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Abstract

Rest-frame mid- to far-infrared (IR) spectroscopy is a powerful tool to study how galaxies formed and evolved, because a major part of their
evolution occurs in heavily dust enshrouded environments, especially at the so-called Cosmic Noon (1 < z < 3). Using the calibrations of IR
lines and features, recently updated with Herschel and Spitzer spectroscopy, we predict their expected fluxes with the aim to measure the Star
Formation (SF) and the Black Hole Accretion (BHA) rates in intermediate to high redshift galaxies.

On the one hand, the recent launch of the James Webb Space Telescope (JWST) offers new mid-IR spectroscopic capabilities that will enable for
the first time a detailed investigation of both the SF and the BHA obscured processes as a function of cosmic time. We make an assessment of
the spectral lines and features that can be detected by JWST-MIRI in galaxies and active galactic nuclei up to redshift z ~ 3. The fine-structure
lines of [MgIV]4.49um and [ArVI]4.53um can be used as BHA rate tracers for the 1 < z < 3 range, and we propose the [NeVI]7.65pm line as
the best tracer for z < 1.5. The [Arl1]6.98pm and [ArII1]8.99pum lines can be used to measure the SF rate at z < 3 and z < 2, respectively,
while the stronger [NelI]12.8pum line exits the JWST-MIRI spectral range above z 2> 1.2. At higher redshifts, the PAH features at 6.2pum and
7.7um can be observed at z < 3 and z < 2.7, respectively.

On the other hand, rest-frame far-IR spectroscopic observations of high redshift galaxies (z 2 3) have been collected with the Atacama Large
Millimeter Array (ALMA) in the last few years. The observability of far-IR lines from ALMA depends on the observed frequency, due to the
significant decrease of the atmospheric transmission at the highest frequencies (> 420 Hz). The [CII]158pum line is a reliable tracer of the SF
rate and can in most cases (0.9 < z < 2and 2 < z < 9) be observed. Additionally, we propose the use of the combination of [OIlI]88pum and
[OI]145um lines as an alternative SF rate tracer, that can be detected above z > 3.

Overall, we emphasize the importance of using multi-feature analysis to measure both BHA and SFR, since individual tracers can be strongly
dependent on the local ISM conditions and vary from source to source.

However, we conclude that the peak of the obscured SF and BHA activities at Cosmic Noon falls outside the wavelength coverage of facilities
currently operating or under development. A new IR space telescope covering the full IR spectral range from about 10pm to 300pm and
actively cooled to achieve high sensitivity, will be needed.

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

1. Introduction obscured phase (e.g. Spinoglio et al.,[2017, 2021a).

The mid- to far-infrared (IR) spectral range is populated
by a wealth of lines and features which offer an ideal tool to
probe the dust hidden regions where the bulk of activity in
galaxies takes place (e.g. Spinoglio & Malkan, [1992; Armus
et al., 2007). The various fine-structure lines in this range
cover a wide range of physical parameters such as density,
ionization and excitation, and can be used to discriminate
between the different conditions of the interstellar medium and
the processes taking place there. Most of these lines, however,
can be observed only from space IR telescopes, while only a
limited number of transitions are detectable by ground-based
facilities. In particular, AGN activity can be traced by high-
ionization lines, while low to intermediate ionization fine-
structure lines are good tracers of star formation processes.

The formation and evolution of galaxies is one of the main
fields of study in modern astrophysics, nevertheless it has se-
rious limitations due to our lack of knowledge concerning
the main processes that drive the evolution. These are the
two sources of energy in galaxies, i.e. star formation with
the subsequent stellar evolution, and the accretion onto su-
permassive black holes in active galactic nuclei (AGN). The
bulk of activity, however, takes place in heavily dust obscured
environments during the so-called Cosmic Noon (z ~ 1 -3),
where almost 90% of optical and UV radiation is absorbed by
dust and re-emitted at longer wavelengths (Madau & Dickin+
son, [2014; Heckman & Best, 2014), then followed by a steep
decline toward the present epoch. Thus, to fully characterize
the various phenomena driving galaxy evolution and their in-
terplay is paramount to explore galaxies throughout their dust The James Webb Space Telescope (JWST, Gardner et al., 2006),
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Figure 1. Left: observability of key mid-IR (dashed lines) lines as a function of redshift. The shaded area shows the redshift interval covered by the JWST-MIRI
instrument spectral range. Right: observability of key far-IR (dashed lines) lines compared to the ALMA bands (shaded area) in the 1-8 redshift interval. Dots

represent current detection for each line. Figure adapted from|Mordini et al.|(2021).

successfully launched in December 2021, will observe the
Universe in the near- to mid-IR range. In particular, the
Mid-InfraRed Instrument (MIRI, [Rieke et al.l 2015; Wright
et al., [2015) will be able to obtain imaging and spectra with
unprecedented sensitivity in the 4.9-28.9um range. In the near
future, the extremely large ground-based telescopes, currently
under construction, will have dedicated instruments to obtain
spectroscopic observations in the N band atmospheric window
at 8—13um, and thus will be able to measure the [SIV]10.5um
and [Nell]12.8um fine-structure lines, and the 11.3um PAH
band in local galaxies. irst light from the ESO Extremely Large
telescope (E-ELT; |Gilmozzi & Spyromilio| 2007) is expected
by the end of 2025, with the Mid-infrared ELT Imager and
Spectrograph (METIS; Brandl et al.l 2021) covering the N
band with both imaging and low resolution spectroscopys;
the Thirty Meter Telescope (TMT; [Schéck et al.l 2009) is
expected to be ready for science by the end of 2027, and the
Giant Magellan Telescope (GMT; [Johns et al.l [2012) will be
operational in 2029.

At the present time, only the Stratospheric Observatory For
Infrared Astronomy (SOFIA; Gehrz et al., 2009), observing from
the high atmosphere, can cover the full mid- to far-IR spec-
tral range and detect line emission from the brightest galax-
ies in the local Universe, although with limitations due to
atmospheric absorption and emission. An example of success-
ful SOFIA spectroscopic observations of the [OIlI]52um and
[NII1]57um far-IR lines in local galaxies, aimed at the measure-
ment of chemical abundances, can be found in Spinoglio et al.
(2021b). At much longer wavelengths, in the submillimeter
domain, the Atacama Large Millimeter Array (ALMA; Woot+
ten & Thompson, 2009) can observe within the submillimeter
atmospheric bands centered at ~ 0.35 mm and 0.45 mm, and
the 0.6-3.6 mm range. However, the shorter wavelength bands
are accessible only when the precipitable water vapour content

of the atmosphere is low enough (PWV <0.5 mm) to obtain a
peak transmission of about 50%.

