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ABSTRACT

Aims. We investigate how the obscured IR-derived and the dust-corrected UV star formation rate functions (SFRFs) compare with
each other, and with predictions from state-of-the-art theoretical models of galaxy formation and evolution.

Methods. We derive the IR-SFRF from the ALMA A3COSMOS survey, by converting the IR luminosity functions (IR-LFs) into SFRF
after correcting for AGN contribution. Similarly, we obtain the UV SFRFs from literature UV LFs, corrected for dust-extinction. First,
we fit the two SFRFs independently via a MCMC approach, then we combine them to obtain the first estimate of the “total” SFRF
out to z ~ 6. Finally, we compare this SFRF with the predictions of a set of theoretical models.

Results. We derived the UV (dust-extinction corrected, from literature UV-LFs) and IR SFRFs (from Herschel and ALMA IR-LFs)
at 0.5 < z < 6, finding that they are mostly complementary, covering different ranges in star formation rate (SFR< 10 — 100 Myyr™!
for the UV-corrected and SFR> 100 Mgyr~! for the IR). From the comparison of the total SFRF with model predictions we find an
overall good agreement at z < 2.5, with increasing difference at higher redshifts, with all models missing the galaxies that are forming
stars with the highest SFRs. We finally obtained the UV (dust-corrected), IR and total star formation rate densities (SFRDs), finding
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that there are no redshift ranges where UV and IR alone are able to reproduce the whole total SFRD.

Key words.

1. Introduction

Understanding how galaxies form and evolve through cosmic
time has been a topic of interest of both observational and nu-
merical astrophysics for the past decades up to present day.
The characterization of all the physical mechanisms behind the
evolution of galaxies is not an easy task and requires a vari-
ety of different observation strategies (i.e., photometric as well
as spectroscopic). Numerical simulations and theoretical mod-
els are tools that have been widely used in the community to

investigate the physics that governs galaxy formation and evo-
lution (White & Frenk 1991; Kauffmann et al. 1993; Springel
et al. 2001; Bower et al. 2006; Croton et al. 2006; Monaco et al.
2007; Somerville et al. 2008; Fontanot et al. 2009; Guo et al.
2011; Benson 2012; Menci et al. 2012; Somerville et al. 2012;
Henriques et al. 2013; Gruppioni et al. 2015; Henriques et al.
2015; Schaye et al. 2015; Pillepich et al. 2018; Davé et al. 2019;
Lacey et al. 2016; Lagos et al. 2018). Observational studies have
shown that star-forming galaxies (SFGs) populate a relatively
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tight “main sequence” (MS), relating stellar mass and star for-
mation rate (Noeske et al. 2007; Whitaker et al. 2012; Speagle
et al. 2014). The small scatter of the MS suggests that galaxies
grow in a quasi-equilibrium state, regulated by the balance be-
tween gas accretion, star formation, and outflows (Bouché et al.
2010; Lilly et al. 2013; Davé et al. 2012). In the ACDM frame-
work, galaxies can be fueled by cold gas inflows from the cos-
mic web (Keres et al. 2005; Dekel et al. 2009), while stellar and
AGN-driven outflows regulate their efficiency at converting gas
into stars (Hopkins et al. 2014; Somerville & Davé 2015; Naab &
Ostriker 2017). Both processes are incorporated into theoretical
models through sub-grid prescriptions in simulations or empiri-
cal recipes in SAMs, where they strongly shape the predicted star
formation rate function (SFRF) (Dubois et al. 2016). Comparing
UV+IR observations with such models is therefore crucial for
assessing the fidelity of feedback and dust implementations (Pi-
couet et al. 2023). To trace the evolution of a galaxy, one of the
key aspects is to investigate the assembly of its mass and time
scale on which the gas is converted into newly formed stars. In
order to probe how this occurs, the star formation rate (SFR) rep-
resents the most accurate indicator for retrieving information on
the instantaneous growth in stellar mass (M).

Although the SFR of galaxies is an informative parameter
to investigate galaxy evolution, its derivation is subject to sev-
eral limitations, depending on the wavelengths of observation.
Different methodologies involve either detailed spectral energy
distribution (SED) fitting or the use of star formation indica-
tors. However, measurements derived from luminosities in dif-
ferent bands like the ultraviolet (UV) or the infrared (IR), as
well as individual nebular emission lines (e.g., Ha) can lead to
diverging estimates for the SFR. Each of these probes of the
luminosity of a galaxy have been calibrated in the local Uni-
verse to a corresponding SFR (e.g., Kennicutt 1998a,b; Kenni-
cutt & Evans 2012; Smit et al. 2012) and it is unclear if the
same calibrations and assumptions (e.g. IMF) can be used for
higher redshifts. In particular, UV and IR emission trace SF on
very similar timescales (see Kennicutt & Evans 2012). From
a theoretical perspective, UV and IR luminosities of simulated
galaxies are often derived by applying dust radiative transfer
post-processing to the intrinsic stellar populations (e.g., Tray-
ford et al. 2017; Narayanan et al. 2021). The SIMBA simulation
represents an exception, as it includes a self-consistent dust pro-
duction model (Davé et al. 2019), enabling direct predictions of
both obscured and unobscured star formation. As shown by Pi-
couet et al. (2023), the choice of feedback implementation and
dust modeling critically affects the ability of models to reproduce
the observed UV- and IR-derived SFRFs.

Observations in the optical and UV have enabled estimates of
the star formation rate density (SFRD) up to redshifts of z ~ 7—8
(see, e.g., Bouwens et al. 2014; Oesch et al. 2015; Laporte et al.
2016; Oesch et al. 2018), and even as high as z ~ 10 (e.g.,
Harikane et al. 2023), significantly extending our understand-
ing of star formation in the early universe. However, these mea-
surements—primarily based on rest-frame UV data—are likely
missing the most dust-obscured and thus star-forming galaxies.
On the other hand, IR LFs are still poorly constrained beyond
z ~ 5, with the faint-end in particular remaining largely uncon-
strained (even though some attempts have been made to estimate
it, see e.g., Barrufet et al. 2023; Fujimoto et al. 2024).

In the last fifteen years, many works studied the main pro-
cesses regulating the SF and have compared the observed star
formation rate function (SFRF) (Reddy et al. 2008; Oesch et al.
2010; van der Burg et al. 2010; Ly et al. 2011; Magnelli et al.
2011; Cucciati et al. 2012; Smit et al. 2012; Gruppioni et al.
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2013; Magnelli et al. 2013; Patel et al. 2013; Sobral et al. 2013;
Duncan et al. 2014; Bouwens et al. 2015; Alavi et al. 2016; Parsa
et al. 2016; Gruppioni et al. 2020) with predictions from simula-
tions and models (Davé et al. 2011; Fontanot et al. 2012; Tescari
et al. 2014; Gruppioni et al. 2015; Katsianis et al. 2017a, 2021b).
These studies reveal tensions between observations and models,
often linked to feedback implementations and dust treatments.
While UV and IR estimates provide complementary informa-
tion, models without adequately calibrated AGN/SN feedback
or dust prescriptions cannot simultaneously reproduce both the
faint and bright ends of the SFRF (Gruppioni et al. 2015; Picouet
et al. 2023).

