3µm, 24.3µm). Mid-
to far-IR spectroscopy was exploited by ISO, Spitzer

PASA (2016)
doi:10.1017/pas.2016.xxx

SPICA M5 case
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Star formation/AGN line diagnostics
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•  IR spectrum of low-z 
AGN MCG-3-34-64, 
scaled to 1012L⊙ at 
z=1-4. 

•  At z=3, L*=1012L⊙
•  5σ SAFARI (low 

resolution) and SMI 
(medium and low 
resolution) are shown 
for integration times of 
1 hr and 10 hrs. 



Star formation/AGN continuum

● More than 25% of 
the AGN are 
undetected at X-
rays while still 
visible in the mid-
infrared via hot dust 
emission. 

Incompleteness of X-ray surveys

19Spinoglio et al. in prep.

Galaxy evolution studies with SPICA 5

Figure 5. Incompleteness of X-ray surveys. 2-10keV rest-frame
luminosity vs. AGN 6µm rest-frame luminosity (Del Moro et al.
2016). Observed X-ray luminosity is shown in open symbols, in-
trinsic luminosity in filled symbols. Unobscured and moderately
obscured quasars (NH <1023 cm�2) are plotted in red, while the
heavily-obscured sources (NH >1023 cm�2) are plotted in blue.
More than 25% of the AGN are undetected at X-rays while still
visible in the mid-infrared via hot dust emission. The shaded re-
gion represents the scatter of the intrinsic L(6µm)—LX relation
from Lutz et al. (2004) (dashed line). The dotted line represents
the Fiore et al. (2009) relation.

of Compton Thick (CT) AGN, thus far undetected in
X-rays, with nuclear obscuring column densities of NH

⇠1025cm�2 or higher (e.g., Comastri et al. 2015). These
sources would be prime targets for SPICA. Future X-ray
missions such as Athena will reveal hundreds of mildly
CT AGN which could then be fully characterised spec-
troscopically with SPICA. Moreover SPICA will also be
able to detect heavily CT ones. The synergy and com-
plementarity of the capabilities of both missions would
probe the full cosmic history of BH accretion.
The intrinsic primary ionizing spectrum of AGN or

starburst galaxies, which emits from the radio to the
X-rays, cannot be observed from the Lyman limit up
to several hundred eV, because of galactic and intrinsic
absorption. Fortunately, the shape of the primary ion-
izing spectrum responsible for any photoionized source
can be indirectly inferred from the strength of the IR
emission lines, when photoionization is the dominant
ionization mechanism. In the nearby Universe, SPICA
will detect the full range of mid- to far-IR fine-structure
lines, even the faintest ones, providing an indirect and
powerful probe of the intrinsic, ionizing spectrum. Fig.
6 (upper panel) shows how the observed IR emission
lines trace the primary spectrum of the Seyfert galaxy
NGC4151, which is not observable from ⇠10 to ⇠200eV
(Alexander et al. 1999), where the signature of the BH

Figure 6. Upper panel: Overlay of the NGC4151 primary ion-
ising spectrum (black points) with a sketched blue bump and a
power law (adapted from Alexander et al. 1999). The IR lines can
trace the unobserved primary spectrum at the energies of their
ionization potential. Lower panel: IR lines probe the starburst
primary ionizing spectrum, which is sensitive to the presence of
Wolf-Rayet stellar winds or shocks and to the starburst age (mod-
els from Leitherer et al. 1999).

accretion disk (big blue bump) should become promi-
nent (Malkan & Sargent 1982). This method has been
applied to Spitzer spectra of local AGN (Meléndez et al.
2011). Fig. 6 (lower panel) shows a similar plot for star-
burst galaxies where the stellar spectrum can be traced
by the IR lines, free from dust extinction often lead-
ing to surprising results. For example, observations of
the [OIV]26µm line have revealed that starburst and
dwarf galaxies can have, in particular conditions, a sig-
nificant contribution of ionizing photons above ⇠50 eV
(Lutz et al. 1998; Schaerer & Stasińska 1999; Fernández-
Ontiveros et al. 2016), which is di�cult to reconcile
with current stellar population models (Stasińska et al.
2015). Observations of low-redshift starburst and dwarf

