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SPICA – SPace Infrared telescope for Cosmology and Astrophysics

Science objectives

• Formation and evolution of planetary systems: Gas and dust in proto-planetary discs, includ-
ing water, and their link to planetary formation; mineralogy of debris discs; gas exoplanets
atmospheres; composition of Kuiper Belt objects.

• Life cycle of dust: Physics and chemistry of gas and dust in the Milky Way and in nearby
galaxies; dust mineralogy; dust processing in supernova remnants and the origin of interstel-
lar dust in the early Universe.

• Formation and evolution of galaxies: AGN/starburst connection over cosmic time and as a
function of the environment; co-evolution of star formation and super-massive black holes;
star-formation and mass assembly history of galaxies in relation with large scale structures;
the nature of the Cosmic Infrared Background.

Wavelength range Medium to far infrared (5–210µm)
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Chapter 1

Scientific Objectives

1.1 Introduction

A complete understanding of the formation and evolution of galaxies, stars and planets can only be reached
through the investigation of the cold and obscured parts of the Universe, where the basic processes of formation
and evolution occur. Deep exploration of the cold Universe using high spatial resolution observations in the
Far Infrared (FIR) and sub-mm started in 2009 with the launchof theHerschelSpace Observatory.Herschelis
opening this almost unexplored window through photometricsurveys of star formation in our own Galaxy and
of distant galaxies; however, its relatively warm telescope (between 82 and 90 K) greatly limits its sensitivity.
A new much more sensitive mission reaching must therefore build on the work started byHerscheland gain
a deeper understanding of the physics of the objects discovered there:i.e., to spectroscopically identify and
measure star formation rates in the obscured extra-galactic sources at different cosmic epochs and explore
the physics and chemistry of planet formation. To obtain this increase in sensitivity we need a cold (< 6 K)
telescope of about the same diameter asHerschel. The Japanese led SPace Infrared telescope for Cosmology
and Astrophysics (SPICA) mission promises this in early 2020s and Europe can play a vital role in its success.

Progress in mid- and far-infrared astronomy has been slow because instruments and telescopes must be
cooled to cryogenic temperatures to achieve high sensitivity and, for most of the frequency range, the observa-
tions can only be made from space. Only four small space observatories have operated in the past quarter of a
century (IRAS, ISO,Spitzerand AKARI), offering limited spatial resolution and sensitivity.Herschel, with a
3.5-m∼ 85-K telescope, the largest telescope ever put in space, is providing greatly increased spatial resolution
with modest increases in sensitivity over the 55-210µm band, while JWST, with a∼ 6-m 45-K telescope, will
provide a leap in both spatial resolution and sensitivity inthe mid-IR up to 28µm (launch&2018). However,
coverage of the full mid-/far-IR band with high sensitivity and spatial resolution will still be lacking and it is
here that SPICA will be a breakthrough mission. SPICA will have a similar telescope toHerschelbut cooled to
< 6K, thus removing its self-emission and allowing observations limited only by the astronomical background.

SPICA offers a sensitivity up to two orders of magnitude better thanHerschel, covering the mid-to-far-IR
(the full 5-210µm range, mostly unreachable from the ground) with imaging, spectroscopic and coronagraphic
instruments (see Figure 1.1). Thanks to this substantial increase in sensitivity, SPICA will make photometric
images in a few seconds that would take hours forHerschel, and will produce a full 5-210µm infrared spectrum
of an object in one hour that would take several thousand hours for Herschel. We illustrate this major increase
in sensitivity in Figure 1.2 (left panel), which shows the area covered by a full spatial and spectral survey
(∼ 1 deg2, e.g. the Cosmos field) in which we can detect and identifyspectroscopicallyall galaxies down to
a luminosity of∼1011 L⊙ at z = 1 and∼1012 L⊙ at z = 2 in 900 hours. In theory, in about twice this time,
the Herschel-PACS spectrometer would just be able to detect a single object over its full waveband to the
same sensitivity. We can immediately see that this major increase in sensitivity, combined with a wide field of
view and coverage of the full 5-210µm waveband, will revolutionise our ability to spectroscopically explore
the nature of the tens of thousands of objects thatHerschel, JWST, and SPICA will discover in photometric
surveys or the regions that are too extended to be mapped withALMA.
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Figure 1.1: Left panel: Photometric performance expected for SPICA SAFARI (black) and MCS (green), compared
to Herschel, ALMA and JWST (red), for a point source (µJy, 5σ, 1 hour) using the goal sensitivity detectors on SPICA
(NEP=2× 10−19 W Hz−1/2). Note the. 2 orders of magnitude increase in photometric sensitivity compared to Herschel-
PACS. The SED of the galaxy M82 as redshifted to z=1, 2, 3, 5 and 10 is shown.Right panel: Spectroscopic performance
expected for SPICA (black and green) compared to other facilities (red) for unresolved line and point source (W m−2, 5σ,
1 hour). For ALMA 100km s−1 resolution is assumed. Note that SPICA becomes more sensitive than JWST beyond 20µm.

In the rest of this section we first place SPICA within the context of the ESA Cosmic Vision science goals
before discussing the critical importance of observing in the mid- to far-IR and the diagnostic tools that are
available. We then describe in detail how SPICA will shed light on the processes of planetary formation in the
local Universe and the formation and evolution of galaxies in the more distant Cosmos.

1.1.1 SPICA in the Cosmic Vision

The ambition set out in the ESA Cosmic Vision (ESA BR-247 2005) is to seek “... the answers to profound
questions about our existence and our survival in a tumultuous cosmos”. To do this European scientists identi-
fied four grand themes in space science that will bring us closer to understanding how the Universe has come
to look as it does and the place of our Earth within the Cosmos.Three of these themes directly require observa-
tions in the mid- to far-IR and a space-based far-IR observatory is identified as a key facility within the aegis of
Cosmic Vision. We summarize those themes and show how SPICA will directly contribute to answering these
fundamental questions:

Theme 1: “What are the conditions for planet formation and the emergence of life?”The Cosmic
Vision calls for a mission that will “place the Solar System into the overall context of planetary formation,
aiming at comparative planetology” and “Search for planetsaround stars other than the Sun”. SPICA will have
a mid-IR coronagraph that will allow imaging and spectroscopy of young massive exoplanets for the first time.

There is also the call to “Investigate star-formation areas, proto-stars and proto-planetary discs and find out
what kinds of host stars, in which locations in the Galaxy, are the most favourable to the formation of planets”
and “Investigate the conditions for star formation and evolution”. SPICA will have a far-IR spectrometer more
than an order of magnitude more sensitive than any previous facility, enabling it to probe further and into a
wider range of objects and regions than ever before.

Theme 2: “How does the Solar System work?”This theme calls for the study of asteroids and comets
as they are “the most primitive small bodies that can give clues to the chemical mixture and initial conditions
from which the planets formed in the early solar nebula”. SPICA’s high sensitivity spectroscopy will allow the
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Figure 1.2: Left panel: Comparison of the areas of spectral surveys with SAFARI andHerschel-PACS superimposed
on a realisation of the Millennium simulation at z∼ 1.4 (Springel et al. 2006). In the centre are the footprints of the
instantaneous spectroscopic FOV of PACS (blue) and SAFARI (yellow). The large green box shows the area covered by
SAFARI in a 900 hour spectral survey (∼ 1◦) down to5× 10−19 W m−2 over the full 34-210µm band. PACS would require
approximately twice this time just to cover a single pointing (blue box) to this depth over its full waveband.Right panel:
A selection of the fine-structure atomic and ionic lines accessible with SPICA, plotted as a function of critical densityand
ionisation potential. Using ratios between lines with different ionisation or critical densities, we can trace out a wide
range of different physical-excitation conditions (Spinoglio&Malkan 1992).

chemistry of these objects to be studied by remote sensing toan unprecedented level of detail, for the first time
allowing us to link our own “debris” to that seen in the formation of planetary systems around other stars.

Theme 4: “How did the Universe originate and what is it made of?” SPICA will address topics such:
“. . . trace the subsequent co-evolution of galaxies and super-massive black holes” and to “Resolve the far in-
frared background into discrete sources, and the star-formation activity hidden by dust absorption”. SPICA will
especially be able to answer as to when and in which environment in the history of the Universe, star formation
is most likely to take place and heavy elements to be created and dispersed. SPICA spectroscopy will “Trace
the formation and evolution of the super-massive black holes at galactic centres – in relation to galaxy and star
formation – and trace the life cycle of chemical elements through cosmic history”.

In the following sections we illustrate in detail how SPICA observations are essential to answering the
questions posed and we show how a European involvement in SPICA is an essential part of Europe’s Cosmic
Vision for the 21st century. We first set the context of why observations in the mid- to far-IR are critical to
providing the observational evidence for galaxy, star and planetary formation and evolution.

1.1.2 A critical waveband

The composite spectrum in Figure 1.3 shows the importance ofobservations in the mid- to far-IR. Here we see
the spectral energy distribution (SED) from the X-rays to the radio of a typical galaxy undergoing a modest
amount of star formation, showing the different physical components at work. The bulk of the radiationis
emitted both in the optical (i.e., starlight) or in the mid- to far-IR where the dust in the interstellar medium
absorbs and re-radiates the starlight as grey body radiation. Superimposed on the continuum, throughout the
5-210µm range, are atomic and ionic fine structure lines and molecular lines which control the thermal energy
balance for a large variety of physical conditions. The gas cools through an extensive network of lines, which
include the ionic fine-structure lines (e.g. of carbon, oxygen, neon and sulphur) and many rotational transitions
of molecules (such as hydrogen, water, hydroxyl and carbon monoxide). The lines can be strong, emitting
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Figure 1.3: A synthetic rest-frame spectrum of a typical galaxy undergoing modest rates of star formation – similar to
the Milky Way, showing the parts of the spectrum that will be covered by SPICA and contemporaneous facilities (cf. F.
Galliano). The major importance and spectral richness of the mid-/far-IR region is demonstrated by the detailed spectra
from ISO shown to the right of the diagram (Rosenthal et al. 2000; Goicoechea et al. 2004; Polehampton et al. 2007).

up to a percent of the total far-IR luminosity. Through the observation of combinations of lines it is possible
to characterise the physical properties of many astrophysical sources, such as the nature and strength of the
interstellar radiation fields, chemical abundances, localphysical temperatures and gas densities. In addition to
the low excitation/ionisation tracers measuring the star formation componentin galaxies, the mid-IR contains
important diagnostic lines that can reveal the presence of Active Galactic Nuclei (AGN), such as emission from
[Ne] and [O]. Figure 1.2 (right panel) shows the mid- and far-IR lines from many different species, with
different ionisation potentials and excitation conditions (Spinoglio & Malkan 1992). These transitions constrain
a wide range of physical conditions and phases of the ISM, from the neutral atomic ISM, through the ionised
ISM as seen in photo-dissociation regions and HII regions tothe highly ionised AGN and “coronal” regions.

The powerful IR line diagnostics can be used to study both star and planetary formation locally, as well as
star formation and the influence of AGN at great distances. The 5-40µm spectra contain transitions of ionised
species that can distinguish AGN and starburst in the evolution of galaxies (see section 1.6.5) and, as these and
other mid-IR lines are redshifted into the far-IR at increasing redshift, they can trace the star formation versus
accretion history of the Universe. Similarly, the most abundant “metals”, C, N and O, with ionic fine structure
lines in the far-IR, allow direct and unambiguous determination of their relative abundance in distant galaxies.
We refer to section 1.6.3 to give an overview of the capabilities of MIR/FIR spectroscopy for extragalactic
studies. More locally, the mid- and far-IR line ratios of these species can be used as direct probes of the
temperature, density and UV fields present in star formationregions, planetary nebulae, supernova remnants
and proto-planetary discs. In addition to the atomic and ionic species, important molecular reservoirs of H, D,
C, N and O, such as H2, OH, H2O, CO, HD and new molecular tracers detected byHerschelsuch as CH+,
OH+, H2O+, HF and carbon clusters, have emission features throughoutthe mid- to far-IR, which are uniquely
diagnostic of the physical conditions where they arise and,in the case of water, are critical in any discussion
about how and where the conditions for life have emerged.

Dust emission and absorption dominates the continuum spectrum in the mid-/far-IR range with the most
prominent features of the mid-IR continuum, being the UV-excited emission bands of Poly Aromatic Hydro-
carbon molecules (PAHs) at 6.2, 7.7, 8.6 and 11.3µm. These PAH molecules appear to be omnipresent in all
phases of dust evolution both in our own Galaxy and the most distant galaxies yet seen. One of the most impor-
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tant features of PAHs is that they are excited by absorption of single UV photons, making them good tracers of
the UV field and so of star formation both on a galactic scale and as a function of redshift. Also present in the
5 –100µm range are diagnostic spectral features arising from the minerals that make up the larger interstellar
dust grains, as well as solid state features from the ices that condense onto them in cold environments. All these
features are broad, faint and difficult to detect with the current or near future generation of facilities.

This overview of the power of the mid- and far-IR “toolbox” isof necessity brief and incomplete; in the
remainder of this chapter we will give specific examples of how these tools can be used to answer some of
the most vital questions about how and when planets, stars and galaxies came to form and their subsequent
evolution into the Universe we see today.

1.2 Star and Planet formation and evolution

Modern astrophysics is just beginning to provide answers tosome of the most basic questions about our place
in the Universe: Are Solar Systems like our own common among the millions of stars in the Milky Way and,
if so, what implications does this have for the occurrence ofexoplanets that might give rise to life? The most
straightforward method we have to start answering these questions is to compare the current knowledge of
our own Solar system with observations of planetary systems. disc systems around stars other than the Sun.
Observations of the most primitive bodies in the Solar System are also critical to infer the physical and chemical
conditions in the early solar nebula as well as to provide clues about the water abundance, the most obvious
solvent for life, its distribution, and its transfer from the outer regions to the inner terrestrial planet regions.
The basic building blocks of an extra-solar system, the gas and dust, emit predominantly at mid and far infrared
wavelengths, the critical domain in which to unveil the processes that transform the interstellar gas and dust
into stars and planetary systems.

We are now at a threshold where we can begin to address, for thefirst time, crucial questions that will link
our understanding of galactic star formation with the formation and evolution of galaxies, as well as address how
the physics of planet formation can explain the diversity ofextra-solar planetary systems we know exists as well
as the curious features of our own Solar System. We discuss below how only the very sensitive observations over
the entire mid infrared to far infrared (MIR and FIR) wavelength range provided by SPICA will give access to
key spectral diagnostics and provide a robust and multidisciplinary approach to determine the conditions for star
and planet formation. Such a comprehensive study will include the first detailed characterisation of hundreds
of pristine bodies in our own Solar System, the detection of the most relevant chemical species and mineral
components of hundreds of protoplanetary discs in different star forming regions at the time when planets
form, the first unbiased survey of the presence of zodiacal clouds and Kuiper belts in hundreds of exoplanetary
systems around all stellar-types and the first direct determination of the chemical composition of outer exoplanet
atmospheres. These and other challenging science goals require more than an order of magnitude sensitivity
improvement in the FIR compared toHerscheland higher spectral resolution than provided by JWST in the
mid infrared. Additionally, direct spectroscopic coronagraphy of exoplanets and planetary discs in the critical
mid infrared domain is not planned in any space telescope other than SPICA.

1.2.1 Star Formation: environment, filaments, cores and proto-stars

The power of FIR imaging-spectroscopy, with unprecedentedsensitivity and large field-of-view, will help us to
address crucial questions that will drastically improve our understanding of star formation, its environment and
its link to galaxy evolution:(1) What fraction of typical giant molecular clouds is converted into stars during
their lifetime and how does this depend on local conditions?(star formation efficiency and timescale); (2)
What internal sources of energy (and cooling) drive the dynamics of molecular clouds after their formation?
(feedback). It is well-known for more than two decades that:(a) most stars form in molecular clouds; and(b)
the distribution of masses for these clouds indicates that most of the mass is contained in the most massive giant
molecular clouds (GMCs). FIR photometric surveys of nearbyclouds withSpitzerandHerschel(Evans et al.
2009a; André et al. 2010; Molinari et al. 2010) further indicate that most of the star formation within GMCs
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Herschel PACS & SPIRE

SAFARI spectro−images of embedded clusters and characterisation of young stellar objects

Herbig Ae star+disk+envelope+outflow at d~180pc with Herschel/PACS

(Dust, high−J CO, H2O, OH...)

Figure 1.4: (a) Cold dust in a dark cloud near the Southern Cross revealed by Herschel photometry. An interconnected
maze of filaments of different sizes and amounts of dust, with strings of newly forming stellar embryos in all phases of
development are revealed in the FIR. SPICA spectrometers will observe similar cold regions in the Milky Way and also
in the closest galaxies (e.g., the Local Group), allowing usto infer their physical conditions as well as their gas, ice and
mineral composition. (b) FIR spectrum of circumstellar material around DK Cha, an intermediate-mass star in transition
from an embedded configuration to a star plus disc stage. DK Cha was observed during≃4 hr with Herschel/PACS
spectrometers (van Kempen et al. 2010). SPICA/SAFARI will obtain simultaneous spectra for multiple objects, in a much
larger FoV of∼2′×2′, with similar spectral resolution but∼10 times more sensitive in only∼4 min.

occurs along dense filaments. The distribution of these coremasses appears to resemble theinitial mass function
(IMF) of stars. Yet the so-called “core mass function” (CMF) is: (1) shifted towards higher masses by a factor of
x3 and is not well sampled down to masses corresponding to themean mass of the log-normal IMF (<0.3 M⊙)
or into the brown dwarf regime. Perhaps the CMF and a constantstar-formation efficiency within each core
(independent of mass) results in the IMF. However this seemsvery unlikely (Adams & Fatuzzo 1996).

Mapping GMCs across the broad instantaneous wavelength range of SAFARI at sensitivities more than an
order of magnitude beyond the capabilities ofHerschel/PACS spectrometer, we can completely sample a few
appropriate molecular cloud regions for:(a) pre-stellar cores below the hydrogen burning limit;(b) short-lived
(and thus rare) first hydrostatic protostellar cores – the “holy grail” of star formation; and(c) deeply embedded
protostars down to 0.01 M⊙ throughout the Class 0-I-II stages from 0.1-1 Myrs. These observations will build
directly on the legacy ofHerschel, which makes sparse photometric maps of the nearest star-forming regions
(SFR) which are comprised of modest dark clouds (<104 M⊙) containing dozens to hundreds of YSOs at most.
While these regions are vital touchstones to understand star-formation at the greatest physical resolution, they
are not representative of where most stars form: clusters ofhundreds to thousands of stars (Lada & Lada 2003;
Adams 2010). And these more massive regions are farther awayfrom the Sun, requiring the sensitivity of
SAFARI as well as its large field of view for spectral-mapping. We will target dark clouds and portions of
triggered SFRs in the Milky Way (e.g., Elmegreen & Lada 1977)and in nearby galaxies such as the LMC (for
which spectral mapping withHerschelrequire unrealistic amounts of time; see Sect. 1.5). Not only will this
provide a rich study of potentially an important mode of SF ininteracting galaxies and the early Universe
(e.g.,, low metallicity regions) but it will also provide a range ofdiversity in “star forming environment”.

The extended component and the “interfaces” of GMCs:Dense filaments and cores in SFRs are embedded
in a more diffuse and turbulent medium that seems to be driven on larger scales (Brunt et al. 2009). These more
quiescent, extended regions constitute the bulk of the massof GMCs – as much as 90% (McKee & Ostriker
2007) – and play a critical role in their evolution. In spite of their relevance, the interfaces between the star
forming cores and the environment are poorly characterizedspectroscopically (owing their much lower surface
brightness) and thus remain poorly understood. WhileHerschelspectral surveys towards bright star forming
cores (Orion, W49, W3, Taurus, Serpens...) provide the mostcomplete information on the physical conditions
and chemical content of particular sites of star formation (hot cores, protostars or H regions), they do not place
the observations in the context of the large scale gas and dust emission of the cloud,i.e., their environment.
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ALMA observations of YSOs will soon help us to resolve their inner structure individually (below scales
of a few tens of AU), however ALMA is not designed to map the large scale distribution of gas and dust
in GMCs (with spatial scales of several parsec). However, a full picture of their physical conditions (energy
budget, neutral/ionized gas filling factors, density and temperature gradients) has great relevance for Astronomy
since it is the widespread gas and dust (the environment) that sets the initial conditions for star formation in
diverse regions. SAFARI will map these faint extended regions both in the dust continuum and gas lines
simultaneously. Ground-based single-dish submm telescopes (IRAM, JCMT or CCAT in the future) are able
to map the low-energy transitions of molecules like CO, CN, C2H, ... and the submm dust continuum emission
over large spatial scales. However, they cannot access the brightest gas cooling lines of such extended regions
([Si ]34, [O ]63, [C ]158, ...) and they cannot observe the dust SED peak (essential to determine the dust
temperature). SAFARI’s large field-of-view will also help us to trace the action of parsec-scale molecular
outflows as they impact the ambient inter-clump medium and the role of UV radiation at large scales. As an
example, Figure 1.4a shows the large-scale distribution ofcold dust in a dark cloud revealed byHerschel. In
order to answer the questions posed above,a coordinated spectral survey with SAFARI of several clouds
that can not be accessed spectroscopically withHerschel, both locally and in nearby galaxies is vital.

1.2.2 Protoplanetary and debris discs

All planets are thought to form in the accretion discs that develop during the collapse and infall of massive
dusty and molecular cocoons (& 10 000 AU) where stars are born. However, we still have a very incomplete
understanding of the physical and chemical conditions in such discs, how they evolve when dusty bodies grow
and collide, their mineral content, how they clear as a function of time and, ultimately, how planets as diverse
as the Earth or hot-Jupiters form around different types of stars and at different places of the galaxy.

Primordialprotoplanetary discsare very optically thick in dust, with high radial midplane optical depths
in the visual (τV >> 1). Such young discs evolve over a timescale of a few million years (Haisch et al. 2006;
Fedele et al. 2010); during that period, their IR excess decreases as a function of age and also their gas accretion
rate as measured by different gas diagnostics (Hα emission line, UV excess, etc.). This is the critical intermedi-
ate stage when planetary formation is believed to take place, with dust particles colliding and growing to form
larger bodies reducing the disc opacity. Spitzer has shown that their outer regions (beyond∼ 10− 20 AU)
can remain intact for longer, and thus residual gas can existin the disc and play an important role in its evo-
lution. However, statistical surveys of direct disc gas tracers for 10-20 AU are only starting to emerge from
Herschelobservations. Some discs have large inner dust holes on scales of several 10 AU which could be due
to the formation of planets. Spitzer has provided us with a large sample of such discs based on their photometric
SEDs; these discs are often referred to as “transitional discs” (Kim et al. 2009; Sargent et al. 2009; Evans et al.
2009b). Several of these transitional discs are shown to have CO gas present inside the dust gaps (Goto et al.
2006; Pontoppidan et al. 2008). Discs with ages above& 10 Myr are practically devoid of gas (Duvert et al.
2000; Fedele et al. 2010) and the dust in these older discs is generally not primordial but continuously gener-
ated “debris” from planetesimals and rocky body collisions. The smallest dust grains have, at this stage, either
been dispersed or have coagulated into larger grains and thedisc becomes very optically thin (τV << 1). Debris
discsare thus more massive (and usually younger) analogs of our own asteroid (hot inner disc,Td ≃ 200 K) and
Kuiper belts (cool outer disc,Td ≃ 60 K) so their study is vital to place the Solar System in a broader context.

The gas content in planet forming discs

The physical and chemical conditions in young protoplanetary discs set the boundary conditions for planet
formation, and an understanding of the formation and evolution of such discs will finally link star forma-
tion and planetary science. Although the dust is relativelyeasily detected by photometric observations in
the far infrared range, very little is known about the gas phase. It is evident that too little gas is left at ages
& 10 Myr (Meyer et al. 2008) to form giant planets; this is an agewhen the majority of at least the giant, gaseous
planets (e.g., Jupiters and “hot Jupiters”) must have formed according to current accretion formation models
(Pollack et al. 1996a; Mordasini et al. 2008). The very fact that these planets are largely gaseous means they
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Figure 1.5: Diagram showing where FIR radiation arises froma protoplanetary disc (at the time when planets assemble)
and why the FIR (i.e., SAFARI) and the millimetre (e.g., ALMA) are essential to understanding the full picture of planetary
formation and the primordial chemistry that leads to the emergence of life.

must be formed before the gaseous disc dissipated, making the study of the gas in discs essential to understand
how and where they formed. For instance, the recently detected massive “hot Jupiters” orbiting close to the
parent star are very unlikely to have formed in situ, but rather they must have migrated inwards from outer disc
regions beyond thesnow line. Likewise it seems clear that Neptune and Uranus must have formed in a region
closer to the Sun and migrated outwards. The mechanism for either of these scenarios is not certain.

