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Abstract

19,27

We use the SPace Infrared telescope for Cosmology and Astrophysics (SPICA) project as a template to demonstrate
how deep spectrophotometric surveys covering large cosmological volumes over extended fields (1-15 degz) with
a mid-IR imaging spectrometer (17-36 pm) in conjunction with deep 70 pm photometry with a far-IR camera,
at wavelengths which are not affected by dust extinction can answer the most crucial questions in current galaxy
evolution studies. A SPICA-like mission will be able for the first time to provide an unobscured three dimensional
(3-D, i.e. x, y and redshift z) view of galaxy evolution back to an age of the Universe of less than ~ 2 Gyrs, in the
mid-IR rest-frame. This survey strategy will produce a full census of the Star formation Rate (SFR) in the Universe,
using Polycyclic Aromatic Hydrocarbons (PAH) bands and fine-structure ionic lines, reaching the characteristic knee
of the galaxy luminosity function, where the bulk of the population is distributed, at any redshift up to z ~ 3.5.
Deep follow-up pointed spectroscopic observations with grating spectrometers onboard the satellite, across the
full IR spectral range (17-210 pm), would simultaneously measure Black Hole Accretion Rate (BHAR), from
high-ionization fine-structure lines, and SFR, from PAH and low- to mid-ionization lines in thousands of galaxies
from solar to low metallicities, down to the knee of their luminosity functions. The analysis of the resulting atlas of
IR spectra will reveal the physical processes at play in evolving galaxies across cosmic time, especially its heavily
dust-embedded phase during the activity peak at the cosmic noon (z ~ 1-3), through IR emission lines and features
that are insensitive to the dust obscuration.

Keywords: galaxies: active — galaxies: evolution — galaxies: star formation — infrared: galaxies — techniques: spectroscopic

— telescopes

Preface

The articles of this special issue focus on some of the major its M5 competition.

scientific questions that a future IR observatory will be able to

though the mission proposal has been cancelled by ESA from

address. We adopt the SPace Infrared telescope for Cosmology
and Astrophysics (SPICA) design as a baseline to demonstrate
how to achieve the major scientific goals in the fields of galaxy
evolution, Galactic star formation and protoplanetary disks
formation and evolution. The studies developed for the SPICA
mission serve as a reference for future work in the field, even

*E-mail: luigi.spinoglio@inaf.it

The mission concept of SPICA employs a 2.5 m telescope,
actively cooled to below ~ 8 K, and a suite of mid- to far-IR
spectrometers and photometric cameras, equipped with state
of the art detectors (Roelfsema et al. 2018). In particular
the SPICA Far-infrared Instrument (SAFARI) is a grating
spectrograph with low (R~ 200-300) and medium (R ~
3000-11 000) resolution observing modes instantaneously
covering the 35-210 pm wavelength range. The SPICA Mid-
infrared Instrument (SMI) has three operating modes: a large



field of view (10" x 12”) low-resolution 17-36 pm imaging
spectroscopic (R ~ 50-120) mode and photometric camera
at 34 pm (SMI-LR), a medium resolution (R ~ 1300-2300)
grating spectrometer covering wavelengths of 18-36 pm (SMI-
MR) and a high-resolution echelle module (R ~ 29 000) for
the 10-18 pm domain (SMI-HR). Finally, B-BOP, a large
field of view (27.6 x 2’.6), three channel, (70 pm, 200 pm
and 350 pm) polarimetric camera complements the science
payload.

1 INTRODUCTION

In the context of current standard cosmological models (e.g.
ACDM) the evolution of the large scale structure in the Uni-
verse is governed by dark matter, which forms a cosmic
network of filaments that connect gravitationally-bound re-
gions, known as dark matter halos (e.g. White & Rees 1978;
Bond et al. 1996). The gas density follows, under the effect
of gravity, the filamentary large-scale structure (filaments
contain > 60% of the gas mass at z ~ 3; Vogelsberger et al.
2014; Umehata et al. 2019), while baryonic physics regulate
the formation and growth of both supermassive black holes
(SMBHs) and galaxies inside the halos of this cosmic web
(Springel et al. 2005; Somerville & Davé 2015). The over-
all efficiency to produce stars from the available baryonic
matter is very low and depends strongly on the mass of the
halo, reaching a maximum value of 20-30% for halos of
~ 10"> M, typical of Milky Way like galaxies, with a signifi-
cant drop towards lower- and higher-mass galaxies (Behroozi
et al. 2019; Wechsler & Tinker 2018). Thus, the morphology
and characteristics of galaxies are tightly linked to the envi-
ronment where they formed (Blanton & Berlind 2007). In the
present day Universe, massive ellipticals reside preferentially
in the innermost parts of galaxy clusters, whereas star-forming
galaxies are preferentially found in the clusters outskirts or
in the field. This diversity arises from the different formation
histories of low and high mass galaxies.

The extensive photometric surveys in the X-rays, UV, op-
tical, and IR ranges performed over the last two decades
have shown a common evolution of the two main energetic
processes inside galaxies, i.e. star formation (SF) and black
hole accretion (BHA), with a peak between z ~ 1 and z ~ 3,
in an epoch known as the “Cosmic Noon” (Madau & Dickin-
son 2014; Heckman & Best 2014). By the end of this epoch
massive elliptical galaxies and the bulges of Milky Way like
progenitors were already in place (Pérez-Gonzélez et al. 2008),
while the global SF and BHA activity started a steep decline
towards the present time. The bulk of galaxies at any epoch
show a correlation between their stellar mass and star forma-
tion rate. This relation, evolving with redshift, is called “main
sequence” (Noeske et al. 2007; Daddi et al. 2007; Elbaz et al.
2007; Rodighiero et al. 2011), which is abandoned by massive
galaxies in less than ~ 1 Gyr, reducing their SFR by a factor
10 to become members of the “red and dead” sequence. In this
scenario, energetic feedback from massive stars though stellar
winds and supernovae (SNe), and active galactic nuclei (AGN)
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are required to quench the SF and explain the low efficiency
of transforming baryons into stars (Behroozi et al. 2019). In
particular, current simulations require a strong contribution
of feedback from accreting BHs to reconcile the galaxy mass
function with that of dark matter halos (Silk & Mamon 2012),
and to explain the local scaling relations between the BH
masses and host galaxy properties (Kormendy & Ho 2013).
This feedback is mainly ascribed to quasar outflows and jets
in AGN, however robust observational evidence probing such
scenario at high-z is still missing.

A complete study of galaxy evolution, that includes the
history of massive galaxies, has to account for the environ-
ment where they originated and thus has to incorporate the
large-scale structure, which requires the mapping of large cos-
mological volumes. This requires deep spectroscopic surveys
to locate in space and in time the presence of star forming
galaxies and AGN and to assess their activity. During the
peak epoch of SF in galaxies, the UV and optical light is
absorbed by dust grains and re-emitted in the IR and therefore
nearly 90% of the energy emitted by young stars emerges in
the infrared (e.g., Madau & Dickinson 2014, and references
therein). Observation of the UV rest-frame continuum asso-
ciated with young massive stars (1400—1700A), in spite of
being one of the most popular methods to measure the SFR
density (Lilly et al. 1995; Madau et al. 1996; Cucciati et al.
2012; Bouwens et al. 2015), is highly unreliable in obscured
environments such as those at the cosmic noon. Therefore,
rest-frame ultraviolet (UV) and optical observations cannot ac-
cess these crucial dust-obscured regions where these massive
stars form. Alternative methods based on massive star tracers,
such as gamma-ray bursts (GRBs; e.g. Greiner et al. 2015)
show a strong bias towards subsolar metallicity low-mass
galaxies at redshift z < 1 (Z < 0.5Z and M, < 10'°Mg;
Vergani et al. 2015) and miss the dust obscured fraction of the
starburst population at redshift z > 2 (Gatkine et al. 2020).
Similarly, the derivation of the black hole accretion rate
(BHAR) in galaxies from X-ray observations is affected by
large uncertainties, due to the large bolometric corrections
(factors of tens to hundreds) and the large dispersion in their
determinations, required to derive the accretion luminosity
from the observed X-ray luminosity (e.g. Vasudevan & Fabian
2009; Lusso et al. 2012; Ueda et al. 2014; Duras et al. 2020).
Moreover, even hard-X-rays surveys, which directly probe
the hot gas around the accreting BH’s, have limitations in
sensitivity that often miss faint, Compton thick AGN, whose
population constitutes ~ 40% of the AGNs in the local Uni-
verse, or underestimating their luminosities (Georgantopoulos
& Akylas 2019; Lambrides et al. 2020).

An alternative determination of the SFR and BHAR densi-
ties that does not suffer from the above cited limitations, was
derived from the mid- to far-IR photometric observations of
Spitzer (Werner et al. 2004) and Herschel (Pilbratt et al. 2010)
of deep cosmological fields (Schreiber et al. 2015; Delvecchio
et al. 2014), based on the bolometric luminosities of galax-
ies (Le Floc’h et al. 2005, Gruppioni et al. 2013). However,
infrared photometric surveys are not immune to limitations or
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assumptions about the intrinsic spectra, since the measured
light is usually reprocessed emission from dust heated by
a central power source. Indeed Spitzer- and Herschel-based
studies have been successful in estimating number counts
and galaxy luminosity functions (LF) (Le Floc’h et al. 2005;
Pérez-Gonzélez et al. 2005; Rodighiero et al. 2010a; Oliver
et al. 2012; Gruppioni et al. 2013; Magnelli et al. 2013; Lapi
etal. 2011), but only through statistical techniques applied
to the bulk of the galaxy population as a function of redshift.
Here we refer to the assumptions that are necessarily made
to derive from the observed number counts at some specific
wavelength (e.g., 24 um for Spitzer, 100 and 160um for
Herschel, to give two examples) a well defined luminosity.
This in turn is determined by the assumed spectral energy
distribution of galaxies and the measure of the galaxy redshift.
The luminosities associated to a galaxy population are then
used to build up the luminosity functions, well defined only
for complete statistical samples, and therefore the LFs still
suffer quite significant uncertainties.

Only wide-area spectroscopic surveys, immune to dust, are
the key to advancing the field. The mid- to far-IR spectral
range contains a great variety of ionic, atomic, molecular lines,
as well as continuum features that can be used as spectral
diagnostic tools in dust-obscured environments (Spinoglio
& Malkan 1992; Armus et al. 2007; Nardini et al. 2010;
Imanishi et al. 2011). In particular, the mid- to far-IR ionic
fine-structure lines, besides being significantly less affected
by extinction than UV, optical or near-IR lines, are charac-
terised by having their emissivities only weakly dependent
on the electron temperature, making them very good tracers
of the gas phase physical conditions. This is a consequence
of the atomic level energies involved in the IR fine-structure
transitions, which are much closer to the ground state with
respect to optical and UV transitions. For instance, the emis-
sivity of IR lines such as [Ne 11]12.8um, [Ne 111]15.6um,
[O 111]52,88um, [O 1Vv]25.9um, or [N 11]122,205um
changes at most by a factor < 2.7 inthe 3000 < T, < 50 000K
and 10 < ne < 1000cm™3 ranges, where T and n. are the
electron temperature and density (based on pYNEB estimates;
Luridiana et al. 2015), while the intensities of optical tran-
sitions such as [N 11]116548, 6584 or [O 111]114959, 5007
show variations of a factor 270 and 2800, respectively, that is
100-1000 times larger for the same temperature and density
ranges. The strong dependence of the optical emissivities with
the temperature becomes a major source of uncertainties when
the nebula show temperature stratification or inhomogeneties
that are not spatially resolved (e.g. Vermeij & van der Hulst
2002; Dors et al. 2013), which is typically the case in galaxies
observed at high-z.

