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ABSTRACT

The Cosmic Dawn Survey pre-launch catalogues cover an effective 10.13 deg? area with uniform deep Spitzer/IRAC data (m ~ 25 mag, 50), the
largest area covered to these depths at IR wavelengths. We used these data to gain new insight into the growth of stellar mass across cosmic history
by characterising the evolution of the galaxy stellar mass function through 0.2 < z < 6.5. The total volume (0.62 Gpc?) represents an order of
magnitude increase compared to previous works that explored z > 3 and significantly reduces cosmic variance, thus yielding strong constraints on
the abundance of galaxies above the characteristic stellar mass (M*) across this ten billion year period. The evolution of the galaxy stellar mass
function is generally consistent with results from the literature but now provides firm estimates of the number density where only upper limits
were previously available. Contrasting the galaxy stellar mass function with the dark matter halo mass function suggests that massive galaxies
(M 2 10'' Mp) at z > 3.5 required integrated star-formation efficiencies of M/(Myf,) 2 0.25-0.5, in excess of the commonly held view of a
‘universal peak efficiency’ from studies on the stellar-to-halo mass relation. Such increased efficiencies imply an evolving peak in the stellar-to-
halo mass relation at z > 3.5 that can be maintained if feedback mechanisms from active galactic nuclei and stellar processes are ineffective at
early times. In addition, a significant fraction of the most massive quiescent galaxies are observed to be in place by z ~ 2.5-3. The apparent lack
of change in their number density by z ~ 0.2 is consistent with relatively little mass growth from mergers. Utilising the unique volume, we find
evidence of an environmental dependence of the galaxy stellar mass function all the way through z ~ 3.5 for the first time, though a more careful

characterisation of the density field is ultimately required for confirmation.

Key words. Galaxies: evolution, statistics, mass function

1. Introduction

The galaxy stellar mass function (SMF) quantifies the num-
ber of galaxies per unit co-moving volume as a function of
their stellar mass. Despite its apparent simplicity, the evo-
lution of the galaxy SMF over cosmic time provides a ba-
sic framework for understanding the growth of galaxies. At
any point in time, the stellar mass of a galaxy is defined by
its star-formation and merger history up until that moment.
Whether a galaxy can efficiently convert gas into stars is im-
pacted by the competing actions of gas inflow and accretion
(Dekel et al. 2009; Tacconi et al. 2020), internal gas dynamics
and heat exchange (Scoville 2013), merger scenarios (Conselice
2014; Pearson et al. 2019), and energy feedback from stellar
processes (Hopkins et al. 2012; Agertz et al. 2013) and active
galactic nuclei (AGNs; Fabian 2012; Beckmann et al. 2017),
each of which change with time (Madau & Dickinson 2014).
Star formation is further correlated with the local environment
(Go6mez et al. 2003; Kauffmann et al. 2004; Taamoli et al. 2024)
and the properties of the host dark matter halo (Behroozi et al.
2013; Schaye et al. 2015; Wechsler & Tinker 2018). Thus, mea-
suring the evolution of the galaxy SMF from one epoch to an-
other provides useful insights into the general processes that
govern stellar mass growth.

The most massive galaxies provide strong constraints for
theories of mass assembly. In the local Universe, the abun-
dance of massive galaxies reveals the importance of feed-

back from AGNs in shaping the galaxy SMF as well as
the galaxy luminosity function with respect to the dark mat-
ter halo mass function (HMF; Silk & Rees 1998; Bower et al.
2006). A consensus has emerged that at low redshifts, the
most massive galaxies have nearly always ceased star forma-
tion, a phenomenon dubbed ‘mass quenching’ by Peng et al.
(2010). This is supported by the relationship between star forma-
tion and stellar mass, i.e. the main sequence (Brinchmann et al.
2004; Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007;
Salim et al. 2007; Speagle et al. 2014; Whitaker et al. 2012;
Popesso et al. 2023). Massive early-Universe galaxies chal-
lenge formation models because there is little elapsed time
for them to form (Steinhardt et al. 2016; Behroozi & Silk 2018;
Boylan-Kolchin 2023). These systems have required a reconsid-
eration of feedback (Dekel et al. 2023; Li et al. 2024; Silk et al.
2024) and the assumption of a ‘universal’ stellar initial mass
function (IMF; Chary 2008; Riaz et al. 2021; Steinhardt et al.
2022). At all redshifts, massive galaxies further provide an
important link to the shape and growth of large-scale struc-
ture, as the most massive galaxies are embedded within the
most massive dark matter halos that anchor the cosmic web
(Springel et al. 2005; Boylan-Kolchin et al. 2009; Metuki et al.
2015; Chen et al. 2023). Massive dark matter halos, over time,
grow into dense galaxy environments and clusters, and their
abundance and spatial distribution provides further constraints
for cosmological models (Bahcall & Cen 1993; Zitrin et al.
2012; Hung et al. 2021)
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Galaxy stellar mass is generally held to be the most ro-
bust intrinsic quantity that can be inferred from broadband
photometry, and inference methods generally agree to within
~0.15dex when the photometry measures rest-frame optical
emission (Mobasher et al. 2015; Pacifici et al. 2023; see also
Conroy 2013 for a review). As such, not only does measur-
ing the evolution of the galaxy SMF promote an understand-
ing of the processes of stellar mass growth, but its measure-
ment is pragmatically accessible for large numbers of galaxies
through photometric surveys. During the past two decades, pho-
tometric surveys of galaxies have matured alongside techniques
used to accurately identify and characterise galaxies at differ-
ent redshifts (Weaver et al. 2022 and citations therein). Owing
to these advancements, the buildup and cessation of growth
in galaxies since z ~ 2 has been thoroughly studied, includ-
ing the most massive systems (see Forster Schreiber & Wuyts
2020 for a recent review). The galaxy SMF of high-redshift
galaxies (z = 2) has mostly been studied through deep space-
based surveys enabled primarily by the Hubble Space Telescope
(HST), often in conjunction with the Spitzer Space Telescope
(Stark et al. 2009; Marchesini et al. 2009; Santini et al. 2012;
Gonzalez et al. 2011; Duncan et al. 2014; Grazian et al. 2015;
Davidzon et al. 2017; Kikuchihara et al. 2020; Stefanon et al.
2021; Adams et al. 2021; Weaver et al. 2023a). Recent observa-
tions from the James Webb Space Telescope (JWST) have led to
mid-infrared (MIR), mass-selected samples that enable new con-
straints to be placed on the evolution of the galaxy SMF to z ~ 9
and higher (Weibel et al. 2024; Harvey et al. 2025; Wang et al.
2025; Shuntov et al. 2025).

Historically, space-based surveys have been deep but limited
by the small fields of view offered by space telescopes. While
such surveys have proved extraordinarily successful in character-
ising the abundance and growth of low- and intermediate-mass
galaxies (Furtak et al. 2021), they are generally unable to con-
strain the growth of stellar mass within the most massive galax-
ies, i.e. beyond the characteristic mass M* (i.e. the ‘knee’ of
the Schechter function). The number density of massive galaxies
rapidly declines with increasing stellar mass above the character-
istic mass, making them intrinsically rare (Weaver et al. 2023a).
Further, the galaxy bias is always greater for massive galaxies,
implying that the uncertainty in their abundance (i.e. their ‘cos-
mic variance’) is well above what would ordinarily be expected
from pure Poisson noise (Moster et al. 2010; Jespersen et al.
2025). Consequently, a statistically significant characterisation
of the evolution of the most massive galaxies in the early Uni-
verse is missing.

The Euclid Wide Survey (EWS;
Euclid Collaboration: Scaramella et al. 2022) will probe
enormous cosmic volumes (>14 000 deg?) with high-resolution
imaging in the optical and near-infrared (NIR) wavelengths
(m < 24 in the NIR at 5o for point sources; Laureijs et al. 2011).
The EWS is thus expected to provide photometry for over a
billion galaxies and spectroscopic redshifts for several tens of
millions (Euclid Collaboration et al. 2025b), thereby sampling
cosmologically representative structures and including many
massive galaxies. At these depths and in the absence of deep
MIR imaging, the EWS will be particularly suited to address
galaxy evolution at low redshifts (z < 2). At higher redshifts,
deep MIR imaging is required to accurately measure stellar
masses, as the emission of K- and M-class stars is progressively
redshifted to longer wavelengths. For an i-band-selected cata-
logue, Chartab et al. (2023) show that the Spitzer/IRAC [3.6um]
and [4.5um] bands contain the most information (compared to
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UV-NIR bands) related to galaxy stellar mass over all galaxies,
implying its ubiquitous value across redshifts.

Approximately 20% of the Euclid mission time will
be devoted to observing three Euclid Deep Fields (EDFs)
and six Euclid Auxiliary Fields (EAFs) to acquire deeper
imaging (m < 26 in the NIR at 50 for point sources),
measure spectroscopic redshifts across a multitude of
dispersion angles, and otherwise perform calibration op-
erations (Euclid Collaboration: Scaramella et al. 2022;
Euclid Collaboration et al. 2025b). The EDFs are well po-
sitioned to be observed repeatedly throughout the FEuclid
mission and include Euclid Deep Field North (EDF-N; 20 deg?),
Euclid Deep Field Fornax (EDF-F; 10 deg?), and Euclid Deep
Field South (23 deg?). A 2.5 deg” region in EDF-N, referred to
as the ‘self-calibration’ field, will be observed to even greater
depths (m < 27.7 in the NIR at 50 for point sources). The
EAFs include four regions of the sky with significant archival
observations from other facilities: AEGIS (Davis et al. 2007),
GOODS-N (Giavalisco et al. 2004), COSMOS (Scoville et al.
2007), and XMM-LSS (Clerc et al. 2014). Altogether, the EDFs
and EAFs comprise 59 deg”.

All previously acquired Spitzer/IRAC data of the EDFs
and EAFs were uniformly processed as part of the Cos-
mic Dawn Survey of the Euclid Deep and Auxiliary Fields
(DAWN hereafter; Euclid Collaboration: Moneti et al. 2022;
Euclid Collaboration et al. 2025a). The DAWN survey further
provides UV/optical imaging that is depth-matched to the deep
Spitzer/IRAC data across the entire 59 deg® of the combined
EDFs and EAFs. One of the primary goals of the DAWN sur-
vey is thus to self-consistently measure photometry from the
UV to the MIR from these data and thereby produce source
catalogues optimised for high-redshift science. A recent work,
Euclid Collaboration et al. (2025¢, hereafter EC-Z25), provides
the first public release of pre-launch data from the DAWN sur-
vey (hereafter ‘DAWN PL’), which includes multi-wavelength
photometry and galaxy properties measured over EDF-N and
EDF-F, collectively spanning over 16 deg®. Consisting entirely
of pre-launch data, the DAWN PL catalogues do not include Eu-
clid photometry. Nonetheless, they include exceptionally deep
UV/optical photometry paired with deep Spitzer/IRAC data.
Consequently, the DAWN PL catalogues currently provide the
widest survey area mapped by Spitzer/IRAC to depths of m ~ 25
mag (50), despite lacking Euclid photometry (i.e. being ‘pre-
launch’).

In this work the contents of the DAWN PL catalogues were
used to measure the evolution of the galaxy SMF across 0.2 <
z £ 6.5, a significant majority of cosmic history (10.2 billion
years). The volume sampled across this redshift interval is 0.62
Gpc?, an order of magnitude increase over Weaver et al. (2023a)
and a factor of 20 increase over Shuntov et al. (2025), the only
other works to self-consistently (i.e. from a single dataset) mea-
sure the SMF across this redshift interval. Such a volume drasti-
cally reduces uncertainty due to cosmic variance while also pro-
viding diverse high- and low-density environments from which
to identify galaxies. A key objective of this work is to further
exploit the significant volume of DAWN PL to investigate the
abundance of the most massive galaxies and their growth, as a
population, over time. Eventually, the DAWN survey will pro-
vide deep multi-wavelength photometry over a combined area
of 59 deg? and include deep Euclid NIR photometry, which will
prompt a reanalysis of the galaxy SMF in these fields. There-
fore, this work also serves to benchmark the improvement that
will inevitably be obtained due to the contribution of Euclid (i.e.
‘post-launch’).
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At the time of writing, only a few wide areas of the
sky have been covered to depths beyond m = 24 mag
(50) in the MIR, thanks to Spitzer/IRAC (Ashby et al. 2018;
Euclid Collaboration: Moneti et al. 2022). The deepest fields
with areas greater than 10 deg? mapped to m ~ 25 are the
EDF-N and EDF-F (Euclid Collaboration et al. 2025a). No other
fields will benefit from the combination of deep MIR and
depth-matched UV/optical imaging until ten years after the
Legacy Survey of Space and Time with the Rubin Observatory
(Ivezi¢ et al. 2019). With the decommissioning of Spitzer, IWST
is now the only facility currently capable of reaching similar
depths in the MIR. However, due to the small field of view of
JWST (NIRCam: 0.003 degz, MIRI 0.00065 degz), it is not clear
when there will ever be larger (or additional, similarly large) ar-
eas with such deep MIR imaging.

This paper is organised as follows. Section 2 provides a brief
description of the DAWN PL catalogues and the measurements
used to construct the galaxy SMF at each epoch. In Sect. 3 the
selection criteria used to identify a reliable galaxy sample and to
separate star-forming from quiescent galaxies (at z < 3) are de-
tailed, as are the methods for determining sources of uncertainty
associated with the sample. Section 4 introduces the formalisms
used for inferring the intrinsic galaxy SMF from the observed
galaxy SMF and includes a description of the Schechter func-
tion and the treatment of Eddington bias. The results of both the
observed' and intrinsic galaxy SMFs are presented in Sect. 5
and compared with the literature. Section 6 discusses the results
in view of broader considerations of galaxy evolution, including
the connection to dark matter and local environment. Finally, the
work is summarised in Sect. 7.

This work assumes a standard A cold dark matter cosmol-
ogy with Hy = 70kms™' Mpc™!, Q, = 0.3, and Q5 = 0.7
throughout, such that the dimensionless Hubble parameter (A7)
= Hy/(70kms™! Mpc_l) = 1. Galaxy stellar masses scale
as the square of the luminosity distance (i.e. dﬁ) when de-
rived from spectral energy distribution (SED) fitting, and there-
fore a factor of h;ol is retained implicitly for all relevant mea-
surements (Croton 2013). Estimates of stellar mass (M) as-
sume a Chabrier (2003) IMF. All magnitudes are expressed
in the AB system (Oke 1974), for which a flux (f,) in uly
(1072 erg s™' cm™ Hz™') corresponds to AB, = 23.9 —
2.5 logio(fy/uly).

2. Data: DAWN PL catalogues

The data utilised in this analysis are from DAWN PL, which pro-
vides multi-wavelength photometry from the ultraviolet (UV) to
MIR wavelengths with derived galaxy properties across EDF-
N and EDF-F. UV and optical coverage is primarily pro-
vided by the Hawaii Twenty Square Degree Survey (H20). H20
utilises the MegaCam instrument (Boulade et al. 2003) on the
Canada-France-Hawaii Telescope (CFHT) to obtain UV imag-
ing in the u band and the Hyper Suprime-Cam instrument
(Miyazaki et al. 2018) on the Subaru telescope to obtain op-
tical imaging in the griz bands. The DAWN survey PL cat-
alogues were created also utilising archival Subaru HSC data
in EDF-N from HEROES (Taylor et al. 2023) and AKARI
(Oietal. 2021) along with privately shared CFHT MegaCam
data from the Deep FEuclid U-band Survey (DEUS; designed
similarly to Sawicki et al. 2019). MIR coverage over EDF-N
and EDF-F is provided by the DAWN survey Spitzer/IRAC data

! Data files containing key observed measurements are available for
download: https://zenodo.org/records/17634521.

(Euclid Collaboration: Moneti et al. 2022); the primary contri-
bution is from the Spitzer Legacy Survey (SLS; Capak et al.
2016), which obtained deep imaging in two channels, [3.6um]
and [4.5um] over the entirety of EDF-N and EDF-F. This work
was conducted before the launch of Euclid, making it a ‘pre-
launch’ SMF. Future work will extend this study from Euclid-
selected samples with greater mass completeness and higher red-
shifts.

