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ABSTRACT

LAEs and LBGs represent the most common groups of star-forming galaxies at high-z,
and the differences between their inherent stellar populations (SPs) are a key factor in
understanding early galaxy formation and evolution. We have run a set of SP burst-like
models for a sample of 1,558 sources at 3.4 < z < 6.8 from the Survey for High-z Ab-
sorption Red and Dead Sources (SHARDS) over the GOODS-N field. This work focuses
on the differences between the three different observational subfamilies of our sample:
LAE-LBGs, no-Lya LBGs and pure LAEs. Single and double SP synthetic spectra
were used to model the SEDs, adopting a Bayesian information criterion to analyse
under which situations a second SP is required. We find that the sources are well
modelled using a single SP in ~ 79% of the cases. The best models suggest that pure
LAEs are typically young low mass galaxies (f ~ 26*3} Myr; Myar ~ 5.6"1%% x 108 M),
undergoing one of their first bursts of star formation. On the other hand, no-Lya
LBGs require older SPs (¢t ~ 71 £ 12 Myr), and they are substantially more massive
(Mgtar ~ 3.5+ 1.1 x 10° My). LAE-LBGs appear as the subgroup that more frequently
needs the addition of a second SP, representing an old and massive galaxy caught in
a strong recent star-forming episode. The relative number of sources found from each
subfamily at each z supports an evolutionary scenario from pure LAEs and single SP
LAE-LBGs to more massive LBGs. Stellar Mass Functions are also derived, finding
an increase of M* with cosmic time and a possible steepening of the low mass slope
from z ~ 6 to z ~ 5 with no significant change to z ~ 4. Additionally, we have derived
the SFR-Mg,, relation, finding a SFR « Mgar behaviour with negligible evolution from
z~4toz~6.
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1 INTRODUCTION tical and Near Infrared (NIR) through their redshifted Ly

. . line and Lyman continuum break (e.g., Koo & Kron 1980;
Lyman Alpha Emitters (LAEs) and Lyman Break Galaxies Steidel & Hamilton 1993; Giavalisco et al. 1996; Ouchi et al.

(%B(ES) h?uve trzlmdl‘.clona%}iy been Ehe,twﬁ m(;n? tngs, Oft}ﬁlgh_z 2009; Robertson et al. 2010; Bouwens et al. 2011; Matthee
star-lormig galaxes. Lhey are typically detected m the op- et al. 2017; Sobral et al. 2018). The usual separation into

these two families is due to the selection techniques involved

in their detection, as well as the presence or not of the Lya
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emission line at high Equivalent Width (EW). LAEs have
traditionally been detected using narrow band filters (Hu
et al. 1998; Malhotra & Rhoads 2004; Taniguchi et al. 2005;
Iye et al. 2006; Gronwall et al. 2007; Ouchi et al. 2008, 2010;
Cassata et al. 2015; Santos et al. 2016; Matthee et al. 2017;
Sobral et al. 2017, 2018, among others). This technique usu-
ally employs complementary broad-band filters. The com-
parison of the emissions detected in the narrow-band with
the broad band sampling a similar wavelength makes it pos-
sible to identify emission excesses in the narrow band corre-
sponding to the Lya line emission. On the other side, deep
broad band images have been typically used to detect LBGs
through the Lyman-break technique (as in, e.g., Steidel et al.
2003; Giavalisco et al. 2004; Iwata et al. 2007; McLure et al.
2009; Oesch et al. 2010; van der Burg et al. 2010; Ellis et al.
2013; Bouwens et al. 2014, 2015; Laporte et al. 2016, among
others). Some authors have modelled LAEs and compared
them with the LBGs, claiming that LAEs represent a less
luminous LBG subset. Other works conclude that LAEs and
LBGs are essentially similar, the difference being solely in
the technique involved in their detection (Dayal & Ferrara
2012). However, other authors (e.g., Giavalisco 2002; Ga-
wiser et al. 2006) claim that LAEs are low mass sources, with
little dust and rapid star formation. In any case, the lack of
sufficient spectroscopy of sources at high-z has maintained
the usual separation normally assumed between LAEs and
LBGs.

Traditional narrow and broad band detection tech-
niques could imply missing the ultraviolet (UV) continuum
in LAEs or getting the LBGs line emission diluted in the
broad band filters, hence the advantage of employing a large
set of multiple consecutive medium/narrow filters to bet-
ter identify emission lines, as done in e.g., Rodriguez Es-
pinosa et al. (2014), Cava et al. (2015), Hernédn-Caballero
et al. (2017), Arrabal Haro et al. (2018) and Lumbreras-
Calle et al. (2019) to detect line emitters of different nature
in the Survey for High-z Absorption Red and Dead Sources
(SHARDS, Pérez-Gonzdlez et al. 2013). A filter configura-
tion of that characteristics not only provides Spectral Energy
Distributions (SEDs) with better spectral resolution, which
play a key role in the rejection of lower redshift interlopers,
as shown in Arrabal Haro et al. (2018), but it also allows to
select LAEs and LBGs simultaneously in a systematic way,
as achieved with MUSE (Multi Unit Spectroscopic Explorer)
in Bina et al. (2016), Drake et al. (2017) or Drake et al.
(2017b). In this work, we make use of the SHARDS survey,
which covers the GOODS-N field in the wavelength range
between 500-941 nm, with a set of 25 consecutive medium
band filters, thereby allowing the detection of both LAEs
and LBGs from z ~ 3.4 to z ~ 6.8, as shown in Arrabal Haro
et al. (2018).

Throughout this study we follow the definition given in
e.g., Iye (2011), where any galaxy with Lya emission line
is a LAE. This applies to sources with rest-frame Lya EW
above 5.1 A in our sample (see Arrabal Haro et al. 2018).
The term LBG is reserved for galaxies showing the Lyman
break and a well detected rest-frame UV continuum at red-
der wavelengths. Note that by definition an object can simul-
taneously be a LAE and a LBG. The sources that present
Lya line emission on top of a well defined rest-frame UV
continuum are named LAE-LBGs.

In fact, all LAEs should be LBGs. However, many LAEs

Table 1. Sample distribution among the three different observa-
tionally defined subfamilies.

Type Defining observational criteria N

No-Lya LBGs  mys00 <27 AB; EWryy S5 A 1030
LAE-LBGs misoo S 27 AB; EWpye 25 A 404
Pure LAEs myspo 2 27 AB; EWpye 25 AL 124

1 Even though this was the original Lya rest-frame EW crite-
rion, all pure LAEs presented values above 35 A.

can be so faint that their continuum is not detected with
the Lyman break dropout technique (Trainor et al. 2015,
2016). We will observationally call “pure LAEs” to those
emitters with a prominent Lya line and a very faint UV con-
tinuum not detected in SHARDS (mj500 2 27.0 AB). The
term “no-Lya LBG” will be used for those LBGs exclu-
sively selected through their Lyman break and not present-
ing Lya emission line up to our observational limit (Lya
EW, < 5.1 A).

We present herein the results of stellar population (SP)
synthesis models fitted to the SEDs of a sample of 1,558
high-z galaxies. We pay special attention to whether or not
two separated SPs are needed to model the various types
of sources. We estimate the age and Mgy, differences be-
tween the observational classes, as well as their relative pro-
portion with redshift. The paper is structured as follows:
Section 2 gives a quick overview of the sample previously
selected and the photometric data employed; Section 3 de-
scribes the simulations and the criteria followed to decide be-
tween single or double SP; Section 4 presents the results; Sec-
tion 5 discusses the main physical parameters derived from
the models as well as the relation between pure LAEs and
LBGs; Section 6 summarises the main conclusions. All calcu-
lations are made adopting a A-dominated flat universe with
Hy =68 km s™1 Mpc™!, Qp = 0.3 and Q4 = 0.7 (Planck Col-
laboration et al. 2016) and a Salpeter (1955) IMF. All mag-
nitudes are expressed in the AB system (Oke & Gunn 1983).

2 WORKING DATA

Arrabal Haro et al. (2018) used the 25 medium-width fil-
ters (FWHM ~ 17 nm) of the SHARDS ESO/GTC survey
(Pérez-Gonzalez et al. 2013) to simultaneously select LAEs
and LBGs. The sample of high-z galaxies was selected via
colour excesses and photometric fits of their SEDs. A com-
plete discussion of the sample build up, as well as the an-
cillary GOODS-N data used, can be found in Arrabal Haro
et al. (2018), where the coordinates, redshifts, rest-frame
Lye EWs, SFRs, Luminosity Functions (LFs), and other
physical parameters are given.