According to our current theories, gas giant planets form indiscs either via accretion of gas onto rocky/icy
cores of a few earth masses (Lissauer 1993; Pollack et al. 1996b; Kornet et al. 2002) or by gravitational in-
stability in the disc that triggers the formation of overdense clumps that afterwards compress to form giant
planets (Boss 2003). In the latter scenario, gas giants formquickly and the gas may dissipate early (. 10 Myr),
whereas longer gas disc lifetimes (& 10 Myr) may leave enough time for building a rock/ice core and facilitate
the subsequent accretion of large amounts of gas. Therefore, observations of the amount of gas in transitional
discs around a large sample of stars can discriminate between the two most accepted planet forming theories.
The residual gas content in the innermost regions (< 2 AU for a Sun-like star but much larger for more massive
stars) at the time terrestrial rocky protoplanets assemblewill also determine their final mass, chemical content
and orbit eccentricity, and therefore its possible habitability (Agnor & Ward 2002).

Protoplanetary disc models predict a “flared” disc structure (see Figure 1.5) which allows the disc to cap-
ture a significant portion of the stellar UV and X-ray radiation even at large radii (Qi et al. 2006), boosting the
MIR/FIR dust thermal emission and the MIR/FIR lines emission from gas phase ions, atoms and molecules.
Theoretical models of protoplanetary discs recognise the importance of these X-UV irradiated surface layers,
which support active photochemistry and are responsible for most of the MIR/FIR line emission. State-of-
the-art 2D and 3D disc models are nowadays able to simulate the disc dynamics, thermodynamics, chemistry
and radiative transfer (Ilgner et al. 2004; Gorti & Hollenbach 2004; Aikawa et al. 2002; Willacy et al. 2006;
Gorti & Hollenbach 2008; Woitke et al. 2009a; Cernicharo et al. 2009; Kamp et al. 2010) and they guide us in
the interpretation of the observed disc emission (generally spatially unresolved). In particular, the FIR fine
structure lines of the most abundant elements (O, C, S, Si...) together with FIR rotational line emission of H2O,
OH, CH+, high-J CO, ... are predicted to be the strongest gas coolants (i.e.,the brightest lines) of the warm
disc, especially close to the star. In particular the FIR [Si] 34 µm, [O ] 63 µm, [S] 56 µm and [C] 158 µm
fine structure lines are likely the most intense lines emitted in the disc, and thus the best diagnostic of their
gas content (Gorti & Hollenbach 2004).By detecting these FIR lines we can directly probe a wide range of
physical and chemical conditions (e.g., those associated with the X–ray and UV-illuminated disc regions)
that are very difficult, if not impossible, to trace at other wavelengths(e.g.,by ALMA).

SPICA studies of the gas dispersal and of the chemical complexity in protoplanetary discs:
In order to shed some light on the gas dispersal time scales, and thus on the formation of gaseous Jovian-type
planets, high sensitivity infrared to sub-mm spectroscopic observations over large statistical stellar samples
tracking all relevant disc evolutionary stages and stellartypes are clearly needed. Until recently, studies of
the gas content are biased to young and massive protoplanetary discs (probably not the most representative)
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through observations with ground-based (sub)mm interferometers and optical/near-IR telescopes. Sub-mm ob-
servations allow one to trace the outer cooler disc extending over a few hundred AU where most molecular
species start to freeze-out onto dust grains (e.g., Dutrey et al. 2007;Öberg et al. 2011).

In terms of chemistry, the protoplanetary disc is the major reservoir of key species with prebiotical rel-
evance, such as oxygen, ammonia (NH3), methane (CH4) or water (H2O) to be found later in (exo)planets,
asteroids and comets. But how the presence and distributionof these species relates to the formation of planets,
and most particularly, rocky planets with substantial amounts of water present within the so called habitable
zone, remains open to speculation without a substantial increase in observational evidence. Water is an obvious
ingredient for life, and thus it is very important that we understand how water transfers from protostellar clouds
and primordial protoplanetary discs to more evolved asteroids, comets and planets like our own. Ultimately
one has to understand how the water we see today in our oceans was delivered to the Earth.

Recently the very inner regions of protoplanetary discs have been probed by means of optical/IR obser-
vations (Najita et al. 2007). Spitzer and ground-based telescopes have just started to show the potential diag-
nostic power of MIR/FIR spectroscopy in a few “template” discs. This has allowedthe exploration of the gas
content and composition at intermediate radii (1− 30 AU), i.e., the crucial region for the formation of plan-
ets. MIR detections toward young discs include atomic linessuch as [Ne], [Fe ], etc. (Lahuis et al. 2007;
Güdel et al. 2010), molecules like H2, H2O, OH, HCN, C2H2 and CO2 (Carr & Najita 2008; Salyk et al. 2008;
Pontoppidan et al. 2010), and complex organics like PAHs (Geers et al. 2006; Habart et al. 2006).

Molecular hydrogen (H2) is the most abundant gas species in a primordial protoplanetary disc (∼ 90% of
the initial mass). Electronically-excited FUV H2 emission from the very inner disc (<1 AU) has been detected
towards several TT Tauri stars (Ingleby et al. 2009). However, due to the relatively poor line sensitivity that can
be achieved with even the largest ground-based mid infraredtelescopes (a few 10−17 W m−2), pure rotational
H2 lines from the outer planet-forming regions have been detected only towards a few protoplanetary discs
so far (e.g.,Bitner et al. 2008). SPICA’s mid infrared high resolution spectrometer (MCS/HRS) will be able
to detect the brightest H2 line (thev=0-0 S(1) line at∼ 17 µm) and several water vapour excited lines around
∼13µm with < 10 km s−1 resolution respectively, and with much higher sensitivities than those achieved from
the ground and with an order of magnitude higher spectral resolution than JWST/MIRI (see some lower spectral
resolution H2O detections with VISIR/VLT in Pontoppidan et al. 2010). Such a high spectral resolution will
be enough to resolve the gas Keplerian rotation. In this way,one can use molecular spectroscopy and resolved
emission-line profiles to map out the temperature, density,and composition of gas in the inner disc of a large
sample of young stellar objects. This is just barely possible now from the largest ground-based telescopes
studying the nearest and brightest targets. SPICA/MCS/HRS will open up the study to objects more typical of
those that could represent analogues of our forming Solar System.

In the FIR,Herschelis showing that the [O]63µm line is the strongest line detected so far in discs and
with the highest detection rate (e.g.,Meeus et al. 2010; Sturm et al. 2010a; Thi et al. 2010). In addition, high-J
CO rotational lines, CH+, OH and water lines are detected towards a few of discs. Despite very deep searches,
ground–state water lines in the submm domain are only detected towards a single disc, TW Hya (Hogerheijde
et al. 2011) suggesting that most of the water vapour is either warm (detectable in the MIR/FIR) or that the bulk
of cold water freezes-out as ice grain mantles (again, only detectable in the MIR/FIR). Herschelcan only detect
discs with strong FIR lines (above a few 10−18 W m−2); these are generally the younger discs and/or most likely
outliers in terms of their disc properties. In fact,Herschel/PACS is predicted to detect just the tip of the iceberg
(see Figure 1.6a), while SPICA/SAFARI will provide a more unbiased view of disc properties (Woitke et al.
2010a). SAFARI will be able to detect gas lines with sensitivities of a few times 10−19 W m−2. Using a large
unbiased grid of parametrized thermo-chemical disc models, D, the detection probability with SAFARI for
disc models with pure photospheric irradiation amounts to∼ 80 % down to disc masses of 10−5 M⊙. The
exciting prospect of detecting small amounts of gas in a statistically significant sample of discs, e.g., toward the
6 closest (. 140 pc) young stellar clusters with ages of≃ 1 − 30 Myr, Taurus, Upper Sco, TW Hya, Tuc Hor,
Beta Pic and Eta Cha, will provide a crucial test on the lifetime of gas and its dissipation timescales in planet
forming discs and therefore on the exoplanet formation theory itself.

Nevertheless, the angular resolution of SPICA (∼ 1′′ at the H2 17µm line and∼ 5′′ at the [O]63µm line)
can not compete with the resolution of telescopes with much larger collecting area (e.g.,ALMA) and thus
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forsterite mineralsa) b)

Expected FIR gas and dust emission from protoplanetary disks with SPICA/SAFARI

Figure 1.6: (a) Dependence of the [O]63 µm line flux on the stellar UV excess fUV . The black histogram counts proto-
planetary disc models that result in certain [O]63 µm line fluxes at distance 140 pc (the closest SFRs). The red histogram
represents the low fUV = 0.001 models, and the blue dotted histogram the high fUV = 0.1 models. The difference between
high- and low-UV excess causes a difference of about 1–1.5 orders of magnitude in line flux.The arrows show the detec-
tion limits (3σ, 0.5h) of SPICA/SAFARI and HERSCHEL/PACS (Woitke et al. 2010b). First gas line detections confirm
that Herschel is only detecting the ”tip of the iceberg”.(b) Forsterite grains emission at 69µm (histogram) towards the
protoplanetary disc around the pre-main-sequence star HD 100546. The contributions of the different grain temperatures
are indicated. The dotted vertical line locates the peak position of 70 K pure forsterite (Sturm et al. 2010b).

most protoplanetary discs will be spatially unresolved (a young disc like TW Hya, at a distance of∼ 50 pc,
has a size of∼ 10′′ on the sky). However, SAFARI has access to the critical FIR domain that can not be
observed with ALMA or JWST, thus enabling the detection of unique diagnostics of the disc (dust, ice, atomic
and light hydrides molecular features).SAFARI will permit us to : (1) Take advantage of the broadband
coverage of SAFARI-FTS to obtainunbiased FIR spectral line surveys, e.g.,surveying the entire high-J CO
rotational line ladder (Jup=13-79 !) as a key tracer of gas temperature and excitation and(2) Carry outdeep
searches of gas towards large samples of discs(including more evolved debris discs) by e.g., searching for the
bright [O]63µm and [C]158µm lines. Even if the line emission can not be fully spatially resolved, SPICA
observations will allow us to detect the presence of both water vapour and water ice as well as the basic building
blocks of the X-ray/UV illuminated-disc chemistry (C+, CO, CH+, O, OH, Si+, S, HD, ...) for the first time in
hundreds of discs and, together with sophisticated thermo-chemical disc models, relate their presence with the
main parameters of each planetary system (stellar mass, temperature, age ...).

Planetesimals, dust and mineralogy in debris discs

Dust is a key building block of rocky planets and the cores of giant gas planets. Dust appears to be present
at all stages of planetary system formation with the mass ratio of gas to dust, the amount of dust present,
its temperature and its distribution evolving rapidly through the process of planetary formation (Tanaka et al.
2005; Su et al. 2005). The processing and evolution of dust from protoplanetary discs to evolved solar systems
like ours is key to understanding the formation and mineralogy of rocky, Earth-like, planets. For instance,
it appears that in discs around intermediate mass, pre-mainsequence stars, the dust in the inner regions of
the disc (≤ 2 AU) can be more evolved. That is, it shows signatures of grain growth and crystallisation (see
Figure 1.6b) whereas the dust in the outer region is often seen to be pristine and similar to the interstellar
dust (Natta et al. 2006). This implies a strong radial dependence of the dust processing whereby the inner
regions are dominated by the stellar radiation field, leading to grain heating and crystallisation, and by higher
densities, leading to coagulation, whilst the outer regions remain largely unprocessed and carry the signature
of the pre-stellar nebula from which the star formed. And yetin our own Solar System we see crystalline
silicates present in comets that clearly originate from regions far from the zones where this processing must
have occurred. Only with detailed mapping of the MIR/FIR mineral and ice band emission/absorption of our
own and distant circumstellar material, will we be able to understand the evolutionary track that leads to this
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situation. Observations usingSPICA spectrometers will allow us to carry out mineral and ice studies
(started with ISO and followed by Spitzer and AKARI) with unprecedented sensitivity and angular resolution.

The final stage of planetary system formation, the formationof small planetesimals that sweep up much of
the disc’s material, together with the formation of larger planetary bodies via collisions of planetesimals, often
appears to result in an almost gas-free, “second generation” dusty disc, the debris disc. The dust in these discs
is produced by mutual collisions of planetesimals in the final stages of planetary formation and the “heavy
bombardment” phase (> 300 Myr) evidenced in the impact craters seen in all rocky Solar System planets.
Debris discs can survive over billions of years. This pointstowards the presence of large reservoirs of colliding
asteroids and evaporating comet-like bodies. Moreover, since colliding planetesimals need to be present to
replenish the dust grains in the disc,detecting a debris disc is a strong signature of an emerging planetary
system and is indicative of the presence of analogous asteroid and Kuiper belts (Wyatt 2008), or of regions
where the formation of Earth-like or Pluto-like planets is ongoing (Kenyon & Bromley 2008). Indeed, the
very recent direct detection of exoplanets towards severalstars that host bright debris discs (Kalas et al. 2008;
Marois et al. 2008; Lagrange et al. 2009) have quantitatively confirmed that studies of debris discs are critical
to advance in our understanding of the formation and diversity of extra-solar planetary systems.

The dust emission in circumstellar discs produces an “excess” of FIR continuum emission that becomes
apparent and reaches its maximum in the SAFARI wavelength range; because the dust in a large fraction of
debris discs is cold (Carpenter et al. 2009), many of these discs will not be seen at the shorter wavelength mid
infrared range covered by JWST (see Figure 1.7a). The exact wavelength location of the disc dust emission
peak depends on the grains temperature, size distribution and composition. Around∼ 300 debris discs have
been photometrically discovered so far with ISO and Spitzer. The most recent FIR photometric census
suggests that about 10–15% of lower-mass, Sun-like stars, are surrounded by debris discs, at least down
the limiting fluxes observables with Spitzer (Bryden et al. 2006; Meyer et al. 2008). Spitzer discovered very
few debris disc detections around stars later than K2, likely due to an observational bias because these discs
would have been too cold and faint to be detected. Below we will see that there is a large discovery space of
discs around solar-type and cool stars yet to be explored.

The study of debris discs is an emerging field that is currently limited by the available FIR sensitivity which
makes it impossible to(1) perform large statistical surveys that reach low levelsof dust over meaningful
survey volumes; (2) probe more distant discs and/or less massive dusty discs around all types of stars
including young M dwarfs and cooler substellar objects. As an example, the sensitivity required to detect
the dust disc over stellar luminosity ratio (Ldust/Lstar) in a planetary system analogous to the Kuiper Belt
disc (Ldust/Lstar ≃ 10−7) or Asteroid Belt (Ldust/Lstar ≃ 10−8) in our Solar System remains below the far
infrared capabilities provided by IRAS, ISO, AKARI,SpitzerandHerschel. Besides, recent estimates place the
Solar System in the faintest 10% of all Kuiper belts (Greaves& Wyatt 2010), meaning that with much higher
sensitivity we would we able to detect dusty discs around a much larger fraction of stars. Note that the flux of
a Kuiper Belt disc with a mass of∼0.1 Mearthat 30 pc corresponds to∼ 4 mJy at 70µm (Meyer et al. 2008).

SAFARI offers two powerful methods to detect and characterise the dustemission from debris discs(1)
fast and ultra sensitive photometric searches in the 48µm, 85µm and 160µm bands simultaneously reaching a
few hundredµJy sensitivity for 5σ in 1 min and(2) very sensitive spectral characterisation at modest spectral
resolution (R ∼ 100) over the full 34 – 210µm waveband with∼ 1 mJy level sensitivity for 5σ in 1 hour.
Figure 1.7b shows the minimum detectable fractional luminosities (Ldust/Lstar) for debris discs at different
distances as observed with Spitzer-MIPS at 24µm and 70µm, Herschel-PACS at 70µm, 100µm and 160µm,
and SPICA/SAFARI at 48µm, 85µm and 160µm. Note that in this estimation the sensitivity is driven by
confusion with the FIR background at long wavelengts but it assumes that we can separate the photospheric
and the dust disc emission down to very low fractions. For solar-type stars, we see thatHerschel will not detect
dust at the Kuiper or asteroid belt levels, and debris disc detections with Spitzer have generally been limited
to ∼ 100× and 1000× the luminosity of the dust in the Kuiper and asteroid belts, respectively. Figure 1.7b
indicates thatSPICA/SAFARI sensitivity is equivalent to the detection of dust atthe level of the asteroid
and Kuiper belts for solar-type stars at d < 20 pc andd < 140 pc, respectively. The number of solar-type
stars within these volumes of space are approximately 400 and 1.4×105, respectively, the latter being much
larger than the∼ 300 debris discs detected by Spitzer around all stellar types. This warrants that there is a
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Detecting Kuiper and Asteroid Belt analogs in distant extrasolar systems  

a) b)

Figure 1.7: (a) SED of HD105 star. The lack of excess emission at MIR wavelengths is due to the depletion of dust
at distances<35 AU from the central star. The FIR wavelengths covered by SAFARI are thus critical (adapted from
Meyer et al. 2008).(b) Minimum detectable fractional luminosities for discs at different distances around stars of different
types: cool M0 V (left) and solar G2 V (right) – with characteristic values for the KB and AB shown as black squares.
The different colours correspond to different FIR instruments (3σ-1hr): Spitzer-MIPS at 70µm (blue); Herschel-PACS at
70 and 100µm (red); and SPICA/SAFARI at 48 and 85µm (black) (Adapted from Moro-Martı́n 2009).

large discovery space that only SAFARI can probe, potentially being able to search for dust discs at the level of
that of the Kuiper belt that may indicate the presence of hitherto undetected planetary systems. By increasing
the number of debris disc detections, SAFARI will improve significantly the statistics on the frequencies and
properties of debris discs as a function of stellar type, ageand environment. In particular,SAFARI will be
the first instrument to detect low mass debris discs out to∼ 140pc (Fig. 1.7b). This is the distance to the
closest star forming regions, meaning thatSAFARI will be particularly adept at studying discs during t he
brief epoch at& 10 Myr when the transition from protoplanetary to debris disc occurs, a transition which
is as yet poorly understood but which is of prime importance due to its curtailment and direct link with planet
formation and migration.

SAFARI will be so sensitive that it will be perfectly adaptedto detect the faintest, coldest and maybe
the most profuse planet forming systems in the Galaxy, thosearound cool stars and brown dwarfs (BDs)
(Teixeira et al. 2009). About∼ 77% of stars in the local neighbourhood are cool M-stars and there is ob-
servational evidence that at least 3% harbor planets (with “super-earths” being more common than giants).
However, the detection of the faint FIR excesses around coolstars and brown dwarfs is a great challenge for
current instrumentation, with disc fluxes around mJy or less. In fact, Spitzer surveys around M-type stars re-
sulted in non-detections and concluded that the excess ratio for these discs is at least 4× smaller than for discs
around solar-type stars (Gautier et al. 2007). Therefore, the frequency and properties of debris discs around
M-type stars remains unknown. Figure 1.7b shows that SAFARIwill be able to detect discs withLdust/Lstar

300× fainter than that around AU-Mic within 20 pc (AU Mic is at 9.9 pc). There are∼ 1300 M-type stars (with
stellar masses between 0.3–0.8 M⊙) within 20 pc, warranting an important discovery space thatonly SAFARI
can probe. In fact,most of the new debris discs discovered by theHerschelare found around stars colder
than K2, indicating of the potential of this region of parameter space. SAFARI will open new frontiers in
planetary studies: What kind of planetary systems could form around such cool stars? Will they be habitable?
SAFARI will routinely observe them and increase our knowledge of how these enigmatic objects are formed.

Debris discs are also expected to persist on the post-main sequence after stellar mass loss and onto the
white dwarf phase. Indirect evidence for such discs comes from the metal-rich atmospheres of some white
dwarfs (e.g.,Farihi et al. 2010), but the disc of debris that is supposed tobe feeding this enrichment has yet to
be detected, presumably because the low stellar luminositymeans the debris is also be faint. The sensitivity of
SAFARI is essential for detecting these discs (Bonsor & Wyatt 2010).



1.2. Star and Planet formation and evolution 13

SPICA/SAFARI

Water ice FIR features

Protoplanetary disk

ISO (R~150)

around HD142527

Herschel/PACSJWST/MIRI

a) b)

Detailed mineralogy of hundred’s of protoplanetary and debris discs

~40’’

Fomalhaut (Herschel/PACS 70um)

Figure 1.8: (a) ISO spectrum of the disc around HD142527 (Malfait et al. 1999). Note that amorphous water ice only
shows bands at∼ 44µm in the FIR (Moore& Hudson 1992). Such features can not be accessed with Herschel or JWST.
SPICA will take the equivalent spectra of objects at flux levels less than∼ 10 mJy per minute.(b) Image of Formalhaut
debris disc at 70µm with Herschel/PACS (PSF≃6′′; Acke et al., in prep). SAFARI’s large FOV and smaller PSF at shorter
wavelengths (∼ 4′′ at the∼44µm water-ice feature) will provide very detailed spectroscopic images of nearby discs.

Spectrophotometric characterisation of circumstellar discs (mineralogy):
Despite the poorer angular resolution of SPICA compared to the future facilities (e.g.,ALMA in the submm),
much will be learnt by going beyond photometric detections and carrying out extensive MIR/FIR spectroscopy
studies of the strongest dust/ice features in a large sample of protoplanetary and debris discs. SAFARI will
provide the continuous FIR spectral energy distribution (SED) and be able to detect both the dust continuum
emission and the brightest grain/ice bands as well as the brightest lines from any gas residualpresent in the
disc. The ability of FIR spectroscopy to determine the mineral makeup of dusty discs around young stars is
illustrated by the ISO spectrum of HD142527 shown in Figure 1.8a. SPICA will be hundreds of times more
sensitive than ISO and so will see not only the young and massive opaque protoplanetary discs like this, but
will be able to trace the mineralogy of dust within discs at all stages of planetary system formation. SPICA will
not only determine the detailed mineralogy of discs, but will also trace the variation grain size distribution and
temperature, which are both expected to evolve with disc ageleading to a variation in the disc SED. Models
suggest that there is little predicted evolution of the mid infrared SED with disc age and a possible ambiguity in
the mid infrared intensity between age and disc structure which is removed with observations in the far infrared
(Tanaka et al. 2005). A key step forward needed to cope with all model complexities (Dullemond et al. 2001)
and to fully characterise the nature of dusty discs will be touse SAFARI’s spectro-photometric mode (R∼100)
to obtain full far infrared SEDs in order to accurately determine the emission peak, slope, and dust spectral
features (see Figure 1.6b), and so be able to constrain grainsizes and opacities, critical ingredients to determine
the disc mass. The same issues also apply to the characterisation (e.g.,composition and size distribution) of
dust in debris discs (seee.g.,Spitzer’s MIR spectroscopy of IRAS-dicovered discs in Chenet al. 2006), as well
as in Solar System objects (see Sect. 1.2.3). In summary, SPICA/MCS and SAFARI spectroscopy will allow us
to compare the mineralogy seen in extrasolar systems with that in our own system.

Water Ice in discs:Below temperatures of∼ 100 K water vapour freezes-out onto dust grains and the main
form of water in the cold circumstellar disc midplane and at large disc radii will be ice. The physical location
of the point at which water freezes out determines the position of the so called “snow line”, i.e., the water ice
sublimation front, which separates the inner disc region ofterrestrial, rocky, planet formation from that of the
outer giant planets (Nagasawa et al. 2007; Woitke et al. 2009a,b). Grains covered by water icy mantles can
play a significant role in planetary formation, enabling theformation of planetesimals and the core of gas giants
protoplanets beyond thesnow line. Observations of the Solar System’s asteroid belt suggest that oursnow line
occurred near a disc radius of∼ 2.7 AU (Lecar et al. 2006). In the outer reaches of our own Solar System, i.e.,
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beyond the snow line, most of the satellites and small bodiescontain a significant fraction of water ice; in the
case of comets this fraction is as high as 80% and the presenceof water in the upper atmospheres of the four gas
giants is thought to be highly influenced by cometary impactssuch as that of Shoemaker-Levy 9 on Jupiter. It is
possible that it is during the later phases of planetary formation that the atmospheres, and indeed the oceans, of
the rocky planets were formed from water ice contained in thecomets and asteroids that bombarded the inner
Solar System. For more distant exoplanetary systems, very little is known as (1) we first need to detect the
presence of water-ice and infer its abundance in a large sample of protoplanetary systems (spanning a broad
range of host star types and ages) and (2) even for the closestdiscs, the exact location of thesnow lineis very
hard to resolve spatially with current instrumentation.