Measuring photometry from images reaching great depths
but with a wide range of resolution is challenging. To this
end, the DAWN survey PL catalogues utilise the model-based
photometry method introduced in the creation of the most re-
cent COSMOS catalogue, COSMOS2020, (Weaver et al. 2022)
called The Farmer (Weaver et al. 2023b). The Farmer is built
around The Tractor (Langetal. 2016) to self-consistently
measure total flux and flux uncertainties from images of varying
point spread functions and is well suited for handling crowded
fields of deep imaging. DAWN PL photometric bands include
CFHT u, HSC griz, and Spitzer/IRAC [3.6um] and [4.5um].
In EDF-N, photometry from archival HSC y-band imaging is
also measured. EC-Z25 provides a full description of DAWN
PL. Following COSMOS2020, photometric redshifts (photo-
zs) and galaxy properties are computed using two independent
codes, EAZY (Brammer et al. 2008) and LePHARE (Arnouts et al.
2002; Ilbert et al. 2006). The inferred galaxy properties are inter-
nally validated and further supported by an in-depth comparison
with galaxies from COSMOS2020 in Euclid Collaboration et al.
(2025c¢). At the outset, the properties inferred from SED fitting
appear robust.

The DAWN PL catalogue of EDF-N spans a total area of
16.87 deg?, with 9.37 deg? in the centre reaching final survey
depths (see Fig. 1 of EC-Z25). Meanwhile, the DAWN survey PL
catalogue of EDF-F contains 2.85 deg? of the deepest presently
available data, with 1.77 deg? reaching final survey depths in all
but the HSC z band, which is shallower by 0.5 mag. However, the
HSC i-band imaging used in the DAWN survey PL catalogue of
EDF-F is 0.3 mag deeper than in EDF-N. Thus, being selected
from an HSC r + i + z stack, the two catalogues reach approxi-
mately equal depth. Notably, the full-depth regions of each cata-
logue are fully covered by Spitzer/IRAC [3.6um] and [4.5um] to
a depth of ~25 mag (507). Altogether, DAWN PL represents the
only present galaxy catalogues reaching 5o depths of ~27 mag
in optical bands and ~25 mag in [3.6um] and [4.5um] spanning
a combined area of greater than 10 deg?.

3. Characterisation of galaxies and sample
uncertainties

3.1. Galaxy sample

All sources from the DAWN survey PL catalogues are de-
tected from a composite stack of the HSC r + i + z images, the
deepest and reddest bands currently available’. Specifically, a
CHI-MEAN co-added image is created using SWARP (Szalay et al.
1999; Bertin et al. 2002; Bertin 2010) and objects are detected
using SEP (Barbary 2016). Although the use of HSC r, i, and z
effectively establishes an optical selection function, the signifi-
cant depths of the individual images, further improved by their
combination, yields a substantial number of high-redshift galax-
ies as demonstrated in Sect. 3.3, Sect. 5, and Appendix B. In
addition, the observed bandpasses provide a reliable identifica-

2 Future releases from the DAWN survey will be detected from Euclid
NIR imaging.
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tion of quiescent galaxies, at least through z = 1.6, after which
the rest-frame Balmer break exits the observed HSC z bandpass
(see Sect. 3.2). Intrinsically bright quiescent galaxies may be
also detected from the deep optical imaging above z = 1.6, sim-
ilar to high-redshift galaxies, i.e. because their relatively faint
emission from the blue side of the Balmer break is detected. Im-
portantly, all galaxy stellar masses are properly constrained by
Spitzer/IRAC. Yet, the lack of NIR coverage (soon to be pro-
vided by Euclid) prevents the inclusion of optically weak sam-
ples such as quiescent and/or dusty galaxies at higher redshifts
and/or lower stellar masses. These sources of incompleteness are
explored in Sect. 3.2.

As described above and in EC-Z25, the DAWN survey PL
catalogues span areas of 16.87 deg? for EDF-N and 2.85 deg? for
EDF-F but do not have uniform coverage. To minimise system-
atic uncertainties and biases, sources are only considered from
regions with the most reliable and homogeneous photometry.
Each DAWN survey PL catalogue include a ‘full-depth’ region,
defined by a flower petal pattern of seven HSC pointings in EDF-
N spanning 9.37 deg?, and a single HSC pointing in EDF-F span-
ning 1.77 deg?. After accounting for areas masked by stars and
other artefacts, the effective areas are 8.42 deg2 in EDF-N and
1.71 deg? in EDF-F, where EDF-N is more heavily affected by
stars given its low Galactic latitude. Several works have char-
acterised the galaxy SMF at low redshifts utilising larger areas
(Weigel et al. 2016; Capozzi et al. 2017; Kawinwanichakij et al.
2020). However, at z > 2, the combined area of 10.13 dﬁg2 of the
present work surpasses the next closest field by area with deep
Spitzer/IRAC coverage, i.e. COSMOS2020 (Weaver et al. 2022,
2023a), by an order of magnitude. As such, the impact due to
Poisson uncertainty is immediately improved by at least a factor
of 3 in comparison. Moreover, the comoving volume probed by
the DAWN survey PL full-depth regions at 0 < z < 5 is nearly
0.5 Gpc?, again an order of magnitude larger the COSMOS2020,
providing the largest variety in cosmic structure and environment
accounted for in consideration of the galaxy SMF at z > 2.

The DAWN survey PL catalogues include photo-z measure-
ments from both EAZY and LePHARE. In comparison with spec-
troscopic samples, EC-Z25 demonstrated that LePHARE achieved
a smaller outlier fraction and spread than EAZY for bright galax-
ies with HSC i < 24, but the codes performed similarly for faint
galaxies with HSC i > 25. However, the large gap in wavelength
coverage between HSC z (or the shallow HSC y in EDF-N) and
Spitzer/IRAC [3.6um] in the DAWN survey PL catalogues poses
a problem for deriving rest-frame properties using EAZY due
to the flexible nature of the code. More specifically, EAZY fits
a combination of templates to each galaxy without any physi-
cal priors; therefore, unphysical rest-frame colours and stellar
masses can arise due to this wavelength-space gap. By contrast,
LePHARE utilises only single templates, and a judicious choice of
allowed templates mitigates the possibility of unphysical quan-
tities arising. In light of this distinction, the present analysis
uses photo-zs and stellar masses measured by LePHARE. Utilis-
ing the output from LePHARE also enables a direct and straight-
forward comparison with both Davidzon et al. (2017), hereafter
referred to as D17, and Weaver et al. (2023a), hereafter referred
to as W23, the most recent characterisations of the galaxy SMF
from the COSMOS field, where each work also used LePHARE.
Further, as described by EC-Z25, the configuration of LePHARE
used in creating the DAWN survey PL catalogues, including the
choice of galaxy and star templates, closely follows the pre-
scription used in the creation of the COSMOS2020 catalogue
(Weaver et al. 2022) and subsequently the analysis of the galaxy
SMF in W23.
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Staying consistent with D17 and W23, the redshift of each
galaxy is defined to be the median of the redshift probabil-
ity distribution resulting from SED fitting (column name =
‘1p_zPDF’). After fixing the redshift of each galaxy to the ap-
propriate photo-z, the stellar mass of each galaxy is measured by
determining the median of the posterior distribution for stellar
mass obtained after marginalising over the other free parameters
varied by LePHARE (column name = ‘1p_mass_med’). As a con-
sistency check, the inferred stellar mass (M) is compared with
the best-fit stellar mass (i.e. corresponding to the single template
with the minimum ,\/2), and the median difference is < 0.01 dex
with a 1o scatter of 0.09 dex, similar to both D17 and W23.

Stars that are brighter than 17 mag in the Gaia G band, ac-
cording to Gaia DR3 (Gaia Collaboration: Vallenari et al. 2023),
are masked in the DAWN survey PL catalogues. Fainter stars are
removed through SED fitting. As alluded to, LePHARE is capa-
ble of fitting star templates to photometric data in addition to
galaxy templates. In this work, the same set of stellar templates
is utilised as in Weaver et al. (2022) and W23. The contribution
from Spitzer/IRAC provides a strong constraint on the likelihood
of stellar contamination, and stars are effectively removed by re-
quiring galaxy candidates to have a smaller y* from the best-fit
galaxy template compared to the best-fit stellar template. How-
ever, the lack of NIR coverage at z > 4 poses a challenge for
distinguishing some high-z galaxy candidates from brown dwarf
stars; see Sect. 6.4.1 for further discussion.

The DAWN survey PL catalogues (EDF-N and EDF-F) in-
cludes 5195940 sources (4336651 and 859 289). Restricting
the selection of objects to the full-depth region (column name =
‘FULL_DEPTH_DR1’) provides 3274 786 sources (2697 776 and
577010). Seeking to include only those sources with the most
secure photo-zs and M estimates, and to further ensure that a re-
liable distinction between stellar interlopers can be made, every
source is further required to have a signal-to-noise ratio (S/N)
of at least 3 in each of the HSC r, i, and z bands as well as
in Spitzer/IRAC [3.6um] and [4.5um]. However, in an effort to
include intrinsically redder sources at high redshifts, the S/N re-
quirement in the HSC r band is dropped for sources at z = 3.5
and above. Following W23, galaxies that have significantly un-
certain redshifts are not included, requiring the same criterion
that 68% of the redshift probability distribution is contained
within the interval zpo % 0.5. Inspection showed that the ma-
jority of these objects fall below the limiting stellar mass (see
Sect. 3.3). Finally, for each redshift bin (see Table 1), the 95th
percentile of the distribution of best-fit SED reduced y? is cal-
culated (e.g. 10 at z = 14, ~ 40 at z > 5), and those above are
removed. This approach yields the same y? cut at intermediate
redshifts (approximately 1 < z < 3) as W23, which used a uni-
form /\/2 < 10 cut, but consistently removes the same fraction of
objects from each redshift bin. This choice is further discussed in
Sect. 6.4, but in short, the y? < 10 of W23 primarily affects only
the highest-redshift bin. The final sample considered in this work
includes 2091 740 galaxies total (1 758410 and 333 330). Note
that EDF-F alone provides a sample of galaxies approximately
equal to that of W23.

3.2. Star-forming versus quiescent classification

At any given redshift, the total galaxy SMF calculated over the
survey is a sum of individual SMFs of galaxies of different types,
for example, star-forming and quiescent (e.g. Peng et al. 2010).
Thus, the total galaxy SMF is more fully understood by exam-
ining its constituent components. Primarily motivated by ease of
comparison, this work adopts the classification of star-forming
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Fig. 1. Galaxies identified as either star-forming or quiescent based on their NUV — r and r — J rest-frame colours at z < 3. Rest-frame colours
are measured using LePHARE following Ilbert et al. (2005). Representative uncertainties associated with the rest-frame colours of the star-forming
(blue) and quiescent (maroon) subsamples are plotted. At z > 1.5, the Balmer break is redshifted between two observed bands (HSC z and IRAC
[3.6um]), and so the inferred rest-frame colours become increasingly model-dependent. Shading corresponds to logarithmic density.

and quiescent galaxies set forth by Ilbert et al. (2013) and used
by both D17 and W23. In short, galaxies are classified as ei-
ther star-forming or quiescent according to their position in the
NUV —r, r — J diagram. Quiescent galaxies are defined as those
satisfying
MNUV—M,>3(M,—MJ)+landMNUV—M,>3.1. (1)
The requirement of Eq. (1) separates red and blue galaxies, like
the classic UVJ requirement of Williams et al. (2009), but pri-
marily through the difference in Myyy — M,, which is com-
paratively more sensitive to recent star formation (Arnouts et al.
2007; Martin et al. 2007; Ilbert et al. 2013). Dusty star-forming
galaxies, though apparently red in Myuy — M, are distinguished
from galaxies with genuinely old stellar populations by the dif-
ference in M, — M, where increasing dust attenuation advances
galaxies in a direction parallel to the slope of the bounding re-
gion (see e.g. Fig. 1 of Leja et al. 2019).

Absolute magnitudes are best constrained when the wave-
lengths of an observed filter overlaps directly to the correspond-
ing rest-frame wavelengths of the desired absolute magnitude,
thus minimising the k-correction (Hogg et al. 2002). Without
such direct overlap, an extrapolation must be made from the
best-fit SED model. In this work, absolute magnitudes are cal-
culated with LePHARE according to the method described by
Ilbert et al. (2005), where the absolute magnitude in a given fil-
ter Aups 1S related to observed flux in the observed-frame filter
nearest to A,ps(1 + z) in order to minimise the dependence of the
k-correction on the assumed galaxy template. However, when

the distance between the nearest observed-frame filter and the
rest-frame filter is large, the predicted absolute magnitude be-
comes more reliant on the best-fit SED model. This is the same
approach used by D17 and W23.

The near-ultraviolet (NUV) rJ selection applied to DAWN
PL is shown in Fig. 1. Only galaxies above the respective mass
completeness limits (see Sect. 3.3) are shown. For each popu-
lation (i.e. star-forming and quiescent), the median photometric
error on the rest-frame colour is illustrated by the coloured cross.
Here, the median photometric error corresponds to the photo-
metric uncertainties in the observed-frame filters nearest to each
of the NUVrJ for the given redshift bin, added in quadrature.
As noted by W23, the median photometric uncertainty is more
representative of the faint galaxies that dominate in abundance
compared to the brighter, more massive systems. Note that the
uncertainty of the best-fit SED is not propagated to the photo-
metric uncertainty displayed in Fig. 1.

The decrease in the number of quiescent galaxies with in-
creasing redshift apparent from Fig. 1 is a consequence of both
well-understood aspects of galaxy evolution (Ilbert et al. 2013)
and observational effects. Considering the latter, the selection
function described in Sect 3.1 determines the ability to detect
quiescent galaxies from the DAWN survey PL images. After red-
shift z ~ 1.6, the Balmer breaks drops out of the HSC z band, and
consequently galaxies above z ~ 1.6 are detected on the basis of
increasingly blue rest-frame light.

These results broadly agree with W23. Namely, the fraction
of massive quiescent galaxies is similar, up to z ~2-3. How-
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Fig. 2. Galaxy stellar mass distribution as a function of redshift. The limiting stellar mass of the total (left), star-forming (middle), and quiescent
(right) samples are determined as a function of redshift following Pozzetti et al. (2010) and are shown by the solid black curves. Two estimates are
computed based on the limiting magnitude of HSC z (solid) and the IRAC [3.6um] limiting magnitude (dotted), respectively. The more conservative
estimate using HSC z is used in the remainder of this work and are presented as Eqgs. (3)—(5) for the total, star-forming, and quiescent samples. For
comparison, the stellar mass limits of D17 and W23 are also shown. Shading corresponds to logarithmic density.

ever, the DAWN PL catalogue is optically selected leading to a
dearth of detected quiescent galaxies at z > 3. While expected,
it limits the exploration of quiescent (and generally red) objects
to z < 3. Consequently, the total sample at z > 3 contains only
blue, star-forming galaxies without significant dust attenuation.
Future work incorporating Euclid’s NIR bands will complete this
picture.