Using IR spectroscopy of these lines, we can therefore
physically separate the processes due to stellar formation and
evolution from those due to AGN accretion, because of the
different energies involved in line ionization and excitation
processes (Ho & Keto 2007; Tommasin et al. 2010; Zhuang
et al. 2019; Xie & Ho 2019 for SFR and Rigby et al. 2009;
Tommasin et al. 2010; Diamond-Stanic & Rieke 2012 for

BHAR). An IR spectroscopic investigation will lead to a
complete census of SF and obscured BHA in galaxies from
low-mass/low-metallicity galaxies to heavily obscured high-
mass starburst galaxies. This will establish a new reference
point for cosmological models providing access to obscured
star formation, i.e. the most fundamental key for galaxy
formation theories. Indeed, the rest-frame mid- to far-IR
spectrum of each observed galaxy will allow us to measure
directly redshifts, SFRs, BHARs, metallicities and physical
properties of gas and dust in galaxies, thus changing our
current knowledge of galaxy evolution and, in particular,
metallicity evolution, which could be heavily biased from the
available observations of only the UV and visible lines, as
well as optical and UV photometry.

A description of the power of rest-frame mid-IR spec-
troscopy for galaxy evolution studies with the SPICA project
can be found in Spinoglio et al. (2017), while a study of the
SPICA mid-IR photometric surveys can be found in Gruppi-
oni et al. (2017). In this paper, we present the assessment of
the mid-IR cosmological spectrophotometric surveys that has
been prepared for the SPICA mission. Because the SPICA
proposal has been cancelled by ESA from the Cosmic Vision
2015-2025 M5 competition, we consider in this article the
SPICA mission as a template case that in the future could be
accomplished by a new IR observatory project, such as the Ori-
gins Space Telescope (OST), currently under study by NASA
(Meixner et al. 2019). In this paper, we follow up on the work
presented in Kaneda et al. (2017) and Gruppioni et al. (2017),
which describe deep and ultra-deep SPICA spectrophotomet-
ric and photometric surveys, respectively, with the SPICA
Mid-IR Instrument SMI (Kaneda et al. 2016). These papers
are focused on the detection of the mid-IR features from the
polycyclic aromatic hydrocarbons (PAHs) in SF galaxies and
on the rest-frame mid-IR continuum in AGN, respectively.
Besides the bright PAH features, here we also consider the
detection of the mid-IR rest-frame ionic fine structure lines
in both solar and low-metallicity SF-dominated galaxies and
AGN, adopting the same two surveys approach presented in
Kaneda et al. (2017). Moreover, we assess the feasibility of
pointed observations with SMI (17 < A < 37 pm) using the
medium resolution mode (R ~ 1300-2300) and SAFARI at
longer wavelengths (35 < A < 210 pm) in the low resolution
mode. We also include in this paper a new calibration for both
the PAH features and the ionic fine structure lines to the total
IR Iuminosity, which is derived from observations of samples
of active, starburst and dwarf low-metallicity galaxies in the
local Universe.

Throughout this paper, we adopt the following cosmological
parameters: Hy = 67.8 km s Mpc_l, Quy =0.3and Q) =
0.7 (Planck Collaboration et al. 2016).

2 SPICA COSMOLOGICAL SURVEYS

Through its SMI spectrophotometric surveys, SPICA would
have uniquely supplied for the first time a full census of
the hidden SF and BHA over 90% of cosmic time in all



environments, from voids to cluster cores. In order to reach
this goal, the SPICA observing strategy of cosmological fields
would have adopted the following sequence of observations
and sample definition:

1. Deep and ultra-deep spectrophotometric surveys with
SMI at wavelengths of 17-36 ym and photometric sur-
veys with the SPICA B-BOP photopolarimetric camera
(André et al. 2019) at A=70 um, over large cosmological
volumes of 1 deg? and 15 deg?, respectively.

2. Definition of a sample of galaxies based on the outcome
of the above surveys. From the detected spectral features
and lines in the low-resolution SMI spectra, we would
have been able to measure the redshifts and SFRs for fens
to hundreds thousand galaxies (see Kaneda et al. 2017)
at the cosmic noon. Thanks to the coming extragalac-
tic surveys, the new ancillary multi-frequency data at
shorter (near-IR) and longer (submillimeter and millime-
ter) wavelengths would be used to fully characterize
them in terms of stellar and dust masses and bolometric
luminosities.

3. Pointed spectroscopic follow-up observations with SA-
FARI and SMI at medium- to high-spectral resolution
(R ~ 300-11000) of thousands of galaxies, drawn from
the sample defined above, would allow a complete
characterization of the physical processes driving the
evolution of these galaxies.

In this paper we describe the SPICA observing strategy by:
(1) assessing the potential of the low-resolution spectroscopic
SMI surveys with the predicted detections of solar and low-
metallicity SF and AGN in galaxies (see Sections 3.1 and
3.2); (2) outlining how a sample, suitable to study galaxy
evolution at its cosmic noon, can be defined (see Sect. 3.3) and
(3) assessing how the SAFARI and SMI follow-up pointed
observations (see Sect. 3.4) would be able to measure SFR and
BHAR of galaxies of lower luminosities, reaching the knee
of the luminosity and mass functions, at various redshifts.
Reaching the knee of the luminosity function includes 50%
or more of the total IR light of galaxies up to a redshift of z
= 2.5 and slightly less above (at z=3: 48% and at z=4: 46%),
while going to +1 dex above the knee means losing 55-60%
of the light and, conversely, going —1 dex fainter would add
60-70% of the remaining total luminosity. Because the SFR
is proportional to the total IR luminosity, these numbers can
also be applied to the SFR fractions. For what concerns the
mass function, if we limit the study to the Main-Sequence
(M.-S.) galaxies, the same proportions will be maintained.

In order to proceed with the above assessment, first of
all, we have revised, by recomputing them with the available
observations in the Local Universe, the calibrations, with
respect to their total IR luminosities, of a number of mid-IR
fine-structure emission lines as well as a few bright PAH
spectral features (see Section 2.1).

Then we have used the photometric IR catalogue which
includes the deepest Herschel observations of galaxies, the
Herschel Extragalactic Legacy Project (HELP; Vaccari 2016;
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Matek et al. 2020; Shirley et al. 2019) as input catalog to count
how many galaxies, which have been detected photometrically
with Herschel, would be detected spectroscopically with the
SMI deep and ultra-deep spectrophotometric surveys (see
Section 2.2), using the calibrations of Section 2.1.

Finally, we have made predictions of the expected number
of galaxies that SPICA would be able to detect with the SMI
spectrophotometric surveys at different redshifts from the IR
luminosity functions derived from the Herschel far-IR surveys
(see Section 2.3), using again the line calibrations presented
in Section 2.1.

2.1 Calibrations of the IR lines to the total IR
luminosities

Following the calibration of the IR lines presented in Spinoglio
et al. (2012, 2014), we have chosen the fine-structure lines
discussed in this paper, but limited to the rest-frame spectral
range from 10-35 pm, and added to these the [Ne v1] line at
7.7 pm. We limited to this particular spectral range because
it is the most suitable to study the behaviour of galaxies at
the cosmic noon, i.e. at redshift of z = 1-3, and it is the
best range where we can easily discriminate the different
ionizing continua from AGN and SF galaxies, from solar to
subsolar metallicities, and thus quantify the proportions of
each emission line produced by each mechanism (see, e.g.,
the case of NGC 1068 in Spinoglio et al. 2005).

We include a new calibration for low metallicity galax-
ies based on the Herschel Dwarf Galaxies Sample (DGS)
catalogue (Madden et al. 2013; Cormier et al. 2015), which
includes galaxies with the largest range in metallicities achiev-
able in the local Universe (~7 < 12 + log O/H < 8.5) to extend
the parameter space including sub-solar metallicities. This is
motivated by the detection of massive galaxies (~ 10'° M)
in optical surveys with sub-solar metallicities during the
cosmic noon, which apparently experience a fast chemical
evolution above z > 2 (Maiolino et al. 2008; Mannucci et al.
2009; Troncoso et al. 2014; Onodera et al. 2016; Sanders
et al. 2020a). These changes are expected to have an impact
on the ISM structure of high-z galaxies, favouring stronger
radiation fields (e.g. Steidel et al. 2016; Kashino et al. 2019;
Sanders et al. 2020b) and a more porous medium similar to
that observed in dwarf galaxies (Cormier et al. 2019).

A more general analysis of a revised calibration of all
brightest fine-structure lines will be presented in a specific
paper (Mordini et al. 2021, in prep.). In this work, which
specifically addresses the observing feasibility with the SPICA
spectrometers, we considered the fine structure lines, in order
of wavelength: [Ne vi] at 7.7 pm, [S 1v] at 10.51 pm, [Ne 11]
at 12.81 pm, [Ne v] at 14.32 pm, [Ne 111] at 15.56 pm, [S 111]
at 18.71 pm, [Ne v] 24.32 pm, [O 1v] at 25.89 pm, [S 111]
at 33.48 pm, [Si 11] 34.81 pm. For an early discussion of the
power of the IR fine-structure lines to trace AGN and star
forming galaxies, we refer to the work of Spinoglio & Malkan
(1992).

Moreover, we included five PAH (Puget & Leger 1989) spec-
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tral features (6.2 pm, 7.7 pm, 8.6 pm, 11.25 pm, and 17 pm,
that are sensitive tracers of the star formation rate (Wu et al.
2005; Brandl et al. 2006; Smith et al. 2007). These latter
features are attributed to C-C stretching and C-H bending
modes and are very luminous and very broad, with extended
Lorentzian wings, well matching the spectral resolution of
the SMI-LR (R ~ 50-120) spectrometer, thus allowing the
detection of very faint distant galaxies, their classification and
measure of the redshift. Moreover, PAHs are characteristic of
photo-dissociation regions (PDRs; Lutz et al. 2008; Shipley
et al. 2016). Recent detailed models of PAH emission by
Draine et al. (2020) explored the sensitivity of PAH emission
spectra to the illuminating starlight, ranging from the bright
far-UV starburst spectra to the red spectra of evolved stellar
populations, to the PAH size distribution, and to the PAH
charge distribution. These studies will be essential for the cor-
rect interpretation of the future observations at high redshift.
We notice here that PDRs by themselves are an important
probe of the gas in galaxies, because all neutral atomic hydro-
gen gas and a large fraction of the molecular gas in the Milky
Way and in external galaxies lie in these regions, which are
the origin of most of the nonstellar infrared and the millimeter
CO emission from a galaxy (Hollenbach & Tielens 1997). The
PAH features in star forming galaxies also correlate with CO
emission, so they can be used also as molecular gas tracers
(Cortzen et al. 2019). Furthermore, McKinney et al. (2020)
showed that the study of star formation at high redshift could
benefit from the use of multiple tracers, such as the combina-
tion of the mid-IR PAH features, tracing photoelectric heating
in PDR regions, and [CII]158um emission, a major ISM
coolant, which can be detected with ALMA at redshift above
z~1.2. Moreover, Kirkpatrick et al. (2017) studied how to
identify star forming galaxies, AGN and composite AGN+SF
galaxies through JWST-MIRI color-selection techniques at
z~1-2, covering the 6.2 and 7.7 um PAH features and the
3-5 um stellar minimum, which are robust tracers of star
formation. They also show that the 7.7um feature needs to
be corrected for AGN contamination, before converting to
an SFR. We show in Fig. 1 the average spectra of different
galaxies types, from AGNs to Starburst galaxies, showing a se-
quence of decreasing nuclear non-thermal activity (Tommasin
et al. 2010), where the most relevant IR lines and features are
indicated.