In the far infrared there is a powerful tool for the detectionof water ice and determination of the amor-
phous/crystalline nature, namely the transverse optical mode at∼ 44µm both from crystalline and amorphous
water ice and the longitudinal acoustic mode at∼ 62µm arising only from crystalline water ice (Warren 1984;
Moore & Hudson 1992; Maldoni et al. 1999). In contrast to the MIR ∼ 6.1µm water ice feature (that has a
stronger band strength and that SPICA MIR spectrometers will observe with sub arcsec angular resolution), the
difference between the amorphous and crystalline phase is best defined in the FIR (see Figure 1.8a) and, again
unlike the MIR features (stretching, bending or twisting of intramolecular bonds), the FIR ice bands (broad
features due to intermolecular lattice vibrations) are not confused with other solid state features of less abun-
dant species. In optically thin discs it is extremely difficult to use MIR absorption to trace water ice and the
material is too cold to emit in the NIR/MIR bands. Hence, these strong FIR features are robust probes of (1) the
presence/absence of water ice, even in cold or heavily obscured or coldregions without a MIR background, and
(2) the amorphous/crystalline state which provides clues on the formation history of water ice. Note that JWST
and evenHerschelcannot access most of these FIR ice bands (see Moore & Hudson 1994, for more examples).

First observed in emission towards the Frosty Leo Nebula (Omont et al. 1990), water ice has been detected
in young protoplanetary discs in a few bright sources eitherin the FIR using the ISO-LWS (Dartois et al. 1998;
Malfait et al. 1999) or MIR (Pontoppidan et al. 2005; Terada et al. 2007). The FIR features were also observed
using ISO-LWS in comets within our own Solar System (Lellouch et al. 1998). Since the bands change shape
i.e., they narrow for crystalline ice and the peak shifts in wavelength with the temperature, relatively high
spectral resolution is needed to extract all the available information from the ice band profiles. In its highest
resolution mode SAFARI providesR∼ 4500 at∼ 44µm which is appropriate for very detailed ice spectroscopy
studies. IndeedSPICA is the only planned mission that will allow water ice tobe observed in protoplan-
etary and debris discsand fully explore its impact on planetary formation and evolution and the emergence
of habitable planets. In many cases, the MIR ice features from other species (e.g., water ice at∼ 6.1 µm,
but also methanol, carbon dioxide, formaldehyde and methane ice) will be studied also with SPICA/SCI and
MSC. In combination with SAFARI observations, such complete MIR/FIR ice spectra will help to determine
ice abundances and structures (amorphous vs. crystalline)accurately constrain disc models, and determine for
how long ice mantles survive under the irradiation of different stellar UV fields (Grigorieva et al. 2007).

Spatially resolved debris discs (resolving the snow line indiscs?):Images of the few spatially resolved debris
discs, either seen in reflection or directly in the FIR or sub-mm, can show gaps and ring-like structures indi-
cating the presence of planets which “shepherd” the dust. This has been most readily observed so far using
HST (e.g.,Kalas et al. 2005) and ground based near-IR scattered emission and thermal MIR emission (e.g.,
Subaru, Gemini; Fukagawa et al. 2006; Fujiwara et al. 2006) and sub-mm and mm telescopes (JCMT, CSO and
IRAM). ALMA will undoubtedly add a great deal to the subject by detecting the optically thin sub-mm con-
tinuum emission of the cold dust, but will not be very efficient in mapping the very extended emission of the
closest discs which can extend to a few arcmin in size.SpitzerandHerschelhave revealed that the size of some
disc systems, such the Vega debris disc, is surprisingly larger in the FIR (e.g., at the emission peak) than in the
sub-mm (see theHerschel’s view of Formalhaut disc in Fig. 1.8b). Obviously this is telling us something about
the disc nature and it is clear that only through multi-wavelength spatially resolved observations we can fully
understand the complete picture of the formation and evolution of these discs. SPICA’s improved sensitivity
overHerschelwill allow to detect the extended emission of the debris discs, increasing significantly the num-
ber of discs that can be spatially resolved. Particularly interesting will be the study of the new class of debris
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discs detected byHerschelthat show excess emission at 160µm and little or no excess at shorter wavelengths,
corresponding to Tdust < 30 K (Eiroa et al. 2011). SPICA’s unprecedented sensitivitywill undoubtedly shed
light on these objects that currently represent a challengein terms of their collisional and dynamical regime.

Herschelis starting to increase significantly the number of spatially resolved debris discs in photometry;
these discs will be ideal targets for mineralogy and compositional gradient studies with SPICA spectrometers,
allowing us to obtain high resolution spectroscopy of the inner and the outer discs (to be compared to the
compositional gradients found in our own Solar System). In the case of discs around A-type stars like Vega and
Formalhaut, the spatial resolution of SPICA at the 44µm feature will likely be sufficient to spatially resolve the
distribution of water ice, i.e. thesnow line, because in these systems the snow line is pushed away to∼ 22 to
44 AU or even larger radii (Ida & Lin 2005; Grigorieva et al. 2007; Kennedy & Kenyon 2008).

SAFARI will be so sensitive that it will not only be able to produce fully sampled spectroscopic images of
the∼ 44 µm and∼ 62 µm water ice bands, but also of any “secondary” or “residual” gas (e.g., by detecting
[O ], [C ], H2O or OH lines) produced by the photoevaporation of ice grain mantles, outgassing of comets
or collisional evaporation. Very recentHerscheldetections confirm the presence of gas in a few debris discs.
Roberge et al. (2006) showed that the composition of the residual gas inβ Pic is carbon rich, where a detection
of the [C] line has been confirmed byHerschel/PACS (see also Kamp et al. 2003).

Additionally, the MIR coronagraph (SCI) will cover the∼ 5− 27µm range, providing high stellar suppres-
sion within a small inner working angle (IWA≃ 1′′). Images of protoplanetary and debris discs with SCI will
reveal their morphology in great detail (e.g.,detecting structures associated with the formation of planets like
gaps or clumps) and also will allow us to carry out low-resolution MIR spectroscopy of PAHs and dust features
that can be used to constrain the process of grain growth and sedimentation in discs (e.g.,Sauter & Wolf 2011).
All in all, the study of discs with SPICA will shed light on thediversity of planetary systems, the link between
circumstellar discs and planets and the link between extra-solar planetary systems and our own.

1.2.3 The inner and outer Solar System “our own debris disc”

The observation of circumstellar discs around distant stars at different evolutionary stages provide clues on how
our planetary system was formed, from which materials, and how they were processed. However, in order to
understand the observed diversity of extra-solar planetary systems, we also need to explain how our own Solar
System emerged. Clearly both approaches complement each other and represent intimately and increasingly
interconnected research fields. The study of the Solar System extends from the traditional investigation of the
planets and their rings and moons, to the most recent characterisation of the different populations of primitive
leftovers of their construction (comets, asteroids, Kuiper belt bodies, etc.). Finally, investigations of how life
came to exist on Earth are fundamental and becoming of great general interest.

Our current view of the Solar System’s early evolution is based on the “Nice Model” (Gomes et al. 2005).
This model argues that, after a relatively slow evolution, the orbits of Saturn and Jupiter crossed their mutual
2:1 mean motion resonance about 700 Myr after formation, which caused a violent destabilisation of the orbits
of planetesimals throughout the disc. This event populatedthe Kuiper belt (> 40 AU) with different families
of leftover bodies and delivered pristine, icy planetesimals to the inner Solar System. This model agrees with
the geochemical evidence (e.g., in the Moon) of a very peakedcratering rate at that time, and is generally
known as the late heavy bombardment period (or LHB). Becausethere is also evidence of planet migration
and planetesimal belts in extra-solar systems, a natural question arises: Are LHB-type events common in other
planetary systems? From a broader astrobiological point ofview, those primitive bodies coming from the outer
Solar System (with little or no chemical processing) could have delivered significant amounts of volatiles and
chemical species to the inner rocky planets (e.g., water andorganic matter) that are relevant for the habitability
of such planets. The study of the enigmatic nature of the outer Solar System is very challenging because(1) at
such large distances from the Sun, rocky and icy bodies are cold, below≃ 60 K, therefore their thermal emission
peak occurs at FIR wavelengths that cannot be observed from the ground and(2) the FIR fluxes are very weak
(a few mJy and below). As we shall describe hereafter, the very sensitive instruments on board SPICA, together
with their broadband spectroscopic capabilities, will provide a new perspective of the Solar System’s outermost
belts, the regions that hide a record of the earliest phases of the solar nebula.
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Studying the Kuiper Belt object by object

Kuiper Belt Objects (KBOs) refer to the physico-chemicallyunaltered population of bodies beyond Neptune’s
orbit. Since the discovery of the first KBO (Jewitt & Luu 1993), more than 1200 objects have been detected
so far in the outer Solar System (> 30− 40 AU), including planetary-sized objects such as Eris (Bertoldi et al.
2006). Several thousands of KBOs are expected to exist, especially at high ecliptic latitudes. Unlike asteroids
in the inner Solar System, KBOs must have formed relatively slowly and they are thought to be composed of
pristine, almost unprocessed chemical material. The detailed study of their physical parameters (temperature,
size distribution and albedo) and chemical characteristics (mineral/ice content) is thus fundamental to consis-
tently link the history of our system with that of distant extra-solar systems. Unfortunately, most of the KBO
attributes and chemical composition are almost unknown. Together with the inner asteroid belt, these remnant
planetesimal belts are analogues of the cold debris discs observed as FIR photometric excess towards more
distant stars. In this sense, the outer Solar System provides the closest “template” to study the composition,
processing and transport of minerals, ices and organic matter bystudying debris disc bodies “one by one”.

Spitzer-MIPS has detected a few KBOs photometrically at 24 and 70µm by observing from minutes to
hours per target. Measurements of the FIR thermal emission of KBOs (where the bulk of the KBOs’ energy
is radiated) reveal the thermal properties of the near-surface layers (Stansberry et al. 2006). Complementary
observations in the visible are needed to establish the position accurately, determine the objects albedo, and,
in combination with the FIR observations, determine the object size and mass. About∼ 30 KBOs have known
albedos; low albedo values (such as those in comets) are presumed to be darkened by the presence of organic
matter while high albedos are thought to be associated with ice mantles. Surprisingly, all inner and cold KBOs
targets detected in the Spitzer sample (∼20) have much higher albedos (Brucker et al. 2009) than previously
assumed (Jewitt & Luu 1993). The underestimation of the KBO albedos leads to a significant overestimation of
their mass. This is an unexpected result, and it is clear thatfuture FIR studies on the size and mass distribution
of the outer Solar System will need to provide a much more robust confirmation by observing a large sample of
thousands of KBOs.HerschelFIR and submm cameras are observing the largest trans-Neptunian objects (with
sizes from&100 to 1000 km; see Fig. 1.9a), confirming low heat conductivities at temperatures far from the
Sun (Müller et al. 2010). Dwarf planets like Orcus, Makemake and Haumea (KBOs with sizes of∼1000 km)
show thermal emission peaks at FIR wavelengths (Lim et al. 2010) and such observation constrain surface
composition models. As an example, the interpretation of Haumea’s FIR photometric data suggests that its
surface is covered by loose regolith with poor thermal conductivity (Lellouch et al. 2010).

SAFARI photometry – FIR detection of all known KBOs:While Herschelrequires∼ 300 hr to detect pho-
tometrically∼ 10% of the currently known KBOs (those with diameters largerthan> 250 km at rate of∼ 1
per hr), SAFARI will detect almost all known KBOs (those withdiameters> 100 km) in only∼ 50 hr at a rate
of 1 object per minute. SAFARI’s ultra-deep FIR photometricsurveys will provide the crucial observational
input to determine their sizes and albedos. SAFARI will alsodetect bodies as small as∼ 10 km diameter, thus
including the new KBOs to be discovered from now to the launchof SPICA, the number which is expected
to increase by a factor∼ 2, to∼ 2500 by the early 2020s. Future deep wide-angle optical surveys such as the
Large Synoptic Survey Telescope (LSST in∼2016) will be able to detect hundreds of new KBOs (and record
their coordinates and orbits). This will help us to constrain their size distribution and build appropriate target
lists for future space missions such as SPICA. However, LSSTand other large optical telescopes will measure
the KBO’s reflected light and therefore it will only give someclues on their chemical composition from the
observed colors. By operating at FIR wavelengths (e.g., notaccessible to JWST), SAFARI will be able to
detect their intrinsic thermal emission, thus providing a powerful tool to constrain KBO models.The ability to
constrain sizes, albedos and surface conditions in different families of KBOs, and relate them with their
chemical composition and impact history in the Solar Systemis a unique driver for SAFARI . Figure 1.9
shows the diameters (in km) of a population of known KBOs as a function of their heliocentric distance, and
the detection limit predictions for the different photometric bands ofHerschel-PACS and SAFARI showing the
large number of KBOs that could be detected photometricallyin the FIR in short time exposures by SAFARI.

SAFARI spectroscopy: What are the most primitive objects inthe Solar System made of?Neither Spitzer nor
Herschelhave the required sensitivity to detect spectral features from KBOs in the FIR as the expected flux
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Detection and Characterization of outer Solar System Objects with SPICA/SAFARI

Figure 1.9:(a) Diameters (in km) of known outer Solar System objects (SSOs), that emit at FIR wavelengths, as a function
of their heliocentric distance. The coloured curves display detectability estimations for the different FIR photometric
bands of Herschel-PACS (dashed) and SPICA/SAFARI (continuous). Predictions take into account that SSOs are moving
objects so that they can be detected below the FIR confusion limit by pair-subtracting within a reasonable time interval.
An iso-thermal latitude model (ILM) is assumed.(b) Same but for low-resolution spectroscopy, which will allowus to
detect the mineral/ice content of the most primitive SSOs for the first time (updated from Hasegawa 2000).

at 70µm is below a few mJy and below a fewµJy at 24µm (Brucker et al. 2009). SAFARI will be the first
FIR spectrometer to cover simultaneously the∼ 34 – 210µm spectrum of KBOs with the required sensitivity,
thus opening the outer Solar System studies to FIR spectroscopy. SAFARI low-resolution spectra (R ∼ 100)
will be anew powerful tool to constrain KBOs thermal models, because it does not just add a few photometric
measurements, but fully samples the peak and shape of the thermal emission. Even more importantly, with
spectroscopy we will be able investigate the presence of themain minerals and ices in a statistically significant
sample of targets. The broad wavelength range and high sensitivity of SAFARI will allow us to detect both
the water ice features at∼ 44 and∼ 62 µm and the broadband FIR emission from Mg-rich crystalline silicates
(e.g., forsterite, clino-enstatite and diopside; Bowey etal. 2002) and other Fe-rich minerals. As a result,we
will be able to identify mineral features observed by SPICA MCS and SAFARI in extrasolar discs (see
Sect. 1.2.2) with real physical objects in the outer Solar System. SAFARI promises even more ambitious
discoveries such as the detection of the possible tenuous gas atmospheres of some KBOs, by looking for water
vapour and FIR lines of elements such as atomic sulphur or oxygen in their FTS spectra.

The inner Solar System, its size distribution and its chemical composition:

SPICA will not only characterise the composition of the coldand outer KBOs, but also of the different families
of inner, hotter centaurs, comets and asteroids, thus probing the primary/secondary dust processing in the So-
lar System. The similarity between interstellar and cometary ices (Ehrenfreund et al. 1997; Crovisier et al.
1997; Bockelée-Morvan et al. 2000) may not directly prove that comets accrete unprocessed material, but
rather suggest that similar chemical processes were at workin the early Solar Nebula and in interstellar clouds
(Cernicharo & Crovisier 2005). However, abundant water, ammonia and methanol ice mantles in Solar System
objects could well be the seeds of more complex biogenic molecules, such as the aminoacids, that do form when
interstellar ice analogues are irradiated with UV radiation (Muñoz Caro et al. 2002). Some of the amino acids
identified in the laboratory are also found in meteorites which suggests that prebiotic molecules could have
been delivered to the early Earth by cometary dust, meteorites or interplanetary dust particles. Spectroscopic
studies with SPICA in the critical MIR/FIR domain will clearly advance our understanding of the chemical
complexity in planetary systems by direct searches of the “ingredients for life”.

In summary, SPICA will provide for the first time the means to quantify the composition of hundreds of
Solar System objects. Sensitive FIR photometric and spectroscopic observations will give the first unambigu-
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ous determination of their size distribution (and thus mass) and composition providing critical observational
evidence for models of Solar System formation.

1.3 Exoplanet characterisation in the infrared: new frontiers

The mid infrared region (from∼ 3 to ∼ 30 µm) is especially important in the study of planetary atmospheres
as it spans both the peak of thermal emission from the majority of exoplanets (EPs) so far discovered, and is
particularly rich in molecular features that can uniquely identify the composition of planetary atmospheres and
trace the fingerprints of primitive biological activity. Extra-solar systems may include a variety of planets even
richer than the selection we have in our own Solar System: gas-giants, icy bodies as well as less massive rocky
planets with their oceans, moons and rings. In the coming decades many space and ground based facilities
are planned that are designed to search for EPs on all scales from massive, young “hot Jupiters”, through
large rocky “super-Earths”. Few of the planned facilities,however, will have the ability to characterise the
atmospheres which they discover through the application ofinfrared spectroscopy.

Two different observational approaches can be used to characterisebothouterandinner EPs: direct detec-
tion and transit techniques respectively.Direct detection, which refers to observations where the star and the
planet can be spatially separated on the sky with coronagraphs. Due to the limited size of current telescopes,
this technique is only able to image EPs at large orbital distances (∼ 50 – 100 AU). Besides, the huge contrast
between the host star and the planet flux (e.g., the Sun is 109 times brighter than the Earth in the visible) makes
the direct detection of an Earth-like planet at∼ 1 AU a distant goal for future instrumentation. Fortunately,
EPs orbiting very close to the host star (. 0.05 AU) and with a favourable inclination (almost edge-on systems)
can be indirectly studied via thetransit techniqueby which the dimming of the starlight as the EP transits the
star is followed,primary transitswhen the EP passes in front of the star andsecondary transitswhen the EP
disappears behind the star (Seager & Sasselov 2000). Because of the precise timing of a transit event, this tech-
nique allows high-contrast observations if very sensitive, low background and stable observing conditions are
available (i.e., from space).Although not specifically designed for EP research, transitobservations with
Hubble and Spitzer have revolutionised and redefined the field of EP characterisation over the past 5
years (Barman 2007; Beaulieu et al. 2008; Deming et al. 2006, 2007;Marley et al. 2007; Demory et al. 2007;
Gillon et al. 2007; Harrington et al. 2007; Knutson et al. 2007; Richardson et al. 2006, 2007; Machalek et al.
2008; Swain et al. 2008b,a; Tinetti et al. 2007). Collectively, this work has conclusively established that the
detailed characterisation of EP atmospheres is feasible and today we can discuss the observational signatures
including weather and atmospheric chemistry (e.g., Selsiset al. 2002; Tinetti & Beaulieu 2009).

The observation of EPs at IR wavelengths offers several advantages compared to traditional studies in the
visible domain. First, the star-to-planet flux contrast is much lower than in the visible (∼ 103 for a typical “hot
Jupiter” around a Sun-like star) and second, transiting planets around stars much cooler than the Sun have to
be observed in the IR where their emission peaks. Spitzer hasmeasured EP photometric transits out to 24µm
demonstrating that the light-curve is simpler (“box-like”) than in the visible domain due to the negligible role
of stellar limb-darkening effects. This allows a robust and precise determination of the EP radius as a function
of wavelength and provides further strong constraints to the atmospheric properties. SPICA will achieve a
precision similar or better than that reachable with Spitzer instruments, enabling us to detect the atmospheric
features of hot-Jupiters and Neptunes. Besides, transit observations with the Spitzer-IRS MIR spectrometer
have been used to extract the absolute intrinsic spectrum ofHD209458b hot Jupiter around a Sun-like star
– with the resultant spectrum in physical units (e.g., inµJy) as opposed to relative contrast measurements
(Swain et al. 2008a) (see Figure 1.10). Infrared observations have allowed to characterise temperature-pressure
profiles, chemistry and circulation patterns of a select subset of massive, close-in hot Jupiters along with several
less massive EPs: the hot Saturn HD14926b and the cooler Neptune-mass planet GJ 436b.
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Figure 1.10: Left panel: Fit to HD 209458b “hot Jupiter” (Teff ≃ 1000K) MIR fluxes inferred from a secondary transit
with Spitzer (Swain et al. 2008a) around a G0 star (d∼ 47 pc, in black) and interpolation to d= 10 pc (gray). The emission
of a cooler Jupiter-like planet at 5 pc is shown in magenta (reflected emission neglected). The thick lines are the 5σ-1hr
photometric sensitivities of SPICA MIR instruments (cyan)and SAFARI (blue, magenta and red). Confusion with the
FIR extragalactic background does not apply to temporal variations of a signal from a known source (with coordinates).
Dashed lines show sensitivities in spectrophotometric mode (R≃ 20). SPICA will observe similar inner “hot Jupiter”
transits routinely and will potentially extract their IR spectrum (rich in H2O, O3, CH4, NH3 and HD features as in Solar
System planets).Right panel: Increasing planet-to-star contrast at long wavelengths (SPICA White Paper on EPs).

1.3.1 Mid-infrared coronagraphy: “Direct” imaging and spectroscopy of EPs

High–contrast “direct” observations with coronographs are needed to study outer and cooler planets. The
projected coronagraph on SPICA (SCI) is a unique instrumentthat provides several advantages over JWST
coronagraphs. First, the monolithic mirror of SPICA will bebetter optimised for coronagraphy than the seg-
mented mirror of JWST due to its much simpler and clean PSF. The segmented geometry of JWST also requires
complex Lyot stops for the suppression of the light diffracted by each mirror segment, reducing the throughput
and requiring a high degree of alignment stability. Secondly, the SPICA telescope itself will be actively cooled
down to∼ 6 K (compared to passive cooling down to 45 K for JWST); it is, therefore, further optimised for
MIR/FIR astronomy. From the scientific point of view,the main difference from JWST is the possibility
of undertaking “direct” spectroscopy with SPICA /SCI in the critical MIR domain (using a grism/prism
providing R ∼ 20− 200) in addition to imaging. This spectral capability in a continuous wavelength domain
rich in chemical signatures (∼ 3.5− 27µm) represents a unique science possibility of SPICA (Abe et al. 2007)
compared to JWST, which will just have quadrant phase and Lyot photometric coronagraphs in the MIR and
will provide lower contrast than SCI.

The most significant atmospheric features expected in the SPICA MIR spectra of EPs can be summarised
as follows: (1) The∼ 4 − 5 µm “emission bump” due to an opacity window in EGPs and cooler objects with
temperatures between 100 and 1000 K; (2) Molecular vibration bands of H2O (∼ 6 – 8µm), CH4 (∼ 7.7µm) ,
O3 (∼ 9.6 µm), silicate clouds (∼ 10 µm), NH3 (∼ 10.7µm), CO2 (∼ 15 µm) and many other trace species. If
detected, the relative abundance of all these species couldbe compared among different EPs and with Solar
System planets and bodies. Note that giant planets like Saturn in the Solar System show strong NH3, PH3

and H2O features around∼ 5 µm (de Graauw et al. 1997). SPICA will also have access to the PAHs features;
(3) He-H2 and H2-H2 collision induced absorption band features as tracer of theHe/H relative abundance;
(4) Features from deuterated molecular species to distinguish cool brown dwarfs from “real” EP (e.g., CH3D at
∼ 8.6µm) and non-equilibrium species (e.g., PH3 at∼ 8.9 and∼ 10.1µm).