In this paper we assess the detection of star formation and
BHA tracers, using the JWST-MIRI spectrometer and the
ALMA telescope, by computing the predicted fluxes of key
lines as a function of redshift, comparing them with the sen-
sitivity of the two instruments. The work is organized as
follows. Sections|1.1{and|1.2|briefly describe the capabilities
of the JWST-MIRI instrument and the ALMA observatory,
respectively, for studying galaxy evolution. Sectiondescribes
the approach used to derive the predicted line fluxes. Section
reports our results, in particular the predictions for JWST are
analysed in Section while those for ALMA are in Section
In Sectionwe provide the prescriptions to measure the
SFR and the BHAR with JWST and ALMA. These results are
discussed in Section [5] and the main conclusions of this work
are presented in Section@

1.1 The Cosmic Noon as seen by JWST in the mid-IR

The JWST-MIRI instrument can perform spectroscopic imag-
ing observations in the 4.9-28.9 um range through four inte-
gral field units. The left panel in Fig. shows the instrument
spectral range and the maximum redshift at which the main
key lines and features in the mid-IR range can be observed.
The JWST-MIRI cut-off wavelength of ~29um significantly
limits the possibility of probing accretion phenomena using
the brightest high-excitation lines, which are beyond reach
at z > 1, missing about half of the cosmic accretion history.
The best BHAR tracers in the mid-IR are [Ne v]14.3,24.3 um
and [O1v]25.9 pum (see, e.g. Sturm et al.;|2002; Meléndez et al.|
2008; Tommasin et al., {2008, [2010). The [NeV]24.3 pm and
[OIV]25.9 pm lines are not shown in the left panel of Fig.
due to the limited range available: the former can be ob-
served up to redshift z ~ 0.15, whereas the latter escapes
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Table 1. The fine-structure lines in the mid- to far-IR range used in this work.
For each line, the columns give: central wavelength, frequency, ionization
potential, excitation temperature and critical density. Critical densities and
excitation temperatures are from: |Launay & Roueff| (1977); Tielens & Hol;
lenbach|(1985);/Greenhouse et al.|(1993);/Sturm et al.|(2002);/Cormier et al.
(2012); |Goldsmith et al.| (2012); [Farrah et al.| (2013); Satyapal et al.| (2021).
Adapted from|Mordini et al.|(2021).

Line A v I.P. E fer
(pum) (GHz) (ev) (K) (cm™)
[MglV] 449  66811.78 80 - 1.258x107
[ArVI] 453 66208.58 75 - 7.621x10°
[ArIT] 6.98 42929.48 16 - 4.192x10°
[Nevi] 7.65 39188.56 126.21 1888 2.5x10°
[ArlII] 8.99 33351.11 28 - 3.491x10°
[SIV] 10.51  28524.50  34.79 1369 5.39%x10*
[NeI1] 12.81  23403.00 2156 1123 7.00%10°
[NeV] 1432 20935.23  97.12 1892 3x10*
[o1] 63.18 474477 - 228 4,7x10°?
[o111] 8836  3393.01 3512 163 510
[N11] 121.90  2459.38 14.53 118 310
[o1] 14552 2060.07 - 98 9.5x10%*2
[ci] 157.74  1900.54 11.26 91 20, [2.22 4.4°]x 103
[NII] 205.3 1460.27 14.53 70 48

a Critical density for collisions with hydrogen atoms.
b Critical density for collisions with H, molecules.

above z ~ 0.1. The [NeV]14.3 um line can be observed by
JWST-MIRI up to redshift z ~ 1.

Alternative BHAR tracers that could be exploited by JWST-
MIRI beyond z ~ 1 have been recently proposed by |Satyapal
et al. (2021). These authors use photo-ionization simulations to
investigate possible spectral diagnostics that separate the AGN
and star formation contribution in galaxies using MIRI and
NIRSpec (Near Infrared Spectrograph; Bagnasco et al.| 2007;
Birkmann et al.{[2016). In particular, they propose [MgIV]4.49
um, [ArVI]4.53um and [NeVI]7.65um as the best tracers to
identify heavily obscured AGN with moderate luminosities
up to z ~ 3. These lines, however, have not been extensively
observed so far, and thus the predictions are completely based
on photo-ionization models.

On the other hand, star formation can be traced up to z ~ 2
using PAH features, nevertheless the behaviour of these fea-
tures in high redshift galaxies is not yet well understood. These
aromatic compounds could in fact be destroyed by strong radi-
ation fields and/or be less efficiently formed in low metallicity
environments, (e.g. |[Engelbracht et al., 2008; Cormier et al.,
2015} (Galliano et al., [2021). While alternative SFR tracers
based in optical lines (e.g. Alvarez—Mérquez et al., |2019) or
continuum band fluxes (e.g. Senarath et al., 2018) could be
used, the potential of mid-IR spectroscopic tracers is a far more
relevant for the study of dust-obscured galaxies (?).

1.2 Galaxy evolution with ALMA beyond the Cosmic Noon

While JWST will allow us to probe galaxies at redshift below
z < 3 using mid-IR lines, the ALMA telescope has already

Table 2. Line ratios derived from CLOUDY simulations by |[Fernandez
Ontiveros et al.|(2016) for AGN, SFG and LMG: log(U) indicates the logarithm
of the ionization parameter, while log(n;) indicates the logarithm of the hy-
drogen density.

AGN logUu -1.5 -1.5 -2.5 -2.5
log(ng/cm™) 2 4 2 4
[MglV]4.49/[NeV]14.3 | 0.09 0.11 0.72 1.00
[ArVI]4.53/[NeV]14.3 0.10 0.14 0.03 0.04
[NeVI]7.68/[NeV]14.3 0.58 0.78 0.04 0.06
SFG logUu -2.5 -2.5 -3.5 -3.5
log(ng/cm™3) 1 3 1 3
[Arll]16.98/[Nell]12.8 0.05 0.06 0.12 0.12
[Arl11]18.99/[Nell]12.8 066 0.68 032 0.32
[Ar11]6.98+[ArIII]8.99
TNell]12.8+[Nelll]15.6 0.30 030 0.38 0.38
LMG logUu -2 -2 -3 -3
log(ng/cm™3) 1 3 1 3
[Arl1]6.98/[Nell]12.8 0.12 0.12 0.12 0.11
[Arl11]18.99/[Nell]12.8 831 829 141 1.40
[Ar11]6.98+[ArI11]8.99
TNell]12.8+[Nelll]15.6 0.19 0.18 0.27 0.27

studied a number of galaxies at z 2 3. In particular, the
SER can be traced using far-IR lines, i.e. [OIlI]88pum and
[CII]158um up to z ~ 8, as shown in the right panel of Fig.
An analogous figure can be found in|Carilli & Walter| (2013]
see their fig. 1), where the CO transitions and other key tracers
of the ISM are shown as a function of redshift versus frequency
in terms of the observability by ALMA and JVLA (Karl J. Jan-
sky Very Large Array, Perley et al., 2011). As can be seen in
the right panel of Fig. [1] the [OIl]88um, [CII]158pm and
[NI1]205um lines have been detected over an extended redshift
interval, from z ~ 3 -4 to z ~ 6 — 8, while the shorter wave-
length lines such as [OI]63um show very few observations.
No detections have been reported so far for the [OIII]52pm
and [NII1]57pum lines with ALMA. This is due to the technical
difficulty of observing at the highest frequencies, where the
atmospheric absorption limits the available observing time to
a ~10% of the total. While ALMA cannot detect these far-IR
lines in galaxies at the peak of their activity (1 < z < 3), it
allows us to probe galaxies at earlier epochs, thus shedding
light on the processes that led to the Cosmic Noon. Observa-
tions of the rest-frame far-IR continuum in galaxies after the
reionization epoch suggest that large amounts of dust were
already present in these objects (e.g. Laporte et al.,|2017), and
therefore IR tracers will be required in order to probe the ISM
and understand the physical processes taking place in those
galaxies.

2. Methods

We assess how the JWST-MIRI and ALMA instruments can
measure the star formation rate (SFR) and the black hole ac-



cretion rate (BHAR) covering, respectively, the z<3 and z>3
redshift intervals. The predictions for JWST-MIRI have been
derived using the CLOUDY (Ferland et al., [2017) photo-
ionization models computed by Fernindez-Ontiveros et al.
(2016), using the BPASS v2.2 stellar population synthetic li-
brary (Stanway & Eldridge, [2018) for the case of the star form-
ing models. We consider, in particular, three classes of objects,
as presented in Mordini et al.{(2021): i) AGN, ii) star forming
galaxies (SFG), and iii) low metallicity galaxies (LMG) cover-
ing the ~7<12 + log (O/H)<8.5 metallicity range (Madden
et al., 2013} |Cormier et al.,[2015). This is motivated by the de-
tection of massive galaxies (~10'" Mg) in optical surveys with
sub-solar metallicities during the Cosmic Noon, which may
experience a fast chemical evolution above z~2 (Maiolino et al.,
2008 [IMannucci et al., 2009}  Troncoso et al.l 2014} |Onodera
et al.,|2016). 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.l 2016 Kashino et al.,[2019;
Sanders et al., 2020) and a more porous ISM similar to that
observed in dwarf galaxies (Cormier et al., 2019).