The calibration of the different IR fine structure lines
and features has been computed using mid-IR spectroscopic
observations, mainly from the Infrared Spectrograph (IRS)
(Houck et al. 2004) onboard Spitzer, but also from the In-
frared Space Observatory (ISO; Kessler et al. 1996) Short
Wavelength Spectrometer (SWS; de Graauw et al. 1996).

In particular, for SF galaxies we have selected both the
sample of “classical starburst galaxies” observed by Brandl
et al. (2006) and Bernard-Salas et al. (2009) from which we
have used the PAH spectral features and the fine structure
lines, respectively, and the sample of star forming galaxies
contained in Goulding & Alexander (2009), which is based
on the 60um Galaxy Sample (Sanders et al. 2003), limited to
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Figure 1. Mid-IR rest-frame spectra of different galaxy types, in a sequence
from high to zero nuclear activity from the AGN, from type 1 Seyfert galaxies,
through Hidden Broad Line Region Galaxies (HBLR), AGN type 2, weak
active galaxies (non Sy) to Starburst galaxies as observed in the local Universe
from the Spitzer IRS high resolution (R~600) spectrometer. The black line
shows the average spectrum of the starburst galaxies (Bernard-Salas et al.
2009), showing the strong PAH features. The figure has been adapted from
Tommasin et al. (2010) and the positions of the brightest fine-structure lines
(divided in low-, medium- and high-excitation) and features are indicated.

distances below 15 Mpc for the fine-structure lines. For AGN
we considered the complete 12 um selected active galaxies
sample (Rush et al. 1993), which is the brightest sample of
Seyfert galaxies in the local Universe and was systematically
observed by the Spitzer IRS spectrometer at low spectral
resolution from Gallimore et al. (2010) from which we derived
the PAH emission fluxes and at high spectral resolution from
Tommasin et al. (2008, 2010) from which we have taken the
fluxes of the fine structure lines. Data from Sturm et al. (2002)
were considered only for the [Ne vi] line at 7.65 pm. Lastly,
to compute the calibrations of the fine-structure lines in low
metallicity galaxies, we have used the data from the DGS
(Madden et al. 2013), which have been published in Cormier
et al. (2015). The total IR luminosities (Lg-1000um) of the
selected galaxies have been taken from the cited papers. For the
objects without a given luminosity, we calculated Ly g using
the IRAS point source catalog fluxes (Neugebauer et al. 1984)
and the formula by Sanders & Mirabel (1996).

We have derived a linear correlation between the logarithms
of the total IR luminosity of the galaxies and the luminosity of
the lines using the least square method, adopting the following
equation:

log(Liine) = (a + 6a) log(Lir) + (b + 6b) (1

In the following relations, the luminosities are expressed
in units of 10*! ergs~!. We report the best-fit parameters for



the revised line calibrations in Table 2, where for each linear
relation we give the number of objects N used to calculate the
linear regression, and the regression coefficient r.

An analysis of the IR lines and features calibrations of
Table 2 shows that:

* by far the brightest features are PAH features especially
in star forming galaxies (see, e.g., Wu et al. 2005). As
shown by the normalization constants in Table 2, their
equivalent widths are typically 10 times higher than the
strong fine-structure lines.

* the mid-ionization fine-structure lines in AGN are all
of about the same brightness (and their luminosities
increase linearly with the total IR luminosity) compared
to solar-like star forming galaxies, while the higher
ionization lines of [O 1v]25.9um and the [S 1v]10.5pm
lines are five times and more than one order of magnitude
brighter, respectively. The mid-ionization lines are and
significantly brighter, and more prominent with respect
to the continuum, in low metallicity galaxies due to: i)
the stronger ionisation spectrum from massive stars in
the 30-50 eV range at low metallicities (see discussion in
Fernandez-Ontiveros et al. 2016); and ii) the lower dust
content which results in a fainter continuum emission.
The [Ne v1]7.65pm and the [Ne v]14.3pm and 24.3um
are only present in AGN, because of the harder ionizing
spectra of these objects.

* a comparison of the AGN and low metallicity galax-
ies (LMG) shows that the [S 1v]10.5pm and the
[Ne 111]15.6pm lines are more than one order of magni-
tude brighter in LMG compared to AGN.

The above comparisons show that the differences in the
ionizing spectra among the three classes of galaxies are very
significant and therefore they can be easily discriminated
by adequate line ratio diagrams, like those suggested in
Fernandez-Ontiveros et al. (2016) —the so-called IR BPT
diagrams.

2.2 Predictions of SMI spectroscopy of the deepest
Herschel photometric fields

As anticipated in Section 2, we have exploited the IR photo-
metric catalog of the Herschel Legacy Extragalactic Program
(HELP, Vaccari 2016), as input data to determine how many
galaxies, that have been detected with the Herschel photo-
metric surveys, would be detected with the SPICA SMI
spectroscopic surveys at each redshift and luminosity.

In particular, we have used the data already analyzed
with the Code Investigating GALaxy Emission (CIGALE;
Ciesla et al. 2015), which are available on the HELP (1) ser-
vice with estimated total IR luminosity, stellar mass and SFR,
for a total of about 15,000 objects selected in the whole
COSMOS field (Scoville et al. 2007), covering an area in the
sky of 2 deg?. All the selected sources have 24um fluxes from

lavailable at: https://herschel-vos.phys.sussex.ac.uk
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MIPS (Rieke et al. 2004) onboard Spitzer, 100um and 160um
fluxes from Herschel-PACS (Poglitsch et al. 2010) and 250um
fluxes from Herschel-SPIRE (Griffin et al. 2010). Because
the parent sample of our selection of HELP galaxies is the
COSMOS field, the homogeneity completeness is ensured.

Starting from the total infrared luminosity, we determined
the expected line luminosity for each of these objects through
our calibrations and whether they would be detected in the
ultra-deep and deep SMI surveys. We note here that the use of
the HELP catalog has two limitations: first of all, the estimates
will suffer the completeness limits of the HELP catalog,
therefore they will be biased against the low luminosity
galaxies that Herschel did not detect: secondly, there is a
bias against high luminosity galaxies, which could have been
missed because of the limited area of the considered Herschel
surveys. Nevertheless, the use of the HELP catalog is valuable
because it is based on the knowledge of the galaxies as a
function of cosmic time that we do have now from Herschel
and at the same time we can demonstrate how many of the
galaxies detected photometrically by Herschel could be
detected spectroscopically by a SPICA-like observatory. The
results of this analysis are presented in Section 3.1.

2.3 Predictions from the far-IR galaxy luminosity
functions

In this section, we outline the method used to make the pre-
dictions of spectral lines and features from the luminosity
functions. First, we compute the number of galaxies in a given
sky area for each redshift interval we want to probe, namely
from z = 0.5 to z = 4, using the IR luminosity functions.
Then, through the calibrations of the IR fine structure lines
and PAH features in the mid-IR (see Section 2.1), we compute
the line emission luminosity functions from the IR contin-
uum luminosity functions. The results about the line/feature
detectability have been obtained from these derived line lu-
minosity functions and assuming the sensitivity of the SMI
spectrometer at the observed wavelength (Kaneda et al. 2017).
This approach follows the one already presented in Spinoglio
et al. (2012) and Gruppioni et al. (2016), but with the new
calibration of the IR lines, updated galaxies luminosity func-
tions, as well as updated characteristics of the SPICA focal
plane instruments.

Following the work presented in Kaneda et al. (2017) and
in Gruppioni et al. (2017) our reference surveys, besides the
two SMI/B-BOP spectrophotometric surveys presented there,
include also a hyper-deep survey down to the confusion limit
expected at 34um for a 2.5 m size telescope (in the range of
2-3uly at 307) (see Table 1 for the details):

1. ahyper-deep SMI survey over an SMI-LR field of 10’ %
12 (= 120 arcmin® = 0.033 deg?) down to the spec-
troscopic flux limit of ~ 4.6 x 1072 Wm™2 at 34 um,
corresponding to 0.5uJy in the continuum (at 507);

2. an ultra-deep SMI survey over a field of 1deg? down
to the spectroscopic flux limit of 2.8 x 1072 W m™2
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at 34 um, corresponding to 3uJy in the continuum (at
50), complemented with a B-BOP photometric survey
at 70 pm at a flux limit of ~ 60 pJy (at 50);

3. a wide field deep survey over 15deg? to the spectro-
scopic flux limit of 1.2 x 107 Wm™ at 34 um (at
50), corresponding to 13uJy in the continuum (at
50),complemented with the B-BOP observations at
70 pm at a flux limit of ~ 100 uJy (at 50).

Predictions based on the Planck proto-clusters Luminosity
Function evolutionary model (Negrello et al. 2017) indicate
that proto-clusters (see, for a definition, e.g. Sunyaev &
Zeldovich 1972), the rarest source population, would be
detected in abundance in the SPI/CA ultra-deep survey over
1 deg® with SMI, from hundreds to thousands of protocluster
members. However, to be able to fully assess the effects of
clustering and environment on galaxy evolution, we also
planned the 15 deg? survey, at a spectroscopic depth that will
allow the determination of the redshifts through the strong
PAH features.

The number of sources expected to be detected in the
wide-field SMI spectral surveys, and their nature, has been
estimated first in each 10" x 12’ field of view of the SMI
instrument in low spectral resolution mode, as a function
of redshift. We adopted the luminosity functions derived
by Wang et al. (2019b) from the Herschel far-IR surveys,
in which the whole population of galaxies is considered
and no attempt to classify the galaxies in terms of different
populations is performed. From the luminosity function, we
derived the expected number of objects per Mpc? in every
luminosity interval, for each redshift. Then, from each of the
three different line calibrations (see Section 2.1) for AGN, Star
Forming galaxies and Low Metallicity galaxies, we predicted
the expected flux of each spectral line or feature for a given
IR luminosity and redshift and therefore the fraction of the
total population of galaxies that we would be able to classify
in the three classes of galaxies considered.

3 RESULTS

3.1 SMI spectroscopic detections in the deepest
Herschel fields

The approach used in this paper is to adopt a single luminosity
distribution function without assuming a particular separation
among the different types of galaxies. Then, we derive the
fraction of sources recovered if the whole population consists
of either SF galaxies, low metallicity galaxies or AGN. This
simple method allows us to derive the extreme situations,
without relying on model assumption of separation of different
galaxy populations.

