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ABSTRACT

By using the deepest available mid and far infrared surveys in the CANDELS, GOODS
and COSMOS fields we study the evolution of the Main Sequence (MS) of star forming
galaxies (SFGs) from z ∼ 0 to ∼ 2.5 at stellar masses larger than 1010M⊙ . The MS slope
and scatter are consistent with a rescaled version of the local relation and distribution,
shifted at higher values of SFR according to ∝ (1+z)3.2. The relation exhibits a bending
at the high mass end and a slightly increasing scatter as a function of the stellar mass.
We show that the previously reported evolution of the MS slope, in the considered
mass and redshift range, is due to a selection effect. The distribution of galaxies in the
MS region at fixed stellar mass is well represented by a single log-normal distribution
at all redshifts and masses, with starburst galaxies (SBs) occupying the tail at high
SFR.

Key words: galaxies: formation – galaxies: high-redshift – galaxies: starburst –
galaxies: star formation – galaxies: evolution

1 INTRODUCTION

How and when the stellar mass content of galaxies is assem-
bled is still one of the main questions of galaxy evolution
studies. The existence of a very tight relation between the
galaxy star formation rate (SFR) and the stellar mass (M∗)
suggests that most galaxies form their stars at a level mainly
dictated by their stellar masses and regulated by secular
processes. Such relation, called the Main Sequence (MS)
of star forming galaxies (SFGs), is in place from redshift
∼ 0 up to ∼ 4 (Brinchmann et al. 2004; Salim et al. 2007;
Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007;
Chen et al. 2009; Pannella et al. 2009; Santini et al. 2009;
Oliver et al. 2010; Magdis et al. 2010; Rodighiero et al.

⋆ E-mail: paola.popesso@tum.de

2011; Elbaz et al. 2011; Karim et al. 2011; Shim et al. 2011;
Whitaker et al. 2012; Zahid et al. 2012; Lee et al. 2012;
Reddy et al. 2012; Salmi et al. 2012; Moustakas et al. 2013;
Kashino et al. 2013; Sobral et al. 2014; Steinhardt et al.
2014; Speagle et al. 2014; Whitaker et al. 2014;
Shivaei et al. 2015; Schreiber et al. 2015; Tasca et al. 2015;
Lee et al. 2015; Kurczynski et al. 2016; Erfanianfar et al.
2016; Santini et al. 2017; Pearson et al. 2018). It is consid-
ered one of the most useful tools in astrophysics to study
the evolution of the star formation activity in galaxies
(Oemler et al. 2017).

The evolution of normalization, slope and scatter of the
relation have been largely studied in the past decade. Most
of the studies agree in finding that slope and scatter evolve
moderately, while the normalization declines significantly
but smoothly as a function of cosmic time as ∝ (1+ z)γ , with
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γ in the range 1.9-3.5, likely depending on the stellar mass
(Speagle et al. 2014; Whitaker et al. 2015; Schreiber et al.
2015; Ilbert et al. 2015; Pearson et al. 2018). This would
suggest that prior to the shutdown of star formation, the
galaxy star formation history declines smoothly on mass-
dependent timescales (see Heavens et al. 2004), rather than
being driven by stochastic events like major mergers and
starbursts (SBs, Oemler et al. 2017).

The exact shape of the relation and its evolu-
tion, instead, are still a matter of debate. Several stud-
ies point to a power law shape, SFR ∝ Mα

∗ , with
an intrinsic scatter of about 0.2-0.3 dex for moderate
to relatively low stellar mass galaxies, both in the lo-
cal Universe (Peng 2010; Renzini & Peng 2015) and at
high redshift (Speagle et al. 2014; Rodighiero et al. 2014;
Kurczynski et al. 2016; Pearson et al. 2018). Speagle et al.
(2014) combine and cross-calibrate 25 MS determinations
available in literature and find that α ∼ 0.84 with al-
most negligible evolution across cosmic time. Other works
suggest that the relation exhibits a curvature towards the
high mass end with a flatter slope with respect to the low
mass regime at low (Popesso et al. 2019) and high redshift
(Whitaker et al. 2014; Schreiber et al. 2015; Lee et al. 2015;
Tasca et al. 2015; Tomczak et al. 2016). While at low stellar
masses the relation seems to be relatively stable as a function
of redshift across all analyses, these studies suggest that the
curvature and stellar mass of the turn-over evolve with time.
This would lead to a more significant bending of the MS in
the local Universe with respect to the much steeper MS ob-
served at z ∼ 2 (Whitaker et al. 2014; Schreiber et al. 2015;
Lee et al. 2015; Tasca et al. 2015; Tomczak et al. 2016).

The large spread of results at the high mass end can be
explained by the distribution of galaxies in the log(SFR)-
log(M∗) plane. The distinction between MS, quiescence
region and the valley in-between, becomes progressively
less clear towards high stellar masses, where the MS is
not isolated and unmistakably identifiable (Popesso et al.
2019). Additionally, low mass SF galaxies are predomi-
nately blue disks with a flat spatial specific SFR distribu-
tion (Wuyts et al. 2011; Whitaker et al. 2015; Morselli et al.
2017; Morselli et al. 2019), while high mass systems exhibit
a mixture of morphologies with a suppressed SF activity to-
wards the center and a larger spread of colors and integrated
SFRs at low (Morselli et al. 2017; Belfiore et al. 2018) and
high redshift (Whitaker et al. 2012; Whitaker et al. 2015).
All together, these aspects make it difficult to unambigu-
ously identify massive SFGs, and introduce several selection
effects.

One solution, largely exploited in literature, is to select
SFGs at any mass according to their colors. This technique
is applied with slightly different color cut definitions in the
BzK (Daddi et al. 2007; Rodighiero et al. 2010, 2014), rest-
frame (U-V) − (V-J) and (MNUV -MR) − (MR-MJ ) abso-
lute color diagrams. However, as shown in Schreiber et al.
(2015) such selection is able to capture the whole FIR se-
lected galaxy population, observed with Herschel PACS, be-
low ∼ 1010.5 M⊙ , but it misses a fraction from 30 to 50% of
the most massive infrared selected galaxies, in particular at
high redshift. Similarly, Johnston et al. (2015) show that a
strict 4000 Å break cut leads to a power law MS, while a
less strict cut includes lower SFR galaxies at the high mass
end and forms a relation with a turn-over.

To solve this problem, Renzini & Peng (2015) define
a clean method to identify the exact location of the re-
lation as the ridge line connecting the peaks of the 3D
number density distribution of galaxies over the log(SFR)-
log(M∗) plane. Such definition takes into account only the
distribution of galaxies in the log(SFR)-log(M∗) plane with-
out any SF galaxy pre-selection. Following this procedure,
Popesso et al. (2019) show that the distribution of local
galaxies in the MS locus is log-normal and the peak can be
unambiguously identified over the stellar mass range from
1010 to 1011.5 M⊙ . This leads to a local MS relation with
a turn-over at ∼ 1010.4−10.6 M⊙ . The effect of a color selec-
tion, e.g. as in Peng et al. (2010), is to get rid of half of the
log-normal distribution at lower SFR and high mass, result-
ing in a biased power law MS. Similar analyses in literature
show that the distribution of galaxies in the MS region is
log-normal and with a clear peak over the same stellar mass
range up to z∼2 (Rodighiero et al. 2011; Schreiber et al.
2015). This would suggest that the MS at the high mass
end can be unambiguously identified with this method up
to high redshift, as long as the MS locus is sampled with
high completeness in SFR and stellar mass.