The final sample consists of 1,558 sources at z ~ 3.4-6.8,
distributed into 1,434 LBGs (404 of them showing Ly«
emission line with EWq > 5.1 A), and 124 pure LAEs
(m1500 = 27.0 AB; Lya EW( > 35 A) as summarised in Ta-
ble 1. Note that pure LAEs were originally selected as faint
continuum sources with a prominent emission in one of the
SHARDS filters representing the Lya line. Because of this,
all of them present EWy > 35 A (see Arrabal Haro et al.
2018). An example of a pure LAE is shown in Fig. 1. In order
to further extend our SEDs beyond the SHARDS wavelength

MNRAS 000, 1-20 (2019)
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Figure 1. Mosaic of three consecutive SHARDS filters sam-
pling the Lya emission of the z ~5.26 pure LAE SHARDS
J123720.02+621200.6 (within the vertical marks). The central fil-
ter of the image shows the Ly« line in emission. There is no de-
tection at shorter wavelengths, but neither red-ward of the cen-
tral filter, since the UV continuum is below the SHARDS de-
tection limit. This source shows a weak continuum detection in
HST/ACS images red-ward of Ly, though we use the SHARDS
images as reference for our definition of pure LAEs. North is up,
East is left.

range, we also make use of ancillary broad band GOODS-N
data from HST/ACS (Giavalisco et al. 2004b; Riess et al.
2007), HST/WFC3 (Grogin et al. 2011; Koekemoer et al.
2011) and Spitzer /IRAC (Fazio et al. 2004; Pérez-Gonzdlez
et al. 2005, 2008; Ashby et al. 2015), as available in the Rain-
bow Cosmological Surveys Database! (Barro et al. 2011,b,
2019). The NIR data is particularly relevant when modelling
these galaxies, since it provides more robust estimations of
the ages and masses of any significant older SPs. Likewise,
the non-detection in these NIR bands is typically linked to
younger and/or less massive galaxies. The IRAC photom-
etry, however, presents large Point Spread Function (PSF)
sizes, which could lead to neighbour emission contamina-
tion. To correct this effect, the IRAC photometry available
in Rainbow (Barro et al. 2019) made use of the TFIT soft-
ware (Laidler et al. 2007). This code takes accurate positions
of the sources in the highest resolution band (HST /F160W)
and creates PSF-matched models of the objects in the lower-
resolution bands, allowing the rejection of any flux contam-
ination due to neighbour sources. For more details about
the Rainbow photometry calculation we refer to Barro et al.
(2019).

3 METHODS

In order to shed light into the nature and evolution of LAEs
and LBGs, we have used the Code Investigating GALaxy
Emission (CIGALE, Noll et al. 2009; Boquien et al. 2019).
This python software builds stellar populations from syn-
thetic models combined with various Star Formation Histo-
ries (SFHs). CIGALE calculates the emission from gas ionised
by massive stars, applying an attenuation law to both the
ionised gas and the stars with a differential attenuation
between young and old stars. The energy absorbed is re-
emitted by the dust at mid/far infrared wavelengths. Com-
bining all the input parameters given, CIGALE creates a grid

! Operated by the Universidad Complutense de Madrid (UCM),
partnered with the University of California Observatories at Santa
Cruz (UCO/Lick, UCSC).

http://rainbowx.fis.ucm.es/Rainbow_navigator_public/.
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of models that are compared with the observed data, check-
ing their likelihood and selecting the best fit for each object.
This best-fitting model is then used to derive the main phys-
ical parameters. For more details about CIGALE, we refer to
Noll et al. (2009) and Boquien et al. (2019).

3.1 The models

We use the commonly adopted exponentially declining SFH
to model our SPs, as in, e.g., Papovich et al. (2001), Pérez-
Gonzélez et al. (2003), Pérez-Gonzdlez et al. (2008), Serra
et al. (2011), Rodriguez Espinosa et al. (2014) and Grazian
et al. (2015) but see also Carnall et al. (2019) and Leja
et al. (2019) for further discussions on SFHs. For this pur-
pose, CIGALE allows the use of a double exponential SFH
consisting in a first decaying exponential corresponding to
the long-term star formation responsible of the bulk of stellar
mass, plus a second exponential that models recent bursts
of star formation. The combined SFHs can be expressed as
follows:

exp(—t/1g) ift <tg—1
exp(—t/79) + k - exp(—t/71) ift >ty -1,

SFR(t) { (1)

where 1 and 1) are the e-folding times of the old and young
exponential SPs, respectively, and k is a constant indicating
the relative strength of the young burst. The time #; is the
age of the young population, while #y is so for the old one
(see Fig. 2). Furthermore, the fraction of stars formed in
the young SP relative to the total stellar mass is given by
the burst strength f, which can be expressed using discrete
integrals, as CIGALE accounts for the SFH with a period of
1 Myr:

to—1
i K, exp(—t/T) o
20 exp(—t/T0) + kT, exp(—t/71)

With this definition, & can be written in the following
way:

_F I exn(-t/n)
L=f gl exp(-t/n)

®3)

which indeed leads to the classical case of a single exponen-
tial model when f = 0.

Using this SFH, the models are computed with the
Bruzual & Charlot (2003) stellar emission library, adding
nebular templates based on Inoue (2011). A Salpeter (1955)
IMF is assumed as well as a Calzetti et al. (2000) dust ex-
tinction law. In order to avoid degeneracy and save compu-
tational time, we take the next approximations to constrain
some of the many possible input physical parameters:

e Regarding e-folding times, a first test was made using a
wide range of T values of up to 1 Gyr, finding that a large ma-
jority of sources are better fitted with short e-folding times
(see Fig. 3). In order to preserve the same nature of the SFH
for the entire sample, a 7 < 10 Myr constrain was adopted
in the models, both for 7y and 7;. Note that this short 7 val-
ues are consistent with previous models of high-z galaxies as,


http://rainbowx.fis.ucm.es/Rainbow_navigator_public/
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Figure 2. Double exponentially declining SFH for a main SP
with different e-folding times (different line styles) presenting a
second burst of star formation (solid orange line) for an arbitrary
f value. t =0 corresponds to the formation of the galaxy, while
to (grey dotted vertical line) represents its current age and #; is
the time elapsed since the beginning of the second burst of star
formation to fg.
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Figure 3. Distribution of the main SP e-folding times of the
best-fitting models obtained leaving 7 free up to 1 Gyr. Logarith-
mic bin widths are used for a better visualisation of the distribu-
tion at 7 2 10 Myr.

e.g., Rodriguez Espinosa et al. (2014) and Herndn-Caballero
et al. (2017), where fits prefer low values while allowing 7 to
vary. These short 7 values correspond to SPs representing
bursts of star formation.

e The Lya escape fraction (fesc) is set to 0.15, consistent
with previous calculations at high-z (Robertson et al. 2010;
Hayes et al. 2011; Rodriguez Espinosa et al. 2014; Matthee
et al. 2016; Sobral et al. 2017, 2018b). Very different es-
cape fraction values are estimated in most recent works. So-
bral et al. (2018b) show that the Lya escape fraction for
luminous z ~ 2-3 LAEs is very large (fesc ~ 0.5). The Lya
escape fraction for common LAEs at z =2.23 is also rela-
tively high according to Sobral et al. (2017), who measured
a fesc ~ 0.37 by directly measuring Ha and Lya for these
LAEs. On the other side, Matthee et al. (2016) also stud-
ied the escape fraction at z = 2.23 for more massive, star
forming and dusty Ha emitters, reporting much lower values
(fesc ~ 0.02 —0.05). The cosmic average of the Lya escape
fraction is estimated around fesc ~0.05—0.1 (Hayes et al.
2010; Sobral et al. 2017). Note that the information avail-
able in our SEDs does not allow a robust estimation of fesc
for each galaxy and so leaving it as a free parameter would
introduce a degeneracy with the age of the young SP. We
instead adopt a value of 0.15, which is consistent with the
estimation of fosc through the mean Lye EW( of the sam-

ple using the empirical estimator from Sobral & Matthee
(2019).

e For the dust correction, the colour excess is assumed to
be relatively low, up to E(B — V) = 0.12. This agrees with the
values of this parameter calculated using the mean B slopes,
and the A,y obtained in Arrabal Haro et al. (2018) in the z
range of study.

e For the Single Stellar Population (SSP) fits (burst
strength of f =0), the age is let free within a logarithmic
range from 3 to 1500 Myr. On the other hand, the Dou-
ble Stellar Population (DSP) models have the age of their
burst limited to a maximum of 50 Myr, while the age of
the underlying population can vary in a logarithmic range
from that age to 1500 Myr. Several tests with different age
ranges were made to constrain these values. Those carried
out with maximum ages below 1500 Myr showed a peak and
an abrupt cut at the maximum allowed age, especially at the
lowest redshifts. At the same time, no galaxies presented
ages above 1500 Myr when the maximum age limit was fur-
ther extended, which was expected since this value is close to
the age of the Universe at our lowest redshift. None of the
old SPs from the DSP models were neither younger than
50 Myr when this lower limit was extended.

e The relative strength of the young starburst in the DSP
models is limited between a minimum burst strength of
f =0.005 and a maximum of f = 0.5, which means that the
stellar mass of the young population should represent at
least a 0.5% of the total stellar mass of the galaxy in the
DSP best fits.

e We allow the metallicity to vary from Z =10~ up to
Z = Z@.

Finally, we make use of a CIGALE feature that allows us
to specify a prior for the integrated Lya line flux, previously
measured in Arrabal Haro et al. (2018). In this way, the
Lya line is weighted more heavily than other data-points.
Thereby, we make sure that the Lya line is well modelled in
those galaxies presenting it, avoiding low y? solutions where
the SED is well fitted except for the filter detecting the line,
which otherwise would be selected as best-fitting solutions
but that actually do not represent the Lya emission well.
In case of the 1,030 no-Lya LBGs, to avoid imposing too
strong constrains in the non-detected Lya emission, we pro-
vide them with a common negligible input Lya flux value,
while assigning large enough errors to reach the integrated
flux of the faintest Ly« line flux measured in the LAEs sam-
ple with the SHARDS filters in Arrabal Haro et al. (2018),
i.e., Fuin(Lya) = 1. 3+2 9% 1071 erg s~ em™2.