We first show graphically the results of the simulation
of the deepest Herschel photometric fields (HELP) for the
SMI-LR hyper-deep survey of 120 arcmin® (0.033 deg?): in
Fig. 2(a) the detections of starburst galaxies through the PAH
emission features show that the SMI-LR sensitivity of this
survey is about two orders of magnitude below the knee of

the luminosity function, as a function of redshift, that has
been assumed for a 10'%7 M galaxy residing in the Main-
Sequence (M.-S.; Scoville et al. 2017). For the low metallicity
galaxies (LMG) presented in Fig. 2(b) the detection threshold
of SMI-LR is about one order of magnitude below the knee
of the luminosity function, but only at redshift up to z~2.2.
Finally, for the AGN population, as shown in Fig. 2(c), SMI-
LR can detect all objects at about 0.5-0.8 dex below the knee
of the luminosity function up to redshift z~3.5.

The results of our simulations of the ultra-deep 1 deg? SMI
spectroscopic survey, using the HELP database, are shown in
Fig. 3(a) the detections of the expected PAH features in SF
galaxies with solar metallicity, in Fig. 3(b) the detections of
fine structure lines in low-metallicity galaxies, and in Fig. 3(c)
the detections of fine structure lines typical of AGN. For
solar-like metallicity galaxies, the PAH features cover almost
the whole redshift interval up to z ~ 3.0, at a luminosity level
which about 0.5 dex or more below the knee of the luminosity
function,up to redshift of ~ 3.5, indicating that the bulk of the
star forming galaxies, which were detected photometrically
by Herschel would be easily detected spectroscopically by a
mid-IR camera such as SMI.

The situation is different for AGN, because of the lack of a
tracer as bright as the PAH features, and Fig. 3(c) shows that
the various fine-structure lines can cover the redshift range
up to z~2.5, however at luminosities which are about 0.5 dex
or more above the knee of the luminosity function at each
redshift above z ~ 0.5. For redshift above z ~ 1, the best
tracer for AGN is the [Ne v1]7.65um line, while at lower
(0.5 < z < 1) redshift the best tracer is the [Ne 111]15.6um,
and at z < 0.5 the [O 1v]25.9um line would be visible in the
SMI spectral range. About the detection of the high-ionization
line of [Ne v1]7.65um, we are aware that on one hand, in the
co-existence in the host galaxy of strong starburst emission,
at the low resolution of the SMI imaging spectrometer, this
line can be overwhelmed by the strong PAH feature at 7.7um,
however, on the other hand, it can be very bright in strong
AGN, such as the prototypical Seyfert type 2 galaxy NGC1068
in the local Universe, which does not show PAH emission
features (Lutz et al. 2000).

For the Low Metallicity galaxies, shown in Fig. 3(b), the
situation is somewhat intermediate to what we have found for
the SF galaxies and the AGN: the SMI ultra-deep survey can
go as deep as the knee of the galaxy luminosity function up to
z ~ 1, about 0.3 dex above the knee at 1.0 < z < 1.5 and about
one order of magnitude above the knee for 1.5 < z < 2.2.

The simulation with the Herschel data allowed us to also
analyze the stellar mass interval of the galaxies that can be
detected, shown in figures 4(a) for the Star Forming galaxies,
in Fig.4(b) for Low Metallicity galaxies and in Fig.4(c)
for AGN. The SF galaxies detected in the PAHs cover well
the whole mass-luminosity interval analyzed in the HELP
project, the LMG, detected through fine-structure lines, show
a narrower region of the plane stellar mass - luminosity and
the AGN, because of the lower detection rate, show only a
sparse filling of highest masses and luminosities.
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Table 1 SMI/B-BOP Spectrophotometric surveys parameters

Parameters Deep  Ultra-deep Hyper-deep
Survey area (deg®) 15 1 0.033(10’x 127)
Number of SMI fields (10°x12") 450 30 1
Limiting cont. flux at 34um (5 o, R =2.5) (uly) 13 3.0 0.5
SMI Time per field (hr.) 1.07 20.2 260.6
Total SMI integration time (hr.) 475.5 605.0 260.6
Total SMI time (including overheads) (hr.) 483.0 605.0 260.7
Number of B-BOP fields (2.6” x 2.6") 7935 529 —
Limiting flux at 70um (5§ o) (uJy) 100 60 —
B-BOP Time per field (min.) 3.46 941 —
Total B-BOP integration time (hr.) 458.0 83. —
Total B-BOP time (including overheads) (hr.) 482.0 102. —
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Figure 2. Redshift-luminosity diagrams simulating the SMI 120 arcmin? (0.033 deg?) hyper-deep survey using the HELP database. In all three panels, the grey
dots represent the whole galaxy population as detected photometrically by Herschel, while each continuum coloured line represent the detection limit of SMI at
the given line or feature, as indicated by the legend, which also gives the total number of detections in that particular line or feature. The green broken line
shows the knee of the luminosity function, as a function of redshift for a 101-7 My galaxy in the Main-Sequence (M.-S.; Scoville et al. 2017). (a: left): SF
galaxies detectable with SMI in the PAH features. On the right-hand y-axis the SFR correspondent to the total Ly is also given, adopting the conversion
factor from Kennicutt & Evans (2012). (b: center): SF galaxies, adopting the line calibration of low-metallicity galaxies (~ 1/5Zg), detectable with SMI in
intermediate ionization fine-structure lines. (c: right): AGN detectable with SMI in high-ionization fine-structure lines.
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Figure 3. Redshift-luminosity diagrams simulating the SMI 1 deg? ultra-deep survey using the HELP database. We refer to Fig. 2 for the lines coding and
legends in each frame. (a: left): SF galaxies detectable with SMI in the PAH features. On the right-hand y-axis the SFR correspondent to the total Ly g is also
given, adopting the conversion factor from Kennicutt & Evans (2012). (b: center): SF galaxies, adopting the line calibration of low-metallicity galaxies
(~ 1/5Zg), detectable with SMI in intermediate ionization fine-structure lines. (c: right): AGN detectable with SMI in high-ionization fine-structure lines.
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Figure 5. Redshift-luminosity diagrams simulating the SMI 15 deg? deep survey using the HELP database. We refer to Fig. 2 for the lines coding and legends
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detectable with SMI in the intermediate ionization fine-structure lines. (c: right): AGN detectable with SMI in the high-ionization fine-structure lines.
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The results for the simulations of the deep 15 deg® SMI
survey of the same Herschel photometric fields are shown
in Fig. 5(a) for the SF galaxies, in Fig. 5(b) for LMG, and in
Fig. 5(c) for the AGN. As can be seen from this figure, the
SMI deep survey would be able to reach Star Forming galaxies
at 0.5-1.0 dex below the knee of the luminosity functions at
the various redshifts. In particular, for the SF galaxies, the
PAH features cover the whole redshift interval up to redshift
z ~ 3.5. For the AGN, the SMI deep survey would allow
detections below the knee of the luminosity functions up to
redshift z ~ 0.5, while for larger redshifts the detections of
AGN would be at luminosities 0.5-0.8 dex above the knee up
to a redshift of z~2.5 and up to 1 dex above for 2.5<z<3.5.

As for the case of the ultra-deep survey, the situation for
the low metallicity galaxies is intermediate between the other
two galaxy populations, with detections of galaxies below the
knee of the LF up to a redshift of z~1, up to 0.3 dex above
for 1.0 < z < 1.5 and 1 dex above for 1.5 < z < 2.2.

To summarize, the use of the HELP catalog demonstrated
that a hyper-deep 120 arcmin® survey with a mid-IR camera,
such as the SMI instrument proposed for SPICA, could detect
all HELP galaxies and in particular galaxies two orders of
magnitude fainter that the knee of the luminosity function
(LF) at any redshift up to z~4. For low metallicity galaxies,
this survey would detect objects about one order of magnitude
fainter than the knee of the LF up to z~2, while for AGN the
hyper-deep survey would detect galaxies 0.5-0.8 dex below
the knee of the LF up to z~3.5.

A ultra-deep 1 deg” spectrophotometric survey, with the
same camera as above, would detect PAH features in the
spectra of the complete population of galaxies observed
by Herschel in its deepest cosmological fields, allowing a
complete census of the SFR density from spectral features. On
the other hand, the same Herschel galaxies, if they harbour an
AGN, could be detected by mid-IR spectroscopic surveys at
a threshold of about 0.5 dex above the knee of the luminosity

L. Spinoglio et al.

function at each redshift above z ~ 0.5. Therefore, follow-up
pointed mid- to far-IR spectroscopic observations will be
needed to provide a complete census of the BHAR density
as a function of redshift. For the low metallicity galaxies the
ultra-deep survey will be complete, i.e. down to the knee of
the luminosity function, at z<1.0, 0.2-0.3 dex above the knee
at 1.0<z<1.5 and 1 dex above the knee at z > 1.5. A 15 deg?
mid-IR deep survey will be 0.5-1.0 dex below the knee of
the luminosity functions at any redshift for the Star Forming
galaxies, at the knee of the LF up to z~1 for Low Metallicity
Galaxies and about 1 dex above the knee of the LF for AGN
atz > 0.5.

3.2 SMI spectroscopic detections from simulations
derived from the luminosity functions

After having assessed, in the previous section, what SPICA
spectroscopy would be able to cover, in terms of type of
sources (SF- or AGN-dominated), luminosities and redshift
in the fields that have been observed photometrically by
Herschel, we want now to go deeper and compute the limiting
line fluxes that a SMI-type instrument would reach using
the predictions from the luminosity functions (Wang et al.
2019b). Following the method outlined in Section 2.3, we
have computed the number of galaxies that can be detected
by the SPICA SMI deep and ultra-deep surveys, through the
SF features in both the solar and low-metallicity cases and
via the high-ionization fine structure lines typical of AGN.

In Fig. 6 we show the evolution with redshift of the number
of galaxies for different luminosity bins expected to be present
as a function of redshift in the ultra-deep survey of the area of
1 deg?, and in the deep survey of 15 deg®. We report in Table 3
the number of detections for AGN, star forming galaxies, and
low-metallicity galaxies as a function of redshift and total IR
luminosity for the deep survey. Table 4 shows the same results
for the ultra-deep surveys and Table 5 those of the hyper-deep
survey.

The results of the SMI hyper-deep and ultra-deep survey
predictions from the luminosity functions are also shown
graphically in Figure 7 and Figure 8, respectively, where Fig.
7(a) and Fig. 8(a) (left panels) show the detections of SF
galaxies through the PAH features; Fig. 7(b) and Fig. 8(b)
(central panels), the detections of LMG through fine-structure
lines and Fig. 7(c) and Fig. 8(c) (right panels) show the
high-ionization lines detections in AGN.