We have explored the well known problem of the relative
weakness of the narrow lines intensities in Seyfert galaxies
and quasars at increasing bolometric luminosity, which has
been observed in optical forbidden lines (e.g., |Stern & Laor]
2012). We have tested this hypothesis on a sample of bright PG
quasars with [NeV]14.3um and [OIV]25.9um measurements
from |Veilleux et al| (2009). For these high-excitation lines,
the depression of the line intensities is noticeable for total IR
luminosities above 10%° erg s~L. This value is larger than the lu-
minosity range covered by the AGN sample used to derive the
IR fine structure line calibrations (10*? < Lig < 10% ergs™!;
Mordini et al.[2021), thus we conclude that this effect is not bi-
asing our results. It follows, however, that our conclusions are
limited to AGN with total luminosities below this threshold,
while for brighter objects the predicted accretion luminosities
and the accretion rates could be underestimated.

To measure the BHAR, we consider the [MgIV] 4.49um,
[ArVI] 4.53um (see, e.g., [Satyapal et al., 2021) and the [NeVI]
7.65um line. We need to caution the reader about the use of
the [NeVI]7.65pum line, because its detections by the Infrared
Space Observatory (ISOj; |Sturm et al.| 2002), on which is
based the calibration (Mordini et al.,2021) are scarce and have
only been obtained for the brightest sources, and therefore
this calibration is uncertain. The properties of these lines are
summarized in Table[il

For the BHAR tracers, we use the template of an AGN of
total IR luminosity of Lig=10'2L, to represent the bulk of
the population at redshift z~2. We use four different photo-
ionization models to derive the line intensities, with two val-
ues of the ionization parameter: log U=-1.5 and log U=-2.5,
and two values of the hydrogen density: log(ny/cm=)=2
and log(ny/cm™)=4. The calibration of the line luminosi-
ties, against the total IR luminosities, has been derived using
the ratios of the high-excitation magnesium, argon and neon
lines relative to the [NeV]14.3pum line in the photo-ionization
models, and the calibration of the [NeV]14.3um line from
Mordini et al|(2021).

Sabrina Mordini et al.

Table [1| gives the key properties of the lines used in this
work. Table 2[reports the line ratios used to derive the line in-
tensities for the [MgIV]4.49um, [ArVI]4.53um, [Arl1]6.98 um,
[NeVI]7.65um and [ArIII]8.99um lines, given the different
combinations of ionization parameter and hydrogen densities.
Table [3| reports the calibrations computed from the photo-
ionization models scaled to the [NelI]12.8 pm and [NeV]14.3um
lines (see Section , while the calibrations of the different
lines and features in the mid- to far-IR range can be found in
Table D.1 in|Mordini et al.| (2021).

The line ratios derived from the [NeVI] and [MgIV] detec-
tions reported in|Sturm et al.{(2002) are all consistent with AGN
characterized by a ionization parameter of log U=-1.5 and hy-
drogen density of log(nH/cm'3)=4 (see Table , or higher,
with line ratios of [NeVI]/[NeV] ~0.67-1.4 and [MgIV]/[NeV]
~0.06. The low number of detections (8 for the [NeVI] line
and 3 for the [MglIV] line) suggests that while the [NeVI]
line is more easily observable in AGN whose ISM is charac-
terized by a high ionization potential, the average AGN is
relatively weaker. For this reason, while the [MgIV] line can
give an accurate measure of the BHAR in average AGN, a
comprehensive measure of AGN activity can be achieved us-
ing a combination of [MgIV] and [ArVI] or [NeVI] lines, in
order to include also powerful AGN.

As SFR tracers, we take into account the [ArII]6.98um
and [ArII1]8.99um lines. We consider both SFG and LMG,
deriving, in both cases, the line intensities dependent on the
calibration of the [Nell]12.8um line (Mordini et al.| 2021) con-
sidering, for the SFG, photo-ionization models with an ioniza-
tion parameter of log U=-2.5 and log U=-3.5, and a hydrogen
density of log(ng/cm™)=1 and log(np;/cm™3)=3, for a total of
four different cases. For the LMG we consider an ionization
parameter of lo 3g U=-2 and log U=-3, and hydrogen densities
of log(ng/cm™)=1 and log(ny/cm™)=3. In both cases, we
assume a total IR luminosity of the galaxy of Lig=10"?Lg,.

The predictions for the ALMA telescope were derived from
the line calibrations described in|Mordini et al.| (2021). While
the spectral range covered by ALMA has no unambiguous
high ionization line that can be used to trace the BHAR, we
explore what lines, or combination of them, can be used to
trace the SFR. Following|Mordini et al. (2021), we consider
the [CII]158um line and the sum of two oxygen lines, ei-
ther the [OI]63um and [OII1]88pum, or the [OI]145um and
[O1T]88um.

3. Results
3.1 Predictions for JWST

In this section, we predict the intensities of the mid-IR lines
and features in the 5-9pum  rest-frame range, as derived from
CLOUDY models, and compare them with the JWST-MIRI
sensitivity, to verify if these lines, used as tracers for SFR and
BHAR, can be observed in galaxies and AGN at redshifts z>1.
Table [3| reports the derived correlations of the lines used in
this work for the most common values of ionization potential
(log U) and gas density [log(np/cm™)] for each type of object.
For the AGN lines, we use the calibration of the [NeV]14.3um
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Table 3. Correlations of the fine-structure line luminosities with the total IR
luminosities (log Lyine = alog Lir +b), derived from the line ratios reported
in Table For AGN: log U =-2.5 and log(ny/cm™) =2; for SFG: log U =-3.5
and log(ny/cm™3) =3 and for LMG: log U =-2 and log(ny/cm=)=1.

Line AGN SFG MG

a b a b a b
[MglV]4.49 132 -5.15 - - - -
[AVI[453 | 132 653 | - - - -
[NeVI]7.65 132 -641 - - - -
[Arll]6.98 - - 1.04 -4.4 137 -5.28
[Arl11]8.99 - - 1.04 -3.97 1.37 -3.44

line, while for SFG and LMG we use the [Nell]12.8pum line.
Since these correlations are derived from CLOUDY simula-
tions, we do not report the error on the coefhicients. Fig.
shows the sensitivity of JWST-MIRI, highlighting the wave-
lengths at which the various fine-structure lines and PAH
spectral features can be observed in a galaxy at redshift z=1.
In the ~ 5-16pum observed spectral range, the MIRI sen-
sitivity is below ~2x 10729%W m™2 for a 1hr, 50 observation,
while in the ~ 16 —29um observed spectral range the sensi-
tivity is increasingly worse, going from ~6x 10720W m™2 at
~16pum, to ~10713W m™2 at ~29pum. This makes observing
the [SIV]10.5um, [NelI]12.8pum and [NeV]14.3um lines at
redshift z=1 a challenging task, and rises the need to find and
analyze other tracers.