PASA (2016)
doi:10.1017/pas.2016.xxx
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Star formation/AGN continuum
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8 Luigi Spinoglio et al.
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Figure 9. Left: Simulation of the luminosity – redshift plane coverage of a 0.2 deg2 SMI survey at the confusion limit (5µmJy, tINT

⇠10 hrs./ frame). Right: SED fit to the z=4 starburst galaxy GN20 (Efstathiou & Siebenmorgen 2009), scaled to L=1012L� at z=3-6.
ALMA (10min.), ELT/MOS and ELT/MICADO (3 hrs.) detection limits are shown. SPICA will map large areas to the confusion limit,
100 times faster than JWST, finding samples of obscured AGN and starbursts at z>3-5.

the most luminous (L�1012L�) star-forming galaxies
at z>3. High redshift (z>6) quasars have been detected
with supermassive black holes as massive as 1010M� (Fu
et al. 2015), but their origin, demographics and role in
re-ionization are unclear. SMI deep photometric surveys
will extend the study of the black hole accretion rate
and the star formation rate density to beyond redshifts
z⇠3-4, detecting at 34µm the hot dust around high-
redshift QSOs, as well as starburst-dominated galaxies
at redshifts out to z⇠6. In Fig. 9 (left), the redshift-
luminosity space covered by 6 10’⇥10’ frames of SMI
(0.2 deg2) at the confusion limit of 5µmJy is given.
Fig. 9 (right) also shows the detailed SED from radia-
tive transfer models fitting the z=4 galaxy GN20 (Efs-
tathiou & Siebenmorgen 2009) .

Due to its large field of view of 10’⇥10’, SMI will map
large sky areas to the confusion limit (⇠ 5µJy) in rela-
tively short times, with an e↵ective surveying speed two
orders of magnitude faster than JWST1. For this rea-
son SPICA-SMI will be the best instrument to discover
high-z AGN and starburst dominated galaxies in large
deep surveys.

Follow-up observations with the next generation of
ELT’s and ALMA, as well as with the SPICA spec-
trographs, will fully characterize the faint, red galaxies
detected by SMI up to z⇠5-6. These surveys will focus
both on blank fields and on known proto-clusters. The

1The JWST Design Reference Mission includes a MIRI (16µJy,
5�) 10’⇥9’ survey at 21µm. With the MIRI field of view of
1.25’⇥1.88’ this survey will need 160 hrs. A similar SPICA-SMI
survey at 34µm, would take 1 hr (12µJy, 5�). For detecting mid-
IR sources SPICA will be over 100 times faster than JWST.

Figure 10. Simulated SAFARI spectrum produced with the
LIR=1012 L� galaxy spectral template (Rieke et al. 2009) at
z=10, scaled to L=2⇥1013L�. The red lines show simulated
shock-excited (i.e., thermalized) H2 emission lines produced by
3⇥1010M� of T=200 K gas and 3⇥108M� of T=1000 K gas.The
predicted fluxes of the S(1), S(3) and S(5) lines are 3.5, 5.2 and
7.3⇥10�20 W m�2, respectively (and thus detectable with SA-
FARI at 5 in 5.5, 1.6 and 0.8 hours)

latter will allow us to study the build-up of the progen-
itors of elliptical galaxies dominating local galaxy clus-
ters and thus to probe environmental-dependent evolu-
tion.

