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Abstract
We present the analysis of a sample of Ha, HS, and [O 1] emission line galaxies from the OTELO survey, with

masses typically below log(My/

M) ~ 9.4 and redshifts between z ~ 0.4 and 1.43. We study the star formation

rate, star formation rate density, and their number density and evolution with redshift. We obtain a robust estimate
of the specific star formation rate—stellar mass relation based on the lowest-mass sample published so far. We also
determine a flat trend of the star formation rate density (SFRD) and number density with redshift. Our results
suggest a scenario of no evolution of the number density of galaxies, regardless of their masses, up to redshift
z~ 1.4. This implies a gradual change of the relative importance of the star-forming processes, from high-mass
galaxies to low-mass galaxies, with decreasing redshift. We also find little or no variation of the SFRD in the

redshift range of 0.4 < z < 1.43.

Unified Astronomy Thesaurus concepts: Luminosity function (942); Observational cosmology (1146); Star
formation (1569); Starburst galaxies (1570); Surveys (1671)

1. Introduction

The study of star formation along the cosmic times provides
an outstanding insight into the main physical processes driving
the evolution of galaxies at cosmological scales. There is a tight
relationship between star formation rate (SFR) and stellar mass
for star-forming galaxies—the main sequence (MS)—in both
the local and high-redshift universe (see Brinchmann et al.
2004, and many others). Focusing on the low-mass range, the
study of the SFR of dwarf galaxies allows us to establish a
direct connection to the early epochs of galaxy formation.
Whitaker et al. (2014) found that the evolution of low-mass
galaxies is steeper than in massive galaxies for galaxies with
masses larger than 10° M., using SFR obtained from
ultraviolet (UV) and far-infrared (FIR) continuum. In the same
way, Gonzalez et al. (2014) have shown that for sources with
M, ~5 x 10° M, the specific star formation rate (sSFR) shows
no evidence of significant evolution from z~2 to z~7
(sSFR ~ 2 Gyrfl). On the other hand, results of the EAGLE
and Illustris simulations suggest that low-mass galaxies behave
differently than more massive ones, agreeing with observations
for masses larger than 10° M, (Schaye et al. 2015; Vogelsber-
ger et al. 2014).

Previous works have shown that the star formation rate
density (SFRD) declines along cosmic time (see, for example,
Harish et al. 2020; Sobral et al. 2013), although the samples

used are composed by high-mass galaxies. Some studies, such
as Mobasher et al. (2009) who used a sample of galaxies with
masses larger than 10°° M., concluded that the massive
systems have had their major star formation activity at earlier
epochs (z>2) than the lower-mass galaxies. Davies et al.
(2009), analyzing a sample of dwarf galaxies at z~1,
suggested that for low-mass galaxies, the SFRD is roughly
constant from z = 1 to now. However, there are no conclusive
studies for low-mass galaxies at non-local redshifts, mainly
because of the difficulty of detecting such faint objects.

In this Letter, we present the results of the analysis of the star
formation activity of a sample of galaxies with masses as low
as log(My/My) ~ 7.12, with 80% of them below
log(My/My) ~ 9.4 at redshifts ~0.4-1.4 from the OTELO
survey, with the purpose of establishing the evolution of the
SFR and SFRD for these low-mass objects.

Throughout this Letter we assume a standard A-cold dark
matter cosmology with Q,=0.7, ,=03, and
Hy=70kms ' Mpc ™'

2. The OTELO Samples

This work takes advantage of the OTELO survey and its data
products (Bongiovanni et al. 2019). The OTELO survey is a
narrow-band-scan ultra-deep pencil-beam survey carried out
with tunable filters of the OSIRIS instrument on the Gran
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Table 1
Data Sample Description and Luminosity Functions
Employed Emission Line Number of (z) (V) logng* log L* o
Emitters 103 Mpc3) Mpc ™ dex 1) (ergs™)
Ha (Ramén-Pérez et al. 2019) 46 0.40 1.40 —2.75+£0.19 41.85 +£0.22 —1.21 £0.07
H3 (Navarro Martinez et al. 2021) 40 0.90 5.19 —2.77 £0.12 41.34 £0.27 —1.43 £0.10
[O 1] (Cedrés et al. 2021) 60 1.43 10.21 —3.23 £ 0.11 4244 +£0.11 —1.41 £ 0.09