—-18.00 [Nev]14.3um

-18.25

—18.50

-18.75 [Nell]12.8um

—13.00 [SIV]10.5pm
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| [ArlI]7.0pm

—20.00| [ArVI]4.5um
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Figure 2. Sensitivity of the JWST-MIRI instrument at different wavelengths,
for a 1 hr., 50 observation. The symbols show the position, in the MIRI
wavelength range, at which the different lines are observed in a galaxy at
redshift z= 1. From left to right, the considered lines and feature, at their
rest frame wavelength, are: [MglV]4.49um, [ArVI]4.53m, PAH feature at
6.2um, [Arll]6.98um, [NeVI]7.651m, PAH feature at 7.7 um, [Arll1]8.99um,
[SIV]10.51m, [Nell]12.8 um and [NeV]14.3pm.

In the 5-16um observed spectral range, AGN tracers
are the [MgIV]4.49um, [ArVI]4.53pm and [NeVI]7.65pm
lines, while the [ArIl]6.98um and the [ArIII] 8.99um lines

are tracers for star formation activity, together with the PAH
feature at 6.2um. Given their relatively short wavelength,
these lines can be used to probe the highly obscured galaxies at
the Cosmic Noon (1<z<3). While lines in the mid- to far-IR
range do not typically suffer from significant dust extinction,
the [MgIV] and [ArVI] lines, at wavelengths of A ~ 4.5,
can be affected by the presence of heavy dust obscuration.
In particular, an optical extinction of A ~ 10 mag would
absorb about ~ 30% of the radiation at 4.5pm, following the
extinction curve of|Cardelli et al[{(1989). This value increases to
~ 80% for the very high optical extinction of Ay ~ 50 mag,.

Fig. shows the predicted fluxes, as a function of redshift,
compared to the MIRI sensitivity for the [NeV]14.3um (panel
a), [ArVI]4.53um (panel b), [MgIV]4.49um (panel c) and
[NeVI]7.65um (panel d) lines, for an AGN with a total IR
luminosity of Ljg=10"2Lc,. We chose this luminosity because
it better represents the population at the knee of the luminos-
ity function for galaxies at redshift z<3. For comparison, this
figure and the following ones include also the sensitivity of
the SPICA Mid-IR Instrument (SMI; grey dashed line) that
was considered for the SPICA Mission (Roelfsema et al.; 2018}
Spinoglio et al., |2021a; Kaneda et al., [2017). This comparison
indicates the better sensitivity of a cryogenically cooled space
telescope at long wavelengths (A\>15pm), even of smaller diam-
eter, such as the one of the SPICA project (2.5m), as compared
to the JWST.

Considering an integration time of 1 hr. and a signal to
noise ratio of SNR=5, MIRI will be able to detect the [NeV]
line up to redshift z~0.8. The [ArV]] line can be observed
up to redshift z~1.8 for objects with an ionization parameter
of logU=-1.5, almost independently of the gas density, while
objects with lower ionization can be observed up to redshift
z~1. The [MglV] line can be observed up to redshift z~1.8
for objects with an ionization parameter of logU=-1.5, in-
dependently of the gas density. An ionization parameter of
logU=-2.5 extends the observational limit to a redshift of
z~2.8. The [NeVI]7.65um line can be observed up to redshift
z~1.2 for objects with an ionization parameter of logU=-2.5,
independently of gas density. However, for a higher ionization
parameter of logU=-1.5 and a gas density of log(ny/cm™)=2
this line can be detected up to redshift z~1.5, and up to redshift
z~1.6 if the gas density is log(ny/cm=)=4.

Satyapal et al.| (2021), performing similar simulations, as-
sume different physical parameters. In particular, these authors
fix the hydrogen density to the value of log(ny/cm™) = 2.5,
and assume a ionization parameter either equal to log U=-1
or -3. We obtain, however, similar results, with the [MgIV]
line which results to be the strongest tracer in low ionization
AGN, while the [NeVI] line dominates the AGN spectra at
higher ionizations.

Fig. and [5|show the predicted fluxes for a SFG and a
LMG, respectively, with total IR luminosity of Lir=10""Le,
as a function of redshift, compared to the MIRI sensitivity,
of the [Nell]12.8um (panel a), [Arl1]6.98pum (panel b) and
[ArlI1]8.99pum (panel c) lines. For the SFG, the [Nell] line
can be detected up to redshift z~1 with a 1 hr. observation,
while the [ArlI] line can be observed up to redshift z~1.5 for
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Figure 3. Predicted fluxes, as a function of redshift, for an AGN with a total IR luminosity of L;z=10'%L¢, for the [NeV]14.3um (a:top left, red solid line); the
[ArVI]4.51m line (b:top right); the [MgIV]4.49um line (c:bottom left) and for the [NeVI]7.65m line (d: bottom right). In all figures, the black solid line shows
the L hr., 5 o sensitivity of JNST-MIRI, while the grey dashed line shows the 1 hr., 5 o sensitivity of the SPICA SMI-LR (Kaneda et al}[2017). In panels b, cand d,
the red dash-dotted line shows the predicted flux for a galaxy with an ionization parameter of log U=-1.5 and a hydrogen density of log(nz;/cm=>)=2, the blue
dotted line indicates log U=-1.5 and log(ny;/cm=)=4, the green solid line shows log U=-2.5 and log(n;;/cm—)=2, and the pink dashed line shows log U=-2.5
and log(ny/cm=)=4.
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Figure 4. Predicted fluxes, as a function of redshift, of a SFG with a total IR luminosity of L;z=10'%L¢ for the [Nell]12.8um (a:top left, red solid line);
[Ar11]6.98um line (b:top right) and for the [Arll1]8.99m line (c: bottom). In all figures, the black solid line shows the 1 hr., 5 o sensitivity of JWST-MIRI,
while the grey dashed line shows the 1 hr., 5 o sensitivity of the SPICA SMI-LR . In panels b and c, the red dash-dotted line shows a
galaxy with an ionization parameter of log U=-2.5 and a hydrogen density of log(n;;/cm™)=1, the blue dotted line indicates log U=-2.5 and log(n;;/cm™)=3,
the green solid line shows log U=-3.5 and log(nz;/cm~3)=1, and the pink dashed line shows log U=-3.5 and log(nz;/cm™)=3.
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Figure 5. Predicted fluxes, as a function of redshift, of a LMG with a total IR luminosity of L;g=10'’L¢, for the [Nell]12.8m (a:top left, red solid line); the
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Figure 6. Predicted fluxes, as a function of redshift, of a source with a total IR luminosity of L;z=10'%L¢ for the 6.2pum PAH feature (a:top left); the 7.7um
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(Kaneda et al| 2017).
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models with an ionization parameter of logU=-2.5, while for
logU=-3.5 the limiting redshift is increased to z~2.2. For the
[Ar11] line, the limiting redshift is of z~1.2 independently of
the adopted model.

For the LMG, the simulation yields similar results. Con-
sidering a source of total IR luminosity of Ljg=10'?Lg), the
[Nell] line can be detected up to z~1.25; the [ArlII] line can
be detected up to z~1.5 independently of the adopted model.
For the [ArlII] line the maximum redshift is reached for an
ionization parameter of log U=-2, and is equal to z~2, while
for an ionization parameter of log U=-3 the maximum redshift
is of z~1.7, independent of gas density.

Fig. E] shows the predicted fluxes for both a SFG and
LMG with total IR luminosity Ljg=10'?Lg, as a function
of redshift, compared to the MIRI sensitivity, of the PAH
features at 6.2 and 7.7um (panel a and b respectively), and of
the [SIV]10.5um line (panel c). Given the high intensity of
the PAH features, these can be easily detected by MIRI up
to redshift z~3.6 for the 6.2um feature, and up to redshift
z~2.7 for the 7.7um feature. The [SIV] line can be observed
up to redshift z~1.7, requiring longer integration times to be
detected in SFG above redshift z~0.8.

In all simulations, the decrease in sensitivity of MIRI in
the 16-29um observed spectral range increases the required
exposure times to values much longer than 1 hr., in order to
detect sources at higher redshift and thus probe the highly

obscured galaxies at the Cosmic noon.

