-

P
brought to you by .i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Sissa Digital Library

MNRAS 444, 3446-3458 (2014) doi:10.1093/mnras/stul 657

Exploring the relationship between black hole accretion and star
formation with blind mid-/far-infrared spectroscopic surveys

M. Bonato,!>* M. Negrello,? Z.-Y. Cai,>* G. De Zotti,>* A. Bressan,* A. Lapi,*
F. Pozzi,’ C. Gruppioni’ and L. Danese*

lDipartimento di Fisica e Astronomia ‘G.Galilei’, Universita degli Studi di Padova, Vicolo Osservatorio 3, I-35122 Padova, Italy
2INAF, Osservatorio Astronomico di Padova, Vicolo Osservatorio 5, I-35122 Padova, Italy

3 Center for Astrophysics, University of Science and Technology of China, Hefei 230026, China

4SISSA, Via Bonomea 265, 1-34136 Trieste, Italy

5Dipartimento di Fisica, Universita ‘Tor Vergata’, Via della Ricerca Scientifica 1, I-00133 Roma, Italy

SDipartimento di Fisica e Astronomia, Universita di Bologna, via Ranzani 1, I-40127 Bologna, Italy

TINAF, Osservatorio Astronomico di Bologna, Via Ranzani 1, I-40127 Bologna, Italy

Accepted 2014 August 12. Received 2014 August 11; in original form 2014 June 4

ABSTRACT

We present new estimates of redshift-dependent luminosity functions of IR lines detectable
by SPICA/SAFARI (SPace InfraRed telescope for Cosmology and Astrophysics/SpicA FAR
infrared Instrument) and excited both by star formation and by AGN activity. The new es-
timates improve over previous work by using updated evolutionary models and dealing in a
self-consistent way with emission of galaxies as a whole, including both the starburst and
the AGN component. New relationships between line and AGN bolometric luminosity have
been derived and those between line and IR luminosities of the starburst component have
been updated. These ingredients were used to work out predictions for the source counts
in 11 mid-/far-IR emission lines partially or entirely excited by AGN activity. We find
that the statistics of the emission line detection of galaxies as a whole is mainly deter-
mined by the star formation rate, because of the rarity of bright AGNs. We also find that
the slope of the line integral number counts is flatter than two implying that the num-
ber of detections at fixed observing time increases more by extending the survey area
than by going deeper. We thus propose a wide spectroscopic survey of 1 h integration per
field of view over an area of 5 deg2 to detect (at 50) ~760 AGNs in [O1v]25.89 um
— the brightest AGN mid-infrared line — out to z ~ 2. Pointed observations of strongly
lensed or hyperluminous galaxies previously detected by large area surveys such as those by
Herschel and by the South Pole Telescope can provide key information on the galaxy—AGN
co-evolution out to higher redshifts.
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active star formation and mass accretion phases. The imaging spec-

1 INTRODUCTION trometer SAFARI is designed to fully exploit the extremely low far-

One of the main scientific goals of the SPace InfraRed telescope
for Cosmology and Astrophysics (SPICA)! with its SpicA FAR in-
frared Instrument (SAFARI; Roelfsema et al. 2012) is to provide
insight into the interplay between galaxy evolution and the growth
of active nuclei (AGNs) at their centres during the dust-enshrouded

* E-mail: matteo.bonato@oapd.inaf.it
Uhttp://www.ir.isas.jaxa.jp/SPICA/SPICA_HP/index-en.html

infrared (far-IR) background environment provided by the SPICA
observatory, whose telescope will be actively cooled at 6 K. In each
integration, it will take complete 34-210 pum spectra split in three
bands (34-60 pum, 60-110 pm, 110-210 pm), spatially resolving
the full 2arcmin x 2 arcmin field of view (FoV). These bands are
weakly, if at all, affected by dust extinction and thus allowing direct
measurements of the intrinsic properties of the sources.

The mid-IR (MIR) lines that will be detected can come either
from star-forming regions or from nuclear activity or from both.

© 2014 The Authors
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Distinguishing the two contributions is not easy. However, a key
diagnostic relies on the fact that AGNs produce harder radiation
and therefore excite metals to higher ionization states than star-
bursts. Thus, lines with high-ionization potential are a powerful
tool for identifying AGN activity (Sturm et al. 2002; Meléndez et al.
2008; Satyapal et al. 2008, 2009; Dudik, Satyapal & Marcu 2009;
Goulding & Alexander 2009; Weaver et al. 2010) that is easily
missed by optical spectroscopic observations in the case of dusty
objects, as galaxies with intense star formation are.

So far, these studies have been limited to local objects. Substantial
progress in this area will be made possible by spectroscopy with
SAFARI that will exploit for the first time the rich suite of mid- and
far-IR diagnostic lines to trace the star formation and the accretion
on to the supermassive black holes up to high redshifts through both
blind spectroscopic surveys and pointed observations.

An exploratory study of the SPICA/SAFARI potential in detect-
ing galaxies and AGNs in the main IR lines in several redshift
ranges has been presented by Spinoglio et al. (2012). Their calcu-
lations were based on the phenomenological evolutionary models
by Franceschini et al. (2010), Gruppioni et al. (2011) and Valiante
et al. (2009). The Franceschini et al. (2010) and the Gruppioni
et al. (2011) models, like most classical backward evolution mod-
els, evolve the star-forming galaxies and the AGNs independently.
This class of models have been quite successful in reproducing far-
IR to sub-millimetre source counts but are clearly unable to predict
the composite line spectra of galaxies in which star formation and
AGN activity co-exist.