In this paper we take advantage of the deepest avail-
able Spitzer and Herschel mid- and far-infrared surveys ever
conducted, to sample the MS region with high completeness
and a robust SFR estimator over the stellar mass range 1010-
1011.5 M⊙ . We study the distribution of galaxies in the MS
locus, to identify the relation up to ∼ 2.5. Differently from
all previous works, we tackle the issue by testing the null
hypothesis that the MS does not evolve from redshift ∼ 0
to 2.5 in slope and scatter but only in its normalization, as
suggested in literature for the low mass end of the relation
(Speagle et al. 2014; Schreiber et al. 2015; Kurczynski et al.
2016; Santini et al. 2017). Our approach has the advantage
of reducing the analysis to a single parameter fit (normali-
sation), because we assume that the well constrained slope
and scatter of the local MS are valid up to z∼2.5. To this
purpose we use as local benchmark the distribution of the
WISE 22 µm selected galaxies in the local Universe studied
by Popesso et al. (2019) and test the validity of the null hy-
pothesis by combining the depth of the GOODS and CAN-
DELS Spitzer and Herschel surveys (Magnelli et al. 2013,
Inami et al. in prep.) with the 10 times larger sky cover-
age of the shallower Spitzer and Herschel observations of
the COSMOS field as part of the PEP survey (Lutz et al.
2011).

The paper is structured as follows. Section 1 describes
our dataset. Section 2 presents our method. Section 3 shows
our results on the distribution of galaxies in the MS region
and on the evolution of the relation. Section 4 is dedicated to
the comparison of our results with those based on the stack-
ing analysis. Section 5 provides a summary of our findings.
We assume a ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7

and H0 = 70 km/s/Mpc, and a Chabrier IMF throughout the
paper.

2 DATA AND SAMPLE SELECTION

We base the following analysis on two different samples. The
GOODS+CANDELS sample combines the deep GOODS-
Herschel and CANDELS-Herschel observations, with Spitzer
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Table 1. Catalog depths for each field.

Field Area 24 µm 100 µm 160 µm

µJy (3σ) mJy (3σ) mJy (3σ)

GOODS+CANDELS

GOODS-N 168 arcmin2 21 1.1 2.7

GOODS-S 184 arcmin2 20 0.8 2.4

UDS 202 arcmin2 40 1.7 3.9

COSMOS 208 arcmin2 27–40 1.5 3.1

COSMOS-PEP 2 deg2 27–40 4.6 9.9

MIPS and Herschel PACS coverage over a total area of 760
arcmin2. The COSMOS-PEP sample provides, instead, shal-
lower Spitzer MIPS and Herschel PACS observations over
an area of 2 deg2. The GOODS+CANDELS sample allows
sampling of large part of the MS region with Herschel PACS
data at high redshift. The COSMOS-PEP sample provides
enough statistics to sample with PACS at any redshift the
brightest and rarest infrared systems as the most massive
SFGs and SBs. The stellar masses in the different fields
are derived via spectral energy distribution (SED) fitting
technique based on different IMFs. They are all converted
to a Chabrier IMF for consistency, when needed. Despite
the different codes, best fitting procedures and metallicity
grids used to obtain the stellar masses in different fields,
the estimates are consistent within a scatter of 0.15 dex
(Ziparo et al. 2013). The details of the different datasets are
given in the next subsections.

2.1 GOODS+CANDELS dataset

2.1.1 The GOODS fields

For GOODS-S, multiwavelength data (from UV to 24µm),
spectroscopic and photometric redshifts, and stellar masses
are provided in the Santini et al. (2015) catalog. This
dataset is complemented by PACS data at 70, 100, and
160 µm, taken from the PEP and GOODS-Herschel cata-
logs (Magnelli et al. 2013). The PACS sources are extracted
using the FIDEL 24 µm sources (Dickinson & FIDEL Team
2007) as prior, down to a 3σ flux limit of 24 µJy. Thus, no ad-
ditional matching is required between the multiwavelength
and the far-infrared catalogs. The fluxes are extracted in
all cases via PSF photometry (see for details Magnelli et al.
2009; Magnelli et al. 2013). In the common region, the PEP
and GOODS-Herschel dataset reach a 3σ level at 0.8 and
2.4 mJy at 100 and 160 µm, respectively. The GOODS-N
multiwavelength data with spectroscopic and photometric
redshifts and stellar masses is provided by the PEP catalog
(Berta et al. 2010). Similarly to GOODS-S, this dataset is
complemented by PACS data at 100 and 160 µm by the com-
bined PEP and GOODS-Herschel catalogs (Magnelli et al.
2013) and by MIPS FIDEL data at 24 µm, down to a 3σ
level of 1.1 mJy, 2.7 mJy and 25 µJy, respectively (see also
Table 1).

2.1.2 CANDELS COSMOS and UDS fields

The CANDELS-Herschel survey provides Herschel PACS
observations of the UDS field and of an area of 208 arcim2

of the COSMOS region. In COSMOS, in particular, the
CANDELS-Herschel and the PEP data have been combined
to provide a deeper Herschel coverage to reach the same flux
limit of the CANDELS-UDS PACS images (see Table 1 and
Inami et al. in prep.). In both fields the source extraction is
performed with the same procedure as in the GOODS maps
(Magnelli et al. 2013, Inami et al. in prep.). Spectroscopic
and photometric redshifts and stellar masses are taken from
Laigle et al. (2016) and Santini et al. (2015) for the COS-
MOS and the UDS area, respectively. Since the MIPS priors
used in the PACS source extraction come directly from the
multiwavelength catalogs, no cross-matching has to be per-
formed.

The CANDELS MIPS observations of UDS and COS-
MOS are slightly shallower than in the GOODS fields (see
Table 1). Thus, we combine all galaxies in a single sample
down to the shallowest flux limit of 40 µJy. Between 20 and
40 µJy only the GOODS-Herschel S+N sample is considered
after applying a volume weight. Throughout the paper we
refer to this sample as the GOODS+CANDELS sample.

2.2 The COSMOS-PEP dataset

The COSMOS-PEP dataset is provided by the combination
of the COSMOS MIPS catalog of Le Floc’h et al. (2009)
down to a flux limit of 40 µJy at the 3σ level, and the
Herschel PACS 100 and 160 µm catalog as part of the PEP
survey (Lutz et al. 2010), down to a flux limit of 4 and 7 mJ
at the 3σ level, respectively, over a 2 deg2 area. This dataset
has been matched with UV, optical and near-infrared pho-
tometry in the COSMOS201524 catalog (Laigle et al. 2016),
which contains reliable photometric redshifts and stellar
masses for more than half a million objects over the same
area. In this sample, 90% of the 24 µm-selected sources
are securely matched to their Ks band counterpart using
the WIRCAM COSMOS map of McCracken et al. (2010),
assuming a matching radius of 2”. Counterparts to an-
other 5% of the sample are found using the IRAC-3.6 µm
COSMOS catalog of Sanders et al. (2007), while the rest
of the 24µm sources remain unidentified at shorter wave-
lengths. The source extraction at 24 µm is performed using
the IRACS 3.6 µm detected source position as prior (e.g.
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Magnelli et al. 2009). The same exercise is performed for the
PACS source extraction of the PEP survey (Lutz et al. 2011)
by using the 24 µm source position (Magnelli et al. 2013).
The fluxes are extracted in all cases via PSF photometry
(see Le Floc’h et al. 2009; Magnelli et al. 2013). Through-
out the paper we refer to this sample as the COSMOS-PEP
sample.

2.3 The UV+IR SFR at high redshift

Far-infrared (FIR) and ultraviolet (UV) emissions are the
two key components for accurately measuring the SFR of
an object. Part of the UV emission originated from the
young star population is absorbed by dust and re-processed
at infrared wavelengths. Such emission alone can provide a
measure of the SFR only if corrected for this absorption.
However, the measure of the dust attenuation is still very
uncertain because of the degeneracies between age and red-
dening, the assumption on galaxy metallicity and SF histo-
ries and the parametrization of the extinction curve (e.g.
Meurer et al. 1999; Dale et al. 2009; Dunlop et al. 2017;
Bourne et al. 2017). As a result, the combination of IR and
UV emission is considered the most accurate way to deter-
mine the galaxy SFR (see Lutz 2014, and references therein).
Here we describe how the two contributions are estimated
for each galaxy.