3.3. Galaxy stellar mass limit

Measuring the galaxy SMF requires identifying the minimum
stellar mass at each redshift above which galaxies are de-
tected. Pozzetti et al. (2010) presented a method that is often
used (Ilbert et al. 2010, 2013; Muzzin et al. 2013; Tomczak et al.
2017; Davidzon et al. 2017; Stefanon et al. 2021; Weaver et al.
2023a) to empirically measure the stellar mass limit of a survey
based on the measured stellar masses of detected galaxies and
the limiting flux of the survey. The method consists of convert-
ing the flux limit of a given survey to a stellar mass limit by first
inferring a mass-to-light ratio, applying a transformation to the
measured stellar masses given the difference between their mea-
sured flux and the limiting flux, and using the rescaled stellar
masses to describe the completeness limit. Here, the implemen-
tation of the Pozzetti et al. (2010) method by W23 is followed,
considering only the 99% best-fit objects by x> from Sect. 3.1.
Subsequently, the galaxies with the 30% lowest stellar masses
are selected as being representative of those near to the stellar
mass limit. The stellar masses of this subsample are rescaled fol-
lowing Pozzetti et al. (2010):

logig (Mirese /Mo) = logio(M/Mo) + 0.4 (m; — 26.9), @)
where m;, is the apparent magnitude in the HSC z band and 26.9
is the approximate 30~ limiting magnitude in the combined HSC
r+ i+ zimages (Euclid Collaboration et al. 2025¢). Galaxies be-
low log1o(M/Mp) < 8 are not expected to be detectable and are
therefore not considered in calculating the mass completeness.
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The galaxies with rescaled stellar masses are binned according
to their redshift, with a spacing of Az = 0.2. In a further effort
to be conservative, the 95th percentile of the rescaled masses
(Mesc) 1s used to identify the stellar mass limit in each bin, in
contrast to the 90th percentile used by W23. Finally, an analyti-
cal function is fit to the binned mass completeness limits of the
form M, = A(1 + 2)8. However, unlike W23, who used a flexible
expansion in (1 + z), this choice is simpler, provides a better fit
per degree of freedom, and is consistent with D17, which shares
similar NIR imaging depth.

The stellar mass limit is computed for the total sample, star-
forming sample, and quiescent sample independently according
to the method above. The results are as follows:

Total : Myim/Mg = 4.31 x 103(1 + 2)'"74, (3)
Star — forming : Miim/Ms = 3.65 x 103(1 +2)'7°, )
Quiescent : Myim/Mg = 1.13 x 107(1 + 2)%°". (5)

As can be inferred from Egs. (3, 4), the stellar mass limit of
star-forming galaxies is similar to that of the total sample, dif-
fering only at the highest and lowest redshifts. Meanwhile, the
stellar mass limit of quiescent galaxies is a significantly stronger
function of redshift. The results are depicted in Fig. 2 over a
two-dimensional histogram of redshift and stellar mass, M. Be-
cause there are so few quiescent galaxies detected at z > 2, the
low-redshift galaxies have the dominant weight in the fit of the
M. = A(1 + )8 function. In practice, quiescent galaxies below
the total stellar mass limit (left panel of Fig. 2) are not consid-
ered, thereby ensuring consistency across the samples. The stel-
lar mass limits of D17 and W23 are also shown. By comparison,
the stellar mass limits of DAWN PL, computed according to the
HSC z band, are shallower. This is not surprising, given that both
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D17 and W23 utilise a detection image incorporating NIR data.
Consequently, DAWN PL is not ideal for describing the galaxy
SMF to the lowest stellar masses. Instead, deeper programmes
(e.g. Furtak et al. 2021) are preferable to study the low-mass end.
Nonetheless, the stellar mass limit reached by DAWN PL is suf-
ficient to study massive galaxies M > 10'" M, at all redshifts.

It may be reasonable to use the [3.6um] or [4.5um] appar-
ent magnitude and the corresponding limiting magnitude in the
rescaling equation (Eq. 2) to determine the stellar mass limits
of DAWN PL. Recall that a 30~ detection in the Spitzer/IRAC
[3.6um] and [4.5um] bands is required (Sect. 3.1) for a source to
be considered. The result of using [3.6um] to derive the limiting
stellar mass limits is included in Fig. 2. This calculation provides
stellar mass limits that are notably deeper than those obtained
when using HSC z, and similar to that obtained by D17. How-
ever, to avoid any pitfalls associated with extrapolating from the
selection function in the HSC r + i + z bands to a stellar mass
limit derived with [3.6um], the conservative option of the HSC
z-derived stellar mass limits is used.

It should be understood that the method of Pozzetti et al.
(2010) provides an estimate of the limiting stellar mass above
which a galaxy is detected given the selection function. Conse-
quently, the stellar mass limits quantified by Eqs. (3)-(5) may be
overly optimistic for galaxies that are difficult to detect, given the
selection function defined by the HSC r+i+z bands. Such galax-
ies primarily include intrinsically red objects, such as signifi-
cantly dust-attenuated star-forming galaxies and quiescent sys-
tems at z > 1.5.

For now, it is assumed that the selection function and the
significant depth of the detection image is sufficient to identify
a substantial fraction of galaxies above the stellar mass limit to
z ~ 6. To support this hypothesis, consider that the 30 limit-
ing magnitude in the UltraVISTA (McCracken et al. 2012) NIR
K band of the COSMOS2020 catalogue is ~ 25 (and shallower
for the COSMOS2015 catalogue used by D17, between 24 and
24.7 mag depending on the area; see Laigle et al. 2016). Select-
ing galaxies brighter than K < 25 that also satisfy the selection
criteria for the mass function specified by W23 indicates that
galaxies from 3 < z < 6 span a range in colour z — K where the
90th percentile is approximately 2.5 mag at z ~ 3, dropping to
~ 2mag at z ~ 4, and continuing to fall < 1 by z ~ 6. Accord-
ingly, a significant majority of red galaxies according to z — K
should be detected by the combined depth of the HSC r + i + z
image that reaches at least 26.9 mag in the HSC z. Further, the
galaxy SMFs presented in Sect. 5 appear to support this hypoth-
esis, at least to a similar completeness achieved by D17 to z ~ 5.
It is possible that the stellar mass limit is underestimated in the
highest-redshift bins considered in this work at z > 4.5. How-
ever, the significant volume of DAWN PL provides a unique op-
portunity to characterise the abundance of massive galaxies at
this epoch, and so the redshift bins above z > 4.5 are included,
despite the possibility of incompleteness.

3.4. Uncertainty and bias estimation

The total uncertainty of the observed galaxy SMF has at least
three general components. As for any statistical characterisation
that involves counting N samples drawn from a parent popula-
tion, the galaxy SMF is affected by Poisson uncertainty (o y;
Sect. 3.4.1). An additional source of uncertainty that must be
accounted for is the cosmological fluctuation of galaxy proper-
ties (in particular stellar mass) on the physical scales observed
by the survey, an effect commonly referred to as ‘cosmic vari-
ance’ (ocy; Sect. 3.4.2). Lastly, the galaxy SMF is impacted

by the choices and assumptions made during the SED mod-
elling insofar that they impact the photometric redshifts and
galaxy stellar masses (osgp; Sect. 3.4.3). The total uncertainty
is the quadrature added sum of the three main components, i.e.
oo = (0'12v +02 + o-%ED)l/z.

3.4.1. Poisson

Poisson uncertainty reflects the statistical noise from finite
sampling and is estimated for each M bin as onpin =
VNpin /(VOM). We computed this separately for total, star-
forming, and quiescent populations. Thanks to the ~10x larger
area of DAWN PL compared to COSMOS, the Poisson uncer-
tainty was reduced by a factor of ~3 relative to W23, enabling
robust constraints at M 2 10'! My, across all redshifts. These
uncertainties are shown in the left panel of Fig. 3.

For a given volume, the Poisson upper limit may also be de-
termined by considering the Ny, = 0 case. Following Gehrels
(1986), the 10 upper limit for an Ny, = 0 event in a volume V
is 1.841/V, while the 30 upper limit is 6.61/V (see also Ebeling
2004). The 1o upper limit is illustrated in many of the figures
shown in Sect. 5 by a downward pointing arrow.

3.4.2. Cosmic variance

In one aspect, the Poisson uncertainty described above
(Sect. 3.4.1) represents the minimum error on the number of
galaxies expected in a given bin. However, the Poisson un-
certainty assumes that galaxies properties, including the stel-
lar masses and their spatial distributions, are independent. In
reality, galaxy properties are known to be spatially correlated
(Kauffmann et al. 2004; Wu & Kragh Jespersen 2023; Wu et al.
2024), and moreover, environments differ on cosmological
scales, in part due to large-scale fluctuations in the cosmic den-
sity field that have grown since the Big Bang (Springel et al.
2005). From observations, it has been shown the galaxies clus-
ter more strongly than their dark matter halos, and from sim-
ulations, it is predicted that such galaxy ‘bias’ increases across
redshift (Moster et al. 2010). Importantly, more massive systems
are more biased than their lower-mass counterparts. Since it is
impossible to know a priori where a given field is sitting in
the global large-scale structure fluctuation, and smaller areas
are naturally affected by both long- and short-wavelength fluc-
tuations, galaxy surveys with small areas are more strongly af-
fected by field-to-field variance, referred to as ‘cosmic variance’,
ocv, than larger surveys of equal depth. See Moster et al. (2010,
2011) for a review.

The estimation of cosmic variance used in this work dif-
fers from W23, which relied on cosmic variance calculations
provided by Moster etal. (2011) that were extrapolated by
Steinhardt et al. (2021) to higher redshifts and greater stellar
masses. Instead, the method of Jespersen et al. (2025) is fol-
lowed, wherein the authors demonstrated a method for more ro-
bustly deriving cosmic variance estimates for massive galaxies
at a range of redshifts using the UniverseMachine simulations
(Behroozi et al. 2019). A brief summary follows, although the
reader is referred to Jespersen et al. (2025) for details. Each sur-
vey field of DAWN PL, i.e. EDF-N and EDF-F, is treated inde-
pendently, as they are highly separated and thus not in causal
contact. Number counts of galaxies are sampled from a survey
volume corresponding to the areas of the two fields, 8.42 deg?
for EDF-N and 1.71 deg? for EDF-F. In addition, the same red-
shift and mass bins defined by this work (see Table 1 and Sect. 5)
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Fig. 3. Three components of the total uncertainty of the number density in each M bin, o¢: the Poisson uncertainty (oy; left), cosmic variance
(ocv; middle), and uncertainty arising from SED fitting (osgp; right). The total uncertainty, shown by the dashed lines in each panel, is the
quadrature sum of the three components, shown by the solid lines in each panel.

are imposed on the selection. The variation in the number counts
that is in excess of the Poisson uncertainty and due to cluster-
ing of galaxies is modelled by a power law in stellar mass with
a redshift-dependent normalisation and slope. The calibration
of the final model of cosmic variance also includes error terms
identified by Jespersen et al. (2025), which correct the cosmic
variance estimates for the impact of the skew of the underlying
distribution of number counts in single bins.? The total cosmic
variance o cvy o across the combination of EDF-N and EDF-F, is
given by

2172, (6)
where oy, \ is the cosmic variance corresponding to the volume
of EDF-N and o v,  is the cosmic variance corresponding to the
volume of EDF-F.

The ocy estimates for the combination of EDF-N is pre-
sented in the centre panel of Fig. 3. Given the significant vol-
ume of DAWN PL and the improvement of the method of
Jespersen et al. (2025) over Moster et al. (2011), the impact due
to cosmic variance is significantly smaller in comparison to D17
and W23. For example, the uncertainty due to cosmic variance
is at least a factor of 5 times greater in W23 for galaxies of
M~ 1095 Mg atz ~ 5.

-2 -
ocv, tor = [(ocv,N)" + (ocv, F)

3.4.3. SED fitting

As described above, galaxy properties are measured using
LePHARE closely following the procedure of W23 (as well as
Ilbert et al. 2013 and D17, though to a lesser degree). SED mod-
elling assumptions (e.g. parametric star-formation histories) are
the same as detailed in Ilbert et al. (2013). EC-Z25 validated the
photo-z measurements for DAWN PL by comparing with 3300
high-quality spectroscopic redshifts matched from GOODS-S
(Garilli et al. 2021; Kodra et al. 2023) that sample 0 < z < 5.5
(see Figs. 8 and 9 of EC-Z25). In addition, the authors modi-
fied the photometric errors of COSMOS2020 catalogue to match
those of the DAWN survey PL catalogue and used LePHARE to
re-measure photo-z and M utilising only the filters available to
DAWN PL. The results demonstrated that more than 80% of all

3 This is important since the highly skewed number count distributions
in the limit of high cosmic variance bias the estimates of the cosmic
variance, artificially inflating them.
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galaxies had consistent redshifts and stellar masses. The major-
ity of the those that are not consistent are too faint to satisfy the
selection criteria used in the present work (see Fig. 11, and Ap-
pendix C of EC-Z25). As such, the photo-z and M measurements
provided by DAWN PL are believed to be robust, especially in
view of the requirements applied in Sect. 3.1. Nonetheless, the
impact of the uncertainties associated with modelling the SEDs
must be accounted for and propagated through to the resulting
uncertainty on the galaxy SMF.

Under the configuration applied across Ilbert et al. (2013),
D17, and W23, as well as here, photo-z and M estimates are
obtained separately, utilising a different template set for each
calculation (see Weaver et al. 2022 and EC-Z25 for details).
More specifically, the physical properties of galaxies are inferred
assuming a fixed redshift, z = zppe. At the time of writing,
LePHARE does not support allowing the redshift to vary using one
template set while measuring physical properties using another
template set. Consequently, the uncertainties on M provided in
the DAWN survey PL catalogues do not include the covariance
between photo-z and M. Facing a similar situation, W23 relied
on the extreme photo-z precision achieved by the COSMOS2020
catalogue and suggested that their osgp measurements should be
considered lower limits. By contrast, D17 performed a Markov
chain Monte Carlo (MCMC) simulation of their entire catalogue
by varying the photometric measurements within their uncertain-
ties measuring a new photo-z and M one thousand times. Simi-
lar approaches have been used elsewhere (G15). However, D17
used a sample of galaxies that is more than an order of magnitude
smaller than the DAWN PL sample, and applying their approach
to DAWN PL is not computationally tractable at present.*

A zeroth-order correction to the impact of the stellar mass
uncertainties on the measured galaxy SMF, addressing the co-
variance between redshift and mass, is obtained as follows. Re-
call that galaxies are required to have 68% of their redshift prob-
ability distribution contained within the interval zpno +0.5. In ad-
dition, EC-Z25 demonstrated with a high-quality sample of 3300
spectroscopic redshifts matched from GOODS-S (Garilli et al.
2021; Kodra et al. 2023) that 68% of all galaxies with spectro-
scopic redshifts had photo-z measurements within 1o~ of their

4 Utilising a computing facility with 200 total cores and over 500 Gb
of RAM, performing an MCMC simulation for 100 DAWN survey PL
catalogues would require 1-2 years.
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spectroscopic value. As such, photo-z probability distributions
for galaxies used here are narrow and appear well calibrated.
Therefore, instead of determining new redshifts for each galaxy
by re-running LePHARE, 1000 redshifts for each galaxy are
drawn from the respective redshift PDFs. To zeroth order, the
stellar mass inferred for a galaxy at z; + 6z compared to its in-
ferred stellar mass at redshift z; will differ by a re-scaling pro-
portional to dz, similar to their absolute magnitudes. This is be-
cause at small dz, the inferred galaxy type will not change and
therefore the inferred mass-to-light ratio will be approximately
constant. Assuming the k-correction is small, the difference in
absolute magnitudes (dM) between two galaxies with the same
apparent magnitude but at redshifts z; and z; = z; + 6z is

1+2z di(z1)
dM = 2.51ogy (1 " Zz) 51logg (dL(Zz)) ,
where dj (z) is the luminosity distance to a galaxy at redshift z.

At each newly drawn redshift, the galaxy stellar mass, M, is
scaled according to Eq. (7). It is acknowledged that a range of
mass-to-light ratios are allowed for a particular galaxy given its
photometric uncertainties, and so an additional perturbation to
the rescaling factor is applied in proportion to the relative flux
errors. Lastly, a final perturbation that is proportional to the dif-
ference in mass that would be obtained from a random draw from
the M probability distribution function (PDF) from LePHARE is
applied. Note that because 6z is small, the original stellar mass
PDF should still be approximately representative, given that it
is largely driven by photometric uncertainties (Ilbert et al. 2013;
Davidzon et al. 2017; Weaver et al. 2023a). However, it too must
be scaled according to Eq. (7) to account for the newly assigned
redshift. The final result of this exercise is 1000 independent re-
alisations of galaxy photo-z and M estimations, where each M
value has been adjusted to the newly assumed redshift while ac-
counting for a variety of possible mass-to-light ratios and further
scattered due to shape of the PDF of stellar mass. This includes
2.3 trillion total measurements.