Telescopio Canarias. It covers a region of 56 arcmin® of the
Extended Groth Field. Observations through 36 tunable filter
images in the 8950-9300 A region provides a pseudospectra
(R ~700) from which emission lines can be identified and
measured. The limiting flux detected in the OTELO survey is
~1.107" erg cm 2 57! A‘l, which constitutes the deepest
narrow-band survey to date. These data are complemented with
u, g, r, i, z, J, H, and K; photometry. Redshift and extinction
estimates has been obtained from the Le Phare code (Ilbert
et al. 2006) using representative templates of Hubble types
from Coleman et al. (1980), and starburst galaxies from Kinney
et al. (1996) and different E(B—V) assuming Calzetti et al.
(2000) law. The estimations of E(B — V') values were sampled
by the code in intervals of 0.05 mag. We obtained median
extinctions FEB-V)~0.1, EB-V)~0.1, and E
(B—V)~0.15 for Ha, HB, and [O1I] respectively (see
Ramoén-Pérez et al. 2019; Navarro Martinez et al. 2021 and
Cedrés et al. 2021).

A direct consequence of the design of the OTELO survey is
the favoring of detection of low-mass galaxies (M, < 10'°M..),
which comprise more than the 87% of the total detected
emitters (see, for example, Cedrés et al. 2021 and Bongiovanni
et al. 2020).

The luminosity functions (LFs) covering the main emission
lines for the OTELO emitters has already been calculated in
Ramoén-Pérez et al. (2019), Navarro Martinez et al. (2021), and
Cedrés et al. (2021) for redshifts z ~ 0.4 (Ha), z ~ 0.9 (HB) and
7~ 1.43 ([O1]), respectively. An in-depth description of the
methods and corrections applied (including the corrections
from the presence, completeness, and cosmic variance of active
galactic nuclei (AGNs)) can be found in those works.

In Table 1, a summary of the data employed in this study is
presented. This table includes the number of emitters, the
volume sampled at each band observed, and the Schechter
(1976) parameters for the LF fit.

3. SFR and sSFR

The SFR was calculated following Kennicutt (1998),
employing a Kroupa (2001) initial mass function (IMF).
SFR(M,, yr ") = 5.29 x 10~L(Ha)(erg s7Y), @)
SFR(M, yr~!) = 1.507 x 10~*'L(HA)(erg s~ ), 2)
for Ha and Hp, respectively. For [O 1], due to its dependence
on metallicity, we choose to use the improved Kennicutt (1998)
calibration proposed by Kewley et al. (2004),
5.29 x 107L([O u])(erg s~ Y

SFR(M, yr™ 1) = ,
—175 x [log(O/H) + 12] + 16.73

3)

where log(O/H) + 12 is the oxygen abundance for each of the
[O 1] emitters. Based on Henry et al. (2013), we assumed a
mean value for the metallicity for the gas phase of dwarf
galaxies at our redshift of ~8.5. To derive the uncertainties due

to the use of this mean value of the metallicity instead of a
properly derived quantity for each emitter, we assumed that the
real abundance could vary from a minimum of ~8.2 to a
maximum of ~8.8 (values given in Henry et al. 2013). Then,
we calculated the values for the SFR for the minimum and
maximum metallicity and used them as extreme values for the
SFR. The differences between the extreme SFRs and the SFR
from the mean oxygen abundance gives us the uncertainty
range in the SFR due to the metallicity dependence.

The Le Phare code (see Section 2) does not provide an
evaluation of the errors in E(B — V), therefore the uncertainty
in this term was not taken into account when determining the
uncertainty in the SFR. Nevertheless, the derived values of E
(B — V) are small, therefore the effect of dust extinction on the
derived SFRs should be small, although it would introduce
some extra scatter in our SFR estimates. It should also be noted
that by taking into account the fact that all of the lines
employed in this study sample a similar region of the ionizing
continuum, and hence the same timescale of the star formation
activity (see, for example, Cervifio et al. 2016 and references
therein), we can assume that all SFRs derived can be compared
with each other.

The stellar mass for each emitter was derived following
Lépez-Sanjuan et al. (2019) for quiescent and SFGs, employ-
ing rest-frame g- and i-band magnitudes, together with absolute
i-band magnitude (see Nadolny et al. 2020 for details). The
range of the masses derived were 10" < M, /M., < 10%° for
Ho 10" < My /M, < 10'7 for Hp and
10"% < M, /M, < 10"%% for [O ).