For galaxies observed either by Herschel PACS or by
Spitzer MIPS, we compute the IR luminosity, LIR, as fol-
lows. We use all the available mid- and FIR data-points to
compute LIR by integrating the best fit SED template in
the range 8-1000 µm. To this aim we use two different sets
of templates to check the model dependence. We use the
MS and SB templates of Elbaz et al. (2011) and the set of
Magdis et al. (2012). All templates provide infrared lumi-
nosities consistent with each other with a rms of 0.05 dex
(see Appendix A). As an alternative method, we compute
LIR by fitting the full SED with hyperzspec, using the tem-
plates of Bruzual & Charlot (2003) for near-UV to near-IR
wavelengths, and the ones of Polletta et al. (2007) for mid-
IR and FIR wavelengths. For sources with both MIPS and
PACS detections, all methods provide LIR consistent with
each other with a rms ranging from 0.08 to 0.15 dex (see
Appendix A).

For undetected PACS sources, we rely only on the 24
µm flux. Because without FIR information it is not possible
to determine the best fit between the MS or SB templates
of Elbaz et al. (2011), we adopt a MS template. To test the
reliability of the 24 µm based LIR, we compare it with LIR

derived from PACS fluxes for the PACS detected sources.
We assume as reference the MS location of Whitaker et al.
(2014) at different redshifts. The LIR based on the 24 µm
flux is consistent with the PACS derived LIR for galaxies be-
low and on the MS. The mean ratio of the two estimates is
1 (Appendix B, Fig. A2). Above the MS location, the larger
the distance from the MS, the larger the underestimation
of the LIR based on the 24 µm point with respect to the
PACS based estimates. The effect is redshift dependent be-
cause it is related to the PAH emissions around 8 and 12
µm rest-frame, which enter the MIPS 24 µm filter above
z ∼ 0.5. In addition to the different dust temperatures, the
need of a MS and SB templates is due to the different equiv-
alent width of the PAH emission, which decreases at increas-

-1 0 1

-1 0 1

-1 0 1

-1 0 1 -1 0 1

Figure 1. Location of the local MS based on WISE 22 µm de-
rived SFRs (Popesso et al. 2019). The red and blue points show
the location of the median and mean SFR, respectively, of the
best fit log-normal distribution in the local Universe. The figure
shows also the best linear regression for the median MS (dashed
red line) and for the mean MS (blue dashed line) and the median
MS relation of Renzini & Peng (2015) below 1010.5 M⊙ (black
solid line). For each stellar mass interval we show also the dis-
tribution of the residuals around the MS. The residual ∆MS is
defined as log(SFRgal)-log(SFRMS). The black solid curve in
the small panels shows the best fit log-normal relation obtained
in Popesso et al. (2019). The red and blue solid vertical lines in
each panel indicate the median and mean SFRs, respectively. For
each panel we indicate also the value of the dispersion of the
log-normal component σ, which increases as a function of stellar
mass.

ing distance from the MS (Elbaz et al. 2011; Magdis et al.
2012). Thus, the use of the MS template leads to an under-
estimation of the LIR above the MS, while the use of the SB
template leads to overestimated LIR for galaxies on or below
the MS. The same bias is observed when using the templates
of Magdis et al. (2012), which are built on the basis of the
same dataset used in Elbaz et al. (2011). Thus, without the
key information provided by FIR data, the LIR based on
the 24 µm flux are reliable only when estimated for galax-
ies below or on the MS with MS galaxy infrared templates.
For galaxies at SFR larger than the MS location, the use of
PACS data is necessary.

Once estimated, the IR luminosity is then converted
into dust-reprocessed SFR using the Kennicutt (1998) for-
mula:

SFRIR = 1.05 × 10−10
LIR [L⊙] . (1)

The rest-frame UV luminosity is estimated at 1500
Å by using the SED fitting technique with LePhare
(Arnouts et al. 1999; Ilbert et al. 2006). The UV luminosity
is then converted into SFR uncorrected for dust attenuation
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using the formula from Daddi et al. (2004), i.e.,

SFRUV = 2.17 × 10−10
LUV [L⊙] . (2)

The total SFR is finally computed as the sum of SFRUV

and SFRIR. The two relations above are derived assuming a
Salpeter IMF and are then corrected to a Chabrier IMF.

2.4 The adopted strategy

Rather than directly measuring the location of the MS and
inferring its evolution, we start from the null hypothesis that
the MS is evolving across cosmic time only in normalization
and not in shape and slope. Namely, we assume as null hy-
pothesis that the MS location at z > 0 is given by:

SFR = MS0 ∗ γ(z) (3)

where MS0 is the local relation, and γ(z) is the evolution of
the normalization. We define as residual around the MS the
value ∆MS=log(SFRgal)-log(SFRMS(z)), where SFRgal is
the galaxy SFR and SFRMS(z) is the value of SFR on the
MS at the same stellar mass and redshift. We assume as part
of the null hypothesis that the distribution of the residuals
per mass bin is the same at all redshifts and consistent with
the distribution observed in the local Universe, as suggested
by Ilbert et al. (2015) up to z ∼ 1.4.

As local MS we use the relation obtained at z < 0.085

from WISE 22 µm SFRs by (Popesso et al. 2019, see also
Fig. 2.3). This is consistent with the one based on other
SFR indicators, such as the Hα emission and the infrared
luminosity based on Herschel PACS and SPIRE data (see
Popesso et al. 2019, for an extensive comparison). As shown
in the inner panels of Fig. 2.3, galaxies are distributed with
a log-normal distribution in the MS region. The location of
the MS is defined as the location of the peak of the log-
normal distribution, as in Renzini & Peng (2015), which is
the median SFR of the distribution. We define as upper and
lower envelope of the MS, the regions above and below the
peak of the distribution, respectively.

Due to the bias identified in the previous section, some
caution must be taken in the use of the 24 µm based LIR in
the study of the SB region and of the scatter of the MS, as
already pointed out in Schreiber et al. (2015). To overcome
this problem, we make sure to sample with Herschel PACS
data the whole MS upper envelope at least 1σ above the
peak of the relation (where the σ is given by the dispersion
of the log-normal relation shown in Fig. 2.3). Below this limit
we sample the peak and the lower envelope of the relation
with Spitzer MIPS 24 µm data.

With this restriction, the COSMOS-PEP dataset allows
to study the MS only at z < 0.7 or at very high masses
(> 1010.8 M⊙) at higher redshift. In all other cases, we use
the GOODS+CANDELS dataset.

X-ray detected AGN account for 10% of the sample
(Popesso et al. 2011, 2012). Most of them (65%) are ob-
served with Herschel PACS at FIR wavelengths, where the
AGN contribution is negligible with respect to the star for-
mation contribution (Lutz 2014). The rest is observed at 24
µm data only, where the AGN contribution could be more
significant. This subsample, which account for a marginal
fraction, is removed from the final galaxy sample.

3 THE EVOLUTION OF THE MS

3.1 The evolution of the MS location at the high

mass end

In order to check the validity of the null hypothesis, we di-
vide our IR selected galaxy sample in 7 redshift bins from
z = 0.3 to z = 2.5. The number of galaxies per mass and
redshift bin is given in Table 2.