3.2 Predictions for ALMA

In this section we compare the predicted flux of the [OI]63 and
145um, [OIII]88um, [NII]122 and 205um and [CII]158pum
lines as a function of redshift to the sensitivity that the ALMA
telescope can achieve in 1 hr. and 5 hr. observations, in order
to determine the limits of the instrument in studying galaxy
evolution through cosmic time.

Fig. [7|shows the atmospheric transmission at the ALMA
site on Llano de Chajnantor. The transmission curve is ob-
tained from the atmospheric radiative transfer model for ALMA
by Pardo (2019), and covers the 85 to 950 GHz frequency
interval, equivalent to the 300pm to 3.6mm wavelength range.
The figure shows the zenith atmospheric transmission for a pre-
cipitable water vapour (PWV) of 2.0mm, 1.0mm and 0.5mm.
The PWYV indicates the depth of water in the atmospheric col-
umn, if all the water in that column were measured as rainfall
in mm. The PWV at the ALMA site is typically below 2.0mm
for 65% of the year, below 1.0mm for 50% of the time and goes
below 0.5mm for 25% of the time. Bands at higher frequencies
(Band 9 and 10) are more affected by atmospheric transmission:
considering a PWV of 1.0mm, the atmospheric transmission is
~30% at 850 GHz (Band 10). Going toward shorter frequen-
cies, the transmission goes up to ~50% at 550GHz (Band 8),
and ~90% below 300GHz ( Bands 3-6).

When determining the integration time using the ALMA
sensitivity calculatmﬂ the PWV is automatically selected by

https://almascience.eso.org/proposing/sensitivity-calculator
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Figure 7. Atmospheric transmission at the ALMA site on Llano de Chajnantor,
at different frequencies, for three values of precipitable water vapour (PWV):
2.0mm (red), 1.0mm (green) and 0.5mm (blue). The vertical shaded areas
show the frequency coverage of the different ALMA Bands, from AB-3 to AB-
10. Prediction obtained with the on-line calculator at https://almascience
nrao.edu/about-alma/atmosphere-model.

the on-line tool to the most representative value for each band
of observation.

As can be seen from Fig. it has to be noticed that
the ALMA sensitivity as a function of redshift is not a simple
monotonic function, but contains discontinuities due to at-
mospheric absorption at particular frequencies. These figures
show the fluxes predicted for various lines as a function of
redshift for a source of total IR luminosity of Ljg=10'>°Lg,
compared to the ALMA sensitivity in 1 hr. and 5 hrs. reach-
ing a signal-to-noise SNR=5, assuming the line calibrations
for SFG, LMG and AGN presented in Mordini et al.| (2021).
Where available, we have included in the figures the detections
so far reported in high redshift galaxies (indicated as yellow
stars: x). For predicting the fluxes at each redshift, we have
chosen the luminosity of Ljg=1012"L¢, because it corresponds
to the luminosity of a Main-Sequence (MS) galaxy of mass
of My=10'%7 M, at a redshift z=4 (Scoville et al.,[2017). This
allows us to predict the observability of galaxies at the knee of
the luminosity and mass function at redshift z>3.

In Fig.we show the fluxes predicted for the [OI]63um
(top) and [OI11]88pm (bottom) lines as a function of redshift.
The [O1]63pum line could in principle be observed by ALMA
starting from the redshift of z~4 and up to a redshift of z~8.
However, the line is observable only using ALMA bands 9
and 10, making it rather difficult to detect, due to the low
atmospheric transmission. Considering the LMG calibration,
the line would require an integration time of ~5 hrs. to be
detected, while for the SFG and AGN calibrations the obser-
vational time would be between 10 and 20 hrs. This value is
unrealistic for a ground-based telescope, such as ALMA, and
in principle could be achieved only by summing up the re-
sults of various observing runs of few hours each. As a matter
of fact, the only detection of the [OI]63pm line available so


https://almascience.eso.org/proposing/sensitivity-calculator
https://almascience.nrao.edu/about-alma/atmosphere-model
https://almascience.nrao.edu/about-alma/atmosphere-model
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Figure 9. Predicted fluxes as a function of redshift for the [NI1]122pum line
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Figure 10. Predicted fluxes as a function of redshift for the [ClI]158 um line
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far for a high-redshift galaxy is the one reported by Rybak
et al.[(2020), shown in the figure, for a strongly gravitation-
ally lensed galaxy (magnification pgjr ~9) obtained with the
APEX 12m telescope (Giisten et al., 2006), and the Swedish
ESO PI (SEPIA) Band 9 receiver (Belitsky et al., [2018).

The [OIII]88um line, on the other hand, can be observed
from redshift z~3. For this line, galaxies that present physical
characteristics similar to local LMG can be easily detected with
observations shorter than 1 hr., while for SFG and AGN, ob-
servational times longer than 5 hrs. are required up to redshift
z~8. In the figure, we report the [OIII]88pum detections by
Vishwas et al.| (2018); 'Walter et al.| (2018); IDe Breuck et al.
(2019);|Tamura et al.| (2019); [Harikane et al.| (2020). We note
that, while all reported detections have signal to noise ratio
of SNR=5 or higher, the integration times can reach values
of the order of 7.5 hrs. Moreover, we do not correct the line
luminosities for the magnification effect, when present.

In Fig.|9| we show the fluxes predicted for the [NII]122pum
(top) and [OI]145um (bottom) lines as a function of redshift.
In AGN, the [NII] line can be detected with an integration
time of less than 1 hr., from a redshift of z~1.8. For SFG, the
line can be detected with observations of the order of 5 hrs.
only for redshifts above z~6, while at lower redshifts, or for
LMG, the observational times needed to detect this line are
longer than 5 hrs. The [OI]145um line can be observed with
integration times of the order of 5hr. above redshift z~4 in
SFG and LMG, while in AGN or for lower redshifts, longer
integration times are needed. In the figure we also report a
detection for [NII]122um and [OI]145um (De Breuck et al.,
2019).

It is important to note, when considering nitrogen and
oxygen lines, that the proposed predictions are derived for local
galaxies, where the nitrogen to oxygen ratio shows typically
values of about log(N/O)~ —0.6 (Pilyugin et al.,[2014). When
considering high redshift objects, however, this ratio may vary
(e.g./Amorin et al., [2010), since it depends, among other pa-
rameters, on the stellar initial mass function, the star formation
efficiency, and the star formation history due to the secondary
origin of nitrogen in the CNO cycle in intermediate-mass
stars. For this reason, while the detections of high redshift
objects are in agreement with our calibration, different N/O
ratios from the solar value log(N/O)~ —0.6 would introduce
an additional scatter in the calibration of the nitrogen lines for
galaxies at high redshift.

Finally, Fig.[10|shows the predicted fluxes for the [CII]158
um (top) and the [NII]205um (bottom) lines. The [CII] line
is by far the brightest far-IR fine-structure line in galaxies and
given its longer wavelength it can be detected in the redshift
ranges of 0.95z<2 and 3<z<9, requiring integration times
shorter than 1 hr. independently of the galaxy type. The
[NII]205um line can be detected from redshift z~0.5, how-
ever it requires at least 1 hr. of observation up to z~3, and
a longer integration at higher redshifts for SFG. For AGN
the line appears weaker, and requires integration times longer
than 5 hrs. to be detected. We include the detections for the
[CII]158um line reported by [Faisst et al.| (2020); Venemans
et al/(2020) and for the [NII]205pm line by|Cunningham et al.
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(2020), considering only objects with signal to noise ratio of
SNR=5 or higher.

