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ABSTRACT

Aims. We aim to quantify the star formation rate (SFR) from deep optical spectroscopic data and far-infrared (FIR) photometry from
a sample of galaxies at z ~ 0.9 from the OTELO survey and compare the activity estimated by optical tracers and FIR emission.
Methods. We used the multi-wavelength OTELO catalogue to construct a sample of FIR sources. We identified and separated galaxies
with active nuclei and derived the physical properties of the rest. We analysed their spectral energy distribution, obtaining estimates
for stellar mass, dust attenuation, luminosity, and SFR based on infrared luminosity. We also studied HB and [O 111] 14959,5007
emission-line galaxies without significant FIR emission from previous works. This approach allowed us to perform a comparative
analysis among the SFR obtained through different calibrators, in particular HB presented in a previous work

Results. We find that FIR-based SFR estimates uncover a significant fraction of hidden star formation. We determined that the SFR
density obtained from the FIR emission is three times larger than that obtained from only emission-line sources. Likely related to the
fact that each SFR tracer provides insight into star formation over different timescales, we suggest that such indicators are also more
or less suited for different galaxy populations. Specifically, while optical emission lines effectively trace star formation in lower-mass
galaxies, FIR-derived SFRs provide a more reliable measure in massive dust-rich systems. By accounting for both optically visible
and obscured star formation, we provide a more comprehensive view of the star-forming main sequence at z ~ 0.9 and reinforce the

’

2

importance of infrared tracers in studying galaxy evolution.

Key words. galaxies: starburst — galaxies: star formation — cosmology: observations

1. Introduction

The estimation of the star formation rate (SFR), defined as the
stellar mass formed per unit time, is a key parameter in the study
of galaxy evolution. It provides critical insights into the processes
governing the birth of stars and the growth of galaxies over cosmic
time and directly relates to the mass assembly histories of galax-
ies, the enrichment of the interstellar medium, and the regulation
of feedback processes that shape galaxy morphologies.
Traditionally, the SFR has been estimated using various cali-
brators, each covering different time ranges (Kennicutt & Evans

* Corresponding author.

2012; see also Boquienetal. 2014 and Cervifio et al. 2016
for a formal mathematical approach) and manifesting different
strengths and limitations. One of the most used methods involves
the study of emission lines to trace the presence of young mas-
sive stars. Lines such as Ha, HB, or [O 1] 113726,3729 provide a
snapshot of the instantaneous SFR, as they are generated by the
ionising radiation from O- and B-type stars (Kennicutt 1998).
However, they can be significantly affected by dust extinction
and distort the estimate of the true star formation activity.

For galaxies that do not show clear emission lines in their
spectra, alternative SFR estimators are required. Infrared emis-
sion serves as an ally in such scenarios. Dust absorbs ultraviolet
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and optical light from young stars and re-radiates it in IR wave-
lengths. This re-radiated IR emission provides a measure of the
obscured SFR, avoiding the limitations raised by dust extinc-
tion that often affect optical observations (Calzetti et al. 2000;
Kennicutt et al. 2009). The IR emission therefore reveals hidden
star formation activity that would otherwise remain undetected.

Works such as Kewley et al. (2002) have shown that the
agreement between SFRs derived from IR and Ha emission
for both early- and late-type galaxies suggests that far-infrared
(FIR) emission originates from the same young stellar popula-
tions responsible for the nebular emission lines. This interpreta-
tion has been further supported by physical correlations linking
FIR emission to young stars, such as the radio-FIR correlation
(Gavazzi & Jaffe 1986) and the 12 wm-FIR luminosity corre-
lation (Shapley et al. 2001), implying that dust heating occurs
in close proximity to star-forming regions. Additionally, the
FIR-Ha luminosity correlation points to a universal relationship
between global dust and gas properties across all FIR-detected
galaxies in the Nearby Field Galaxy Survey (NFGS). Together,
these findings indicate that galaxies exhibiting line emission and
those detected in the FIR are fundamentally similar in nature,
differing primarily in the visibility of their star-forming regions
rather than in intrinsic star formation efficiency. This provides a
physical justification for comparing FIR-based and HS-derived
SFRs in our study.

However, it is imperative that the IR emission accounted for
does not have contamination from active galactic nuclei (AGNs)
nor significant contribution from old stellar populations. We
acknowledge that some AGNs host significant star formation
activity; therefore, by excluding them, we may be underesti-
mating the total SFR of the Universe. However, as we show in
Sect. 2, the small AGN fraction found in our sample allows us
to adopt this limitation, in agreement with previous works cited
throughout this article.

Various galaxy characteristics have been obtained by spectral
energy distribution (SED) fitting (see a review of this approach
in Walcher et al. 2011). Among all the possible parameters that
affect the galaxy spectra, dust is one of the most important since
it can significantly alter the SED by absorbing and scattering
stellar photons and emitting the absorbed energy in the IR range
(1 < 2 <1000 um). This makes dust a crucial factor in the study
of galaxy evolution.

Assuming an accurate extinction correction and using the
Balmer decrement (Hirashita et al. 2003), Ha luminosity is one
of the most reliable SFR indicators. However, while optical sur-
veys can miss a significant fraction of this obscured activity,
the precise contribution of heavily dust-reddened galaxies is still
being actively quantified. Moreover, there is evidence suggest-
ing that the dust-obscured component has dominated the cos-
mic history of star formation for the past ~12 billion years, up
to z ~ 4 (Zavala et al. 2021). Recent studies, particularly those
based on deep Atacama Large Millimeter/submillimeter Array
(ALMA) and James Webb Space Telescope (JWST) observa-
tions, have advanced our understanding of obscured star for-
mation at various redshifts (Barrufet et al. 2023; Traina et al.
2024; Gentile et al. 2025). These recent works have suggested
that dust-obscured galaxies play a pivotal role in galaxy evo-
Iution and may represent a substantial fraction of the star
formation missed by optical surveys. In this context, properly
accounting for the contribution of obscured galaxies remains
essential to achieving a comprehensive understanding of the evo-
lution of star formation across cosmic time.

In previous works (Bongiovanni et al. 2020;
Navarro-Martinez et al. 2021), we analysed the SFR in a
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sample of HB and [O1I] 44959,5007 emission-line galaxies
(ELGs) at z ~ 0.9 from the OSIRIS Tunable Emission Line
Object (OTELO) survey'. In those studies, we defined ELGs
as objects where (i) at least one point of the pseudo-spectrum
lies above f. + 20 e, and (ii) there is an adjacent point with
a flux density above f. + Omedc, Where f; is the flux of the
pseudo-continuum (the median flux of the pseudo-spectra)
and o eqe 1S the root of the averaged square deviation of the
entire pseudospectrum with respect to f.. We adopted the same
criterion for the present work.

In this study, we focus on the obscured SFR in galaxies from
the same survey that exhibit significant IR emission, considering
both ELGs and galaxies without emission lines in their spectra.
By using CIGALE (Boquien et al. 2019) for SED fitting, we aim
to derive M,., dust attenuation, SFR, and IR luminosity (Ljr) and
to discuss the efficiency of Lir emission as an SFR estimator in
these sources.

Infrared-based SFR estimators have long been shown to reli-
ably trace dust-obscured star formation, particularly in actively
star-forming systems (Elbaz et al. 2011; Rodighiero et al. 2011),
with Herschel observations demonstrating the tight link between
Lir, the main sequence (MS) of star formation, and starburst
outliers. Building on this legacy of Herschel-based studies, our
investigation contributes to a broader understanding of galaxy
evolution by shedding light on the obscured star formation activ-
ity of these otherwise elusive galaxies. By including IR obser-
vations and acknowledging possible AGN and old stellar popu-
lation contributions to the IR emission, we aim to uncover the
hidden star formation and provide a more complete picture of
galaxy evolution.