In order to investigate the evolution of the star formation
rate with the redshift, and to alleviate the aforementioned ten-
sions, large surveys are needed. The automated mining of the
ALMA Archive in COSMOS (A3COSMOS, Liu et al. 2019; Liu
& A3COSMOS Team 2019), which is the largest ALMA sur-
vey to date, represents an ideal benchmark for simulations and
semi-analytical models (SAMs), probing the IR-mm SFRF over
a wide redshift range (z ~ 0 — 6). A physical and statistical anal-
ysis of the A’COSMOS galaxy sample has already been per-
formed in a previous work by Traina et al. (2024), hereafter T24,
aimed at deriving the IR luminosity function (IR-LF) and cos-
mic dust-obscured star formation rate density (SFRD) at differ-
ent redshifts. From the same database, with the addition of the
GOODS-S ALMA archival images, Adscheid et al. (2024) de-
rived the (sub-)mm number counts, while other physical proper-
ties (e.g., molecular gas, dust attenuation) have been explored in
previous works by Liu & A3COSMOS Team (2019); Fudamoto
et al. (2020); Wang et al. (2022). In this paper, we use the IR-LFs
previously derived in T24 from the A*COSMOS along with UV-
LFs from the literature to obtain new estimates of the combined'
(IR and UV) SFRF at 0 < z < 6 and compare it with predictions
from the literature from state-of-the-art hydrodynamical simula-
tion and SAMs.

The paper is organized as follows: in Section 2 we present the
archival samples used to derive the SFRFs; in Section 3 we de-
rive the IR-SFRF for the A’*COSMOS survey, combine it to ob-
servational results from the UV and compare to fiducial models
prediction of the SFRF from a set of hydrodynamical simulation
and SAMs in Section 4; in Section 5 we show the comparison
between observed SFRD and the predicted one; in Section 6 the
conclusions are presented. Throughout the paper, we assume a
Chabrier (2003) stellar initial mass function (IMF) and adopt a
ACDM cosmology with Hy = 70 km s™! Mpc™!, Q,, = 0.3, and
Qp =0.7.

2. The data
2.1. IR-mm Sample

The A3COSMOS survey is the largest database of ALMA-
selected galaxies. Indeed, it is the collection of all the archival
ALMA observations within the COSMOS field (Scoville et al.
2007; Weaver et al. 2022). In this paper, we used the most recent
version of the A3COSMOS combined with the COSMOS2020
(Weaver et al. 2022) photometry (Adscheid et al. 2024). We use
the IR-LF from T24, obtained by combining the A’COSMOS
database (turned into a “blind-like” survey) with Herschel data
points from Gruppioni et al. (2013). Below we summarize how
the final A3COSMOS sample is obtained and its main physichal

! In this paper, we refer to the “combined” SFRF and SFRD as that ob-
tained by combining SFRF data points from both bands, which sample
different intervals in SFR.
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Fig. 1. Density (normalized to 1) distributions of the IR-SFR obtained
through SED fitting for total A3COSMOS sample (cyan) and for the
sub-sample considered in this work (teal).

properties. The sample in T24 is obtained as follows: for each
ALMA pointing, we removed the sources within a radius of 1"
from the center (which are identified as targets of the ALMA ob-
servations) to avoid selection bias, as well as those offset sources
at a redshift similar to that of the target to correct for clustering
bias. The sample is thus consisting of 189 (out of an initial sam-
ple of 1620) galaxies which are considered serendipitously de-
tected in the ALMA pointings. The main integrated galaxy phys-
ical properties (i.e., stellar mass, dust luminosity, IR-SFR) were
inferred in T24 through SED-fitting with the CIGALE SED fitting
code (Boquien et al. 2019), finding a massive (M, ~ 10'° - 10'?
M), infrared luminous (L;gg-1000 ~ 10'" — 10'® L) and highly
star forming (SFR ~ 10 — 1000 Myyr™!) population. Addition-
ally, ~ 40% of the sources are hosting an AGN, with different
AGN fractions (i.e., fraction of the AGN emission with respect to
the total IR emission in the 5-40 ym range from the CIGALE tem-
plates, fagn, ranging from 0.3 to 0.8). Figure 1 shows the SFR
distribution of the full 1620 galaxies sample (cyan histogram)
and for the subsample of 189 sources considered as serendipi-
tous detection in T24 (teal histogram). Both distributions peak
at SFR ~ 300 Myyr~!, but most objects were excluded from the
parent A’COSMOS sample because they are targets.

2.2. UV datasets

Although the star formation derived using the Lir has been
proven to account for a large fraction of the total SFR of a galaxy
(Wuyts et al. 2011; Pannella et al. 2015), it traces only the ob-
scured part and the fractional contribution of the IR to UV de-
rived SFRs may change at z > 3. For this reason, we included in
our analysis the UV-LFs from seven works from the literature,
broadly spanning the redshift range from O to 6 (to be consistent
with our IR/mm sample):

— van der Burg et al. (2010) derive the UV-LF in the range 3 <
7 < 5, using ~ 10° Lyman-break galaxies from the CFHT

Legacy Survey Deep fields.

— Cucciati et al. (2012) study the UV-LF of I-band selected
galaxies using the VVDS surveys, from the local Universe
up toz ~4.5.

— Parsa et al. (2016) explore the UV-LF fromz ~ 2toz ~ 4
combining the HUDF, CANDELS/GOODS-south and Ultra-
VISTA/COSMOS surveys.

— Mehta et al. (2017) use the UVUDF to derive the UV-LF of
Lyman-break galaxies at z ~ 1.5 — 3.

— Ono et al. (2018) study the UV-LF towards higher redshifts
(z ~ 4 = 7) through the Great Optically Luminous Dropout
Research Using Subaru HSC (GOLDRUSH).

— Adams et al. (2020) derive the LF at z ~ 4 combining the
COSMOS survey and the XMM-Newton Large-Scale Struc-
ture fileds.

— Bouwens et al. (2021, 2022) use a combination of several
fields to derive the UV-LF atz ~ 2 — 9.

Using these data, we take into account the unobscured con-
tribution to the total SFRF at each redshift.