As we have seen earlier, exo-giant-planets (EGPs) are thought to form beyond the “snow line”. Indeed, sev-
eral of them are known from Doppler shift measurements or direct imaging in the visible (Wetherill & Stewart
1989; Kalas et al. 2008; Marois et al. 2008) and more will be detected in the near future (with large optical
telescopes equipped with coronagraphs, JWST and SPICA itself). This key population of outer and young
EGPs can not be studied through transit experiments but willbe targets for SCI direct characterisation. In fact,
in the next decadeSPICA/SCI will be the only instrument available to characterise outer and cool EPs



20 Chapter 1. Scientific Objectives

Wavelength (um)

Model, water+methane
Observations

NICMOS
IRAC
MIPS

A
bs

or
pt

io
n 

(%
)

2.50

2.45

2.40

2.35

2.30
5 10 20

a) b) MIR transits

MIR exoplanet characterization: coronagraphy and transit spectroscopy 

SPICA at high spectral resolution

constrain atmospheric models in detail

"direct" spectroscopy

SCI (non−coronographic)

Figure 1.11: (a) Simulated spectra for a range of exoplanet masses at an age of1 Gyr and a distance of 10 pc (from
Burrows et al. 2003). SPICA/SCI is the only planned coronagraph that will carry out MIR “direct” spectroscopy of outer
(>10 AU) and young EPs.(b) Hubble and Spitzer primary transit of HD 189733b hot Jupiter(photometry) and H2O and
CH4 models (by G. Tinetti). Transit observations with SPICA/MCS will characterise the atmospheric composition.

through direct spectroscopy in the MIR. Therefore, SPICA will add greatly to EP research (and much earlier
than the future Terrestrial Planet Finder type missions; TPF) by imaging young EPs directly and by recording
their MIR spectra, thus constraining their temperature andatmospheric composition. The SCI simpler binary
mask type approach will achieve a contrast of∼10−5 (∼10−4 raw contrast plus PSF substraction methods) at the
equivalent to∼ 9 AU (∼Saturn’s orbit) at∼ 5 µm for a star at 10 pc (IWA∼1′′). At this wavelength we probe
the younger end of the planet age range (∼100 Myr to 1 Gyr) as older planets are fainter (see Figure 1.11a).
We expect that a rather complete list of more than 60 EP targets for direct spectroscopy will be available by
SPICA launch as a consequence of ongoing ground-based projects with 8-10m telescopes (Subaru-HiCIAO,
VLT-SPHERE, Gemini-GPI, etc.). A target field identified by the SPICA teams is the Ursa Major group. SCI is
expected to produce an “spectral atlas” of several outer EPs(∼ 1-4 hr integration per EP), therefore completing
the discovery and characterisation space of other telescopes and methods. According to their expected flux at
long wavelengths (λ >5µm), the main targets for SCI spectroscopy will be∼ 5 MJup planets around solar-type
stars and lower mass planets,∼2 MJup, around M dwarfs. In photometric mode, SCI will perform imaging
surveys integrating a few minutes per target (both young M stars:∼300 Myr,< 50 pc; and FGK stars:∼1 Gyr,
< 25 pc). Last but not least, SPICA/SCI would be sensitive not only to the exoplanets themselves, but also to
circumplanetary dust which can be even brighter than the exoplanets theirselves (e.g.,Kennedy & Wyatt 2011).

1.3.2 Mid-IR “transit” photometry and spectroscopy of exoplanets

Together with SCI, the SPICA MIR Camera and Spectrometer (MCS) will cover the mid infrared range with
low, medium, and high spectral resolution (out toR∼ 30 000). Following the unexpected but successful obser-
vations of “hot-Jupiters” EPs made by Spitzer in the MIR, these instruments will be usedto study primary and
secondary transits of EPs orbiting very close to the star. SPICA’s spectrometers will be used to perform (1)
multi-wavelength transit photometry of hot Jupiters routinely and (2) carry out “transmission” and “occultation”
spectroscopy of an appropriate sample of bright EPs. Hot-Jupiters in particular, are bright and the possibility
to carry out detailed atmospheric spectroscopy will allow us to study exo-atmospheres in great detail. This will
help to develop the techniques and models that will be neededto interpret the spectra of habitable exo-Earths in
the future. We estimate that the∼ 24µm thermal emission of gas giant planets similar to HD 209458bcould be
extracted from secondary transit observations around stars as far as∼ 150 pc (a few hundred star targets) as the
contrast requirement is relatively modest (∼ 0.1%). We anticipate that several giant EPs, with a great diversity
of mass, semi-major axis, eccentricities, etc. will be available to SPICA for detailed mid infrared characterisa-
tion by∼ 2020. Another example, a super-Earth (2− 3Rearth; Tp ∼ 300 K) orbiting around the habitable zone
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of a cool M8 star (T ∼ 2500 K) will produce an intrinsic flux of∼ 25 µJy at MIR wavelengths, roughly a few
times higher than the projected 1σ-1min photometric sensitivity of SPICA’s MIR instruments (but very hard to
achieve even with ground-based MIR instruments on “Extremely Large Telescope”-type observatories). These
photometric flux levels are accessible for SPICA secondary transit studies with a contrast of∼ 0.1%.

In summary, SPICA will be an important intermediate milestone in exoplanet research, both in science
achievements (direct spectroscopy of outer EPs for the firsttime in the MIR, atmospheric characterisation of
transiting EPs at long wavelengths...) and in the required technological developments for future longer-term
missions (e.g., coronagraphic techniques, cryogenic systems...). Besides, the operational wavelength domain
of TPF or DARWIN-type missions is also the 5-30µm range that SPICA will exploit in depth, both in ”direct
spectroscopy” and in ”transit spectroscopy” by observing tens of gas giant exoplanets.

1.4 The life cycle of gas and dust in the Milky way and beyond

SPICA will provide an unprecedented window into key aspectsof the dust life-cycle both in the Milky Way
and in nearby galaxies: from the dust formation in evolved stars, its evolution in the ISM, its processing in
supernova-generated shock waves and massive stars (winds,HII regions, etc.), to its final incorporation into
star forming cores and protoplanetary discs. Dust grains are a key player in determining the energy budget
of the interstellar and circumstellar media because of their fundamental role in reprocessing stellar UV/visible
photons into IR to sub-mm radiation, and in heating the gas via photo-electron emission from small grains
and PAHs.SPICA will be the first space telescope since ISO (launched in1995) covering in spectroscopy
the uninterrupted MIR /FIR domain where PAH and astro-mineralogy studies can be carried out. ISO
caused a revolution in the field of astromineralogy (e.g.,Waters et al. 1996; Tielens et al. 1998; Henning 2003)
and showed that the critical keys to unlock our understanding of the dust evolutionary cycle are MIR/FIR spec-
troscopy and the FIR dust SEDs. The former gives direct access to the poorly known ice and grain composition
and its evolution along the dust life-cycle, and the latter enables us to determine the dust temperature uniquely.

In addition to dust, other very important gas-phase speciesthat are hard, often impossible, to detect from the
ground have their spectral signatures in the MIR/FIR: ions, atoms, light molecules and heavier organic species.
Their associated MIR/FIR spectral features provide means to derive physical conditions in environments that are
difficult to probe at other wavelengths (in UV/X-ray illuminated PDR/XDRs, shocked regions, galactic nuclei,
etc.). They provide clues on the elemental abundances (C, O,S, Si, Fe ...) and also provide deep insights
into the gas/dust chemical interplay: ice formation/evaporation, grain growth and metal depletion (Okada et al.
2008). In this context,SAFARI will provide FIR spectroscopic images of the regionsthat are too obscured
for JWST to examine in the MIR or too warm /extended to be efficiently traced by ALMA . Thanks to its
superb sensitivity, SPICA will extend our knowledge of the physics and chemistry of the gas and dust in our
galaxy (e.g., acquired withHerschel) to similar detailed studies in nearby galaxies (see next Sections). In the
following we list several fields where we anticipate that SPICA will play a unique role. This is not an exhaustive
list, and probably does not do justice to the great discoveryspace available to SPICA (see Sec. 1.8):

Chemical complexity:Spectral observations from UV to cm wavelengths reveal a high degree of chemical
complexity in our Galaxy that was until recently not expected. Such complexity is demonstrated by the diversity
of detected species, that range from simple light hydrides,molecules carrying heavy metals, alcohols (methanol,
ethanol,...), and a collection of many organic families (acetylenic chains, methane or benzene; Cernicharo et al.
2001) that lack permanent electric dipole (i.e., do not haveradio spectrum to be observed with ALMA) but
show MIR/FIR vibrational features. Either in the gas phase or as ice mantles, those species can be precursors
of more complex molecules (sugars, amino acids, etc. MuñozCaro et al. 2002). Therefore, SPICA MIR/FIR
spectrometers will open new windows to probe the chemical complexity in the universe by observing: (1) MIR
vibrational bands of PAHs and other organic molecules; (2) FIR rotational lines of light hydrides (H2, HD,
H2O, OH, CH+...) and (3) Solid-state bands from different minerals and ice mantles. None of these can be
observed with ALMA (thus missing a significant fraction of the chemical species that build up the chemical
complexity of the Universe!). Finally, JWST/MIRI will struggle to detect warm diffuse dust but will not see the
cold dust at all as emits at longer FIR wavelengths (i.e.,SAFARI territory).
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Figure 1.12: (a) Herchel/PACS 70µm image of U Ant detached shell (Kerschbaum et al. 2010). Circumstellar envelopes
and shells around evolved stars can have sizes of several arcmin. SAFARI large FoV and much improved sensitivity in
spectroscopic modes will allow us to probe the outermost curcumstellar regions and their faint interaction with the ISM.
(b) Herschel/SPIRE 250µm image of the Polaris Flare, a high latitude diffuse cloud (Miville-Deschênes et al. 2010). The
intensity scale corresponds to 30-65MJy sr−1. SAFARI will be able to obtain deeper images of very faint anddiffuse clouds
in the Galactic Poles and in the Galactic halo (at 48, 85 and 160µm simultaneously). Operating in SED mode (R∼100)
SAFARI will be more sensitive than Herschel photometers, reaching a few MJy sr−1 (5σ) in 10s exposures.(c) Using
narrow band filters, SAFARI will image relatively large areas of diffuse clouds (with AV< 1) in key gas tracers of the
structure and physics of the ISM phases (e.g., [C]158µm and [N]122µm; MHD/PDR simulations from F. Levrier).

Diffuse ISM:The structure of the diffuse ISM provides the initial conditions for the formation ofmolecular
clouds. The physics that governs the large– and small–scalestructure of diffuse clouds is complex (magnetic
fields, turbulence, cooling, etc.). For the first time,Herschelis providing large scale photometric images of
high Galactic latitude diffuse clouds that unambiguously reveal the filamentary and clumpy structure of the
diffuse ISM down to spatial resolutions of∼0.01 pc (see Fig. 1.12b; Miville-Deschênes et al. 2010). While
Herschelphotometers detect the broadband dust continuum emission,the sensitivity of the spectrometers is
clearly not enough to map the brightest gas lines. In particular, the [C]158µm line is the dominant cooling
line of the neutral ISM, and interest for this line has very much increased recently as it may well be an good
tracer of warm H2, the so-called “dark gas”, a component of the ISM dense enough for hydrogen to be mostly
molecular, but not dense enough for carbon to be in the form ofCO. Studing the neutral and ionized phases
of the diffuse ISM over very large scales through simultaneous observations of [C]158µm and [N]121µm
lines will only be possible with SAFARI using narrow-band filters (see Fig. 1.12c and Levrier et al. 2009). The
combination of much larger field-of-view and sensitivity (i.e., much faster mapping speed) compared toHer-
schelwill allow us to “image” these critical gas diagnostics in very particular and faint regions of our galaxy
that are not accessible toHerschelnor to future FIR stratospheric telescopes:(1) The Northern and Southern
Galactic Poles: diffuse clouds structure (photometry) and gas cooling in some fields (spectroscopy);(2) Gas
and dust in the Milky Way’shalo and the high-velocity hydrogen clouds (e.g., Wolfire et al. 1995) and relation
with extragalactic halo studies: gas fountains driven by SNe explosions, stripped gas from nearby galaxies, etc;
(3) Spectroscopy of GMCs outskirts (faint PDRs).

Evolved stars (dust factories):The principal objects injecting dust into the ambient ISM inour Galaxy are the
evolved stars, mainly red giants and AGB stars that predominantly emit at MIR/FIR wavelengths. So far, the
study of evolved stars has been limited to the the closest andthus brightest ones. SPICA will allow to cover a
much greater volume in our galaxy, and to observe extragalactic evolved stars in quite some detail. SAFARI
will be specially adapted to study the inner parts of their circumstellar envelopes (CSE), and to study the mass-
loss history and mineralogy of a large sample of targets in very different environments including the closest
galaxies. SAFARI observations will include(1) spectroscopic images of spatially resolved CSEs,(2) their faint
interaction with the ISM (“wakes” and “tails”),(3) detailed spectroscopic studies of unresolved CSEs, and(4)
point source observations of unresolved AGB populations innearby galaxies of the Local Group.
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1) For nearby objects, SAFARI will provide spectroscopic images of faint but very extended “detached”
shells around evolved stars (see Figure 1.12a) revealing their physical and chemical structure in great detail
(for a prototype shell like TT Cyg, Kerschbaum et al. 2010,∼5′′ corresponds to only a few hundred years of
expansion).(2) Following pioneering work using Spitzer (Ueta et al. 2006) and Akari (Ueta et al. 2010) the in-
teraction of AGB-winds with the sourrounding ISM became evident as a common phenomenon fromHerschel
imaging that provides valuable clues on both the stellar wind and the local ISM. GALEX discovered a 2-degree
long turbulent wake arising from the motion of Mira, a prototypical mass losing red giant, through the ISM.
The UV emission detected by GALEX probably comes from H2 molecules excited by∼30 eV electrons formed
in shocked gas (Martin et al. 2007). Very recent FIR observations withHerschel/PACSreveal broken dusty arcs
and filaments that indeed probe the complex interaction of Mira’s wind and the ISM (Mayer et al. 2011). The
injection in the ISM of circumstellar matter enriched by thestellar nucleosynthesis takes place in such complex
environments. Hence, the spectro-imaging capability of SAFARI will allow us to detect emission lines associ-
ated with the mixing of circumstellar and interstellar gas,and to study in different targets the processes control-
ling this injection. As these targets can be characterized by their distances, proper motions, mass loss rates, etc.,
many geometrical and physical conditions can already be constrained, which makes these sources particularly
appropriate for describing the physical processes at work in ISM (instabilities, shock chemistry, photodissocia-
tion, dust destruction, etc.). WhereasHerschelcan only image the brightest ones (not differentiating continuum
from line emission) the spectroscopic imaging capabilities of SAFARI will be a unique feature.3) The broad
wavelength coverage of SPICA/MCS and SAFARI, especially when compared withHerschel-PACS, will allow
us to probe many critical gas and solid state features and also to unambiguously determine dust temperatures
and masses using both the MIR and FIR ranges (e.g.,Arimatsu et al. 2011). Moreover SAFARIs high sensitiv-
ity makes also very low mass loss rate stars (≤ 10−8 M⊙ yr−1) accessible, an by this the onset of mass loss at the
RGB/AGB transition4) Further out, photometric measurements will constrain the mass-loss rates in AGB stars
out to the Large Magellanic Cloud (LMC;d ∼ 50 kpc) in modest integration times. For example, the expected
flux at 48µm (where SAFARI is limited by sensitivity and not by confusion) of evolved stars like IRC+10216
or R Cas at the distance of the LMC is∼70 and∼1.3 mJy respectively, while old (faint) detached shells like
TT Cyg will have fluxes of∼400µJy, requiring an integration time of a few seconds with SAFARI. Even in the
Herschelera we see only the tip of the mass loss iceberg in our own and inthe Local Group galaxies, mak-
ing it impossible to use them as a stellar evolution laboratory (different star forming histories, metallicities, etc).

Supernova remnants (dust processing):Stars much more massive than our Sun end their lives with a vio-
lent explosion where massive flows are blown outward and shock waves propagate through the surrounding
medium. When supernova (SN) remnants encounter molecular clouds, they drive slower shock waves that
compress and heat the molecular material and result in strong MIR/FIR line emission (Neufeld et al. 2007). At
the same time, dust grains are processed (eroded, fragmented, amorphised ...), their physical state changes, and
large quantities of refractory elements are sputtered backto the gas phase (Si, Fe, Mg, etc.). Dust grains may
condense after the shock passage, and therefore SNe may contribute to the formation of dust. In fact, high-z
galaxies seem to contain dust that may mainly have formed in SNe ejecta, because the galaxies may be too
young for a significant contribution of AGB stars’ dust. Thus, dust condensation must be efficient, requiring
about 1 M⊙ of dust per SNe. The efficiency of SN dust formation is still debated. With Spitzer mid-IR studies
typically detected less than 10−3 M⊙ of newly formed dust within the first three years of the outburst. Unex-
pectedly,Herschelhas detected SN 1987A (Matsuura et al. 2011) and its dust massis estimated as 0.5-0.7 M⊙.
This young supernova remnant has just started to be affected by shock destruction of dust. By the time of the
SPICA launch, the dust mass may have deceased. The flux from SN1987A detected byHerschelwas about
70 mJy at 100 micron. The high sensitivity of SAFARI potentially enables it to detect SNe and SNRs within
2 Mpc (i.e. to just beyond the Galaxies in the Local Group). SPICA spectroscopic imaging will allow us to
infer the physical conditions prevailing in the shocked gaswhile directly tracing the dust emission to the faint
levels required to measure SN dust production, and even its composition.
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1.5 Local Universe: Detailed studies of the ISM

1.5.1 The role of Local Group observations

The Local Group contains a wide variety of galaxies, all within 1 Mpc, allowing observations to be carried
out with unprecedented sensitivity and resolution to measure all of the major cooling lines of the ISM
at a scale smaller than that of molecular or atomic clouds.The Large and Small Magellanic clouds (LMC
and SMC) are barely further than the other side of our own Galaxy and allow the study of the ISM and star
formation at the same scale as in the Milky Way,but in an environment inaccessible within our Galaxy
because of the very different gravitational potential and lower metallicity (much lower in the case of the
SMC). A programme carefully structured to study the effects of, e.g., metallicity and irradiation would start
with the Magellanic Clouds, observing the entire systems atthe scale of individual cloud complexes.

The Andromeda galaxy provides a reference, similar to the Milky Way, of a large evolved spiral, while
Messier 33 represents a first step towards chemically younger (less processing of gas into stars and hydrogen
into ”metals” in the stars) yet still spiral galaxies. The Local Group is rich enough that the above galaxies are
far from being the only targets – WLM, IC10, NGC 55, Leo A, NGC 3109, Sextans A, GR8, NGC 6822 and
DDO210 provide an even greater variety of conditions, including still lower metallicity environments. These
can be used to assess the role of metallicity versus other factors (mass, morphology, age) in the physics of the
gas. By fully mapping these galaxies, feasible only with SAFARI thanks to its high mapping speed, we
can, for example, compare the emission from the gas in colliding streams of HI with that of the molecular
clouds that are suspected to form in these streams.By mapping large regions at high spatial resolution, we
will be able to detect rare and/or transient phenomena, such as phase changes (e.g. atomic to molecular) which
have not been detectable up to now, and obtain a measure of thelength scale on which the changes occur. These
changes would be identified by anomalous line ratios from SAFARI.

Typical [CII]158µm line strengths in galaxies like M33 or the Magellanic clouds are of order 10−4 erg s−1 cm2 sr−1

or about 5× 10−16 W m2 in a SAFARI beam, yielding a signal-to-noise ratio of 10000 in one hour of obser-
vation. To obtain a S/N ratio of 500 in [CII], such that lines 100 times weaker couldbe mapped at the same
time, then requires about 10 seconds per field of 2′ × 2′, or about 2.5 hours per deg2. A detection threshold
100 times below the [CII] line intensity has never been reached in extragalactic objects so many new lines
will be discovered and mapped in great detail in these nearbyobjects. Among the lines that would be mapped
with high S/N are [OI]63µm, [NII]122µm, [OIII]88µm, [OIII]52µm, [OI]145µm, H2Oλ179µm, [NIII]57µm,
HDλ112µm, OHλ119µm, [SiII]35µm and probably other lines, including the CO ladder for J> 13.

At this mapping speed and excellent S/N ratio, the LMC would require about 55 hours, the SMC about 15,
M 31 (our Milky-Way like reference) and M 33 about 6 and 4 hoursrespectively, 2.5 hours each for NGC 6822
and IC 10, and less than 10 hours for the other Local Group Dwarf Galaxies. Thus, less than 100 hours
of SAFARI time would be required to fully map the far-IR emission at high spectral and spatial resolution
throughout the Local Group. In the time estimate we have allowed for observing times twice as high per field
for the low metallicity galaxies SMC, NGC 6822, NGC 3109, andIC 10 and four times as high for the very
low metallicity objects WLM, NGC 55, Leo A, Sextans A, GR8, and DDO210 in comparison with the LMC,
M 31, and M 33.With Herschel, the same observations would require 100 years, instead of 100 hours, to
reach the same sensitivity and cover the same spectral region!

1.5.2 The metallicity on the ISM

The ISM is the repository of the metals ejected by dying stars, as well as the site for the birth of the next
generation. Stellar winds and SN explosions continually raise the metallicity of the ISM, where it is recycled
by the formation of new stars. Metallicity and star formation history are thus intimately tied together.

Late-type spiral galaxies have metallicity gradients ranging roughly from twice solar in the centre to less
than half solar in the outer regions, presumably reflecting star formation gradients. Late-type dwarf galaxies
have metallicities from just below solar to less than a tenthsolar, but it is not clear whether this is caused
by relatively little star formation in the past or by preferential removal of metals from the shallow central
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gravitational wells by the stellar winds and SN explosions that release them. Despite a superficial resemblance,
these galaxies differ from low-metallicity galaxies in the early Universe; they are the products of a long galactic
evolution just as the spirals are.

In metal-poor ISM environments, the physics of both gas and dust, as well as their spectral fingerprints,
differ markedly from those of gas-rich starburst galaxies or even the Solar Neighborhood. In metal-poor en-
vironments, the heating and cooling of the ISM no longer operates the same way as in the Galactic ISM.The
presence of fewer heavy elements alters the gas-phase chemistry (due to the lower atomic and molecu-
lar abundances with respect to hydrogen), lowers the dust-to-gas-ratio, and changes the grain surface
chemistry (affecting the formation of H2), while the erosion of large dust particles affects the nature and
size distribution of the dust. Lower dust content decreasesextinction and UV photons travel further, altering
radiation-dependent rate coefficients (dissociation, ionisation). The CO abundance is drastically reduced, but
the self-shielded H2 stays largely unaffected (Shetty et al. 2011), and CO is no longer a useful gas column
density tracer. Depending on the dynamics of the grain-sizedistribution, the photo-electric heating efficiency
of the medium is also modified. Low dust-to-gas ratios allow UV radiation to penetrate deep into molecular
cloud layers, producing abundant ionised carbon (C+). Although we observe these effects in a qualitative way,
we know very little about their actual quantitative expression, and surprises occur when details are studied.
For instance, under low-metallicity conditions, C+ emission ([CII]) isboth strengthened and weakenedwith
respect to CO and the far-IR continuum. Low levels of extinction cause very long UV mean free paths en-
hancing photo-electric gas heatingefficienciesand hence [CII] cooling and line intensity, whereas low PAH
abundances simultaneously decrease photo-electric gas heating rates limiting the increase in [CII] intensity
(Israel & Maloney 2011). Thus, in the low-metallicity ISM, [CII] /CO and [CII]/FIR ratios are an order of
magnitude higher than in the Milky Way, but otherwise all very similar, independent of actual (low) metallicity.

Determining the physics and life-cycles of gas and dust is anessential part of any study of the evolution of
late-type galaxies. It is critically incomplete without the dimension of metallicity. Large numbers of actively
star-forming dwarf galaxies with (low) metallicities covering a range of more than an order of magnitude
are known in the Local Universe. They provide ideal laboratories in which to study the interplay between
star formation and ISM physics. Recent surveys with ISO andSpitzerhave observed the dust and mid-IR
line properties of less than∼75 dwarf galaxies: however, only a handful of the most metal-poor (1/20 of
solar) were detected (Madden et al. 2006; Engelbracht et al.2006). Extensions to far-IR dust emission, as well
as spectroscopic surveys of the major far-IR cooling lines,are being obtained withHerschel: in particular,
detecting the [C]158µm line in the low metallicity galaxies is a major breakthrough. However, the sensitivity
of theHerschelinstruments limits these spectral surveys to measure only the strongest lines from the brightest
regions in these galaxies.