2.5 The First Stars and Galaxies

SPICA/SAFARI is capable of delivering high-quality
rest-frame mid-IR spectra even at z⇠10 if the target
galaxies are su�ciently luminous (L&1013L�; Fig. 10).
In fact, such IR-luminous galaxies, mostly gravitation-

PASA (2016)
doi:10.1017/pas.2016.xxx



Summary 1

● Feedback during the peak of AGN 
activity: SPICA is the unique 
spectroscopic window to dusty AGN/
starburst diagnostics to z=3
● Dust-obscured AGN over ~13 Gyr: 
SPICA detects Compton-thick AGN out to 
z=5-6, unavailable to Athena

22
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Extragalactic science goals

● What are the roles of star formation, accretion onto 
and feedback from central black holes and 
supernovae in shaping galaxy evolution over 
cosmic time? 
● How are metals and dust produced and destroyed 
in galaxies? How does the matter cycle within 
galaxies and between galactic discs, halos and 
intergalactic medium? 
● How did primordial gas clouds collapse into the 
first galaxies and black holes? 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Extragalactic science goals

● What are the roles of star formation, accretion onto 
and feedback from central black holes and 
supernovae in shaping galaxy evolution over 
cosmic time? 
● How are metals and dust produced and destroyed 
in galaxies? How does the matter cycle within 
galaxies and between galactic discs, halos and 
intergalactic medium? 
● How did primordial gas clouds collapse into the 
first galaxies and black holes? 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Feeding and feedback in galaxies

 

 

8 

SPICA spectroscopy probes the primary ionizing spectrum 
in AGN and starburst galaxies. For example, in the Seyfert 
galaxy NGC4151 (Figure 1-8), the high-ionization IR lines 
directly trace the signature of the black hole accretion disc 
(Alexander et al. 1999). The presence of such a disc in 
active nuclei is at the basis of understanding many 
observed characteristics, including line ratios (Figure 1-6). 
In starburst galaxies, SPICA can reveal winds or shocks 
associated with very high mass or rapidly rotating/binary O 
stars and constrain the upper mass cut-off and the stellar 
Initial mass function (Shaerer & Stasinska 1999; 
Fernandez-Ontiveros et al. 2016). 

Finding and characterising AGN in dwarf galaxies, which 
may be local analogues for the bulk of the sources 
responsible for re-ionization, offer a unique way to infer the 
properties of high-redshift (z > 5) black hole seeds with 
masses of 105 - 106 M~. SPICA, using IR line ratios as 
shown in Figure 1-6,  can uniquely detect the infrared 
spectral signatures of faint AGN in dwarf galaxies, which 
are often weak in X-rays and contaminated in classic 
optical diagnostic diagrams by strong emission from young 
stars (Baldassare et al. 2016, Simmonds et al. 2016). 

There is significant evidence to suggest that an important fraction of the cosmic X-ray background 
arises from a population of Compton-thick AGN, thus far undetected in X-rays (e.g. Gilli et al. 2007; 
Treister et al. 2009; Comastri et al. 2015). Future X-ray missions, like Athena will reveal part of this 
population, but the most heavily obscured objects can only 
be seen in the infrared via their hot dust, warmed by AGN 
radiation – these sources will be prime targets for SPICA.  

 Feeding and Feedback in galaxy evolution 
Direct AGN-driven feedback on the dense, molecular ISM has been glimpsed with Herschel/PACS in 
a handful of local ULIRGs, with velocities over 1000 km s-1 and mass outflow rates of 100s of M~ yr-1 
(Fischer et al. 2010; Sturm et al. 2011; González-Alfonso et al. 2014). Inflow motions associated with 
accretion onto super massive black holes have been detected via inverse P-Cygni profiles in local AGN 
(González-Alfonso et al. 2014; Stone et al. 2016; Falstad et al. 2015). Despite these intriguing results, 
our knowledge of feedback in galaxy evolution is extremely limited, even for local low redshift objects.  

SPICA will allow us to study AGN accretion and 
energetic feedback in significant samples of 
dusty galaxies over the past 10 Gyr. In the 
SAFARI/SPEC high-resolution mode, the 
outflow signature (P-Cygni profile in the OH 79 
µm line) can be detected in a galaxy at a 
redshift of z=1 in about 10 hours (Figure 1-9). 
Such observations will characterize the 
physical conditions in the outflowing gas 
(velocities, mass outflow rates, total mass). At 
higher redshift, z~2, the OH 79 µm feature can 
be detected in the SAFARI/SPEC low 
resolution R~300 mode in only one hour, 
enabling a fast survey for outflows to provide 
the demographics of molecular feedback in IR-
luminous galaxies at the peak of the star 
formation rate density.  