Additionally, in order to explore how the choice of a
different dust extinction law affects the main physical pa-
rameters derived with the models, we carried out some tests
with a randomly selected subsample of 132 sources (pre-
serving the proportion of galaxies from each observational
subclass). This subsample was fitted using single SP SFHs
with the exact same parameters described in this section but
varying from a Calzetti et al. (2000) dust law to a SMC-like
dust law. The differences obtained in ages and stellar masses
are shown in Fig. 4. It can be appreciated that ages es-
timated with the Calzetti et al. (2000) extinction law are
systematically older. Nonetheless, the age difference is not
very significant in terms of the associated error bars of the
age estimations.

MNRAS 000, 1-20 (2019)
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Figure 4. Age and stellar mass differences between a Calzetti
and a SMC-like dust extinction law for a random subsample. The
one-to-one line is shown in orange. Only ages below 200 Myr are
shown for clarity.
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Figure 5. Age and stellar mass differences between fisc = 0.15 and
fesc = 0.5 for a random subsample. The one-to-one line is shown
in orange. Only ages below 200 Myr are shown for clarity.

The same subsample of 132 objects was also fitted us-
ing a larger fosc = 0.5. Fig. 5 shows the age and stellar mass
differences found. It can be noted that the derived ages
are slightly older when using fesc = 0.15, especially for the
youngest objects, although the age difference is again not rel-
evant if the typical uncertainties of this parameter are taken
into account. Moreover, the youngest objects are this time
slightly less massive as fesc increases. This is consistent, since
given an observed Lya flux, it would correspond to a fainter
Ly« intrinsic luminosity the higher the fesc is. The same test
was carried out for the entire pure LAEs sample, more prone
to have higher fesc since they present higher Lya EWs (So-
bral & Matthee 2019). We find the same behaviour. In any
case, the stellar masses obtained using different extinction
laws and escape fractions are very similar and so no spe-
cially significant changes will take place in this regard, even
though it is worth noticing that the ages obtained would be
shorter if we used the SMC-like dust law and a larger fesc
for the analysis of the entire sample.

Furthermore, herein we will use an interpretation of the
ages in relative terms. This is because of their large uncer-
tainties, especially for the oldest galaxies. Since the existing
degeneracy between age and metallicity could be relevant
even when relatively comparing the derived ages, another
test was made with the 132 random subsample, making
several fits fixing a unique metallicity value each time (see
Fig. 6). The ages derived show that younger galaxies keep
being younger independently of the metallicity. Note that
the age-metallicity degeneracy can still be relevant for ob-

MNRAS 000, 1-20 (2019)
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Figure 6. Age comparison of a random subsample for three dif-
ferent fixed metallicities, using three typical values of the general
sample. Error bars have been omitted for clarity, but their mag-
nitude is comparable with that in the left panels of Figs. 4 and
5.

jects in the edges of the metallicity range employed for the
models, although the age differences are within the typically
large age errors.

3.2 Single and double stellar population
considerations

Since we want to determine whether a second SP is needed
to model our SHARDS high-z galaxies, both SSP and DSP
models are run separately, and their best solutions com-
pared.

To discriminate between the two approaches, we make
use of the Bayesian Information Criterion (BIC, Schwarz
1978) as explained in Liddle (2007) and applied in, e.g.,
Méndez-Abreu et al. (2018):

BIC = x? + g In(m), (4)

where ¢ is the number of free parameters of the model used
and m, the number of independent data points available. In
our particular case, SSP models have five free parameters:
age, stellar mass, e-folding time, colour excess and metal-
licity. However, E(B — V) and Z are the same for the young
and the old SPs in DSP models, and so those have eight free
parameters.

The advantage of using this Bayesian indicator over the
¥% when comparing results from different models is that
the BIC penalises the addition of extra free parameters in
a stronger way than the normal or even the reduced y2.
Defining the BIC difference between SSP and DSP models
as ABIC = BIC;gp — BIC,gp, there is a ABIC threshold from
which higher ABIC values correspond to scenarios where the
additional free parameters (in this case, an extra SP) are
needed to properly model the galaxy.

To calibrate our ABIC and obtain the threshold value, a
set of theoretical models created with one and two SPs are all
fitted with CIGALE using SSP and DSP models in a separated
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Figure 7. ABIC distribution of the mock galaxies. The vertical
dashed line marks the threshold ABIC = -4.50 beyond which a
source requires a DSP model. There is a majority of galaxies for
which the SSP and DSP best solutions have similar y2, resulting
in ABIC =~ —10 for g¢; = 5, g = 8 at a typical number of independent
SED points of m ~ 30 (see Eq. 4). For objects with ABIC < —4.50,
SSP models are preferred over double ones.

way in order to compare their ABIC distributions, following
the method used in Méndez-Abreu et al. (2018). In particu-
lar, we take the best-fitting SSP model and the best-fitting
DSP model of each one of the actual galaxies, convolve them
through our photometry filters and use Monte Carlo simula-
tions to create 50 new mock samples by perturbing the con-
volved photometry with Gaussian noise in accordance with
the photometric error of each point. In this way, we obtain
~155,800 mock SEDs whose origin is known (half of them are
product of SSP models and the other half come from DSP
models). Moreover, these mock SEDs provide a good repre-
sentation of our observed high-z galaxy sample as they are
perturbations of the convolution of the best models fitted to
the actual sample. They are then modelled both with single
and double SP in order to compare the resulting ABIC distri-
bution. The obtained histogram of ABIC values for the mock
galaxies is shown in Fig. 7. The limit from which 95.45% (20
significance) of the models come from DSP simulations is
given by ABIC = —4.50. Those cases for which ABIC > —4.50
can therefore be selected as our bona fide DSP galaxies. Note
that sources with ABIC < —4.50 might still be DSP galax-
ies. However, we cannot precisely discern the best way of
modelling each one of those individual sources in terms of
their ABIC, and so the simplest model is favoured over the
more complex one. That is, the best SSP fit is taken as the
best model for galaxies with ABIC < —4.50, while for those
with ABIC > —4.50 the best DSP model is taken. Notice also
that the ABIC value at which the purity of DSP objects
reaches the 20 level could vary depending on the proportion
of generated SSP and DSP models. In this regard, using a
set of Monte Carlo perturbations of both the SSP and DSP
best-fitting solution of each original galaxy of the sample is
especially relevant to estimate the threshold ABIC value for
this particular sample.

4 RESULTS

With the caveats mentioned in Sec. 3, we obtained good
CIGALE solutions for all the sources in the sample but three
very faint ones whose SEDs lack detection in many filters
and present large uncertainties in the measurements. In this
section we present the results of the model fitting, highlight-
ing the most significant differences found between the three

0.25

0.20 ZZA Pure LAEs

Z§ 0.15} i [ No-Lyw LBGs |
E(J.l()- i [0 LAEs/LBGs
0.05} |
0.00 , : = '
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Figure 8. ABIC distribution of pure LAEs (blue diagonals), LBGs
with no Lya emission line (red unfilled) and LAE-LBGs (solid
green) weighted by the amount of objects within each class. The
ABIC = —4.50 value from which two SPs are needed is depicted by
a vertical dashed line. It can be appreciated that the majority of
objects (79.0%) are well modelled using a SSP model. Thus, pure
LAEs and no-Lya LBGs are proportionally less represented in
the DSP models ABIC range than LAE-LBGs, whose distribution
is wider and more extended towards high ABIC values.

observational classes in our sample. Even though many phys-
ical parameters are computed by CIGALE during the model
fitting, we will focus here only in the ages and stellar masses
of the sample. We note that there is a well known degen-
eracy between age, dust and metallicity, and therefore age
values should be taken with care in an absolute sense.

In Table 2 we present the IDs, coordinates, ages and
stellar masses (split into young and old SP when we select a
DSP synthetic spectrum) derived for our 1,555 well modelled
galaxies. The median age and Mgy, of each subgroup are
shown in Table 3.

Additionally, as previously discussed in Sec. 2, the avail-
ability of IRAC detection in the SEDs is especially relevant
to discern whether we need to add a second SP or not, as
well as to reliably constrain the main physical parameters
derived. In Table 4 we give an overview of the proportion
of objects within each subfamily with detection in IRAC as
well as the fraction of sources requiring the addition of a sec-
ond SP. Indeed, ~98% of the DSP galaxies are detected in
IRAC. Moreover, these sources present median age and Mggar
relative errors of 40% and 33%, respectively, while these rel-
ative errors increase to 53% and 58% for the age and Mgy
of the IRAC-undetected objects.

4.1 Stellar populations required

We apply the calibrated ABIC criterion explained in Sec. 3.2
to get the best-fitting model for each individual galaxy of the
sample with either one or two SPs, finding that in most cases
(79.0%), these high-z galaxies do not require the addition of
an extra SP to model their SEDs. The frequency distribu-
tion of ABIC for the three families is shown in Fig. 8. Even
though the three groups clearly present their peaks within
the SSP ABIC range, it is worth noticing that the LAE-LBGs
family is wider and the one that more likely tends towards
higher ABIC values. Specifically, only 15.9% and 21.8% of
the no-Lya LBGs and pure LAEs need of a second SP in
their fits, respectively, while this occurs for 33.4% of the
LAE-LBGs (see Table 4). Further discussion on the reasons
of this behaviour will be given in next subsections and Sec. 5.
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Table 2. Main physical parameters derived from the best models fitted to each source: name of the object using the SHARDS identifi-
cation, right ascension and declination, photometric redshift, stellar mass, age and e-folding time of the main SP and same parameters
of the second younger population (when needed). The total Mgy, is the sum of Mr,m and Mg p. The last three column are left empty
when the best solution does not need any additional SP. A full version of this table is available in the on-line version.