This paper is structured as follows. In Sect. 2 we describe
the selection of FIR emitters in the OTELO survey and the AGN
exclusion from this sample. Section 3 addresses the fitting of the
SED of the sample. In Sect. 4 we present the physical param-
eters and star formation obtained from the previous fitting. A
discussion of the results and a comparison with similar data are
presented in Sect. 5. Finally, Sect. 6 reports the conclusions of
this work.

Throughout this paper, we assume a standard A-cold dark
matter cosmology with Qx = 0.7, Q,, = 0.3, and Hy =
70kms~! Mpc~!. All magnitudes are given in the AB system.
We also assume a Chabrier (2003) initial mass function (IMF),
unless otherwise stated.

2. Data selection

For this study, we used data from the OTELO survey
(Bongiovanni et al. 2019, hereafter OTELO-I) to extract a sam-
ple of FIR emitters at a redshift of approximately z ~ 0.9.
We also took advantage of previous samples of HS and
[O111] line emitting sources from the same survey analysed by
Navarro-Martinez et al. (2021) and Bongiovanni et al. (2020),
respectively, at a similar redshift.

2.1. The OTELO survey

The OTELO survey is a pencil beam survey employing
the Red Tunable Filter (RTF) of the OSIRIS instrument
(Cepaetal. 2003) of the 10.4m Gran Telescopio Canarias
(GTC; Alvarez et al. 1998). This survey’s design aims to address
the limitations of slit-based spectroscopic surveys by sampling
the spectral range of interest across its entire field of view,

I http://research.iac.es/proyecto/otelo
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thereby generating pseudospectra with a resolution around R ~
700, which is the flux-calibrated result of convolving the intrin-
sic SED of a source with the wavelength-dependent transmission
response of the RTF scan, providing a low-resolution spectrum
built by sampling successive narrowband slices.

Through the OTELO survey, a region with minimal sky
emission lines of the Extended Groth Strip was observed in
order to identify emission-line sources within various co-moving
volumes, reaching redshifts up to 6.5. The RTF configuration
involved scanning a window spanning 230 A centred at 9175 A
within a 7.5 x 7.4 arcmin? area situated at the south-western edge
of Extended Groth Strip, a region extensively explored. The sur-
vey achieved a limiting line flux of 5 x 107" erg s~ cm™2, thus
marking it as one of the deepest emission-line survey conducted
to date. For a comprehensive overview of the survey, we refer to
OTELO-I.

Utilising OSIRIS guaranteed time, a total of 108 hours
was dedicated to acquiring OTELO data. From the co-
added RTF images, we derived a source list, obtaining for
each detected object a pseudo-spectrum composed of the 36
tomography slices that form the OTELO scan (see the cri-
teria in Ramoén-Pérez et al. 2019). These measurements were
enriched with publicly available data from the CFHTLS survey
(T0007 Relase; Cuillandre et al. 2012), Hubble Space Tele-
scope Advanced Camera for Surveys (HST-ACS), and near-
infrared (NIR) data from the WIRcam Deep Survey (WIRDS,
Release T0O002 Bielby et al. 2012), together with mid-infrared
(MIR) photometry from the Spitzer/IRAC 3.6 and 4.5 um bands
(Barro et al. 2011), to establish the core catalogue. Additional
datasets from X-ray from Chandra (Weisskopf et al. 2002), UV,
MIR, and FIR catalogues were incorporated using refined cross-
match techniques developed by Pérez-Martinez (2016), resulting
in the final OTELO multi-wavelength catalogue with 11237 raw
entries.

Each of the 11237 raw entries potentially provides an
SED with up to 24 photometric datapoints. Those SEDs were
used to derive photometric redshifts (photo-z’s) using LEPHARE
(Arnouts et al. 1999; Ilbert et al. 2006). This tool employs a
galaxy template library that includes the four standard Hubble
types (Coleman et al. 1980) and six star-forming galaxy (SFG)
templates (Kinney et al. 1996). This process is described in
OTELO-I. The extinction law described by Calzetti et al. (2000)
was applied, incorporating extinction values E(B — V) ranging
from O to 1.1 in increments of 0.05. Both the value and qual-
ity of the photo-z are incorporated into the final OTELO cata-
logue. For more comprehensive insights into the construction of
the final OTELO catalogue, extraction of pseudo-spectra, esti-
mation of photometric redshifts, and the selection of emitting
objects, readers are directed to OTELO-I and Bongiovanni et al.
(2020).

2.2. Far-infrared sample selection

For the aim of this work, we have profited from the sample of
OTELO emitters at 0.81 < z < 0.92. In this redshift range, the
OTELO survey RTF wavelength coverage is tuned to observe
redshfited HB, and [O 1] emission. The HB emitters from the
sample are detailed in Navarro-Martinez et al. (2021), as well
as [O1II] emitters in Bongiovanni et al. (2020), respectively. In
this spectral window OTELO may detect ELGs with HB or
[O ] emission lines only. However there is an narrower red-
shift range, where both lines can appear in the PS. We identify
33 Hp-only, 170 [O11]- only, and 12 HB+[O 1] emission-line
sources.

To construct the sample of FIR emitters with no emission
line detected in OTELO, we first defined a redshift interval of
0.81 < zphot < 0.92. This range ensures the inclusion of all
non-emission-line source candidates within the redshift scope of
our study, accounting for the wavelength shift across the field of
view and the effective passband width 64, at the boundaries of
the RTF scan (see OTELO-I for details). Additionally, it incorpo-
rates the global accuracy limitations (+0.01) of the photometric
redshift estimations. Applying these criteria, we identified 169
candidates in the OTELO catalogue in this photometric redshift
range. These objects also meet the requirement of having photo-
metric data in at least ten observed bands.

With these two samples of ELGs and non-ELGs at z ~
0.9, we then aim to consider only those with FIR emission.
With this purpose we cross-match the OTELO catalogue with
FIR catalogues. OTELO field was observed with the Herschel
Space Observatory (Pilbratt et al. 2010) in the PACS Evolution-
ary Probe (PEP) survey (Lutz et al. 2011) and the Multi-tiered
Extragalactic Survey (HerMES Oliver et al. 2012), that make
use of PACS (Poglitsch et al. 2010) and SPIRE (Griffin et al.
2010) instruments. We have re-reduced the images using the
latest version of the Herschel Interactive Processing Environ-
ment (HIPE)? and extracted the IR sources using Sextractor
(Bertin & Arnouts 1996).

The PACS images were reprocessed starting from the
Level-1 timelines using a high-pass—filter (HPF)-based pipeline,
following the methodology extensively tested and calibrated by
Popesso et al. (2018). In particular, we modified the standard
reduction by adjusting the HPF width and applying dedicated
source masking during the filtering step, in order to minimise
flux losses associated with the running median removal. Circu-
lar masks centred on the source positions were used, and the
interpolation of masked samples was enabled to preserve the
point-source signal. These parameter choices are fully consistent
with those explored by Popesso et al. (2018), who demonstrated
their impact on the PACS PSF, noise properties, and photometric
accuracy at 70, 100, and 160 pm. The final maps were produced
using the photProject task with non-standard drizzle parameters
optimised for point-source photometry. The SPIRE maps were
reprocessed from the Level-1 timelines using a map-making
strategy tailored for point-source analysis, following the method-
ology described by Smith et al. (2012) and the SPIRE Instrument
Control Centre recommendations. Departures from the default
pipeline included modifications of the baseline removal and
glitch mitigation parameters in order to optimise the recovery
of compact sources and minimise residual large-scale artefacts.
In particular, a de-striper—based mapper was adopted, with the
de-striping polynomial order and masking strategy adjusted fol-
lowing the prescriptions of Smith who demonstrated the impact
of these parameters on point-source photometry and noise
properties at 250, 350, and 500 um. These choices have been
extensively tested and calibrated in previous Herschel SPIRE
analyses and are appropriate for reliable flux extraction of point-
like sources.