From these results (Fig. 7 and Fig. 8) it emerges that the
PAH features, used as SF tracers, would allow us to reach
SF galaxies about 2 dex in the hyper-deep survey and more
than 1 dex in the ultra-deep survey below the knee of the
luminosity function up to a redshift of z ~ 4. For the case of
AGN detections through fine-structure lines, the SMI hyper-
deep survey would be able to detect objects ~1 dex fainter
than the knee of the LF up to redshift z~3, while for the
ultra-deep survey the detection of AGN would reach the
knee of the luminosity function at any redshift between 1.0 <
z < 3.0 and below the knee of the LF below z < 1.0.
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Figure 7. Redshift-luminosity diagrams simulating the SMI hyper-deep survey using the predictions from the far-IR Luminosity Functions (Wang et al. 2019b).
We refer to Fig. 2 for the lines coding and legends in each frame. (a: left) SMI simulations of SF galaxies. (b: center) SMI simulations for SF galaxies
assuming the low metallicity calibration in Table 2. (c: right) SMI simulations of AGN.
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Figure 8. Redshift-luminosity diagrams simulating the SMI ultra-deep survey using the predictions from the far-IR Luminosity Functions (Wang et al. 2019b).

We refer to Fig. 2 for the lines coding and legends in each frame. (a: left) SMI simulations of SF galaxies. (b: center) SMI simulations for SF galaxies
assuming the low metallicity calibration in Table 2. (c: right) SMI simulations of AGN.

Considered in their entirety, the three cases will allow us to
detect several times ~ 10° and ~ 10* sources in the hyper-deep
and ultra-deep survey, respectively, and up to ~ 107 in the
deep survey, thus providing a thorough data set for follow up
surveys with the pointed spectroscopic mode. It emerges that
the detection of AGN at the knee of the LF can be guaranteed
not only by the deepest survey (the hyper-deep), but also
in the ultra-deep survey. In Star Forming galaxies, the PAH
features, for both their intrinsic brightness and because they
cover the whole spectral range, can be detected well below
the knee of the luminosity function, thus permitting and in-
depth analysis of the SF process in a very faint population
of galaxies, reaching luminosities as low as L~10'"Lg at
redshift z ~ 2 and lower than L~10''L, at redshift z ~ 3.5.

3.3 Definition of a representative sample of galaxies

The blind spectrophotometric surveys carried out with a
SMI-type mid-IR camera —as shown in Sections 3.1 and
3.2— would allow us to preliminarily classify the galaxies
in terms of AGN-dominated or SF-dominated based on the
spectral features and lines, and the continuum slope measured
in their low-resolution mid-IR spectra. This will provide also
accurate redshift estimates on a great number of objects, as
well as IR luminosities using complementary Herschel or

ALMA continuum data. With respect to what we already
know from Spitzer and Herschel, a SPICA-like mission would
perform deep unbiased spectrophotomectric surveys at mid-
IR wavelengths that will go deeper in photometric limit and
at the same time characterize, for the first time, the observed
galaxies spectroscopically in the rest-frame mid-IR. With
respect to the HST, a SPICA-like mission would be able to
detect those galaxies which most actively contribute to the
buildup of stellar mass at cosmic noon (z~1-2) containing
large amounts of dust (e.g., Murphy et al. 2011; Madau &
Dickinson 2014, and references therein), which have so far
been missed by the optical surveys. With respect to what
JWST will be able to discover, a 2.5 m class mid- to far-IR
telescope has two advantages: it will be able to cover larger
sky areas (of order of square degrees), while the JWST is
limited to square arc-minutes fields, and it will have the
mid-IR spectral range, which is very rich in “dust-unaffected”
physical tracers, positioned at the cosmic noon (z~1-3) while
JWST will explore lower redshift in the mid-IR (see also
Section 5).

With our scientific goal, i.e. to physically characterize the
evolution of galaxies through IR spectroscopy and measure
directly redshifts, SFRs, BHARSs, metallicities and the other
physical properties of gas and dust in galaxies (e.g. gas den-
sities, ionizing continuum slope, dust features from silicates
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and PAH), we need to provide an atlas of galaxy spectra
as a function of cosmic time, covering the main physical
parameters of galaxies. The first task we need to accomplish
is the definition of the suited sample of galaxies.

Following the outline in Section 2, we will briefly define the
criteria to select, from the above described SMI-type surveys,
a representative sample of galaxies to perform further pointed
observations with mid- to far-IR grating spectrometers, such
as those planned for SPICA, SAFARI and SMI, which will be
used to optimally study galaxy evolution, especially covering
the cosmic noon.

In order to define the best sample to study galaxy evolution,
we first of all need to specify what are the main physical
parameters driving galaxy evolution that we want to measure
and then how we want to cover them. The main parameters
are the SFR and the BHAR, and in Figs. 9(a) and (b) we show
the SFR-redshift diagram for star forming galaxies and the
BHAR-redshift diagram for AGN. Of course the other main
parameter is the stellar mass of the galaxies, however this
will not be measured by a SPICA-like mission, this task relies
on future observations in the rest-frame near-IR where the
old stellar populations peak, e.g. using Euclid (Laureijs et al.
2011), the Nancy Grace Roman Space Telescope (Green et al.
2012), the Large Synoptic Survey Telescope (LSST; Ivezic¢
et al. 2019). For this reason, the best cosmological fields must
be carefully selected, where information on the galaxy stellar
masses would be already available before the launch of the
future space IR observatory.

To achieve the scientific goals discussed in this work, a
reasonable accuracy to be required for the mass determina-
tions would be better than the typical intrinsic scatter of the
scaling relations of interest, for instance the 0.3 dex dispersion
shown by galaxies around the main sequence (Schreiber et al.
2015). Currently, the main source of uncertainty in the mass
determinations at high-z comes mainly from the assumptions
adopted on the mass-to-light ratios, the IMF, and the star
formation history, rather than the precision of the near-IR
photometry. These assumptions result in a dispersion in the
stellar mass values of the order of 40% (see Reddy et al. 2012),
that may improve over the next few years in parallel with the
advances on the characterization of the stellar populations in
high-z galaxies.

In Fig. 9(a) we show the SFR of the galaxies in the Main
Sequence (M.-S.; Rodighiero et al. 2010b; Elbaz et al. 2011),
whose values in luminosities as a function of redshift have been
taken from Scoville et al. (2007), assuming a galaxy stellar
mass of M* = 10'%7 M, and an associated dispersion around
the M.-S. of 0.35 dex (red shaded area; Schreiber et al. 2015).
The relation between luminosity and SFR has been taken from
Kennicutt & Evans (2012). The grey dashed line indicates
the So sensitivity limit of the SMI ultradeep survey to detect
and measure the SFR of galaxies using the different PAH
bands in the mid-IR spectrum. PAH luminosities have been
estimated using the correlations in Table 2. Similarly, the black
dotted line corresponds to the 5o~ sensitivity limit for a 10h
follow-up observation with SMI or SAFARI to detect the two

L. Spinoglio et al.

main SF tracers at low luminosities, i.e. [Ne 11]12.8pm and
[Ne 111]15.6pum (see low metallicity calibration in Table 2).

Analogously, Fig.9(b) shows the instantaneous BHAR —
proportional to the AGN luminosity — as a function of redshift
for an AGN in a M.-S. star-forming galaxy with M* =
10197 M, assuming the SFR-BHAR calibration derived by
Diamond-Stanic & Rieke (2012) for a sample of nearby
Seyfert galaxies. The green shaded area corresponds to the
dispersion of the SFR-BHAR relation, i.e. ~ 0.9 dex. Note
that this estimate applies only for the fraction of galaxies in
the M.-S. undergoing a BH accreting phase at each epoch,
thus the instantaneous BHAR has not been averaged over the
duty cycle of the active nucleus. The host galaxies of these
AGN can be detected through the different PAH bands in the
SMI surveys (grey dashed line). A measurement of the BHAR
would be obtained through the [O 1v]25.9pm line with far-IR
spectroscopic observations. We notice here that some caveats
have been suggested about the use of this line to unequivocally
identify AGN emission. We are aware that this line, having
an ionization potential of ~ 55eV, can also be excited by
energetic starbursts (e.g. Lutz et al. 1998) and in Luminous IR
Galaxies (LIRG) galaxies without AGN (Alonso-Herrero et al.
2012), however the equivalent width of this line in AGN is ten
times larger that in a starburst galaxy, and therefore the two
types of excitation mechanisms, black hole accretion versus
starburst, can be easily recognized. Thus, the [O 1v]25.9um
line is potentially useful to find the most obscured AGN in the
Universe. The hatched areas in both panels indicate the region
where observations longer than 10 hr. would be required.

By examining Fig. 9(a) and (b), it follows that a represen-
tative sample of galaxies to be observed by SPICA pointed
observations will need to cover the following space of the
parameters:

1. Redshift in the range of z = 0—4;

2. log(SFR/Mg yr™!) from 0.5 to 3, depending on z;

3. Instantaneous log(BHAR /Mg yr~!) from -2 to 2, de-
pending on z;

4. The above values in SFR and BHAR translate into total
IR luminosities in the range ~ 1010 < L;g < 108 L;

5. Even more importantly, the sample selection needs to
take into account environmental over-densities, as well
as sub-densities, by looking at the 3-D distribution of
galaxies and use the appropriate algorithms to represent
the most characteristic deviations from the (theoretical)
average distribution.

We now estimate the size of the sample to be followed-
up with spectroscopic mid- to far-IR pointed observations.
A rough estimate can be made by defining the number of
redshift bins from z = 0 to z = 4, by adopting a step of
6z = 0.5 would require 8 bins. The number of bins in SFR
(equivalent to L;g in SF galaxies) can be set to three: one
would trace the evolution of the M.-S. with redshift for the
majority of the galaxy population, i.e. reaching SF galaxies
at the knee of their mass function (~ 107 M), assuming
as bin width the intrinsic scatter of galaxies around the M.-S.
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Figure 9. Sample definition for SAFARI spectroscopic follow-up. (a: left) Star Formation Rate (SFR in Mg yr~!) as a function of redshift for a 10197 Mg,
galaxy in the Main-Sequence (M.-S., red solid line; Scoville et al. 2017). The red shaded area shows the 0.35 dex intrinsic scatter around the M.-S. (Schreiber
et al. 2015), while the dark and light orange shaded areas indicate the location of galaxies whose SFR is +2 0 and +3 o~ above the M.-S., respectively. To derive
the detectability of galaxies, two extreme scenarios are considered: solar-like metallicities where PAH emission is expected to be dominant in the mid-IR
spectrum, and low metallicity galaxies where the brightest features should be the mid-ionization fine-structure lines. The dashed grey line corresponds to the
5o sensitivity limit in the SFR derived from the PAH emission of star-forming galaxies detected in the SMI ultra-deep survey, assuming the calibration given
in Table 2. Similarly, the black dotted line indicates the SMI and SAFARI 5o sensitivities for a 10 hr. follow-up observation to derive the SFR from the main
tracers at low metallicities, i.e. [Ne 11]12.8pm and [Ne 111]15.6pm. (b: right) The green solid line indicates the instantaneous BH accretion rate (BHAR) as a
function of redshift expected for a M-.S. galaxy with a mass of 10'%7 My, during its active BH accretion phase at each epoch. SPICA would measure the
BHAR in these galaxies through the [O 1v]25.9 pm emission. The SFR-BHAR relation adopted was derived by Diamond-Stanic & Rieke (2012) for a sample
of Seyfert galaxies in the nearby Universe. The associated dispersion of this relation is shown as a green shaded area. The black dotted line shows the 5o limit
to measure the BHAR in AGN through the [O 1v]25.9pm luminosity with SAFARI, according to the calibrations in Table 2. The hatched areas in both figures

indicate the location of galaxies that require observations larger than 10 hr.