3. The IR and UV SFR function

To derive the SFRFs, we start from the IR and UV luminosity
functions, converting Ljg and UV magnitudes into IR-SFR and
UV-SFR, respectively. Specifically, for the conversion of Lir to
IR-SFR (which accounts for the obscured part of the SFR), we
employed the Kennicutt (1998a) relation (for a Chabrier IMF):

L
S FRr(Moyr™") = 1.09 x 10-10§,

©

ey

To derive the component of the SFR from the UV luminosity,
corrected for dust attenuation, we applied the following proce-
dure. We corrected UV magnitudes in a self-similar manner via
the same relation proposed by (Hao et al. 2011):

eTUV’ (2)

where Tyy represents the effective optical depth (ryy =
Aj600/1.086, with Ajepp being the dust absorption at 1600 A,
calculated as Ajgoo0 = 4.43 + 1.996). We adopt the form for S
as shown in Bouwens et al. (2012):

Muyv.corr = Muyv,oBs X

d
B = —ﬂ(MUV,AB +19.5) + Buyy=195,

with Map being the absolute UV magnitude. For d[f;% we

assume the values tabulated by Tacchella et al. (2013) for various
redshift intervals.

To derive the SFR from the UV luminosity, we used these
UV-LF estimates corrected for dust attenuation (see Section 3.2
for a detailed motivation), converting the absolute UV magnitude
(for the catalogs described in Section 2.2) into UV luminosity:

— 10~ 04(Muy.con=51.60)

“

Finally, from Lyy corr, We then calculated the UV corrected
component of the SFR as follows (see Kennicutt & Evans 2012):

LUV,corr

LUV,corr

S FRyv cor(Moyr™) = 0.82 x 10728 3)

ergs~'Hz ™"’

We computed the IR and UV SFRFs at z ~ 0.5 — 6, dividing
the z range into 8 redshift bins similar to the bins explored by
the UV and IR works we are using here. The SFRF UV and IR
points are shown in Figure 2 (upper panel). Overall, there is a
reasonable agreement between UV and IR data points. In partic-
ular, at 0 < z < 1.5, the points from both tracers are almost
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overlapped in the range where both have data, with the IR reach-
ing larger values of SFR, while the UV slightly lower ones. At
higher redshift, the bright-end of the UV-SFRF starts deviating
from that of the IR-SFRF, which decreases less drastically. This
discrepancy could be ascribed to the difficulty for UV observa-
tions to detect the most dust-obscured galaxies with the highest
SFRs (e.g., SFR > 10> M, yr~!). On the other hand, the higher
the redshift, the less the IR-mm observations become sensitive
enough to detect galaxies at low star forming regimes. In fact,
at the lowest redshift bins, UV and IR data points cover more
or less the same range in SFR, while, at higher redshift, UV data
covers a wider range, especially at the faint-end, but do not reach
high SFRs ad the IR data do instead.

As a result, the two SFR functions obtained from UV dust-
corrected and IR data might display different shapes while yield-
ing similar integrated SFRD. In the next Section, we will discuss
these aspects in more detail.

3.1. SFRF fitting procedure

In order to measure the IR (from the A3COSMOS) and UV (from
works in Section 2.2) SFRFs, we first fitted our data points (IR
and UV separately) by performing a Monte Carlo Markov chain
(MCMC) analysis, thus obtaining a best-fit IR and UV SFRF
over several redshift bins. We ran the MCMC using the PYTHON
package emcee (Foreman-Mackey et al. 2013), which allows us
to explore the parameter space at once, using a set of walkers.
While the UV SFRFs can be fitted with a classical Schechter
function (Schechter 1976), the IR SFRFs typically show an ex-
cess in the bright-end, that cannot be simply modeled with a
Schechter (Lawrence et al. 1986; Soifer et al. 1987; Saunders
et al. 1990; Rush et al. 1993; Shupe et al. 1998; Sanders et al.
2003). For this reason, we adopted a modified Schechter (Saun-
ders et al. 1990) for the IR-SFREF fit. The classical Schechter is
characterized by three free parameters, which are the knee star
formation rate (SFR*) and density @ of the galaxy population,
plus the slope of the faint-end (@). The modified Schechter has,
in addition, a fourth parameter, o, describing the shape of the
bright-end. The Schechter function is described by the following
form:

dlogL. 6)

d(L)dl L—@*(L)a L
ogL = I exp I

The modified Schechter can be written as:

dlogL,

(LT 1 L
O(L)dlogL = @ (E) exp [—Elogﬁ) (1 + E)

@)

Previous studies (e.g., Caputi et al. 2007; Béthermin et al.
2011; Gruppioni et al. 2013) have shown that these parameters,
in particular L* and @*, evolve with redshift. Indeed, in the IR
domain, L* (proxy of dust-obscured SFR) and ®* of the galaxy
population increases and decreases with redshift, respectively
(e.g., Gruppioni et al. 2013; Magnelli et al. 2013). This evolu-
tion can be described by a functional form, assuming a Zyeax for
both parameters, that characterizes the change in their evolution
with redshift. We adopted a similar redshift evolution for the UV
SFREF, for which we factored in an evolving faint-end slope, fol-
lowing Parsa et al. (2016). The equations which describe the IR-
and UV-SFREF evolutions are reported below:

Q" = Dj(1 + ) 2< 20
o = (D(*)(l + Z)kpz(l + ZPO)(kpl_kpz) Z> 20

®)
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FR* = SFR(1 + 7)ku
{S S 0( +2) <2 9)

SFR* = SFR)(1 + 2)M2(1 + z9) %1702 7> 7

where @ and SFRj are the normalization and characteris-
tic SFR at z = 0, k,(, kpo, ki1 and kp, are the exponents for
values lower and greater than z,0 and z1o for ®* and SFR*, re-
spectively. The evolution of a in the UV (dust corrected) SFRF
fit, is parametrized by the following power law:

(2) = kg + ka2 X z. (10)

By taking advantage of the wide redshift range and the
plethora of independent datasets considered in this analysis,
we can constrain the best-fit parameters, identifying the local
Schechter function and its evolution. Then, using the functional
forms for the evolution described before, we can obtain the best-
fit IR and UV-SFRFs for each redshift bin. In this way, we can
easily combine SFRF data from different studies at different red-
shifts (in the same bands and completeness-corrected). In or-
der to accurately constrain the parameters of the best-fit SFRFs,
we also combined the A3COSMOS IR-SFRFs with those ob-
tained from Herschel PEP/HerMES on the COSMOS, ECDEFS,
GOODS-N, and GOODS-S fields (Gruppioni et al. 2015), con-
taining a much larger number of sources, especially at low red-
shift, where ALMA does not provide good statistics, as done also
by T24 for the IRLFs.