Object Name R.A. Dec. z Mtar,m Agen 0 Marb Agey T]
(J2000) (J2000) (10° My) (Myr) (Myr) (10° Mg)  (Myr) (Myr)

SHARDS20010117  12:35:48.1  62:12:02.4  4.28 £ 0.06 1.88 +1.24 77 +44 34+2.7 - - -
SHARDS20007539  12:35:48.1  62:12:03.8 5.38+0.07 2.34+1.04 24 +12 4.24 +£2.35 - - -
SHARDS20012481 12:35:50.9  62:11:58.5 5.69+0.06 2.74+1.51 63 +31 2.91+£2.32 - - -
SHARDS20005927  12:35:51.5  62:12:16.5  3.22 +0.07 2.8+0.5 47 + 10 2.36 + 1.51 - - -
SHARDS20005405  12:35:51.6  62:12:12.7 4.03+0.07 6.5+1.31 74 £21 2.92+2.2 - - -
SHARDS20008074  12:35:52.2  62:11:20.8 5.53+0.07 0.60 + 0.32 20+ 9 1.9+1.56 - - -
SHARDS20008444  12:35:53.2  62:10:32.9  4.01 £ 0.07 6.3+5.0 950 + 500 5.0+3.2 0.89+1.30 35+12 2.02+1.5
SHARDS20010810  12:35:53.4  62:10:23.3  5.12 +0.06 1.4+0.9 72 + 44 33+2.7 - - -
SHARDS20005669  12:35:54.1  62:10:32.9  3.36 + 0.07 11.0+7.0 357244 5.2+33 0.46+0.94 24+14 3.0+29
SHARDS20011405  12:35:54.3  62:10:18.8  5.37+0.07 3.69 + 1.44 80 + 38 3.6+2.7 -
SHARDS20006420  12:35:54.4  62:10:33.8 3.88+0.06 7.06 +2.49 110 £ 50 4.3+3.0 - - -
SHARDS20006258  12:35:54.5  62:12:14.6  3.48 + 0.06 1.1+0.6 17 £11 2.04 +1.78 - - -
SHARDS20013727  12:35:55.0  62:12:04.8 5.96+0.07 20.0+10.0 294 +190 5.2+33 1.12+2.08 32+15 4.8+33
SHARDS20009009  12:35:55.2  62:11:25.4  3.89 + 0.06 1.7+0.6 66 + 28 3.2+2.48 - -
SHARDS20006827  12:35:55.7  62:10:19.0 4.28 + 0.06 1.9+0.8 38+ 16 1.83 +1.21 - - -

Table 3. Median age and stellar mass for each group and sub-
group in the sample. Ages shown correspond to the age of the
old SP. Error bars correspond to the standard deviation of the
median.

Type Age (Myr) Mgy (10° M)
No-Lya LBGs 71 £12 35+1.1
LAE-LBGs 40 +27 23+1.7
Pure LAEs 26%31 0.56%)-3

Table 4. Number and fraction of objects from each family de-
tected in IRAC and number of sources requiring two SPs to model
their SEDs according to the ABIC criterion.

Type Niotal Nirac Npsp

No-Lye LBGs 1030 882 (86%) 164 (15.9%)
LAE-LBGs 404 347 (86%) 135 (33.4%)
Pure LAEs 124 71 (57%) 27 (21.8%)

4.2 Age differences

Looking at the age distribution in Fig. 9, a large difference
can be appreciated between pure LAEs and no-Lya LBGs,
where the first ones are much younger, with a median age of
261"2% Myr, while that of the no-Lya LBGs is 71 £ 12 Myr.
It can also be appreciated a clear dichotomy in the age dis-
tribution led by SSP and DSP models. This dichotomy is
indeed product of the use of burst-like SFHs joined to the
large uncertainties associated to the physical parameters of
the old SP in DSP models. In the cases where two SPs are
needed to reproduce the SED, the Ly alpha line and UV
continuum are well fitted by the young and well defined SP
and so the old SP can adopt a large variety of ages in or-
der to fit the continuum points at longer wavelengths. When
this happens, very large ages typically lead to the best )(2 of
the global fit, producing a not representative gap of sources
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at intermediate ages. The discussion in this work is however
focused on the relative differences between SSP and DSP
sources, but the exact values of the age for the DSP mod-
els are too uncertain to consider them as accurate absolute
calculations, but only as an estimation of the order of mag-
nitude.

Even though the age dichotomy is found for the three
families, special attention is put onto the LAE-LBGs as
their SEDs present emission features better constraining
the young and old SP and therefore the need of a DSP
model: Ly emission line (not present in no-Lye LBGs) and
bright continuum measure, especially relevant at long wave-
lengths (not present in pure LAES). Moreover, this subgroup
is the one that more frequently needs the use of DSP mod-
els. The two peaks of the LAE-LBGs age distribution can
be associated to the inherent nature of the models fitting
those objects, split into: 1) SSP LAE-LBGs, corresponding
to very young galaxies (median age ~ 27 Myr) with large
enough Mg, to show a prominent UV continuum detectable
in SHARDS, and 2) DSP LAE-LBGs, representing a more
evolved galaxy with an older underlying massive SP suffer-
ing a recent star-forming episode, thus the additional young
SP.

To shed light on whether the SSP age difference be-
tween no-Lye LBGs and LAE-LBGs is only driven by the
detection of the Lya line or not, SSP LAE-LBGs are fit-
ted a second time omitting the Ly line contribution from
their SEDs by replacing the flux in the filter sampling the
Lya line with an estimation of the continuum emission from
the adjacent SHARDS filters or the broad band HST/ACS
photometry when needed. The new Lya-removed photom-
etry is then refitted with and without the integrated Lya
flux prior used for the no-Lya LBGs (see Sec. 3.1). In both
cases, the median age obtained for the SSP LAE-LBGs in
this second run is only ~ 6-8 Myr younger than that of the
SSP no-Lya LBGs, being not different within their errors.
This highlights that the youthfulness of the SSP LAE-LBGs
in the models comes from the Lya emission line, also imply-
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ing that some no-Lya LBGs for which the intrinsic Ly« line
remains undetected because of scattering or dust extinction
could be equally young as well, adding an extra difficulty in
the characterisation of this last subgroup.

4.3 Stellar mass differences

Regarding the stellar mass, the distribution presented in
Fig. 10 shows again a clear difference between pure LAEs
(median Mgiar ~ 5.6J_r;_25'0 x 108 Mg) and no-Lye LBGs (me-
dian Mgar ~ 3.5+ 1.1 X% 10° Mg), with My an order of mag-
nitude higher for the latter ones. Notice also that the
LAE-LBGs present a smooth My, distribution along a wider
Mgar range, with a median value of 2.3 + 1.7 x 10° Mq. Here
again, when we separate the contribution of SSP and DSP
models, it can be appreciated that the more massive side of
the Mgye distribution is driven by the DSP sources while
the low side of the mass distribution corresponds to the
SSP ones. This result is not surprising once we take into
account that, according with Fig. 9, the DSP galaxies are
much older and therefore have typically been forming stars
for a much longer time, becoming more massive on average.
Additionally, the detection of a relevant second SP is only
possible in the most massive galaxies, where the old pop-
ulation presents a strong enough brightness at the longest
wavelengths. In the particular case of the LAE-LBGs, these
DSP objects could be understood as no-Lya LBGs that see
their star formation increased by some triggering physical
mechanism (mergers or neighbour gravitational interaction,
instabilities, large cosmic web gas accretion, etc.) becoming
LAE-LBGs (see Fig. 17).

4.4 Burst strength

For the 326 galaxies better fitted using DSP models, a study
of the relevance of each population in terms of mass is done
by looking at the burst strength parameter f, whose distri-
bution is shown in Fig. 11. We find that the burst strength
remains low in almost all cases, with a 96% of the objects
at f < 0.17. This distribution shows that even in the cases
where a DSP modelling gives better results, these galaxies
are still dominated by the main old SP in terms of stel-
lar mass. Furthermore, the M, of the young SP is almost
negligible. However, it is important to highlight that the rel-
evance of this young population comes with the conspicuous
Lya emission line and UV luminosity, which could not be
reproduced using only a single old SP. No significant differ-
ences of the burst strength distribution were noticed among
the three observational subgroups and no trend with redshift
was neither found.

4.5 Stellar mass functions

With the stellar masses derived from the best-fitting SP
models we build Stellar Mass Functions (SMFs) at each
redshift up to our stellar mass completeness. To estimate
this completeness Mgy jim, We make use of the technique
employed in e.g., Pozzetti et al. (2010) and Davidzon et al.
(2017) to calculate the stellar mass limit for a survey limited
in magnitude. This method consists on taking the masses

derived in each redshift bin and rescaling them to the mag-
nitude limit of our survey:

log(My resc) = log(Mgtar) + 0.4(m — myjpy, ). (5)

We adopt mjjy, ~ 27 AB as an approximation of the aver-
age 30 limit detection in the SHARDS filters. The Mgy jim
is then defined as the 90th percentile of the Mstarresc
distribution. With this method, we estimate an average
Mgtar im ~ 7.4 X 10° Mg for our stellar mass sample. This
Mgar completeness means that our SMFs are dominated by
the LBGs population, as the majority of pure LAEs present
masses below that limit (see Fig. 10). Additionally, a Vipax
correction (Schmidt 1968) is considered when building our
SMFs. The main advantage of the Vipax correction is that it
directly provides the normalisation of the SMF. To model
the SMF, we make use of the widely used Schechter (1976)

function:
¢(M)dM = ¢™ exp(-M [ M*)(M [M*)*dM | M*, (6)

which can be better expressed in the log M space when work-
ing with SMF's:

¢(M)dlog M = ¢* In 10 exp(—10'°8 M -log M")
x (101 Me My L og . ™)

The resulting SMF's are shown in Fig. 12 as well as the
best Schechter fits and their 1o and 30 confidence inter-
vals derived from Monte Carlo simulations perturbing the
points themselves as well as the Mg,y bin sizes and centres,
as explained in more detail in appendix A. The error bars of
our points correspond to the Poissonian uncertainties. The
few points available at z ~ 5-6 up to our stellar mass com-
pleteness make the estimation of the a slope very difficult
at these z, hence the large uncertainties derived from the
fitting. Moreover, the calculated Mgy jim ~ 8.3 X 10° Mg at
z ~ 6 seems to be slightly underestimated as it includes in-
complete SMF points close to the M* knee for certain pertur-
bations of the Mg, bins, which derive in positive a values. To
avoid this issue, we constrain the « fitting to -3.0 < @ < -0.9
at z ~ 6 and limit the SMF points to those strictly increasing
up to our Mgy jim as we consider that further ones are ac-
tually incomplete. Note that this approach could be slightly
biasing the obtained a values towards more negative values
at z ~ 6. More details on the fitting process, as well as the
significance contours of the fitted Schechter parameters at
each redshift are given in appendix A.