(~ 0.35 dex). Major impact from feedback processes and most
of the chemical enrichment is expected for galaxies above the
M.-S., thus the second and third bins in SFR would follow the
same shape with an offset at +20- and +30 above (see Fig. 9a).
Following the argument suggested by Bundy et al. (2015) in
the definition of a representative sample of galaxies, to require
a precision of 0.1 dex per decade on the determination of the
three main parameters translates into a requirement on the
significance of a detected difference between bins to be equal
to 4/n/2, where n is the number of galaxies in each bin. Thus,
to obtain detections in the range 4 to So-, we estimate a number
of galaxies per bin in a range of n = 35 — 50. Therefore, the
proposed sample would have a total number of galaxies in the
range of 800—1200 galaxies, i.e. n galaxies X 3 luminosity
bins x 8 redshift bins. This is in agreement with the statistical
demands of current studies addressing the chemical evolution
of galaxies, perhaps the most demanding ones due to the
larger number of parameters that need to be covered (stellar
mass, SFR, metallicity). Also, metallicity tracers are likely
more affected by the scatter in gas density (ny) and ionization
parameter (log U) than SFR and BHAR tracers. For instance,
in a recent study by Onodera et al. (2016) using a sample of
43 galaxies in the 3 < z < 3.7 range, the authors conclude
that the size of their sample is still too small to overcome the
uncertainties in the measurement errors, which dominate over

the intrinsic scatter of the mass-metallicity relation (MZR).

This scatter is directly associated with the timescales of the
physical processes that drive the galaxies in and out of the
average behaviour traced by the MZR (e.g. Torrey et al. 2019),
and therefore to quantify this dispersion is a fundamental step

to characterise the physics of galaxy evolution. The minimum
sample size proposed in this work is a factor of > 2 larger than
the sample from Onodera et al. (2016), with ~ 100 galaxies
in the 3 < z < 3.5 range.

Regarding the proposed bin sizes in redshift, the optical
measurements suggest that changes in the metallicity of
galaxies, especially above the knee of the mass function at
10107 Mg, accelerate with increasing redshift. From z ~ 0
to z ~ 2.2 (in 10.9 Gyr) the metallicity of massive galaxies
decreases by only ~ 0.15 dex (Maiolino et al. 2008). However,
between z ~ 2.2 and z = 3 (0.85 Gyr) the drop in metallicity
is 0.5-0.6dex (Troncoso et al. 2014; Onodera et al. 2016).
Thus, a relatively fine sampling in redshift is required to be
able to follow these changes in the chemical abundances of
galaxies. Moreover, taking into account that the changes in
other main parameters, like the SFR and the BHAR show
the opposite behaviour, i.e. their variation is higher at z <
1 (Madau & Dickinson 2014), we propose an observational
strategy based on a constant bin size of z = 0.5 across the
whole redshift range (1 < z < 4).

3.4 Spectroscopic follow-up with SAFARI and SMI

In this section, we estimate the limits in terms of total IR
luminosities and redshifts that can be reached with the two
template instruments of the SPICA project, SAFARI and
SMLI, follow-up observations of the above defined sample of
galaxies (see Section 3.3). The SAFARI sensitivity has been
taken from Roelfsema et al. (2018). For the sake of simplicity
of the simulation, we have limited the integration time to
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10 hr.

Figs. 10(a) and 10(b) show the luminosity-redshift diagrams
with the AGN that SAFARI and SMI would be able to detect at
the various luminosities and redshifts using, respectively, the
[O 1v]25.9pm and [Ne v]24.3pum lines. Figs. 11 and 12 show
the luminosity-redshift diagrams with the SF galaxies that
SMI and SAFARI would detect for the [Ne 11]12.8um and
[Ne 111]15.6pm lines (Fig. 11(a) and Fig. 11(b), respectively),
and the PAH bands at 11.3pm and 17pm (Fig. 12(a) and
Fig. 12(b), respectively). In Fig.13(a) and (b), we show
the [S 1v]10.5pm and the [Ne 111]15.6pum line predictions,
respectively, for SF galaxies adopting the low-metallicity
calibration. In all these figures the detection limits have been
assigned at 5 0. The figures show that the combination of
SAFARI and SMI pointed spectroscopic observations would
be able to detect fine-structure lines as well as PAH features
in any of the three types of galaxy populations that have been
considered.

In other words, SPICA spectroscopy would be able to
measure in a composite galaxy, which has both an active
nucleus and star formation, the spectroscopic tracers of the two
components. The deconvolution of the contribution of these
components to the total luminosity of a galaxy would then
be done through various techniques, including the use of the
EW of the lines and features and of particular line ratios (see,
e.g., Tommasin et al. 2010; Diamond-Stanic & Rieke 2012)
or through photoionization modeling (see, e.g., Spinoglio &
Malkan 1992; Spinoglio et al. 2005; Pereira-Santaella et al.
2010; Zhuang et al. 2019). Once the two components have
been disentangled, we would be able to measure the SF and the
BHA luminosity functions in the same population of galaxies.
If the emitting gas metallicity is lower than solar, the mid-
ionization lines of [S 1v] and [Ne 111] would be relatively
brighter. SPICA-like pointed spectroscopic observations
would detect AGN well below the knee of the luminosity
function with a total integration time of less than 5 hours
and 10 hours, to detect the [O 1v]25.9um and [Ne v]24.3um
lines, respectively, at the M.-S. luminosities at any redshift
below z < 4. For Star Forming galaxies, follow-up SPICA
observations would detect the [Ne 11]12.8pum line, always in
less than 1 hour, in M.-S. galaxies, while the [Ne 111]15.6pm
line can be detected with SMI only at z<1.5. The same Star
Forming galaxies, however would always be detected through
the PAH features in integration times much shorter that 1
hour. Finally the Low Metallicity galaxies would easily be
detected at their M.-S. luminosities with the [Ne 111]15.6pm
line and, up to z~2.5, with the [S 1v]10.5pm line. Follow-up
observations with the high resolution channels of the mid- to
far-IR spectrometers onboard of a SPICA-type observatory,
reaching resolving power of the order of a few thousands,
would measure the profiles of the mid-IR fine structure lines
to study the kinematics of the narrow-line regions in AGN,
following the work done in the Local Universe with Spitzer
(Dasyra et al. 2011) and also disentangle AGN from star
formation spectroscopically.

With the pointed observations of the above defined sample
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of galaxies, a SPICA-type observatory would be able to
determine, in addition to SFRs and instantaneous BHARS, the
following physical properties of the galaxies as a function of
cosmic age (redshift) and stellar mass: the metal abundances
and outflow/infall occurrence. For this latter physical property
in galaxies, we refer to Gonzdlez-Alfonso et al. (2017a), where
a complete assessment of the detection with SPICA of AGN
feedback and feeding has been presented. The study of the
evolution of these quantities as a function of time will unveil
the role of the most basic physical processes taking place in
galaxy evolution throughout a large fraction (90%) of cosmic
history.

4 DISCUSSION

The main goal of the mid- to far-IR cosmological surveys
is to provide a complete characterization of the physical
processes driving the growth of galaxies and BHs across
the cosmic noon, covering all the relevant aspects such
as the environment, the feedback from massive outflows,
and the production of heavy elements and dust. The
unique spectral mapping capabilities of a SMI-type
instrument would deliver a complete 3-D view of the SF
in the Universe by observing wide and deep cosmological
volumes up to z ~ 4, from voids to cluster cores over
90% of the cosmic time. Based on this survey a number
of targets will be selected for dedicated follow-up IR
spectroscopic observations, to provide answers to some of
the most challenging questions in the field of galaxy evolution:

What physical processes led to the peak of SF and BHA
during the cosmic noon?

The global estimates of SFR and BHAR densities in galaxies
across cosmic time show a parallel evolution with a sharp
drop of the total energy released by these two phenomena,
decreasing by a factor ~30 from the peak at the cosmic noon
till the present time (Madau & Dickinson 2014). Mid- to far-
IR spectroscopic cosmological surveys would peer through
the heavily opaque medium of M.-S. galaxies at high-z to
provide a full census of the SFR (through low-ionization lines
and PAH bands; Tommasin et al. 2010, Xie & Ho 2019) and
the instantaneous BHAR (using highly ionized species such
as O3 and Ne**: Tommasin et al. 2010, Petric et al. 2011,
Diamond-Stanic & Rieke 2012, Alonso-Herrero et al. 2012)
in the Universe up to z ~ 4, as shown in Fig. 9. The measure
of the SF and BHA components in the same large and
representative sample of galaxies covering a wide range in
cosmic time will allow us to understand the connections of
SF with BHA as a function of stellar mass and environment
and the relative role of these two components in galaxy
growth and assembly.

Which physical processes are behind the quenching of SF in
galaxies?

A SPICA-type observatory would be able to detect mas-
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Figure 10. Redshift-luminosity diagrams simulating the AGN detections with SAFARI and SMI MR mode. (a: left:) Detectability of the [O 1v]25.89um line.
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sive molecular gas outflows through P-Cygni profiles in the
OH 119 pm and OH 79 pm doublets, as well as strong ab-
sorption profiles in the OH doublets at 65 pm and 84 pm,
up to z ~ 2, while at lower redshift (z<1) also H,O
and OH* lines would be detected at high spectral res-
olution (Gonzailez-Alfonso et al. 2017b; Runco et al. 2020).
Massive outflows are expected in bright galaxies above the
M.-S., where strong feedback should regulate their growth
by quenching the SF, driving these galaxies back to the M.-S.
(e.g. Tacchella et al. 2016).

An important issue in feedback is the relative role of AGN-
driven winds versus starburst/SNe driven winds. Which is the
most dominant process as a function of infrared luminosity
L;g or stellar mass or environment? Is AGN driven feedback
taking place mostly in galaxy groups/proto-cluster centers?
Untangling the two (SNe driven vs AGN driven) is crucial
and can be done by considering the energy balance that
can be constrained by the measure of the outflow kinetic
energy (Gonzélez-Alfonso et al. 2017a), the AGN bolometric
luminosity and the SFR (see, e.g. Cicone et al. 2014; Fiore
et al. 2017).

The ionized phase of AGN outflows would be traced,
with the high-resolution channels spectrometers onboard a
SPICA-like observatory, by highly ionized emission lines
such as [OIV] 25.9um (Pereira-Santaella et al. 2010) [O 111]
52 and 88um, or [Ne v] 14.3 and 24.3um in nearby galaxies
(Spoon & Holt 2009; Spoon et al. 2013). While this phase
represents a minor fraction of the total outflowing mass, its
velocity is typically much higher (> x5) when compared to
the molecular phase, and can be driven farther away from
the galaxy. Thus, the spatially resolved kinematic analysis
of highly ionized gas in local, z < 0.1 galaxies with SPICA
allows for the determination of the amount of gas that can
effectively escape the galactic potential well, contributing
to the definitive quenching of the host. For z > 0.3, nuclear
outflows would be detected in the [O 1v] 25.9um line with
the sensitivity required to detect the OH doublets, which
would be combined with the simultaneous observations of

the [O 111] lines to probe the ionization parameter of the
outflowing ionized gas, the relationship with the ultra-fast
outflows in X-rays and the molecular phase, including the
stratification of the winds (e.g., Tombesi et al. 2015), and
their AGN/SB origin.