In Figure 1 panel (a) we have represented the SFR as a
function of the stellar mass of the galaxies. A small difference
in the SFR with redshift may exist, with the Ha-detected
galaxies having lower values of the SFR when compared with
the galaxies detected in H3 and [O 11]. This difference may be
attributed to a selection effect of the sources. Indeed, the mean
value of the SFR in Ha is 0.125 M. yr ', so if we want to
observe such SFR in the [O II] line, the value of the luminosity
has to be 2.36 x 10*° erg s~'. However, the minimum value in
luminosity detected for the [OI] galaxy sample is
2.37 x 10* erg s ! (see Cedrés et al. 2021). Nevertheless,
taking into account the uncertainties, the results for Ha are
compatible with the rest of the lines (HF and [O 11]) in the mass
range in which they coincide.

In Figure 1, panel (b) we have represented the logarithm of
the sSFR as a function of the logarithm of the stellar mass,
stacked in bins of 0.5 dex in log(My)[M]. It seems that the
results for the [O IT] emitters present a larger value for the sSFR
when compared with the Ha and Hf emitters; however, if we
take into account the uncertainties, this figure suggests that the
bulk of all the emitters, regardless of the observed line, are
located inside the area of the MS defined by the number of
galaxies from the SDSS database (Renzini & Peng 2015).
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Figure 1. Logarithm of the SFR (panel a) and the stacked sSFR (panel b) as a function of the logarithm of the stellar mass. Black triangles are the data from Ha
(Ramén-Pérez et al. 2019), red squares are the data from HG (Navarro Martinez et al. 2021), and blue circles are the data from [O II] emitters (Cedrés et al. 2021).
Contours correspond to the number of galaxies from the Sloan Digital Sky Survey (SDSS) database obtained by Renzini & Peng (2015) at values of 2.0 x 10* (blue),
7.0 x 10* (green), and 1.2 x 10° (red), the last one being the definition of the local star-forming MS.

Following Gilbank et al. (2011), we may assume a power-
law relationship between the sSFR and the stellar mass, such as
sSFR o< Mf. Our data sample have masses down to
log(My/My) ~ 7.12 for Ha, and median values of

log(My/M.) = 8.06, log(My/M) = 8.62 and
log(My/M) = 8.72, with 80% of galaxies below the masses
log(My/My) = 9.4, log(My/My) = 9.5 and

log(My/M) = 9.3 for Ha, HG and [O 1] respectively. We
obtain a least-squared fit to these stacked data with
ﬁHa =-0.1=x 02, 5H,H: —-05+0.2 and /B[OII] = —06 + 0.3.

This is consistent with previous works performed with
higher-mass ranges. Ramraj et al. (2017) obtained the sSFR for
the Ha line at z~1 in the mass range
8.5 < log(My/M) < 9.5, and a value of §= — 0.47 £+ 0.04,
and also from the data obtained by Gilbank et al. (2010), a
value of f=—0.08 £ 0.01 for z~ 0.1 in that mass range.

The depth of the data used is crucial to determine the slope
of the sSFR-stellar mass relation, as also noted in Ramraj et al.
(2017). The OTELO survey is able to sample the lowest-mass
ranges published to date for the objects that we study in this
Letter, allowing us to provide the most robust estimation of the
steepness of this relation. Our results reinforce the idea of
flatter slopes for 3 at intermediate redshifts than the previous
ones presented in literature (see, for example, Sobral et al.
2011, where they obtained = —1.0 +£0.07 at z~ 1).

4. SFR Density and Number Density Evolution
4.1. SFR Density

As explained in Section 2, the LF has been obtained for each
band employed in this study. This LF may be integrated to
obtain the total luminosity density. According with Schechter
(1976), the integral is equal to

L= [T swLdL =L T +2), @)
0

where I is the gamma function.

This integrated luminosity density can be converted into
SFRD by simply substituting the normal luminosity L by £ in
Equations (1), (2) and (3) for He, HB, and [O 11] respectively.