We note here that, while in our calculations we have con-
sidered a source with a total IR luminosity of Ljg=10'>"Lg,
brighter galaxies, or sources whose apparent flux is enhanced
by gravitational lensing, can be detected in shorter integration
times.

4. Measuring the star formation rate and the black hole
accretion rate

We derive here the prescriptions to measure the SFR and the
BHAR with the JWST-MIRI spectrometer at the Cosmic
Noon (1<z<3), and the SFR with ALMA at higher redshift
(z23).

For the JWST predictions, we follow the same method that
has been prepared for the scientific assessment of the galaxy
evolution observational program (Spinoglio et al., 2021a) for
the SPICA mission (Roelfsema et al., 2018). In this study, the
predictions of measuring the SFR and the BHAR with the 2.5m
SPICA telescope have been carried out using the [Nell]12.8pum
and [NellI]15.6um lines for the SFR and [OIV]26pum for the
BHAR (see fig. 9 of Spinoglio et al.,[2021a), while for JWST-
MIRI we use shorter wavelength lines.

Fig[11](a) shows the SFR of a galaxy in the Main Sequence
(MS; [Rodighiero et al., 20105 [Elbaz et al., [2011), with values of
luminosities as a function of redshift taken from [Scoville et al.
(2007), assuming a galaxy with a stellar mass of My=10'%" M
(Muzzin et al.} [2013;|Adams et al., [2021) and an associated dis-
persion around the MS 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 various col-
ored lines indicate the JWST-MIRI sensitivity limit for a 1 hr.
pointed observation, considering the PAH features at 6.2 and
7.7um for SFG and the [ArII1]8.99um line for both SFG and
LMG, as discussed in Section [3.1] For the PAH features, we
considered the calibrations of Mordini et al. (2021), while for
the [ArlII] line calibration we adopted the higher line ratio to
the [Nell] line, whose calibration is given in Mordini et al.
(2021), reported in Table [2| and thus the physical conditions
yielding the brightest lines. The PAH features at 6.2um and
7.7um are the best tracers for the SFR, covering the population
below the MS up to redshift z~3, with a minimum luminosity
of Lig ~ 10°2 L at z~1 and Ljg ~ 10'%° L at z~3. The
[ArlII1]8.99pum line, on the other hand, can be detected in MS
galaxies ug to redshift z~1.8 (limiting luminosities between
Lig ~ 10" Ly at z~1 and Ljg ~ 102 Ly at z~2.2). This
poses a limit to the study of LMG at higher redshifts, since
the reduced formation efficiency and the increased stellar ra-
diation hardness reduces the strength of the PAH features in
these galaxies, which, in the local universe, are only detected
at metallicities above 1/8-1/10 Z, (Engelbracht et al.l [2008;
Cormier et al, 2015 |Galliano et al.,|2021).

The results presented for the ALMA telescope suggest that
the [CII]158um line, a proxy for measuring the SFR, can
be easily observed in objects at redshift z>3, thus allowing
to trace the evolution of SFR throughout cosmic time. At
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the present time, this line has been observed by ALMA in
the z~4-7 redshift interval (see e.g. [Hashimoto et al., 2019;
Faisst et al., 2020). An alternative can be offered by the sum
of the [OIII]88um and [OI]145pum lines, in analogy to the
[O1]63pum plus [OII]88um tracer proposed in Mordini et al.
(2021). Because of its longer wavelength, the [OI]145pum
line is not affected by the strong atmospheric absorption that
makes very difhicult the observations of the [OI]63um line, as
shown in Figs. @and@ The [OI]145um can be detected with
ALMA above redshift z~1.5 with observations of ~5 hr for
SEG and LMG-like sources, and, unlike the [OI]63um line, is
not affected by self-absorption (see, e.g., [Liseau et al., 2000).

We report here the correlations between the SFR and
the PAH 6.2um feature luminosity (equation , that can be
observed by the JWST-MIRI, and between the SFR and the
[CI1]158um line luminosity (equation [2), currently observed
by ALMA, derived by Mordini et al.| (2021):

FR
log <S1> = (0.37 £ 0.04)
Mg yr~

LpaHs.2
+(0.76 £ 0.03) 1 _— 1
( ) o8 (1041 ergs‘1 ( )

FR
log <S1> = (0.62 £ 0.02)
Mg yr~

L
+(0.89 + 0.02) (log [cn] ) (2)

104 ergs!

with the line luminosities expressed in units of 104 erg 571,
and the SFR in My yr'l. We note that in local SFG, the bulk
of the [CII] emission arises from neutral gas (Croxall et al.,
2017), with only a minor contribution from ionized gas, as
discussed also in Section In LMG, however, PDR regions
are less frequent, and the [CII] emission arises mainly from
ionized regions (see e.g. |Cormier et al., 2019). The two
components, however, compensate each other, thus making
this line an ideal tracer for star formation activity in galaxies
with different ISM conditions.

In analogy with the [Nell]12.8um plus [Nelll]15.6pum
SFR tracer (see Section 3.2.4 in |Mordini et al.l [2021, for
details), we derive the correlation between the SFR and the
sum of the [ArlI]6.98pum and [ArII1]8.99pum lines, considering
the ([ArIT]+[ArIII])/([Nell]+[NellI]) ratio (reported in Table
, as computed from the photoionization models. This leads
to a SFR to ([ArII]+[ArlII]) lines luminosity correlation for
SFG and LMG reported in equationand respectively:

SFR
— | =1.2+0.96log

L
[ArIT]+[ArITT]
tog (MQ yr > ©

10M ergs!

SFR L
log (1) =1.57+0.96 log ([ArH]’r[ArHIJ> ()
Mg yr~ 107 ergs-T
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Figure 11. (a: left) Star formation rate (SFR, in M, yr™!) as a function of redshift for a 10'%7 Mg, galaxy in the Main Sequence (MS, [Scoville et al}[2017) as a
red solid line. The red-shaded area shows the o =0.35 dex intrinsic scatter around the MS (Schreiber et al}}[2015), while the dark- and light-orange shaded
areas indicate the +20 and +30 lines above the MS, respectively. The observability limits for the lines are shown as: black dash-dotted line: [Arl11]8.99um
for a SFG with t;n7 =1hr; blue dashed line: same line for a LMG (in both cases the highest line ratio present in Tablewas adopted); pink dotted line: the
PAH feature at 6.2p1m; green solid line: the PAH feature at 7.7pum. In these latter cases, we derived the limit from the correlations in[Mordini et al](2021). (b:
right) The green solid line indicates the instantaneous BH accretion rate (BHAR, in Mg yr™!) as a function of redshift expected for a MS galaxy with a mass of
107 M, during its active BH accretion phase at each epoch, using the SFR-BHAR relation ofDiamond-Stanic & Rieke|(2012). The green shaded area shows
the associated dispersion. The observability limits for the lines are shown as: purple dotted line: the [NeVI]7.65u1m line; blue dashed line: the [ArVI]4.53um;
red solid line: the [MglIV]4.49um line. For all three lines, we considered a 1hr. pointed observation, and the highest line ratio as reported in Table In both
panels, the grey hatched areas indicate the parameter space that requires observations longer than 1hr.

Here we use the composite line ratio of ([ArIl]+[ArIII])/
([NelI]+[Nelll]) instead of ratios of single lines, to be able to
cancel out the dependence on the metallicity, whose lower
value compared to solar would increase the higher ionization
line compared to the lower ionization one. The SFR tracer
derived in this way is independent of metallicity.

In a similar way, while the single PAH feature might ade-
quately trace SFR, a combination of two o more features can
better keep into account the different conditions of the ISM of
star forming regions. We propose here a combination of the
6.2+7.7um PAH features to measure the SFR. The calibration,
derived using 139 SFG galaxies, is shown in Fig. and is
described by the following equation:

SFR
log <1> = (~0.50 £ 0.15)
Mg yr~

L
+(0.94 £ 0.06) log (W) )

The combination of the two PAH features can be used to
measure SFR up to redshift z~2.7.