The evolutive IR and UV best-fit of the SFRFs are shown
in Figure 2 (upper panel). Since this fit is not done individually
for the data points in each redshift bin, some deviation between
the data and model at specific redshift bins might happen; the
UV and IR SFRF best-fits are indeed obtained by considering
together the data points at all redshifts and finding an evolution
compatible with them all. As we mentioned before, there is a dis-
crepancy (from 0.5 to 1 dex in SFR) between the IR SFRF and
the UV (dust-corrected) one, confirming that different indicators
produce different results (Leja et al. 2020; Katsianis et al. 2020;
Das & Pandey 2024). Most of this difference is due to the dif-
ferent SFR range traced by the two datasets and to the different
slopes at the faint and bright-end of both SFRF best-fits. This is-
sue, is well explained in Figure 2 (lower panel), where we show
the SFR density distribution that we integrate to obtain the SFRD
(i.e., P*XS FR). Up to z ~ 3, the UV integral is larger than the IR
one, while at z > 3 the IR contribution becomes rapidly larger.
However, at all redshifts, the two functions cover different inter-
vals of SFR: this means that the same value of the cosmic SFRD
could be obtained by two completely different distributions and,
consequently, that neither the IR nor the UV alone can account
for the total SFRD at any given redshifts. In the next section, we
try to address this problem by defining a total IR & UV SFREF,
whose evolution is studied in Section 5.

3.2. The IR + UV total SFRF

In order to compare our results with those of simulations and
SAMs, which predict the total SFRF, we need to trace the same
quantity also with data (i.e., a total SFRF). As noticed in the
previous section, neither the IR SFRE, or the dust-corrected UV
SFREF are able to represent the total SFRF, because, even if cor-
rected for incompleteness and dust attenuation, neither of them
samples the whole range of SFRs. We therefore need to derive
the best representation possible of the total SFRF, covering all
the relevant values of SFRs. To this purpose we have combined
the UV and IR SFRF data and performed a MCMC fit under
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Fig. 2. Upper panel: UV and IR SFRFs at different redshifts. Data points are plotted in cyan (UV) and red (IR), while the best fit is shown as blue
and red curves for the UV and IR datasets, respectively. Lower panel: product between volume density (®) and SFR in each redshift bin: this is
the quantity that we integrate to obtain the SFRD. The UV (blue area) and the IR (red area) SFR density distributions are compared at different
redshifts as function of the SFR. Both curves are normalize to have the peak of the UV at 1.

the following assumptions. In principle, to obtain the total SFRF
we should use the same galaxy sample and sum the obscured
(traced by the IR) and unobscured (traced by the UV not cor-
rected for dust extinction) SFRs for each galaxy. However, as
clearly shown by Figure 2, there are no samples of galaxies with
observations in the IR and UV covering the exact same interval
of SFRs (even though some are partially overlapping). In fact,
UV surveys typically sample fainter SFRs, but are not able to
detect the most star forming (and obscured) systems, while IR

surveys are sensitive to the higher SFRs, but not deep enough
to detect the fainter SFR galaxies, containing small amounts of
dust. Given the complementarity of the two SFRFs traced by UV
and IR, as shown in Figure 2, we assume that the faint-end of
the UV-SFRF (corrected for dust attenuation) is tracing ~ 100%
of the SFR at low SFRs and, in a similar way, that the bright-
end of the combined SFRF is almost entirely traced by high-
est SFRs galaxies. With these assumptions, we can therefore fit
with a unique function the UV-SFRF data at SFR < SFR{},, and
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Fig. 3. Combined SFRF best-fit. The UV and IR data points are shown as in Figure 2. Blue empty circles are the UV points not used to obtain the
combined fit, which is shown as yellow area, corresponding to the 16th and 84 percentiles from the MCMC.

the observed IR-SFRF at SFRs larger then the IR completeness
threshold. We can consider the global fit to data the best repre-
sentation of the total SFRF.

Before proceeding, in order to check if our assumptions are
reasonable and valid in a wide redshift range, we performed a
simple test aimed at deriving the combined SFRF by assuming
a certain stellar mass function (SMF) and galaxy main sequence
(MS) to be compared with our total SFRF from all the data. The
details of this test are given in Appendix A and the result (that
confirms the robustness of our method) is shown in Figure A.1.

Moreover, a similar approach has already been used in the
works by Mancuso et al. (2016a,b), where the authors fit simulta-
neously the IR and UV (dust-corrected) SFRFs with a Schechter
function, using all the IR data points and the UV data points
up to 30 My, yr~'. In their works, it is clearly shown how the
UV and IR traces different regimes of SFR and, therefore, are
both needed to compute the total SFRF. Similar findings also
emerged from the works by Bernhard et al. (2014); Rodriguez-
Puebla et al. (2020), showing that the IR and UV bands trace
very different (almost complementary) regimes of galaxy types
in term of stellar masses and SFRs, with the IR tracing typically
the most massive, star forming ones and the UV the faintest ones.

To perform the fit of the combined UV and IR SFRF we fitted
the data in the individual z-bin, with a modified Schechter, with-
out fixing the faint and bright-end slopes. In particular, we left
as, o (the slope parameters), ®* and L* free to vary in each bin
(see table 3.2). In contrast to the previous fits, we choose to fit the
data points in each redshift bin individually because of a lack of
support from the literature of any hints of evolution for a "total"
SFREF. The results of the combined SFRF fit is reported in Figure
3. In most of the bins, the modified Schechter fits well the data
points, both in the UV and IR regimes, enabling us to properly
characterize the properties of the SFRF simultaneously in the
faint and bright-ends, as well as in the knee. We note, however,
that in this parametrization of the SFREF, at z > 2, there is a por-

Article number, page 6 of 14

Table 1. Best-fit parameters of the total UV+IR SFRFs.

z as oty o S FR*
05-1.0 1717015 07179% —1.8270)7  0.25%0%
1.0-15 1.61703) 0707017 —2.38+047  0.71%033
1.5-2.0 1407007 0.49*013  —2.18*022  1.23*03¢
20-25 1387000 056013 207037 1.03%4
25-30 1377018 074915 211708 07750
3.0-3.5 1417020 0.77701%  -1.99%029  0.54%042
35-45 1437017 0777011 2227020 048708

45-6  1.657077  0.83*7015 279704 0.68+043

Notes. Slope parameters (s and o), star formation rate (S FR*) and
normalizations (®*) at the knee in the eight redshift bins obtained
through the MCMC analysis.

tion of the SFRF in which we do not have reliable or complete
data to fit. Even though with a small impact, this lack of data
may influence the final fit because it covers only the range of the
SFRF knee. Figure 3 also shows the comparison with the results
obtained by Mancuso et al. (2016b) and Picouet et al. (2023) on
the total SFREF, using similar approaches. In particular, in the for-
mer work the authors use a compilation of UV and IR LF data
to cover both the faint and bright-ends of the SFRF; in the latter,
the authors use FIR data from the COSMOS2020 catalog and
U-band observation from the HSC-CLAUDS survey. Our results
are consistent with both works, even though comparable up to
z~3.
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Fig. 4. Observed SFRF compared with the prediction from simulations and SAMs. The yellow area represents the observed data used for the fit.
The best-fit curve is reported in black. The purple dashed line represents the SFRF from the EAGLE simulation; the pink dashed curve is the result
from the SIMBA simulation and the magenta line is from the IllustrisTNG (Katsianis et al. 2017a, 2021a). The limegreen and green dotted curves
are the prediction by Hirschmann et al. (2016) and Fontanot et al. (2020), from the GAEA SAM. Finally, the cyan dotted curves are the predictions

by Parente et al. (2023).