By integrating the SMF from 108 to 10'3 M (asin, e.g.,
Duncan et al. 2014; Grazian et al. 2015; Song et al. 2016), we
obtain the Stellar Mass Density (SMD) at each redshift. The
best-fitting Schechter parameters are summarised in Table 5
as well as the calculated SMDs. A comparison of our SMD
estimations with previous works is shown in Fig. 13, where
it can be appreciated that our calculations follow the gen-
eral trend with z reported by previous authors, presenting a
especially large uncertainty at z ~ 5-6 due to the mentioned
lack of information in the low mass regime of our SMF at
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Figure 9. Left panel: Main SP age distribution for the pure LAEs (blue diagonals), LAE-LBGs (solid green) and no Ly« line LBGs
(unfilled red). Notice that most pure LAEs show low ages (71% below 50 Myr), while the no-Lya LBGs are typically older, peaking at
~ 71 Myr. Right panels: Split contribution of SSP and DSP models to the age distribution of each family. The observed dichotomy is due

to the use of burst-like SFHs joined to the limitations of the SEDs to constrain the old SP in DSP models.
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Figure 10. Left panel: Stellar mass distribution of pure LAEs (blue diagonals), LAE-LBGs (solid green) and no-Lye LBGs (unfilled
red). Notice that both LBGs families show substantially higher Mgy, than the pure LAEs. Right panels: Split contribution of SSP and
DSP models to the age distribution of each family. It can also be appreciated that the DSP galaxies present the larger stellar masses.

Table 5. SMF best-fitting Schechter parameters and the corre-
sponding SMD obtained by integration of the SMF from 10% to
10'3 My. The shown uncertainties correspond to 1o significance.
The redshift ranges represented correspond to 3.5 <z <4.5;
4.5 <z <5.5and 5.5 <z <6.5, respectively.

(z) log M* log ¢* a log p.

4 1 1.06’:§:§§ -4. 14f§:%§ -1.72j§}3 7.36’:§:?§
5 10.781’8:%2 —3.97f8;63 ~1.76* 8%% 7~26i8j§2
6 10517008 —4.06*0-02  —1.49*0:22 670013

that redshift and the corresponding uncertainty of the esti-
mated @ slope.
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4.6 SFR-Mgiar relation

To build SFR-Mg,, relations at each z and compare them
with previous estimations, we make use of the SFRs cal-
culated for this sample in Arrabal Haro et al. (2018) us-
ing the Kennicutt (1998) and Madau et al. (1998) prescrip-
tions after correcting for both galactic and internal dust ex-
tinction following Schlafly & Finkbeiner (2011) and Calzetti
et al. (2000), respectively. Those SFRs were calculated us-
ing the Lya emission line for the pure LAEs and the UV
luminosity for the LBGs. The SFRs of the pure LAEs are
estimated through their Lya luminosity in Arrabal Haro
et al. (2018), thus they are not on equal terms with the
UV-derived SFR-~Mg,r relation. To avoid using multiple dif-
ferent SFR indicators, we only make use of the SFRs esti-
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Figure 11. Distribution of the burst strength in the sources bet-
ter approached by DSP models. The higher frequencies at low
burst strength value indicate that even though two SPs are needed
to properly model these objects, their SEDs are mostly the prod-
uct of a main massive dominant old SP, with the young SP being
almost irrelevant if not for the UV luminosity.

mated through L5009, which allow us to compare our results
with previous works studying this relation in a similar fash-
ion such as, e.g, Salmon et al. (2015). Moreover, the SFRs
derived through the Lya line luminosity can be strongly af-
fected by resonant scattering. For a recent detailed study
of the SFR-Mg,r relation estimating SFRs of high-z LAEs
through their Lya luminosity, see, e.g., Santos et al. (2020).
The so-called SFR-Mg,r main sequence (Fig. 14) is modelled
using the common linear approach between the logarithm of
these magnitudes (e.g., Salmon et al. 2015):

1og[SFR (Mo yr™1)] = Blog[Mar (Mo)] + C. (8)

The error bars shown in Fig. 14 correspond to the stan-
dard error of the median SFR at each Mgy, bin. To fit
the slope and zero point of the relation we applied Monte
Carlo methods not only perturbing the points within the
errors, but also the Mgy bin centres and sizes in a range
of 0.1-0.5 dex. To compare our results, we use data from
semi-empirical models (Behroozi et al. 2013), hydrodynamic
simulations (Davé et al. 2013) and observational data from
Salmon et al. (2015). Note that the distribution of these ob-
servational data matches very well ours, though the trend
of the theoretical models is slightly steeper. The best-fitted
values of B8 and C are given in Table 6. It can be noticed
that the slope of the SFR-Myr remains invariable with z
within errors, as it has been previously reported in the liter-
ature (Stark et al. 2009; Gonzélez et al. 2010; Papovich et al.
2011; Salmon et al. 2015). The implications of this absence
of evolution in the SFR-Mg,, relation with z will be further
discussed in Sec 5.

In order to study the distribution of the different sub-
classes along this main sequence employing the same SFR
estimator for all of them, we make use of the main sequence
built up with the SFRs derived from the best-fitting SSP
CIGALE models (Fig. 15). Note that the different nature of
the SFR estimators makes their absolute values difficult to
compare as they can differ substantially. Indeed, as reported
in, e.g., Oti-Floranes & Mas-Hesse (2010), usual SFR esti-
mators tend to have strong assumptions on the SFH. These
assumptions can be incorrect when using burst-like SFHs
as the ones employed for high-z galaxies in this paper, re-
sulting in very differing SFR estimations. Because of this,
the absolute model-derived SFRs from burst-like SPs are

Table 6. Best-fitting parameters for the SFR- Mg, main sequence
built up using UV-derived SFRs (second and third columns) and
model-derived SFRs (last two columns).

(z) BrL, 500 CrL, 500 Pmod Cimod
4 0.48+0'07 _3.45+0.92 0.83+0'09 _6_01+0.52
-0.10 —0.7¢ -Q. -Q.
5 0.46f§ig —3.25j?§§ 0.79j§-(§§ —5.56j§~§§
. : : 1.4
6 0517030 _356t180 0201 59+

higher than those from Behroozi et al. (2013) and Davé
et al. (2013), who did not employ short-lived star forma-
tion episodes. Nevertheless, their main sequence slope is
similar to the model-derived slope obtained for our sam-
ple. For more details on differences in SFR calculation, see
Boquien et al. (2014) or Boquien et al. (2016), among oth-
ers. The reason to study the SFR-Mgy,r using the SFRs
from the models is, apart from having an additional mea-
sure of the main sequence slope, to analyse relative differ-
ences between subclasses from a common SFR estimation.
The best-fitting parameters of this model-derived SFR-Mj,r
relation are also shown in Table 6. The slope obtained in
this second case is slightly steeper than those obtained em-
ploying the UV-derived SFRs, getting closer to the theoret-
ically predicted by Behroozi et al. (2013) and Davé et al.
(2013). Furthermore, the SFR-Mgir relation derived from
the best-fitting SSP models also remains constant between
7 = 4-6, reinforcing this result.

Regarding the different subgroups distribution, it can
be appreciated that pure LAEs occupy the left end of the
main sequence, corresponding to lower stellar masses and
SFRs, while LBGs conform the bulk at intermediate and
large masses. Note that both LAE-LBGs and pure LAEs
appear in the upper side of the main sequence, in agree-
ment with the idea of these sources experimenting a recent
star-forming episode, while no-Lye LBGs are placed in the
bottom-middle side of it.