Valiante et al. (2009) have carried out a first attempt to deal
in a coherent way with the cosmic evolution of IR emissions of
both the starburst and the AGN components. This was done by first
estimating the distribution of the ratios between the 6 pm AGN
continuum luminosity, vLe.m, and the total IR luminosity, Lig =
Lg_1000 um, for a sample of local galaxies in five IR luminosity bins.
The luminosity-dependent distributions of v L .;m/ L1r Were derived
subtracting the estimated starburst contribution from the Spitzer
Infrared Spectrograph (IRS) MIR data for a complete sample of
IRAS galaxies. A check on the evolution with redshift of the mean
VL m versus Lig relation was made using IRS measurements for a
sample of galaxies at 0.37 < z < 3.35. The mean ratio vLe,,m/Lir
was found to increase with luminosity as vLg,um/Lir o¢ Liz 0.
The increase was assumed to stop at Lig ; = 10" L, for z < 0.5
and at Lig ; = 10'2 L for z > 0.5. Then an evolutionary law for
Lir was chosen and a value of vL¢, /L drawn at random from
the appropriate distribution was assigned to each source.

The strong increase of the average AGN luminosity fraction with
increasing Ljr up to Lir ¢ derived by Valiante et al. (2009) is however
not supported by many other analyses, although the relationship
between these two quantities is still matter of debate with studies
showing either strong or marginal correlations between AGN and
starburst luminosities (Lutz et al. 2008; Serjeant & Hatziminaoglou
2009; Alexander & Hickox 2012; Diamond-Stanic & Rieke 2012;
Mullaney et al. 2012a,b; Rosario et al. 2012; Chen et al. 2013; Chen
& Hickox 2014; Hickox et al. 2014). The apparently contradictory
results of different analyses may be understood taking into account
on one side that the characteristic time-scale of black hole accretion
is very different from that of star formation and on the other side
that any relation between star formation rate (SFR) and accretion
rate must break down as the AGN luminosity is at the Eddington
limit.

The different time-scales imply that accretion and star formation
are not necessarily on at the same time. Hence, the relation among
the two quantities may have a large dispersion when individual
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objects are considered, still being strong when averaging over the
whole population of star-forming galaxies (Chen et al. 2013). A
coherent scenario for the interpretation of the various pieces of ev-
idence on the connection between star formation and AGN activity
has been elaborated by Lapi et al. (2014).

In this paper, we present a new approach to the problem taking ad-
vantage of the physical model for the co-evolution of supermassive
black holes and massive protospheroidal galaxies at high redshift
(z = 1.5) worked out by Cai et al. (2013) who presented the evolv-
ing luminosity functions of these objects as a whole (starburst plus
AGN), taking into account in a self-consistent way the variation
with galactic age of the global spectral energy distribution (SED).

The physical model was complemented by a phenomenological
model for lower z AGNs and star-forming galaxies, mostly late-type
since massive spheroidal galaxies are observed to be in essentially
passive evolution at z < 1-1.5. In this case, galaxies and AGNs were
evolved separately. We combined the two components exploiting the
average accretion rate as a function of the SFR derived by Chen et al.
(2013), taking into account its dispersion. Bright optically selected
QSOs, that do not obey such correlation, were taken into account
adopting the best-fitting evolutionary model by Croom et al. (2009)
uptoz=2.

The plan of the paper is the following. In Section 2, we present
the adopted model for the evolution with cosmic time of the IR
(8-1000 pm) luminosity function. In Section 3, we discuss the
relations between line and continuum luminosity for the main
mid-/far-IR lines. In Section 4, we work out our predictions for
line luminosity functions, number counts and redshift distributions
in the SPICA/SAFARI bands. In Section 5, we compare our re-
sults with previous estimates. In Section 6, we discuss possible
SPICA/SAFARI observation strategies, considering different inte-
gration times per FoV. Section 7 contains a summary of our main
conclusions.

We adopt a flat A cold dark matter cosmology with matter density
Qn = 0.32, dark energy density 2, = 0.68 and Hubble constant
h = Hy/100kms~!'Mpc~' = 0.67 (Planck Collaboration XVI
2013).

2 EVOLUTION OF THE IR LUMINOSITY
FUNCTIONS

As mentioned in Section 1, our reference model for the redshift-
dependent IR luminosity functions is the one worked out by Cai
et al. (2013) based on a comprehensive ‘hybrid’ approach combin-
ing a physical model for the progenitors of early-type galaxies with
a phenomenological one for late-types. The evolution of progenitors
of early-type galaxies and of massive bulges of Sa’s is described by
an updated version of the physical model by Granato et al. (2004,
see also Lapi et al. 2006, Lapi et al. 2011 and Mao et al. 2007). In the
local Universe, these objects are composed of relatively old stellar
populations with mass-weighted ages =>8-9 Gyr, corresponding to
formation redshifts z 2 1-1.5, while the disc components of spirals
and the irregular galaxies are characterized by significantly younger
stellar populations (cf. Bernardi et al. 2010, their fig. 10). Thus, the
progenitors of early-type galaxies, referred to as protospheroidal
galaxies or ‘protospheroids’, are the dominant star-forming popu-
lation at z 2 1.5, while IR galaxies at z < 1.5 are mostly late-type
galaxies.

According to Cai et al. (2013), the redshift-dependent lumi-
nosity functions of protospheroids as a whole, ® (L, z), can be
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written as
Mmax Zmax d[vir
(D(Ltoty Z) = deir dZVir -
Mmin z dzvir
dNg logLiot  qy
X (Mvirv Zvir) /
d[vir —00 27{0*00
Lo exp [—(x — log L,)? /2062
Ltot —10* *
x exp [—[log(Li — 10Y) — L1 /201, (1

where L, = L.(z|Myi, zvir) and L. = Lo(z| My, zvir) are the
redshift-dependent mean starburst and AGN luminosities at given
halo mass, M,;;, and virialization redshift, z;, respectively, and
o, and o, are the corresponding dispersions. dNst/dt is the dark
matter halo mass function (Sheth & Tormen 1999).