4. Comparison with hydrodynamical simulations
and semi-analytical models

We compare our results of the total IR & UV SFRF with the pre-
dictions of state-of-the-art simulations and semi-analytical mod-
els. In particular, we discuss the comparison with the SFRF from
the EAGLE simulation (Schaye et al. 2015; Crain et al. 2015)
by Katsianis et al. (2017a), IustrisTNG (Pillepich et al. 2018)
and SIMBA (Davé et al. 2019) hydrodynamical simulations, the
GAEA (Hirschmann et al. 2016; Fontanot et al. 2020) and L-
GaLaxies SAMs (Henriques et al. 2020; Parente et al. 2023). In
the following, we briefly describe these theoretical frameworks,
the main features of each model are summarize in Tables B.1 and
B.2 in Appendix B. The predicted SFRF are shown in Figure 4,
along with our estimates.

4.1. Hydrodynamical simulations

Hydrodynamical simulations aim to follow galaxy formation in
a direct and self-consistent manner, by numerically solving the
coupled evolution of dark matter and baryonic matter. These
simulations incorporate gravitational dynamics, gas hydrody-
namics, and sub-grid models for unresolved processes such as
star formation and feedback, enabling a detailed characterization
of the physical mechanisms that regulate star formation. How-
ever, their high computational cost typically limits the accessible
cosmological volume, which can impact the statistical sampling
of rare objects relevant to the high-SFR end of the SFRF.

4.1.1. EAGLE

In the context of stellar formation, the EAGLE simulation incor-
porates the methodology proposed by Dalla Vecchia & Schaye
(2008), wherein the gaseous medium is categorized into distinct
phases: cold molecular clouds, warm atomic gas, and ionized
hot gas bubbles. The star formation rate is estimated through
the Kennicutt-Schmidt relation (Schmidt 1959), derived from the
surface density of both stars and gas. Supermassive black holes
(SMBHs) are included as well, with seeds placed at the center
of massive dark matter (DM) halos. The feedback from AGNs is
assumed to be responsible for the quenching of massive galaxies
and is tuned to reproduce the high mass end of the galaxy stellar
mass function (GSMF) at z = 0. In this work we used the predic-
tion corresponding to a cosmological box with size ~ 100 Mpc.
The predictions of the EAGLE simulation are shown in Figure
4 (magenta dashed curve). The SFR range covered by the pre-
dicted SFRF are spanning between 0.01 < SFR[Myyr~'] < 2,
thus, we are able to compare it with our results between the
faint-end and the knee of the SFRFs. While at lower redshifts
the prediction reproduces the faint-end of the combined SFRFs,
at z > 2.5, it reproduces with better accuracy the knee of the dis-
tribution. A good agreement between the observed UV SFRFs
and the predictions from EAGLE was found as well by Kat-
sianis et al. (2017a) at these redshift. In our work we confirm
the tension with the higher star formations probed by the IR ob-
servations. This discrepancy could be alleviated by decreasing
the efficiency of the AGN feedback prescription (Katsianis et al.
2017a,b). It is uncertain though if a larger box-size simulation
with better statistics for the high star forming galaxies would
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Fig. 5. Fraction of the combined SFRD, at each redshift, recovered
by UV (light blue and blue histograms) and IR (red histograms) data.
The blue filled histograms represent the fraction recovered by the ob-
served UV (i.e., without dust correction), while the dashed light blue
histograms correspond to the dust corrected UV). We note that the UV
and IR fractions do not sum up to 1, as each SFRD is obtained by inte-
grating the respective best-fit SFR function.

reproduce the observations without further re-tuning of the feed-
back prescriptions.

4.1.2. lllustrisTNG

The MlustrisTNG (Pillepich et al. 2018, with a box size of ~ 110
Mpc) is an improvement of the cosmological simulation Illus-
tris (Genel et al. 2014; Vogelsberger et al. 2014), based on the
AREPO (Springel 2010) code. Noteworthy enhancements in the
new model include improvements to the prescriptions for su-
pernova and AGN feedback. Galactic winds are injected in an
isotropic way, with increased wind factors in terms of veloc-
ity and energy, resulting in a more efficient overall quenching
process in IllustrisTNG compared to its predecessor. Regard-
ing AGN feedback for high BH accretion rates relative to the
Eddington limit, the model assumes that a fraction of the ac-
creted rest-mass energy thermally heats the surrounding gas. In
cases of low accretion rates, a pure kinetic feedback component
is employed, imparting momentum to the surrounding gas in a
stochastic manner. We note that unlike Illustris or EAGLE the
TlustrisTNG model was constrained to reproduce the observed
Cosmic star formation rate density (CSFRD) atz ~ 0 — 10 so a
good agreement with the SFRF is not guaranteed but somewhat
anticipated. The IllustrisTNG SFRF estimates can reach values
up to log(SFR) ~ 3, allowing us to compare it with the high star-
forming regime of the SFRF. The comparison is similar to that
of the EAGLE simulation, with the IllustrisTNG SFRF showing
slightly higher values of @ at SFR > SFR*. Notably, at z > 3,
where other predictions from cosmological models struggle in
reproducing the knee of the combined SFREF, the IllustrisTNG
predicts quite well the observed SFRF up to SFR ~ 5 x 102, at
z ~ 5. We note that similarly to EAGLE, IllustrisTNG suffers
significantly from resolution effects and the resulting SFRFs are
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Fig. 6. Upper panel: SFRD obtained by integrating the combined
SFRFs at each redshift bin (yellow area), compared to IR and UV results
from the literature (plotted as red and blue empty points, respectively).
Lower panel: SFRD compared to predictions by the models reported in
this work. The color code of the models is the same as Figure 4.

also impacted by resolution (Zhao et al. 2020). If the model is
run at lower or higher resolution a re-tuning of the feedback pre-
scriptions is required to reproduce the observations (CSFRD and
SFRF). In addition, a 100 Mpc box-size is relatively small so it
is possible that the simulation is unable to probe rare high star
forming objects.

4.1.3. SIMBA

The SIMBA (Davé et al. 2019, box size ~ 150 Mpc) simula-
tion is the upgraded version of the MUFASA (Davé et al. 2017),
based on the GIZMO code (Hopkins 2015). The main enhance-
ment lies in the inclusion of seeding and evolution of BHs, play-
ing a role in the quenching. BH accretion is facilitated through
two channels, with a component sourced from cold gas and one
originating from hot gas. This propels feedback mechanisms that
suppress galaxy activity in the form of kinetic bi-polar outflows
and X-ray heating. We note that unlike EAGLE or IllustrisTNG,
SIMBA is able to reproduce a bi-modal specific star formation
rate function (Katsianis et al. 2021a). This points that possi-
bly the sophisticated AGN feedback prescription employed is
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successful at reproducing observables related to galaxy stellar
masses and SFRs. As already observed for the previous two sim-
ulations, also SIMBA reproduces well the combined SFRF at
7 <2 —2.5, but missing the most star forming population, while
having some limitations for the low star forming regime due to
its low resolution.