The simulated photo-z and M measurements are used to con-
struct 1000 realisations of the galaxy SMF, using the same red-
shift and stellar mass bins as the primary analysis (see Sect. 5).
The uncertainty due to SED fitting, osgp, is then quantified for
each redshift bin by measuring the 1o variation in the number
density at every M bin relative to the median number density.
The result is shown in the right panel of Fig. 3. The scale of osgp
follows a similar trend compared to oy, reflecting the abun-
dance of low-mass galaxies that have a number density that does
not change appreciably due to SED fitting. By contrast, massive
galaxies with M > 10" My, have uncertainties in their abun-
dance of order unity.

Although effort has been taken to account for the covariance
between stellar mass and redshift, the estimated osgp are ex-
pected to be valid in the regime of small variations in the as-
sumed redshift. The analysis has not accounted for catastrophic
outliers in redshifts, or the choice of templates used by LePHARE,
for example, given that systematic errors are not easily combined
with random errors. Improving the computational time required
to run current SED-fitting codes is imperative for future datasets
even larger than DAWN PL.

@)

3.4.4. Validation

Several requirements have been established above in order to ob-
tain a sample of galaxies with only the most robust estimates of
their properties. With trustworthy estimates of galaxy properties

in place, it is possible to characterise the evolution of the galaxy
SMF across cosmic time. Interpreting the observed galaxy SMF
is strengthened by an understanding of the success of these ef-
forts, or lack thereof, and any resulting systematics. A stronger
understanding of these systematics is also vital to infer the in-
trinsic galaxy SMF with confidence (Sect. 5.3). To this end, Ap-
pendix B provides a detailed discussion of a series of validation
tests that have been performed on the DAWN PL data. The vali-
dation tests and their findings are summarised below.

— Re-fitting COSM0S2020 with only DAWN PL filters: COS-
MOS2020 (Weaver et al. 2022) includes photometry in all of
the filters used by DAWN PL, but with deeper imaging. EC-
725 demonstrated a test wherein photo-zs and stellar masses
were recomputed for all of COSMOS2020, utilising only
the filters available to DAWN PL and with flux uncertain-
ties scaled to match DAWN PL. Galaxies are further selected
from a detection imaging comprising the same noise proper-
ties as that of DAWN PL. Using measurements entirely from
the re-fitting, the COSMO0S2020 galaxy SMF is measured
and compared with W23, finding excellent agreement with
one primary exception. Galaxies at z ~ 1.1-1.5 are found to
have degenerate template solutions, which given the decreas-
ing sample size with redshift, leads to an underestimation of
low-mass galaxies at these redshifts and an overestimation
of massive galaxies at higher redshifts 1.5 < z < 2.5 (see
Appendix B.1 and Sect. 5.3). There is no significant bias de-
tected above z = 2.5 except for what is predicted by the dif-
ference in selection functions. The agreement between W23
with the SMF derived using only the DAWN PL filters lends
confidence to the results presented here.

— Validating galaxy properties through machine learning: Fol-
lowing Chartab et al. (2023), a random forest regressor
model is trained on COSMOS2020 restricted to the DAWN
PL bands to predict galaxy properties from the DAWN PL
photometry. The performance of both the resulting photo-
z and stellar mass estimates are consistent with those ob-
tained from SED fitting using LePHARE with mild improve-
ment from test galaxies in COSMO0S2020. The galaxy SMF
may be measured using the galaxy properties predicted from
the DAWN PL catalogues, and the result improves the char-
acterisation of galaxies at 1.1 < z < 2.5. However, the con-
servative nature of the random forest regressor prohibits pre-
dictions of galaxy properties outside its training data, and
therefore its ability to accurately determine the properties of
galaxies with extreme values may be limited. Galaxies with
properties that disagree between those obtained from the ran-
dom forest and from LePHARE likely include discoveries that
would be missed by a random forest.

4. Galaxy SMF formalism

Below, the mathematical formalisms for inferring the intrinsic
galaxy SMF used in this work are described.

4.1. Consideration of volume

Compared to their fainter counterparts, bright galaxies are rarer
at every redshift. However, in a flux-limited survey, intrinsically
faint galaxies are comparatively more difficult to observe at ev-
ery redshift and so can appear underrepresented. A correction
to this ‘Malmquist’ bias (Malmquist 1922, 1925) was presented
by Schmidt (1968) and is now commonly employed in galaxy
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Fig. 4. Evolution of the observed galaxy SMF of the total sample across
0.2 < z £ 6.5. The M bins are uniform except for the first bin, which
is extended to the respective stellar mass limit. The M bins below the
stellar mass limit (Eq. 3) are not shown. Uncertainties are indicated by
the solid error bars and shaded regions.

demographic studies, including those targeting the galaxy lumi-
nosity function and the galaxy SMF due to its simplicity. This
correction is referred to as the 1/V,,, correction and prescribes
that every galaxy is weighted by the maximum volume (i.e. Viax)
in which it could be observed. In this work, galaxies are first
binned according to their redshift and binned again according to
their M. Following Schmidt (1968), every galaxy (i) is weighted
by

iy qurvey
3 Qg

where Qqyvey is the solid angle spanned by the survey (in square
degrees, 10.12 deg?), Qqy is the solid angle of the entire sky, i.e.
41253 deg?, and d, is the co-moving distance. The maximum
volume a within which a galaxy could be observed is bounded
on the low end (zj,w) by the lower edge of the redshift bin and on
the high end (zy;gn) by the maximum redshift at which the galaxy
could be observed without falling below the detection limit. For
bright galaxies, the high end is effectively the upper edge of the
redshift bin. The redshift bins used throughout match those used
by D17 and W23 and are provided in Table 1.

Hereafter, number densities in each redshift bin and mass
show are reported after having applied the Vp,x corrections. It is
noted that additional methods for characterising the SMF are ex-
plored in the literature (see e.g. Weigel et al. 2016 and citations
therein). However, discrepancies in comparing the results do
not appear strong enough to warrant departing from the 1/Vx
method (D17).

Vinax,i = [di’ (Zhigh,i) -d: (Zlow,i)] ) (®

4.2. The Schechter function

The number density of galaxies as a function of stellar mass (and
luminosity) are frequently reported as following an analytical
characterisation first introduced by Schechter (1976) and since
known as the ‘Schechter’ function. The Schechter function can
be written to describe the specific number density of galaxies as
a function of stellar mass, ®(M), by

. M\ dM
M exp|— o
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O(M) dM = O* ( C))

Table 1. Total co-moving volume, stellar mass limit (for the total sam-
ple), and number of galaxies with stellar masses above the stellar mass
limit for each redshift bin.

Redshift Volume Miim Ngal
interval 10° Mpc®  logio(M/Mg) (M > Myn)
02<z<05 6.37 8.94 81111
05<2z<038 15.35 9.08 164318
08<z<1.1 23.35 9.20 140 565
11<z<15 39.84 9.33 140558
1.5<2<20 57.48 9.47 122 640
20<z<25 60.61 9.58 89622
25<z<30 60.51 9.68 68940
30<z<35 58.80 9.77 40216
35<z<45 109.89 9.93 22477
45<z<55 98.76 10.05 2182
55<7<6.5 88.36 10.16 219

Conceptually, the Schechter function describes the number den-
sity as a power law with slope « for galaxies below a characteris-
tic mass, M* followed by an exponential decline. Both compo-
nents are scaled by an overall normalisation ®*. The character-
istic mass M* defines the point at which the Schechter function
‘turns over’ and is sometimes referred to as the ‘knee’ of the
galaxy SMF. The evolution of the Schechter parameters across
cosmic time is a topic of debate in the literature.

Although the Schechter function is predominantly used as
an empirical description, Peng et al. (2010) presented a theoret-
ical framework that gives rise to a Schechter function in the ob-
served number counts. Further, Peng et al. (2010) predicted and
demonstrated that, depending on their types and environments,
the distribution of galaxies as a function of their stellar mass can
be described by a ‘double’ Schechter function:

o MY [ M\ M\ dM
(D(M) dM = |:CD1 (W) + (1)2 (W) :|6Xp (_W) W
(10)

The double-Schechter function adds a second power-law com-
ponent with its own normalisation (®}) and slope (a»), though
each power-law term is joined by the same characteristic mass
M* above which there is an exponential decline.

The physical meaning and the validity of the Schechter func-
tion (and the double-Schechter function), insofar that it describes
the observed galaxy SMF in this work, is discussed further in
Sects. 5 and 6. Indeed, additional parametric descriptions have
been suggested in the literature, for example, D17 postulated that
the SMF of galaxies at z ~ 5 is a power law.

4.2.1. Eddington bias

Any observed distribution function that is both non-linear and
has a non-zero second derivative of the observed variable will
differ from the true underlying distribution by the so-called ‘Ed-
dington’ bias (Eddington 1913, 1940; see also Teerikorpi 2004).
The galaxy SMF is a distribution function of this type (as are
apparent magnitude distributions and luminosity functions). The
effect is most prominent for the most massive systems due to
their rarity. For example, under the Schechter formalism, the ex-
ponential overturn after M* poses a strong second derivative.
The consequence is that the observed number density of mas-
sive galaxies is higher than the true underlying number density
due to less massive galaxies, which are far more abundant, be-
ing randomly scattered into higher-mass bins because of their
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uncertainty in stellar mass. By contrast, massive galaxies being
scattered into low-mass bins has a much less significant effect
because of their relative abundance, providing fewer instances
to scatter and causing a smaller relative change to the number of
galaxies in the bin.

Given a parametric representation of the true underlying
galaxy SMEF, such as the Schechter function or the double-
Schechter function, the observed distribution can be described
by a convolution of the parametric function with a kernel, D(M),
that characterises the uncertainty in stellar mass. The intrinsic
galaxy SMF may then be inferred via deconvolution. In this
work, the same kernel utilised by Ilbert et al. (2013), D17, and
W23 is used to characterise the stellar mass uncertainties:

TEdd 1
27 (tpaa /27 + ME

1 -M?
D(Mo,z) = " exp (11)

2
2044

The kernel includes a Gaussian component of standard deviation
opad that conveys the scatter in the stellar mass primarily due
to photometric uncertainties. The Gaussian component is multi-
plied by a Lorentzian component that broadens the distribution
to further account for the more drastic changes in stellar mass
that result from uncertainty in the redshift. The Lorentzian com-
ponent is characterised by the parameter Tgqq , Which is redshift-
dependent, i.e. Tgqq = 7.(1 + 2), reflecting the fact that generally
photometric redshifts are less certain with increasing z.

The exact values of Tggg and 7. are determined by fitting
the marginalised probability distributions of mass obtained from
Sect. 3.4.3, following Ilbert et al. (2013) and D17. The distribu-
tions are well described by Eq. (11) but larger values for ogqq
and 7, are obtained compared to D17, i.e. oggqq = 0.6 and
7. = 0.05 compared to oggqg = 0.35 and 7, = 0.04, respec-
tively. The increased uncertainty relative to D17 is likely due to
the lower number of photometric filters considered in the present
work, although the values are very similar to those obtained by
Ilbert et al. (2013).

It is noted that the treatment of the Eddington bias may play
a significant role in driving discrepancy between different mea-
surements of the galaxy SMF in the literature (Grazian et al.
2015; Davidzon et al. 2017). Adams et al. (2021) explored the
impact of several representations for the convolution kernel, in-
cluding a Gaussian kernel, the kernel of Eq. (11), and an em-
pirically constructed kernel based on the posterior distribution
resulting from varying galaxy redshifts and stellar masses. The
authors found that utilising the kernel of Eq. (11) obtained results
essentially consistent with the empirically constructed kernel but
differing from the results using the Gaussian kernel. Further con-
sideration of the impact on the choice of convolution kernel is
discussed in Sect. 6.

5. Results

The total observed galaxy SMF is presented, followed by the
star-forming and quiescent components. The intrinsic galaxy
SMF is obtained by modelling the observed SMF according to
the formalisms defined above. Finally, the cosmic stellar mass
density (SMD) is calculated by integrating the intrinsic SMF.
Throughout, the galaxy SMF is measured according to the red-
shift bins defined in Table 1 and using M bins of width 0.25 dex.

5.1. Total stellar mass function

The total galaxy SMF from 0.2 < z < 6.5 is shown in Fig. 4. The
evolution of the total galaxy SMF is often discussed in the con-

text of galaxies below and above the characteristic mass M*, de-
lineating ‘low-mass’ and ‘massive’ galaxies. Following the dark
matter HMF (e.g. Tinker et al. 2008), low-mass galaxies over-
whelmingly dominate the galaxy SMF at all redshifts but espe-
cially at high z where large-scale structure has yet to form. Be-
yond a general description, the low-mass end of the galaxy SMF
is mostly inaccessible through DAWN PL due to the stellar mass
limit being greater than M > 10° My, at all redshifts and increas-
ing to M > 10'° M, by z ~ 3. However, the substantial volume
of DAWN PL enables a statistically significant characterisation
of the abundance of massive galaxies above M > 103 M,
across the entire range of 0.2 < 7 < 6.5.

Before inferring the intrinsic galaxy SMF, a few conclu-
sions can already be drawn. First, the early Universe was char-
acterised by a period of rapid star formation. Several previous
observations have shown that although star-formation rates peak
at z ~ 2, specific star-formation rates were significantly higher
in the early Universe (Behroozi et al. 2013; Madau & Dickinson
2014). The age of the Universe at redshift z ~ 6 corresponds to
0.92 Gyr after the Big Bang under the assumed cosmology. From
7~ 6to z ~ 3.25, a time span of 1 Gyr, the abundance of galax-
ies with mass M ~ 10'%> M, increased by a factor of at least
100. By contrast, the abundance of galaxies of similar mass grew
only by a factor of 10 between z ~ 3.25, and z ~ 0.35 despite
spanning a significantly longer period of time (7.7 Gyr). This is
essentially an extension of the ‘down-sizing’ effect (Cowie et al.
1996). Additional features of the total galaxy SMF are better
understood in view of a comparison with previous results from
the literature (Sect. 5.1.1) and from an analysis of the intrinsic,
rather than observed, galaxy SMF (Sect. 5.3).

It is emphasised that for now, only the observed galaxy
SMF is presented, while the intrinsic galaxy SMF is presented
in Sect. 5.3. As such, seemingly unphysical features, such as
higher-redshift bins containing a greater abundance of massive
galaxies compared to lower-redshift bins, are almost certainly
due to Eddington bias that has yet to be removed. The discussion
in Sect. 6.4 and Appendix B further discuss the likely contam-
ination of galaxies from the redshift bin 1.1 < z < 1.5 to the
next two higher-redshift bins. As such, the galaxy SMF within
this redshift interval should be considered with caution, as is dis-
cussed further below.

5.1.1. Comparison with the literature

The evolution of the total galaxy SMF is compared with mea-
surements from D17 and W23 in Fig. 5 across 0.2 < z < 3.5.
Each work uses the same redshift binning, beginning at 0.2 <
7z < 0.5, and the same M binning. In Fig. 5, the coloured arrow
indicates the 10~ Poisson upper limit for zero detections given the
volume of DAWN PL, while the grey arrow indicates the same
for the volume of W23 (about a factor of 2 smaller than D17).
Although galaxies detected at values of @ lower than these limits
may be real, they do not meaningfully constrain the SMF.

Figure 5 confirms that at least through z < 3.5 the deep opti-
cal imaging of DAWN PL provides a sample of galaxies that is
almost entirely consistent with a shallower NIR selection, such
as the selection of D17, as suggested in Sect. 3.1. In addition,
the overall shape and normalisation of the total SMF is in agree-
ment with both D17 and W23. However, as noted in Sect. 3.2,
the selection function of DAWN PL precludes the detection of a
sizeable fraction of intrinsically red objects above z = 1.5, which
may explain the deviation of the PL SMF at 2 < z < 2.5 in the
vicinity of the knee (M ~ 10'%° M) compared to both D17 and
W23.
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Fig. 5. Observed total galaxy SMF of DAWN PL (coloured points) and uncertainties (1o, shaded) compared with two measurements from COS-
MOS, D17 and W23, through to 3 < z < 3.5. M bins below the stellar mass limit (Eq. 3) are not shown. The volume limit according to the N = 0
Poisson uncertainty is shown by the downward pointing coloured arrow for DAWN PL and in grey for W23.
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Fig. 6. Same as Fig. 5 but at z > 3.5 and also showing measurements from G15 with HST (grey circles) and W24 with JWST (grey squares).