We need the molecular and atomic fine structure diagnostic lines in both the mid- and far-IR, especially
those of C, N, and O, to detect and measure the properties of the moreextended diffuse gas and dustin the
brightest dwarf galaxies, as well as those of boththe dense and diffuse ISM components in all those still
unexplored systems. These lines are fully covered by SAFARI, and the gain in sensitivity and overall scan
speed of two orders of magnitude of SAFARI will finally bring mid-/far-IR spectroscopy of the entire population
within our reach. While it is not clear to what extent local metal-poor systems can be used as proxies for high
redshift galaxies, a certain chemical similarity seems to be present. Most of the high-redshift surveys have
targeted the more massive galaxies, but recent spectroscopic surveys of the low-mass population atz ∼ 1
(Davies et al. 2009) are putting dwarf galaxies into a clearer perspective in galaxy evolution. A SAFARI survey
of such targets would be the next step in understanding the evolution of metals in the gas and dust, and how
these properties affect the star formation density as a function of redshift.
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1.6 Galaxy evolution

1.6.1 Major recent discoveries and open questions

Studies of galaxy evolution in a cosmological context have greatly progressed in the recent past, observationally
establishing several results predicted from theory such asthe relation of black hole and galaxy masses (e.g.,
Fabian 1999). Optical studies of the local massive galaxy population show that most, if not all, galaxy spheroids
host massive relic black-holes (Richstone et al. 1998) which, in turn, suggests that all massive galaxies pass
through a material-accreting, active galactic nucleus (AGN) phase.The observed correlations between the
masses of black holes at the centres of massive local galaxies and key properties of the host galaxies,
such as their luminosities, dynamical masses, and velocitydispersions of their spheroids (e.g., Magorrian et al.
1998; Ferrarese & Merritt 2000; Ferrarese & Ford 2005; Shankar et al. 2009)are astonishing, given the vastly
different scales that they involve.The enormous difference between the Schwarzschild radius of a super-
massive black hole (SMBH) and the characteristic radius of the stellar population in its host galaxy suggest that
these relations arelikely due to the coeval formation of the black hole and the bulge. The origin of these
correlations cannot be fully explained by observations of local galaxies, and so both activities must be seeded
at earlier epochs.

Given that highly accreting black holes are often hosted by dusty galaxies, the latter are ideal for studies of
the coeval growth of black holes and galaxies. To test this suspected coevolutionfrom a statistical point of
view, we need to compare four quantities as a function of look-back time: the host-galaxy masses and star-
formation rates vs the black hole masses and accretion rates. To date, this comparison has been mainly
performed for the rates of star-formation vs black hole accretion. The evolution of the two processes with
time can be seen in Figure 1.13b. Global accretion power, measured using X-rays (Hasinger et al. 2005) and
the star formation power, measured by Hα and rest-frame UV observations (Shim et al. 2009), were both∼20
times higher atz=1-1.5 than today. That both peak at aroundz ∼ 1-3 strongly supports the co-evolution of
SMBHs and the star formation rate (SFR, e.g., Marconi et al. 2004; Merloni et al. 2004, Gruppioni et al. 2011,
MNRAS, submitted). To understand and unravel the relationship between the black hole growth and bulge
formation we need to track back the evolution of black hole growth and star formation over cosmic time, and
determine whether there is a causal link between the growth of the central black hole and its host spheroid. If
there is such a link, how and when is it established, and which, if either, process drives or regulates the other?
To further study this link, we will need to compare the originand shape of the galaxy mass and luminosity
functions with those of black hole mass functions in large samples that include obscured sources.

In addition to finding out that AGN are often optically obscured by dust, both locally (e.g. Goulding & Alexander
2009) and at high-z (Hernán-Caballero et al. 2009), we know from Galactic and extragalactic studies that the
processes ofstar formation and early stellar evolution are typically deeply enshrouded in dust.Therefore,
galaxies pass through the most active periods of their livesobscured at optical wavelengths. A direct manifesta-
tion of this came from the important discovery of a dusty population of galaxies that emit a significant fraction of
their bolometric luminosity in the far-IR/submillimetre (sub-mm) because of the strong starbursts that they are
undergoing. IR and sub-mm surveys indicated that luminous and ultra-luminous infrared galaxies ([U]LIRGs)
are rare in the local Universe, but become much more common (factor of∼ 1000) at high-redshift. Evidence for
this first came from the identification of the so-called sub-mm galaxies (SMGs) (Smail et al. 1997; Hughes et al.
1998), and was subsequently confirmed withSpitzer(e.g. Le Floc’h et al. 2005; Pérez-González et al. 2005;
Caputi et al. 2007) andHerschel(i.e. Gruppioni et al. 2010; Eales et al. 2010b).Spitzerled tothe discovery of
thousands of IR-bright galaxiesin the MIR images of various survey fields (Papovich et al. 2004; Rigby et al.
2004; Fadda et al. 2004; Le Floc’h et al. 2004; Houck et al. 2005; Huang et al. 2009), in addition to thehun-
dreds of submm(e.g., Smail et al. 1997; Hughes et al. 1998; Barger et al. 1998; Scott et al. 2002; Borys et al.
2003; Webb et al. 2003; Coppin et al. 2006)and mm galaxies (e.g., Greve et al. 2004; Laurent et al. 2005;
Scott et al. 2008; Perera et al. 2008; Weiß et al. 2009; Austermann et al. 2010) and thethousands of NIR-band
selected high-zobjects(e.g. Caputi et al. 2005; Daddi et al. 2005a; Papovich et al. 2006) that we know today.
However, these galaxiesare often thought of or treated as physically disconnected populations, given the
different selection techniques used to find them.Sampling the peak of their IR SEDs, and observing new FIR-
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Figure 1.13: (a) Left panel: Constraints placed on the cosmic infrared background (CIRB) by Spitzer show that the mid-
/far-IR peak is comparable to the optical peak. The CIRB peak measures the light reprocessed by dust over cosmic time,
whilst the COB measures the light directly emitted by stars and unobscured AGN; a significant piece of the integrated light
of the Universe is missed if we neglect the IR. The solid line traces the CIRB spectrum predicted by the galaxy evolution
model of Franceschini et al. (2010). The data points can alsobe found in this paper.(b) Right Panel: A composite plot of
the evolution of the star formation rate (SFR) density and black hole accretion rate (BHAR), adapted from Marconi et al.
(2004).The BHAR is competed from X-ray data. In color, we show the redshift range for which each IR telescope can
provide BH mass estimates using the MIR fine structure lines (see Section 1.6.4).

selected galaxy samples that bridge IR and submm-selected sourceswill enable us to obtain a more coherent
picture of high-zgalaxies. Herschelhas certainly contributed to resolving these issues, but its sensitivity only
enables the connection to be made for the brightest sources rather than the more typical galaxies which will be
studied in detail withSPICA-SAFARI.

The integrated luminosity of the (U)LIRG population accounts for the majority of the cosmic infrared
background (CIRB, Dole et al. 2006; Devlin et al. 2009; Berta et al. 2010,Berta et al 2011, submitted), the
infrared component of the extragalactic background light.Yet this population is insignificant in the optical.
Shown in Figure 1.13a is a plot of the extragalactic background light from optical to millimetre wavelengths.
The two peaks in the energy density – the peak in the CIRB whichincludes reprocessed light emitted by
dust, and the peak in the optical (the cosmic optical background, COB), which is made up of contributions
from stellar processes – are of approximately equal height,further underscoring the importance of galaxy
evolution studies in the IR.

Locally, the galaxies with IR luminosities exceeding 1012 L⊙ are predominantly associated with mergers
of comparable mass spirals instead (Dasyra et al. 2006).At high z, high IR luminosities can be achieved
both via galaxy mergers and accretion of cold gas via coolingflows (Powell et al. 2011). Recent studies of
the global infrared continuum and molecular gas propertiesof galaxies in the local and high redshift Universe
suggest that, independent of resdhift, mergers and non- or weakly-interacting star-forming galaxies follow two
separate Kennicutt-Schmidt relations (ΣSFR ∝ ΣN

H2
), with similar exponents N≃ 1.1–1.2, but different normal-

izations (Genzel et al. 2010; Daddi et al. 2010; Graciá-Carpio et al. 2011).The properties that regulate the
two different star formation efficiencies of the gas are not yet understood.The two modes (merger-driven
versus cold-accretion) of star formation could be also identified in the correlation between the star formation
rate and the stellar mass of galaxies, found to exist for bothlocal Universe and high-z galaxies (e.g. Elbaz et al.
2007; Noeske et al. 2007; Santini et al. 2009). The normalization of this star-formation rate vs stellar mass
correlation changes with z. The average specific star formation rate (sSFR=SFRM⋆) increases by a factor of
∼ 20 from z ∼ 0 to 2.5 (Daddi et al. 2007), revealing a more intense star formation process in the past. It is
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unclear whether the sSFR continues to increase between 2.5< z <7 (e.g. Schaerer & de Barros 2010) or not
(Stark et al. 2009; Labbé et al. 2010). A constant sSFR for galaxies atz > 2.5 poses serious difficulties to
current galaxy-formation models that favour baryonic coldaccretion as the dominant mode of star formation
in the early Universe (Bouché et al. 2010; Dutton et al. 2010; Weinmann et al. 2011), and which are otherwise
supported by some observations (Dekel et al. 2009; Bournaudet al. 2011).

Another important discovery of modern astrophysics that has changed our perspective of galaxy evolution
is that the naive picture of hierarchical galaxy formation is often inconsistent with observations. This can
be summarised using simple key words such as the “downsizing” or “bimodality” of galaxies (Cowie et al.
1996). “Downsizing” evidence has been found, for example, in the assembly of the stellar populations of
massive galaxies, which was very efficient at z>2 (e.g., Fontana et al. 2006; Pérez-González et al. 2008;
Marchesini et al. 2009), and the production of metals, whichalso indicates that the most massive galaxies
formed early and fast in the history of the Universe (Thomas et al. 2005), i.e., with high SFRs. This contradic-
tion reflects a major limitation of our theoretical framework for the behaviour of baryons within dark matter
halos, that only observations of large galaxy samples, beating the effects of cosmic variance, will enable us to
address. Probing the range betweenz∼1 andz∼4 and analyzing the galaxies with high SFRs at those redshifts is
particularly important. In this sense,SpitzerandHerschelhave helped in characterizing ULIRGs atz=2–3, but
the bulk of the star formation at these redshifts is thought to take place in LIRGs (Pérez-González et al. 2005;
Reddy et al. 2008; Rodighiero et al. 2010), andz=3–4 is still a largely unexplored territory for IR surveys,
although we know stellar mass functions evolved significantly at those epochs (Pérez-González et al. 2008;
Marchesini et al. 2009).

1.6.2 Major goals of SAFARI

In the framework of galaxy formation and evolution, severalkey questions remain open when attempting to
reconcile observational data with models. SAFARI is designed to help us:

• Provide, for the first time, a complete census of the star formation history of galaxies over the last 90% of
the age of the Universe, by measuring dust-obscured star formation down to the limits at which galaxies
become optically thin, and redshifted ultra-violet light becomes a robust tracer of star formation.

• Investigate how and when normal, quiescent galaxies such asour own form, and how they are related to
(U)LIRGs.

• Address what drives the evolution of the massive, dusty distant galaxy population, and what physical
processes are responsible for making the mass (and luminosity) function(s) of galaxies differ considerably
from that of dark-matter halos.

• Resolve the individual sources that make up the cosmic infrared background. Herschel-PACS has directly
resolved only 58 and 74% of the CIRB at 100µm-160µm wavelengths respectively, mostly limited by
the confusion, dominating the performance ofHerschellong-ward of 100µm.

• Unveil the population of heavily obscured active nuclei responsible for the missing half of the cosmic
X-ray background (CXB) at its peak around 30 keV.

• Estimate the growth rate of these obscured black holes and derive the history of black hole accretion
through cosmic time up toz∼4–5.

• For the first time from the IR assess the masses of black holes in obscured systems and create black hole
mass functions up toz∼4.

• Study the bimodality of star formation at intermediate and high-z, and investigate whether it is accompa-
nied by a similar bimodality of black hole growth.
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• Test whether environment or feedback effects can significantly alter the interplay between the AGN and
star-formation phases.

• Determine the warm molecular mass content of intermediate and highzgalaxies, as probed by either H2

and high-J CO lines and study the origin of its excitation.

• Compare the warm-to-cold H2 gas fraction in galaxies with redshift, and assess the role of H2 as a major
cooling mechanism for the first galaxies.

In Sections 1.6.3 and 1.6.4 we describe the best observational technique to address the above questions and
we describe the specific role of the SAFARI spectrometer. In Sections 1.6.5 and 1.6.6 we further elaborate on
specific scientific questions that SAFARI will address through spectroscopic and photometric surveys, respec-
tively. In Section 1.7 we place SPICA/SAFARI in context with the other IR/submm large facilities and, finally,
in Section 1.8 we describe goals that will be uniquely achieved by SAFARI.

1.6.3 The observational key: mid-/far-IR imaging spectroscopy

Two key requirements need to be met to address these questions: first, we need access to the mid-/far-IR
to overcome the obscuring effects of dust and to fingerprint and track both star formation and AGN activ-
ity through cosmic time. Second, we need an imaging capability combined with a spectroscopic capability
to undertake the large-scale surveys required to locate andstudy these dusty sources during their evolution.
These two requirements translate into high sensitivity, large instantaneous spectral coverage and spectroscopic
imaging capabilities. SPICA provides all of these. In the remainder of this section we demonstrate how these
instrumental features will address the science questions posed above.

A wide field imaging capability with broad instantaneous spectral coverage provides the key to sur-
veying large areas of the sky, so tracing, in an unbiased way, galaxy evolution in large numbers of objects.
Substantial areas and numbers of objects (several thousands) are even more needed for investigating the evo-
lution of galaxies as a function of environment. By the time SPICA is launched, the deep cosmological
surveys undertaken in the past by ISO, AKARI andSpitzerand those currently being done withHerschel
(e.g. Berta et al. 2010; Gruppioni et al. 2010; Eales et al. 2010b; Clements et al. 2010; Oliver et al. 2010;
Vaccari et al. 2010) will have produced catalogues containing the fluxes of many tens of thousands of faint
MIR/FIR/submm sources. Photometric surveys can be used to determinesource counts and to establish the
contribution to the extragalactic background of the observed populations at the given wavelength. However,
to derive source luminosities, a reliable estimate of the source redshift is required, and this is most reliably
obtained from spectral lines. IR-selection of AGN is a powerful way to identify heavily obscured nuclei missed
in even the deepest X-ray surveys (Lacy et al. 2004; Stern et al. 2005; Alonso-Herrero et al. 2006; Donley et al.
2007, 2008). However, photometric data alone do not allow usto unambiguously differentiate between AGN
and star formation activity. Moreover, IR-selected AGN candidates still require spectroscopic confirmation; as
seen in theSpitzerFLS survey (Lacy et al. 2004) the simple mid-IR colour criteria used for theSpitzerIRAC
Shallow Survey select over 90% of the spectroscopically identified type 1 AGN, but only 40% of the more
numerous type 2 AGN (Stern et al. 2005).

Substantial progress in studying galaxy evolution therefore can only be achieved by using directmid- to
far-IR spectroscopic surveys, which will provide measured (rather than estimated) redshifts and also un-
ambiguouslycharacterise the detected sources, by measuring the AGN and starburst contributions to their
bolometric luminosities over a wide range of cosmological epochs. The essential difference between the pho-
tometric surveys thatHerschelis performing and those that could be tackled by the SAFARI far-IR imaging
spectrometer is the capability of obtainingunbiased spectroscopic datain a rest-frame spectral range that
has been shownin the local Universe to be highly unaffected by extinction andto contain strong unambigu-
ous signatures of both AGN emission and star formation.

Hot and young stars and black hole accretion discs show strong differences in the shape of their primary
ionising continuum. However the far-UV continuum, dominating the total bolometric output luminosity in both
processes, is in general not observable directly, due to absorption by HI and, at longer wavelengths, by dust. In
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both stabursts and AGN a fraction (10-20%) of the ionising continuum is absorbed by gas and then re-radiated
as line emission. Detecting the exact fraction of the ionising radiation absorbed by the gas surrounding the
powering sources is in fact not as efficient for probing the energy production mechanism as using emission line
ratios: it is the emission lines from the photoionised gas that are the best tracers and discriminators of accretion
and star formation processes (see, e.g., Osterbrock & Ferland 2006). In order to overcome heavy extinction,
emission lines in the mid- to far-IR should be used to probe obscured regions. Mid-/far-IR imaging spectroscopy
is therefore able to track galaxy evolution throughout cosmic times in an unbiased way by minimizing dust
extinction.

The rest-frame mid-IR waveband contains several emission lines and spectral features (Figure 1.14a) which
measure the contributions from AGN and star formation to theoverall energy budget. These features do not
suffer the heavy extinction that affects the UV, optical and even the near-IR lines, and therefore provide an al-
most unique insight into highly obscured regions (Spinoglio & Malkan 1992). ISO demonstrated that the ratios
of emission lines tracing the hard UV field found in the narrowline region of AGN (e.g., [Ne], [O ], [Ne])
to those tracing stellar HII regions (e.g., [S], [Ne ]) versus the strength of the PAH emission features – indi-
cators of star formation – define a diagram which separates star-forming from AGN-dominated galaxies (e.g.,
Genzel et al. 1998, Figure 1.15a).Spitzerobservations have further extended these results (Armus etal. 2007;
Smith et al. 2007; Tommasin et al. 2008, 2010). They have further enabled the calibration of the (luminosity-
corrected) line widths to the masses of black holes (, Dasyraet al. 2011, ApJ, submitted, Figure 1.15c) and the
calibration of the bolometric infrared luminosity to the luminosities of lines that can be used as star-formation
tracers, e.g., the [Ne]12.8µm, [S]34µm, and [Si]35µm lines, several PAH features (e.g., 7.7µm, 8.6µm,
11.25µm) and the H2 pure rotational lines (Wu et al. 2010, Spinoglio et al. 2011,ApJ submitted).

Pioneering spectroscopy of a handful of nearby star-forming galaxies and AGN with ISO-LWS (Fischer et al.
1999; Braine & Hughes 1999) has demonstrated the importanceand diagnostic power of the rest-frame far-IR.
Shown in Figure 1.14b are ten different spectra that have been observed: from strong atomic/ionic fine-structure
line emission originated in photon dominated regions (PDR)and HII regions, to spectra showing strong molec-
ular and even atomic absorption lines. ISO observations show, for example, that far-IR fine structure lines ( e.g.
the line ratio diagram of [C]/[O ] vs. [O ]/[O ]) can be used to separate starburst and AGN (Spinoglio et al.
2003). It has been seen in Arp220, Mrk231 and NGC1068 that molecular emission lines can be used to probe
the spatial extent and the geometry of the far-IR continuum in the centres of galaxies (González-Alfonso et al.
2004, 2008; Spinoglio et al. 2005). The high excitation lines of OH and H2O provide constraints on dust opac-
ity models. Within this context, recently PACS spectra haveshown that blueshifted OH and H2O absorption
lines can reveal massive molecular outflows, likely tracingAGN feedback onto the host galaxy (Fischer et al.
2010). High-J lines of CO can be used to detect the XDR in the circumnuclear region of AGN, as recently
shown by Herschel (van der Werf et al. 2010); these can trace the physical conditions of the molecular gas in
the circum-nuclear region.Herschel-PACS is observing 55-210µm spectra of a few local galaxies and con-
firm the diagnostic power of the far-IR molecular and atomic lines, thus locally calibrating the future SPICA
observations of distant galaxies.

1.6.4 The role of SPICA-SAFARI

The SAFARI instrument onboard SPICA will survey the Universe in a most efficient way for studies of galaxy
formation and evolution with a 3.2m class telescope in space. With its broad instantaneous spectral coverage
and high sensitivity, it will cover the 34 – 210µm band in a few thousandths of the time thatHerschel-
PACS takes to obtain a deep spectrum of comparable resolution. SAFARI will detect key mid- and far-IR
lines from distant galaxies and use the mid-/far-IR diagnostics that have been revealed and calibrated by Spitzer
andHerschelin the local Universe. At a redshift ofz ∼ 1 the rest-frame 11 – 35µm range, very rich in ionic
fine structure lines as well as H2 rotational lines (see Figure 1.14a,b), moves to 22 – 70µm (and starts being
observable with SAFARI). Byz ∼ 2, it moves out to 33 – 105µm, which is entirely covered by SAFARI, and
it will still be in the SAFARI spectral range out to az∼ 6.

The wide SAFARI FOV of 2′ × 2′ will make it possible for the first time to collect blind spectroscopic
surveys(Figure 1.16a),wide and deep enough to measure the underlying physical processes driving galaxy
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Figure 1.14: (a) Left panel: An illustration of mid-IR spectra, and their lines and features that can be seen in Seyfert
type-1/type-2 AGN (Tommasin et al. 2010), a starburst galaxy (Brandl et al. 2006) and a heavily obscured ULIRG (Sturm,
priv. comm.). The strongest of these lines will be detectable with SAFARI in a single 1-hr observation. Superposed onto
the plot is the fraction of the waveband that will be accessible to SAFARI at z∼ 1, z∼ 2 and z∼ 3. The spectra have been
normalised at∼ 27µm. (b) Right panel: The full ISO-LWS spectra of ten local galaxies, illustrating the range of emission
line strengths observed. The spectra have been offset vertically and plotted as a sequence (bottom-to-top) ofincreasing
obscuration (Fischer et al. 1999).

evolution out to z ∼ 4 and, in the most luminous/lensed objects, to even higher redshift. By comparing blind
surveys with those targeted around known, high-z objects, we will be able to determine the role of environment
on galaxy evolution. We will see in the following sections that SAFARI will detect the brightest mid-IR lines
to z ∼ 2 in intermediate luminosityobjects in a 1 hour integration (see also Figure 1.16b). Thisshould be
compared with Herschel-PACS, which only has the sensitivity to detect the very brightest mid-IR (and far-
IR) lines in several hours of integrationper line on the most luminous objects atz ∼ 1. Photometrically,
SAFARI will have the sensitivity to undertake very deep large-area, confusion-limited surveys at e.g., 70µm
(see Figure??), detecting all galaxies withLIR ≥ 1011 L⊙ at a redshift ofz= 2, all those withLIR ≥ 5×1011 L⊙
at a redshift ofz = 3 and the most luminous IR galaxies (LIR ≥ 1012 L⊙) out to z = 4, as well as the Milky
Way-type populations (LIR ∼ 1010 L⊙) out toz∼ 1.

1.6.5 Spectroscopic cosmological surveys with SAFARI

Requirements and predictions

While Herschelis spectroscopically identifying only local galaxies and AGN or rare, extremely bright and
lensed galaxies at highz (Sturm et al. 2010c; Ivison et al. 2010), the spectroscopic capabilities of SAFARI will
allow us to perform, for the first time and in a very efficient way, deep spectroscopic surveys up to high redshifts
(z∼4).
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Figure 1.15: (a) Left panel: An example of how the combination of mid-IR line/feature emission can be used to determine
the relative importance of AGN- and starburst-activity in IR-luminous galaxies in the local Universe (Genzel et al. 1998).
(b) Middle panel: Line ratio diagram of [OIV]26µm/[SIII]33.5µm vs [NeV]24.3µm/[SIII]33.5µm for local Seyfert and
ULIRGs. Data for the Seyfert galaxies are from Tommasin et al. (2008, 2010) and for the ULIRGs from Armus et al.
(2007). Open symbols represent upper or lower limits. This diagram is able to quantify the percentage of AGN and
starburst emission in the mid-IR continuum luminosity (Tommasin et al. 2010), as can be seen from the horizontal dashed
lines. (c) Right panel: Calibration of the luminosity-corrected velocity dispersions of MIR fine-structure lines to the
known black-hole masses in local AGNs (Dasyra et al. 2011, ApJ, submitted). A similar calibration has also been
presented for [NeV].