‘We have used NWAY (Salvato et al. 2018) to cross-match the
OTELO catalogue with FIR catalogues. NWAY considers spatial
proximity and optical photometry (we have used R-band pho-
tometry) to calculate the likelihood that sources from different
catalogs correspond to the same astronomical object. When a
source in a non-optical catalogue has a similar probability to be
assigned to two different optical objects, the tool flags it and we

2 https://www.cosmos.esa.int/web/herschel/
hipe-download
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Fig. 1. Example DEEP2 spectrum of source 9550, whose emission lines
are not detected in the OTELO pseudo-spectrum. The line (red arrow)
is detected in the DEEP2 spectrum with a very low S/N, indicating
intrinsically weak nebular emission. At this redshift, HS and both [O111]
emission lines fall within the OTELO wavelength range (8950-9300 A),
but their expected fluxes remain below the OTELO detection threshold
and may lie close to the edges of the wavelength coverage. Therefore,
this source is not classified as an emission-line object in the OTELO
survey.

then set the corresponding photometric data point as an upper
limit (Salvato et al. 2018).

The final sample of emitters and non-emitters observed by
OTELO with FIR emission at z ~ 0.9 is composed of 78 galax-
ies. All sources are detected either by PACS or SPIRE in at least
two bands, ensuring reliable FIR measurements.

2.3. Line emitters and non-emitters

The previously mentioned works of Bongiovanni et al. (2020)
and Navarro-Martinez et al. (2021) analysed the ELGs corre-
sponding to the [OII] and Hp lines, respectively. Matching
the samples of these works with the preliminary FIR sample
obtained in the previous section, we were left with a total of 19
sources classified as FIR emitters and ELG simultaneously: nine
present HB emission, eight sources are [OIIT] emitters, and two
sources present both lines. The preliminary FIR sample with no
emission lines sample is hence composed of 59 objects.

Among the non-ELGs (noELGs from now on) from the
OTELO survey, six have spectroscopic redshift from DEEP2
(Newman et al. 2013). From this spectroscopic data we can infer
that they are [O1I] 113726,3729 line emitters (see example in
Fig. 1). However, the [O1I] 113726,3729 feature in DEEP2 is
detected with extremely low S/N, indicating intrinsically weak
nebular emission. Under such conditions, the accompanying
lines (in particular HB and [O 111] 14959,5007) are expected to be
even more difficult to detect, either due to their typical relative
weakness or because they fall near the edge of OTELO’s wave-
length coverage at these redshifts. Hence, these sources are not
detected as emitters in OTELOand are treated as non-emitters
for the purposes of this work.

2.4. Identifying AGNs

Since our interest is exclusively in SFGs, we discriminated
between them and AGNs. The first approach to this aim was
the use of the X-ray criteria by identifying sources within our
sample that show detectable emissions in the X-ray range of
the electromagnetic spectrum. The AGNs, including quasars and
Seyfert galaxies, are known to emit vast amounts of X-rays due
to the high-energy processes occurring in their vicinity, such as
accretion onto supermassive black holes. The extended OTELO
catalogue provides X-ray data from Chandra, reaching a depth
of ~5 x 107"%ergs™' cm™2 in the 0.5-2keV band (Evans et al.
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Fig. 2. Example of an SED fitting of the galaxy ID2168 produced by
CIGALE, which follows the typical tendency of the overall fits. The mod-
ules are shown in the legend. Top: Different components. Botom: Rela-
tive residuals between the data and the best-fitted model.

2024), allowing us to identify X-ray detected AGN candidates
at the redshift of our sample. By cross-matching this informa-
tion with our sample, we identified five X-ray detected AGN
candidates.

As an alternative approach, we applied the infrared
colour criteria proposed by Donley et al. (2012), which utilises
Spitzer/IRAC bands at 3.6, 4.5, 5.8, and 8.0um to define an
empirical region predominantly populated by AGNs. Among our
sample, two sources satisfy the Donley criteria; however, these
correspond to two of the five X-ray AGNs already identified.

The AGN fraction is thus of ~6%. Four of the sources clas-
sified as such were non-emitters and the remaining one is a
[O 1] emitter. These five sources were removed from the sam-
ple. Although these galaxies may also host star formation activ-
ity, removing this small fraction does not significantly affect our
results, while ensuring a SFG sample free of AGN contamina-
tion. This leaves a sample of 73 SFGs, 55 of which are noELGs
and 18 are ELGs. Notably, after performing the SED fitting with
CIGALE (Code Investigating GALaxy Emission; Burgarella et al.
2005; Noll et al. 2009; Boquien et al. 2019)3 including an AGN
component (see Sect. 3), no galaxy in our sample shows an AGN
contribution. This result reinforces the robustness of our initial
AGN exclusion criteria and provides additional confidence in the
validity of our SFR measurements.

3. Spectral energy distribution analysis

The physical properties of the sample (see Sect. 2) were calcu-
lated by the SED fitting performed with the CIGALE code. This
is an SED-fitting code that balances the energy absorbed by the
interstellar medium (ISM) in the UV-to-NIR domain with its re-
emission in the medium and FIR by the use of different atten-
uation laws and related parameters. In addition, CIGALE uses a
grid of nebular templates to obtain the emission-line spectrum
of the system (Inoue 2011). The code requires as input a set of
full wavelength range un-attenuated SEDs, and, after the fitting,
it provides a set of physical properties such as SFR, attenuation,
dust luminosity, stellar mass, and many other physical quantities.

3 https://cigale.lam.fr
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Table 1. Bands used for the SED fitting.

Bands available Sources
10 1

11 3

14 11

15 37
16 5

17 2

18 14
TOTAL 73

Notes. List of bands (a maximum of 18): u, g, r, i, and z from CFHTLS;
J, H, and K, from WIRDS; the four IRAC bands; 24 um from MIPS;
100 and 160 um from PACS and finally 250, 350, and 500 um from
SPIRE.

One of the significant advantages of CIGALE over other SED-
fitting codes is its ability to include a comprehensive treatment
of dust attenuation and re-emission, as well as its flexibility in
handling various star formation histories and complex physical
processes.

The overall quality of the fit is arbitrated by a reduced y?
(x?). The fitting used is the selected by CIGALE as best model.
However, when the y? of the best model is still moderately high
(>2.5), the fit and the source will be discarded.

3.1. CIGALE models

For the purpose of this work, we fit data up to 18 photomet-
ric bands available in the OTELO catalogue. For some sources,
measurements in certain photometric bands, particularly in the
FIR range, are treated as upper limits, as they may be affected by
contamination from nearby sources.

To account for this, we adopt the following criterion: sources
for which 25% or more of the available photometric data points
are upper limits are flagged when deriving their physical param-
eters with CIGALE. For these sources (18% of the final sam-
ple), the resulting physical parameters should be interpreted
with caution, as they may be systematically overestimated. We
refer to these galaxies as sources affected by FIR upper limits.
Table 1 summarises the number of bands available for the sam-
ple and the specific bands used. Regarding the infrared coverage,
nearly 90% of the sample has detections in at least 7 IR bands.
We assume SSPs with solar metallicity from Bruzual & Charlot
(2003) with a Chabrier (2003) IMF. The SSPs are combined to
produce a bursty SFH parametrised as a double exponential (see
Sect. 3.1.2). We also assume the modified dust attenuation model
of Charlot & Fall (2000), the dust and nebular emission model of
Draine & Li (2007) and Inoue (2011), respectively and the AGN
component of Fritz et al. (2006).