A more significant point of disagreement is within the red-
shift interval 1.1 < z < 2.5, which has been briefly discussed in
Sect. 3.4.4 and is treated more extensively in Appendix B. Be-
ginning at 1.1 < z < 1.5 up until z ~ 2, there are too few galaxies
per unit volume found by DAWN PL within the M range that
should be complete. The dearth of galaxies at 0.8 < z < 2.0
may be related to the relative excess of M > M* galaxies at
z > 2.0. Without a strong observed constraint on the Balmer
break, the high-redshift solutions during SED fitting outnum-
ber low-redshift solutions, causing a systematic trend towards
higher redshifts and correspondingly higher masses (due to the
redshift-mass covariance). As demonstrated in Appendix B, this
systematic bias can be remedied through machine learning tech-
niques, suggesting that the bias is caused by a degeneracy in the
LePHARE templates rather than the DAWN PL photometry. At
this time, it is not clear how to best apply a correction that does
not cause an inconsistency in other redshift bins. Ultimately, this
is a strong example of Eddington bias at play (due to the un-
certainty in stellar mass driven by the covariance with redshift),
and as such, the biased redshift bins of 1.1 < z < 2.5 pro-
vides a test-case to assess whether the treatment of Eddington
bias (Sect. 4.2.1) is sufficient. The subject is picked up again in
Sect. 5.3.

As previously discussed, the photo-z bias is not expected at
z > 2.5 where the Lyman break is directly constrained (see Ap-
pendix B). At 2.5 < z < 3.5, the abundance of the most massive
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systems observed in COSMOS by both D17 and W23 is con-
firmed with significantly improved precision due to the improve-
ment in Poisson uncertainty and cosmic variance by DAWN PL.
Within this redshift range, DAWN PL also finds a handful of
galaxies of greater mass than have been observed in COSMOS.
Most of these galaxies are within the 10~ volume limit, consistent
with no detection. At 3 < z < 3.5, a significant number of galax-
ies are found at masses greater than were observed by D17. W23
report an even more significant excess of galaxies compared to
D17 at 3 < z < 3.5, most noticeable above M > 10" M. How-
ever, the total galaxy SMF of DAWN PL is consistent with both
works within their reported 1o limits. By inspecting the COS-
MOS2020 catalogue, the galaxies at 3 < z < 3.5 missed by
DAWN PL appear intrinsically red and optically faint (e.g. with
HSC i > 26), perhaps indicative of dusty star forming systems
that are mostly undetected without NIR imaging.

Beginning at 3.5 < z < 4.5, the total galaxy SMF is further
compared with results from Grazian et al. (2015, hereafter G15)
and Weibel et al. (2024, hereafter W24) in Fig. 6. However, it
is cautioned that both cover areas that are a factor of 70-100
smaller than DAWN PL (369 arcmin? and 500 arcmin?, respec-
tively), and a significant increase in cosmic variance should be
expected. At 3.5 < z < 4.5, DAWN PL continues to be con-
sistent with D17 while also finding galaxies at greater masses,
further confirming the utility of deep optical imaging to detect
significant samples of galaxies at least to z ~ 4. The compari-

1070

1080

1090



1100

1110

1120

1130

1140

1150

Euclid Collaboration: L. Zalesky et al.: The DAWN galaxy stellar mass function

son further shows an agreement between DAWN PL with G15
that may at first be surprising given the difference in selection
functions. G15 detects galaxies using the WFC3 Hj¢y band with
a depth that significantly exceeds that of D17, yet their number
densities are consistent with each other as well as with DAWN
PL. Meanwhile, both DAWN PL and D17 present number den-
sities of massive galaxies (i.e. with masses M > 10" M) that
are slightly lower than the measurements of both W23 and W24.
W24 explains that their excess at z ~ 4 is largely driven by very
red galaxies that are missed by HST and therefore should also
be missed by ground-based optical surveys. However, the deep
K, imaging utilised by W23, deeper than was available to D17
by ~0.5 mag, coupled with their significantly increased volume
in comparison to W24, appears to confirm a similar abundance.

The deep optical imaging of DAWN PL is sufficient to ob-
tain a significant sample of galaxies at 4.5 < z < 5.5. Above
M > 10" Mo, the number density is in agreement with D17
within the reported 1o uncertainties and consistent with the
abundance of W23 within their 20~ uncertainties (not shown; see
W23, Fig. 6). Further comparison with G15 and W24, both of
which make use of deep space-based observations, shows sim-
ilar agreement within the range of masses that overlap. How-
ever, the literature ultimately points towards an incompleteness
in DAWN PL of galaxies with masses 10'° < M/My < 10'!.
The stellar mass limit of DAWN PL is compared to W23 and
explored in greater detail in Appendix B in an analysis that sug-
gests the completeness at 10'0 < M/Mg < 10'! is between 40—
60% in DAWN PL. Notably, W23 finds a sample of galaxies with
masses greater than those observed by G15 and D17. DAWN PL
provides a sample of galaxies at 4.5 < z < 5.5 that are equally
massive and have a number density that is consistent within 1o,
although those of DAWN PL are more numerous and therefore
more statistically significant assuming the uncertainties are well
measured (Sect. 3.4). In addition, there are 13 galaxies in DAWN
PL with masses exceeding the most massive one found in W23.
Interestingly, with the assistance of deep JWST imaging, W24
finds two such galaxies with M > 10''® M, but given their
limited area, their number density is consistent within the Pois-
son 1o upper limit of zero detections.

Despite the inclusion of NIR imaging, D17 was not able to
find a significant sample of galaxies at 5.5 < z < 6.5. By con-
trast, the deeper optical imaging of DAWN PL provides a se-
lection of 219 galaxies above the estimated stellar mass limit.
However, the comparison to G15, W23, and W24 suggest mass-
incompleteness below M ~ 10105 My, similar to what is ob-
served at 4.5 < z < 5.5. Galaxies above M > 10'%° M, show
a number density that is consistent with both W23 and W24,
although both of these works only place upper limits at these
masses and at this redshift. Meanwhile, G15 did not find such
massive galaxies.

Beyond z ~ 6, galaxies are not detected in DAWN PL with
enough abundance to measure the galaxy SMF. Future work
taking advantage of the imminent Euclid imaging across the
DAWN survey will provide samples of galaxies of similar sta-
tistical strength presently available at z ~ 3 but to z ~ 8
(Euclid Collaboration et al. 2025a).

5.2. Star-forming and quiescent stellar mass functions

The star-forming and quiescent components of the total galaxy
SMF are separated using the NUVrJ criteria described in
Sect. 3.2. Total uncertainties for each component are computed
following Sect. 3.4 for each galaxy type and redshift interval.
Given the DAWN PL selection function, only the most mas-

sive (M > 10'! M) and brightest quiescent galaxies are de-
tectable at z > 2. Consequently, the shape of the quiescent galaxy
SMF is not well constrained at these redshifts. For example, at
2 < z £ 2.5, only 732 quiescent galaxy candidates above the
mass completeness limit spanning five M bins are found over
the entire DAWN PL area. At 2.5 < z < 3, the number drops by
over an order of magnitude to 57 in three M bins. Above z > 3,
no quiescent galaxies are detected that satisfy the necessary cri-
teria.

The observed star-forming and quiescent galaxy SMFs are
compared with D17 and W23 in Fig. 7. At all redshifts, the star-
forming galaxy SMF generally agrees well with the literature
and shares many of the same features discussed in Sect. 5.1. Sim-
ilarly, the shape and normalisation of the quiescent galaxy SMF
is mostly in agreement with W23, despite being more sparsely
sampled in mass due to the DAWN PL selection function. At
1.5 < z < 2and 2.0 < z < 2.5, the DAWN PL catalogue
recovers fewer quiescent galaxies compared to D17 and W23,
potentially indicating an incompleteness related to the optical
(rest-UV) selection function. Similar to the total SMF described
in Sect. 5.1, the redshift range of 1.1 < z < 2.5 is possibly
compromised due to uncertain photo-zs. However, this appears
to predominantly affect star-forming galaxies. As discussed pre-
viously, the cause of the uncertain photo-z estimates is the lack
of an observed constraint on the Balmer break. Galaxies classi-
fied as quiescent are also red according to the emission observed
in the Spitzer/IRAC bands, which likely (and properly) restricts
the photo-z solutions for quiescent galaxy templates but not for
star-forming templates. See Appendix B for further details.

Of particular interest are the quiescent galaxy candidates
found at z > 2. There are 19 galaxies are found with masses
(M > 1075 Mp) at 2 < z < 2.5. If real, this sample in-
cludes some of the most massive quiescent galaxies to have been
observed within this redshift range, exceeding the most mas-
sive ones found in W23. The 57 quiescent galaxy candidates
at 2.5 < z < 3 are similarly massive and appear to agree with
the volume density suggested by W23. However, the DAWN PL
sample is observed at a significance greater than 5o compared
to the Poisson volume limit in contrast to W23, which only mea-
sures upper limits.

Despite the difficulty of fully describing the evolution of the
low-mass end of the quiescent galaxy SMF, a comparison of the
rate of growth between the most massive systems (M > 1017
M;) and those of lower masses can still be made, at least at
z < 2.5. Considering all quiescent galaxies up until z < 2.5, a sig-
nificant fraction of the most massive quiescent galaxies appear
to have already formed by z ~ 2.5, 2.9 Gyr after the Big Bang.
Their observed evolution in number density suggests very little
change from z ~ 2.25 to z ~ 0.35, a period of time spanning 7.3
Gyr. This is similarly reported by Kawinwanichakij et al. (2020)
but from z < 1.5. In contrast, galaxies of ~10'! Mg, increase in
abundance by approximately a factor of ~50. The contrast be-
tween the rate of growth of these systems is generally consistent
with the observed quiescent SMF of W23 within their reported
uncertainties, although W23 suggests an increase in abundance
of quiescent galaxies with M ~ 10'" Mg of ~20. The impact
of Eddington bias (Sect. 4.2.1) is more drastic for these mas-
sive systems in comparison to their lower-mass counterparts.
Nonetheless, estimates from the intrinsic quiescent galaxy SMF
described below (Sect. 5.3) suggest a similar discrepancy in the
evolution of the most massive quiescent galaxies compared to
those of more moderate mass, consistent with W23.

It should be noted that the galaxies above z > 2 classified
as ‘quiescent’” by DAWN PL are essentially on the border of
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Fig. 7. Same as Fig. 5 but comparing the SMFs of star-forming and quiescent galaxies until z < 3.

the colour-colour selection set that defines quiescent galaxies in
Eq. (1) in Sect. 3.2 (see also Fig. 1). Indeed, the rest-frame r
necessary for the NUVrJ selection is not directly constrained by
observation in DAWN PL and is instead predicted by the best-
fit model and assisted by the HSC z and IRAC [3.6um] bands
between which the rest-frame r wavelengths resides. Whether
or not the systems identified above z > 2 are truly quiescent is
difficult to confidently determine without the aid of NIR imag-
ing, or better, spectroscopy. As a minimal test, quiescent galax-
ies found in DAWN PL are compared to those found by W23
(i.e. in the COSMOS2020 catalogue). The comparison suggests
that observed and rest-frame colours are consistent between the
two independent samples and that their abundance agrees within
the mass range that overlaps, despite W23 having a lower mass
completeness limit.

5.3. Modelling the stellar mass functions

The total, star-forming, and quiescent galaxy SMFs are mod-
elled independently according to the formalisms described in
Sect. 4.2 and Sect. 4.2.1 using binned data points. The data con-
sidered in the modelling include, for each redshift bin, all M
bins above the completeness limit with the 1/V,,x correction ap-
plied and with uncertainties characterised by oo (Sect. 3.4). A
double-Schechter function is considered for both the total and
star-forming SMFs at z < 2 and above a single Schechter func-
tion is used. At z > 2, the double-Schechter function does not
provide an improved fit to the observations as quantified by re-
duced y? and the additional parameters are not warranted given
the lack of structure observed in the vicinity of the knee. For
the quiescent galaxy SMF, a single Schechter function is used
starting at 0.8 < z < 1.1 because the mass completeness limit
prohibits the detection of any low-mass systems that would con-
strain the second component of the double-Schechter function.

5.3.1. The effects of Eddington bias

During modelling, the Schechter function (or double-Schechter
function, where applicable) is convolved with the Eddington bias
kernel from Eq. (11) in Sect. 4.2.1. Consequently, it is the con-
volved model representing the observed galaxy SMF that is fit-
ted to the data, and the intrinsic SMF is obtained by deconvo-
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lution. To demonstrate the role of the Eddington bias kernel,
Fig. 8 provides a comparison at 1.1 < z < 1.5 of the ‘observed’
model of the galaxy SMF consisting of a double-Schechter func-
tion convolved with the Eddington bias kernel (dotted coloured
line) of Eq. (11) and the inferred intrinsic galaxy SMF (solid
coloured line). The massive end is most dramatically affected by
the Eddington bias kernel. It can be mathematically shown that
the Eddington bias is most prominent where the magnitude of
the second derivative of the underlying distribution function is
greatest, which in the case of the Schechter function (or double-
Schechter function) occurs around the characteristic mass AM*.
Consequently, the selection of the Eddington bias parameters
(0Bdd, TEda) Significantly influences not only the best-fit value
of M* but all of the best-fit Schechter parameters due to their
covariance, as pointed out by D17. Three different characterisa-
tions of the Eddington bias parameters are compared in Fig. 8,
including the one used in this work, o'ggg = 0.6, Tggq = 0.05(1 +
2); see Sect. 4.2.1. The resulting best-fit values (from simple y*
minimisation) for M* are indicated by the vertical dashed lines
and corresponding annotations and vary by > 0.3 dex solely due
to changing the Eddington bias kernel. Although not annotated,
the best-fit values of the other Schechter parameters vary simi-
larly. For example, the normalisation of the first Schechter com-
ponent, @7, varies by a factor of ~5, the normalisation of the
second Schechter component, @7, varies by a factor of ~2, and
the second slope parameter, a,, varies by a factor of ~3.5. As
such, any effort to compare the Schechter parameters obtained
from different works must take into account the treatment of the
Eddington bias, which is not uniform across the literature.

Figure 8 also demonstrates that the treatment of the Edding-
ton bias used herein is sufficient to characterise the observed ex-
cess of massive galaxies at 1.1 < z < 1.5 (similar behaviour is
seen in the next two redshift bins as well). Although the values of
the Eddington bias parameters (0°g44, Trqq) Were not selected by
visual comparison, Fig. 8 nonetheless shows a very good agree-
ment between the observed data and the intrinsic SMF that re-
sults from the fit that uses o'ggq = 0.6 and Tggg = 0.05(1 + 2).
By contrast, larger values over-predict the number density of ob-
served massive galaxies, while smaller values under-predict. In-
deed, comparing the /\(2 of each fit, the smallest values achieve
the worst reduced-y? value at 4.23. The other two achieve simi-
lar y? values at 1.72 for the values used herein and 1.68 for the
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Fig. 8. Variation in the best-fit double Schechter function resulting from
three different parameterisations of the uncertainty in M used for the
Eddington bias kernel (Eq. 11) at 1.1 < z < 1.5. The shape of the kernel
according to each parameterisation is shown in the inset plot, with the
corresponding parameter values annotated above in matching colours.
The resulting intrinsic (solid) and observed (dotted) galaxy SMF is
shown for each case, with the value of the best-fit characteristic mass
(M*) annotated and given by the vertical dashed lines. The treatment
of the Eddington bias significantly affects the inferred intrinsic galaxy
SMF.

largest kernel assumed. Despite the marginal improvement in the
x°, there appears to be no reason to prefer the larger kernel, as
it is not supported by the measured posterior distributions of M
and it appears to over-predict the abundance of observed massive
galaxies.