To demonstrate that high redshift galaxies can indeed be detected with SAFARI, we have predicted the
line intensities as a function of redshift (in the rangez=0.1–5) for local galaxies evolved back in cosmic time.
We have chosen three local template objects with measured mid- and far-IR spectra: NGC1068, the prototyp-
ical Seyfert 2, a Hidden Broad Line Region (HBLR) galaxy containing both an AGN and a strong starburst;
NGC6240, a bright starburst with an obscured AGN (Iwasawa & Comastri 1998); and M82, the prototypical
starburst galaxy. The infrared line intensities have been taken from Alexander et al. (2000) and Spinoglio et al.
(2005) for NGC1068, Lutz et al. (2003) for NGC6240 and Förster Schreiber et al. (2001) and Colbert et al.
(1999) for M82. To predict the line intensities as a functionof redshift, we assumed that they scale with the
bolometric luminosity, adopting a luminosity evolution ofthe formLν ∝ (z+ 1)2, consistent with theSpitzer
results at least up to redshiftz=2 (Pérez-González et al. 2005). Figure 1.16b shows the predicted intensities
of a selection of fine-structure emission lines that trace AGN, stellar ionisation and PDR regimes. These have
been plotted as a function of redshift for the three templates. It is clear from the figure that theHerschel-PACS
spectrometer will be able to observe only the brightest object (NGC6240) up toz ∼ 2 in the brightest line
([O ]63µm). In contrast, the SAFARIgoal sensitivity (5σ-1hr of 2− 4 × 10−19 W m−2, depending onλ, at
R ∼ 2000) will enable us to detect, simultaneously– in a single observation –tracers of both AGN and star
formation activity and to determine redshifts even in low luminosity objects out toz ∼ 1 − 2 for most lines,
and even higher redshifts for the brightest lines. Line diagnostic diagrams, such as the one shown in Fig-
ure 1.15a (using the [O]25.9µm, [Ne]24.3µm and [S]33.5µm lines) can readily separate AGN-dominated
and starburst-dominated galaxies. Critically, these redshifted mid-IR linesall fall into the SAFARI waveband
at redshifts ofz≥ 0.4.

With the aim of demonstrating the feasibility of large-scale spectroscopic cosmological surveys in the far-
IR with SAFARI, we have estimated the number of galaxies at different redshifts that can be detected in one
single field of view of 2′ × 2′ (Spinoglio et al 2011, ApJ, submitted). To do this, we used the following method:
we identified the best available star formation and AGN activity spectroscopic tracers in the rest frame mid- to
far-IR. We have computed the correlations between the line and the continuum far-IR luminosity using samples
of galaxies in the Local Universe for which we have reliable and complete spectroscopic mid- to far-IR data; we
have used three different galaxy evolution models linked to the galaxy counts and luminosity functions observed
in the various IR bands by the latest and current missions (Spitzer, AKARI and Herschel) to predict the total
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Figure 1.16:(a) Left panel: A 5′ × 5′ region taken from an off-source part of a 250µm ESA SPIRE publicity image, with
the2′×2′ FOV of SAFARI outlined (credit: ESA and the SPIRE consortium). With its spectral imaging capability, SAFARI
will be able to obtain spectral information covering the full 34− 210µm range, in multiple sources, simultaneously – in
a single pointing;(b) Right panel: Line predictions and their observability with SPICA. A fewselected diagnostic lines
are shown as a function of redshift for the three template objects M82, NGC1068 and NGC6240 (from top to bottom).
Luminosity evolution of the form Lν ∝ (z+1)2 has been assumed. Line intensities are given in W m−2. The long dashed lines
give the 5σ, 1 hour sensitivities of SPICA-SAFARI. For comparison, theexpected sensitivities of the SPICA-MIRACLE
and MIRI spectrometers are indicated with dash-dotted lined and short dashed lines.

far-IR luminosity functions up toz∼4. Finally, we have transformed the continuum luminosity functions (in the
range ofz=0–4) into line luminosity functions for the chosen spectroscopic tracers. Given the sensitivity and
the field of view of the SAFARI spectrometer, we were able to derive the number of sources detectable in each
infrared line as a function of redshift. Considering an effective diameter of the SPICA telescope of Dtel = 3.0 m
and an NEP of 2× 10−19W/

√
Hz for the SAFARI detectors, the 5σ, 1 hour detection limits for an unresolved

line at R∼ 2000 are predicted to be: 4.16, 2.58, 1.89 and 2.48×10−19Wm−2 for the four planned spectral bands
centred at 48, 85, 135 and 160µm, respectively.

Three different and independent galaxy evolution models (Gruppioni et al 2011, MNRAS, in press, Franceschini et al.
2010; Valiante et al. 2009) predict about 6–12 sources (depending on the model) to be spectroscopically de-
tected in more than one line at a 5σ level in a 2′ × 2′ SAFARI field of view, at redshifts reachingz≃3 (Spinoglio
et al 2011, ApJ, submitted). These estimates confirm that in adeep SAFARI survey of 450 hours covering 0.5
deg2 (1800 arcmin2), with 1 hour integration per field of view, we will detect thousand of sources in the key
mid-/far-IR tracers that will identify the energy sources powering the detected galaxies. We report in Table 1.1
the number of sources detectable in such a survey in the infrared lines and features. The brightest lines for
any model are those mainly excited in starburst galaxies, namely [OI]63µm and [SiII]35µm. However the
[OIII]88µm line is also bright, followed by the [OIV]26µm line, which are typical of AGN dominated galaxies,
while being contaminated by HII region emission. On the other hand, the [NeV] lines, which are exclusively
produced in AGN, are relatively weaker. To detect them at high-z, deep surveys will be needed. An analysis
of the results of Table 1.1 shows that 1800–3150 sources can be detected simultaneously in four lines at 5σ,
depending on the adopted model. This number increases to 2250–3600 and 2700–5400 sources in three and
two lines, respectively. If we allow 3σ detections, the number of detected sources increases by a factor two on
average.



34 Chapter 1. Scientific Objectives

Table 1.1: Simulated spectroscopic survey: number of galaxies detectable in a 0.5 deg2 survey in mid- and far-IR
lines and features at 5σ (3σ) in a total observing time of 450 hr

# Line/Model Gruppioni et al (2011) Franceschini et al (2010) Valiante et al (2009)

1. PAH(11.25µm) 170 (375) 715 (1277) 1491 (3747)

2. [NeII] 12.81µm 162 (397) 228 (507) 42.3 (201)

3. [NeV] 14.32µm .... 60.7 (207) ....

4. [NeIII] 15.55µm 121 (245) 113 (423) 179 (507)

5. [SIII] 18.71µm 67.0 (152) 55.8 (177) 6.3 (26.5)

6. [NeV] 24.32µm 143 (318) 37.8 (177) ....

7. [OIV] 25.89µm 638 (1208) 232 (631) 933 (1961)

8. [SIII] 33.48µm 850 (2061) 1753 (3307) 1104 (2553)

9. [SiII] 34.81µm 2224 (4159) 2713 (4738) 3037 (5836)

10. [OIII] 51.81µm 1929 (3962) 2983 (5076) 3883 (8100)

11. [NIII] 57.32µm 625 (1461) 567 (1613) 973 (2351)

12. [OI] 63.18µm 5422 (8496) 5611 (8905) 8896 (14679)

13. [OIII] 88.35µm 3028 (5062) 4274 (6682) 5121 (9490)

We have assumed a redshift-independent relation between line and continuum luminosity: if, however, the
lines evolve more strongly with redshift than the continuum, then the number of sources that will be detected
by SAFARI in blind surveys would increase significantly, particularly at high redshift.

Science cases

We now present examples of specific science questions that SAFARI will enable us to address.

Querying for the obscured AGN missing from the X-ray background

The combination of IR and X-ray survey data has indicated that the number density of accreting black holes
is significantly lower than that of highly star-forming galaxies throughout cosmic history (Marconi et al. 2004;
Merloni et al. 2010). This result can pinpoint a missing population of obscured AGN if black holes and galax-
ies coevolve. Indeed,the most extreme population of obscured AGN is missed by the deepest current-
generation X-ray surveys, even in hard X-ray bands, as it is composed of Compton-thick sources. For
example, the prototype Compton-thick AGN, NGC 1068, would be missed abovez = 0.5 even in 2 Ms with
Chandra. The fraction of unidentified AGN responsible for the cosmicX-ray background at 30 keV is substan-
tial (Comastri et al. 1995; Gilli et al. 2001, 2007b,a; Treister et al. 2009). Observations at mid-IR wavelengths
often provide the only means to reliably identify such AGN. Akey AGN signature at those wavelengths is the
emission of fine structure lines from ions of high ionizationpotential.The [Ne]14.3µm line, for example, is
a reliable tracer of gas clouds photoionized by an AGN, sinceit is emitted from an ion of 97 eV. [Ne]
was detected in NGC6240 (Armus et al. 2006), which has a buried active nucleus as seen byChandrain the
X-rays (Komossa et al. 2003) even though its mid-IR continuum resembles those of starburst galaxies. The
[O ]25.89µm line can also be used for the same purpose, even though a small contribution to its luminosity
can come from star-forming complexes.In addition to a tracer of AGN activity, a tracer of high colum n
density can be used for the efficient identification of obscured AGN in the mid-IR. This role can be played
by the broad 9.7µm silicate absorption feature, typically seen in absorption in type 2 AGN (Shi et al. 2006).
Georgantopoulos et al. (2011) found that∼2/3 of the local AGN selected at 12µm that are optically thick (τ>1)
at 9.7µm are Compton thick.Spitzerspectroscopic surveys have used this feature to identify sizeable samples
of obscured AGN atz < 3 (e.g., Weedman et al. 2006; Georgantopoulos et al. 2011). Using the above tracers,
SAFARI will characterize AGN and starburst populations at high-z, through mid-IR rest frame spectroscopy.
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Accretion history of the Universe and black hole masses in obscured environments

Fine structure lines from ions of high ionization potential can be used not only to reveal previously un-
known AGN populations (Goulding & Alexander 2009), but alsoto quantify various properties of the black
holes driving their activity. The luminosities of such lines (e.g., [O]) correlate with the AGN X-ray lumi-
nosity, indicating that theyare good tracers of the rate of accretion onto the black hole(Meléndez et al.
2008; Rigby et al. 2009). Althought the [O] emission line is also detected in a large number of star-forming
galaxies, it is only when the AGN bolometric contribution isbelow 5% that star-formation activity would dom-
inate the [O] emission (Pereira-Santaella et al. 2010). The construction of luminosity functions from such
high ionization lines (Tommasin et al. 2010) can be used as a means of studying the accretion rate history of
the Universe that is an alternative to X-rays.The widths of the same linesdepend on the kinematics of the
clouds that they probe, determined by either the gravitational potential out to a radius that the AGN luminosity
dictates, or by AGN feedback effects. Theycan be used to weigh the masses of black holes(Dasyra et al.
2008, 2011, ApJ, submitted, Figure 1.15), permitting the creation of black hole mass functions that include
obscured AGN with SAFARIout to redshift of 4 using the [O] 25.89µm line.

AGN feedback: outflows of molecular gas in warm and cold phases

Mass outflows driven by stars and active galactic nuclei are akey element in many current models of galaxy
evolution. They may produce the observed black hole-galaxymass relation and regulate and quench both star
formation in the host galaxy and black hole accretion (“negative mechanical feedback”; e.g. Veilleux et al.
2005, for a review). This would create a population of red gas-poor ellipticals, thereby explaining the bimodal
colour distribution observed in large galaxy surveys (e.g., Kauffmann et al. 2003).Finding observational
evidence of such feedback processes in action is one of the main challenges of current extragalactic as-
tronomy. The first systematic and conclusive evidencefor outflows of moleculargas, i.e. the gas component
from which stars are formed, has recently been found with theHerschelPACS spectrometer. The massive
molecular outflows reveal themselves as P Cygni profiles of the far-IR lines of OH and water (Fischer et al.
2010; Sturm et al. 2011). The detection of broad wings in the CO(J=1-0) line (with velocities of several hun-
dreds km/sec), spatially resolved on the kiloparsec scale (Feruglioet al. 2010), confirmed the PACS result for
the brightest local ULIRG Mrk231. Moreover, extended wings(of ± 400km s−1) in multiple molecular lines
have been detected with CARMA in NGC 1266 (Alatalo et al. 2011), recently classified as an AGN from optical
spectroscopy (Moustakas & Kennicutt 2006), making this galaxy another candidate for AGN feedback. Beside
the systematic search of outflows in complete samples of galaxies and AGN through far-IR lines of water and
OH, SAFARI will be able to detect asymmetric H2 line profile wings, characteristic of outflows in AGN.Spitzer
high-resolution spectroscopic observations have demonstrated the feasibility of such studies, confirming that
feedback can significantly affect the H2 gas in its warm phase (Dasyra et al. 2011b, in preparation). When
compared to CO observations, the SAFARI data will allow us tostudy the the relative role of feedback on gas
in the cold vs warm phase.

Molecular content evolution of the Universe

Molecular hydrogen (H2) is the most abundant molecule in the Universe and plays a fundamental role in many
astrophysical contexts (e.g. Dalgarno 2000) It is found in all regions where the shielding of the ultraviolet (UV)
photons, responsible for its photo-dissociation, is sufficiently large (i.e. where AV ≥ 0.01 mag).H2 makes up
the bulk of the mass of the dense gas in galaxies and could represent a significant fraction of the total
baryonic mass of the Universe. It is key in our understanding of the interstellar medium.Its formation on
grains initiates the chemistry of the interstellar gas. Its emission lines provide insight into the conditions
of its excitation in photodissociation regions (PDRs), in X-ray dissociation regions (XDRs), or in regions with
strong shocks. Lines from other cooling transitions, including those of the HD molecule, are also in the spectral
range covered by SAFARI, although these are expected to be weaker than H2 lines (Mizusawa et al. 2005).

Detection of the pure rotational lines of H2 will be feasible for variousz ranges in deep SAFARI surveys.
Based on detections of H2 in nearby galaxies, we find that the power emitted in the two H2 lines S(0) (28.2µm)
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and S(1) is typically around 20–25% of that found in the mid-IR lines of [Si] or [S ]. For disc galaxies
(Roussel et al. 2007), this corresponds to about 3-3.5×10−4 of the total infrared power. Large molecular H2

reservoirs in high-z galaxies are expected because of the correlation found between H2 and PAH emission in
local galaxies (Rigopoulou et al. 2002; Roussel et al. 2007). To date, H2 has only been detected in stacked
spectra of z ∼ 1 galaxies(Dasyra et al. 2009). PAHs are ubiquitous in high-z galaxies (Valiante et al. 2007;
Sajina et al. 2008; Pope et al. 2008; Huang et al. 2009; Dasyraet al. 2009), and if the PAH-H2 correlation holds
at higher redshifts, we could see up to 7 sources per SAFARI field of view in the S(1) line, out toz< 3. Spitzer
observations of distant radio galaxies (Egami et al. 2006; Ogle et al. 2007), have also unveiled a class of objects
termed “H2 luminous galaxies” whose spectra are dominated by H2 rotational lines. The lack of detection of
PAH emission and hydrogen recombination lines, ruling out UV fluorescence as a possible excitation mech-
anism, indicates that H2 is produced by shocks which deposit huge amounts of kinetic energy into the ISM.
These H2 luminous galaxies may represent a population at high redshifts where interactions and mergers are
more common. Theoretical work (Mizusawa et al. 2005) predicts that in these galaxies the S(1) (17µm), S(2)
(12.3µm) and S(3) (9.6µm) should have luminosities in excess of 1035 erg s−1 and thus within the reach of deep
SAFARI surveys.The role of the H2 emission as a contributor to the cooling of astrophysical media is even
more significant in the Early Universe. The first generation of stars form by the gravitational collapse
of primordial clouds induced by H2 line cooling (e.g. Saslaw & Zipoy 1967). Therefore, very high-z objects
should be bright in the mid-IR H2 lines. We further elaborate on this science case in Section 1.8.

The diagnostic power of the PAHs for studying star formationevolution

The ability of theUV-excited PAH bandsto trace star formation has been demonstrated for local galaxies
(Soifer et al. 2002; Peeters et al. 2004). The ratio of the different PAH band fluxes has been related to star
formation activity for a wide variety of galaxies (Gallianoet al. 2005, 2008), while the ratio of PAH emis-
sion strength to the underlying continuum has been used to disentangle star-forming and AGN contributions
(Brandl et al. 2006).SpitzerIRS spectra (Sajina et al. 2008; Menéndez-Delmestre et al.2009; Siana et al. 2009;
Dasyra et al. 2009; Fadda et al. 2010) toz> 2, including sources as faint asS(24µm) ∼ 100µJy. The detection
of PAHs out toz ∼ 2.5 suggest similar dust properties, and thus that significantenrichment of the ISM has
already taken place byz ∼ 2.5 (e.g., Swinbank et al. 2004). This result raises questions. When did the bulk of
dust production and evolution occur? Was dust mainly provided from AGB stars or also from other sources,
such as supernovae or AGN winds (Maiolino 2007)?

Moreover, IRS spectra have shown thatthe equivalent widths of PAHs inz>1 galaxies can be elevated, or
even unmatched, when compared to those in their local analogues (Rigby et al. 2008; Dasyra et al. 2009). Both
Spitzerspectra (Farrah et al. 2008; Menéndez-Delmestre et al. 2009) and ground-based submillimetre spectra
(Hailey-Dunsheath et al. 2008) have further demonstrated that the emission from ULIRGs at z ∼ 1 − 2 is
markedly different from that observed in local ULIRGs, instead resembling that seen in lower lumi-
nosity starburst galaxies. This result can be understood if the high-redshift ULIRGs represent vigorous star
formation extended over a few kiloparsecs, rather than the sub-kpc bursts that power local ULIRGs, and may
be a consequence of the higher gas mass fractions present at these earlier epochs (Tacconi et al. 2010).

The increased sensitivity provided by SAFARI will allow studies to encompass large samples at high red-
shift. A wide-field, spectrophotometric survey with SPICA over an area of 1/4 the size of the COSMOS
field (0.5 deg2) would yield spectra of∼ 5000high-zgalaxies in 500 hours. This is a factor of 10 more than
the total number of high-zgalaxies observed withSpitzerIRS, over the whole 5-years mission lifetimeand
a significant increase on those that will be observed by JWST.

Metallicity evolution of the Universe

Beside the rest-frame fine-structure mid-IR lines, useful for studying dust enshrouded AGN- and starburst-
dominated galaxies, the oxygen lines of [O]52µm, [O ]88µm and the nitrogen [N]57µm line can be
used to measure the metallicity of the gas in galaxies (Nagaoet al. 2011). The importance of low metallicity
at high redshift is highlighted in recent studies of gamma ray burst hosts (Chen et al. 2009), Lyman-Break



1.6. Galaxy evolution 37

galaxies (Maiolino et al. 2008) and damped Ly-α systems (Pettini et al. 2003, 2008), which all bear the tell-tale
hallmarks of low redshift, low metallicity dwarf galaxies.SAFARI can detect these (nearly reddening free)
lines out toz∼1.4 even in galaxies with modest SFR (Nagao et al. 2011) and, therefore, will enable us to trace
the metallicity evolution of galaxies through the cosmic epochs in an unbiased way.

Spectroscopy of faint galaxy populations through gravitational lensing

The strong gravitational lensing of distant Universe galaxies by intervening galaxy clusters has been exploited
at many wavelengths in order to push the luminosities and redshifts out to the farthest limits. In the IR/sub-
mm, lensing clusters act as transparent lenses, and clustersurveys at these wavelengths have been particularly
powerful at pushing below the confusion limits of sub-mm surveys (e.g., those with SCUBA on JCMT) to
constrain the faint end of the source counts (Smail et al. 1997; Blain et al. 1999) and opening up the study
of not only some of the most distant objects, but also of thosethat are less extreme at slightly more modest
redshifts (Knudsen et al. 2006).

With Herschel, observations of gravitationally lensed galaxies are generating exciting results. In ad-
dition to cluster-lensed galaxies (Egami et al. 2010; Rex etal. 2010), galaxy-lensed sources are also play-
ing an important role with Herschelbecause wide-field surveys likeHerschel-ATLAS (Eales et al. 2010a)
is efficient in finding such systems (Negrello et al. 2010). Note that the apparent brightness of these lensed
Herschelsources are quite high, with peak flux densities above 100mJy, allowing a variety of follow-up ob-
servations. Among the gravitationally lensed galaxies studied so far, the most spectacular is the cluster-lensed
z= 2.3 galaxy discovered through the APEX/LABOCA observations of the cluster MACSJ2135-0201 (z= 0.3)
Swinbank et al. (2010). This galaxy is so bright (430mJy at 350µm) that evenHerschel/SPIRE spectroscopy
was able to detect the [C II] 158µm line (Ivison et al. 2010).With SAFARI, it will become possible to study
many more lensed galaxies spectroscopically, allowing us to probe the physical properties of faint/distant
galaxies that are simply beyond our reach without the benefitof lensing amplification.

Clustering and first large scale structures

The source detection estimates presented in previous subsections for spectroscopic surveys assume random
Poissonian distributions of galaxies through the various cosmic epochs. However, extragalactic sources are
known to be clustered. Significant clustering has been measured in high-redshift (z∼ 1-3) Spitzergalaxies
(Farrah et al. 2006b; Magliocchetti & Brüggen 2007; Magliocchetti et al. 2008; Farrah et al. 2006a), with a
strength which increases with redshift, as might be expected. Comparisons with theoretical models have pro-
vided a direct estimate of the dark matter mass of such sources, and the derived values (M ∼ 1013 M⊙) indicate
that luminous-IR galaxies atz∼ 2 are most likely the progenitors of the giant ellipticals which reside locally in
rich clusters. This implies that studies of the infrared population at redshiftsz>1-1.5 can provide a unique tool
with which to investigate the formation and evolution of super-structures such as proto-clusters, clusters and
of the galaxies that belong to them, from even before the peaktime of cosmic star formation activity. While
the results fromSpitzernecessarily suffered from limitations due primarily to the lack of measured redshifts,
SAFARI in its spectroscopic photometric mode will, for the first time, be able to overcome such problems and
provide definite answers to a number of crucial issues:
(i) Direct and unbiased investigation of the evolution of the Large Scale Structure in the Universe from
z ∼ 3. Thanks to the SAFARI’s capabilities, no previous selection on the observed population is needed, as
redshifts will be taken for all the objects brighter than thelimiting flux which fall in the SAFARI FoV . With
our goal 5σ sensitivity, such a task could be easily reached in about 500hours by “blindly” surveying an area
of approximately 0.5 deg2, which will deliver the redshifts of thousands of sources out to z∼3. With such
large statistics it will be possible to derive the three-dimensional clustering out to z∼3, hence deliver precious
cosmological information on the evolution of cosmic structures, that so far could only be achieved up toz∼1
through optical massive spectroscopic surveys.
(ii) Studies of galaxy formation and evolution as a functionof environment. Since high-redshift sources
exhibit strong clustering, galaxies observed by SAFARI in ablind spectroscopic survey will either reside in
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overdense or underdense regions. This will give us the unprecedented possibility of investigating the impact of
environment on galaxy formation and evolution as a functionof redshift up – and possibly beyond – the epoch
which marks the bulk of AGN/stellar activity. By doing this, it will be possible to provide answers to a number
of questions, such as whether there is any large-scale influence between surrounding environment and galactic
AGN/stellar activity and, if so, if seeds for such a phenomenon were already in place byz ∼ 2− 3. This study
needs the spectroscopic redshifts of several thousands galaxies to be properly addressed. The spectroscopic
diagnostics will be essential tomeasuredirectly the star formation and AGN luminosities in each cluster com-
ponent.
(iii) Targeted studies of Proto-clusters. As discussed above, most of high-redshift active galaxiesreside in
overdense regions or what we call proto-clusters. This was seen bySpitzerand in a number of other works
which report the discovery ofz∼ 2− 3 proto-cluster candidates in the NIR and for instance via the concentra-
tion of Lyman Break galaxies around powerful radio sources.With the imaging capabilities of SAFARI it will
be possible for the first time to collect a large sample of highredshift proto-clusters in a relatively short time.
When targeting regions centred on “known” high-redshift sources, we expect the number of sources detectable
per SAFARI field to be boosted by as much asa factor 10above the predictions presented earlier in this section.

Beating spatial confusion

The third, spectral dimension offered by spectroscopic surveys provides us with a way to overcome confu-
sion even in the deepest explored fields.Narrow-band line emission from a source at a given redshift appears
only at very specific and discrete wavelengths, and so the high density of sources in an individual beam that
causes confusion is drastically reduced relative to all sources emitting in the continuum (Figure 1.17). This
enables individual objects, whose continuum may be substantially below the continuum confusion limit, to be
detected. Through simulations (Clements et al. 2007; Raymond et al. 2009) we have found thatsources more
than 10 times below the traditional (photometric) confusion limit at, for example, 120µm can be isolated
and detected. In this way, the majority of sources that contribute significantly to the CIRB can be detected and
classified spectroscopically, as described above. Targetting galaxy clusters known to be strong gravitational
lenses allows one to further reduce the confusion limit, as e.g. demonstrated by recentHerschelobservations
(Egami et al. 2010). Powerful techniques are being developed to extract sources down to the faintest flux levels
in confused images fromHerschel(e.g. Roseboom et al. 2010) – the approach of using higher resolution im-
ages at shorter wavelength as positional ”priors” can be used in combination with SAFARI’s spectral cubes to
push to even fainter limits.