3.1.1. Stellar component and IMF

The choice of IMF and metallicity primarily affects the nor-
malization of the derived SFRs. We adopt a Chabrier (2003)
IMF and assume solar metallicity; for discussion of the impact
of metallicity on SFR estimates; see Boquien et al. (2014) and
Cerviiio et al. (2016).

3.1.2. Star formation history

As a first-order approximation, the SFH of a galaxy can be mod-
elled as a delayed exponentially declining star formation history,
which accounts for the bulk of the stellar population (see, among
others, Boquien et al. 2019, and references therein). However, as
we are interested in recent star formation, which accounts for the
Hp emission present in some of the galaxies of our sample (and
the possible obscured star formation in the others), we assumed
an additional component of the SFH as well as an exponen-
tial, and we let CIGALE decide whether this second component
is appropriate in each individual case. In this context, the first
exponential describes the enduring star formation responsible
for the majority of the galaxy’s stellar mass, while the second
one characterises a more recent burst of star formation. Since
we are interested in the recent star formation (averaged over the
last 10 Myrs; see Sect. 4.1) and given that the star formation is
described as an exponential decay, we have use a conservative
upper age limit up to 50 Myrs for the most recent burst in such a
way that the tail of a burst of 50 Myrs or older will not affect the
inference of the recent star formation. The different parameters
of the SFH to be fitted are shown in Table 2.

3.1.3. Dust attenuation

The Charlot & Fall (2000) dust attenuation model is a widely
used prescription for the attenuation of stellar light. This dust
attenuation combines the birth cloud (BC) attenuation and the
interstellar medium (ISM) attenuation, both represented by a
power law. It makes a distinction between young (age < 107) and
old (age > 107 years) stellar emission; the young stellar emis-
sion is attenuated by the BC whereas the old stellar emission is
only affected by the ISM, due to the distinction between the stel-
lar emission components which is a suitable law for IR galaxies
(Buat et al. 2018). These two attenuation models are described
by a power law and normalised to the amount of attenuation in
the V band, A?M and A‘%C:

{AEC = ABC(2/0.55y"™
nISM
ASM = AIM(3/0.55y™"

The ratio of the attenuation in the V band experienced by old
and young stars, is defined as

ISM
P A
T AISM BC
AV + A

We used the modification by Buat et al. (2018), where they take
u as a free parameter, since we are interested in allowing some
flexibility from the original recipe as we study obscured star for-
mation.

3.1.4. Dust emission

As dust absorbs stellar photons from the UV to the NIR, it
re-emits this energy at longer wavelengths, primarily in the
MIR and FIR regions (Calzetti et al. 2000; Draine 2004). Dust
emission can generally be categorised into three main com-
ponents. In the MIR region, around 8 um, polycyclic aromatic
hydrocarbon (PAH) bands dominate the emission (Smith et al.
2007). At longer wavelengths, very small, warm grains pro-
gressively take over the emission, initially undergoing stochas-
tic heating in weak to moderate radiation fields, and eventually
displaying equilibrium emission at higher intensities. Beyond
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approximately 100 um, larger, relatively cold grains increasingly
contribute to the emission (Draine & Li 2007). The SED pro-
duced by dust is influenced by the different heating mechanisms,
dust species, metallicity, and the intensity and shape of the inci-
dent radiation field (Draine 2004; Bianchi 2013).

One significant advantage of the model from Draine & Li
(2007) lies in its flexibility. It can adopt a wide range of phys-
ical conditions, including diverse radiation fields and variable
PAH emissions. However, this flexibility results in a consider-
ably larger parameter space to navigate compared to other tem-
plates (Boquien et al. 2019). This model takes into account the
emission from small dust grains and the characteristics of intense
MIR emission (extreme heating environments tend to stop the
process of the dust formation) typically applied for SFGs, which
is the case of our sample. The mass fraction of PAHs as well as
the minimum radiation field are taken as free parameters. The
dust mass fraction linked to the star-forming regions (respec-
tively diffuse emission) is fixed to y = 0.02 (respectively 1 —y =
0.98) for our case. This model allowed us to determine the dust
luminosity of the sample.

3.1.5. Active galactic nucleus contribution

Although AGN are identified in our sample using several robust
diagnostics, including X-ray criteria, this approach is inher-
ently limited by data availability, as not all galaxies have
X-ray coverage. To account for potential residual AGN con-
tamination, we include an AGN component in the SED fitting
procedure using the models of Fritz et al. (2006). In this frame-
work, the AGN contribution is primarily manifested as an addi-
tional dust emission component in the MIR, parametrised by
the AGN fraction (fagn), which represents the fractional con-
tribution of the AGN to the total IR luminosity. Following pre-
vious CIGALE-based studies (e.g. Ciesla et al. 2015), we do not
adopt a strict threshold in fagn to classify galaxies as AGN- or
star-formation-dominated. Instead, fagn is used as a diagnos-
tic parameter to assess the potential impact of AGN emission
on the derived FIR-based SFRs. The explored range is lim-
ited to fagn < 0.25, as for lower values the AGN contribu-
tion to the FIR emission is expected to be small and difficult
to constrain individually, while higher fractions would corre-
spond to systems no longer dominated by star formation. Sim-
ulations show that for fagn < 0.25 the effect on FIR-derived
SFRs is typically below ~0.1-0.15 dex, particularly for Type-
2 AGN (Ciesla et al. 2015). An analysis of the fagn distribu-
tion for our sample shows that AGN contributions are generally
low. Even in the most extreme cases (fagn = 0.25), the maxi-
mum possible reduction in SFR, assuming the AGN contribution
were entirely removed from the total IR luminosity, would be
<0.12 dex, well below the typical uncertainties associated with
FIR-based SFR estimates. Therefore, the presence of moder-
ate AGN components does not significantly affect our results or
conclusions.

3.1.6. Nebular emission

The Lyman continuum emitted from the more massive galaxies
ionises the surrounding gas which re—emits energy that extends
far into the radio regime. This emission is characterised by the
presence of Hydrogen and Helium recombination lines, different
nebular emission lines related to gas conditions of the emitting
gas (temperature and metallicity), and a nebular continuum with
extend up to radio waves. We assume that the nebular lines and
continuum are well represented by the used nebular templates
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Fig. 3. Distribution of the y? values obtained for the sample. The dotted
vertical red line marks the threshold used to discard poor fits (y? > 2.5).

from Inoue (2011). They predict the relative intensities of 124
lines from HTII regions from FUV to MIR. These templates are
parametrised according to ionization parameter U and the metal-
licity Z, which is assumed to be the same as the stellar metallicity
(Zs in this work). The electron density is assumed to be constant
and is set to 100cm™>.

3.2. Fitting the SEDs

The combination of the models used produces ~19 million of
templates. CIGALE takes into account those templates and com-
putes the SED fits, selecting the best probabilistic result by a
Bayesian approach (see Noll et al. 2009 for details). The main
parameters of the models described above are summarised in
Table 2.

The resulting SEDs (see Fig. 2) were visually checked to
assess the quality of fit. We found the fits are good for 62 out of
73 sources having a x> ~ 1 on average and 90% of that sample
with a y? lower than three. Figure 3 Eleven sources provided an
unreliable fitting and high y? value and were flagged as Quality
—1 and removed from the sample.

The final sample of 61 sources (6 HS ELGs, 8§
[O111] 214959,5007 ELGs, and 47 noELGs) is analysed in Sect. 4.
The reason for excluding this additional source is discussed
therein.

4. Analysis

The sample of star-forming galaxies with FIR emission, after the
exclusion of sources with unreliable SED fits and AGN galax-
ies, consisted of 62 sources (see Sect. 3), with redshifts span-
ning from 0.81 to 0.92. Since our analysis focuses on the IR
regime, we imposed a luminosity threshold of log(Lr /L) > 10.
Based on the IR luminosities derived from the SED fitting, one
source falls below this threshold and is therefore not included
in the final sample analysis. The excluded galaxy is a non-line-
emitting source. In this section, we describe the physical param-
eters for the 61 sources.