If the null hypothesis is valid, the MS at higher red-
shifts is just a rescaled version of the local relation with a
higher normalization γ(z) (see Eq. 3). To check this hypoth-
esis, we shift rigidly the best fit distributions of the local
MS residuals to higher values of SFR to match the distribu-
tions of galaxies at higher redshift in any stellar mass bin.
We exclude from the best fitting procedure the lowest and
the highest stellar mass bins. In the former case the exclu-
sion is beacuse the completeness is not sufficient to properly
sample the peak and the lower envelope of the distribution
in the highest redshift bins. In the latter case, the statistics
is poor and the uncertainty of the local distribution is large
(Popesso et al. 2019). The best fit of γ(z) at all redshifts is,
thus, measured as the rigid shift providing the best simulta-
neous match over a range of 1 order of magnitude in stellar
mass, from 1010.2 to 1011.2 M⊙ . Namely, we measure the χ2

separately in the three stellar mass bins and we define as
best fit the one givin the lowest mean reduced χ2. The best
fit local distribution and the observed high redshift distri-
bution are normalized to a common ∆MS region at 0 < ∆MS
< 0.5 before being matched. This limits us to fit purely γ(z).

We check the validity of the null hypothesis by assessing
the χ2 value between the observed binned residual distribu-
tion and the z ∼ 0 best fit residual distribution, per mass
bin. In addition we perform a KS test on the unbinned data.
The values of the reduced χ2 and KS statistics are listed in
Table 2 for each redshift and stellar mass bin. We consider
the null hypothesis valid when the reduced χ2 is lower than
1.5 and the KS probability of being drawn from the same
parent distribution is higher than 95%.

The results of such experiment are shown in Fig. 2. The
solid black curves in each panel shows the best fit of the
local log-normal distribution of Popesso et al. (2019) in dif-
ferent mass bins, as shown in the small inner panels of Fig.
2.3. The histograms show the residual distributions of the
COSMOS-PEP (magenta) and GOODS+CANDELS (cyan)
samples in different redshift and mass bins. The COSMOS-
PEP data are used for the χ2 and KS tests only at z < 0.7

and at M∗ > 1010.8 M⊙ at higher redshift. The histograms
are corrected for incompleteness by applying a 1/Vmax cor-
rection, computed exploiting the template used to derive
LIR. This procedure implicitly assumes no strong evolution
of the number density of the population in the small redshift
windows probed here. The purple and blue vertical lines in
each panel of Fig. 2 show the 80% completeness limit for
the COSMOS-PEP and GOODS+CANDELS samples, re-
spectively. This is obtained, as for the 1/Vmax correction, by
shifting the IR template to higher redshift to estimate the
minimum LIR (SFR) corresponding to the 24 µm 5σ limit,
which leads to the observation of 80% of the galaxy popu-
lation in the given redshift window. The experiment is re-
peated by estimating LIR from three different sets of IR tem-
plates (Polletta et al. 2007; Elbaz et al. 2011; Magdis et al.
2012). The histograms are consistent to each other within
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redshift 1010−10.2 M⊙ 1010.2−10.5 M⊙ 1010.5−10.8 M⊙ 1010.8−11.2 M⊙ > 1011.2 M⊙

0 < z < 0.3 570 241 188 113 35

χ
2 1.2 1.3 1.1 1.45 2

PKS 99% 98% 98% 95% 75%

0.3 < z < 0.5 1138 819 612 392 90

χ
2 0.9 0.95 1.1 1.15 2.5

PKS 99% 98% 98% 99% 70%

0.5 < z < 0.8 346 203 139 81 193

χ
2 1.1 1.05 0.85 1.05 1.7

PKS 97% 99% 98% 99% 80%

0.8 < z < 1.2 354 233 225 188 302
χ

2 1.4 1.2 1.2 1.2 1.8
PKS 95% 97% 97% 98% 75%

1.2 < z < 1.6 201 185 152 95 214

χ
2 1.35 1.2 1.3 1.3 1.3

PKS 95% 96% 97% 97% 93%

1.6 < z < 2.2 139 152 114 103

χ
2 1.3 1.45 1.3 1.4

PKS 95% 96% 96% 94%

2.2 < z < 2.5 160 150 131 194

χ
2 1.4 1.3 1.35 1.8

PKS 95% 96% 95% 83%

Table 2. The table lists the number of galaxies, the reduced χ
2 and the KS probability that local and higher redshift ∆MS distribution

are drawn from the same parent distribution, above the 80% completeness level. The galaxy number is indicated in magenta when the
data are taken from the COSMOS PEP sample, and in blue when analysis is based on the GOODS+CANDELS sample.

1σ error bars. Fig. 2 shows, in particular, the results based
on the Elbaz et al. (2011) templates.

In all considered bins below z ∼ 2.2, the reduced χ2

value between the observed ∆MS distribution at high red-
shift and the best fit local log-normal distribution is com-
prised between 0.85 and 1.45 above the 80% completeness
limit. The KS probability is above 95%. Thus, the null hy-
pothesis is considered valid. In the lowest stellar mass bin
at 1010−10.2 M⊙ , not included in the fitting procedure, the
reduced χ2 is in the range 0.9 and 1.4 with a KS probabil-
ity above 95%. We consider the null hypothesis valid also at
this stellar masses. In the bins with the poorest statistics,
at 2.2 < z < 2.5 and at masses above 1011.2 M⊙ , the reduced
χ2 value is comprised between 1.3 and 2.5, while the KS
probability lower limit is 70%. In this bins we consider the
result as inconclusive.

In order to test any effect due to the mid- and far-
infrared selection and the completeness of our sample, we
compare the number density of MS galaxies with the number
density of SFGs estimated through the SF stellar mass func-
tion of Ilbert et al. (2013). In this work, SFGs are selected
in the COSMOS field according to their absolute (MNUV -
MR) − (MR-MJ ) colors. For this exercise, the number density
of MS galaxies is estimated by doubling the number density
of galaxies observed at ∆MS > 0 at any redshift and stel-
lar mass bin. This is done because the SFR at ∆MS = 0 is
the median SFR of the log-normal distribution. The error is
mainly driven by the uncertainty in the MS normalization,
γ(z), than the Poissonian error. The integration of the double
Schechter function of Ilbert et al. (2013) in different stellar

mass bins, provides the number density of SFGs at different
redshifts. The error is estimated by marginalizing over the
uncertainties of the double Schechter best fit parameters.
Fig. 3 shows the results of the comparison. The SF (black
line and points) and MS (red line and points) galaxy number
densities are remarkably in agreement within 1-1.5σ. This
suggests that our results are not affected by strong incom-
pleteness or selection effects.

3.2 The evolution of the MS normalization

In Eq. 3, the factor γ(z) expresses the evolution of the MS
normalization with respect to the local relation. The values
of γ(z) as a function of redshift are shown in Fig. 4 (black
points). The best fit (green line) is a power law of the form:

γ(z) = 1.01 ± 0.03 × (1 + z)3.21±0.19 (4)

The values of γ(z) as a function of redshift are reported in
Table 3. We also fit γ(z) by shifting separately the local
distribution of the individual stellar mass bins. However, we
point out that the error bars of the normalization in this
case are 2 to 3 times larger than the error of the constant
normalization. This is due to the limited statistics of the
individual bins, which prevents an accurate localization of
the peak of the ∆MS distribution. For this reason, all results
are statistically consistent (within 1σ) with each other and
with the constant normalization per stellar mass.