5 DISCUSSION

One of the particularities of this study lays on the very short
7 values found for the best-fitting models of the sample.
These short v values represents bursts of star formation.
This result leads to younger ages than those typically ob-
tained in previous models of high-z LAEs and LBGs us-
ing fairly constant SFHs, where the estimate ages are of
the order of few hundreds Myr (see, e.g, Dayal & Ferrara
2012). However, shorter ages like the ones presented here
for SSP star-forming sources have also been obtained for
LAEs and LBGs using different SFHs. Jiang et al. (2016),
for example, found a similar age bimodality (also present
in their Mgy, distribution) when modelling high-z galaxies
with exponentially declining SFHs with larger e-folding time
(r=200 Myr) and smoothly raising SFHs. Employing a con-
stant SFH, Yuma et al. (2010) also found very short ages
(median age of 25 Myr) for z ~ 5 LAEs. In any case, the age
estimation of high-z LAEs and LBGs through SED fitting
presents large uncertainties independently of the input pa-
rameters of the models employed, and so our interest is in
spotting relative differences between observational subfami-
lies rather than calculate exact absolute age values.
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Figure 12. SMF at z ~ 4, z ~ 5 and z ~ 6. The Monte Carlo best fit is indicated with the solid blue line, while the darker and lighter blue
contours correspond to the 68% and 99.7% confidence intervals, respectively. For comparison, we also show previous SMF calculations
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(2017) and Stefanon et al. (2017). All SMFs have been rescaled to a Salpeter IMF for comparison.
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Figure 13. SMD obtained by integration of the SMFs at each
z. To give a global view of the SMD evolution with z, we show
previous estimations from Dickinson et al. (2003, D03), Fontana
et al. (2006, F06), Pozzetti et al. (2007, P07), Pérez-Gonzélez
et al. (2008, PGO08), Kajisawa et al. (2009, K09), Marchesini et al.
(2009, M09), Marchesini et al. (2010, M10), Labbé et al. (2010,
L10), Caputi et al. (2011, C11), Gonzélez et al. (2011, G11), Mort-
lock et al. (2011, M11), Lee et al. (2012, L12), Santini et al. (2012,
S12), Ilbert et al. (2013, I113), Muzzin et al. (2013, M13), Dun-
can et al. (2014, D14), Tomczak et al. (2014, T14), Grazian et al.
(2015, G15), Song et al. (2016, S16) and Davidzon et al. (2017,
D17). All SMDs are rescaled to a Salpeter IMF.

MNRAS 000, 1-20 (2019)

The stellar masses found for high-z LAEs and LBGs
are better constrained in the literature, presenting values in
the 108-10!! Mg range with median values of a few 10° Mg
(see, e.g, Yuma et al. 2010; Dayal & Ferrara 2012; Duncan
et al. 2014; Grazian et al. 2015; Jiang et al. 2016; Song et al.
2016; Davidzon et al. 2017), with LAEs typically present-
ing lower masses, which can also be related with a selection
bias effect as stated in Dayal & Ferrara (2012). The stel-
lar masses found in this work are in good agreement with
previous estimations at high redshifts.

5.1 LAEs and LBGs stellar population differences

From the ages and stellar masses derived with CIGALE we
can build some relations between the different observational
families previously defined. As highlighted in Sec. 4, the age
values are on the low side due to the existing degeneracy
between dust extinction, metallicity and the age itself, and
so these absolute values should be taken with care. Never-
theless, we can use them to trace age differences between
our various families of LAEs and LBGs.

On the one side, we have the pure LAEs, defined
as objects with strong Lya line emission but a faint
UV continuum (mys09 2, 27 AB). These sources typically
present low stellar masses in their young SP (median
Mstar = 5.61.25'0 x 108 Mo). Additionally, the presence of
strong Lya emission quickly decays with time as it traces
the Lyman continuum radiation which is only produced by
O and late type B stars with M > 10 M and lifetimes of a
few Myr, and so it is an indicator of recent star formation.
That, on top of the low Mgy, indicates that these galax-
ies should be typically young, since they are currently in
a star-forming burst but have not been forming stars long
enough, in the past, to present larger stellar masses. This
hypothesis is confirmed by the median age obtained with
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Figure 14. SFR-Mg,, relation measured at each redshift using the UV-derived SFRs. Pure LAEs are not considered in this SFR-Mq,,
relation, since their SFRs are only estimated through their Lya luminosity. The error bars of our data (blue circles) is associated to
the standard error of the median SFR at each Mgy, bin. The blue solid line corresponds to the best fit and the darker and lighter blue
regions delimit the 1o and 30~ confidence intervals of the fit, respectively. Theoretical predictions from Behroozi et al. (2013, faded green
contour) and Davé et al. (2013, faded yellow contour) show slightly steeper slopes than the observations from Salmon et al. (2015) and
our sample. The slope of the SFR-Mjy,: relation does not show a significant change with z.
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Figure 15. SFR-Mg, main sequence measured at each redshift using the SFRs given by the best-fitting SSP CIGALE models. The orange
region delimit the 30~ confidence interval of the fit. The slope of the SFR-Mgy,, relation does not change with z within our redshift range.

the CIGALE fitting for this family (26f‘21; Myr). According to

this, many of these sources could indeed be experimenting
one of their first episodes of star formation, or at least one
strong enough to overtake all the older stars in luminosity.
Furthermore, we also find that most of these objects can be
explained using a single decaying exponential SFH. An ex-
ample of this is shown in Fig. 16, where the Lya emission
line, together with the absence of strong UV continuum pho-

tometric points makes it possible to model these pure LAEs
in terms of a single young and low mass SP. Note that some
of these SSP-fitted sources could actually host an old SP
from previous star-forming episodes. However, these old SPs
are not massive enough to be identified over the young SP
luminosity. The 27 DSP pure LAEs found in this work can
be modelled as older and more massive galaxies that are ex-
perimenting a recent star-forming episode. This recent star
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Figure 16. Best model for the pure LAE SHARDS
J123640.20+621228.8. The black squares are the photometric
points used in the fit. The final model (grey line) is split into the
attenuated stellar emission (orange line) and the nebular emission
(yellow line). The non-attenuated stellar emission is also repre-
sented by the dashed bluish line. The SED presents a clear Lya
emission line, but the absence of strong continuum points at the
longest sampled wavelengths makes it possible to fit it with a
single young and not so massive SP.

formation is not strong enough to raise the UV continuum up
to a flux level measurable in SHARDS, but it does raise the
Lya emission associated to young short-living stars, while
the old SP makes them detectable at longer wavelengths in
the IRAC range.

For the LAE-LBGs, the dichotomy found in their age
and Mgy, distributions shown in the right panels of Figs. 9
and 10 set a similar differentiation between SSP LAE-LBGs
and DSP LAE-LBGs as with pure LAEs. The objects of
this family that can be fitted using a SSP are the youngest
and less massive within the LAE-LBGs. These cases do
not present any strong emission at longer wavelengths and
can therefore be reproduced by a young SP (median age of
27 + 6 Myr) with Lya line in emission and a fairly flat UV
continuum. According to the description given in the previ-
ous paragraph for the pure LAEs, the SSP LAE-LBGs would
just be the most massive members of that same class: young
galaxies well modelled by a SSP, with the only difference that
SSP LAE-LBGs present a massive enough young SP (me-
dian Mg = 1.04 +0.48 x 10° M) to show an UV continuum
detectable in SHARDS, preventing the pure LAEs observa-
tional classification but actually belonging to the same kind
of objects. On the other side, the DSP LAE-LBGs are much
older and more massive. The need of a second SP to under-
stand the SEDs of this subgroup comes from the presence of
the Lya emission line plus some bright IRAC points. Both
emission features cannot be simultaneously fitted by a SSP
with the characteristics employed in this work (as in, e.g.,
Rodriguez Espinosa et al. 2014). In Fig. 17, we present two
examples to illustrate what happens when we try to fit some
of these objects SEDs with a SSP that either fits well the
Lyea line but not the longer wavelength continuum or the
other way around. The CIGALE best solutions for this sub-
group suggest that the DSP LAE-LBGs can be understood
as older galaxies with an old SP that raises the continuum
emission at longer wavelengths, currently experimenting a
recent star-forming episode triggered by accretion of new
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gas or by mergers. It makes sense thinking about the obser-
vational definition of pure LAEs and LAE-LBGs being the
same kind of galaxies (just LAEs) with the only difference
that pure LAEs are more frequently fitted by SSP models,
while LAE-LBGs require the addition of the old SP more
often.

On the other side, we have the no-Lye LBGs,
understood as galaxies selected through their Ly-
man break in the UV continuum emission, but with-
out Lya line detected in the SHARDS photometry
(F(Lya) < 1.3*29% 107" erg cm™). This family is the
oldest and most massive of the SSP models of the three
predefined observational families, with a median stellar
mass almost an entire order of magnitude above that of
the pure LAEs (Mg = 3.5+ 1.1x10° Mg). The absence
of a detectable Lya line should not be taken as a secure
indicator of the relative faintness of the most recent star
formation in these objects, since the real Lya emission
of the galaxy can be strongly affected by dust extinction
and resonant scattering through the interstellar medium.
Indeed, dust extinction affects strongly both the Lya line
and the rest-frame UV continuum. Hence, there is an
intrinsic selection effect towards galaxies with low internal
extinction. Lya photons scattering by neutral gas, on the
other hand, plays an important role in the fraction of LBGs
with and without Lya emission. Regarding Lya H 1 resonant
scattering, recent works estimate different escape fraction
values depending on the galaxy population, as commented
in Sec. 3.1, from large fesc ~0.5 for bright z ~2-3 LAEs
(Sobral et al. 2018b) and typical LAEs (Sobral et al. 2017;
Sobral & Matthee 2019) to very low fesc ~ 0.02 —0.05 for
more massive and dusty z=2.23 Ha emitters (Matthee
et al. 2016). In any case, these Lya destruction or scattering
phenomena are very difficult to quantify with our data so
the discussion of this no-Lyae LBGs family aims to give a
general overview of the class, even though there could be
particular cases not matching it.