4.1. Physical properties of the sample from CIGALE

To ascertain whether there are significant differences between
ELGs and noELGs from our FIR sample (FIRELG and FIR-
noELGs from now on; see Table 3), we plotted the histograms
of these two subsamples separately. To account for the difference
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Table 2. Main models and parameters used in CIGALE.

CIGALE module Main parameters

Description

SFH two decreasing fourse = 0.001,0.05,0.1,0.4

exponentials
agepurst = 3, 10,30, 50 [Myr]
Tmain = 1000, 3000, 4000, 6000

Tourst = 10,50, 100

age = 2000, 4000, 5000, 6000, 7000 [Myr]

Mass fraction of the late burst population

Age of the main stellar population in the galaxy
Age of the late burst

Width of the main stellar population

Width of the starburst population

Single stellar population models Z Metallicity

(Bruzual & Charlot 2003) IMF = Chabrier (2003) Initial mass function
Nebular emission logU = -2 Ionisation parameter
(Inoue 2011)

Dust attenuation
(Charlot & Fall 2000) slopegc = —0.7

slopeism = —1.2,-0.7,-0.4

Av=05,08,1.1,14,17,2.0,2.3,2.6

V-band attenuation in the birth clouds

Power law slope of the attenuation in the birth clouds
Power law slope of the attenuation in the

interstellar medium

Dust emision models Gpan = 1.12,2.50,3.19

Mass fraction of PAHs

(Draine & Li 2007) Umin = 5, 10,25 Minimum radiation field
AGN component fracAGN = 0.0, 0.1, 0.25 AGN fraction
(Fritz et al. 2006) Tratio = 100 Opening angle of the dust torus

psy = 0.001,89.990

Angle between AGN axis and line of sight

Notes. The first column lists the CIGALE models, whereas the second column shows the main parameters and the range of values selected for the

analysis. The third column provides a brief description of each parameter.

in sample sizes between the two subsamples, the histograms are
presented with normalization applied in terms of density. This
approach scales the y-axis so that the area under the histogram
integrates to one, ensuring that the distributions are represented
as probabilities.

Stellar masses are derived by the Bruzual & Charlot (2003)
module in CIGALE. This module discriminates between the stel-
lar masses of young and old populations. When referring to stel-
lar mass, however, we consider the addition of these two. The
stellar mass spans the range 8.7 < log M, /My < 11.2, with a
typical uncertainty of +0.24 dex. The distribution of log M, is
shown in Fig. 4.

The SFR provided by the CIGALE module, assuming an SFH
of two exponentials, calculates an estimation of the average SFR
over the last 10 Myr as well as the average SFR over 100 Myr
and the instantaneous SFR at the age of the galaxy. For this
work, we adopt the SFR averaged over the last 10 Myr as it
provides recent star formation activity in the galaxy and allows
for comparison with other SFR tracers. This parameter ranges
between 1 and 53 Mg yr~!, as shown in Fig. 4. The distribution
is fairly uniform, with a slight tendency towards intermediate
values. The typical uncertainty in the SFR estimates is approx-
imately 3.8 My yr~!, with individual errors ranging from 0.4 to
10.9 M, yr“, as derived from the fits. Differences between the
two subsamples are explored further in Sect. 5. A 40% of the
galaxies exhibit SFRs exceeding 10 My yr~!, reaching a 64%
when considering only the FIRELG sample. The FIRnoELG
population with SFR over 10 Mg, yr~! is 32%, revealing an out-
standing global star-forming activity. We note that In Fig. 4 there
is a peak at 50 Myrs for the most recent burst age. However, such
peak has not a physical meaning and it is an artefact of the choice
of the maximum burst age of the recent component (see also
Sect. 3.1.2).

The CIGALE module Draine & Li (2007) estimates the dust
luminosity, accounting for the IR luminosity, which, in the
case of this sample, ranges from 10.1 < logLr/Ls < 11.8

with an average uncertainty of 0.49dex. Figure 4 shows the
distribution of this parameter. We find that roughly 50% of
the sample qualifies as luminous infrared galaxies, 70% of
which are galaxies with no emission lines. The attenuation
distribution for our sample, shown both in general and sepa-
rated by the BC and ISM components, demonstrates that most
galaxies have moderate to low attenuation values. The BC
attenuation of ELGs peaks at lower values compared to ISM
attenuation, consistent with the expectation that for ELGs the
BC typically contributes less to the total attenuation than the
diffuse ISM allowing emission lines to be detectable. This
distribution provides insights into the role of dust in obscuring
star-forming regions across the sample, as FIRELG exhibit lower
attenuation overall, while FIRnoELG experience significantly
higher levels of dust obscuration. This pattern reflects differences
in star-forming environments, where emission-line galaxies are
characterised by more active, optically accessible star-forming
regions, whereas non-line emitters harbor star formation primar-
ily hidden by dust. For the total (BC plus ISM A,) dust attenu-
ation, both distributions are quite flat, with small peaks below 1
magnitude.

4.2. Physical properties of the sample from previous works

Before moving on to the discussion it is worth mention-
ing that for some of the sources of our whole sample,
we have complementary estimations of physical properties
such as stellar masses and SFR. Nadolny et al. (2020) esti-
mated stellar masses for the full OTELO catalogue using
the recipe described in Lépez-Sanjuan et al. (2019). The left
panel of Fig. 5 shows the comparison between the men-
tioned estimation and that from CIGALE, portraying an agree-
ment that further validates the reliability of the parameters
derived.

For the SFR, we take advantage of the estimations done in
Navarro-Martinez et al. (2021) for theHB emitter sample from
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Fig. 4. Distribution of significant parame-
ters for the sample. The pink histogram rep-
resents line-emitting sources, and the blue
histogram portrays non-emitters. From top
left to bottom right: stellar mass, average
SFR over 10 Myr, attenuation, age of the
most recent starburst, birth-cloud attenua-
tion, interstellar medium attenuation, and
IR luminosity. Each bar represents an equal
probability (20%, except 33% for burst
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OTELO derived from the HB flux. These SFRs were obtained
following the Kennicutt & Evans (2012) calibration adapted to
Hp, assuming a Kroupa (2001) IMF and correcting for dust
extinction using the case B recombination ratio /(He)/I(HB) =
2.86 (Storey & Hummer 1995). Although the SFR of the HS
sample is computed assuming a Kroupa IMF and the SFR from
the FIR sample is derived with CIGALE assuming a Chabrier
IMF, the difference between these two IMFs is very small (less
than 0.05 dex; e.g. Madau & Dickinson 2014) and well below
the typical uncertainties of both methods. Therefore, no IMF
rescaling is applied. In this case, the comparison can be done
only for the 6 sources that are simultaneously HS and FIR emit-
ters. When comparing the SFR estimations by CIGALE with those
obtained in Navarro-Martinez et al. (2021) using the HgB line
flux, it is appropriate to use the 10 Myr SFR since HB emis-
sion accounts for recent star formation (Cervifio et al. 2016).
As shown in Fig. 5, the estimations for the H3-FIR differ from
those presented in Navarro-Martinez et al. (2021) for the very
nature of these two calibrators. This topic is deeper elaborated
in Sect. 5.1.
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age).

5. Discussion: The hidden SFR

In this section we analyse the obscured component of the
star formation activity in our FIR-emitting galaxies and com-
pare it with the properties of the non-FIR HS emitters from
Navarro-Martinez et al. (2021). This allows us to assess the frac-
tion of star formation that remains undetected when relying
solely on optical tracers.