Fig. 4 compares the evolution of γ(z) obtained here with
previous results in the literature. The redshift dependence
of γ(z) is in all cases best fitted with a power law, ∝ (1+ z)α,
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Figure 2. Evolution of the distribution of galaxies around the MS as a function of redshift in several stellar mass bin. The redshift is
increasing in the vertical direction from the top to the bottom, while the stellar mass is increasing along the horizontal direction from
left to right. The magenta and blue histograms in each panel represent the distribution of the COSMOS and of the CANDELS+GOODS
galaxies around the MS, respectively. The black curve in each panel is the local best fit distribution obtained at z∼ 0 by Popesso et al.
(2019) and shown in Fig. 2.3. The vertical red line shows the ∆MS=0 point corresponding to the local MS location shifted rigidly by
the best fit value of the normalization γ(z). The vertical purple and blue lines show the 80% completeness limit of the COSMOS and
GOODS+CANDELS sample, respectively.

with α varying from 2 to 3.8 (e.g. Pannella et al. 2009;
Oliver et al. 2010; Karim et al. 2011; Speagle et al. 2014;
Schreiber et al. 2015; Ilbert et al. 2015; Kurczynski et al.
2016; Pearson et al. 2018). The variation of α depends on
the use of different SFR indicators, as pointed out by
Speagle et al. (2014), but also on the stellar mass, if the

MS is fitted with an evolving slope. Studies which find a
marginally evolving slope up to redshift ∼ 2.5 (Speagle et al.
2014; Kurczynski et al. 2016; Pearson et al. 2018), show that
γ(z) has a marginal mass dependence and it evolves as
∝ (1 + z)2.6−2.9. Conversely, if the MS steepens at higher
redshift (e.g. Whitaker et al. 2014; Schreiber et al. 2015;
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Figure 3. Comparison of the comoving number density of SF
galaxies derived from the SF galaxy stellar mass function of
Ilbert et al. (2013, black points and line), versus the comoving
number density of MS galaxies (red points and line) in several
stellar mass bins and redshifts.

redshift M∗/M⊙ log(SFR)

0.05 1010−10.2 M⊙ 0.030±0.022

0.05 1010.2−10.5 M⊙ 0.115± 0.034

0.05 1010.5−10.8 M⊙ 0.268± 0.041

0.05 1010.8−11.2 M⊙ 0.383± 0.065

0.05 > 1011.2 M⊙ 0.410±0.093

redshift log(γ(z))

0 < z < 0.3 0.25±0.05
0.3 < z < 0.5 0.40±0.09
0.5 < z < 0.8 0.75±0.06
0.8 < z < 1.2 1.10±0.08
1.2 < z < 1.6 1.35±0.09
1.6 < z < 2.2 1.55±0.09

2.2 < z < 2.5 1.58±0.11

Table 3. The upper table lists the value of the MS location at
z ∼ 0 (MS0) of Popesso et al. (2019), as in of Eq. 3. The bottom
table lists the evolution of the normalization log(γ(z)) with respect
to the local relation, as a function of redshift, as in Eq. 3.

Tomczak et al. 2016), the exponent α exhibits a large ex-
cursion as a function of the stellar mass, ranging from
∼ 2.6 ± 0.1 at 1010 M⊙ to ∼ 3.5 ± 0.15 at 1011 M⊙ (see
also Ilbert et al. 2015). Our estimate is in agreement within
1.5σ with Speagle et al. (2014, α = 2.9 ± 0.1 at 1010.5

M⊙), and within 1σ with previous findings leading to 3 <

α < 3.4 (Daddi et al. 2010; Oliver et al. 2010; Karim et al.
2011). However, it is not in agreement with the results of
Kurczynski et al. (2016) and Pearson et al. (2018), who find
a much flatter evolution. Both studies find a marginally

Figure 4. Evolution of the normalization γ(z) of the MS as a
function of redshift. The result of our method is shown by the
black points. The green line indicates our best fit of the form
γ(z) ∝ (1 + z)α. We report also the evolution based on previ-
ous results in the literature at three stellar mass values: 1010 M⊙

(solid lines), 1010.5 M⊙ (dashed lines) and 1011 M⊙ (dotted lines).
The error bars of the individual lines are not drawn for sake of
simplicity. For marginally evolving MS slopes, as in the case of
Speagle et al. (2014) and Pearson et al. (2018), the three lines
are consistent within 1σ. For evolving MS slopes as in the case
of Schreiber et al. (2015), the three lines are not consistent. We
do not report the evolution obtained by Whitaker et al. (2014)
and Tomczak et al. (2016) for sake of simplicity, because they are
consistent with Schreiber et al. (2015).

evolving slope of the MS. However, we point out that
Kurczynski et al. (2016) sample only few tens of galaxies
above 1010 M⊙ . Thus, their MS is mainly driven by lower
mass galaxies. In the case of Pearson et al. (2018), instead,
the discrepancy is ascribable to a flat MS, which exhibits
an offset of 0.4 dex below the values of Speagle et al. (2014)
and Schreiber et al. (2015) at 1 < z < 2.5, as reported by the
authors.

3.3 Evolution of the MS scatter

The limited statistics due to the small redshift bins in Fig.
2 does not allow to accurately check the evolution of the
scatter with respect to the local Universe. To test also this
aspect, we increase the statistics by collapsing the 7 redshift
bins of Fig. 2 in 3 larger bins by taking into account the
evolution of the MS location. Namely, we measure for each
galaxy the residual ∆MS with respect to the MS location
at the galaxy redshift, by shifting the local MS according to
Eq. 4. This is done to remove any evolutionary effect that
could bias the shape of the MS in the large redshift bins
considered here (see Appendix B and Fig. A5 for a detailed
discussion). Each galaxy is weighted according to the 1/Vmax

method, as described above. As for the previous test, we use
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Figure 5. Evolution of the SFR distribution in the MS region as a function of stellar mass in three redshift bins at z < 0.7 (upper
panels), 0.7 < z < 1.5 (central panels) and 1.5 < z < 2.5 (bottom panels). The redshift is increasing in the vertical direction, while
the stellar mass is increasing along the horizontal direction. The gray shaded histogram shows the distribution of local galaxies around
the local MS as shown in Fig. 2.3. The magenta and blue histograms in each panel show the distributions of the COSMOS and of the
CANDELS+GOODS galaxies, respectively. The orange histogram in the second and third rows of panels shows the distribution of the
COSMOS-PEP subsample limited to PACS detections. The black curve in each panel is the best fit local relation obtained by fitting the
distribution of WISE 22µ based SFRs MS upper envelope in Popesso et al. (2019). The local best fit is scaled to match the COSMOS and
CANDELS+GOODS distributions in a common ∆MS region at 0 < ∆MS < 0.5. For simplicity all distributions are then re-normalized
to the observed peak. The vertical red and blue lines show the 80% completeness limit in the COSMOS-PEP and CANDELS+GOODS
sample, respectively.

the COSMOS-PEP sample at z < 0.7 and at the high stellar
masses, and the GOODS+CANDELS data elsewhere.

The results of this analysis are shown in Fig. 5. The
vertical blue and red lines in each panel show the 80% com-
pleteness limit in each redshift bin as provided by the 1/Vmax

method. Below this limit the histograms are fully dominated
by the completeness correction and likely underestimate the
actual distribution. Thus, when performing the χ2 or the KS
test, we rely only on the part of the histograms above these
thresholds. We point out that, in the majority of the cases,
this limit prevents studying the shape of the MS lower en-
velope. Thus, most of the analysis focuses on the log-normal
component of the MS and on constraining, in particular, its
upper envelope. As done in Fig. 2, the high redshift and the
local best fit log-normal distributions are normalized to a
common region between the MS peak and +0.5 dex towards

the upper envelope. This region is chosen to be sampled at
all redshifts in all stellar mass bins and to exclude the tail
of the MS at high SFR, which might deviate from a single
log-normal component, as suggested in Sargent et al. (2012).
We point out that no fitting is performed in this case. The
local relation is simply normalized consistently with the high
redshift distribution.