The conditional luminosity function of the starburst component,
D, (Ly|Lior, 2), i.e. the number density of sources at redshift z with
starburst luminosity L, given that the total luminosity is Ly, can be
written as

Mrﬂﬂ)(
@, (Li|Lio, z)dlog L, = / dM.;,
Mmin
Zmax dty, | AN dlog L,
) / dzvir | | S My, 2i) 5
z dzyir | dtvie 270, 0,

L _
x —X exp[—(log L, — log L,)z/Zof]
Ltot - L*

x exp [—[log(Li — L) — log L,1*/20 2], 2)

while the conditional luminosity function of the AGN component
can be written as

Mmax
q)o(LolLlols Z)d 10g Lo = / deir
Mmin
Zmax dtyi | dNsr d 10g L,
d ir M'irs ir
x / o dZvir dtvil‘ ( Vi £ )27'[0'*0'-

Llol ) 2
X —— exp [—[log(Li« — L,) —log L,]7/20;]
Ltot - Ln

x exp [—[log(L, — log L,1*/252]. 3)
The probability that an object at redshift z has a starburst luminosity

L, or an AGN luminosity L, given the total luminosity of Ly =
L, + L, is then

(b*(L* |Ltoh Z)d IOg L,

P* L* L ots le L,, = , 4
(Ly|Liot, 2) g (L. 2) )
or
q).(LolLtot, Z)dlog L,
Py(L¢|Liot, 2) dlog L, = . 5
(hlbn ) dloe (L. 2) ®)

The two probabilities have unit integral over the luminosity range 0—
Ly and are linked by the condition that, at fixed Lo, P.(Ly|Lior) =
—P,(Lo|Ly)(dlogL,/dlogL,) with dlogL,/dlogL, = dlog
(Liot — L,)/dlog L, = —L,/(Liot — L,). Then

L

Po(LolLt()t) = T_.L.P*(Lml - Lolle) (6)
or

L,
P*(LrlLlol) = mp.(lltm - L*|Llol)~ (7)

Each protospheroid of luminosity L., was assigned bolometric
luminosities of the starburst and of the AGN components drawn
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at random from the above probability distributions, with the param-
eter values given by Cai et al. (2013). Note that for the starburst
component the bolometric luminosity is very close to the IR (8-
1000 pm) luminosity, but this is not the case for AGNs, especially
for type-1s. For example, adopting the AGN SEDs used by Cai et al.
(2013) we get Lir /Lyoi = 0.189 and 0.776 for type-1s, type-2s, re-
spectively. This should be taken into account when comparing our
results with those by Spinoglio et al. (2012) which rely on correla-
tions between line and IR luminosity rather than between line and
bolometric luminosity, as done in this paper.

The model makes detailed predictions also for strongly grav-
itationally lensed galaxies. These objects are of special interest
because strong lensing allows us to measure their total mass dis-
tribution up to very large distances and to gain information on
sources too faint to be detected with current instrument sensi-
tivities, thus testing models for galaxy formation and dark mat-
ter. To deal with them, the probability distributions have been
applied to the de-lensed luminosities. The de-lensing was made
attributing to each lensed source an amplification factor ran-
domly extracted from the amplification probability distributions by
Negrello et al. (2007) and Lapi et al. (2012). After having done
that, the luminosities of both components were re-amplified by the
same factor.

As mentioned above, the evolution of late-type galaxies, the
dominant star-forming population at z < 1.5, is described by
a phenomenological, parametric model, distinguishing two sub-
populations, ‘cold’ (normal) and ‘warm’ (starburst) galaxies. The
AGNSs associated with these populations are evolved independently,
again with a phenomenological recipe. To combine galaxies and
AGNs into sources including both components, we have exploited
the correlation between SFR and average black hole accretion rate
derived by Chen et al. (2013) on the basis of a sample of 1767
far-IR selected galaxies in the redshift range 0.25 < z < 0.8. Using
their equation 5, their bolometric correction for the AGN X-ray
emission Ly, /Lx = 22.4 and their relationship between the IR lu-
minosity of the starburst, Lig, and the SFR we got (Ly,/Lir) =
0.054(Lir /10" L)*%.

It is also necessary to properly take into account the large (see
the discussion in Section 1) dispersion around the mean relation.
Such dispersion is difficult to evaluate because of the large fraction
of galaxies in the Chen et al. (2013) sample for which only upper
limits to the nuclear emission are available. We have estimated it
by trial and error, looking for a value that yields redshift-dependent
AGN luminosity functions consistent with the observational esti-
mates by Delvecchio et al. (2014). In practice, we have carried
out simulations associating galaxies having a given Lir with an
AGN with bolometric luminosity drawn at random from a Gaussian
distribution with mean given by the average Ly, /Lir relation and
several values of the dispersion. The contribution of optically se-
lected AGNs (see below) was then added to the derived luminosity
functions. We get consistency with the data (see a couple of exam-
ples in Fig. 1) with a dispersion of 0.69 dex, in agreement with the
distribution of data points in figs 3 and 4 of Chen et al. (2013). The
fact that the model appears to overestimate the low-luminosity tail
of the AGN bolometric luminosity function is not worrisome for
the present purposes since these sources are anyways too weak to
be detected by SPICA/SAFARI. It should also be noticed that the
observational errors are purely statistical, i.e. do not include uncer-
tainties on the decomposition of the observed SED to disentangle
the AGN contribution from that of the host galaxy, on the bolo-
metric correction and on the correction for incompleteness. These
systematic errors increase with decreasing AGN luminosity. The
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Figure 1. Comparison of the AGN bolometric luminosity functions at z = 0.5 and z = 1.5 yielded by our approach (solid lines) with the observational
estimates by Delvecchio et al. (2014). The dotted red curve in the right-hand panel shows the contribution of strongly lensed (amplification ¢ > 2) sources; at
z = 0.5 such contribution is negligible. The vertical lines correspond to the minimum bolometric luminosity yielding a detection by SAFARI of the strongest
AGN line ([O1v] 25.89 um) with exposures of 1 and 10 h/FoV (solid and dotted, respectively), for the mean line to bolometric luminosity ratios.

evolution of sources as a whole is then driven by that of the SFR,
as modelled by Cai et al. (2013).