Following Mordini et al|(2021), who proposed the use of
the sum of the [OI]63um plus [OI1I]88pum lines luminosity
as a SFR tracer, we computed, for local galaxies, a correla-
tion between the SFR and the sum of the [OIII]88pum plus
[O1]145pum lines luminosity. Fig. shows the correlation
described by the equation:

3.01 — log(Lpams.2 +7.7)-10g(SFR) relation
95% confidence
# SFG sample =
2.5 ) %
.-Iq" *
;2.0
o
2
~ 1.
~ 5
[T
2
[s)
o1.0
0.5

1.0 15 20 25 30 35
log(Lpare.2 +7.7) (10%t erg s71)

Figure 12. Correlation between the summed PAH features luminosities at
6.2and 7.7um, in units of 10! ergs™, and the SFR derived from the total IR
luminosity (black solid line) for a sample of SFGs (red stars). See section 2

inMordini et al.|(2021) for details on the sample.
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FR
log (S1> = (0.52 £ 0.14)
Mg yr~

L
+(0.93 4 0.14) log <[OIHOH1]) (6)

10H ergs~!

The correlation was obtained using 23 local galaxies, of
which 11 SFG (from Negishi et al., 2001) and 12 LMG (from
Cormier et al.,[2015), and has a Pearson r coefficient of 0.77.
The relatively small number of objects used to derive this
correlation is due to the few detections of the [OI]145um line
in local galaxies, which broadens the confidence interval of
the relation, reported in Fig. as a shaded area.

Figb) shows the instantaneous BHAR, that can be mea-
sured by JWST-MIRI, as a function of redshift for an AGN
in a MS star-forming galaxy with M*=10'07 Mg, using 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. This estimate, however, considers
only the portion of galaxies in the MS undergoing a BH ac-
creting phase at each epoch, with the instantaneous BHAR
that has not been averaged over the duty cycle of the active
nucleus. The dashed lines represent the three proposed tracers
for BHAR in Section considering a 1 hr. pointed observa-
tion: the [MgIV]4.49um line appears to be the best tracer for
BHAR, reaching galaxies below the main sequence up to red-
shift z~2.5 (observable luminosities between Lz ~ 100> L
atz~1and Ljg ~ 10123 L, at z~4). The possibility of detect-
ing the [ArVI] and [NeVI] lines only in bright galaxies is due
to the higher ionization potential needed to excite these lines
(respectively of 80V and 126 €V, see Table .

2 — log(Lion +tonn)-10g(SFR) relation .
95% confidence interval * *
* SFG sample
11 A LMGsample f A
o *
I
>0
[}
=
z -1
[F N
Q
8 -2
|
-3
-4

-4 -3 -2 -1 0 1
Log(Lion +tom) (104t ergs™1)

Figure 13. Correlation between the [Ol11]88m and [OI]145pm summed
emission line luminosities, in units of 10*! ergs™, and the SFR derived from
the total IR luminosity (black solid line) for a composite sample of SFGs (red
stars) and from the Hoe luminosity (corrected for the IR luminosity) for LMG
(green triangles). See section 3 in|Mordini et al.|(2021) for details on the de-
termination of the SFR.
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It is important to consider that the lines analyzed in this
work have not been extensively observed yet, and these predic-
tions are based on CLOUDY photo-ionization models. Con-
sidering the line ratios reported in Table [2]and the BHAR-
[NeV]14.3um correlation derived in Mordini et al. (2021) (see
Section 3.3 and Appendix C there for details on the deriva-
tion of the correlation), we obtain a correlation between the
BHAR and the [MgIV]4.49pum line (reported in equation ,
and between the BHAR and the [ArVI]4.53um line (reported

in equation .
My Limgrv]4.49
log ———— | =-0.85+1.04 log P —— ()
Mg yr- 10% ergs™

M L
log | —2H 7 | =0.58+1.04log ([ﬁrVI]4.531> (8)
Mg yr~ 10% ergs™

The hatched areas in both panels of Fig indicate the
region where observations longer than 1 hr are required. A
longer exposure time can significantly improve these limits,
allowing the JWST-MIRI spectrometer to study both SFR
and BHAR in MS galaxies up to redshift z~3.

Among the far-IR lines covered by the ALMA telescope
at redshifts higher than z~3, the only available tracers for BH
activity are represented by the [OIII]52 and 88pum lines. Their
ionization potential (~35 eV, see Table is sufficiently high to
be excited by AGN. However, these lines are also associated to
stellar and HII regions excitation, thus limiting their potential
as BHA tracer. A large set of observed far-IR lines and
specific photo-ionization models that could simulate the two
emission components (see, e.g. ?, for the case of NGC1068)
are needed to disentangle the stellar emission from the total
observed emission of these lines.

4.1 Applications to composite objects

The coexistence of AGN and star formation in galaxies is well
known (see, e.g. Pérez-Torres et al.,[2021} for a review) and
therefore it should be expected that many galaxies are char-
acterized by both components at work together. The high
ionization lines considered in this work can only be produced
by AGN activity, and can be used in composite objects to
derive the BHAR. Mid-ionization lines, however, can be pro-
duced by both AGN and star formation activity, leading to
possible overestimations of the SFR.

The combination of high- and mid-ionization lines, ide-
ally of the same element, is necessary to estimate the relative
contribution of each phenomenon to the total energy output
in a galaxy. For instance, Fig[14 shows the [NeV]14.3um
to [NelII]15.6um ratio in the Tommasin et al.| (2010) AGN
sample. Based on this ratio, we consider that a fully AGN-
dominated source correponds to a line ratio of about [NeV]/
[NellI]~0.9, which represents the 95% percentile of the line
ratio distribution (vertical red line in Fig.. A lower line
ratio indicates an increasing contribution from the star for-
mation component, corresponds to 100% when [NeV] is not
detected.
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Figure 14. Histogram of the logarithm of the [NeV]14.3pum to [Nelll]15.5pm
line for the[Tommasin et al.|(2010) AGN sample. The vertical red line shows
the 95% percentile of the distribution.

Zhuang et al{(2019), using mid-IR spectra and CLOUDY
simulations, performed a similar analysis, deriving the average
[Nell]12.8um/[NeV]14.3um and [Nelll] 15.5 um/ [NeV]14.3
pm ratios, finding that AGN emit a relatively limited range of
[Nell] and [NellI] for a given [NeV] flux. This would allow
one to predict the amount of AGN emission for these lines, and
correct the observed flux in order to derive the component
linked only to star formation activity.

While JWST will be able to detect both neon lines only
up to redshift z~0.8, a similar analysis could be performed
using the [ArVI]4.53 and [Arl11]8.99um lines to reach higher
redshift objects.

4.2 Other components in galaxies: PDR and shocks

In this study, we have considered so far galaxies which are dom-
inated by an AGN, by the star formation component (SFG)
and also galaxies characterized by a low metallicity (LMG) us-
ing the spectroscopy that has been collected by the Spitzer and
Herschel satellites. Moreover, we have shown in the previous
section how the AGN and star formation components
can be disentangled and evaluated through the intermediate
ionization lines. However, other emission components can
be present in galaxies and in particular those originated in
the so-called Photo Dissociation Regions (PDR, Tielens &
Hollenbach! |[1985) and in shocks.