What is the role and timescale of obscured BH-grow in
shaping galaxy evolution?

Heavily obscured nuclei are also potential sources of AGN
feedback. The buried phase is expected to precede the
launch of massive winds of molecular gas during the quasar
phase, following the evolutionary sequence suggested by
OH doublet diagnostics in nearby analogs of these sources
(Gonzélez-Alfonso et al. 2017b). Furthermore, deeply buried
accreting BHs could be a substantial part of the AGN
population without exceeding the observed cosmic X-ray
background (e.g. Gilli et al. 2007, Treister et al. 2009, Comas-
tri et al. 2015), their large obscuration makes them virtually
invisible to current X-ray surveys. Since their discovery, these
targets became a major science topic for future X-ray missions
such as Athena (Nandra et al. 2013), which envisages surveys
to reveal this population. SPICA-type cosmological surveys
would provide a unique contribution in the field by revealing
the dust reprocessed radiation from elusive sources in the
Athena surveys, i.e. Compton-Thick (CT) nuclei with the
largest obscuring columns (Ng 2 10**°cm™?) and moderate
luminosities (Barchiesi et al. 2021). In the high-luminosity
regime (Lx = 10*%ergs1), both Athena and a SPICA-like
observatory would detect CT AGN. This strong synergy is
key to accurately reconstructing the accretion luminosity
over cosmic time up to high redshift (z~4). Conversely, in
the faint/moderate-luminosity regime (Lx ~ 10**3ergs™)
only a SPICA-like observatory would be able to recover a
significant fraction of this elusive AGN population in the
X-rays. The presence of a CT AGN would then be recognised,
at least up to z~2, via the expected detection (based on
Spitzer/IRS results at z<1) of a deep silicate absorption
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feature at 9.7um in the SMI-LR spectra available for about
60% of the photometrically detected sources (Barchiesi et
al. 2021, submitted to PASA). Mid- to far-IR spectroscopic
follow-up of these deeply buried nuclei would then measure
the BHAR through the high-ionization fine-structure
lines of [OIV] and [NeV] as well as the unique physical
characterisation of the warm nuclear regions (> 300K) in
the pre-quasar phase, e.g. through the detection of the OH
absorption doublets at 65 pm and 84 pm.

How did obscured SF build today’s most massive clusters?

The build-up of the most massive galaxy clusters that we
observe in the nearby Universe is directly linked to the
formation of the large-scale structure in the Universe and
the assembly of massive dark matter halos. Galaxies grow
faster in dense environments, thus clusters are dominated by
massive early-type galaxies already by the end of the cosmic
noon (z < 1-1.5). To understand the formation of these
structures requires finding proto-clusters at higher redshifts,
which is challenging since the growing galaxies were still
undergoing a dusty obscured SF phase at that epoch, and
the systems were not yet virialized. This implies not only
the need of deep IR observations, but also to obtain redshift
information for individual galaxies over wide and deep
cosmological volumes. In this aspect SPICA is unique, since
the SMI deep spectrophotometric surveys would provide a
full tomographic view of clustering as a function of time up
to z ~ 3.5 over wide (from one to fifteen square degrees)
fields in the sky. This 3-D view of the Universe, which can be
carried out only with a SPICA-like deep spectrophotometric
survey, will allow the identification of several hundreds to
thousands of new proto-clusters that will serve as targets for
follow-up spectroscopic studies.

How were the dust-embedded earliest stages of elliptical
galaxies and bulges of MW-like progenitors?

Massive elliptical galaxies at the center of galaxy clusters
and the bulges of MW-like spirals were already in place
by z ~ 1 (Pérez-Gonzalez et al. 2008). The rapid forma-
tion of these structures left a clear imprint in their con-
tent of heavy elements —metals — which are byproducts of
the SF and therefore scale with the stellar mass growth.
Optical-based diagnostics show a drastic drop of about an
order of magnitude in the metallicities of massive galaxies
(= 10'°M,) between z ~ 2 and 3 (Maiolino et al. 2008;
Mannucci et al. 2009; Troncoso et al. 2014; Wuyts et al.
2014; Hunt et al. 2016; Onodera et al. 2016; Suzuki et al.
2020; but see also Cullen et al. 2019, Sanders et al. 2020a),
which is in contrast with the large amounts of dust inferred
for SF galaxies at that epoch (Madau & Dickinson 2014).
Similar discrepancies are found in submillimeter galaxies
at high-z and local analogs of dusty-obscured SF galaxies
(Santini et al. 2010, Herrera-Camus et al. 2018). Mid- to far-
IR medium-resolution spectroscopy would allow the use of
metallicity diagnostics based on IR fine-structure lines, largely
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insensitive to extinction and gas temperature, to probe the true
chemical age of galaxies during the cosmic noon (Ferndndez-
Ontiveros et al. 2017). Additionally, IR metallicities would
allow to probe variations in the chemical abundances, such
as N/O ratios and alpha-enhancement, which provide unique
information on the history of star formation of these galaxies
(e.g. Amorin et al. 2010; Thomas et al. 1999).

How obscured are the nuclei of galaxies and what are the
dust properties in the AGN and starburst host galaxies?

An outcome of mid-IR spectroscopic observations will be
the complete census of the shape and strength of the 9.7 ym
silicate feature (and, to a lesser extent that at 18 ym) in the
thousands of detected galaxies in the deep and ultra-deep
surveys. The silicate features provide information on: (i) the
obscuration: dust emission and absorption in the line of sight
can be measured from the profile of the 9.7 yum feature, this
can be combined with additional diagnostics to discriminate
between type 1 and type 2 AGN and related to the X-ray
obscuration (La Caria et al. 2019); (ii) the amount of silicate
in the dust composition; (iii) as well as its properties (e.g.
grain size distributions and crystallinity); (iv) the central
wavelength, width, and relative strength of the 9.7 and 18 ym
features carry information on the dust chemical composition
and grain properties (Xie et al. 2017; Ferndndez-Ontiveros
et al. 2017). Moreover, combining information from PAH
and silicates provides insights into the physical conditions
of the interstellar and circumnuclear medium in galaxies.
Finally, the correlation among the silicate absorption in AGN
and the hydrogen column density Ny as measured from
X-rays, even if often ascribable to host galaxy obscuration
and not necessarily to a compact torus surrounding the AGN
(Goulding et al. 2012), might demonstrate the usefulness of
silicates to detect and recognise heavily obscured AGN, i.e.
the Compton thick objects.

What are the properties of dust up to the epoch of reionization?

The origin and composition of dust in galaxies is one
of the most challenging problems in chemical evolu-
tion studies (Calura et al. 2008, and references therein).
Dust production originates in stars at the end of their
lifetime (core collapse Supernovae (SNe), asymptotic gi-
ant branch (AGB) stars and red supergiants, and Wolf
Rayet stars), when atomic metals in their enriched
ejecta condense in dust seeds (Sarangi & Cherchneff 2015,
De Looze et al. 2017, Marassi et al. 2019) and are released
in the surrounding ISM, after surviving the local reverse
shock (Bocchio et al. 2014, 2016).Depending on the ISM
phase in which grains live, they can grow in cold/warm re-
gions by accreting metals in gas phase (Hirashita 2012)or can
suffer erosion by sputtering in hot gas (Tsai & Mathews 1995)
or be completely destroyed by supernova shocks (Valiante
et al. 2011). It should be finally noted that episodes of star
formation occurring in dust polluted gas remove part of the
gas mass through astration. The physical nature (Ceccarelli
et al. 2018) and the efficiency and timescales of these pro-
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cesses are largely unconstrained and difficult to derive from
micro-physical models, and dust properties and evolution re-
main largely unconstrained and difficult to measure. However,
many recent hydrodynamical models phenomenologically
incorporating dust formation from stellar sources and evo-
lution in various ISM phases have shown that it is possible
to reproduce the total estimated gas mass in a remarkable
redshift range (McKinnon et al. 2017; Aoyama et al. 2018;
Gjergo et al. 2018; Graziani et al. 2020).Dust production from
AGB stars alone cannot certainly explain the large amounts of
dust observed in galaxies at the reionization epoch (z = 8.4,
Laporte et al. 2017), since the Universe was merely half
billion years old and stars did not have enough time to evolve,
but has to be accounted for with the production of dust seeds
in supernova ejects. The condensation of heavy elements in
supernovae (SNe) ejecta is thought to be the main channel of
dust production at high-z (Todini & Ferrara 2001; Bianchi &
Schneider 2007; Mancini et al. 2015; Ferrara et al. 2016). Still,
the net production and composition of dust in SNe is unknown
even in the nearest sources (Matsuura et al. 2019), due to
the lack of a sensitive far-IR spectroscopic observatory. The
estimated sensitivity of a space cryogenic IR telescope would
allow us to probe the dust properties and its composition
from the local Universe to high redshift galaxies, through
spectroscopic measurements of various solid-state features in
the IR and the modelling of their spectral energy distribution.

S SYNERGIES WITH JWST AND ALMA

The SPace Infrared telescope for Cosmology and Astrophysics
(SPICA, Swinyard et al. 2009; Nakagawa et al. 2014; Sibthorpe
et al. 2015; Roelfsema et al. 2018), as described in the
preface of this article, would have achieved a gain of over
two orders of magnitude in spectroscopic sensitivity in the
mid/far-IR compared to Herschel and Spitzer. It would have
covered the large spectral gap between the James Webb Space
Telescope (JWST, Gardner et al. 2006), and what is currently
observed at the Atacama Large Millimeter/submillimeter
Array (ALMA, Wootten & Thompson 2009), allowing us to
detect the very rich mid-IR rest frame spectra of galaxies
at the key phase of their evolution, when the bulk of stars
and SMBHs were assembled. A SPICA-like observatory
would be complementary to JWST, because it would observe
the mid-IR spectra of galaxies at the comic noon, while
JWST-MIRI will obtain the same spectral range in the local
Universe. Similarly, it would be complementary to ALMA,
by covering an adjacent portion of the cosmic time, from z~1
to z~3, especially taking into account the science drivers of
the ALMA 2030 Roadmap, which include “tracing the cosmic
evolution of key elements from the first galaxies (z>10) to
the peak of star formation (z~2-4), by detecting their cooling
lines” (Carpenter et al. 2020).

An example of how a SPICA-like observatory and ALMA
will be complementary is suggested by the recent ALMA
studies, which indicate that HST-dark/NIR-dark, faint sub-
mm galaxies are more ubiquitous than we thought before, i.e.,
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although fainter than the classical SMGs, they exhibit a much
higher space density (e.g. Franco et al. 2018; Yamaguchi
et al. 2019; Wang et al. 2019a; Gruppioni et al. 2020). These
galaxies seem to be an important population as a progenitor of
present-day massive elliptical galaxies, but their true redshift
distributions are largely unexplored due to the difficulty of
spectroscopy observations. A fraction of them is expected
to be around z ~ 2 — 4, and given the expected sensitivity
of a SPICA-like observatory, they can be a good target for
spectroscopic follow-up observations, while others can be
uncovered by the proposed unbiased 3D survey (ultra-deep,
see section 2) via e.g., PAH 7.7/6.2um features. Furthermore,
co-growth of SMBH among such optically/NIR-dark faint
submm galaxies is another important issue that is not yet fully
addressed. We see that a SPICA-like observatory would be
enough sensitive to detect [OIV]25.89um up to z = 4 (see,
e.g., Fig. 9b) from these optically/NIR-dark ALMA sources
because they tend to be bright LIRGs/faint ULIRGs objects.