5.1. Infrared emission as an SFR estimator

Here we compare the SFR and stellar mass values of the FIR
and noFIR samples described in 3. For the FIR sample, both the
stellar masses and SFRs are taken from the CIGALE fits, with
the SFR specifically adopted as the average over the last 10 Myr
(SFRoMyr), providing a robust tracer of recent star formation
activity. In contrast, for the noFIR sample, the stellar masses
are taken from Nadolny et al. (2020), derived using the recipe
described in Lopez-Sanjuan et al. (2019), while the SFRs are
those derived in Navarro-Martinez et al. (2021) from the HS flux.
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Fig. 5. Comparison of the physical properties derived in this work
with estimates from previous studies for sources in common. Left:
Stellar mass comparison between values obtained with CIGALE and
those derived by Nadolny et al. (2020) using the prescription of
Lépez-Sanjuan et al. (2019). Right: Comparison between SFRs derived
with CIGALE (10 Myr timescale) and those obtained from the Hg line
flux in Navarro-Martinez et al. (2021) for the six sources that are both
FIR and HS emitters. In both cases the dashed line indicates the one-
to-one relation and error bars represent the uncertainties reported in the
respective works.

This approach ensures a consistent comparison between the two
samples, with the FIR SFR gy, representing ongoing star for-
mation and the HB-based SFR tracing the same recent timescale.
The CIGALE M, values for the FIR sample tend to be higher
than those reported by Navarro-Martinez et al. (2021). The dis-
tribution shown in Fig. 4 indicates that our sample includes a
substantial fraction of massive galaxies with log M, > 10.5,
highlighting a systematic shift towards higher stellar masses
compared to the HB emitter population, where most masses
fall below 10°°. The stellar masses and SFR are plotted for
both samples in Fig. 6. This figure shows the noFIR population
located in a lower mass range and hence a lower SFR due to a
combination of factors related to ionization, dust, and the detec-
tion limitations of the emission lines.

First, young hot stars that ionise H II regions in galaxies have
an upper limit to the amount of ionising radiation they can pro-
duce. Specifically, the emission from these regions is capped at
around 10*° ergs™!, which corresponds to the maximum lumi-
nosity of photons a typical H IT region can emit (Kennicutt 1998).
This ionization process also has a finite duration, usually lasting
on the order of 5 million years (Villaverde et al. 2010).

On the other hand, the majority of the FIR sample (~80%)
are disc-like galaxies following the morphological classification
detailed in Nadolny et al. (2020), and larger late-type galaxies
tend to have more massive stellar populations and, consequently,
more dust. The ionising radiation from star-forming regions is
absorbed by dust and re-radiated in FIR. This attenuation makes
it harder to detect HB emission in galaxies with higher stellar
and dust masses. As a result, even the larger galaxies, which host
more massive stellar populations, may not be detected as ELGs.
Simultaneously, the more massive a disc galaxy is, the more dust
it tends to contain, leading to stronger FIR emission. Given a
higher continuum emission, a spectral line of fixed flux exhibits
a smaller equivalent width (EW), thereby becoming more diffi-
cult to detect. All of this explains why the FIRnoELG sample is
predominantly composed of more massive galaxies with signifi-
cant dust content.
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Fig. 6. Mass versus SFR of galaxies at z ~ 0.9. This work’s whole FIR
emitting sample (green circles and triangles) and non-FIR emitters from
the HB OTELO sample of Navarro-Martinez et al. (2021), represented
by empty crosses. Filled circles or triangles represent FIRELGs, and
empty markers are FIRnoELGs. Downward triangles indicate sources
affected by FIR upper limits (as elaborated in Sect. 3.1), which could
result in an overestimation of the plotted parameters.

In contrast, star formation in our low-mass galaxies is more
easily detected through HS emission. These galaxies typically
have less dust and fewer ionising regions, but when they do
have ionising regions, the emission lines are less affected by
dust attenuation. This is due, as mentioned before, to the BC
playing a less significant role in the attenuation than the global
ISM. Additionally, the OTELO survey in particular is designed
to detect emission lines with a low EW, and hence it is biased
towards low-mass galaxies, as seen in Cedrés et al. (2021).

Thus, the difference in mass between the FIR and noFIR
samples is a direct result of how dust affects the detection of
emission lines in these galaxies. While the FIR sample is dom-
inated by more massive dust-rich galaxies that emit strongly in
the infrared, the noFIR sample includes smaller, less dusty galax-
ies where the line emission can be more easily observed.

As noted in the introduction (Sect. 1), FIR emission traces
the star formation activity of the same young stellar populations
responsible for nebular emission lines (e.g. Kewley et al. 2002).
This provides a physical basis for the comparisons and discus-
sion between FIR- and HB-selected galaxies.
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5.2. Star formation rate in obscured galaxies

Once the difference between optical and infrared tracers has
been established, we now analyse the quantitative impact of the
obscured SFR. We address the eventual discrepancies between
those galaxies presenting an HB or [O111], and those without an
emission line detectable by OTELO . As mentioned in Sect. 2,
six sources from our sample are [O1I] 143726,3729 emitters
as confirmed by the DEEP2 spectra available (Newman et al.
2013). These galaxies may still host significant star formation
heavily obscured by dust, therefore lying below the OTELO
detection threshold. Hence, these galaxies are classified as non-
emitters in this work (see Fig. 1).

Figure 4 shows the distributions of the main parameters
obtained from the CIGALE SED fitting, discriminating in each
case the FIRELG subsample from the noELG counterpart. For
all parameters, the distributions of these two populations are very
similar, suggesting that these two populations are not inherently
different.

Figure 7a shows the stellar mass as a function of the SFR.
Coloured contours correspond to the number density of galax-
ies from the SDSS database and obtained by Renzini & Peng
(2015), showing the position of the star formation MS for local
galaxies. Our galaxies lie systematically above the contours of
local galaxies, indicating that they exhibit higher SFRs at fixed
stellar mass. This offset is interpreted as a reflection of both red-
shift evolution of SFR together with the evolution of the pro-
cesses involved in star formation activity. At z ~ 0.9, galaxies
are expected to exhibit higher SFRs due to the increased avail-
ability of cold gas and the enhanced efficiency of star forma-
tion processes in the earlier universe. This is consistent with
the well-established redshift evolution of the star-forming MS
(Noeske et al. 2007).

Additionally, the presence of FIR emission in our sample
suggests that many of these galaxies are undergoing starburst
episodes. The higher SFR for starburst galaxies places them
about the MS. The simultaneous detection of FIR and line emis-
sion in some of our sources provides further evidence of active
star-forming regions with substantial dust attenuation.

The location of our sample in this diagram is consistent with
the MS of Elbaz et al. (2007), who derive the SFR from FIR lumi-
nosity using the Kennicutt (1998) recipe of a sample of ultradeep
imaging at 24 um with MIPS at 0.8 < z < 1.2 to determine
the contribution of obscured light to to star formation. The dot-
ted line of this figure represents a constant specific star formation
rate (SSFR) equal to 1, as portrayed in Pacifici et al. (2023) with
a sample of galaxies at z ~ 1. This underscores that the majority
of our sample follows the expected sSFR for star-forming galax-
ies, despite exhibiting higher total SFRs than local galaxies. Our
sample is still part of the broader population of star-forming MS
galaxies at this epoch (z ~ 1), with a significant number of sources
clustering near sSFR = 1Gyr™!. Then, the elevated SFRs
observed in our sample, relative to local galaxies, is consistent
with redshift evolution

Regarding Fig. 7b, our sample is consistent with the MSs
for sSFRs by Whitaker et al. (2014) and lies slightly below
Schreiber et al. (2015). This result is consistent with the charac-
teristics of our sample and the physical processes governing star
formation in massive dust-rich galaxies. Our sample is selected
based on FIR emission, which typically traces dust-obscured star
formation. While the FIR provides a robust measure of the total
SFR, the galaxies in our sample may represent a population where
star formation is heavily enshrouded by dust, potentially leading
to systematically lower sSFRs compared to UV/optical-selected
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samples that dominate the derivation of the MSs. Fundamentally,
FIR-bright galaxies tend to have higher stellar masses and lower
sSFR compared to UV/optical-selected galaxies. This character-
istic aligns with the nature of our sample, where higher mass cor-
relates with lower normalised star formation efficiency. This could
explain why our galaxies fall slightly below other populations.