At all redshift and stellar mass bins below 1011.2 M⊙ ,
the KS and the χ2 tests reveal a remarkably good agreement
down to the 80% completeness level, between the observed
high redshift and the local distributions. Only in the high-
est stellar mass bin, above 1011.2 M⊙ , the KS and χ2 tests
are inconclusive at any redshift despite the larger statistics.
This result suggests that, as in the local Universe, the scatter
of the MS increases towards higher masses. To further check
this result we also fit the high redshift distributions indepen-
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Figure 6. Evolution of the scatter of the MS at different red-
shifts. The scatter is measured as the dispersion of the log-normal
component.

dently in any stellar mass bin with a log-normal component
above the 80% completeness level. In all cases we obtain a
best fit consistent within 1σ with the local best fit. We take
the dispersion of the individual log-normal component per
stellar mass bin as a measure of the scatter around the MS.
Fig. 6 shows the dependence of the scatter as a function of
stellar mass from z ∼ 0 to z ∼ 2.5. As in the local Universe,
the scatter of the relation is increasing as a function of stel-
lar mass from ∼ 0.28 ± 0.03 dex at 1010 M⊙ to ∼ 0.39 ± 0.03

at 1011 M⊙ . Due to the lower statistics of the high redshift
distributions with respect to the local one, the error bars
are larger and the trend is significant only at the 2σ level.
The reported values are for the observed scatter. By taking
into account the measurement uncertainties of the SFR and
stellar mass estimates, these should be reduced by 25% to
obtain the intrinsic scatter.

The scatter around the MS is found to vary in the
literature from 0.2 to 0.35 dex (see Speagle et al. 2014;
Daddi et al. 2007; Daddi et al. 2010; Magdis et al. 2010;
Whitaker et al. 2012; Schreiber et al. 2015). Previous stud-
ies agree in finding a relatively non evolving scatter as a func-
tion of time (Kurczynski et al. 2016; Pearson et al. 2018).
Ilbert et al. (2015) explore the mass dependence of the scat-
ter and find results consistent with those presented here up
to z∼1.4. All other works in the literature do not explore or
do not find any stellar mass dependence.

3.4 The SB region

We use the large statistics shown in Fig. 5 to test the SB
region of the SFR distribution. Sargent et al. (2012) sug-
gest that an excess of SBs is required in order to justify
the observation of the double power law infrared luminosity
function (e.g. Magnelli et al. 2009; Magnelli et al. 2013). An
indication of an excess of SBs at 1.5 < z < 2.5 is observed

in Rodighiero et al. (2011) in the COSMOS field, after com-
bining deep UV based and IR derived SFRs. Schreiber et al.
(2015) provide similar evidence in a larger redshift window,
by combining Spitzer MIPS 24 µm data and Herschel PACS
data.

Because UV and MIPS derived SFRs are biased at large
distances above the MS, as explained in Appendix B, we
sample the SB region with PACS data. In addition, we
use the large statistics of the COSMOS-PEP survey over
2 deg2, to sample the rare SBs. Thus, in the intermediate
and high redshift bins (0.7 < z < 1.5 and 1.5 < z < 2.5, re-
spectively), where the GOODS+CANDELS sample is used,
we combine this dataset with PACS detected subsample of
the COSMOS-PEP dataset. The two datasets are volume-
weighted before being compared. Fig. 5 shows the volume-
corrected PACS selected COSMOS-PEP subsample with the
orange histogram.

We check the shape of the residual distribution in the
SB region by using the Bayesan Informative Criterion (BIC).
The BIC is a rapid and robust method to check if a fitting
function with a larger number of parameters is required to fit
a dataset. The BIC can be expressed in the following form:

BIC = χ
2 − k×ln(n) (5)

where χ2 is the chi-squared, k is the number of param-
eters and n is the number of data points. The model with
the lowest BIC is the best model. For this purpose, we fit
the distributions of Fig. 5 per stellar mass bin with a sin-
gle log-normal and a double log-normal function. In none
of the redshift and stellar mass bins considered here, the
BIC suggests that a second log-normal component is nec-
essary to fit the upper envelope. Only in the lowest stellar
mass bin at intermediate redshift (0.7 < z < 1.5), the BIC
values are very close to each other, indicating that both fit-
ting functions could be consistent with the data, although
a single log-normal provides anyhow the lowest BIC value.
In all other cases, the lowest BIC is obtained for a single
log-normal distribution with high significance. The PACS
selected COSMOS-PEP subsample in each bin is in agree-
ment within 1σ with being part of the SB tail of the single
log-normal distribution. Such log-normal component is per-
fectly consistent within 1σ with the rescaled local log-normal
component. Thus, we conclude that the second log-normal
component is not needed.

As detailed in the Appendix B, the observation of a
second log-normal component or an excess of galaxies in the
SB region, appears to be due to the combination of different
selection effects. The main bias is given by the combination
of different SFR indicators. As shown in the Appendix B,
both SFRs derived either from dust corrected UV luminos-
ity or from Spitzer MIPS 24 µm are underestimated at large
distances from the MS. This leads to an artificially tighter
distribution in the upper envelope of the MS (right panel
of Fig. A2 in Appendix B). Once PACS detections, which
follow the actual distribution, are combined with the biased
MIPS or UV based SFR distribution, they result as artifi-
cially overabundant.

In addition to this, the redshift dependence might lead
to a similar effect, although at lower significance. If the red-
shift bin is very large or if there is strong evolution through-
out it, neglecting the MS evolution within the bin leads to
stretching the residual distribution in the upper envelope
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of the MS. Galaxies in the low and high redshift tail move
artificially to larger values of ∆MS. This leads to a more
leptokurtic distribution, very peaked at the center and with
long tails, best fitted by two normal components (see Ap-
pendix B for further details).

Schreiber et al. (2015) use a very similar dataset and
find an excess of SB galaxies. However, this is observed when
all ∆MS distributions, irrespective of the stellar mass bin,
are combined together to increase the S/N. We point out
that the increase of the MS scatter as a function of the stellar
mass observed in Popesso et al. (2019) and confirmed here
up to z ∼ 2.2, might cause this effect. Indeed, the combi-
nation of log-normal distributions with different dispersions
leads to a leptokurtic distribution where the component with
the smaller dispersion and higher amplitude dominates the
peak, while the component with larger dispersion and lower
amplitude dominates the tails.

4 COMPARISON WITH PREVIOUS WORKS

Here we compare our results with robust determinations of
the MS at the high mass end, available in literature. We also
describe in detail the reasons of agreement and disagreement
with each determination.

We consider the best fit provided by Speagle et al.
(2014) as a good statistical representation of all the results
available in literature before 2014 (25 MS determinations
as listed in Speagle et al. 2014). We consider, in particu-
lar, the best fit n. 49, which is indicated as the reference
best fit by Speagle et al. (2014). This is based on a ”mixed”
selection of SFGs, mainly driven by color-color selection
of different kinds and cuts (see discussion in Speagle et al.
2014). We consider also the results of Whitaker et al. (2014),
Schreiber et al. (2015) and Tomczak et al. (2016), who per-
form the stacking of SFGs in Spitzer MIPS and Herschel
PACS maps. In these works, SFGs are pre-selected in a
similar way on the basis of the U-V−V-J rest-frame col-
ors. We consider the MS of Lee et al. (2015), based on a
ladder of SFR indicators (dust corrected UV, MIPS 24 µm
and Herschel PACS) and fitted with power law with a mass
turn-over. In this work SFGs are selected according to their
(MNUV -MR) − (MR-MJ ) absolute color as in Ilbert et al.
(2013, 2015). We include in the comparison the more re-
cent results of Pearson et al. (2018) based on the deblending
of Herschel SPIRE detections. In this case, SFGs are se-
lected with similar color cuts. We do not consider the work
of Kurczynski et al. (2016) and Santini et al. (2017), based
on dust corrected UV luminosities, because they include only
few tens of galaxies in the mass range 1010−1011 M⊙ . There-
fore, they can not provide a robust determination of the
MS slope at the high mass end. All MS are converted to a
Chiabrier IMF.