5.3.2. Degeneracy of model parameters

Independent of the Eddington bias, it is well known that there
exists a degeneracy between the low-mass slope «, the turnover
mass or knee, M*, and the normalisation ®* (see, for example,
Fig. 8 of Stefanon et al. 2021 or Fig. 7 of W24). The DAWN
PL mass completeness limit is already nearly M ~ 109 Mg
by z ~ 2, and therefore DAWN PL cannot constrain the galaxy
SMF at low masses. Nonetheless, it should still be possible to
constrain the knee or characteristic mass, M*, as well as the
overall normalisation, ®*. Consequently, the low-mass slope is
handled differently than the other Schechter parameters during
the modelling step.

It is emphasised that there is no solution that is com-
pletely free of assumption for modelling a parameter that is not
well constrained by the data. One option is to freeze the low-
mass slope throughout the modelling step and only fit for the
characteristic mass and the normalisation, an option typically
used in modelling the highest redshifts included by the given
selection function (Davidzon et al. 2017; Weaver et al. 2023a;
Weibel et al. 2024). Alternatively, a prior may be used to restrict
the allowable values of the low-mass slope while still account-
ing for some of the covariance between the Schechter parameters
and the resulting uncertainty of their inferred values. The latter
approach is used herein. In each redshift bin, a flat prior mo-
tivated by results from the literature is used, and the range of
allowed values evolves with redshift.

Table 2 lists the ranges of low-mass slopes allowed in fit-
ting. At z < 2.5, the low-mass slope « lies within the range

The DAWN galaxy stellar mass function

Table 2. Allowed ranges for the faint-end slope (@) in different redshift
bins.

Redshift Range  Allowed @ Range  Lit. Consistency
72525 -155<a<-13 D17, W23
25<z<35 -17<a<-145 D17, W23

35<z<45 -185<a<-1.65 DI7,GI5 W24

72245 -22<a<-165 DI17,GI15 W24

—1.55 < @ < —1.3, consistent with both D17 and W23. At higher 1330

redshifts (z > 2.5), W23 held « fixed to the value determined in
the 2.0 < z < 2.5 interval, while D17 allowed it to vary freely,
finding steeper values at z > 2.5. In this work, we allowed «
to vary at high redshifts and find that it steepens accordingly.
At 2.5 < z < 3.5, the permitted range is —1.7 < @ < —1.45,
consistent with both prior studies. For 3.5 < z < 4.5, we find a
range of —1.85 < @ < —1.65, diverging from W23 but remaining
in agreement with D17, as well as the high-redshift constraints
from G15 and W24. At the highest redshifts (z > 4.5), the al-

lowed interval broadens to —2.2 < @ < —1.65, accommodating 1340

the steeper slopes reported by G15, D17, and W24.

For double-Schechter models, the above prior is only im-
posed on the low-mass slope a;, while the slope of the second
Schechter component, a», is free to vary. As the low-mass end of
the galaxy SMF is dominated by star-forming galaxies, the star-
forming and total galaxy SMFs are modelled using the same pri-
ors on the low-mass slope, keeping in mind that the star-forming
galaxy SMF is considered separately only below z = 3. For the
same reason, the low-mass slope of the quiescent SMF is han-

dled differently, using different ranges of allowable values for @. 1350

At z < 1.1, the range of allowed values is —2.5 < o < 0, while
at z > 1.1, the range of allowed values is 0 < @ < 2.5. In both
cases, the range of allowed values is quite broad but nonetheless
provides useful boundaries that are consistent with both D17 and
W23. Effectively, the prior requires that the slope is negative at
z < 1.1 and positive at z > 1.1.°

The above handling of @ encourages a physically plausible
evolution of the galaxy SMF to result from the fitting procedure.
An additional requirement is imposed following W23, in which

an upper limit is placed on the normalisation ®* of the galaxy 1360

SME. For every bin above the first redshift bin (0.2 < z < 0.5),
the normalisation of the galaxy SMF is required to be less than or
equal to the 84% percentile (corresponding to +1o0 for a Gaus-
sian distribution) of the posterior distribution of ®* from the pre-
vious redshift bin, ®%,. For double-Schechter models, both @}
and @} are required to be less than Inax(flfi8 D5 84)- This addi-
tional prior, like the prior on «, is physically motivated and also
discourages an evolution of the intrinsic galaxy SMF in which
the total SMD (Sect. 6.1) decreases as the amount of time since

the Big Bang grows. In all cases, ®* is found to decrease with 1370

redshift as expected.

5.4. Markov chain Monte Carlo analysis

In order to consider a range of possible values for the Schechter
parameters and determine useful uncertainties on the represen-
tative values, the observed galaxy SMF is fitted in a MCMC
approach based upon emcee (Foreman-Mackey et al. 2013) fol-
lowing the process outlined in W23. Initial values are deter-
mined by first fitting each of the total, star-forming, and qui-
escent galaxy SMFs via a y? minimisation with the same pri-

5 Note that at z > 0.8, a single Schechter function is assumed, and the
meaning of a; changes.
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Fig. 9. Evolution of the intrinsic galaxy SMF of the total sample, shown
as solid lines, across 0.2 < z < 6.5. Maximum a posteriori values are
assumed, as listed in Table A.1. The 1o (20) uncertainty according to
the variation in the MCMC chains is shown by the dark (light) shaded
regions. Extrapolations below the stellar mass limit (Eq. 3) are shown
by the dashed lines, and the uncertainties are indicated by the hatched
regions. Observed values for corresponding redshift bins are shown in
the matching colour as data points with error bars.

ors discussed above. As emcee enables ensemble sampling, a
collection of 500 MCMC ‘walkers’ are initialised based on the
best-fitting values from the y?> minimisation but scattered within
2%. The walkers explore the parameter space simultaneously
via multi-processing and for as many steps as required to each
beyond 10x their autocorrelation length. An additional require-
ment is that the estimated autocorrelation length is not changing
more than 1%. These criteria measure ensures that each Markov
chain has satisfactorily converged and that the total area explored
is not dictated by the initial conditions.

Two sets of Schechter parameters are obtained from the
MCMC analysis. The first correspond to the median of the
marginalised posterior distributions of each parameter. The sec-
ond corresponds to the maximum a posteriori parameters. As
described by W23, these two sets of parameters provide differ-
ent descriptions of the intrinsic galaxy SMF. The former is of-
ten used in the literature and describes parameter values that are
frequently encountered during the sampling, implying that they
may be representative due to their prevalence. However, the set
of parameters defined by the median of each marginalised pos-
terior distribution does not necessarily correspond to parameter
values that are encountered simultaneously with each other, and
therefore they are not guaranteed to provide a good fit (high like-
lihood) to the data. One of the appeals of using the median of the
marginalised posterior distributions is that the uncertainty on a
given parameter may be meaningfully determined from the per-
centiles of the posterior distribution. By contrast, the maximum
a posteriori parameters provide a model that most closely re-
sembles the data given the likelihood function and any assumed
priors. The downside is that there is no single method for obtain-
ing uncertainties on their values. Accordingly, caution is advised
when considering either set of Schechter parameters. Each set of
parameters is presented in Table A.1 for the total SMF, Table A.2
for the star-forming SMF, and Table A.3 for the quiescent SMF.

The intrinsic total galaxy SMF for all redshift bins is shown
in Fig. 9 according to the maximum a posteriori parameter val-
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ues, while Fig. 10 shows the same for the intrinsic star-forming
and quiescent SMF but restricted to z < 3. As should be ex-
pected, the variation is greatest at z > 4.5 where the total un-
certainties (o) are weakest and the mass completeness limit is
highest (M > 10'" Mg). In comparison to the observed SMF,
the intrinsic SMF differs most strongly on the massive end. This
is due to the effect of the Eddington bias kernel, which results in
an intrinsic SMF that does not necessarily trace the most massive
bins, as demonstrated by Fig. 8. Whether the abundance of such
massive galaxies is driven by the uncertainty in M, as assumed
by the Eddington bias kernel, or the abundance of the most mas-
sive systems is accurate, is further discussed in Sect. 6.4.

The goal of this work is not to investigate a possible evolu-
tionary trend in the Schechter parameters that describe the intrin-
sic SMF. Instead, the Schechter function formalism is primarily
useful for empirically describing the shape of the intrinsic SMF
by enabling a straightforward accounting of the Eddington bias
through forward modelling. Nonetheless, a brief comparison to
the literature of the representative values found at each redshift is
warranted because it may validate the modelling procedure and
the decisions regarding the treatment of the Eddington bias. This
comparison is provided in Appendix A. Overall, the comparison
shows broad agreement with the literature, with disagreement
mostly explained by the covariance of the Schechter parameters
and stellar mass ranges explored by each dataset. Future works
that seek to investigate an evolution in the Schechter parame-
ters or perform detailed comparisons with the literature should
take effort to account for both the differences in assumptions of
the Eddington bias and for the covariance between the Schechter
parameters.

The star-forming component of the intrinsic SMF is depicted
in the left panel of Fig. 10, while the quiescent component is
shown in the right panel. Both the star-forming and quiescent
components are shown at z < 3, keeping with the separation
defined in Sect. 3.2. Generally, the star-forming component re-
sembles the total SMF. The quiescent SMF, on the other hand,
is quite different, perhaps most uniquely characterised by a low-
mass slope that increases with redshift. In contrast to the star-
forming and total SMF, the intrinsic quiescent SMF suggests that
the quiescent galaxies below the characteristic mass are rare in
the early Universe, but become increasingly more common at
late times. Despite the lack of constraints on the low-mass end of
the quiescent SMF, the inferred Schechter parameters are mostly
supported by D17 and W23. The primary difference is in the nor-
malisation, where a smaller value is typically found in DAWN
PL in accordance with the differences in completeness discussed
in Sect. 3.2. In addition, the value of M* is higher in DAWN PL
at z > 1.5. This is driven by both the stellar mass limit, which is
log1o(M/Mg) > 10.5 at z > 1.5, and the abundance of massive
quiescent galaxies that exceeds both D17 and W23 at these red-
shifts. As discussed in Sect. 3.2, the intrinsic quiescent SMF also
suggests that a significant fraction of the most massive quiescent
galaxies, for example log;o(M/Mp) > 11.5, had already formed
by z ~2-3, just 2-3 Gyr after the Big Bang. Massive quiescent
galaxies at z > 2 are discussed in greater detail in Sect. 6.4.

6. Discussion

The galaxy SMF is commonly used as a tool to constrain the
cosmic SMD. This section includes a validation of the evolu-
tion of the galaxy SMF measured and implied cosmic SMD
through a comparison with similar efforts in the literature. How-
ever, perhaps the greatest difference between DAWN PL and pre-
vious works is the volume explored to high redshifts. As seen in
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Fig. 10. Same as Fig. 9 but separated into star-forming (left) and quiescent galaxies (right) at z < 3.

Sect. 5, the increased volume leads to smaller uncertainties re-
garding the abundance of the most massive galaxies, especially
at z > 3.5. The implications of these galaxies and the connection
to their host dark matter halos and their environments is explored
in this section. Additional systematics and interloper populations
are further discussed, along with a presentation of a few select
massive galaxies.

6.1. Cosmic stellar mass density

The cosmic SMD (p4) describes the total stellar mass, pro-
vided by all galaxies, per unit volume. A determination of the
implied value of p, at each redshift can be obtained by in-
tegrating the intrinsic SMF at that redshift, multiplied by M,
over an appropriate range of stellar mass. A related quantity
is the cosmic star formation rate density (SFRD), which de-
scribes the star-formation rate over all galaxies per unit volume.
The SFRD can be determined by multiple independent methods.
For example, the SFRD may be measured from UV measure-
ments (Cucciati et al. 2012), far-infrared (FIR) measurements
(Gruppioni et al. 2013), millimetre and radio measurements
(Le Borgne et al. 2009; Dunne et al. 2009), and even gamma ray
bursts (Kistler et al. 2013). The SFRD can be converted to the
corresponding SMD by assuming a particular IMF for star for-
mation and by characterising the fraction of stellar mass that is
lost due to stellar evolutionary processes. A notable example of
this procedure is demonstrated by Madau & Dickinson (2014).
Consequently, measuring the SMD provides an opportunity to
compare the various methods for measuring stellar mass growth
in galaxies across cosmic time.

As described above, a measurement of p, can be obtained
directly from the inferred intrinsic SMF obtained in Sect. 5.3.
In the literature, the most commonly used range of integra-
tion is 108 < M/Mg, < 10'3. Therefore, the same interval is
considered in this work to provide an estimate of the implied
evolution of p,. A comparison with values from the literature
is provided in Fig. 11. All reported values from the literature
have been converted to a Chabrier IMF and integrated across
108 < M/Mg < 1013,

From 0.2 < z < 6, the evolution of p, agrees well with the
literature (G15, D17, W23, W24). At z ~ 4, the same is true,
although W23 measures a slightly lower value, likely caused by
their lower value of the low-mass slope, @. Given the power-
law shape of the low-mass end of the SMF and the exponen-

tial decline at high masses, p, is significantly more sensitive to
the characterisation of low-mass galaxies compared to massive
galaxies. Thus, despite the abundance of massive galaxies that
require extreme star-formation efficiencies at z > 3.5, their con-
tribution to the SMD is dwarfed by galaxies with lower stellar
masses. At z < 4, DAWN PL remains consistent with both D17
and W23, except at the redshift bin corresponding to z < 1.5. At
these lower redshifts, the difference in the selection of quiescent
galaxies like causes a small discrepancy of less than a factor of
2. Note that at z < 0.8, DAWN PL finds a slightly greater value
of p,, which may be due to the larger volume of DAWN PL that
includes a great sampling of large-scale structure compared to
COSMOS.

The broad agreement between the values of p, measured
from DAWN PL and the literature at-large validates the mod-
elling procedure of Sect. 5.3, and in particular, the treatment
of the low-mass slope a. Interestingly, at z > 2.5, compari-
son across the different works appears to show an agreement
in the value of p, that increases with publication date. In other
words, the measurements that demonstrate the greatest devia-
tions at z > 2.5 are also some of the earliest (e.g. before 2014).
This likely reflects the improvement in data quality and may
also suggest that observational methods for selecting and char-
acterising galaxies at high redshifts since improved or at least
have become more uniform. At z < 2.5 a substantial fraction
of the datasets, including this work, provide estimates of p,
that are lower than the values reported by Madau & Dickinson
(2014) and Behroozi et al. (2019), at least until z ~ 0.5. Both
Madau & Dickinson (2014) and Behroozi et al. (2019) measure
the SMD by converting measurements of the SFRD across red-
shifts using an assumed return fraction. Consequently, the origin
of this discrepancy is not obvious, although there are many pos-
sible explanations explored by Madau & Dickinson (2014).

6.2. Galaxy-dark matter connection

A pillar of modern studies of galaxy evolution holds that galax-
ies form and evolve within dark matter halos. Consequently, the
evolution of galaxies is directly linked to the evolution of their
host dark matter halos (Wechsler & Tinker 2018). This relation-
ship is generally referred to as the galaxy-halo connection. Nu-
merous techniques are used in the literature to connect galax-
ies to dark matter halos, for example, hydrodynamical simula-
tions (Vogelsberger et al. 2014; Schaye et al. 2015, 2023), semi-
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Fig. 11. SMD, p,, obtained from integrating the intrinsic galaxy SMF
(from M = 10 M, to M = 10'®> M), shown for both the median
posterior values (circle symbols and solid line) and the maximum a
posteriori values (square symbols). Values are compared with measure-
ments from the literature also derived from galaxy SMFs (Caputi et al.