The green star markers in that same plot represent a sam-
ple of 10 PAH luminous galaxies at z ~ 1 by Lin et al. (2024).
Since these galaxies are IR-bright and at a similar redshift to our
sample, their position on the SFR-M,, plane provides a meaning-
ful comparison. The strong agreement between the two samples
further reinforces the conclusion that FIR-detected galaxies pre-
dominantly reside along the MS of star-forming galaxies at this
epoch.

Higher-mass galaxies in the universe at z ~ 0.9 are known
to exhibit declining sSFRs as they approach the upper envelope
of the MS (Whitaker et al. 2014). This trend reflects the onset
of processes such as gas depletion or feedback from AGNs that
regulate star formation. Given that our sample consists of FIR-
bright galaxies, which are often associated with higher stellar
masses, it is reasonable for their sSSFRs to cluster below the MS
at this redshift, reflecting the reduced star formation efficiency
typical of massive systems.

5.3. Estimation of total SFR and co-moving density

Building on the quantitative estimate of the obscured star forma-
tion derived in the previous section, we now examine this hidden
component. We assess how it shapes the global properties of the
galaxy population at z ~ 0.9.

Figure 9 shows the average SFR per stellar-mass bin for the
combined samples of FIR galaxies (with and without emission
lines) and ELGs without FIR emission. This enables a more pre-
cise look at how star formation varies with galaxy mass. Two
versions of the relation are shown: one including all FIR emit-
ters and one excluding sources affected by FIR upper limits, as
defined in Sect. 3.1.

The SFR reveals a clear trend with stellar mass: higher-
mass galaxies (M, > 10'©M,) exhibit elevated SFRs, high-
lighting their dominant role in driving star formation activity
during this epoch. To further interpret our results, we included
in Fig. 9 the MS relation at z = 0.9 from Popesso et al. (2023),
which provides an empirical parametrization of the SFR-M,
relation across cosmic time. This relation follows a smoothly
rising trend that flattens at high stellar masses, capturing the
so-called turnover mass (My). This parameter marks the stel-
lar mass at which the number of SFGs stops rising and begins
to decline, defining the bending point in the star formation MS
and separating galaxies with nearly constant sSFR (below) from
those where star formation is suppressed (above). The turnover
mass reported by Popesso et al. (2023) at z ~ 0.9 is logM, =
10.39 + 0.05.

In addition, we performed a fit to our binned data using
a Popesso-like functional form (see Eq. (14) in Popesso et al.
2023), fixing log SFR,.x = 1.51, corresponding to the expected
value at z = 0.9 from their Table 2, and setting the slope param-
eter y = 1. The fit was also performed both including and
excluding sources affected by FIR upper limits, yielding con-
sistent results. The resulting fit, also shown in Fig. 9, provides a
turnover mass of log My = 10.55 + 0.10 M, in good agreement
with the value from Popesso et al. (2023). The impact of FIR
upper-limit—affected sources is confined to the lowest stellar-
mass bin (~10° M) and does not affect the overall trends or
conclusions of the analysis.
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Table 3. Summary of the subsamples used in this work.

Shorthand  Sources Description

FIRnoELG 47 Sources in the OTELO sample presenting FIR emission but not line emission
FIRELG 14 Sources in the OTELO sample presenting FIR emission as well as line emission
FIR 61 Whole sample of OTELO sources with FIR emission

noFIR 33 Sample of OTELO sources at z ~ 0.9 with HS emission but no FIR emission

Notes. Note that FIR sample is composed by the addition of FIRELGs and FIRnoELG.

e
2+ Elbaz et al 2007 z=0.8-1.2 -
- Pacifici et al. 2023 sSFR=1 o
| — Popesso et al. 2023 v - ok .
| & Linetal.2024z~1 o'_o;'___._
o 1r i
L
>
0] L
= o ]
o
L L
wn -1k _
o |
o
—2F _
| s s L L | L | L L s s | L
8 9 10 11
log(Mx«)[Mg ]

log(sSFR) [ yr=1]

-8.0F," T LT T T T schreiber 2015 (220.9) ]
L Whitaker 2014 (z in 0.5-1) |
F v @V ELGs R
—8.5:— OV noELGs ]
v
I v ]
—9.0[ ]
i 0o g ® 20\5\ |
: .O. o} 1
[ 3! oV |
9.5} g C;O SRR
PO gerom
[ . © ®
v
—10.0- o 0 -
L 0© o
L o) l
-10.5+- o0 o 4
I o
| L | L L | PR | PR L P L
9.0 9.5 10.0 10.5 11.0
log(M«)[Mg ]

Fig. 7. Star formation rate as a function of M, (top) and sSFR (SFR divided by stellar mass, bottom) for the whole sample. Line emitters and non-
emitting galaxies are indicated with filled and unfilled markers, respectively. Downward triangles mark those sources affected by FIR upper limits.
For the plot on the left, contours correspond to the number density of galaxies from the SDSS database and those obtained by Renzini & Peng
(2015) at values of 1.2 x 10° (inner), 7.0 x 10* (middle), and 2.0 x 10* (outer). These contours reveal the position of the star formation MS for
local galaxies. Green stars represent the PAH luminous galaxies at z ~ 1 sample from Lin et al. (2024). The plot on the right shows the different
positions of the star formation MS given by Schreiber et al. (2015) and Whitaker et al. (2014). For each MS, we differentiate the mass range used
by each author from the extrapolation by plotting the latter with a discontinuous line.

Figure 9 also manifests the need of considering SFRs esti-
mated from both emission line and Lig tracers. While the higher
end of the stellar mass range is not affected when using only the
Lir indicator, the low-mass end (<10° M) shows the impact of
not including the SFR from emission line galaxies without IR
emission, where the low-intermediate mass galaxies contribute
significantly. In this way, the apparent excess of SFR with
respect to that expected from the MS disappears when includ-
ing also the contribution from the emission line indicators. At
the same time, it shows a very good match with the MS in the
low-mass range. Our sample is therefore formed by galaxies that
follow the evolutionary path of the MS at this redshift range.

Table 4 shows the SFR density (SFRD) within the co-moving
volume of the global sample, which is estimated to be approxi-
mately 1.25 x 10* + 1.59 x 10°* Mpc?. The volume is constrained
by the redshift range of the full FIR sample (0.81 < z < 0.92).
The SFRD is computed by summing the SFRs of all galaxies in
the sample and dividing by the co-moving volume, with uncer-
tainties propagated from individual SFR errors.

As anticipated, the SFRD obtained from the whole FIR
sample is significantly higher than that derived only from the
emission-line subsample. This shows that non-ELGs contribute

significantly to the total SFRD, reinforcing the importance of
including obscured star formation. The factor of three differ-
ence between the SFRD of ELG alone and the total sample
underscores how, as argued before, relying solely on optical sur-
veys underestimates the true star formation activity, particularly
in dusty, FIR-emitting galaxies. The mean SFR per galaxy is
higher for ELG. This suggests that while ELG galaxies individ-
ually form stars at a higher rate, the larger population of non-
ELGs compensates for their lower individual SFR, leading to a
higher cumulative contribution to the total SFRD. This trend also
reflects the typically lower stellar mass of ELGs, highlighting the
key role of optical tracers in identifying and accounting for star
formation in these low-mass systems.