Not all AGNs obey the accretion rate — SFR correlation. In par-
ticular, hosts of bright optically selected QSOs, with high accretion
rates, are found to have SFRs ranging from very low to moder-
ate, particularly at relatively low redshifts (Schweitzer et al. 2006;
Netzer et al. 2007). These objects were taken into account adopting
the best-fitting evolutionary model by Croom et al. (2009) up to z =
2 since at higher redshifts the abundance of AGNs associated with
late-type galaxies is negligible compared to that of AGNs associ-
ated with protospheroids whose evolution up to the optically bright
phase is described by the Cai et al. (2013) physical model.

The consistency between the model and the observed bolometric
luminosity functions, illustrated by Fig. 1 for z < 1.5 and demon-
strated by Cai et al. (2013) at higher z, is crucial for the reliability
of the derived line luminosity functions because they are calculated
coupling the bolometric luminosity functions with the relations be-
tween line and bolometric luminosities (see Section 3).

In summary, the different IR galaxy populations considered in
our paper are

(i) protospheroidal galaxies (unlensed and lensed), the progeni-
tors of early-type galaxies and the dominant star-forming population
at z 2 1.5, whose evolution is described by the physical model by
Cai et al. (2013);

(ii)) AGNs associated with protospheroids whose co-evolution
with the host galaxies is self-consistently built in the Cai et al.
(2013) physical model;

(iii) late-type galaxies, the dominant star-forming population at
z < 1.5, divided into two sub-populations (spiral and starburst
galaxies), whose evolution is described by the Cai et al. (2013)
phenomenological model;

(iv) type-1 and type-2 AGNs associated with late-type galaxies,
whose evolution is linked to that of host galaxies via the Chen et al.
(2013) accretion rate — SFR correlation;

(v) optical AGNs, whose evolution is described by the Croom
et al. (2009) best-fitting model up to z = 2 and included in the Cai
et al. (2013) physical model at higher z.

While referring to the Cai et al. (2013) paper for full details, we
summarize here, for the sake of clarity, a few points. Protospheroidal
galaxies and massive bulges of disc galaxies are assumed to virialize
at z > 1.5 but their evolution is followed down to z = 0. Their

lifetimes in the star formation phase increase with decreasing halo
mass, consistent with the observed ‘downsizing’, from ~0.7 Gyr
for the most massive ones to a few Gyr for the least massive. Hence,
they are contributing to the IR luminosity functions also at z < 1.5,
but their contribution decreases with decreasing z. At z < 1.5,
late-type galaxies take over them as the dominant contributors.
The phenomenological model describing their evolution includes
a smooth decline of their space density above z ~ 1.5 but their
contribution to the global IR luminosity function is still significant
up to z >~ 2.

The evolution of supermassive black holes associated with pro-
tospheroidal galaxies is followed by the physical model only during
their active star formation phase when black holes acquire most
of their mass. In other words, the present implementation of the
physical model is unable to follow the later AGN evolution when
spheroids are in essentially passive evolution and nuclei can be re-
activated by, e.g., interactions, mergers, or dynamical instabilities,
especially if they acquire a disc, i.e. become the bulges of later-type
galaxies. These later phases are dealt with by the phenomenological
model, as described above.

3 LINE VERSUS IR LUMINOSITY

IR lines excited by star formation activity have been dealt with by
Bonato et al. (2014), with an analysis of the relations between line
and starburst IR luminosities that considered differences among
source populations and that was supported by extensive simula-
tions taking into account dust obscuration. We complement their
study considering the brightest lines that are excited by, or also
by, AGNs. These include three typical AGN lines ([Ne v]14.32 pm,
[Ne v]24.31 um and [O1v]25.89 um) and eight lines that can also
be produced in star formation regions (the five Hu region lines:
[S1v]10.49 um, [Nen]12.81 wm, [Nem]15.55 pm, [Sm]18.71 pm
and [Sm]33.48 um; three molecular hydrogen lines, H, 9.66 um,
H, 12.28 pm and H, 17.03 pm). The other IR lines considered by
Bonato et al. (2014) have negligible AGN contributions so that we
adopt directly the luminosity functions derived in that paper. In
addition, we present results for the 6.2, 7.7 and 8.6 um polycyclic
aromatic hydrocarbons (PAH) lines, overlooked by Bonato et al.
(2014) but of considerable interest for SPICA/SAFARI surveys. Of
course, to detect the broad PAH lines the SAFARI (R = 2000) spec-
tral resolution needs to be degraded without loss of signal, using
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Figure 2. Line luminosity as a function of the IR luminosity of the starburst component for the (H»)9.66 pum, [S1v]10.49 pm and (H)12.28 pum lines.
Luminosities are in solar units. Data from Roussel et al. (2006), Farrah et al. (2007), Bernard-Salas et al. (2009), Hao et al. (2009), O’Dowd et al. (2009, 2011),
Pereira-Santaella et al. (2010) and Cormier et al. (2012), excluding all objects for which there is evidence of a substantial AGN contribution. The orange bands
show the 20 spread around the mean linear relations (red lines) in the log —log plane. The mean ratios (log (L;/Lir)) and the dispersions around them are given

in Table 1.

appropriate algorithms. All the lines have been taken into account
to compute the number of sources detected in more than one line.

As in Bonato et al. (2014), the line luminosities are derived from
the continuum ones exploiting the relations between line and IR (or
bolometric in the AGN case) luminosities, taking into account the
dispersions around the mean values. For five of the lines listed
above, namely [Nen]12.81 um, [Nem]15.55 um, H, 17.03 pm,
[St]18.71 pm and [S m]33.48 um, these relationships were already
derived, for the starburst component only, by Bonato et al. (2014).
Again for the starburst component, we have collected from the lit-
erature data on three additional lines (H, 9.66 um, [S1v]10.49 um
and H, 12.28 um), excluding objects for which there is evidence
of a substantial AGN contribution. These data are shown in Fig. 2
together with the best-fitting linear relations. We have neglected the
starburst contribution to the three typical AGN lines.