Figure 1-8: Overlay of the NGC4151 
primary ionizing spectrum (black points) 
with a “blue bump” (blue) and a power law 
(green) (adapted from Alexander et al 
1999). In red the key IR diagnostic lines 
are indicated with their wavelenghts. 
SPICA is a powerful probe of the primary 
spectrum in AGN. 
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Figure 1-9 Simulated R~600 SAFARI/SPEC OH P-
Cygni outflow spectrum for a L=2x1012 L~. galaxy at 
z=1, based on Herschel/PACS observations of 
Mrk231 (Gonzalez-Alfonso et al. 2014; Spoon et al. 
2013). SAFARI/SPEC will detect outflow and inflow 
motions in ULIRGs up to z~1-2. 

Together SPICA and Athena will probe 
the full history of black hole accretion. 

M5 case
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The rise of metals and dust
Dust-free, less dependence on electron temperatures

● SPICA will 
measure the 
metal build-up in 
the galaxies that 
represent more 
than 80% of the 
total star 
formation in the 
Universe, out to 
z=4. 
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Ground-based interferometry (e.g. ALMA, 
NOEMA) can trace high velocity molecular 
gas (Aalto et al. 2015; Cicone et al. 2014), 
however far-IR observations trace the 
dense, high velocity gas near the energy source. The far-IR observations unambiguously distinguish 
outflows from inflows, through absorption line profiles of low-lying transition against the bright IR nuclei, 
and thus discriminate between different feedback mechanisms (Thompson et al. 2015; González-
Alfonso et al. 2014).  

 The Rise of Metals and Dust 
Elements heavier than He (i.e. “metals”) 
play a major role in gas cooling, cloud 
collapse and ultimately the formation of 
stars and planets. The metallicity in galaxies 
is determined by the cumulative effects of 
star formation, outflows and accretion. 
Traditional diagnostics of metallicity based 
on bright optical lines, are strongly biased 
towards dust-free regions and critically 
depend on the assumed electron 
temperatures. Often this approach yields 
metallicities significantly lower than those 
inferred from the dust mass or IR lines (e.g. 
Santini et al. 2010; Rigopoulou et al. in 
prep.). With rest-frame mid-IR spectral 
tracers unaffected by dust, SPICA will 
accurately measure the gas-phase 
metallicities in galaxies, nearly independent 
of ionisation, density and temperature out to 
redshift z~4 (Figure 1-10).  In local galaxies, 
the HI 7-6 recombination line at 12.3 µm can 
be measured as well, which in combination 
with the forbidden lines, allows direct 
determination of Neon, Sulfur, Nitrogen, and 
Oxygen abundances.  

Dust also plays a critical role in heating and cooling of the ISM in galaxies. Dust forms in the dense, 
enriched atmospheres of evolved stars, novae, SNe, and in dense molecular clouds (e.g. Zhukovska 
& Henning 2013). It provides the shielding that allows dense gas to turn molecular, as well as the 
surfaces for H2 formation. Through the photoelectric effect, small grains provide most gas heating in 
PDRs. Because dust is easily destroyed by shocks, sputtering and intense radiation fields, its dominant 
formation and destruction channels in different environments are still a matter of debate (e.g. Kemper 
2015; Matsuura et al. 2011; Micelotta et al. 2016). SPICA will uniquely measure the mass of dust 
produced by evolved stars and supernovae in nearby galaxies, and probe dust mineralogy and 
composition, via the mid-IR SiO2, FeO, FeS and crystalline silicate features. With its spectral and 
continuum capability, SPICA will trace the abundance and evolution of the dust components within 
galaxies, constraining the local conditions such as ionization, radiation field, dust structures and overall 
dust-to-gas ratios, giving clues to the chemical evolution of galaxies (e.g. Galliano et al. 2008; 
Sandstrom et al. 2012; Rémy-Ruyer et al. 2014) 