Figure 8 shows the evolution of the SFRD derived from
FIR emission as a function of redshift. We compare our result
with those reported by Madau & Dickinson (2014), converted
to a Chabrier IMF. Two estimates of the SFRD are shown: one
including all FIR emitters and one excluding sources affected
by FIR upper limits, as defined in Section X. Our estimate
of the SFRD is consistent with values reported in the litera-
ture within the uncertainties. Including sources affected by FIR
upper limits yields an SFRD closer to the Madau-Dickinson
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Fig. 8. Star-formation rate density as a function of redshift. Grey
empty markers show the compilation from Madau & Dickinson (2014),
adjusted to a Chabrier IMF. The black filled circle shows the SFRD
derived for our FIR-emitter sample including sources affected by FIR
upper limits, while the black open circle shows the SFRD obtained after
excluding these sources.

relation, while excluding them provides a more conservative
lower bound. The true value is therefore expected to lie between
these two estimates. However, the potential impact of cosmic
variance (CV) remains a relevant consideration, given the lim-
ited volume probed by the OTELO survey. Its ultra-deep, pencil-
beam design enhances sensitivity to faint emitters, especially
low-mass galaxies (OTELO-I), but at the cost of sampling a
narrow field that may not fully capture the large-scale struc-
ture of the universe. This increases susceptibility to CV, which
can introduce significant statistical uncertainty in derived quan-
tities such as the SFRD. Previous studies estimate that surveys
with areas comparable to OTELO’s may experience CV on the
order of 20-30% (Somerville et al. 2004). Including this contri-
bution would not significantly alter our conclusions but is impor-
tant for context when comparing with results from wider-field
surveys.

6. Conclusions

In this work, we have conducted a detailed analysis of the star
formation activity in galaxies at z ~ 0.9 using FIR data comple-
mented with deep optical spectroscopy. Beyond computing the
cosmic SFRD and the SFR to stellar mass relation, our results
provide a more nuanced understanding of the galaxy populations
contributing to cosmic star formation at this redshift, with par-
ticular focus on the obscured regime.

We found that FIR-based SFRs are broadly consistent with
Hp estimates corrected for extinction, so they provide robust
estimates of the total star formation, especially in dust-obscured
galaxies. Nevertheless, optical tracers remain essential for iden-
tifying star formation in low-mass or less obscured systems not
detected in the FIR.

Overall, this study demonstrates the need for a multi-
wavelength approach to fully capture the complexity of star
formation across galaxy populations. The FIR and optical trac-
ers play complementary roles: The former excels in massive,
dust-obscured galaxies, while the latter is crucial to detect-
ing star formation in low-mass, less obscured systems. These
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Fig. 9. Mean SFR per stellar-mass bin of equal logarithmic width for
the FIR-emitter sample (squares) and the combined FIR plus HS no-
FIR sample (circles) using identical mass bins for both. The number of
galaxies per bin for the FIR-only sample is [2, 14, 12, 29, 4], and for
the combined sample, it is [11, 17, 20, 30, 16]. Filled symbols include
sources affected by FIR upper limits, while open symbols show the
results after excluding them. Error bars indicate the 68% central interval
of the SFR distribution within each bin. The dotted green line and con-
tours represent the star-forming MS +10 at z ~ 0.9 from Popesso et al.
(2023). The solid orange line shows a Popesso-like fit to the FIR-only
binned data, with log(SFR,.x) = 1.51 and y = 1 fixed, following the
parametrization in Table 2 of Popesso et al. (2023). The dotted orange
line shows the same fit after excluding sources affected by upper limits.

results emphasise the importance of combining IR and spec-
troscopic data to obtain a complete and accurate view of star
formation.

We analysed the SFRD contribution as a function of stel-
lar mass and emission-line properties. Galaxies without emis-
sion lines, despite lower average SFRs, contribute significantly
to the total SFRD due to their large numbers and the presence of
obscured star formation. Conversely, ELGs show a higher mean
SFR per galaxy, particularly at low masses, placing them in the
high sSFR regime.

Our results also reveal a mass-dependent shift in the utility
of star formation tracers. The FIR emission becomes increas-
ingly dominant and reliable with stellar mass due to enhanced
dust attenuation. At the low-mass end, however, it fails to cap-
ture star formation activity, which is instead revealed by opti-
cal emission lines. As shown in Fig. 9, including emission-line
derived SFRs is necessary to trace this population and properly
recover the low-mass end of the star-forming MS. To highlight
this, we added a Popesso-style fit to the mean SFR per mass
bin of the combined FIR and ELG sample, fixing log SFR,x =
1.51 and ¥ = 1, in line with their formulation for the MS at
z = 0.9. The agreement between our fit and the reference MS
from Popesso et al. (2023), along with the absence of signifi-
cant deviations across the stellar mass range, suggests that the
OTELO galaxies are consistent with other star-forming popula-
tions at a similar redshift and exhibit no notable evolutionary
peculiarities.

Overall, this study demonstrates the need for a multi-
wavelength approach to fully capture the complexity of star for-
mation across galaxy populations. The FIR and optical tracers
play complementary roles, with the former being most sensitive
to massive dust-obscured galaxies and the latter being essential
for probing star formation in low-mass, less obscured systems.
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Table 4. Star formation metrics for each subsample.

FIRELG FIRnoELG NoFIR Total

Number of galaxies 14 47 33 94

Gross SFR (Mg yr™!) 234.71 447.36 7.83 689.9

SFRD (M, yr~! Mpc™?) 1.88x 1072  358x1072 627x107% 552x1072+£254x%x1073
sSFRD (yr~! Mpc™) 424x1073 3.03x10712 12x10712 4.66x1071?2+3.87 x 10713
SER per galaxy (Mg yr™!) 16.8 9.52 0.24 11.44

Notes. Gross SFR, SFRD, sSFR density (sSFRD), and SFR per galaxy for the FIR line emitting subsample, FIR non line-emitting subsample, the
ELG non-FIR emitting subsample, and the compound of all these. The co-moving volume of for the redshift range is 12 481.25 Mpc?.

Together, they provide a more complete and accurate view of star
formation across cosmic time.

Looking forward, instruments such as the James Webb
Space Telescope (Gardner 2012; Rigby et al. 2024) and pro-
grams such as the Cosmic Evolution Early Release Science
Survey (Finkelstein et al. 2023) will greatly enhance IR-based
studies of star formation, particularly by enabling the detection
and characterisation of increasingly dust-obscured galaxies at
NIR and MIR wavelengths. Together with FIR surveys such as
the one presented in this work, these observations will provide a
more complete view of obscured and unobscured star formation
and will help refine our understanding of their interplay across
cosmic time.
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Appendix A: Examples of SED fits

To provide a clearer view of the fitting quality assessment
described in Sect. 3, we show here representative examples of
sources meeting the selection criterion )(fe 4 < 2.5 (“good” fits)
and sources excluded from the sample due to poor fitting perfor-

mance.

A.1. Good fits: 2 | < 2.5

Figures A.1 and A.2 show examples of SED fits that satisfy the
sze 4 < 2.5 requirement. These sources also visually follow the
model predictions across the full wavelength range.
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Fig. A.1. Example of a good SED fit (., < 2.5).
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Fig. A.2. Second example of a good SED fit.

A.2. Bad fits: Excluded sources

Figures A.3 and A.4 present examples of excluded sources.
These objects show either significantly higher reduced chi—
square values or clear mismatches between the observed pho-
tometry and the model, justifying their removal from the final
sample.
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Fig. A.3. Example of a rejected source due to poor fitting (szcd ~3).
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Fig. A.4. Second example of a rejected source.
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