The comparison is shown in Fig. 7. The MS
of Speagle et al. (2014, orange shaded region) and
Pearson et al. (2018, red shaded region) do not show any
bending of the MS at any redshift. However, the MS deter-
mination of Speagle et al. (2014) exhibits a very large un-
certainty with respect to other determinations. This likely
reflects the large spread in the results of the 25 MS de-
terminations collected in that analysis. For this reason the
MS of Speagle et al. (2014) is consistent within 1σ with all

other determinations, except Pearson et al. (2018). As al-
ready pointed out previously, Pearson et al. (2018) report a
systematic offset of their SFR of ∼0.4 dex below previous
results. This explains why their MS lies below the other de-
terminations at more than 1σ in 3 out of 4 redshift bins.
Elbaz et al. (2011) show that SPIRE and PACS SFR esti-
mators lead to consistent results. So the discrepancy must
be related to the deblending technique of the SPIRE detec-
tions and the SED fitting technique applied in Pearson et al.
(2018, see their Appendix C for an extensive discussion).

The MS determinations of Whitaker et al. (2014, green
squares), Schreiber et al. (2015, blue shaded region) and
Tomczak et al. (2016, magenta squares) show a bending of
the MS below z ∼ 1.5, and a steeper relation at higher red-
shift. We point out that the stacking analysis provides, by
construction, the mean IR flux of the selected sample. This
is used to estimate the mean SFR of SFG population. A
median flux can also be estimated, but it is not consistent
with the median of the SFR distribution. Thus, to compare
our results with those of the stacking analysis, we use the
MS location based on the mean SFR shown in Fig. 2.3 (blue
points), shifted to high redshift according to Eq. 2.

As shown in Fig. 7, our results (black points) and the
MS based on the stacking are in perfect agreement (within
1σ) up to z ∼ 1.5. Above this threshold we observe less
agreement (within 1.5σ) in particular above 1011 M⊙ . To
test what might cause this small discrepancy, we investigate
the effect of the color selection used to identify SFGs, with
respect to our IR selection. Fig. 8 shows in gray the ∆MS

distribution of the COSMOS-PEP and GOODS+CANDELS
sample in the same redshift and stellar mass bins of Fig.
5. The cyan histograms show, instead, the distribution of
galaxies selected according to the (U-V)−(V-J) color criteria
of Schreiber et al. (2015) applied to the IR selected sample.
Fig. 8 shows clearly that the color selection is able to capture
all the IR selected MS galaxies up to 1010.5−10.8 M⊙ and it
does not affect the shape of the galaxy distribution in the
MS region. Thus, the mean SFR resulting from the stacking
analysis is consistent with the mean SFR derived from the
log-normal distribution, as shown in Fig. 7. At higher stel-
lar masses, we observe a redshift dependent effect. At low
redshift (0 < z < 0.7), the color selection leads to a ∆MS
distribution consistent with our best fit log-normal distribu-
tion. At higher redshift (z > 0.7) the same selection depopu-
lates the lower envelope of the distribution, thus leading to
a larger mean SFR, as observed in Fig. 7. This is because, at
z > 0.7 the color selection captures 70% of the IR selected
galaxies above 1010.5 M⊙ and only 50% above 1010.8 M⊙ ,
those with the bluer color on the upper envelope of the MS.
This is observed also in Schreiber et al. (2015). However,
1011 M⊙ galaxies at 1-2σ below the peak of the log-normal
distribution exhibit a specific SFR of 10−9.3 − 10−9.6

yr−1 at
z ∼ 2 and 10−9.8−10−10.1

yr−1 at z ∼ 1, respectively. This high
level of SF activity is not consistent with a quiescent system,
neither is the high FIR flux density consistent with emission
of low mass stars. The same result is observed also when us-
ing the color selection criteria and the MIPS based SFRs of
Whitaker et al. (2014). Tomczak et al. (2016) explores the
effect of the SFG pre-selection by stacking all galaxies irre-
spective of their colors. The relation obtained in this way
(light violet triangles in Fig. 7) lies well below all other de-
terminations, including those obtained here, at all redshifts
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Figure 7. Comparison of the MS location obtained in this work (filled points) with previous results, in four redshift bins (0.5 < z < 1,
1 < z < 1.5, 1.5 < z < 2 and 2 < z < 2.5). The redshift windows are chosen to match previous works. The symbols and lines are color-coded
as indicated in the figure. The shaded regions and the error bars of each MS are the 1σ uncertainties reported in the literature. The
light violet triangles in the panels show the results of the stacking analysis of Tomczak et al. (2016) based on all galaxies without any
SFG pre-selection.

and masses. This shows that our method is able to isolate the
MS location with respect to other loci without introducing
additional selection biases. We conclude that the previously
reported steepening of the MS slope towards higher redshift
is artificially induced by the color selection. Consequently,
so is also the evolution of the mass turn-over as observed
in Lee et al. (2015), Tasca et al. (2015) and Tomczak et al.
(2016). This selection effect likely affects also the MS of
Speagle et al. (2014), which is based on a ”mixed”selections.
However, differently from the stacking analysis, the statisti-
cal study of Speagle et al. (2014), which combines and cali-

brates different SFR indicators and samples, does not allow
to estimate to which extent such bias affects the result.

We conclude that the MS is not evolving in slope at the
high mass end and the relation is bending above 1010.5 M⊙ ,
as observed in the local Universe. Since there is agreement
in literature in finding that the MS is marginally evolving
in slope at the low mass end, this would suggest that the
shape of the relation is not evolving up to z∼2.5 over a much
broader stellar mass range.
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Figure 8. Comparison of the distribution of galaxies around the MS for purely IR selected galaxies (grey histograms) and IR and
color-selected galaxies (cyan histograms), according to the color selection criteria of Schreiber et al. (2015). The redshift and stellar mass
bins are the same as in Fig. 5. The blue vertical lines show the 80% completeness limit of the IR selected sample as in Fig 5.

5 SUMMARY AND CONCLUSION

We summarize here the main findings of the paper. We study
the MS of SFGs from z∼0 to ∼2.5 by analyzing the SFR
distribution in the SFR-M∗ plane. To this aim, we use the
deepest available mid- and FIR surveys of the major blank
fields, such as COSMOS, GOODS and CANDELS.

To study the evolution of the MS location and shape
at high redshift, we assume as a null hypothesis that the
MS slope and scatter do not evolve with time and only
the normalization of the relation increases with redshift.
We find that the null hypothesis is confirmed out to red-
shift ∼ 2.5 with the exclusion of the highest stellar mass bin
(> 1011.2 M⊙), where the results of the test are inconclusive.
Given the validity of the null hypothesis, we conclude that
the MS is bending above 1010.5 M⊙ out to z∼2.5, consis-
tently with the local MS. We show that previously reported
steepening of the MS towards high stellar masses is due to
a selection effect.

The distribution of galaxies in the MS region, at fixed
stellar mass, is well represented by the local log-normal dis-
tribution observed in Popesso et al. (2019). We conclude
that, up to z ∼ 2.5, the distribution of galaxies in the MS

region is consistent with being a re-scaled version of the lo-
cal distribution, whose scatter increases as a function of the
stellar mass at the 2σ level. We also show that SBs repre-
sent the high SFR tail of the log-normal distribution and
they are not in excess with respect to the underlying SFG
distribution, as previously proposed in the literature (e.g.
Sargent et al. 2012).
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APPENDIX A: COMPARISON OF DIFFERENT

SFR INDICATORS

In this section we compare SFRs derived with different indi-
cators to highlight possible biases. First, we compare the IR
luminosities, LIR, derived by integrating different templates
from 8 to 1000µm. Fig. A1 shows the comparison of LIR ob-
tained by using the Elbaz et al. (2011) and the Magdis et al.
(2010) templates, respectively. The agreement is excellent
with an rms of 0.16 dex. The same panel shows also the
comparison of the LIR obtained by fitting simultaneously
with hyperz the best optical (Bruzual & Charlot 2003) and
IR (Polletta et al. 2007) templates to the entire galaxy SED
from UV to PACS data (blue points). The agreement is very
good with a rms of 0.17 dex.