 Towards the Epoch of Re-ionization: early Black Holes and Starbursts 
The latest evolutionary studies with the deepest cosmological surveys by Herschel (e.g. Gruppioni et 
al. 2013; Magnelli et al. 2013; Lutz 2014; Rowan-Robinson et al. 2016) mapped out the star formation 
rate density at z=1-2 for the first time, but detected only small numbers of the most luminous 
(LIR>>1012L~) star-forming galaxies at z>3. High redshift (z>6) quasars have been detected with 
supermassive black holes as massive as 1010M~ (Fu et al. 2015), but their origin, demographics and 

Figure 1-10 The ([Ne III] + [Ne II]) to ([S IV] + [S III]) ratio 
versus metallicity for local starburst and dwarf galaxies. 
Models predict values in the blue shaded area 
(Fernandez-Ontiveros et al. 2016).  

SPICA will trace atomic and molecular inflow and 
outflow in galaxies to the peak epoch of star formation. 

SPICA will measure the metal build-up in the 
galaxies that represent more than 80% of the total 
star formation in the Universe. 

M5 proposal
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Using hydrocarbons as calorimeters

● z~1 
ultraluminous 
starbursts look 
like scaled-up 
Milky Ways in 
their PAH 
emission

D. Elbaz

David&Elbaz! !!– """Cosmology"and"Galaxy"evolu2on":"a!major!niche!for!SPICA !"–"" "SPICA"Science"Workshop""–"23"May"2014"

SPICA 47µm band will probe accurately the SFR up to z~3 = 90% age 
Universe, 90% present-day stars build-up 

16"

47µm: 
12µm@z=3 

•  Local galaxies 
•  z~1 galaxies (24µm) 

•  z~0.35 galaxies (16µm) Local galaxies 
z~1 (24μm)
z~0.35 (16μm)
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● z~1 
ultraluminous 
starbursts look 
like scaled-up 
Milky Ways in 
their PAH 
emission

D. Elbaz
David&Elbaz! !!– """Cosmology"and"Galaxy"evolu2on":"a!major!niche!for!SPICA !"–"" "SPICA"Science"Workshop""–"23"May"2014"

Local vs distant Universe!
LIR 

L8µm 

L8µm 

IR8 = LIR/L8 

IR8 = LIR/L8 

Using hydrocarbons as calorimeters
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Dust in nearby galaxies

● SPICA will measure Mdust from evolved stars and 
SNe in nearby galaxies
● SPICA will measure mineralogy and composition 
in nearby galaxies (SiO2, FeO, FeS and crystalline 
silicate features)
● How did galaxies evolve their chemistry? SPICA 
will trace the abundance and evolution of dust 
components within galaxies, constraining local 
physics (ionization, radiation field, dust structures 
and overall dust-to-gas ratios)
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Summary 2

● Outflows from AGN feedback: SPICA 
detects PCygni OH lines out to z=1
● The metallicity history of the Universe: 
SPICA determines metallicities out to z=4 
independent of obscuration
● Dust production in the local Universe: 
SPICA determines mineralogy of dust 
components within galaxies
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Extragalactic science goals

● What are the roles of star formation, accretion onto 
and feedback from central black holes and 
supernovae in shaping galaxy evolution over 
cosmic time? 
● How are metals and dust produced and destroyed 
in galaxies? How does the matter cycle within 
galaxies and between galactic discs, halos and 
intergalactic medium? 
● How did primordial gas clouds collapse into the 
first galaxies and black holes? 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Towards reionization

ALMA (NRAO / ESO / NAOJ); B. Saxton (NRAO / AUI / NSF); Hubble (NASA / ESA); T. Hunter (NRAO). 
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Towards reionization

Egami et al. in prep



Molecular Hydrogen (H2)? 