In Figure 2 panel (a) we have represented the SFRD as a
function of the redshift. Our data are the black dots (Ha, Hf,
and [O 11]), the open cyan circles are data from Ly et al. (2007),
Morioka et al. (2008), Harish et al. (2020), and Sobral et al.
(2013), all derived from the integration of their proposed LFs.
The red star is the data for dwarf galaxies only from Davies
et al. (2009). It is clear from the OTELO data that there is little
to no evolution of the SFRD for low-mass galaxies. Moreover,
OTELO results seem to be closer to the one obtained by Davies
et al. (2009). Cedrés et al. (2021) discussed how part of the low
value for the SFRD in [O1I] may be explained by the large
uncertainty presented in ¢* due to the cosmic variance (CV).
The same may happen with the other lines. Nevertheless, this
effect may include uncertainty on ¢* of about 100%, which has
been taken into account when deriving the errorbars in the
SFRD. Moreover, the uncertainty due to the CV will have a
random effect in the final value of the SFRD, but in our case,
all the lines present the same behavior, which makes it
compatible with a no-evolution scenario.

On the other hand, there is an increase in the SFRD with
redshift for samples containing low-mass and high-mass
galaxies. For low redshift, there is an agreement between
OTELO and the data from literature (Ly et al. 2007 for emitters
at z~0.07, Morioka et al. 2008 for emitters at z ~ 0.24 or
Sobral et al. 2013 for emitters at z ~ 0.4). This confirms the
suggestion of Davies et al. (2009), who pointed out that the
bulk of the SFRD shifts from high-mass to low-mass galaxies
with decreasing redshift. Meanwhile, the SFRD in low-mass
galaxies has remained fairly constant with redshift, and it is a
clear indication of the downsizing first suggested in Cowie et al.
(1996) and detected in Weisz et al. (2011) or in Rodriguez-
Muiioz et al. (2015), where it is hinted that at least 90% of the
stellar mass for low-mass galaxies is preferably formed at low
redshift (z S 0.15).
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Figure 2. Star formation density as a function of log (z+1). Our results are the black dots. Blue circles are the data from Ly et al. (2007), Morioka et al. (2008), Harish
et al. (2020), and Sobral et al. (2013); the red star is the result from only low-mass galaxies extracted from Davies et al. (2009). The SFRD for all the data is calculated
employing Kroupa (2001) IMF. In panel (a) the integration is performed up to infinity in mass, in panel (b) it is performed up to M, < 10° M.,

In Figure 2 panel (b) we have represented the SFRD for
OTELO survey integrated up to M, = 10° M, (black dots), to
include only low-mass galaxies. This was done in order to
better compare our results with that from Davies et al. (2009)
and represented as a red star. Indeed, the main body of our data
comes from low-mass galaxies, but the integration of the LF
from Equation (4) is performed up to infinity, which includes
some contribution by high-mass galaxies that may bias the
value of the derived SFRD.

We can obtain the contribution to the luminosity density of
only the low-mass galaxies analytically by doing the following:

Elowfmuss = Ltotal - »Chighfmass
= ¢*L¥[T(a + 2) — T'(a + 2, L/L9)], 5)

where I'(a+2, L/L") is the incomplete gamma function, and L
is the maximum value for the luminosity to integrate the
luminosity density, corresponding to the luminosity of the
maximum value of the stellar mass, in this case M, = 10° M.
To estimate the limiting value of L, we assumed a linear
relationship between the continuum of the emitters at the
observed bands and the stellar mass, and obtained a limiting
Lecon for the emitters with M, < 10° M. We also assumed that
the equivalent width of the lines is approximately constant for
low masses up to M, = 10° M.,. We know that this is a crude
approximation, but the assumption of a constant equivalent
width is roughly valid for our sample, as it is shown in Figure 9
of Cedrés et al. (2021) for the case of [OII] emitters.
Employing this, we were able to determine, in a somewhat
crude way, a limiting value for the luminosity of the line L from
Equation %). The obtained limits were
log(Llerg s~']) = 40.26, 40.71, and 41.27 for He, HB, and
[O 1] respectively. With those values, the resulting Loy —mass
from Equation (5) is then converted in SFRD following
Equations (1), (2) and (3).

From Figure 2 panel (b), we can see that the agreement of
our values of the SFRD with the results from Davies et al.
(2009) is now clearer. However, it seems that the Ho emitters

may present a lower value of the SFRD when compared with
the other emitters, even if the general result is well inside the
derived uncertainties. This can be explained by the very low
sampled volume for the Ha emitters (see Table 1), which is 5
and 10 times smaller in this line than in HS and [O1I],
respectively. This implies a larger uncertainty due to the cosmic
variance (Stroe & Sobral 2015) when compared with HG and
[O11]. Even so, it seems that the non-evolutionary scenario is
preserved.