2011; Gonzilez etal. 2011; Santini etal. 2012; Ilbertetal. 2013;
Muzzinetal. 2013; Tomczak etal. 2014; Grazianetal. 2015;
Caputi etal. 2015; Wrightetal. 2018; Bhatawdekaretal. 2019;
Adams et al. 2021; McLeodetal. 2021; Thorneetal. 2021;
Stefanon et al. 2021; Weaveretal. 2023a; Weibeletal. 2024;
Shuntov et al. 2025) as well as integrations of the cosmic SFRD

functions (Madau & Dickinson 2014; Behroozi et al. 2019). For the
latter, a return fraction of 41% (based on the Chabrier 2003 IMF; see
Sect. 6.1 of Ilbertetal. 2013) is assumed. For Madau & Dickinson
(2014), a shaded area is shown corresponding to return fractions
between 25-30% (where the latter value is similar to the Salpeter 1955
IMF).

analytic models (Guo et al. 2011; Henriques et al. 2015), empir-
ical forward modelling (Behroozi et al. 2013, 2019), abundance
matching (Marinoni & Hudson 2002; Stefanon et al. 2021), and
halo occupation distribution modelling (Harikane et al. 2018;
Shuntov et al. 2022). The mass of the host dark matter halo ap-
pears to be the dominant intrinsic property with which many
aspects of evolution are correlated (e.g. Contreras et al. 2015;
Man et al. 2019). Consequently, it is often a goal to measure the
stellar-to-halo mass relation (SHMR), which describes the stel-
lar mass of galaxies as a function of the dark matter halo mass.
While a detailed analysis involving the methods described above
is beyond the scope of the present work, a qualitative compari-
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son can easily be made by comparing the intrinsic SMF with the
dark matter HMF.

Like the galaxy SMF, the dark matter HMF describes the
co-moving number density of dark matter halos as a function
of dark matter halo mass. The HMF can be roughly translated
into a predicted SMF by assuming a baryon fraction and an in-
tegrated star-formation efficiency, €. In SHMR studies, the value
of a galaxy’s ratio of stellar mass to dark matter halo mass de-
fines the integrated star-formation efficiency, i.e. M/(My f,) = €,
where f, = Q,/Qn = 0.166 is the fraction of baryonic matter in
the Universe. Consequently, the integrated star-formation effi-
ciency should be thought of as the time-averaged efficiency by
which baryons have been converted into stars over the lifetime of
the host halo, in contrast to an instantaneous star-formation effi-
ciency (SFR/fi, My,) or a gas-depletion efficiency (SFR/Mays).

Figure 12 shows the intrinsic SMF and observations at 0.2 <
z < 3.5 compared to the HMF of Tinker et al. (2008). In each
panel, the coloured solid curve represents the maximum a poste-
riori SMF, while the coloured dotted curve represents the equiva-
lent for the observed SME, i.e. the Schechter function (or double-
Schechter function) convolved with the Eddington bias kernel of
Eq. (11). The HMF is scaled assuming a constant baryon frac-
tion and three different values of e: € = 0.10, € = 0.25, and
€ > 1. The parameter space spanned by € > 1 indicates the stel-
lar mass of galaxies that are disallowed by the assumptions of the
HMF and a universal value of f;, as the formation of any galaxy
with such a stellar mass would have required more baryonic mat-
ter than is available. The comparison with the scaled HMF at
z < 3, shown in Fig. 12, suggests that galaxies at low-stellar
masses and very high-stellar masses both suffer very low inte-
grated star-formation efficiencies, as has been found in virtually
all recent characterisations of the SHMR (Wechsler & Tinker
2018 and citations therein). At low stellar masses, star forma-
tion can be suppressed by internal processes regulated by stel-
lar feedback including photoionisation, supernovae, and stellar
winds (e.g. Hopkins et al. 2012). At high stellar masses, feed-
back mechanisms driven by AGN and virial shock heating can
suppress star formation (e.g. Vogelsberger et al. 2013). Galax-
ies near the characteristic M* of the Schechter function achieve
the maximum € between 10% and 25%. In SHMR analyses, the
M at which galaxies achieve the maximum e is referred to as
the ‘pivot-mass’. Galaxies at the pivot-mass are those that have
been the most efficient at converting baryons into stars over the
lifetime of the halo. Their host dark matter halos were massive
enough to withstand stellar feedback but not yet massive enough
to have developed dominant AGN components or to shock-heat
in-falling gas.

At z < 3, massive galaxies with M > M* are charac-
terised by lower values of € than those with M ~ M*. How-
ever, at 3 < z < 3.5, the intrinsic SMF suggests a change in
the SHMR compared to low redshifts. At 3 < z < 3.5, essen-
tially all galaxies observed above M* exhibit integrated star-
formation efficiencies greater than or equal to 25%. The max-
imum a posteriori model of the observed SMF, shown by the
coloured dotted line, suggests that the abundance of the most
massive systems is over-estimated due to uncertainties in their
stellar masses. Even so, the area enclosed at € > 0.10 by the in-
trinsic SMF (in which the Eddington bias has been removed) is
significantly greater than at lower redshifts and includes galaxies
of greater stellar mass. The increased average € achieved by mas-
sive galaxies would therefore manifest in a broader peak in the
SHMR, where a range of galaxy stellar masses are characterised
by the maximum integrated star-formation efficiency. The work
best-suited to validate this suggestion is Shuntov et al. (2022),
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Fig. 12. Intrinsic galaxy SMF of the total sample through to 3.0 < z < 3.5 (solid lines) and observed values (data points) with error bars
(in matching colours) compared to the Tinker et al. (2008) dark matter HMF assuming a universal baryon fraction and various integrated star-
formation (baryon-to-star conversion) efficiencies, €. M bins below the stellar mass limit are not shown. Maximum a posteriori values for the
intrinsic galaxy SMFs are assumed. The uncertainty (1o dark, 20 light) according to the variation in the MCMC chains is shown by the shaded
regions. The dotted coloured line represents the ‘observed’ model of the galaxy SMEF, i.e. including the Eddington bias (Sect. 4.2.1). The shaded
grey region corresponds to the number density of galaxies that would require 100% conversion (or greater) of baryons into star.

wherein the authors performed a detailed halo-occupation distri-
bution modelling of galaxies selected from the COSMO0S2020
catalogue. In this way, it is naturally complimentary to W23,
which agrees very well with the observations from DAWN PL
at 3 < z < 3.5 (Fig. 5). Notably, Shuntov et al. (2022) is the only
work to have measured the SHMR to high z (z < 5.5) using a
large survey area (> 1 deg?), reliable photo-zs, and galaxy stel-
lar masses constrained by IR observations. Indeed, the authors
find that the peak of the SHMR becomes substantially broader
at z > 2.5, albeit with non-negligible uncertainty. A similar re-
sult was obtained by Harikane et al. (2018) from an even larger
area (~100 deg?), although the redshifts and stellar masses of the
galaxies are significantly more uncertain due to a lack of rest-
frame optical constraint from IR data.

Another result of Shuntov et al. (2022) suggests that at 7 > 3,
the most massive galaxies have larger ratios of stellar-to-dark
matter halo mass compared to those at lower redshifts (i.e. they
achieve greater overall integrated star-formation efficiencies).
Although a careful determination of the host dark matter ha-
los is required to say conclusively, this scenario is consistent in
principle with the comparison of the SMF from DAWN PL at
3 < z < 3.5 and the HMF. However, Shuntov et al. (2022) further
suggests that both effects, an increased fraction of stellar mass
compared to dark matter halo mass, and a broader range of stellar
masses achieving high integrated star-formation efficiencies, be-
come stronger with increasing redshift. Figure 13 compares the
intrinsic SMF and observations at 3.5 < z < 6.5 compared to the
Tinker et al. (2008) HMF. In Fig. 13, two additional scalings of
the HMF are shown, € = 0.50 and € = 0.75. The comparison of
the intrinsic SMF and the scaled HMF at 3.5 < z < 4.5 is mostly
similar to 3.0 < z < 3.5 but now includes galaxies that achieve
an even greater integrated star-formation efficiency, in excess of
€ = 0.25 and approaching € = 0.50. As demonstrated by the
agreement between the present observations and both G15 and
D17 in Fig. 6, such galaxies have been observed before. Indeed,
although their abundance may seem excessive, it is emphasised
that W23 found an even greater abundance of galaxies requiring
large integrated star-formation efficiencies (see W23 Fig. 17).

The difference between the present work and these references is
the greater statistical significance of their abundance, which is
discussed further below. For comparison, Shuntov et al. (2022)
suggests that massive galaxies at 3.5 < z < 4.5 may achieve inte-
grated star-formation efficiencies that are a factor of ~ 2 greater
than those at z < 3, which is consistent with the € required by
the most massive galaxies observed in DAWN PL.

The comparison between the intrinsic SMF and the HMF be-
comes more difficult at z > 4.5, where the inability to detect
galaxies with low stellar mass weakens the constraints of the
Schechter parameters. Consequently, there is some uncertainty
in the shape of intrinsic galaxy SMF above log;o(M)/Mg) > 11.
In any case, at 4.5 < z < 5.5, there are galaxies observed that
require € > 0.50, and even € > 0.75. This remains consis-
tent within the 1o~ upper bound of the SHMR of Shuntov et al.
(2022), where the authors found that the SHMR does not change
significantly between z ~ 4 and z ~ 5. Galaxies of approximately
log1o(M/Mg)~ 11.5 require € ~ 0.50, according to the obser-
vations shown in Fig. 13. The abundance of galaxies around
this stellar mass is supported by W23 and W24, and W23 ac-
tually suggests an even greater abundance of these galaxies (see
again, Fig. 17 of W23 and their Sect. 6.3, and also W24 Fig.
11) therefore requiring an even greater integrated star-formation
efficiency. However, these works do not find galaxies of greater
stellar mass. One galaxy, with a statistical significance that does
not exceed the 1o~ upper bound for N = 0 detections, is found
with € > 1. This galaxy is discussed Sect. 6.4. The trend con-
tinues 5.5 < z < 6.5 where again there are galaxies that require
€ > 0.75. Generally, the abundance of such galaxies is consis-
tent with both W23 and W24, though it is noted that this com-
parison is highly uncertain, as neither of these two works can
do more than provide upper limits on the abundance of galaxies
with these stellar masses logo(M/Mg) > 10.75 (see Fig. 6).

The existence of a substantial population of galaxies at z ~
5-6 with integrated star-formation efficiencies of € > 0.25 im-
plies that the feedback mechanisms that inhibit star formation
in massive galaxies at lower redshifts are not as effective in the
early Universe. To start, it is expected that these massive systems
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Fig. 13. Same as Fig. 12 but at z > 3.5 and also showing additional values of e.

reside in dark matter halos in which feedback from stellar evolu-
tion (e.g. supernovae) is not efficient. From a theoretical perspec-
tive, Bassini et al. (2023) developed simulations in the Feedback
In Realistic Environments (FIRE) project (Hopkins et al. 2014,
2018) to assess the possible impact of stellar feedback on star
formation in massive galaxies (My, ~ 10'2My) at z > 5.5. In-
deed, the authors found that stellar feedback is extremely inef-
ficient for regulating star formation due to the significant gas
surface densities common at these redshifts (10°~10° Mg pc’z),
and that gas is consumed by star formation on shorter timescales
(gas depletion time ~ 20 Myr) than it can be expelled. However,
in less massive galaxies (M < 10'0 My), stellar feedback regu-
lates star formation. Although perhaps coincidental, this is very
nearly the value at which the intrinsic and observed SMF goes
below € = 0.10 in Fig. 13.

As discussed above, AGN activity is commonly cited as
the primary factor inhibiting star formation in massive galax-
ies (Wechsler & Tinker 2018 and references therein). However,
a quantitative and detailed understanding of AGN feedback at
high redshifts that is empirically confirmed is not yet devel-
oped. To measure the impact of AGN feedback at lower red-
shifts (z < 2.5), Fiore et al. (2017) used a combination of mea-
surements from molecular, ionised, broad absorption line, and
X-ray winds and found that only galaxies with M > 10'! M
at z < 2 are capable of driving mass outflows rates that exceed
the star-formation rate with a trend that decreases with increas-
ing redshift. Through observation, it is difficult to fully assess
the effects of outflows in galaxies at z ~ 5-6. At z > 5 FIR ob-
servations with high-resolution and depth are necessary to detect
outflows and measure their spatial distributions (Fujimoto et al.
2019), making statistical arguments difficult due to small sam-
ple sizes. Valentini et al. (2021) produced simulations of mas-
sive galaxies (My, = 10'> M) at z = 6 using GADGETS3, a
private successor to GADGET?2 (Springel et al. 2005), with de-
tailed characterisation of AGN activity. Ultimately, the authors
found that AGN feedback could not significantly halt the inflow
of cold gas or influence the star-formation history of the galaxy,
even when manually increasing the efficiency of AGN feedback
by a factor of 10.

Observations at lower redshifts have historically implied a
period of enhanced star-formation efficiency for the most mas-
sive galaxies in the early Universe (Cowie et al. 1996). For ex-
ample, should massive galaxies at z > 3.5 undergo a period of
enhanced star-formation efficiency, then it should be expected
that a substantial abundance of massive quiescent galaxies is ob-
served some time thereafter. Indeed, the evolution of both the ob-
served quiescent SMF (Fig. 7) and the intrinsic quiescent SMF
(Fig. 10) suggest that a significant fraction of the most massive
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quiescent galaxies are already in place by z ~ 2.5, just 2.57 Gyr
after the Big Bang. Quiescent galaxies at this mass do not ap-
pear to substantially grow in abundance from then onwards, nor
does it appear that more massive quiescent systems arise later.
Accordingly, the effects of AGN feedback, which were not yet
strong enough to inhibit star formation at high z, may be de-
layed (e.g. D17, Valentini et al. 2021). By z ~ 2 at least, these
systems are more massive than the minimum stellar mass found
by Fiore et al. (2017) that is needed for AGN feedback to com-
pletely ‘clean’ galaxies of their molecular gas. Assuming feed-
back is strong and gas supplies are absent, the only evolutionary
pathway for such systems to grow in abundance is through merg-
ing events. Mundy et al. (2017) showed that on average, galax-
ies with M > 10'! M, undergo approximately 0.5 major merg-
ers across 0 < z < 3.5, a process that typically adds 1-4 x10'°
M. Minor mergers should also be considered and are impor-
tant at low z (Jespersen et al. 2022; Chuang et al. 2024), but it
is difficult to measure their impact at high z (Lotz et al. 2010).
Conselice et al. (2022) found a slightly greater major merger
rate at ~ 0.84 than Mundy et al. (2017) and also found that the
growth in stellar mass for the same galaxies is approximately
a factor of 2 (0.3 dex). The evolution in the shape of the ob-
served quiescent SMF (Fig. 7) and total SMF with respect to the
scaled HMF is consistent with this picture of little to no growth
in the abundance of the most massive galaxies. This was found
by Kawinwanichakij et al. (2020) this results extends the finding
to z ~ 2.5 and tentatively higher, considering the total sample.

Recent observations of exceptionally massive galaxies from
JWST at z > 8 and above (Harikane et al. 2023; Casey et al.
2024; Weibel et al. 2024) imply the existence of similarly mas-
sive galaxies at later times. For example, W24 finds several
galaxy candidates at z ~ 8-9 that would require equal or greater
integrated star-formation efficiencies to those found in DAWN
PL. In addition, Casey et al. (2024) reports the discovery of
three candidate galaxies at z ~ 12 with M ~ 4-10 x 10° M.
These systems require extreme evolutionary histories acting on
short timescales. Several possible theories have been put forth
to explain them, including ‘feedback-free’ bursts of star for-
mation (Dekel et al. 2023; Li et al. 2024) and positive feedback
from AGNs (Silk et al. 2024). Without a measure of current star-
formation activity in the massive galaxies found in DAWN PL,
there is a degeneracy among evolutionary histories that would
yield similar values of € required for them to form, given that
€ is a quantity that is integrated over the entire evolutionary
timescale of the host halo. Spectroscopic confirmation, and a
spectro-photometric analysis, is ultimately required to under-
stand the nature of these massive galaxies in detail.
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6.3. Galaxy environment

The results discussed in Sect. 6.2 motivate investigation of a
possible correlation between galaxy stellar mass and the local
density field, or environment. The SHMR (Wechsler & Tinker
2018; Behroozi et al. 2019; Shuntov et al. 2022) and other ob-
servations, for example galaxy bias (Beck et al. 2020), show that
the galaxies with the greatest stellar mass must also reside in
the most massive dark matter halos. In the early Universe, the
most massive dark matter halos are also the sites of large-scale
structure formation (Springel et al. 2006; Porqueres et al. 2019).
Consequently, there is reason to suspect a relationship between
stellar mass and environment, even at high z.