Strong H2 emission lines
from the brightest cluster
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cluster (with a cooling flow?)
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(simulated)

Z3146 BCG 
scaled to match

the spectrum above 
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known to exist at lower redshift (Egami et al. 
2006; Ogle et al. 2012), and may be detectable 
by SPICA even at z~10 (Figure 1-13). 

The ultimate challenge for SPICA will be to catch 
a glimpse of the first (i.e., Pop III) galaxies. 
Theoretical models predict that Pop III star 
clusters would produce a large amount of dust 
quickly as massive pair instability supernovae 
explode (e.g. Schneider et al. 2004).  When the 
dust is released and heated by hot, main 
sequence Pop III stars, the resultant mid-IR 
spectra will exhibit strong quartz (SiO2) emission 
lines.  These lines may be luminous enough for 
SPICA to detect (Figure 1-14), and if so, they will 
provide a rare glimpse into the dust production mechanism of Pop III stars. These preliminary results 
suggest that SPICA can provide strong constraints for our Pop III models, and may have an important 
role to play in our understanding of the first stars and dust in the Universe. 

  Understanding star formation from filaments to galaxies 
 

 Probing the surface of molecular clouds and the molecular gas reservoir of galaxies 
Star formation in galaxies is fuelled by the molecular (H2) gas 
reservoir. Because H2 has no transitions below 500 K, CO 
has been the primary tracer of the cold molecular reservoir. 
However, this approach can miss a large fraction of 
molecular gas since CO is more easily photodissociated by 
UV radiation, while H2 can survive outside the CO-emitting 
region (Abdo et al. 2010; Wolfire et al. 2010; Planck 
Collaboration 2011b; Bolatto et al. 2013; Langer et al. 2014). 
The calibration of the CO probe relies on a good 
understanding of widespread PDRs at the surface of 
molecular clouds where CO-dark gas resides and from 
where [CII] is emitted.  SAFARI/SPEC will detect the HD 
lines in galaxies out to about 10 Mpc (Figure 1-15), which will 
accurately trace H2 in the surface of molecular clouds and 
will, with an estimate for the gas temperature, give accurate 
H2 masses. Beyond 10 Mpc, [CII] observations, with 
constraints from other FIR fine structure lines, will be key to 
quantifying the total H2 masses, especially in low metallicity 
galaxies where the ISM is relatively warm (Euclid is expected 
to detect ~100000 of these). This will allow a breakthrough 
in our understanding of the physical conditions of warm 
molecular gas at the surface of star-forming clouds and its 
dependency on metallicity. 

Figure 1-14 Simulated SAFARI spectrum 
produced by a burst of a 106 M~�Pop  III 
star cluster at z=7 with a top-heavy (50-
500 M~) Salpeter-like IMF surrounded by 
a thin dust shell at 30 pc. The models of 
Pop III star spectral evolution (Zackrisson 
et al. 2011) and dust production 
(Schneider et al. 2004) were used in 
combination to make this prediction. 
 
 

Figure 1-13 Hydro-dynamical simulation of a z=6 
galaxy. Note the complicated structure, due to the 
merging of sub-halos. Such a dynamic environment 
should produce strong shock-excited H2 emission. 
 

Figure 1-15 SPICA detection limit for HD 
as function of H2 mass and temperature.  
Typical galaxies can be detected out to 
about 10 Mpc, while within our Galaxy 
many star-forming clouds will be 
detectable. 

SPICA will determine accurate gas 
masses, especially in CO-dark gas, 
for galaxies out to 10 Mpc. 

M5 proposal
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role in re-ionization are unclear. SMI deep 
photometric surveys will extend the study of the black 
hole accretion rate and the star formation rate 
density to beyond redshifts z~3-4, detecting at 34 µm 
the hot dust around high-redshift QSOs, as well as 
starburst dominated galaxies at redshifts out to z~6 
(Figure 1-11). A photometric survey with SMI/CAM 
will map large sky areas to the confusion limit in a 
relatively short time, with an effective surveying 
speed two orders of magnitude faster than JWST 
(Figure 1-22).  With its high survey efficiency, 
SPICA’s SMI/CAM will be the best instrument to 
discover high-z AGN and starburst dominated 
galaxies in large deep surveys.  