4.2. Number Density

Each LF can also be integrated to obtain the corresponding
number density (N') for each redshift sample (Ho, HQ3, and
[O1]).

N = fo S(L)dL, ©)

In this case, we employed a numerical integration technique.
As integration limits, we used 38 < log(L)[erg/s] < 43 to
cover the full range of the possible masses of the emitters. We
obtained log(Mita[Mpe ™)) = —1.34703,
log(Ms[Mpe—3]) = —0.99103) and
log(Mom[Mpe ™)) = —1.0270%2. In Figure 3 we have repre-
sented the number density as a function of the logarithm of the
redshift for the Ho, HG, and [O 1] bands in the OTELO survey
(black dots). For comparison, we also have represented data
from Ly et al. (2007), Drake et al. (2013), Khostovan et al.
(2015), and Hayashi et al. (2013) (cyan dots).

The data points from previous works include galaxies not
filtered by mass that are in general more massive than those in
our sample. The scatter reflects a non-conclusive trend in the
evolution with redshift, especially in the range of z ~ 0.8. Our
work, based mainly on low-mass galaxies (M, < 10'°M.),
clearly establishes a flat slope in the evolution of the number
density with redshift.
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Figure 3. Number density as a function of redshift for the OTELO emitters

(black dots), and authors from the literature (cyan dots). The figure includes

data from Ly et al. (2007) (He, [O 111] and [O 11]), Drake et al. (2013) (Ha and
[O 11]), Khostovan et al. (2015) (HS ), and Hayashi et al. (2013) ([O 11]).

5. Discussion and Conclusions

By estimating the SFR for low-mass galaxies in the three
groups of emitters from 0.4 < z < 1.43 detected in the OTELO
survey, we find little or no evolution along with this redshift
range. The different limiting magnitude achieved at each
redshift window, with the lowest-mass galaxies detected at
z~ 0.4, explains the apparent lower values for the SFR and
sSFR at this redshift. At the same time, the smaller cosmic
volume mapped explains the lack of high-mass Ha emitters.

Nevertheless, the data for all the emitters follow the MS
defined by Renzini & Peng (2015) for both the SFR and sSFR.

We fitted a power law to the stacked and binned sSFR
relation with the stellar mass, obtaining [y, = —0.1£0.2,
Bug=—05+02 and Biom=—0.6+0.3. These results
expand previous works (Ramraj et al. 2017) to masses as low
as log(My/M:) = 7.12 and to redshifts up to 1.43. We find
shallower slopes when comparing with Sobral et al. (2011).
This flatter slope in the relationship between sSFR versus the
stellar mass indicates a more constant star formation history of
low-mass galaxies, as suggested by Ramraj et al. (2017).

By integrating the LFs for each group, we were able to
derive the SFRD and we represented it as a function of the
redshift. We find no evolution with z of the SFH for our
sample, formed mainly by low-mass galaxies. Even more,
when integrating only objects up to M, = 10° M., we get the
same result. The evolution found in previous works (Ly et al.
2007; Morioka et al. 2008; Sobral et al. 2013; Harish et al.
2020) would come from the contribution of higher-mass
galaxies. The value we obtained with Ha data seems to be
somewhat smaller than those from the other emitters. Never-
theless, its value is within the uncertainties. This may be
attributed to the cosmic variance effect due to the smaller
volume sampled when compared with the H3 and [O 1] data.
These results confirm the ones obtained by Davies et al. (2009)
for low-mass galaxies at z~ 1, and extend them to lower
(z ~ 0.4) and higher (z ~ 1.43) redshifts.

We performed a numerical integration of the number density
of the OTELO galaxies and data in the literature. No evolution
for low-mass galaxies was found.

Cedrés et al.

Taking into account all of these effects, the resulting picture
is a constant number density of galaxies, regardless of their
masses, up to redshift z ~ 1.43. At the same time, there is a
gradual change of the relative importance of the star-forming
processes, from high-mass galaxies to low-mass galaxies with
decreasing redshift. The contribution of low-mass galaxies is
constant with redshift up to z ~ 1.43, while the contribution of
high-mass galaxies increases with redshift. This may indicate
the presence of the downsizing effect, as described by Cowie
et al. (1996).

We can conclude that the low-mass galaxies are a valid
baseline comparator of the star formation activity indepen-
dently of the redshift window and the mass range considered.
This allows a new approach to the study of the evolution of the
SFR of intermediate to high-mass galaxies along the cosmic
times.
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