Thus, the results from the CIGALE fits point to the
no-Lya LBGs typically being a more evolved stage after
previous episodes of star formation. Thus these sources will
have time to form a large amount of stars and therefore show
larger stellar masses and stronger continuum emission sup-
ported by the old long-living stars. The need of a second
SP to model this class is another problem difficult to an-
swer. According to the idea of these more massive sources
being the product of many previous star-forming episodes,
it could also be thought that the most reasonable way of ap-
proaching them should be using more than one SP. However,
the emission patterns that more easily differentiate young
SP from old ones (as the nebular emission or the bright-
ness of the UV region of the SED) are not conspicuous in
these sources. This indicates that they do not have a really
young SP (< 25 Myr). Nonetheless, given that there exists
a degeneracy in the number of relatively old SPs with dif-
ferent ages (understood as different star-forming episodes)
these sources could usually be reproduced by a single stel-
lar population. As we adopted the BIC as a good indicator
to estimate whether a second SP is needed in our models,
the majority of situations where both the SSP and DSP ap-
proaches give similar y? solutions end up favouring the sim-
plest model. Thus only a 16% of the no-Lya LBGs do need
the extra SP. Furthermore, since the UV continuum close to
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Figure 17. Best SSP and DSP solutions for two LAE-LBGs modelled each with two SPs. The objects SHARDS J123623.60+621520.0
and SHARDS J123626.60+620621.1 are shown in the upper and lower panels, respectively. In each case, the left frame shows the best
SSP fit. The black squares are the photometric points of the SED, the yellow line shows the nebular emission, the stellar attenuated
emission is represented in orange and the stellar non-attenuated emission is plotted with a dashed bluish line. The grey line shows the
complete model. On the other side, the right frames correspond to the best DSP fits, where the different components of the emission
have been omitted for clarity and the contributions of the old and young SPs are represented in red and blue, respectively. For the upper
source, the best SSP model matches relatively well the continuum but is not able to reproduce the Lya emission line detected. The
addition of a second SP becomes necessary to not only to match that Ly« emission, but even to improve the continuum fit in the IRAC
range. The opposite scenario can be seen in the lower source, where the best SSP fit manages to reproduce the line emission at the cost
of leaving the reddest points unfitted. This time, the second population added is an old one that contributes to raise the continuum
emission in the IRAC range.

the simplest model in these situations, we should be aware
of a possible bias towards younger ages for this particular
family of no-Lya LBGs.

Lya is driven by the most recent SF episodes the SEDs of
these sources are most of the time (80%) fitted by SSPs in
the range of 30-150 Myr, still older than those typically fit-
ted to the pure LAEs and the SSP LAE-LBGs, but certainly
younger than what they could be if they were actually host-
ing an underlying old SP. What we want to emphasise here
is that even though those objects are well modelled by a SSP
of the nature described above, though there could be some
other faint and much older extra SPs. As we are adopting

Knowing that the Lya emission quickly decays within
the first few Myr, we would expect to see a small fraction
of objects presenting strong Lya line emission among the
LAE-LBGs population, which actually matches the EW dis-
tribution of this sample presented in Arrabal Haro et al.
(2018). This is also the reason why we find only 404, out
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Figure 18. SSP model taken as the best solution for the no-Lya
LBG SHARDS J123757.504+621718.7. The absence of Lya emis-
sion line makes it possible to fit the continuum of the SED even up
to the IRAC measurements using a single relatively old, massive
stellar population. Note that the nebular emission is so low that
the complete spectrum practically corresponds to the attenuated
stellar emission.

of 1,434, continuum sources with emission line. Indeed, we
have detected 1,030 sources with no emission line, which
would correspond to evolved galaxies with no significant
young starburst at present. This represents the most com-
mon state of this type of high-z galaxies, with the strong
Lya line emission being a recurrent and transiting episode
in their lives. Nonetheless, it is also possible that in some
sources, especially beyond z ~ 5, the Lya photons are de-
stroyed by scattering through a dense neutral medium as
discussed in Hayes et al. (2010). Furthermore, a closer look
to the Lye EW of the LAEs (see Fig. 19) reveals no re-
lation between that and the need of any extra SP for the
LAE-LBGs, suggesting that the requirement of DSP models
for these high-z galaxies is given not only by their Lya emis-
sion but by the relation between this and their emission at
longer wavelengths, as also shown in Fig. 17, being the Lya
EW an indicator of the age in the SSP models, or of the rel-
ative strength of the young SP respect to the old one in the
DSP models. On the other side, pure LAEs do show larger
Lya EWs, as expected from their observational definition.
Additionally, the relative number of young LAEs increases
with z (see Fig. 20), while that of the old LBGs decreases,
which also supports the scenario of an evolution from the
pure LAE stage to the LBG, with a much larger proportion
of sources in the younger stage the higher the redshift, de-
creasing as more evolved galaxies form and accumulate as
we move to lower redshifts. This behaviour is also consistent
with the study of the SFR density (SFRD) carried out by
Sobral et al. (2018), who found an increasing trend with z
of the SFRDyy, /SFRDyy ratio at z = 2-6.

5.2 SMFs and SMDs evolution

The obtained SMFs shown in Fig. 12 are in good agreement
with previous estimations from similar studies where the
stellar masses were derived through SED fitting. Note that
the calculated SMF's are mostly driven by the LBGs popu-
lation as the bulk of pure LAEs are found in a Mgy, range
out of our completeness, as can be appreciated in Figs. 10
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Figure 19. Rest-frame Lye EW distribution of pure LAEs
(blue diagonals), SSP LAE-LBGs (unfilled purple) and DSP
LAE-LBGs (brown squares) weighted by the total amount of ob-
jects belonging to each subclass. No relation is found between
Lya EW and the need of a second SP when modelling the SEDs
of LAE-LBGs.
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Figure 20. Amount of sources of each class respect to the to-
tal number of sources at each z bin. Only objects brighter than
M500 = —19.6 have been considered, corresponding with the ap-
proximated 90% completeness at the highest z bin. The sum of
no-Lya LBGs and DSP LAE-LBGs is represented by the red pen-
tagons. Pure LAEs and SSP LAE-LBGs are represented by the
blue empty triangles. The trend of these two groups is consistent
with an evolutionary scenario between them.

and 15. A non-negligible discrepancy can be noticed respect
to other works where the UV luminosity was used to derive
the My through the estimation of a tight mass-to-light ratio
(Stark et al. 2009; Gonzalez et al. 2011; Stefanon et al. 2017).
This discrepancy between SED-fitted and Myy-derived Mgar
could appear due to small differences in the calculated M /L
relation, as discussed in Grazian et al. (2015). The SMF
best-fitting Schechter parameters presented in Sec. 4.5 show
a decreasing of the SMF with z. We find that the charac-
teristic stellar mass M* shifts towards higher masses with
cosmic time, as also found by Grazian et al. (2015). In
particular, we measure log(Msiar/Mo) = 11.0619-3310.78+0-33

and 10.51:’8:8% at z ~ 4, 5 and 6, respectively. OI.\?Z) signiﬁc(;gl
change is found for the low mass slope, from @ = —1,72J_r8:%3
at z~4toa= —1.76t8:£ at z ~5 with a slight increase to
—1.49%022 a5 7 < 6. However, the large uncertainty of this

-0.21
last measurement makes it difficult to measure a robust evo-

lution of the @ slope within our redshift range. In any case,
our a values are much steeper than those found at low red-
shift, in agreement with previous estimations (e.g, Santini
et al. 2012; Duncan et al. 2014; Grazian et al. 2015; Song
et al. 2016; Davidzon et al. 2017; Stefanon et al. 2017).
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The characterisation of the SMF has allowed us to esti-
mate the SMD at each redshift through the integration of the
SMF. The results shown in Fig. 13 are in good agreement
with the general evolution of this magnitude with cosmic
time presented in previous works. Apart from the large er-
rors of the SMD estimation at z ~ 5-6 product of the already
discussed uncertainty of the SMF low mass slope calculation
at these redshifts, it is worth noticing that the decrease of
SMD between z ~ 4-5 is softer than that between z ~ 5-6,
suggesting that the SMD at z ~ 5 obtained in our field could
be larger than expected following the general SMD-z trend
at z =4-6. This could be linked to the presence of a re-
ported z ~ 5.2 overdensity in the GOODS-N field (Walter
et al. 2012; Arrabal Haro et al. 2018).

5.3 SFR-Mgy, relation and stellar mass growth
implications

Several authors have previously studied the SFR-Mg, rela-
tion (Stark et al. 2009; Gonzdlez et al. 2010; Papovich et al.
2011; Salmon et al. 2015) also finding the same lack of evo-
lution on its slope between 4 < z < 6 (see Figs. 14 and 15).
The low scatter of this relation have suggested that galaxies
at this epoch form stars in a larger rate the more massive
they are. This supported the hypothesis of a constant pris-
tine gas income over the evolution of these high-z galaxies,
leaving violent starburst episodes due to mergers or instabil-
ities in a secondary role in the stellar mass growth of these
galaxies. However, this stochastic events still likely alter the
smooth increase of the Mgy, as also suggested in Gonzélez
et al. (2010) and Papovich et al. (2011). Our study shows
that the assumption of bursty SFHs driving the growth of
galaxies at 4 < z < 6 through episodic SF processes is also
consistent with the presence of a tight SFR-Mgpr main se-
quence. It should be noticed that the SFRs derived in Arra-
bal Haro et al. (2018) from the L;50o are the SFR averaged
over the last 30-100 Myr it takes to the UV luminosity to
change after SFR variations (e.g., Salim et al. 2009; Oti-
Floranes & Mas-Hesse 2010; Salmon et al. 2015). In this
way, galaxies which are brighter in the UV do show higher
SERs according to the smooth growth scenario suggested
by the SFR-Mgr main sequence. Nevertheless, these UV
brighter and more massive sources are not necessarily pre-
senting the strongest Lya emission lines, indicating a current
(< 25 Myr) SF. Additionally, we find a majority of sources
(1,030) with undetected Lya line in our SEDs. These galax-
ies could still have a smooth and relatively slow star forma-
tion component, presenting faint Lya emission which is not
detected in the photometry, with those showing high Lya
EWs suffering a stochastic episode of SF on top of that.
In fact, studying the SFR-Mg,, main sequence derived from
the best-fitting SSP models (Fig. 15) we find that both pure
LAEs and LAE-LBGs are placed above the mean main se-
quence, as also found in Santos et al. (2020), indicating that
they are indeed experimenting a recent star-forming episode.