These surveys will focus both on blank fields and on 
known proto-clusters. The latter will allow us to study 
the build-up of the progenitors of elliptical galaxies 
dominating local galaxy clusters and thus to probe environment-dependent evolution. Follow-up 
observations with the next generation of ELTs and ALMA, as well as with the SPICA spectrographs, 
will fully characterize the faint, red galaxies detected by SMI up to z~5-6. 

 The First Stars and Galaxies 
SAFARI/SPEC is capable of delivering high-quality 
rest-frame mid-IR spectra even at z~10 if target 
galaxies are sufficiently luminous (LIR>2x1013 L~; 
Figure 1-12).  In fact, such IR-luminous galaxies, 
mostly gravitationally lensed, are now starting to be 
discovered at z>5, e.g. at z=5.24 galaxy with 
LIR=1.6x1014 L~ (Combes et al. 2012) and at 
z=6.34 galaxy with LIR=2.9x1013 L~ (Riechers et al. 
2013). With more future discoveries of similarly 
luminous galaxies, SPICA will likely offer the first 
opportunity to study the rest-frame mid-IR spectra 
of galaxies at z>4-5 and up to z~10 in significant 
numbers.Mid-IR spectra of such high-redshift 
galaxies are crucial for probing the properties of 
the first stars and galaxies as the earlier stellar 
populations imprint their chemical enrichment 
signatures in the composition of dust and the 
resultant dust emission features. For example, 
PAH emission may be much weaker (or even 
absent) if high-redshift galaxies are similar to local 
low-metallicity dwarf galaxies (e.g. Wu et al. 2007).   

In a metal-poor (or even a metal-free) environment that likely exists at high redshift, mid-IR H2 lines 
provide key cooling channels.  The first generation of quiescent, self-contracting metal-poor/free 
primordial gas clouds would be too faint to detect directly with SPICA (e.g. Mizusawa et al. 2005; Gong 
et al. 2013, Santoro & Shull 2006). However, the dynamic environment that results from hierarchical 
structure formation (see Figure 1-13) may well make merging primordial gas clouds visible to 
SAFARI/SPEC through shock-excited line emission if these clouds are warm and massive enough (e.g. 
~1010 M~ of T~200 K gas and ~108 M~ of T~1000 K gas).  Such warm massive H2 gas systems are 

Figure 1-11 SED fit to the z=4 starburst galaxy 
GN20 (Efstathiou & Siebenmorgen 2009), 
scaled to L=1012L~ at z=3-6, with ALMA (10 
mins), ELT/MOS and ELT/MICADO (3 hrs.) 
detection limits.  SPICA will map large areas to 
the confusion limit, 100 times faster than JWST, 
finding samples of obscured AGN and 
starbursts at z > 3-5. 
 

Figure 1-12: Simulated SAFARI/SPEC spectrum 
of an LIR=1013 L~  ULIRG at z=10 (Rieke et al. 
2009). The red lines show simulated shock-
excited (thermalized) H2 emission lines produced 
by 3x1010 M~ of T=200 K gas and 3x108 M~ of 
T=1000 K gas. Line fluxes for the S(1), S(3) and 
S(5) lines of 3 to 7 x10-20 W m-2, are predicted; 
detectable with SAFARI in only a few hours. 

SPICA SMI deep surveys will detect AGN and 
starburst galaxies up to z~5-6, which will be 
characterized by the ELTs and ALMA. 

SPICA can detect the cooling gas in the first 
galaxies or in collapsing clouds through H2 
dynamically boosted by shocks. 
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known to exist at lower redshift (Egami et al. 
2006; Ogle et al. 2012), and may be detectable 
by SPICA even at z~10 (Figure 1-13). 