However, when comparing the SFR based on MIPS 24
µm data-point only, with the PACS based SFR, all tem-
plates exhibit the same bias towards the upper envelope of
the MS. At all redshifts, all the templates considered here
tend to underestimate the SFR based on 24 µm towards the
upper envelope of the MS. The larger the distance from the
MS, the larger the underestimation. We also note that the
higher the redshift, the steeper the anti-correlation between
the SFRMIPS/SFRPACS and ∆MS (left panel of Fig. A2).
This is due to the fact that at higher redshift the MIPS 24
µm data sample a rest-frame region more contaminated by
PAHs (the rest frame 12 µm region at z ∼ 1 and the 8 µm
region at z ∼ 2) than the rest frame 24 µ region. The PAHs
emission appears to be lower for galaxies above the MS than
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Figure A1. The panel shows the comparison of the LI R derived
by using the Elbaz et al. (2011) IR templates versus those based
on the Magdis et al. (2010) templates (black points). The panel
shows also the comparison between the Elbaz et al. (2011) LI R

and those derived from fitting the whole galaxy SED with hyperz
with Bruzual & Charlot (2003) templates in the optical regime
and the Polletta et al. (2007) templates in the IR regime (blue
points). The LI R is obtained by integrating the template best
fitting the MIPS and PACS data from 8 to 1000 µm

for MS galaxies, as shown inElbaz et al. (2011). Thus, when
using the MS template also for SBs, the LIR estimated from
the continuum emission is underestimated with respect to
the actual value. Only PACS data at longer wavelength allow
to discriminate between a MS or a SB template to properly
estimate the infrared luminosity.

We perform the same exercise with the dust corrected
UV based SFRs of the BzK sample of Rodighiero et al.
(2011) at 1.5 < z < 2.5 (right panel of Fig. A2). The UV
based SFRs of the BzK sample behave in a very similar way
with respect to the local galaxy sample of Salim et al. (2016),
analysed in the very same way in Popesso et al. (2019). We
observe a significant underestimation of the SFR at large
distances from the MS. As for the left panel of Fig. A2, we
use the MS determination of Whitaker et al. (2014) at dif-
ferent redshifts to estimate the distance from the MS.

APPENDIX B: BIASES IN THE MS SHAPE

DETERMINATION

In this section we analyze the possible biases that can affect
the determination of the SFR distribution around the MS.
Given the results of the previous section, the most obvious
bias is given by the combination of different SFR indicators.
The use of the SFR based on the on 24 µm data-point only
tend to depopulate the high SFR tail of the MS due to the
underestimation of the SFR in the SB region. In the SB re-
gion, in particular, such underestimation can be of 0.3 to 0.7
dex from redshift ∼ 1 to 2.5, respectively (Left panel of Fig.

A2), leading to a very narrow MS at all stellar masses when
using only MIPS 24 µm SFR indicator. The same bias is ob-
served in the SFR estimates based on the dust corrected UV
luminosities of the BzK sample of Rodighiero et al. (2011).

This systematic underestimation of the SFRs at larger
distance from the MS could have few effects. First, it would
artificially create a narrow MS at all masses, likely hiding
the increase of the scatter of the relation towards high stellar
masses, as observed in Fig. 2.3 and 5. Second, the combina-
tion of such biased SFR estimates with the PACS based
SFRs in the upper envelope would lead to an artificial lep-
tokurtic distribution. As shown in Fig. A3, the PACS de-
tected galaxies in the SB region appear as artificially over-
abundant with respect to the 24 µm based (left panel) and
dust corrected UV based (right panel) SFR distributions.
However, once a larger part of the MS upper envelope is
sampled by PACS data, as in the GOODS+CANDELS sam-
ple, such artificial effect disappears (Fig. A4).

Additionally, the MS location is evolving strongly as a
function of redshift at the high mass end with a power law
of the form (1+ z)3.21, as found in Section 3.2. Ignoring such
evolution, within a large redshift bin, affects the shape of
the MS as shown in Fig. A5. Galaxies towards the lower
and upper limit of the redshift bin, are located to artificially
smaller and larger distances, respectively, from the MS of
the bin mean redshift. The result is that the MS is squeezed
in the lower envelope and stretched in the upper envelope
with an artificially long tail.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A2. Left panel: relation between the ratio, SFR24µm/SFRPACS, of SFRs based on 24 µm data-point only and on 24 µm+PACS
data, versus the distance from the MS of Whitaker et al. (2014) at different redshifts. Blue, green, magenta and red points refer to the
0 < z < 0.5, 0.5 < z < 1, 1 < z < 1.8 and 1.8 < z < 2.5 redshift ranges, respectively, in the COSMOS PEP sample. The black dots shows
the mean SFR24µm/SFRPACS in bin of ∆MS for the whole COSMOS PEP sample. The blue, green, purple and orange line show the
mean relation at 0 < z < 0.5, 0.5 < z < 1, 1 < z < 1.8 and 1.8 < z < 2.5, respectively. Right panel: ratio, SFRBzK/SFRPACS, of the
dust corrected UV based SFRs of the BzK sample of Rodighiero et al. (2011) at 1.5 < z < 2.5 over the PACS based SFRs, versus the
distance from the MS. The comparison is done with the PACS based SFRs derived from the deep CANDELS and GOODS-H Herschel
PACS data. The magenta line shows the best fit linear regression of the SFRBzK/SFRPACS relation.

Figure A3. Left panel: Bias due to the combination of different SFR indicators in the SFR distribution around the MS at 1010.5−10.8 M⊙.
Cyan and blue histograms shows the distribution of MIPS 24 µm sources in the COSMOS-PEP field at different redshift, as reported
in the figure. The red and dark red histograms, in particular, shows the subsample of PACS detected sources of the COSMOS-PEP
sample. The gray tick line shows the z ∼ 0 best fit relation of Popesso et al. (2019) in the same stellar mass bin. Right panel: Same as left
panel for a different combination of SFR indicators. The black curve shows log(SFR) distribution of the bzK sample of Rodighiero et al.
(2011) with SFRs based on the dust corrected UV luminosities (as shown in right panel of Fig. A2). The magenta and red lines show

the distributions of the PACS selected samples in the COSMOS PEP and GOODS PEP surveys, respectively. The gray tick line shows
the z ∼ 0 best fit relation of Popesso et al. (2019) in the same stellar mass bin
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Figure A4. Example of the distribution of galaxies around the
MS location at different redshift in the 1010.5−10.8M⊙ stellar mass,
once the upper envelope is fully sampled by PACS data as in the
GOODS+CANDELS sample. The magenta line shows the distri-
bution of the COSMOS-PEP sample at z < 0.7. The blue and cyan

lines show the GOODS+CANDELS sample at 0.7 < z < 1.5 and
1.5 < z < 2.5, respectively. The red solid and dashed histogram,
in particular, show the volume weighted subsample of PACS de-
tected sources of the COSMOS-PEP sample at 0.7 < z < 1.5 and
1.5 < z < 2.5. All histograms are in agreement with the best fit
z ∼ 0 log-normal distribution of (Popesso et al. 2019, gray thick
line) within 1σ.

Figure A5. Excess of ∆MS in three bins of redshift at 0 < z < 0.7

(blue region), 0.7 < z < 1.5 (green region) and 1.5 < z < 2.5 (blue
region) due to neglecting the evolution of the MS location within
wide redshift bins.
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