6 SUMMARY

In this work we have discussed the results obtained for the
preparation of the SPICA mission: in particular what can be
achieved with the deep spectroscopic 3-dimensional surveys
planned for the mid-IR camera-spectrometer SMI in low
spectral resolution over 1-15 deg? fields, plus a hyper-deep
survey of a fraction of square degree (0.033 deg?). We have
also addressed the potential of pointed spectroscopic follow-
up observations with mid- and far-IR grating spectrometers
in the context of galaxy evolution studies. Our main results
can be summarized as follows:

1. The deepest survey that we have considered, the hyper-
deep spectrophotometric survey of 120 arcmin?, would
be able to detect star forming galaxies about two orders
of magnitude below the knee of the luminosity function
(LF) at various cosmic times up to z~4. It would also
detect either low metallicity galaxies and AGN about
one order of magnitude below the knee of the LF up to
z~2.0 for LMG and up to z~3.0 for AGN.

2. The ultra-deep spectrophotometric surveys of 1deg?
would be able to detect spectroscopically through PAH
features all star forming galaxies detected photometri-
cally in the deepest Herschel cosmological fields, down
to one dex below the knee of their luminosity functions
up to z ~ 3.5. These surveys can reach a depth well
below the Herschel photometric limit, reaching spectro-
scopically star forming galaxies of L ~ 10'° Ly at z ~ 2,
and L < 10" Lg at z ~ 3.

3. The same ultra-deep spectrophotometric surveys would
detect AGN, through high-ionization fine-structure lines,
at the knee of their luminosity functions at each redshift
up to z ~ 3.

4. In order to obtain a thorough spectroscopic characteri-
zation of the evolution of galaxies in the 3-dimensional
domain at the cosmic noon (1 < z < 3) and beyond
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(z ~ 4) a suitable sample will need to cover the main
physical parameters (Luminosity, SFR, BHAR, galaxy
stellar mass) and — even more importantly — will need to
select galaxies in both over-dense and sub-dense regions.
Numerically, it will have to include about 800 — 1200
galaxies.

5. Mid- to far-IR spectroscopic observations of this sample
of galaxies will trace galaxy evolution all the way down
to ~ 0.5 dex below the knee of the luminosity functions
of star forming galaxies and AGN by measuring the SFR,
the BHAR and the metallicity as a function of cosmic
time.

6. Mid- to far-IR spectroscopic follow-up observations will
also be used to characterize the physical properties of
the ISM in low-metallicity environments, both in star
forming galaxies and AGN at high-z.
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Table 2 New calibration obtained for fine-structure lines and PAH features as a function of L; .

Line/band (um) AGN Star Formation Low Met. Galaxies

a+da b +6b N r ref. a+da b+ b N r ref. a+da b +6b N r ref.
PAH 6.2 1.24+0.11 -3.48+0.35 43 0.87 (1) 1.14+0.18 -2.90+0.62 22 081 (2 - - - -
[NeVI]7.65 1.06+£0.22 -3.59+0.75 8 0.87 (3) - - - - - - - -
PAH 7.7 1.20+£0.11 -2.73+0.35 49 0.84 (1) 1.08+0.17 -2.43+0.59 22 082 (2) - - - -
PAH 8.6 1.06+£0.10 -2.73+0.33 43 0.85 (1) 1.17+0.28 -3.48+0.96 21 0.69 (2) - - - -
[SIV]10.51 1.02+£0.09 -3.96+0.32 74 0.79 (4,5) | 1.25+£0.66 -5.81+£2.19 9 055 (6) 0.87+0.07 -2.83+0.12 32 092 (7)
PAH 11.3 1.13+£0.11 -3.01+0.35 47 0.83 (1) 1.12+0.19 -2.87+0.65 22079 (2 - - - -
[Nell]12.81 1.04+0.06 -3.74+0.21 85 0.88 (4,5) | 1.27+0.03 -3.98+0.10 43 0.87 (6,8) | 1.19+£0.06 -4.01+0.13 22 097 (7)
[NeV]14.32 1.00+£0.09 -3.85+0.31 73 0.79 (4.5 - - - - - - - -
[NellI]15.56 1.09+£0.09 -3.96+0.30 87 0.81 (4,5 | 1.03+0.04 -3.95+0.12 43  0.74 (6,8) | 1.01£0.04 -2.93+0.08 30 097 (1)
PAH 17 0.98+0.10 -2.64+0.33 28 0.87 (1) 1.16+0.17 -3.18+0.58 22 083 (2 - - - -
[SII]18.71 1.01+£0.08 -3.93+026 69 0.84 (4,5) | 1.09+0.15 -4.07+0.49 15 0.89 (6) 1.02+0.05 -3.23+0.09 27 098 (7)
[NeV]24.32 0.98+0.09 -3.73+0.31 65 0.81 (4,5) - - - - - - - -
[OIV]25.89 1.08+0.11 -3.64+0.38 80 0.74 (4,5) | 0.99+0.15 -4.38+0.44 24 0.72 (6,8) | 0.73+0.09 -3.42+0.19 17 089 (7)
[SIIT]33.48 1.02+£0.06 -3.58+0.19 74 0.81 (4,5) | 0.92+0.05 -3.13+0.16 41 0.63 (6,8) | 1.02+0.06 -3.09+0.12 22 097 ()
[SilT]34.81 1.09+£0.06 -3.61+022 72 0.80 (4,5) | 1.31+£0.02 -3.60+0.06 43 0.86 (6,8) | 0.93+0.08 -2.99+0.15 22093 (7)

Notes: For each class of objects, are reported the slope (a) and intercept (b) of the linear correlation with relative errors, the number of data from which the linear correlation was calculated
(N) and the Pearson correlation coefficient (r). Galaxies from Gallimore et al. (2010) are type 1 AGN (including those with hidden broad lines), in order to avoid the stronger star-formation
activity in type 2 AGN contributing to the PAH emission. From Tommasin et al. (2008, 2010) we used galaxies dominated by the AGN component (> 90%), as reported in these works. From
Bernard-Salas et al. (2009) and Goulding & Alexander (2009) we adopted all star-forming galaxies without high-excitation emission lines from [Ne v]14.3,24.3,m Which is indicative of AGN
activity.

References: (1) Gallimore et al. (2010), (2) Brandl et al. (2006), (3) Sturm et al. (2002), (4) Tommasin et al. (2008), (5) Tommasin et al. (2010), (6) Bernard-Salas et al. (2009), (7) Cormier
et al. (2015), (8) Goulding & Alexander (2009)
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Table 3 Total number of objects present in a 15 deg? area according to the luminosity functions by Wang et al. (2019b) in each redshift-luminosity bin (first line in bold-face). For each bin are
also reported (in the second line) the fractions of detections of AGN through fine-structure lines (left), of star forming galaxies through PAH features (center) and of low metallicity galaxies

through fine-structure lines.

Log(L;r/Lo) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0
13.0-13.5 ) ) ) ) ) ) ) )

a - 3 12 23 45 27 14
12.5-13.0 1 1 1 1 1 1 1 1 04 1 1 1 0.1 02 -

- 29 245 600 901 1353 873 573
12.0-12.5 1 1 1 1 1 1 1 1 1 1 - 03 1 1 - 1 -
11.5-12.0 18 1200 5752 9504 10279 11951 8325 6692
e 1 1 1 1 1 1 1 1 06 1 03 01 1 - -1 1 - 06 -
110115 576 14817 45940 52468 40424 38830 28955
T 1 1 1 1 1 01 1 04 - 1 - - 1 - -1 0.3

5599 65369 147861 129229 78949
10.5-11.0 1 1 1 1 1 - 1 - - 1 - - 06 -

20937 140656 273947 206049
10.0-10.5 1 1 1 1 02 - 08 - - 02 -

42288 213956
9.5-10 02 1 1 02 -

63713
9-9.5 - 08 038

s€aaung po13ojoutso)) 21doosol30ads Ni-pr

€



Table 4 Total number of objects present in a 1 deg? area according to the luminosity functions by Wang et al. (2019b) in each redshift-luminosity bin (first line in bold-face). For each bin are PN

also reported (in the second line) the fractions of detections of AGN through fine-structure lines (left), of star forming galaxies through PAH features (center) and of low metallicity galaxies
through fine-structure lines.

Log(L;r/Lo) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0
- - - 1 2 3 2 1
13.0-13.5 1 1 1 1 1 1 1 1 - 1 1 - 1 1 -
- 2 16 40 60 90 58 38
12.5-13.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 - 1 1 - 02 1 -
1 80 383 634 685 797 555 446
12.0-12.5 1 1 1 1 1 1 1 1 1 1 1 1 1 ! - 07 1 - 01 1 - - 1 -
115.12.0 38 988 3063 3498 2695 2589 1930 1787
e 1 1 1 1 1 1 1 1 1 1 1 04 03 1 - 1 - - 1 - - 1 -
11.0-11.5 373 4358 9991 8615 5263 4598 3560
T 1 1 1 1 1 1 05 1 07 - 1 - - 1 - - 1 - - 05 -
10.5-11.0 1396 9377 18263 13737 7689 6544
T 1 1 1 02 1 1 - 08 - - 1 - - 08 - - 02 -
2189 14264 26300 19079
10.0-10.5 I 1 1 - 1 06 - 1 - - 04 -
4248 19628
9:5-10 04 1 1 - 04 -
5843
9-9.5 T8 1
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Table 5 Total number of objects present in a 120 arcmin? area according to the luminosity functions by Wang et al. (2019b) in each redshift-luminosity bin (first line in bold-face). For each
bin are also reported (in the second line) the fractions of detections of AGN through fine-structure lines (left), of star forming galaxies through PAH features (center) and of low metallicity
galaxies through fine-structure lines.

Log(L;r/Lo) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0
13.0-13.5 ) ) ) ) ) ) ) )
- - 1 1 2 3 2 1
12.5-13.0 1 1 1 1 1 1 1 1 1 1 1 1 1 -
- 3 13 21 23 27 19 15
12.0-12.5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -
1 33 102 117 90 86 64 60
11.5-12.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 05 1 07 -
110115 12 145 333 287 175 153 119
e 1 1 1 1 1 1 1 1 1 08 1 02 02 1 - 03
47 313 609 458 256 218
10.5-11.0 1 1 1 1 1 1 04 1 04 - 1 - - 1
94 475 877 636 350 296
10.0-10.5 1 1 08 1 1 06 - 1 - - 1 - - 06
142 654 1194 861 472
9.5-10 1 1 - 1 1 - - 08 - - 02 -
195 654 1612
9-9.5 08 1 - 08 04 -
8.5-9 263

s€aaung po13ojoutso)) 21doosol30ads Ni-pr
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