4.2. Semi-analytical models

SAMs provide an efficient and flexible framework to explore
galaxy formation and evolution. They are built upon dark matter
halo merger trees, typically extracted from large N-body sim-
ulations, onto which simplified but physically motivated pre-
scriptions for gas cooling, star formation, feedback, and chem-
ical enrichment are implemented. This approach allows SAMs
to cover wide cosmological volumes and to rapidly test the im-
pact of different physical assumptions, making them particularly
valuable for statistical comparisons with observed galaxy popu-
lations such as the SFRF.

4.2.1. GAEA2016H, GAEA2020F and GAEA2024M

In this study, we also compare our SFRF results with the pre-
dictions from semi-analytic models. Specifically, we employ the
predictions from the GAlaxy Evolution and Assembly (GAEA)
code, both in its standard realization presented in Hirschmann
etal. (2016), GAEA2016H hereafter, and in the updated version
from Fontanot et al. (2020), GAEA2020F, which correspond to
the FO6-GAEA run in that paper, based on the Millennium simu-
lation, with a volume ~ 500° Mpc?. Both models delineate bary-
onic evolution within four compartments: the stellar component
of galaxies, cold gas within the galactic disk, hot gas in the halo
of dark matter, and the ejected gas component. This model has
been calibrated to reproduce the galaxy stellar mass function up
to z ~ 3, but it also provide a good agreement with higher red-
shift observations (Fontanot et al. 2017). In more recent rendi-
tion of the model (Fontanot et al. 2020), the modeling of cold
gas accretion onto SMBHs has been improved and better charac-
terized, taking into account several triggering mechanisms (such
as mergers and disk instabilities) for the loss of angular momen-
tum of the cold gas, leading to the formation of a reservoir from
which its could get accreted to the central BH. Finally, AGN
feedback is also introduced in the form of AGN-driven outflows.
A new version of the GAEA simulation, the GAEA2024M (De
Lucia et al. 2024) includes improvements in the gas accretion
onto SMBHs and gas interaction for stripping of satellite galax-
ies.

All the three GAEA2016H, GAEA2020F and GAEA2024M
are in good agreement with our data points and best-fit in most
of our redshift bins. At higher redshifts, the models begin to di-
verge from the data, especially at the highest star-forming end
(although consistent within the large uncertainties on the fit).

4.2.2. L-GalP23

The L-GarLaxies SAM (Henriques et al. 2020) is the last pub-
lic release of the Munich galaxy formation model. It is run on
top of the Millennium simulation (Springel 2005) and it models
the evolution of both the stellar and gaseous components of DM
haloes by taking into account a number astrophysical processes,
including feedback from SNe and AGNs (in the radio mode).
Here we compare with the predictions of the L-GaLAx1Es model,
incorporating updates introduced in Parente et al. (2023). These

updates include a detailed treatment of dust evolution and a novel
prescription for disc instabilities, which considers the instability
of both the stellar and gaseous disc, with the latter being capable
of inducing starbursts and accreting the central SMBH. Similarly
to other models, the L-GalP23 predictions mostly reproduce the
faint-end of the SFRFE.

The comparison between our results and the simulations de-
scribed above shows that, despite some difficulties of most mod-
els in reproducing the SFRF at the brighter SFRs (at z > 2),
some progresses have been made in the characterization of the
physical processes regulating the star formation in galaxies. In-
deed, the agreement between data and models has significantly
improved with respect to similar works carried out in the past
years (e.g., Gruppioni et al. 2015), now allowing a good agree-
ment with data up to z ~ 3.5 — 4. However, we note that all
the models considered predict lower SFRF values at SFR > 10°
Moyr~!. As noted by (Katsianis et al. 2021b), it is always pos-
sible that our IR SFRFs at these regimes are over-estimated due
to: i) overestimation due to dust being heated by old popula-
tions not relevant to current star-formation ii) overestimation due
to larger polycyclic aromatic hydrocarbons emission of distant
galaxies iii) ultra-luminous IR galaxies at high redshift being
offset from the typically used SFR calibration adopted by Ken-
nicutt (1998a) iv) no consideration of the Eddington Bias at the
high star forming end v) residuals of AGN activity in the most
IR luminous sources. However, these effects should account for
an almost negligible fraction of the IR luminosity. In particular,
effects such as the Eddington bias (which may affects the bright-
end of the SFREF, see e.g., Ilbert et al. 2013; Picouet et al. 2023)
may represents a subdominant source of uncertainties (~ 0.1dex,
see e.g., Caputi et al. 2011), especially in our case, where the
uncertainties on the SFRF fit are largely dominated by the er-
rors on the photometric redshifts of the sample and the errors on
the IR luminosities, which have been taken into account by per-
forming a bootstrap resampling of the SFRs within their errors.
An additional source of uncertainty that may lead to some level
of discrepancy between observed data and simulation or models
is the effect of metallicity on the conversions typically used in
the literature (and also in this work) to obtain the SFR from a
luminosity. Indeed, it has been shown by, for instances, Madau
& Dickinson (2014); Tacchella et al. (2018); Rodriguez-Puebla
et al. (2020), that a not proper account for the metallicity can
lead to errors up to a factor ~ 0.5 dex. In our case however, for
comparison purposes, we nonetheless used standard calibration
factors. Finally, the effect of cosmic variance, as a source of bias
in this analysis, has been shown to be almost negligible in sur-
veys composed by several pointings (Driver & Robotham 2010).
In particular Adscheid et al. (2024) shown that its effect on the
A3COSMOS can be considered negligible.

5. The total SFRD

In this Section, we present the cosmic SFRD obtained by inte-
grating the combined SFRFs and compare the SFRDror to the
estimates we obtain when integrating the predictions by simula-
tions and SAMs.

5.1. Total SFRD

To compute the total SFRD, we integrated the total SFRF down
to SFR = 0.03 x S FR*, following the approach by Madau &
Dickinson (2014). We investigated the fraction of the total SFRD
that can be estimated by either the IR or the UV (dust-corrected)
SFRDs. This comparison is shown in Figure 5. We stress that,
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in this comparison, the UV and IR SFRDs do not sum up to
1, because the figure shows what fraction of the total SFRD is
retrieved by using either the IR or the UV probes. The UV dust-
corrected SFRD, obtained by integrating the UV SFREF, is able
to recover most of the total SFRD at z ~ 1, but the ratio between
the UV and total SFRD decreases at higher redshifts, becoming
compatible with the IR estimates. The IR SFRD is instead able
to probe about 50% of the SFRD at z ~ 1, but its contribution
increases up to ~ 60% at z ~ 5. The dust-corrections are crucial
at lower redshift, where the SFRD from the observed UV is a
very small fraction, but become less important going towards
higher redhsifts, where the observed UV is compatible with the
IR SFRD. Thus, the combination of UV and IR is fundamental
to retrieve the 100% of the SFRD at z > 1.