1.6.6 Deep photometric imaging surveys with SAFARI

Requirements and predictions

The existence of a large number of distant sources radiatingmost of their energy in the IR implies that
the critical phases of the star-formation and nuclear accretion history took place in heavily obscured sys-
tems, embedded within large amounts of gas and dust. The substantial reddening affecting these dust-obscured
objects makes their characterisation in the optical/UV severely biased and sometimes even impossible. Ob-
servations in the FIR/sub-mm to very faint flux densities (few× 10µJy) are often the only means to detect
star-formation and/or AGN activity in most of these heavily obscured sources at large cosmological distances.
Indeed, a significant fraction of the star-forming galaxiesdominating the SFR density of the Universe atz=1–4,
when most of the stellar populations in the most massive galaxies were being assembled (Fontana et al. 2006;
Pérez-González et al. 2008; Marchesini et al. 2009), are very faint in the UV/optical (Pérez-González et al.
2005), and their SFRscan only be measured through mid-/far-IR observations reaching fluxes well below
1 mJy (see Figure 1.18).

The major observational limitation for imaging observations of galaxies in the far-IR is the confusion
limit. Due to large beam sizes and high projected source densities,the very same galaxies we wish to study in
the far infrared make the Universe opaque. To overcome, at least partially, this source of blindness – i.e., the
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Figure 1.17: Deep, spectroscopic surveys with SAFARI will enable us to break through the confusion limit and char-
acterise individual galaxies, otherwise indistinguishable. Shown in panel (i) is an image of a single SAFARI FoV, in
photometric mode at 120µm, at a spatial resolution of9′′: no discrete sources can be distinguished against the back-
ground; shown in the panels (ii) and (iii) are the same FOVs centred at 63.2 and 58.3µm respectively with a spectral
resolution of R∼ 1000, at the same angular resolution: several sources can be seenin each narrow band. In other words
the spectral data cube need not be confused, even if the collapsed image is. A combination of prior-based source finding
and template SED fitting should enable SAFARI to resolve almost the entire CIRB, determining the type and redshifts of
galaxies which make it up.

projected overlapping of galaxies – the design of SPICA has been chosen to reach shorter wavelengths with
respect toHerscheland to have imaging spectroscopy capability in survey mode.Herschel, as a comparison to
SPICA, is limited by confusion in five of its six broadband filters, i.e., above 100µm, and has actually resolved
∼60% – 75% of the cosmic infrared background (CIRB) directly measured by COBE/DIRBE at 100 and 160
µm respectively (Berta et al. 2010, Berta et al. 2011 A&A submitted).

Similarly to Herschel, SPICA will have a 3.2m telescope. In Figure 1.19a we show thedetection limit
versus wavelength at which a 3.2m aperture becomes limited by confusion between sources and the amount
of the observable Universe that will be resolved at each wavelength. It appears clearly that: (1) 70µm is the
optimal wavelength at which to observe the extragalactic background with a 3.2 m telescope; and (2)Herschel
will never reach the confusion limit at this wavelength, while SPICA will reach it easily. Specifically, SAFARI
will be able to resolve the bulk (>90%) of the cosmological background over a wide wavelength interval from
∼ 30 to∼ 100µm, identifying also high-z contributors. In this sense, SAFARI will complementSpitzer/MIPS
observations at 24µm, which were able to resolve more than 80% of the CIB (Dole et al. 2006). Most of these
galaxies detected in the mid-IR fell below the detection limits of PACS in the far-IR (see Figure 1.18), reflecting
into large uncertainties in the derived SFRs for the LIRG galaxy population that dominates the star formation
activity of the Universe in the key redshift range betweenz∼1 andz∼4. SAFARI surveys will add data for
these galaxies, allowing a better characterization of their SEDs and derived properties.The joint imaging
and spectroscopic information will in fact allow SAFARI to go well beyond the confusion limit even at
longer wavelengths, since even for sources whose PSF overlaps on the sky, their emission lines are clearly
separated in wavelength.

Science cases

Deep surveys at short wavelengths – Broadband footprints ofdistant, obscured AGN

The surveys with SAFARI at 40µm will not be confusion limited (estimated confusion limit< 10 µJy.) A
survey at 40µm down to a limit of a few 10s ofµJy would be sensitive to moderate luminosity (LIR ∼ 1011 L⊙)
type-2/obscured AGN out toz ∼ 5, and particularly in the 3≤ z ≤ 5 range, where the co-evolution of star-
formation and accretion activity is expected to already be in place. It will also be sensitive to Seyfert-like AGN
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Figure 1.18: Comparison of the galaxy populations detectedby Spitzer/MIPS at 24µm, and probed by Herschel/PACS and
SAFARI (Pérez-González et al. 2008; Barro et al. 2011). Redshift distributions of the MIPS sample (black histograms)
and intersecting galaxy populations (MIPS+PACS, MIPS+SAFARI, filled red histograms) are also shown.(a) Left panel:
Predicted fluxes in the PACS band at 100µm for the galaxies detected at 24µm in the deepest Spitzer Cosmological
fields (GOODS, EGS, SpUDS, and Lockman). The PACS 5-σ sensitivity limit is shown with a horizontal red line.(b)
Middle panel: The same for the SAFARI 40µm band. The red points represent MIPS and PACS undetected galaxies.
Assuming upper limits for their MIPS fluxes, they lie well within the sensitivity limits of SAFARI, opening a new window
to characterize z>3 sources, an important epoch in the formation of massive galaxies. (c) Right panel: IR luminosities
of the sources detected by MIPS (all of them also detected by SAFARI) and those MIPS sources detected by PACS (color
points). Orange points depict sources fainter than the typical optical spectroscopic limit I>25, i.e., sources for which the
photometric redshift from IR data would be very useful. The combination of MIPS and SAFARI would allow the robust
characterization of LIRGs at z=1–3, a population missed by Herschel. SAFARI will be our onlymeans to systematically
probe the LIRG region at z>3 (blue points, showing estimations for sources detected just by SAFARI). The red line traces
the redshift evolution of an L∗ galaxy.

atz∼1. The most heavily dust-obscured, Compton-thick sources among them are believed to be responsible for
the unresolved peak of the X-ray background at 30 keV (Gilli et al. 2007a; Treister et al. 2009).These AGN
are missed by the deepest current X-rays surveys(the propotype Compton-thick AGN NGC 1068 would be
missed abovez = 0.5 even in 2 Ms with Chandra),yet reveal themselves in the mid-IRthanks to the warm
emission from the circum-nuclear dust (i.e. torus) around the central accretion disk source (Netzer et al. 2007;
Mor et al. 2009; Pozzi et al. 2010; Mullaney et al. 2010). Thiscan lead to an ”MIR excess” in cases where
the emission from the AGN heated dust significantly adds to the MIR SED of a galaxy. By selecting mid-IR
sources with faint NIR and optical emission, Daddi et al. (2007) and Fiore et al. (2008) suggest that several so
called ”MIR excess” sources in theChandraDeep Field-South can be obscured AGN at 1≤ z≤ 3, on the basis
of stacking techniques applied to X-ray wavelengths. In Figure 1.19b we demonstrate how the combination of
both the 40µm and 70µm bands can be used with models of circum-nuclear dust emission (i.e. Fritz et al. 2006;
Hönig & Kishimoto 2010) and star-forming galaxy templatesto determine the part of the luminosity originating
from accretion onto a black hole.

Deep surveys at long wavelengths – Probing Dusty Galaxy Evolution to z∼4 and resolving the CIRB

The deepest cosmological survey performed byHerschel-PACS as part of the PACS Evolutionary Probe –
PEP – Survey at 70µm (the best wavelength for deep cosmological surveys with SAFARI, being the right
balance between instrument sensitivity and confusion) covers a very small area (GOODS-S) and is limited in
flux density to∼1.1 mJy (3σ; Berta et al. 2011). To this limit, only less than 50% of the CIRB is resolved.
According to current models, the 70µm confusion limit for SPICA-SAFARI is around∼100µJy. To reach such
depths withHerschel-PACS would take an enormous and unrealistic amount of time (>10,000 hours at 5σ!),
while with SAFARI this can be achieved in minutes.Using current assumptions for the intensity of the CIRB
at this wavelength, a 70µm confusion-limited survey (Figure 1.18c) would resolve more than 90% of the CIRB
over 80% of the Hubble time (z ∼ 2), detecting galaxies down to a star formation rate regime at which rest-
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Figure 1.19: (a) Left panel: The confusion limit in the FIR/sub-mm, with the wavelength coverage and sensitivity of
selected instruments overlaid. The light and dark grey spectral regions show the 40 and 70µm cosmological bands,
respectively.(b) Right panel: The broadband SED of NGC1068 (in black) redshifted to z∼ 3; overlaid are the emission
components produced by a torus (red: model by Fritz et al. 2006), a starburst (modeled by the galaxy NGC1482) and
a stellar component (orange) based on stellar evolution models. The vertical bars indicate the three bands of SAFARI
and show how the combination of 40µm and 70µm emission can be used to differentiate between AGN- and starburst-
dominated galaxies.

frame UV observations meet the IR, i.e., 10 M⊙ yr−1 (Lagache et al. 2004); note that more luminous galaxies
emit the majority of their light in the IR. By observing at 70µm we can avoid the effects of contamination by the
strong mid-IR PAH features, and thus make very reliable determinations of the IR flux for sources withz < 2,
combining the SAFARI data with mid-IR observations at 24µm (which will enable better k-corrections in the
IR). Such a survey would increase significantly the range in IR luminosity and redshift over which galaxies will
have been detected: at the more luminous end, LIRGs out toz ∼ 4 and ULIRGs to beyond, and appreciable
numbers ofL∗ galaxies out toz ∼ 3. With SAFARI it will also be possible to detect galaxies as quiescent
as our own (LIR < 1010 L⊙) out to z ∼ 1 where the cosmic SFR peaks (see Figure 1.13b and Figure 1.6.6a).
Moreover, it will be possible to go even further (typically to z∼ 2) with the help of strong gravitational lensing.
Whilst this less IR-luminous population contributes only minimally to the CIRB, these galaxies are extremely
abundant, and dominate the extragalactic background lightat optical wavelengths. Confusion-limited surveys
at 70µm are unique territory for SAFARI.

A confusion limited survey with SAFARI at 70µm will be ideal to study the evolution of galaxies and
AGN and of the star formation density (SFD) and black hole accretion density (BHAR) with redshift atz>2,
whereSpitzerandHerschelwere only able to provide hints. In particular, the first Luminosity Function studies
performed with the Science Demonstration Phase data ofHerschel(Gruppioni et al. 2010; Eales et al. 2010b)
were limited toz≃2 because of sensitivity and/or lack of identification, although some hints about evolution
to z∼3 were derived from PACS data (Gruppioni et al. 2010). With the whole set of cosmological information
coming from both PACS and SPIRE from the PEP (Lutz et al. 2011)and HerMES (Oliver et al. 2010) surveys
we expect to push deeper into the evolution of dusty galaxies, with much stronger statistics and higher quality
catalogues, but we will still be limited toz∼2-3.

In Figure 1.6.6a, we show the SFD and BHAR (multiplied by a factor of 500) that we expect to obtain with
IR data from the confusion limited Survey with SAFARI at 70µm, compared to the predicted SFD and BHAR
from the Gruppioni et al. (2011) model, corresponding to an ”ideal” far-IR survey covering all the luminosities
at all redshifts. For comparison, in Figure??b, we show the same simulation with the deepest PEP Survey in
the GOODS-S, reaching 1.7mJy at 100µm (the GOODS-Herschel Survey will reach∼0.6 mJy, but in only a
very small area of 50 arcmin2). As is clear from the figure, PEP is complete in SFD up toz∼1–1.5, becoming
more and more incomplete with increasing redshift (i.e. atz=3 the incompleteness in SFD due to the survey flux
limit is about a factor of 3 or more). The BHAR that we could measure with PEP is complete up toz∼1.5–2,
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then decreases less rapidly than the SFD up toz=3 and drops down at higherzs. With the SAFARI Survey we
expect to be able to measure almost all the SFD toz∼2 and most of it toz∼3–3.5, as well as almost all the
BHAR to z∼3. Moreover, as mentioned in the previous Sections, the high resolution spectrometer of SAFARI
will be crucial in identifying AGN and separating the SB fromthe AGN contributions, to measure with great
precision the SFD and BHAR in the high redshift Universe.

Figure 1.20: (a) Left panel: BHAR density,ΨBHAR (blue vertical-dashed area), and SFD,ρSFR (green diagonal-dashed
area), from IR luminosity as predicted by the Gruppioni et al. (2011) model for the deepest PEPHerschelSurvey at 100
µm. (b) Right panel:the same estimate for a confusion-limited Survey with SAFARI at 70µm. In both plots (panels b and
c) the Herschel and SAFARI results are compared to the ”total” model expectations corresponding to an ”ideal” far-IR
survey covering all luminosities at all redshifts (yellow area for SFD and pink area for BHAR).

Photometric redshifts in the MIR /FIR

To date, photometric redshifts of SCUBA andSpitzersources have been determined using optical/NIR data
taken with many different surveys. Photometric redshifts have also been estimated forHerschelsources using a
combination of far-IR and (sub-)mm data (e.g., Pérez-González et al. 2010, , and references therein), showing
its usefulness when characterizing (U)LIRGs at high-z which might be tremendously faint in the optical, even
undetected (Gonzalez et al. 2009; Negrello et al. 2010; Frayer et al. 2011). This procedure has been demon-
strated to help obtain the correct identification of optical/NIR counterparts for far-IR and (sub-)mm sources,
which are affected by confusion.With SPICA we will be able to determine redshiftsusing the combination
of the NIR, MIR, and FIR. Simulations suggest that with as fewas 13 (R ≈ 8) filters, evenly spaced over the
15 – 70µm wavelength, it is possible to determine the redshift and type of a very wide range of galaxies, to an
accuracy of a few %. By including SAFARI bands we not only extend the redshift range of the technique, but
also increase accuracy: with SAFARI bands we sample well thePAH and silicate absorption features, which, in
turn, break most of the degeneracy in the MIRACLE-only estimations. Sources for which the match between
recovered and true redshift is poor are those lacking distinct PAH/silicate features: in the case of the AGN,
these are intrinsically optically bright, and thus good candidates for spectroscopy.

Spectral Energy Distributions: UV vs FIR

Dust plays a dual role in extragalactic studies, simultaneously helping (emission by heated dust) and hindering
(obscuration) our understanding of the physical processesdriving galaxy evolution. The deep 40 and 70µm
surveys described above will allow us to study the evolutionwith redshift of the dust attenuation of stellar light
in galaxies. Takeuchi et al. (2005) showed that the balance between directly observable (i.e. UV-detected) and
obscured (i.e. far-IR-detected) star formation changes from 50/50 atz=0 to 20/80 atz=1. However, it remains
unclear how this fraction changes with further increasing redshift. At some point in cosmic history, obscured
environments must become less common, since it takes time for dust to be produced and to spread through the
ISM of a young galaxy. This question can be addressed with deep IR surveys by directly detecting the dust
emission of optically (UV rest-frame) selected samples of galaxies atz>1.



1.7. SPICA/SAFARI in the ALMA, JWST and E-ELT era 43

One of the selection techniques available to us to access thehigh redshift Universe is the Lyman Break
method. Lyman Break Galaxies (LBGs) are selected from theirultraviolet (UV) emission, typically found from
GALEX observations at 1< z < 2, and ground-based-telescope and HST data at 3< z < 5. JWST will very
likely provide large samples of LBGs atz> 6. However, the UV emission only contributes to part of the LBG
luminosity, the rest being emitted in the rest-frame far-IR. To properly compute the total star-formation rates
of these galaxies, and to compare their UV to far-IR luminosity ratio, deep far-IR data are necessary.
Herscheland GALEX LBG samples enable us to directly obtain an information on the far-IR emission of the
lowest redshift or lensed LBGs, but, even for the deepest extragalactic programmes, theHerscheldata are still
very limited. ALMA will have the sensitivity to detect high redshift LBGs, but large surveys are not feasible
with ALMA: not being a survey machine, ALMA will only observerelatively small LBG samples.

Tracing the evolution of Milky Way-type galaxies

Tracing the cosmic evolution of (U)LIRGs is one of the key goals of SAFARI; however, whilst this population
makes a very significant contribution to the CIRB, such objects only make up a small fraction of the total
number of galaxies. With SAFARI we will have, for the first time, the sensitivity to obtain IR photometric data
of the completez∼ 1 population, and so to follow the evolution of the normal, most ubiquitous galaxies out to
that redshift.Our own Milky Way would be easily detectable in the continuumout to z∼ 1. This will help
us further address the bimodality in the star-formation efficiency that is related to merger-driven vs cold-flow
gas accretion and that is presented in Section 1.6.1.

1.7 SPICA/SAFARI in the ALMA, JWST and E-ELT era

SPICA will be the bridge between three other very large astronomical facilities that are due to become fully
operational in the next years - namely ALMA, JWST and E-ELT. The JWST will revolutionise near-IR and
mid-IR astronomy through its impressive sensitivity, and ALMA and E-ELT will make a huge impact with
their unprecedented sensitivity and high angular resolution in the sub-mm and optical/near-IR respectively.
SPICA/SAFARI will probe the crucial far-IR regime, filling the gap b etween E-ELT, JWST and ALMA
regions at much improved sensitivity and spectroscopy mapping speeds thanHerschel.

While ALMA will detect the “cold” interstellar and circumstellar material, E-ELT will detect the “hot” stel-
lar component of the Milky Way and of more distant galaxies. Both ALMA and E-ELT will provide extremely
high angular resolution observations of very small fields. These facilities are designed to resolve compact
sources (prestellar cores, protostars, protoplanetary disks, stars, etc.) but not to scan large fractions of the sky.
Hence, they will not place the observations in the context ofthe large scale structures where these sources
are located (clouds, filaments, stellar clusters, etc.). Most of the energy injected in these extended regions,
whether radiative (UV photons and X-rays from nearby stars)or mechanical (shock waves and other dissipa-
tive processes) is released as far-IR radiation, either as dust continuum emission or as bright gas cooling lines.
SAFARI’s large field-of-view for spectral mapping will be especially well adapted to study the extended gas
and dust emission that ALMA, JWST and E-ELT will miss, thus allowing us to capture the “global picture”.

By observing at mid– and far–IR wavelengths, SPICA will cover critical spectral diagnostics (at their rest
frame wavelengths) that are complementary to ALMA. While the study of the oxygen chemistry with ALMA,
for example, will be limited to observations of CO, HCO+ and other trace species, SPICA will observe the
emission of the major oxygen reservoirs like atomic oxygen,water ice or the thermal emission of water vapour.
ALMA will detect the millimetre and sub-mm dust continuum emission, but only SPICA will be able to observe
the specific grain and ice spectral features that are needed to determine the dust mineral composition and its
formation history along the life-cycle of interstellar matter. ALMA and SPICA will be complementary to
address the chemical complexity in the Universe. In particular, SPICA will allow us to observe key organic
molecules without permanent electric dipole (i.e.,only detectable through vibrational transitions in the mid- and
far-IR) and the mid-IR emission of PAHs, neither detectablewith ALMA. Even if JWST/MIRI will also cover
the mid-IR, SPICA/MCS will provide and order of magnitude better spectral resolution than MIRI, allowing for
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much more detailed spectroscopic studies (line profiles andkinematics, resolving ro-vibrational bands, etc.).

Although many “galactic” investigations specifically require far-IR observations – “SAFARI’s unique sci-
ence” (e.g.the detection of [O]63, the brightest gas line in protoplanetary disks; the characterisation of Kuiper
and asteroid belts in exoplanetary systems; or the detection of the intrinsic emission of bodies in the outer
Solar System), a wealth of synergies between ALMA, JWST and E-ELT exist. In fact,most open questions
in Astronomy will only be answered by observing the entire electromagnetic spectrum, and SPICA will
play a key role by observing the mid– and far–infrared windowcontemporaneously with these facilities.

In the “extragalactic” domain, ALMA will have a spatial resolution so high that it will not be suited for
studying large samples of galaxies in a cosmological context; it will only follow-up targeted galaxies or produce
pencil beam surveys. These are, by definition, not ideal for developing an understanding of the anti-hierarchical
behaviour of galaxies, since they will suffer from cosmic variance and limited statistics. Submm observations
from ground-based facilities are also limited by confusionto a few mJy, hence to the very brightest tip of the
galaxy population (i.e., more luminous than a hundred timesL∗, the average galaxy luminosity).

Since the discovery of the cosmic infrared background and the important populations of luminous dusty
galaxies at high redshift, it has become clear that obscuredstar formation accounts for a large fraction of the
stellar mass assembly budget. Enormous progress in infrared/(sub)mm/radio source count surveys will be made
by Herschel, ALMA and EVLA. While ALMA will probe the molecular ISM in these objects and JWST the
stellar component, the highly diagnostic mid-IR region is exclusive SAFARI territory. For instance, for an
object atz ∼ 3, JWST will be able to observe the rest-frame spectrum only out to 7µm. The most luminous
PAH features, hot dust continuum and key fine-structure lines will all be accessible only with SAFARI. This
opens up the intermediate redshift Universe for scrutiny with the techniques that have been successfully used on
low-z galaxies since ISO andSpitzer. The line sequence [Ne]/[Ne ]/[Ne] will characterise star formation
as well as the importance of AGN activity. Many other similarprobes are available for SAFARI, but neither
ALMA nor JWST provides equivalent diagnostics. Thus the unique role of SAFARI is the characterisation
of the sources of the cosmic infrared background. A further complementarity between ALMA and SAFARI
is provided by SAFARI’s ability to trace the energy budget ofthe star forming ISM out toz ∼ 2 using the
[O ]63 µm line and [C]158µm at lower redshift, while ALMA will access the [C] line only atz> 2.

To enhance our understanding of coeval black hole and galaxygrowth, observations of galaxies at the peak
of the cosmic star formation and black hole accretion rate are a key requirement. A fundamental diagnostic
is provided by the [O] line at 25.89µm. This line can be used to probe AGN activity in dusty galaxies out
to z∼4, and its width can be used to asses black hole mass (Dasyra etal. 2008). SAFARI will thus play a key
role in establishing the inventory of AGN in obscured galaxies at intermediate and high redshifts, and trace the
mass-buildup of the nuclear SMBHs. Equivalent diagnosticsare not available with either ALMA or JWST.

Both JWST and ALMA will probe galaxies at the epoch of reionisation (z> 6). At these redshifts the most
luminous CO lines shift out of the observing band, and the [C] line becomes the key probe (Walter & Carilli
2008). In pristine (zero-metallicity) gas, however, this line is not available. The molecular medium in zero
metallicity galaxies cools principally through H2 rotational and vibrational lines. As shown by Ciardi & Ferrara
(2001) and Mizusawa et al. (2004), a number of these lines maybe detectable with SAFARI, over a wide range
of conditions. Targets will be provided by JWST, which is expected to discover significant numbers ofz > 6
galaxies, with the prime targets for SAFARI being those thatare not detected in CO or [C] by ALMA.
Alternatively such high-z sources may even be found from blind spectroscopic surveys with SAFARI in blank
fields or behind strong lensing clusters. In both cases, the detection of the signatures of a metal-free molecular
interstellar medium is again unique SAFARI territory.

Finally, the full complementarity of SAFARI with both ALMA and JWST is manifest in their completely
different capabilities for sky surveys: the supreme spatial resolution and tiny field-of-view of ALMA and the
excellent spatial resolution of JWST make very deep integrations on small fields the optimal observing mode
for them. On the other hand, the fast survey speed of SPICA (both MIRACLE and SAFARI in the spectroscopic
and imaging modes) will allow us to perform extensive sky surveys over the whole 5 to 200µm range, hence
probing quite a different region of the parameter space.
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Figure 1.21: (a) Synthetic light-curve of a transiting Jupiter-like EP around a cool M0 star at 10 pc observed with
SAFARI SW (48µm) in photometry.(b) Same as (a) but using the spectro-photometric mode (R∼20) to detect modulations
produced by atmospheric spectral features. Points are averages of 10 min exposures (simulations by S. Pezzuto).