The mean ratios (log (L;/Lir)) for star-forming galaxies and the
dispersions around them are given in Table 1. The values for the 6.2,

Table 1. Mean values of the log of
line to IR (8-1000 pm) continuum lu-
minosities for star-forming galaxies,
(log (L¢/Lir)) and associated disper-
sions o. For the Hy 17.03 um line, the
tabulated values, taken from Bonato
et al. (2014), have been computed ex-
cluding local ULIRGs, for which the
luminosity in this line was found to be
uncorrelated with Lig. The mean value
of log (Ly) in this line for local ULIRGs
was found to be log (LUL@) = 8.07
with a dispersion of 0.34.

(e (E))

Spectral line

PAH6.2 pm —2.20 (0.36)
PAH7.7 um —1.64 (0.36)
PAHS8.6 pm —2.16 (0.36)
H,9.66 um —3.96 (0.52)
[S1v]10.49 pm —3.95 (0.69)
H»12.28 um —4.12 (0.54)
[Nen]12.81 um —3.11 (0.45)¢
[Nem]15.55 um —3.69 (0.47)°
H,17.03 pm —4.04 (0.46)°
[Sm]18.71 um —3.49 (0.48)°
[Sur]33.48 um —3.05(0.31)“

“Taken from Bonato et al. (2014).
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7.7 and 8.6 pm PAH lines (also given in Table 1) were inferred from
that for the PAH 11.25 um line, given by Bonato et al. (2014), using
the average ratios Lpan,,/Lpan,, s = 1.22, Lpan,,/Lpan,,,s = 4.5
and Lpang ¢ /Lpan,, ,; = 1.36 given by Fiolet et al. (2010).

The relationships between line and bolometric luminosities of
AGNs were determined using the data on the QSO samples by
Veilleux et al. (2009), on the local Seyfert galaxies whose MIR
emission was found to be 100 per cent AGN dominated by Sturm
etal. (2002) and, only for the three pure AGN lines ([Ne v]14.32 um,
[Ne v]24.31 pm and [O 1v]25.89 um), on the local Seyfert galaxies
by Tommasin et al. (2008, 2010) coupled with the continuum nu-
clear emission measurements by Gorjian et al. (2004), Gandhi et al.
(2009) and Honig et al. (2010).

The IR luminosities given in Veilleux et al. (2009) and Sturm
et al. (2002) are defined as in Sanders & Mirabel (1996), but this
definition applies to starburst not to AGN SEDs. Therefore, to
convert them to AGN bolometric luminosities we cannot use the
correction factors given in Section 2. The AGN bolometric lumi-
nosities were then estimated using the appropriate Cai et al. (2013)
SEDs (i.e. for QSOs and Seyfert 1 galaxies, the mean QSO SED
of Richards et al. 2006 extended to millimetre wavelengths as de-
scribed in Cai et al. 2013; for Seyfert 2 galaxies, the SED of the
local AGN-dominated ULIRG Mrk 231 taken from the SWIRE li-
brary) normalized to the observed 12 pm luminosities which are
expected to be modestly affected by contamination from the host
galaxy. Normalizing instead to the AGN 6 pm fluxes of Sani et al.
(2010), we obtain, for a sub-sample containing 65 per cent of our
objects, an average decrease of the estimated AGN bolometric lu-
minosity by about 17 per cent. On the other hand, we caution
that the Mrk 231 SED might have a non-negligible host galaxy
contamination. In fact its far-IR emission peaks at ~ 100 pm. At
such relatively long wavelength the contribution from dust heated
by young stellar populations can be substantial or even dominant
(Mullaney et al. 2011). Therefore, our approach likely overesti-
mates the bolometric luminosities of Seyfert 2 galaxies. This how-
ever has little impact on our conclusions since these AGNs are
minor contributors to line counts at the SPICA/SAFARI detection
limits.

At variance with star-forming galaxies for which data and exten-
sive simulations are consistent with a constant line-to-continuum IR
luminosity ratio (Bonato et al. 2014), for AGNs observational data
indicate luminosity-dependent ratios (Hill et al. 2014). We adopt
a relation of the form log (L;) = alog (Lvo1) + b. The best-fitting
coefficients for the 11 lines of our sample and the dispersions, o,
are listed in Table 2. There are no significant differences among
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Table 2. Coefficients of the best-fitting linear relations between
line and AGN bolometric luminosities, log (L) = alog (Lye1) +
b, and 1o dispersions associated with the relations.

Spectral line a b Disp. (1o)
H9.66 pum 1.07 —5.32 0.34
[S1v]10.49 um 0.90 —2.96 0.24
H»12.28 um 0.94 —3.88 0.24
[Nen]12.81 um 0.98 —4.06 0.37
[Ne v]14.32 um 0.78 —1.61 0.39
[Nem]15.55 um 0.78 —1.44 0.31
H,17.03 um 1.05 —5.10 0.42
[Sm]18.71 um 0.96 —3.75 0.31
[Ne v]24.31 um 0.69 —0.50 0.39
[01v]25.89 um 0.70 —0.04 0.42
[Sm]33.48 um 0.62 0.35 0.30

the line—bolometric luminosity correlations for the different AGN
types (see Fig. 3).

4 LINE LUMINOSITY FUNCTIONS AND
NUMBER COUNTS

To compute the line luminosity functions and the number counts,
we adopted a Monte Carlo approach, starting from the redshift-
dependent luminosity functions of the source populations described
in Section 2, including both the starburst and the AGN component.
Each source was assigned luminosities of each component drawn
at random from the appropriate probability distributions (see Sec-
tion 2). Then, we associated each component line luminosity drawn
at random from Gaussian distributions with the mean values and
the dispersions given in Tables 1 and 2. This procedure gives the
line luminosity functions of the objects as a whole, as well as of

Mid-/far-IR spectroscopic surveys 3451
their starburst and AGN components. Examples are shown in Figs 4
and 5.