The total SFRD obtained by integrating our total SFRF is
presented in Figure 6. In the upper panel, we compare it with
results from UV and IR works in the literature. Up to z ~ 1.5,
where the UV and IR SFRFs are still similar, our result is in
agreement with most of the UV and IR estimates. From z ~ 2
to z ~ 4, the total SFRD is ~ 2 times higher than previous esti-
mates at the same redshifts from either IR or UV only, while at
Z 2 4.5 is broadly consistent with some of the UV and IR-only
derivations.

5.2. Comparison with models

Similarly to the SFRF, we compared the total SFRD with the
SFRD predictions from the models considered in this work. As
expected, the EAGLE SFRD (purple line) is not able to repro-
duce the observed SFRD in the covered SFR range as it does
not extend to values higher than ~ 100 Mg yr~!. This limitation
was already highlighted in Furlong et al. (2015). The SFRD from
the SIMBA simulation (pink curve) shows a similar trend as for
the EAGLE, being lower than the combined SFRD. The Illus-
trisTNG (magenta dashed line, whose subgrid parameters were
tuned to reproduce the observed CSFRD) simulation is instead
able to reproduce the SFRD at high redshift (z > 3), while the
GAEA SFRDs are consistent with our results up to z ~ 1.5 and
lower at higher redshifts, predicting a SFRD higher than that de-
rived by Madau & Dickinson (2014). At z ~ 4 — 5 GAEA is
again consistent with our result. Finally, the modified version of
the L-GalP23 models by Parente et al. (2023) is producing a
SFRD similar to those obtained using the EAGLE and SIMBA
simulations. In addition, at low redshifts (z < 1), semi-analytical
models appear to predict a higher SFRD than observed. This dis-
crepancy may be attributed to an overproduction of star-forming
galaxies in the local universe by the SAMs (see e.g., Collac-
chioni et al. 2018). Conversely, at high redshifts (z > 2.5), there
seems to be a deficiency in the fraction of galaxies exhibiting
particularly active star formation (e.g., SFR > 1000 M, yr™!),
characterizing the observed bright end of the IR-SFRF at those
redshifts. We note that Gruppioni et al. (2015) showed that a list
of SAMs (e.g., Monaco et al. 2007; Henriques et al. 2015; De
Lucia & Blaizot 2007) was able to reproduce the bright end only
up to z < 1 — 1.5, while the recent models by Hirschmann et al.
(2016), Fontanot et al. (2020) and De Lucia et al. (2024) are now
consistent with the observations up to z ~ 2—2.5. This highlights
the improvement of SAMs in the last ten years.

5.3. A fit of the cosmic SFRD

In this section, we provide a new fit to the observed total SFRD,
adopting the same parametrization described in Madau & Dick-
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Fig. 7. Fit to the total SFRD using the functional form by Madau &
Dickinson (2014). The best fit to our data is the orange dashed line,
with yellow errorbands. The fit by Madau & Dickinson (2014) is re-
ported in black. A similar fit by Fujimoto et al. (2024) is represented by
the blue dotted line, while the green shaded area is the combined SFRD
estimated by Burgarella et al. (2013). In the upper-right corner, we dis-
play the best-fit values of the free parameters of Equation 11.

inson (2014) (even though some other parameterizations, with
Gamma functions or log-normal form, have been shown to be
more physically motivated, see e.g., Gladders et al. 2013; Kat-
sianis et al. 2023). In their work, Madau & Dickinson (2014)
fit the observed UV and IR SFRD with the following functional
form:

(1+2)* _ 3
My yr~* Mpc™,
T+ 10+ 2/ + e 070 P

where a is the normalization at z = 0, Zjeak is the redshift of
the peak, a is the slope of the SFRD at z < Zpeak and S regu-
lates the slope at z > Zpeac. We fitted the total IR & UV SFRD
with an MCMC fitting procedure, leaving the four parameters
free to vary. The result is shown in Figure 7. We obtain a slightly
lower normalization with respect to what is found by Madau &
Dickinson (2014) (a = 0.01*3%01, ampis = 0.015); the slopes

are also quite different, with @ = 2.83*303 (amp1s = 2.7) and

B = 7.56f(1)1§(7) (Bmp14 = 5.6). The main difference is a more pro-

nounced peak, falling at higher redshift (zpeax = 2.57f8;g§, with
respect t0 Zpeak,Mp14 = 1.9). This may be due to more accurate IR
measurements available today, allowing to probe dust-obscured
star formation up to highr redshifts (e.g., Algera et al. 2023; Liu
et al. 2025; Sun et al. 2025).

Our results are in agreement with the works from Burgarella
et al. (2013); Fujimoto et al. (2024) which use an IR + UV com-
prehensive approach. The first work is carried out by deriving
the LFs from the Herschel/PEP+HerMES surveys (FIR) (Grup-
pioni et al. 2013) and for the UV using data from the VVDS
(Cucciati et al. 2012). The authors compute the combined SFRD
by summing up the dust-obscured contribution (derived from
the FIR) and the unobscured contribution (from the FUV), at
0 < z < 3.5 (covering the peak of the SFRD, see Figure 7).
They find the SFRD to rise between z ~ 0 and z ~ 1.5, then to
softly decrease up to z ~ 3.5. The total SFRD derived by Bur-
garella et al. (2013) has an higher normalization at the peak with
respect to Madau & Dickinson (2014), in agreement with our

Y(2)=a (11)
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findings of an higher SFRD at 2 < z < 3. The second work,
by Fujimoto et al. (2024), is obtained from the ALMA Lensing
Cluster Survey, covering a broad redshift range (1 < z < 8).
Unlike the work by Burgarella et al. (2013), they do not combine
IR with UV LFs, but, thanks to the excellent sensitivity reached
by ALMA in a lensed field, they were able to probe lower values
of the IR-LF also at very high redshifts. In this way, by sampling
the IR-LF down to its faint-end, they were able to properly esti-
mate «, finding a steeper value than what is typically fitted to the
IR-LF (see e.g., Gruppioni et al. 2013, 2020; Traina et al. 2024).
By combining their result on the dust-obscured SFRD, with the
unobscured SFRD from Bouwens et al. (2020), they obtain the
total SFRD over a very broad redshift range. In Figure 7, we
show the fit to their data, performed with the same functional
form as our fit. They find a normalization (¢ = 0.01) and red-
shift peak of the SFRD (zpeax ~ 2.3 in a very good agreement
with our results. We note that Fujimoto et al. (2024) report the
estimates of the SFRD using two different lower limits for the
integration of the IR-LF. In particular, the fit in Figure 7 is ob-
tained by integrating the IR-LF down to Lig = 10'° Ly, which is
slightly higher than our lower integration limits (spanning from
~ 4 x 108 to ~ 4 x 10° Ly). However, the authors also consider
a less conservative integration limit, Ljg = 108 L, which leads
to higher estimate for the total SFRD (~ 3x larger SFRD, see
Figure 18 of their paper), even more consistent with our results.