1.8 Discovery Science with SPICA

The science cases we have presented illustrate the concreteand definitive progress in our understanding of the
Universe that SPICA will allow. However, as with all stridesin increased sensitivity or the opening of new
wavelength bands, new discoveries are certain once SPICA starts observing. To give a flavour of what might
be expected in the new discovery space opened by SPICA, we give here some examples of speculative research
projects from both the nearby and distant Universe.

A new window in exoplanet research –far infrared observations with SAFARI: In the field of exoplanets
(EPs), SAFARI will provide capabilities to complement SPICA studies in the MIR (either coronagraphic or
transit studies). With very stable detectors, and efficient, high cadence observations, SAFARI will be used to
perform transit photometry and, on some favourable candidates, spectrophotometry for the first time in the FIR
domain. Therefore, SPICA could be the only planned mission able to study exoplanets in a completely new
wavelength domain (not covered by JWST and too faint forHerschel). This situation is often associated with
unexpected discoveries. We estimate that the minimum EP sizes that will produce a detectable transit around
a Sun-like star at 35 pc are:∼5.8REarth at 48µm, ∼1.0RJup at 85µm and∼2.4RJup at 160µm (Pezzuto 2009).
In the shortest wavelength photometric band (∼ 48 µm), primary and secondary eclipses of Jupiter-size EPs
around F to M stars will be detected in a single transit (a∼2.2RJup exoplanet will be detectable at a&100 pc
distance). FIR measurements will be specially suited for EPs around cool M stars. Since cooler EPs show
much higher contrast in the FIR than in the NIR/MIR (e.g., Jupiter’s effective temperature is∼ 110 K), if
such EPs are found in the next∼10 years, their transit studies with SAFARI will help to constrain their main
properties, which are much more difficult to infer at shorter wavelengths. The SAFARI shorter wavelength
range hosts a variety of interesting atmospheric molecularfeatures (e.g., H2O at 39µm, HD at 37µm, NH3 at
40 and 42µm, etc.). Strong emission/absorption of these features was first detected by ISO in the atmospheres
of Jupiter, Saturn, Titan, Uranus and Neptune (Feuchtgruber et al. 1999). Suitable EP candidates for SAFARI
spectro-photometric observations may not be numerous (seesimulations on an optimal target in Fig. 1.21) and a
considerable amount of observing time will be needed to extract their main atmospheric composition. However,
in a few appropriate systems, SAFARI observations may allowus to expand the variety of “characterisable”
extrasolar planets. These are crucial steps to enter in a newera of quantitative characterisation of EPs.

First identification of PAHs molecules in Space (the “GrandPAHs”): The ubiquitous MIR emission bands
are attributed to the emission of a family of carbonaceous macromolecules: the PAHs. However, because these
bands are due to the nearest neighbour vibrations of the C-C or C-H bonds, they are not specific to individ-
ual PAH species. Therefore, in spite of their relevance for astrophysics (as tracers of UV radiation fields or
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star forming regions in a broader extragalactic context), the identification and characterisation of a given PAH
molecule in space has not been possible yet. The hope for suchan identification lies in their FIR lower-energy
bands (PAH skeleton modes) which are specific fingerprints ofindividual molecules. The energy that is emitted
in these bands is expected to be very weak, typically a few tenths of the energy absorbed in the UV (Joblin et al.
2002; Mulas et al. 2006). For example, it can be shown that if all the MIR emission observed in the ISM was
due to a unique PAH such as ovalene, its FIR emission should bedetectable even with a low (∼ 10) signal-to-
noise ratio (Mulas et al. 2006; Berné et al. 2009). Progressin the field suggests that there are in fact only a few
(or at least limited number) of large and compact PAHs in space, that can resist the harsh interstellar conditions.
These large PAHs are the so called “Grand-PAHs”. The instantaneous broad band coverage of SAFARI will be
especially adapted for deep searches of the Grand-PAH FIR bands, which is crucial since their position are not
known. The narrow instantaneous bandwidth and limited sensitivity of PACS has turned inadequate to detect
such broad and weak features. Therefore, SAFARI can represent our first chance to identify specific PAHs.

Feeding hungry mouths–mass accretion from the IGM:The means by which primordial gas is accreted from
the IGM to fuel on-going star formation in galaxies remains an unanswered question in galaxy evolution. Any
mechanism for this direct fuelling requires a means by whichto cool what will be hot gas. The cooling process
is widely believed to be mediated by the injection of metals into the IGM in galactic winds, which them-
selves cool by inelastic collisions with dust grains at the IGM/wind interaction zone (Dwek & Werner 1981;
Montier & Giard 2004). The recent discovery bySpitzerof a diffuse IR counterpart to the X-ray emitting intra-
cluster medium of Stefan’s Quintet supports this hypothesis, its luminosity exceeding that of the X-ray emission
by two orders of magnitude.Herschelwill search for the far-IR signatures from the hot plasma in dense cluster
and group environments; however, exploring this phenomenon in the bulk of the galaxy population will fall to
SAFARI, that be able to trace the far-IR emission both photometrically and spectrophometrically, thus enabling
not only determinations of the cooling properties of the IGM, but also characterisation of the dust grains.

The diagnostic potential of the high-J CO lines:As already mentioned, the high-J (J ≥ 13) CO lines provide a
method for studying the obscuring medium of type 2 AGN through their associated XDR (Krolik & Begelman
1988; Meijerink & Spaans 2005), for determining the energy budgets of composite starburst/ AGN systems
(Meijerink et al. 2007), and for identifying accreting black holes in the early universe (Spaans & Meijerink
2008; Schleicher et al. 2010) This method has already been successfully proven byHerschelthrough the ob-
servations of a few nearby, powerful AGNs (van der Werf et al.2010; Hailey-Dunsheath et al. 2010). The dif-
ferences between the expected CO spectral line energy distributions in X-ray (XDR) and photon-dominated
regions are most significant (3 orders of magnitude) in the SAFARI band. By summing the CO, [C]158 µm
and [O]63 µm emission one can evaluate the total cooling rate for gas within the locale of the AGN, and,
assuming thermal balance, derive the accretion rate. Thus,one can infer the accretion properties of black holes
residing in obscured environments even in the absence of X-ray measurements. WhileHerschelis opening the
way to these kind of studies, it is limited to the brightest and most nearby targets; the sensitivity of SAFARI will
take us to the next stage and give access to a representative sample covering a wide range of mass and accretion
luminosities, thus tracing the role and destiny of torus-covered black holes both locally and out toz∼ 1.

Estimating the masses of black holes in obscured galaxies atz>1: Rapid growth of black holes often occurs
in obscured environments. In such systems, the only lines accessible for us to characterize the AGN activity
are often the forbidden lines of ionized gas at low densities. When originating from ions of high ionization
potential, these lines trace gas clouds that are photoionized by the AGN. Their luminosities scale with the rate
of accretion onto the black hole, and their widths scale withthe black hole mass (Dasyra et al. 2008; 2011, ApJ
submitted), providing a unique means to deduce informationon the masses of black holes in obscured environ-
ments. The systematic detection of such lines in cosmological surveys will thus permit the comparison of the
already accumulated black hole mass vs the host-galaxy massin obscured systems as a function of look-back
time. It will also enable us to compare the mass functions of obscured vs unobscured black holes to assess what
fraction of their growth occurs in obscured environments atdifferentzs. SAFARI will cover an entirely new
parameter space for such studies, asSpitzeronly provided the local Universe calibration and JWST will only
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enable the detection of the required mid-IR lines out toz∼1, without getting past the peak of the star-formation
and black-hole-accretion history of the Universe.

Searching for the first generation of star formation with H2: How the first stars (population III stars) formed
out of primordial gas is one of the most exciting questions inmodern astrophysics. It has long been realized
that the formation of molecular hydrogen plays a key role in this process, serving as an effective coolant at
temperatures below 104 K (Schlemmer et al. 2010), and the primary coolant of UV and X-ray irradiated gas
in regions of low metallicity (≤ 10−2 solar). Kamaya & Silk (2002) and Mizusawa et al. (2004) considered the
H2 rotational emission from primordial molecular cloud kernels to be associated with the formation of the first
stars at the earliest epochs of z∼20. To establish the detectability of H2 from primordial galaxies, we used the
predictions of Obreschkow & Rawlings (2009) based on the Millemium simulations. The details of the proper-
ties of the galaxies involved in the simulations can be foundathttp : //s−cubed.physics.ox.ac.uk/s3SAX/sky.
The simulations suggest that the majority of galaxies at redshifts 8−10 are expected to have M(H2)∼ 109 so-
lar masses. Assuming M(H2) = 109 M⊙, standard cosmology, i.e., Hubble constant H0=70 km s−1Mpc−1,
ΩM=0.7,ΩΛ=0.3, and a cosmological distance of dL≈86 Gpc we calculate the flux of the H2S(0) line to be
3.6x10−18 W m−2. This value is within the SAFARI sensitivity estimates.

Surveying the early stages in the formation of massive galaxies (z>3): One of the most interesting results
in extragalactic astronomy in the last decade is the discovery of a numerous population of massive galaxies
(M>1011 M⊙) at high redshift (Yan et al. 1999; Franx et al. 2003). Some ofthem are already evolving passively
(Daddi et al. 2004), being good candidates for the progenitors of massive nearby ellipticals (Hopkins et al.
2009). Even more puzzlingly, these galaxies present very small sizes, and thus large mass densities (Daddi et al.
2005b; Trujillo et al. 2007; Toft et al. 2007) comparable to the density of a globular cluster (Buitrago et al.
2008). The existence of very compact massive dead galaxies at high-redshift is extremely challenging for mod-
els of galaxy formation, based on the hierarchicalΛCDM paradigm (e.g., Baugh et al. 1996; Cole et al. 2000;
De Lucia et al. 2006; Croton et al. 2006). The typical redshift of these passively-evolving galaxies isz∼2, and
their stellar population ages range around 1–2 Gyr (e.g., F¨orster Schreiber et al. 2004; Damjanov et al. 2009;
Onodera et al. 2010; Whitaker et al. 2010), which imply a formation epoch atz=3–5. These values are in good
agreement with the expectations based on the analysis of thestellar populations of nearby ellipticals and bulges
(e.g., Thomas et al. 2005) and the evolution of stellar mass functions and specific star formations atz=2–5
(Pérez-González et al. 2008; Mancini et al. 2009). SAFARIwill thus allow us to study the first ignition of the
star formation in the progenitors of local ellipticals and bulges.

Detectingz> 4 IR-luminous galaxies with the 7.7µm PAH feature and gravitational lensing:By exploiting
the strong lensing power of massive galaxy clusters with SAFARI, we may be able to probe the properties of
IR-luminous (LIR > 1011L⊙) galaxies in the epoch of cosmic reionisation for the first time in the MIR/FIR
(Egami 2009). By utilizing SAFARI’s low-resolution (R ∼20) FTS mode, we can search for high-redshift
(z > 4) galaxies through the detection of the 7.7µm PAH feature, the most luminous and conspicuous emis-
sion feature seen in the rest-frame mid-IR spectra of star-forming galaxies. Note that the SAFARI’s field of
view (2′ × 2′) matches well with the size of a cluster core where the lensing amplification is the strongest. If
we assume that: (i) the IR galaxy luminosity function atz ∼ 2 (Caputi et al. 2007) is representative of that at
higher redshifts; (ii) the fractional IR luminosity in the 7.7 µm PAH feature is at least that observed inz ∼ 2
submillimetre galaxies (Pope et al. 2008); and (iii) a typical cluster has a lensing potential similar to that of
Abell 773. Then in a survey of 50 massive clusters with SAFARIin spectrophometry mode (assuming a line
flux sensitivity of 10−19 Wm−2 at R ∼20), we would expect to detect∼ 23 IR-luminous galaxies at 7< z < 10
using the 7.7µm PAH feature. A blank-field survey with the same areal coverage would produce∼ 8 detections
in the same redshift range, so the lensing survey will offer a factor of∼ 3 gain in number. The gain will be
even larger if there is an abundance of low-mass/low-luminosity galaxies at such high redshift as, for instance,
predicted by hierarchical structure formation theories. In fact, by accessing an epoch at which the space density
of IR-luminous galaxies is virtually unknown, SAFARI will provide valuable observational data on the epoch
of reionization.
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1.9 Concluding remark

We have seen in the preceding sections that pushing forward our knowledge and understanding of the forma-
tion of galaxies and planets requires a leap in sensitivity in mid to far infrared spectroscopic and far infrared
photometric capabilities. Only by placing a cold (< 6 K) 3.2 m telescope in space with instruments sensitive
enough to take advantage of the low photon background, can weachieve the detection limits required to fulfil
the ambitions of the ESA Cosmic Vision and gain a true insightinto theconditions for star & planet forma-
tion and the emergence of life, how planetary systems, including our own Solar System work and how
galaxies originated and what the Universe is made of. In other words, SPICA will play a central and vital
part in ESA’s Science Programme in the next decade.
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Bouché, N., Dekel, A., Genzel, R., et al. 2010, ApJ, 718, 1001
Bournaud, F., Chapon, D., Teyssier, R., et al. 2011, ApJ, 730, 4
Bowey, J. E., Barlow, M. J., Molster, F. J., et al. 2002, MNRAS, 331, L1
Braine, J. & Hughes, D. H. 1999, A&A, 344, 779
Brandl, B. R., Bernard-Salas, J., Spoon, H. W. W., et al. 2006, ApJ, 653, 1129
Brucker, M. J., Grundy, W. M., Stansberry, J. A., et al. 2009,Icarus, 201, 284
Brunt, C. M., Heyer, M. H., & Mac Low, M. 2009, A&A, 504, 883
Bryden, G., Beichman, C. A., Trilling, D. E., et al. 2006, ApJ, 636, 1098
Buitrago, F., Trujillo, I., Conselice, C. J., et al. 2008, ApJ, 687, L61
Caputi, K. I., Dunlop, J. S., McLure, R. J., & Roche, N. D. 2005, MNRAS, 361, 607
Caputi, K. I., Lagache, G., Yan, L., et al. 2007, ApJ, 660, 97
Carpenter, J. M., Bouwman, J., Mamajek, E. E., et al. 2009, ApJS, 181, 197
Carr, J. S. & Najita, J. R. 2008, Science, 319, 1504
Cernicharo, J., Ceccarelli, C., Ménard, F., Pinte, C., & Fuente, A. 2009, ApJ, 703, L123
Cernicharo, J. & Crovisier, J. 2005, Space Science Reviews,119, 29
Cernicharo, J., Heras, A. M., Tielens, A. G. G. M., et al. 2001, ApJ, 546, L123
Chen, C. H., Sargent, B. A., Bohac, C., et al. 2006, ApJS, 166,351
Chen, H.-W., Perley, D. A., Pollack, L. K., et al. 2009, ApJ, 691, 152
Ciardi, B. & Ferrara, A. 2001, MNRAS, 324, 648
Clements, D. L., Isaak, K. G., Madden, S. C., & Pearson, C. 2007, A&A, 465, 125
Clements, D. L., Rigby, E., Maddox, S., et al. 2010, A&A, 518,L8+
Colbert, J. W., Malkan, M. A., Clegg, P. E., et al. 1999, ApJ, 511, 721
Cole, S., Lacey, C. G., Baugh, C. M., & Frenk, C. S. 2000, MNRAS, 319, 168
Comastri, A., Setti, G., Zamorani, G., & Hasinger, G. 1995, A&A, 296, 1
Coppin, K., Chapin, E. L., Mortier, A. M. J., et al. 2006, MNRAS, 372, 1621
Cowie, L. L., Songaila, A., Hu, E. M., & Cohen, J. G. 1996, AJ, 112, 839
Croton, D. J., Springel, V., White, S. D. M., et al. 2006, MNRAS, 365, 11
Crovisier, J., Leech, K., Bockelee-Morvan, D., et al. 1997,Science, 275, 1904
Daddi, E., Alexander, D. M., Dickinson, M., et al. 2007, ApJ,670, 173

49



50 References

Daddi, E., Cimatti, A., Renzini, A., et al. 2004, ApJ, 617, 746
Daddi, E., Dickinson, M., Chary, R., et al. 2005a, ApJ, 631, L13
Daddi, E., Elbaz, D., Walter, F., et al. 2010, ApJ, 714, L118
Daddi, E., Renzini, A., Pirzkal, N., et al. 2005b, ApJ, 626, 680
Dalgarno, A. 2000, in Molecular Hydrogen in Space, ed. F. Combes & G. Pineau Des Forets, 3–+
Damjanov, I., McCarthy, P. J., Abraham, R. G., et al. 2009, ApJ, 695, 101
Dartois, E., Cox, P., Roelfsema, P. R., et al. 1998, A&A, 338,L21
Dasyra, K. M., Ho, L. C., Armus, L., et al. 2008, ApJ, 674, L9
Dasyra, K. M., Tacconi, L. J., Davies, R. I., et al. 2006, ApJ,651, 835
Dasyra, K. M., Yan, L., Helou, G., et al. 2009, ApJ, 701, 1123
Davies, G. T., Gilbank, D. G., Glazebrook, K., et al. 2009, MNRAS, 395, L76
de Graauw, T., Feuchtgruber, H., Bezard, B., et al. 1997, A&A, 321, L13
De Lucia, G., Springel, V., White, S. D. M., Croton, D., & Kauffmann, G. 2006, MNRAS, 366, 499
Dekel, A., Birnboim, Y., Engel, G., et al. 2009, Nature, 457,451
Deming, D., Harrington, J., Laughlin, G., et al. 2007, ApJ, 667, L199
Deming, D., Harrington, J., Seager, S., & Richardson, L. J. 2006, ApJ, 644, 560
Demory, B.-O., Gillon, M., Barman, T., et al. 2007, A&A, 475,1125
Devlin, M. J., Ade, P. A. R., Aretxaga, I., et al. 2009, Nature, 458, 737
Dole, H., Lagache, G., Puget, J.-L., et al. 2006, A&A, 451, 417
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Miville-Deschênes, M., Martin, P. G., Abergel, A., et al. 2010, A&A, 518, L104+
Mizusawa, H., Nishi, R., & Omukai, K. 2004, PASJ, 56, 487
Mizusawa, H., Omukai, K., & Nishi, R. 2005, PASJ, 57, 951
Molinari, S., Swinyard, B., Bally, J., et al. 2010, PASP, 122, 314
Montier, L. A. & Giard, M. 2004, A&A, 417, 401
Moore, M. H. & Hudson, R. L. 1992, ApJ, 401, 353
Moore, M. H. & Hudson, R. L. 1994, A&AS, 103, 45
Mor, R., Netzer, H., & Elitzur, M. 2009, ApJ, 705, 298
Mordasini, C., Alibert, Y., Benz, W., & Naef, D. 2008, in Astronomical Society of the Pacific Conference Series, Vol.

398, Extreme Solar Systems, ed. D. Fischer, F. A. Rasio, S. E.Thorsett, & A. Wolszczan, 235–+
Moro-Martı́n, A. 2009, in SPICA Joint European/Japanese Workshop, EDP Sciences Web of Conferences
Moustakas, J. & Kennicutt, Jr., R. C. 2006, ApJS, 164, 81
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Acronyms

AD Applicable Document ADR Adiabatic Demagnetisation Refrigerators

AGB Asymptotic Giant Branch AGN Active Galactic Nucleus/Nuclei

AIV /T Assembly Integration Verification/Testing ALFRP Alumina Fibre Reinforced Plastics

ALMA Atacama Large Millimeter Array AO Announcement of Opportunity

AOCS Attitude and Orbit Control System AOT Astronomical Observation Template

APE Aperture Pointing Error BFL Back Focal Length

BHAR Black Hole Accretion Rate BLAST Balloon-borne Large-Aperture Sub-millimeter
Telescope

BLISS Background-Limited Infrared-Submillimeter
Spectrograph

BM Bus Module

BOL Beginning Of Life BRDF Bi-directional Reflectance Distribution
Function

CAD Computer Aided Design CCSDS Consultative Committee for Space Data Systems

CDF Concurrent Design Facility CDM Cold Dark Matter

CEA Commissariat à l’́Energie Atomique CFRP Carbon Fiber Reinforced Plastics

CIRB Cosmic InfraRed Background CMB Cosmic Microwave Background

COB Cosmic Optical Background CSE CircumStellar Envelope

CSO Caltech Sumbmillimeter Observatory CTE Coefficient of Thermal Expansion

CXB Cosmic X-ray Background DC Digital Converter

DPU Data Processing Unit DS3 Deep Space Station 3

EADS European Aeronautic Defence and Space companyECSS European Cooperation for Space Standardisation

EFL Effective Focal Length EGP Exo-Giant Planet

EGSE Electrical Ground Segment Equipment EMI Electro-Magnetic Interference

EOL End Of Life EP Exo-Planet

ESA European Space Agency ESAC European Space Astronomy Centre

ESOC European Space Operations Centre ESSC European Spica Science Centre

ESTEC European Space research & TEchnology Centre EVLA Expanded Very Large Array

FIR Far Infrared FM Flight Model

FOV Field Of View FPC Focal Plane finding Camera

FPI Focal Plane Instrument(s) FS Flight Spare

iFTS imaging Fourier Transform Spectrometer GALEX GALaxy evolution EXplorer

HII-A /B JAXA launcher vehicle HGA High Gain Antenna

HKTM House Keeping Telemetry HW Hardware

I /F Interface ICC Instrument Control Centre

ICS Interface Control Specification IGM InterGalactic Medium

IOB Instrument Optical bench ISAS Institute of Space and Astronautical Science

ISO Infrared Space Observatory ISS International Space Station

IWA Inner Working Angle JAXA Japan Aerospace Exploration Agency

JEM Japanese Experiment Module JSET Joint Systems Engineering Team

JWST James Webb Space Telescope KBO Kuiper Belt Object

KID Kinetic Inductance Detector LEOP Launch and Early Orbit Phase

LGA Low Gain Antenna LHB Late Heavy Bombardment

M1, M2 . . . Mirror 1 (primary mirror), Mirror 2 (secondary
mirror), . . .

MGA Medium Gain Antenna

MIR Mid-InfraRed MIRACLE Mid-InfRAred Camera w/o LEns



56 Acronyms

MIRHES Mid-InfraRed High resolution Echelle
Spectrometer

MIRMES Mid-InfraRed Medium resolution Echelle
Spectrometer

MLA Multi Lateral Agreement MLI Multi Layer Insulation

MOC Mission Operations Centre NEP Noise Equivalent Power

NIR Near InfraRed NLR Narrow Line Region

OWA Outer Working Angle QM Qualification Model

QPSK Quadrature Phase Shift Keying PACS Photodetector Array Camera and Spectrometer

PAH Polycyclic Aromatic Hydrocarbons PDR Photon Dominated Region

PI Principal Investigator PIAA Phase Induced Amplitude Apodization

PLM PayLoad Module PSF Point Spread Function

PST Point Source Transmittance PTV Peak-To-Valley

PUS Packet utilisation Standard RD Reference Document

RF Radio Frequency rms root mean square

RPE Random Pointing Error Rs Symbol Rate

RT Room Temperature RW Reaction Wheel

S/C Spacecraft SAFARI SpicA FAR-infrared Instrument

SCI SPICA Coronagraph Instrument SCUBA Submillimetre Common-User Bolometer Array

SDR System Design Review SE Sun-Earth

SED Spectral Energy Distribution SF Star Formation

SFR Star Formation Rate SKA Square Kilometre Array

SMBH Super Massive Black Hole SMG Sub-Millimetre Galaxy

SMILES Super conducting sub-mm Limb Emission SounderSNe Super Novae

SOC Science Operations Centre SPC Science Programme Committee

SPICA SPace Infrared telescope for Cosmology and
Astrophysics

SPIRE Spectral and Photometric Imaging REceiver

SRON Space Research Organisation of the Netherlands SRR System Requirements Review

SSO Solar System Object STA SPICA Telescope Assembly

STSST SPICA Telescope Science Study Team SVM Service Module

TAC Time Allocation Committee TAS Thales Alenia Space

TBC To Be Confirmed TBD To Be Defined

TC Telecommand TDA Technology Development Activities

TES Transition Edge Sensors TID Total Ionising Dose

TIRCS Thermal Insulation and Radiative Cooling System TIS Total Integrated Scatter

TM Telemetry TOB Telescope Optical Bench

ToO Target of Opportunity TT&C Tracking Telemetry and Command

ULIRG UltraLuminous InfraRed Galaxy UV UltraViolet

WFE Wave Front Error XDR X-ray Dominated Region
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