The counts are then straightforwardly computed. The wavelength
range covered by each SPICA/SAFARI band, [Amin, Amax], and the
line rest-frame wavelength, A,, define the minimum and the max-
imum redshift within which the line is detectable in that band,
Z¢,min/max = Amin/max/A¢ — 1. The integral counts predicted by our
model in the SPICA/SAFARI wavelength range for the 14 IR lines
of our sample are shown in Fig. 6.

The SPICA/SAFARI reference 5o detection limits for an inte-
gration of 1 h per FoV are (Sibthorpe, private communication) 3.7
x 1071 W m~2 for the first band (34—60 um), 3.4 x 10~"° Wm~2
for the second band (60—110 um) and 2.9 x 107" Wm™2 for the
third band ( 110—210 um). We present predictions for a survey of
5 deg? with 1 h per FoV. The survey area is 10 times larger compared
to the reference survey considered in Bonato et al. (2014). In fact,
as discussed later on in this section and in Section 6, AGN lines are
more difficult to detect than starburst lines and thus a wider/deeper
survey is required to achieve good statistics. The predicted numbers
of sources detected in each line by a SPICA/SAFARI survey cov-
ering 5 deg® with a 1 h integration/FoV are given in the last column
of Table 3. The other columns detail the redshift distributions of de-
tected sources. This SPICA/SAFARI survey will be able to detect
many hundreds of AGNs (762, according to our calculations) in the
strongest line ([0 1v]25.89 pm).

The redshift distributions of sources detected in the three AGN
lines, [Ne v]14.32 um, [Ne v]24.31 um and [O 1v]25.89um, are dis-
played in Fig. 7, where the redshift ranges covered by the different
bands are identified by different colours. Fig. 8 shows the contribu-
tions to the counts of AGNs of the various kinds.

Fig. 9 illustrates the luminosity and redshift distributions
of sources (starburst plus AGN components) for which the
SPICA/SAFARI 5 deg? survey will detect at least two, three or
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Figure 3. Line versus bolometric luminosity, in solar units, for AGNs. PG QSO data (yellow circles) are taken from Veilleux et al. (2009), Seyfert 1 (green
triangles) and Seyfert 2 (blue squares) data from Sturm et al. (2002) and, only for the [Ne v]14.32 um, [Ne v]24.31 um and [O1v]25.89 pm lines, also from
Tommasin et al. (2008, 2010). The orange bands show the 20" spread around the linear relations log (L) = alog (Lyol) + b (red line).
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Figure 5. Predicted luminosity functions for the total (starburst plus AGN) emission (solid lines) and for the AGN component only (dashed lines) at different

redshifts at which these lines can be detected by SPICA/SAFARI.

four lines, taking into account both the spectral lines considered in
this paper and the pure starburst lines considered in Bonato et al.
(2014). We expect that 11 4903, 50 817,29 492, 18 412, 11 555 and
6930 sources will be detected in at least one, two, three, four, five
and six lines, respectively. The numbers of protospheroidal galax-
ies detectable in at least one, two, three, four, five and six lines are
44 335, 13 854, 6149, 3151, 1749 and 907, respectively. Sources
detected in at least one line include ~724 strongly lensed galaxies
at z > 1; about 300 of them will be detected in at least two lines.

It is easily seen that these values, once rescaled to the same
survey area, a factor of 10 smaller, are similar to those calculated
in Bonato et al. (2014) considering only star-forming galaxies: the
AGN component adds a minor contribution. The reason for that is
illustrated by Fig. 10 where the luminosity functions of the brightest
AGN line ([O1v]25.89 pm) are compared with those of two bright
starburst lines at two redshifts. Two factors concur to yield a much
higher space density of detectable starbursts compared to AGNs.
First, AGNs are far less numerous than starburst galaxies, due to
the much shorter lifetime of their bright phase. Secondly, many
starburst lines have ratios to bolometric luminosity substantially
higher than even the brightest AGN line (cf. the luminosity ratios
for starbursts in table 1 of Bonato et al. 2014 with those for AGNs
in Table 2 of this paper).

MNRAS 444, 3446-3458 (2014)

5 COMPARISON WITH PREVIOUS
ESTIMATES

Fig. 11 compares our predictions for the redshift distributions of
sources detected by SPICA/SAFARI with those from the three mod-
els used by Spinoglio et al. (2012). The total number of detections,
for each line, is also summarized in Table 4.

The different results reflect the different approaches adopted by
the authors (only very marginally the different evolutionary mod-
els used). In particular, Spinoglio et al. (2012)* based their es-
timate on empirical relations between the line luminosities and
the total IR luminosity for the Seyfert galaxies of the 12 pum
galaxy sample (Tommasin et al. 2008, 2010), and for the pure
starburst galaxies of the sample of Bernard-Salas et al. (2009).
These luminosity ratios were then used to convert the total IR lumi-
nosity functions from different evolutionary models (i.e. Valiante
et al. 2009; Franceschini et al. 2010; Gruppioni et al. 2011) into
line luminosity functions and to derive the numbers of objects

2 In the calculation of the IR Tuminosities used to calibrate the line to con-
tinuum relations in the Spinoglio et al. (2012) paper a factor of 1.8 was
inadvertently omitted, resulting in an overestimate of the line counts (an
erratum on that has been submitted to ApJ).
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Figure 6. Integral counts in several lines of galaxies as a whole (starburst plus AGN components; solid black lines) and of AGNs only (dash—dotted violet
lines) over the full SPICA-SAFARI wavelength range, and, for the AGNs, in each of its three bands. The vertical lines correspond to the average detection
limit in the three bands for 1 h integration/FoV.

Table 3. Predicted redshift distributions of AGNs and, in parenthesis, of galaxies as a whole (starburst plus AGN components) detectable by a
SPICA/SAFARI survey covering an area of 5deg? in 1 h integration per FoV.