6. Summary and Conclusions

By combining the recent IR-LF and SFRD obtained by Traina
et al. (2024) with the dust corrected UV-SFRF derived in vari-
ous literature works, we estimated the total (IR and UV) SFRFs
and SFRD over the z = 0.5 — 6 redshift range. Furthermore,
we compared these results with predictions from state-of-the-art
SAMs and hydrodinamical simulations to assess how well these
models can reproduce the observational estimates. The obtained
results can be summarized as follows:

— The IR and UV dust-corrected star formation functions sam-
ple different ranges of SFRs. Indeed, the UV-SFRF extends
to values below 10 Mgoyr~' up to z ~ 2 and reaches values
of 100 Mpyr~" at higher redshifts. On the other hand, the IR-
SFRF, dominates at higher SFRs, particularly in the range of
100-1000 Myyr~! (in agreement with previous works, e.g.,
Katsianis et al. 2017b, 2021b).

— Using the dust-corrected UV-SFRF data points at values of
SFR lower than the knee and the IR-SFRF at values higher
than the knee, we derived the total best-fitting SFRF. The
comparison the total SFRF with predictions from simula-
tions and SAMs reveals that the latter are capable of repro-
ducing the faint-end quite well at all redshifts, but the bright-
end only up to z ~ 2 — 2.5. At higher redshifts in fact the
models show a lack of galaxies with very high SFR, respon-
sible for the bright-end of the observed SFRF.

— The total SFRD shows a typical increasing trend at 0.5 < z <
1.5, a broad peak up to z ~ 3 and a decrease towards z ~ 6.
The models predict an SFRD consistent with observed val-
ues up to approximately z ~ 2. At higher redshifts, they are
consistent within the errors. The ratios between IR and total
SFRD and UV (dust-corrected) and total SFRD are useful to
quantify how good are both tracers in reproducing the evolu-
tion of the total SFRD. We found that both of them are able
to reproduce it up to z ~ 1, but, at higher redshifts, they only
accounts for ~ 60% of the total SFRD.

— We fitted the total SFRD with the same functional form
adopted by Madau & Dickinson (2014) and Fujimoto et al.
(2024). We find the peak of the SFRD to be located at higher
redshifts (zpeax ~ 2.6) and to be higher in the normaliza-
tion of the peak, with respect to what is obtained by Madau
& Dickinson (2014). Our results are instead consistent with
the observed total SFRD by Burgarella et al. (2013) and the
recent results by Fujimoto et al. (2024), which find a normal-
ization and redshift of the peak very similar to ours.
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Appendix A: SFRF from SMF and MS

In this Appendix, we describe the details of the sanity check per-
formed using the SMF and the MS to obtain a SFRF. If we as-
sume that galaxies follows a M, — S FR correlation, it is possible
to convert a measured SMF into a SFRF. For this test, we as-
sumed the SMF by Weaver et al. (2022), derived from the COS-
MOS2020 sample, which roughly covers the redshift range be-
tween z ~ 0.5 and z ~ 6. To convert the stellar mass into SFR,
we used two MSs, from Speagle et al. (2014) and Popesso et al.
(2023), which show a different behavior at large M. In partic-
ular, Speagle et al. (2014) find a linear trend for the MS, while
the MS by Popesso et al. (2023) exhibit the so-called bending
in the high-mass end. However, this difference do not translate
into a significant discrepancy in the final SFRF. In converting
the stellar mass into S FR, we assumed that most of the galaxies
follow the MS, with a certain dispersion, and a small percentage
(~ 2%) is represented by starburts galaxies (defined here with a
factor 5x higher than the MS in SFR). We find that, overall, the
agreement with the observed data points and the SFRFs derived
in this test is quite good, confirming the usability of our method.

Appendix B: Details on the models

We report in this Appendix (Tables B.1 and B.2) the main details,
mostly on the dust and SF treatment, of the hydrodynamical sim-
ulations and SAMs used as a comparison in this work.
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Fig. A.1. IR (red circles) and UV (cyan circles) SFRFs (in complete SFR bins) compared to the SFRF obtained by converting the SMF using the
MS. The magenta SFRF is obtained using the MS by Speagle et al. (2014), while the green area is from Popesso et al. (2023).

Table B.1. Key properties of the hydrodynamical simulations considered in this work, including star formation (SF) parameters.

Box-size  Baryonic mass Spatial Star formation
Feedback Dust treatment
[Mpc/h]  resolution [Mg]  resolution [kpc] (€sf, ny)
6 . Not self-consistent; post-processed esg ~ 0.02,
EAGLE 100 ~ 1.8 x 10f ~0.7 SNe + AGN heating
dust models available ng = 0.1(Z/0.002)70%* cm™3
. SNe (winds) + Not self-consistent; esr ~ 0.02,
TustrisTNG 110 ~1.4x10° ~ 1.0
AGN (kinetic + thermal) dust added in post-processing ny ~ 0.1-0.3 cm™ (metallicity-dependent)
SNe + AGN Includes self-consistent dust esr ~ 0.02,
SIMBA 150 ~ 1.8 x 107 ~15
(radiative + jets) production and destruction SF model based on molecular hydrogen fraction

Notes. For each hydrodynamical simulation, the simulated volume, resolution, feedback implementation, dust treatment, and key star formation
parameters are reported. Star formation efficiency (egr) is per free-fall time and ny is the hydrogen number density threshold for SF.

Table B.2. Key properties of the semi-analytical models considered in this work, including star formation parameters.

Halo catalog / Star formation
Feedback Dust treatment
merger tree (€&sk, Ny)
Millennium Includes self-consistent dust production  esg ~ 0.03-0.05, Schmidt-Kennicutt type law,
GAEA SNe + AGN outflows
+ rescaling and chemical enrichment ng ~0.1cem™>, T ~10*K
SNe + AGN Dust treated via empirical/semi-analytic esr ~ 0.02-0.05, Kennicutt-Schmidt law,

L-GalP23 Millennium
(radio + quasar mode) prescriptions ng ~0.1cem™>, T ~10°K

Notes. For each semi-analytical model, the halo catalog, feedback implementation, dust treatment, and key star formation parameters are reported.
Star formation efficiency (esg) is per free-fall time and ny is the hydrogen number density threshold for SF.
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