6 CONCLUSIONS.

We have used CIGALE to model the sample of high-z LAEs
and LBGs selected from the SHARDS survey in Arrabal
Haro et al. (2018), consisting of 1,558 sources at 3.4 < z < 6.8

in the GOODS-N field. Special attention is given to the dif-
ferences between the three different subfamilies observation-
ally defined in terms of their Ly line and UV continuum
emission. Single and double stellar population models are
used to fit every SED, making use of a Bayesian informa-
tion criterion calibration to decide in which situations an
extra stellar population is needed. With the stellar masses
derived from the models, we have studied the SMF, SMD
and SFR-Mgy,, relation at each z, as well as the evolution of
the fraction of sources from each subclass. The main conclu-
sions are the following:

(i) The majority (~ 79%) of our high-z LAEs and LBGs
are well explained by a single stellar population. The cases
better described with a secondary stellar population are still
strongly dominated by the older population in terms of M.
However, the young stellar population is essential in terms
of luminosity to properly fit the Lya and rest-frame UV
emission of these SEDs.

(ii) The relative amount of objects from each of the sub-
families that need an additional stellar population is not
the same. We find that the LAE-LBGs require double stel-
lar population models in ~33% of the cases, in comparison
with the ~16% and ~22% found for the no-Lyae LBGs and
pure LAEs, respectively. The need of two populations in a
significant fraction of the LAEs is due to the presence of a
strong Lya emission line combined with a bright continuum
at the longest sampled wavelengths (IRAC) that cannot be
simultaneously fitted well by a single stellar population, as
in, e.g., Rodriguez Espinosa et al. (2014).

(iii) Pure LAEs can be tipically understood as very young
and low mass galaxies with a median age of ~ 26 Myr and a
median Mgy of ~ 5 % 108 Mg, presenting high Lye EWs and
experimenting one of their first star-forming episodes. The
increasing fraction of these objects with z in our sample, con-
sistent with Sobral et al. (2018b), supports the hypothesis of
these pure LAEs typically being an initial and transitional
stage on the evolution of high-z sources.

(iv) LAE-LBGs can be split into two subgroups differ-
entiated in age and stellar mass properties. Single stellar
population LAE-LBGs seem to be very young (median age
of ~ 27 Myr) but slightly more massive on average than the
pure LAEs (median Mgy ~ 10° Mo). The similarities with
the pure LAEs subclass suggests that these are members of
the same kind of young galaxies, but with different SFRs and
stellar masses. The relative number of young LAEs follows
the same trend with z than the pure LAEs one, supporting
the idea of them being the same kind of galaxies.

(v) Dual stellar population LAEs are fitted by older (hun-
dreds of Myr) and more massive models (Msgar ~ 1010 Mo)
featuring a young and much less massive population caus-
ing the bulk of the Lya emission. According to this, double
stellar population LAEs seem to be galaxies more massive
and evolved (at this z), undergoing an episodic star-forming
episode.

(vi) No-Lye LBGs are the most difficult subclass to
model, as they do not show emission patterns that strongly
help to constrain their ages in the rest-frame wavelength
range sampled in this work at these redshifts. This creates
a degeneracy in the combinations of stellar populations that
could lead to a good fit of their SEDs with negligible varia-
tions in the y2. Moreover, some of these galaxies could ac-
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tually host a very young stellar population whose Ly« line
is not detected because of resonant scattering and dust ex-
tinction. Furthermore, the use of the Bayesian information
criterion could be biasing the calculated ages for this fam-
ily towards younger values, so we only aim to model these
sources in a general way, being aware that the description
of the class may not match all the individual cases.

(vii) With the caveats just mentioned, the results de-
rived from CIGALE show that no-Lyae LBGs lack a really
young SP (< 25 Myr). Furthermore, the absence of strong
Lya emission indicates that these sources are not in a cur-
rent strong star-forming episode (or have extremely low es-
cape fractions). However, it is possible that these galax-
ies present a fairly smooth star formation, producing faint
Lya lines which are not detected in the photometry. They
are older and much more massive than pure LAEs or sin-
gle stellar population LAE-LBGs, with a median Mg, of
~3.5x 10° Mg. These results suggest that no-Lye LBGs are
a more evolved stage of high-z galaxies that have been form-
ing stars for a longer time, developing larger stellar masses
and presenting brighter continuum emission at longest wave-
lengths, because of the old stars. The evolution of the frac-
tion of these objects with z also supports the idea of no-Lya
LBGs being more evolved star-forming sources, the more
common the lower the z is.

(viii) We report a decreasing evolution of the character-
istic stellar mass of the SMFs with z, as in e.g., Grazian

et al. (2015), finding log(M*/Mo) = 11.060:33,10.78*0-33 and

10.51f8:8§ at z~4, 5 and 6, respectively. The low mass
slopes found are steeper than those typically found at low
redshift. No significant evolution is found between z = 4-5,

with a small increase at z ~ 6 (@ = —1.72t8:%3, —1.76f8:é2 and

—1.491’8:%% at z ~4, 5 and 6, respectively). However, the «
estimated at z ~ 5-6 has to be carefully considered, as we
do not have much information covering the Mgy, region cor-
responding to the potential term of the Schechter SMF at
these redshifts.

(ix) The SMD is estimated by integration of the SMF at
each redshift. Our results are in agreement with the SMD-z
trend reported at these redshifts by previous authors (Labbé
et al. 2010; Gonzalez et al. 2011; Lee et al. 2012; Duncan
et al. 2014; Grazian et al. 2015; Song et al. 2016). The
SMD obtained at z ~ 5, although consistent with the general
trend, is slightly larger than expected if we follow the mean
slope of the SMD-z relation at high-z, which could be linked
to the presence of a previously reported z ~ 5.2 overdensity
in GOODS-N (Walter et al. 2012; Arrabal Haro et al. 2018).
Additional research is incoming to further characterise this
overdensity.

(x) The slope values found for the SFR o MP _relation are

star

B= 0.48f8:%, O.46J_r8:%(2), 0.511’8:%8 at z~4, 5 and 6, respec-

tively, for the UV-derived SFRs and g = 0.83*0-09, 0.790-19,

O.82J_'8:%g at z ~ 4, 5 and 6, respectively, for the model-derived
SEFRs, both of them consistent with little to no redshift evo-
lution of that slope within that redshift range, in agreement
with previous works (e.g., Stark et al. 2009; Gonzdlez et al.
2010; Papovich et al. 2011; Salmon et al. 2015). The exis-
tence of such tight relation between these two magnitudes
and its invariability within this z range point to the hy-
pothesis of a smooth pristine gas infall as the main mecha-
nism responsible of the mass growth of these galaxies along
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their lives, as suggested before. Nevertheless, the best-fitting
burst-like SFHs used in this work also produce an equally
tight main sequence. This, joined to the fact that LAEs ap-
pear above the SFR-M,r main sequence, supports the exis-
tence of stochastic star-forming events due to mergers and
other instabilities that can also be responsible of the stellar
mass growth in high-z galaxies.
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Figure A1l. Confidence intervals on the Schechter parameters
from the Monte Carlo fitting at z ~ 4. The inner and outer con-
tours correspond to the 1o~ and 30 significance, respectively.

APPENDIX A: MONTE CARLO SCHECHTER
FUNCTION FIT TO THE SMF

In this appendix we show the confidence intervals of the
Schechter parameters obtained using Monte Carlo simula-
tions to fit the SMF. The perturbations in the measurements
are implemented injecting a Gaussian noise to each point
consistent with its own Poissonian error. Additionally, the
Mg bins are also perturbed, both in size and centre value.
In particular, the bin size is perturbed between 0.2-0.3 dex
in intervals of 0.025 dex. The central Mgy, value of each bin
is as well shifted 0.1 dex in intervals of 0.025 dex. At z ~ 6,
using the SMF points up to the estimated stellar mass 90%
completeness limit results in the inclusion of actually incom-
plete points close to the characteristic M* knee for several
Mgiar bin perturbations, obtaining positive values for the low
mass slope. To solve this issue, only strictly increasing SMF
points are considered for the Schechter function fit as we
move to lower stellar masses up to our Mgy Jim, as further
points are considered incomplete. The a slope is also con-
strained to —3.0 < @ < —0.9 for the fit. We are aware that this
approach could bias our z ~ 6 low mass slope estimation to-
wards steeper values, as warned in the text. The significance
contours of the three Schechter parameters at z ~ 4, 5 and 6
are shown in Figs. A1, A2 and A3, respectively.
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Figure A2. Confidence intervals on the Schechter parameters
from the Monte Carlo fitting at z ~ 5. The inner and outer con-
tours correspond to the 1o~ and 30 significance, respectively.
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Figure A3. Confidence intervals on the Schechter parameters
from the Monte Carlo fitting at z ~ 6. The inner and outer con-
tours correspond to the 1o and 30 significance, respectively.
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