To disentangle the PDR emission in galaxies from the nor-
mal photoionized component, which we expect in the presence
of HII regions emission, and therefore in the presence of star
formation, we can use the ratio of the [CII]158um line to one
of the two [NII] lines, either at 122pum and 205pum. Spinoglio
et al.[(2015) have shown that these line ratios, together with
photoionization models simulating both a starburst (with the
integration stopping at the temperature of 1000K) and a star-
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burst plus a PDR model (with the integration going down
to the temperature of 50K, including the neutral/low ion-
ization gas contributing to the PDR), have a very different
[CI1]158wum/[N11]122m and [CI1]158 wm/[NI1]205um line
ratios. For the galaxies observed in Spinoglio et al.{(2015) most
of the [CII] emission was originated in PDR, whilst only one
fifth of the total emission was produced in pure HII regions.
Thus, ALMA observations of at least one the [NI1]122,205um
lines would be required to estimate the contribution of low-
density ionized gas to the [CII]158um emission and disentan-
gling the PDR component.

A similar approach, albeit more complex, can be used for
disentangling the presence of shock excited emission. It is in
fact well known, since the pioneering works of|Shull & McKee
(1979); |[Hollenbach & McKee(1989), that dissociative shocks
produce a plethora of intense atomic and ionic fine-structure
lines. Notably the [OI]63pm line intensity is proportional to
the particle flux (density x velocity) into a dissociative shock,
because this line is the dominant coolant at temperature of
T<5000K (Hollenbach, 1985). Among the lines discussed
in this study, besides [O1]63um, also lines of [Nell]12.8um,
[Sill]34.8um, and [OI11]52 and 88um are present in fast dis-
sociative shocks (Shull & McKee, |1979; Hollenbach & Mc+
Kee, 1989). To discriminate between shocks and PDR origin
the ratio of [OI]63um/ [CII]158um can be used (Tielens &
Hollenbach, [1985), although this line ratio should be used
with caution since LMG galaxies also show high [O1]63um/
[CI1]158 um ratios (Cormier et al.,[2019).

In conclusion, if one wants to disentangle shock excitation
from the intensities of observed fine-structure lines in galaxies,
has first to choose an adequate shock excitation model able
to predict their intensities and fit the results. These detailed
computations are, however, beyond the scope of the present
study, whose main aim is to give simple recipies to derive from
the observed lines the SFR and the BHAR.

5. Discussion

The low observational efficiency at performing wide area sur-
veys (of the order of square degrees) with either of the two
facilities, JWST and ALMA, imposes a significant limit to study
galaxy evolution: while the tracers proposed in this work can
be used to trace both star formation and BHA at the Cosmic
Noon, a complete study of galaxy evolution also requires to
account for the environment within which galaxies evolve,
thus incorporating the large scale structure of the Universe, by
mapping large cosmological volumes. Moreover, even using
both facilities together, it is not possible to perform an accurate
analysis of galaxy evolution covering both the Cosmic Noon
and the higher redshifts. On the one hand, in fact, while the
PAH features can be detected with JWST up to redshift z~2.5
in MS galaxies, and at higher redshifts the ALMA telescope
can trace star formation activity with the [CII]158pum line,
there is the problem of tracing SF in low metallicity environ-
ments, where the PAH features are weak or absent, or in high
luminosity galaxies, where the [CII] deficit can lead to lower
determinations of the SFR (see e.g. [Ferrara et al.,[2019). On
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the other hand, ALMA lacks an unambiguous tracer for BHA
activity, and the proposed tracers for JWST only reach redshift
z~3 for MS galaxies.

A full characterization of the obscured phase of galaxy
evolution at the Cosmic Noon will have to wait for a new
IR space telescope, actively cooled down to a few degrees
Kelvin and with state of the art detectors, able to perform
wide area spectroscopic surveys covering most of the mid-
to far-IR range (i.e. between 10um and 300pm). Possible
candidate missions include the very ambitious Origins Space
Telescope (OST, Meixner et al., 2019) and the smaller size
Galaxy Evolution Probe telescope (GEP, |Glenn et al., 2021),
which has the main goal to map the history of galaxy growth
through star formation and accretion by supermassive black
holes and to characterize the relationship between these two
processes. The pioneering study of the scientific potential of
an IR space telescope for galaxy evolution studies throughout
cosmic time has been provided by|Spinoglio et al.| (2017, 2021a),
based on the SPICA mission project (Swinyard et al., |2009;
Roelfsema et al., [2018).

6. Conclusions

In this work we present spectroscopic tracers for star formation
and BHA activity that can be used by the JWST and the ALMA
telescopes to characterize galaxy evolution up to and beyond
the Cosmic Noon, respectively. In particular, our findings can
be summarized as follow:

* The JWST-MIRI instrument in spectroscopic mode will
be able to detect mid-IR spectra of faint fine-structure lines
and PAH features in galaxies at redshift z>1 and discrimi-
nate between AGN-dominated and starburst-dominated
galaxies and measure their metallicity.

* The presence of an AGN can be detected using high ioniza-
tion lines such as the [MgIV]4.49pum, the [ArVI]4.53um
or the [NeVI]7.65um lines: the [MgIV] and [ArVI] lines
can be observed up to redshift z~3, while the [NeVI] line
can be detected with JWST-MIRI for a main-sequence
galaxy at redshift z~1.5 in a 1 hr. observation.

* For the star formation processes using JWST, the PAH
features can be easily detected up to redshift z~2.7, while
the [ArlI]6.98um and [ArII1]8.99pum lines can be detected
up to redshift z~2.5-3. The detection of the [SIV]10.5um
line can discriminate between solar and sub-solar metal-
licity: in LMG, the [SIV] line can be easily detected up to
redshift z~1.5, while in solar metallicity SEG, this line is
very weak and cannot be detected above redshift z~0.8.

* Using the ALMA observatory, the far-IR oxygen lines
of [OIII]88um and [OI]145um can be detected in low-

metallicity galaxies (LMG) with luminosities of about 1012 L,

with integration times of 1 to 5 hrs. In AGN or normal
SFG with similar luminosities, the [OIII]88um line re-
quires tjnT 2 5 hrs. Due to the high observing frequency,
where the sky transparency is very low, the [OI]63um
can hardly be detected in tjn7 2 5 hrs. and only if the
galaxy is a LMG. On the contrary the [NII]122pm line is
preferentially detected in AGN and normal star forming
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galaxies (SFG). The [NII]205um can hardly be detected
with t;y1 2 5 hrs in AGN and SFG.

* The [CII]158pum line can be easily detected in any main-
sequence galaxy at redshift of 0.9<5z<2 and 35z<9. It
remains the best tracer for to measure the SFR, but it can
also be easily detected in AGN. Among other SFR tracers,
in analogy with the proposed [OI]63um plus [OIII]88pum
tracer analyzed in|Mordini et al.| (2021), we suggest the
use of the [OII]88pm plus [OI]145um for high redshift
sources. The [OI]145um can be detected with ALMA
starting from redshift z~1.5 with observations of ~5 hr for
SFG and LMG-like sources. While in local SEG and LMG
there are not enough detections of the [OI]145um line
to appropriately test it as SFR tracer, this line, although
fainter, should be even better than the [OI]63pum, which
can be strongly self-absorbed under certain conditions (see,
e.g., Liseau et al., 2006) and should allow to measure the
SFR in combination with the [OIII]88pum line.

» The PDR contribution to the far-IR fine-structure lines in
ALMA observations of high-redshift galaxies can be mea-
sured with the [CII]/[NII] line ratios, which can be then
used to disentangle the PDR and the pure photoionization
contributions (see, e.g., [Spinoglio et al.l 2015).

Finally, as a concluding remark we emphasize the im-
portance of using multi-feature analysis to measure both BH
accretion and SFR, since individual tracers can be strongly
dependent on the local ISM conditions and vary from source
to source. Thus, the combination of more than one tracer pro-
vides a more robust determination of these physical quantities.
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