Spectral line 0.00-0.75 0.75—-1.25 1.25—-1.75 1.75-2.25 2.25-2.75 2.75—-4.00 4.00—6.00 6.00—8.00 All z
PAH6.2 pm 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(432) 0(19) 0(451)
PAH7.7 um 0(0) 0(0) 0(0) 0(0) 0(0) 0 (8750) 0(6787) 0(237) 0 (15 775)
PAHS.6 pm 0(0) 0(0) 0(0) 0(0) 0(0) 0(5778) 0 (1280) 0 (26) 0 (7085)
H»9.66 pm 0 (0) 0(0) 0(0) 0(0) 0.2 (18) 0.2 (21) 0(0.7) 0(0) 0.4 (39)
[S1v]10.49 pm 0(0) 0(0) 0(0) 0() 0.1 (169) 0(119) 0(12) 0(0.2) 0.1 (308)
H»12.28 pm 0(0) 0(0) 0(0) 0.3 (58) 0(26) 0(11) 0(1) 0(0) 0.3 (95)
[Nen]12.81 pm 0(0) 0(0) 1 (490) 1(1515) 0.4 (748) 0.3 (495) 0(43) 0(0.3) 3(3293)
[Ne v]14.32 pm 0(0) 0(0) 9(9) 2(2) 0.4 (0.4) 0.2 (0.2) 0(0) 0 (0) 1111
[Nem]15.55 pm 0(0) 1(82) 10 (493) 2 (220) 0.3(92) 0.3 (52) 0(1) 0(0) 13 (941)
H»17.03 pm 0(0) 9 (84) 10 (100) 1 (45) 0.4 (20) 0.2 (10) 0(0.3) 0(0) 20 (260)
[Sm]18.71 pm 0(0) 13 (2040) 10 (1125) 1 (499) 0.4 (261) 0.1 (143) 0(10) 0(0.3) 25 (4078)
[Nev]24.31 pm 28 (28) 19 (19) 8(8) 1(1) 0.3(0.3) 0.2 (0.2) 0(0) 0(0) 55 (55)
[0O1v]25.89 pum 426 (426) 227 (227) 89 (89) 20 (20) 1(1) 0.3 (0.3) 0(0) 0(0) 762 (762)
[Sm]33.48 um  235(9876) 10 (6760) 1(2947) 1(1289) 02 (771) 0.1 (438) 0(21) 0(0) 248 (22 104)
detectable by SPICA at different redshifts and luminosities. This thanks to Herschel — we now know that Ljg in IR detected AGNs
approach — purely empirical — could be taken as an upper limit is typically composed by both AGN and starburst contributions
for the SPICA detections, since it applies the relations found for (Hatziminaoglou et al. 2010) in different proportions (in large frac-
a sample of AGNs to all the AGN populations considered in tions of objects the AGN contributes to Lig for <10 per cent; see
the models, regardless of the AGN contribution to Lig, while — Delvecchio et al. 2014).
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Figure 7. Examples of the predicted redshift distributions of AGNs detected by SPICA/SAFARI for a 1 h exposure per FoV. The different colours identify the
spectral bands.
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On the other hand, the approach adopted in this paper requires
bolometric corrections, endowed with a substantial uncertainty, to
derive the relationships between line and bolometric luminosities.
We are now working on a semi-empirical approach, based on SED
decomposition (see Berta et al. 2013; Delvecchio et al. 2014) of local
(Tommasin et al. 2008, 2010) and high-z samples of AGN (from

MNRAS 444, 3446-3458 (2014)

Herschel PACS Evolutionary Probe; Lutz et al. 2011), considering
nuclear observational data in the MIR for estimating the Lijne/Lyol
relations and the AGN accretion luminosity function of Delvecchio
et al. (2014) to derive expected detection numbers. The results of
that work will be published in a forthcoming paper (Gruppioni et al.
in preparation).
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Figure 10. Comparison of the cumulative luminosity functions at two redshifts of the brightest AGN line ([O1v]25.89 um) with those of two bright starburst
lines. The dotted curves show the contributions of strongly lensed sources to the total luminosity functions (solid curves). At each redshift the vertical line
corresponds to the minimum luminosity detectable by a survey with 1 h integration/FoV.
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Figure 11. Redshift distributions of AGNs detectable in each of the eight lines by a SPICA/SAFARI survey covering 0.5 deg? with 1 h integration/FoV. The
predictions of our model (black solid lines) are compared with those of the three models used by Spinoglio et al. (2012); see the legend on the bottom right.

6 OBSERVATION STRATEGY survey area than going deeper. This is particularly true for the three
typical AGN lines (cf. Fig. 8), due to the fact that the AGN contri-
bution to the bolometric luminosity is higher at higher luminosities.
For a survey of 0.5 deg” and 1 h integration/FoV the detection rate
of AGNs is quite low and the predicted redshift distributions sink
down at z 2 1 (cf. Fig. 7). To investigate with sufficient statistics
the galaxy—AGN co-evolution a deeper or a wider area survey is
necessary. For example, a survey of 1 h/FoV over 5 deg? would

Quantitative predictions on the number of detections of AGNs and
of galaxies as a whole for a survey of 0.5deg” and different inte-
gration times per FoV are given in Table 5. As illustrated by Fig. 6,
the integral counts have a slope flatter than two at and below the
detection limit for 1 h integration/FoV. This means that the number
of detections at fixed observing time increases more extending the
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Table 4. Numbers of 50 AGN detections by SPICA/SAFARI for a survey covering 0.5 deg? in 1 h integration/FoV,
as predicted by the present model (second column, in boldface) compared with those given (only for eight lines) by
Spinoglio et al. (2012) for the three models used by them.