The ultimate challenge for SPICA will be to catch 
a glimpse of the first (i.e., Pop III) galaxies. 
Theoretical models predict that Pop III star 
clusters would produce a large amount of dust 
quickly as massive pair instability supernovae 
explode (e.g. Schneider et al. 2004).  When the 
dust is released and heated by hot, main 
sequence Pop III stars, the resultant mid-IR 
spectra will exhibit strong quartz (SiO2) emission 
lines.  These lines may be luminous enough for 
SPICA to detect (Figure 1-14), and if so, they will 
provide a rare glimpse into the dust production mechanism of Pop III stars. These preliminary results 
suggest that SPICA can provide strong constraints for our Pop III models, and may have an important 
role to play in our understanding of the first stars and dust in the Universe. 

  Understanding star formation from filaments to galaxies 
 

 Probing the surface of molecular clouds and the molecular gas reservoir of galaxies 
Star formation in galaxies is fuelled by the molecular (H2) gas 
reservoir. Because H2 has no transitions below 500 K, CO 
has been the primary tracer of the cold molecular reservoir. 
However, this approach can miss a large fraction of 
molecular gas since CO is more easily photodissociated by 
UV radiation, while H2 can survive outside the CO-emitting 
region (Abdo et al. 2010; Wolfire et al. 2010; Planck 
Collaboration 2011b; Bolatto et al. 2013; Langer et al. 2014). 
The calibration of the CO probe relies on a good 
understanding of widespread PDRs at the surface of 
molecular clouds where CO-dark gas resides and from 
where [CII] is emitted.  SAFARI/SPEC will detect the HD 
lines in galaxies out to about 10 Mpc (Figure 1-15), which will 
accurately trace H2 in the surface of molecular clouds and 
will, with an estimate for the gas temperature, give accurate 
H2 masses. Beyond 10 Mpc, [CII] observations, with 
constraints from other FIR fine structure lines, will be key to 
quantifying the total H2 masses, especially in low metallicity 
galaxies where the ISM is relatively warm (Euclid is expected 
to detect ~100000 of these). This will allow a breakthrough 
in our understanding of the physical conditions of warm 
molecular gas at the surface of star-forming clouds and its 
dependency on metallicity. 

Figure 1-14 Simulated SAFARI spectrum 
produced by a burst of a 106 M~�Pop  III 
star cluster at z=7 with a top-heavy (50-
500 M~) Salpeter-like IMF surrounded by 
a thin dust shell at 30 pc. The models of 
Pop III star spectral evolution (Zackrisson 
et al. 2011) and dust production 
(Schneider et al. 2004) were used in 
combination to make this prediction. 
 
 

Figure 1-13 Hydro-dynamical simulation of a z=6 
galaxy. Note the complicated structure, due to the 
merging of sub-halos. Such a dynamic environment 
should produce strong shock-excited H2 emission. 
 

Figure 1-15 SPICA detection limit for HD 
as function of H2 mass and temperature.  
Typical galaxies can be detected out to 
about 10 Mpc, while within our Galaxy 
many star-forming clouds will be 
detectable. 

SPICA will determine accurate gas 
masses, especially in CO-dark gas, 
for galaxies out to 10 Mpc. 

Simulated SAFARI spectrum produced by a burst of a 106 M¤ Pop III star 
cluster at z=7 with a top-heavy (50- 500 M¤) Salpeter-like IMF surrounded 
by a thin dust shell at 30 pc. The models of Pop III star spectral evolution 
(Zackrisson et al. 2011) and dust production (Schneider et al. 2004) were 
used in combination to make this prediction. 
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Summary 1 2 and 3

● The only spectroscopic diagnostics of dusty 
AGN/starbursts, and Compton-thick AGN out 
to z=5-6
● Metallicity history of the Universe out to z=4, 
OH outflows to z=1, dust mineralogy in local 
galaxies
● Completely unexplored galaxy physics at 
ultra-high-z: the first organic molecules, 
shock-heated H2, quartz from PopIII
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