This work
Cai et al. (2013)

Spectral line Spinoglio et al. (2012)

Franceschini et al. (2010)  Gruppioni et al. (2011)  Valiante et al. (2009)

[Nen]12.81 um 0.3 15 14 42
[Ne v]14.32um 1 04 1 -
[Nem]15.55um 1 41 25 179
H»17.03um 2 0 0.4 6
[Sm]18.71 um 3 3 2 6
[Ne v]24.31um 5 53 143 -
[O1v]25.89 um 76 326 623 938
[S1]33.48 um 25 244 400 1103

TableS. AGN and total (in parenthesis) detections ob-
tainable by SPICA-SAFARI surveys covering 0.5 deg?
in 1 h integration/FoV (2nd column) and 10 h integra-
tion/FoV (3rd column).

comparison, from the black hole/stellar mass correlation (Kormendy
& Ho 2013) we get that the final black hole masses associated with
spheroidal galaxies with stellar masses of ~10'' and ~10'? Mg
are 5 x 10% and ~7 x 10° M, respectively. This means that
pointed SPICA/SAFARI observations can allow us to investigate

Spectral line Otszdlhz (t)idml; early phases of the galaxy/AGN co-evolution, when the black hole
o dee odee mass was one or even two orders of magnitude lower than the final

PAH6.2 pm 0 (45) 0(280) one.

PAH7.7 pm 0(1578) 0(4183)

PAHS.6 um 0(709) 0(2661)

H,9.66 um 4% 1072 4) 0.1 (33)

[Sv]1049um  1x 1072 (31) 3 x 1072 (156) 7 CONCLUSIONS

Hz12.28 um 3 x 1072 (10) 0.1(74) We have improved over earlier estimates of redshift-dependent lu-

[Nen]12.81 um 0.3 (330) 3 (1490) minosity functions of IR lines detectable by SPICA/SAFARI by

[Ne v]14.32 um 1 (D) 506) building a model that deals in a self-consistent way with emission

3161;110135 55 um ;82 191 ((26%267)) of galaxies as a whole, including both the starburst and the AGN

[ Szm]i 8.7P1lmpm 3 (409) 18 1‘979) component. For protospheroidal galaxies, which dominate the cos-

[Nev]24.31 um 5(5) 48 (48) mic SFR at z > 1.5, we have derived analytic formulae giving the

[01v]25.89 um 76 (76) 427 (427) probability that an object at redshift z has a starburst luminosity L.,

[S m]33.48 pm 25 (2211) 147 (7826) or an AGN luminosity L, given the total luminosity of Ly, = L, +

yield about 760 AGN detections in the [O1v]25.89 um line, with
a total observing time of 4500 h. A deeper survey with the same
observing time (exposure time of 10 h/FoV over 0.5 deg?) would
give 427 AGN detections (see Table 5).

The blind spectroscopic survey may be complemented by follow-
up observations of bright high-z galaxies already discovered at (sub-
)mm wavelengths over much larger areas. Fig. 12 shows, as an ex-
ample, the SPICA/SAFARI exposure time per FoV necessary for a
5o detection of the three typical AGN lines at z = 1.5and 2.5 as a
function of the AGN bolometric luminosity. When South Pole Tele-
scope (SPT) and Herschel survey data will be fully available, we
will have samples of many hundreds of galaxies with either intrinsic
or apparent (i.e. boosted by strong gravitational lensing; Negrello
et al. 2010, 2014; Vieira et al. 2013) IR luminosities larger than
10" L. These IR luminosities correspond to SFR > 10* M yr™!
(Kennicutt & Evans 2012). Comparing the stellar with the halo
mass function Lapi et al. (2011) estimated that the active star for-
mation phase lasts for ~0.7 Gyr. Thus, objects that bright are the
likely progenitors of spheroidal galaxies with stellar masses M,
2> 7 x 10" /uM@, u being the gravitational magnification fac-
tor. As shown by Fig. 12, SPICA/SAFARI can detect, in 10 h, the
[O1v]25.89 um line from an AGN with (real or apparent) bolometric
luminosity of ~3 x 10" Ly atz = 1.5and of 2 x 10® Ly atz =
2.5. For Eddington limited accretion, these luminosities correspond
to black hole masses of ~9 x 107 /1 Mg and ~6 x 108/ Mg . For
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L,. Each protospheroid of luminosity L, was assigned IR luminosi-
ties of the starburst and of the AGN component based on the above
probability distributions. The association of the AGN component to
late-type galaxies was made on the basis of the observed correlation
between SFR and accretion rate.

The relationships between line and IR luminosities of the star-
burst component derived by Bonato et al. (2014) have been updated
whenever new data have become available in the meantime and
additional lines have been taken into account. New relationships
between line and AGN bolometric luminosities have been derived.

These ingredients were used to work out predictions for the source
counts in 11 mid-/far-IR emission lines partially or entirely excited
by AGN activity, as well as in the 6.2, 7.7 and 8.6 um PAH lines,
overlooked by Bonato et al. (2014). The expected outcome of a
survey covering 5deg? with a 1 h integration/FoV is specifically
discussed. Taking into account also the additional nine lines, with
negligible AGN contribution, investigated by Bonato et al. (2014),
i.e. a total of 23 IR lines, we have estimated the number of ob-
jects detectable in at least two, three, four, five and six lines. We
estimate that such survey will yield about 760 AGN detections in
the [O1v]25.89 um line. A deeper survey (10 h/FoV over 0.5 deg?)
requiring the same observing time (4500 h) will yield about ~430
detections in the same line.

The AGN contribution to the detectability of galaxies as a whole is
minor. We show that this is due to the combination of two factors: the
rarity of bright AGNs, due to their short lifetime, and the relatively
low (compared to starbursts) line to bolometric luminosity ratios.
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Figure 12. SPICA/SAFARI exposure time per FoV required for a 5o line detection of the three typical AGN lines as a function of the AGN bolometric

luminosity for z = 1.5 (left) and 2.5 (right).

We also recommend pointed observations of the brightest (either
because they are endowed with extreme SFRs or because lumi-
nosities are strongly magnified by gravitational lensing) galaxies
previously detected by large area surveys such as those by Her-
schel and by the SPT. Such observations will allow us to investigate
early phases of the galaxy/AGN co-evolution when the black hole
mass was much lower than the final one, given by the present-day
correlation with the stellar mass.
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