Determining the role of the environment in affecting galaxy
evolution has been a topic of study for decades (e.g. Oemler
1974; see also Conselice 2014 and citations therein). Although
environments may be characterised in different ways, it is com-
mon to describe environment in relation to the local density
by measuring the relative ‘overdensity’, which is the differ-
ence in the local density compared to the average density;
this is the definition used herein. Advancements in galaxy sur-
veys across the past two decades have enabled studies seek-
ing to link the role of environment in galaxy evolution, specifi-
cally through its impact on the galaxy SMF (Bundy et al. 2006;
Bolzonella et al. 2010; Peng et al. 2010). These early works
showed a greater abundance of massive galaxies in high-density
environments. Peng et al. (2010), in particular, introduced the
concepts of ‘environmental quenching’ and ‘mass quenching’
which are now commonly used to describe two different ways
galaxies are thought to transition from star-forming to quies-
cent. This has also been investigated in low-z simulations, where
Wu & Kragh Jespersen (2023); Wu et al. (2024) find strong en-
vironmental dependencies in galaxy properties.

At redshifts z > 1 it has generally been a challenge to
measure the galaxy SMF as a function of environment because
the high-redshift surveys were either too small in area to sam-
ple cosmologically distinct environments or did not have the
necessary IR wavelength coverage (e.g. from Spitzer/IRAC)
to reliably measure stellar masses at high z. Nonetheless, ef-
forts to measure the impact of environment on the resulting
galaxy SMF at higher redshifts are continually improving. As
a few examples, Bolzonella et al. (2010) used some ten thou-
sand galaxies from zCOSMOS (Lilly et al. 2007) sampling a 1
deg? area to z ~ 1; Etherington et al. (2016) used several mil-
lion galaxies across a few hundred deg” of the Dark Energy
Survey (DES; Dark Energy Survey Collaboration: Abbott et al.
2016) to z ~ 1; Davidzon et al. (2016) used 50 000 galaxies from
the VIMOS Public Extragalactic Redshift Survey (VIPERS;
Guzzo et al. 2014) spanning 0.5 < z < 1; Tomczak et al. (2017)
analysed galaxies selected from 8 individual fields, each span-
ning between ~150-450 arcmin?, of the Observations of Red-
shift Evolution in Large-Scale Environments survey (ORELSE;
Lubin et al. 2009) at 0.6 < z < 1.3; Kawinwanichakij et al.
(2017) used galaxies selected from the ~300 arcmin® FourStar
galaxy evolution survey (ZFOURGE; Straatman et al. 2016) out
to z ~ 2; Papovichetal. (2018) used the same galaxies at
Kawinwanichakij et al. (2017) as well as an additional sam-
ple selected from the Newfirm Medium Band Survey (NMBS;
Whitaker et al. 2011) spanning ~1500 arcmin? again to z ~ 2;
Forrest et al. (2024b) considered two individual protoclusters at
z ~ 2 and at z ~ 3 selected from COSMOS2020 (Weaver et al.
2022); and Edward et al. (2024) studied the queiscent galaxy
SMF in protoclusters at z ~ 2 — 2.5.

Future investigations will undoubtedly make use of DAWN
PL’s significant volume, the imminent grism spectroscopy from
FEuclid (Euclid Collaboration: Scaramella et al. 2022), and reli-
able stellar masses provided by the deep Spirzer/IRAC data to
explore many facets of galaxy evolution in relation to the envi-
ronment. Although such detailed analyses are currently beyond
the scope of this work, enough physical parameters have already
been measured and formalisms defined to obtain a simple es-
timate of the abundance of galaxies as a function of their stel-
lar mass and environment. It should be noted that despite the
uniquely large area and rest-optical coverage at these redshifts,
the limiting factor in this preliminary investigation is the pho-
tometric redshift precision, relative to similar, spectroscopically
based studies in the literature.

The local density of every galaxy is estimated using a simpli-
fied implementation of the procedure described by Kovac et al.
(2010) for measuring the density field of the zZCOSMOS spec-
troscopic sample (Lilly et al. 2007) over a 1 deg® area. The
same measurements were used by Peng et al. (2010). Follow-
ing Kovac et al. (2010), the local density around each galaxy
is estimated using an aperture of variable size. The radius of
the aperture is determined by the distance to the Nth nearest
neighbour, where N = 5 (Kovac et al. 2010; Peng et al. 2010;
Davidzon et al. 2016). The local density measurement is thus
D=5/ (erg), where ds is the projected distance to the 5% near-
est neighbour. Galaxies are each given equal weight such that
the resulting density measurement simply describes the counts
of objects within the aperture to avoid biasing the overdensity
measurement around central objects of significant stellar mass
(Kovac et al. 2010). For the tracer sample, all galaxies above the
stellar mass limit (Sect. 3.3) are used for simplicity and consis-
tency with the above selections (Sect. 3.1) of galaxies used to
construct the SMFs. Galaxies are also binned according to the
redshift binning used throughout (i.e. Table 1). Note that this
redshift spacing is approximately similar to the spacing used by
Papovich et al. (2018). Each galaxy is assigned an overdensity
value, 6, which is the difference between the density measured
at the position of the galaxy and the average density considering
all galaxies and their respective density values, divided by the
average density. Finally, galaxies are grouped into quartiles of
overdensity based on the distribution of log;o(1+9).

The galaxy SMF is measured across each redshift bin and for
each density quartile. Uncertainties o¢ in each M bin are com-
puted as described in Sect. 3.4, and volumes treated as described
in Sect. 4. As is commonly done in the literature, the change
in the shape of the galaxy SMF is measured by comparing the
resulting SMFs from the most dense quartile, D4, to the least
dense quartile, D1. Similar to Tomczak et al. (2017), the ratio of
each SMF is measured here for each redshift bin considered. The
result is summarised in Fig. 14. The y-axis is given by

F =1-N(D)/N(Dy), (12)

where ¥ is the fraction of galaxies contributed to each M bin
by the most dense quartile relative to unity. For example, at
¥ < 0, more galaxies are contributed by the least-dense envi-
ronments; & = 0 implies the two quartiles contribute equally;
and ¥ > 0 indicates that more galaxies are contributed by the
most dense environments. The solid coloured lines represent the
ratio of the counts in each quartile (subtracted from 1), and the
shaded regions correspond to the 1o uncertainties propagated
from o ¢ (Sect. 3.4). The two lowest-redshift bins 0.2 < z < 0.5
and 0.5 < z < 0.8 are not shown as they show no consid-
erable change compared to 0.8 < z < 1.1. However, the in-
creased abundance of massive galaxies in dense environments
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Fig. 14. Fraction of all galaxies in each M bin in the most dense en-
vironments, D4, compared to the least dense environments, D, relative
to unity, ¥ = 1 — N(D;)/N(D4). See the main text for a description of
the density estimates. For ¥ < 0, more galaxies are contributed by the
least-dense environments; & = 0 implies the two quartiles contribute
equally; and & > 0 indicates that more galaxies are contributed by the
most dense environments. The solid coloured lines indicates the ratio of
the counts in each quartile (subtracted from 1), and the shaded regions
correspond to the 1o uncertainties propagated from o (Sect. 3.4). At
low masses (M < 10'° M), more galaxies are found in low-density
environments, while galaxies above are preferentially located in high-
density environments. The inset plot shows the same relationship for
0.8 < z < 1 separated into star-forming and quiescent galaxies. The
over-abundance of low-mass quiescent galaxies in high-density envi-
ronments is indicative of ‘environment quenching’ (Peng et al. 2010,
2012).

is obvious at these low redshifts and is generally reminiscent
of Peng et al. (2010) and the other low-redshift works. Thus,
Fig. 14 begins with 0.8 < z < 1.1 to provide a point of compar-
ison with recent works (Etherington et al. 2016; Tomczak et al.
2017; Papovich et al. 2018) reaching to higher redshifts. In the
primary area of the figure, the value of # is given for the total
SMF for each of the redshift interval shown.

Figure 14 shows that the abundance of galaxies as a func-
tion of stellar mass depends on the local environment, at least
from 0.8 < z < 1.1 out to 3.0 < z < 3.5. The analysis does
not go above z > 3.5 because it is not possible to measure a
reliable signal given the current uncertainty in the data. Each
redshift interval shows that the least massive galaxies are more
abundant in environments with low-density, i.e. ¥ < 0. Note
that the shape of the total SMF becomes steeper with increasing
redshift. Consequently, even though the range of stellar masses
with 7 < 0 decreases with increasing redshift, their relative con-
tribution to the total fraction of galaxies in the entire redshift
bin grows. The result appears consistent with many previous
works, in particular Davidzon et al. (2016) and Tomczak et al.
(2017), which both found obvious increases in the abundance
of massive galaxies of all types in high-density regions, at least
at z ~ 1. In the inset, the 0.8 < z < 1.1 comparison is fur-
ther broken down into star-forming and quiescent galaxies (using
the selection criteria of Sect. 3.2). Unsurprisingly, the quiescent
galaxies show a strong dependence on environment at all stel-
lar masses. Notably, low-mass quiescent galaxies, for example
log1o(M/Mg) < 10, show an increased abundance in dense re-
gions compared to galaxies of intermediate mass, for example
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10 < logo(M/Mpg) < 11. This may be understood as a result of
‘environmental’ quenching (Peng et al. 2010, 2012). The trend
reverses at log;o(M/My) > 11, and at log;o(M/Mg) > 11.5 the
environmental dependence becomes statistically indistinguish-
able from the relationship shown by the star-forming galaxies.

The redshift bin 0.8 < z < 1.1 shows the strongest envi-
ronmental dependence and the trend remains statistically sig-
nificant at 2.0 < z < 2.5, although with a shallower slope at
high masses, logio(M/Mg) > 11. By contrast, Papovich et al.
(2018) found no significant dependence on environment at these
redshifts. However, it should be noted that the area explored
by Papovich et al. (2018) was approximately 20 times smaller
than DAWN PL and therefore likely sampled a smaller range of
physical structures and the effect of cosmic variance is higher.
This trend remains statistically significant at > 30 up until
3.0 < z < 3.5 except for the most massive galaxies, which are
too few in number to provide definite evidence either way. De-
spite being tentative, these are some of the first constraints on
the environmental dependence on the massive-end of the galaxy
SMF only 2 billion years after the Big Bang. Euclid data will
provide powerful improvements that will clarify this result.

The exact interpretation of Fig. 14 requires caution, given
the very basic estimation of local density as well as the uncer-
tainties in the photo-zs. In particular, a definitive evolutionary
trend, or change in the dependence on environment over cos-
mological time, is likely inaccessible at present. Although each
redshift bin includes plenty of galaxies to calculate the density
field (e.g. Table 1), there has not been an attempt to account for
any expected evolution in the tracer sample from one redshift
bin to another, and consequently the meaning of the density field
may not be uniform across redshifts. That said, it should still be
reasonable to compare high and low-density regions consistently
within each redshift bin. Moreover, the result appears reasonable
in comparison to some of the results in the literature at z ~ 1 and
is also supported by the discussion in Sect. 6.2.

6.4. Systematic uncertainties in the abundance of massive
galaxies

The discussion in Sect. 6.2 argued that the abundance of mas-
sive galaxies at z > 3.5 requires integrated star-formation effi-
ciencies in excess of € = 0.25. Although such systems may be
above what is conventionally expected (e.g. from Behroozi et al.
2019), systems with similar stellar masses and abundance have
been observed for nearly a decade, at least at 3.5 < z < 4.5
(Grazian et al. 2015; Davidzon et al. 2017) and again more re-
cently (Weaver et al. 2023a; Weibel et al. 2024). The difference
now is that such galaxies are observed in DAWN PL with
a statistical significance that should be addressed. In particu-
lar, the abundance of the galaxies that require great integrated
star-formation efficiencies cause the characteristic mass of the
Schechter function to grow at high redshifts. Such an excess may
imply one of three scenarios: (1) the Eddington bias is underes-
timated, (2) the massive galaxies are dramatically affected by
some systematic bias, or (3) that, after a full accounting of the
most massive galaxies, the Schechter formalism does not apply
atz > 3.5.

Beyond the excess of massive galaxies at z > 3.5, there
does not appear to be evidence of scenario (1). As described
in Sect. 4.2.1, the shape of the Eddington bias kernel (Eq. 11)
was derived from the PDF(M) obtained from SED fitting. This
is a common procedure in the literature (Ilbertetal. 2013;
Grazian et al. 2015; Davidzon et al. 2017; Adams et al. 2021;
Weaver et al. 2023a; Weibel et al. 2024). Moreover, the resulting
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shape is significantly broader than what was used by both D17
and W23. Although scenario (3) may be true, especially given
the discussion presented in Sect. 6.2 regarding the influence of
feedback mechanisms at z > 3.5, it is not possible to definitively
conclude one way or the other without spectroscopic characteri-
sation of a statistically significant sample of the massive galaxy
candidates.

At present, it appears worthwhile to further consider sce-
nario (2), the possible impact of systematic biases on the most
massive galaxies. Perhaps the most obvious source of system-
atic bias may be from SED modelling (Marchesini et al. 2009).
Various works have investigated the consistency of stellar mass
estimates obtained from different codes (Mobasher et al. 2015;
Pacifici et al. 2023), finding variation at the order of ~ 0.15 dex
depending on the method. Variation of this scale appears to be
a reasonable characterisation according to tests that have inves-
tigated the constraining power of the DAWN PL filter set using
COSMOS2020 presented in Chartab et al. (2023) and EC-Z25
(as well as Appendix B). In addition, the consistency in the SED
modelling procedure between D17, W23, and this work should
at least enable a straightforward comparison of galaxies and
their stellar masses. It is possible that contribution from dust and
metallicity are significant (Mitchell et al. 2013) for some galax-
ies, however. The setup of LePHARE used here, and also in D17
and W23, allows for a range of reddening due to dust though
only a few discrete values of metallicity to limit degeneracy
(Ilbert et al. 2013; Laigle et al. 2016). That said, Mitchell et al.
(2013) showed that uncertainty in metallicity most significantly
affects galaxies of low to intermediate stellar mass (M < 10!
Mp). The stellar masses of the most extreme galaxies may be
best understood after obtaining spectroscopic confirmation of
their redshift.

6.4.1. Galaxy misclassification

Massive galaxies at high redshifts may be mistaken for other ob-
jects. For example, high-z galaxies are at times difficult to distin-
guish from dwarf stars (e.g. Stanway et al. 2008), in particular L-
and T-dwarfs, which are faint in the optical but bright in IR wave-
lengths. Although more easily identified by their NIR fluxes,
these systems can also be based on their z—[3.6um] colours and
[3.6um]—[4.5um] colours. In addition, the high resolution of
Subaru HSC also allows for the consideration of morphology. At
z ~ 3, the most massive galaxies from van der Wel et al. (2014)
have effective radii of 5-10 kpc (~07”6-1"'3), making them read-
ily resolved in ground-based imaging, as supported by the spec-
troscopically confirmed candidate in Fig. 15. To this end, all of
the galaxy candidates with excessive integrated star-forming effi-
ciencies (i.e. € > 0.25) were visually inspected and obvious point
sources flagged. For robustness, SEDs, cutouts in each multi-
wavelength band, and segmentation maps created at source de-
tection were generated for each source (similar to Fig. 15) to
assist in the identification. The total number of objects that ap-
pear point-like form a small fraction and their removal from
the sample has no significant impact on the results here. Bright
foreground stars of other types can also be a problem by bias-
ing the fluxes measured in their vicinities. The impact of bright
(i < 14 mag) foreground sources on resulting stellar masses is
investigated by measuring the nearest neighbour to every galaxy
binned by stellar mass and redshift. There is no statistically sig-
nificant correlation between bright foreground objects and mas-
sive galaxies.

Another systematic bias may be introduced by the unac-
counted for presence of AGNs. Using LePHARE, a set of AGN

(or quasi-stellar object) templates are fit to every object along-
side galaxy and stellar templates following Weaver et al. (2022,
see also Laigle et al. 2016). There do not appear to be any mas-
sive galaxies that have SEDs that cannot be explained predom-
inantly by stellar emission. However, it is difficult to observa-
tionally distinguish AGNs without MIR/FIR imaging, and there-
fore some of the best-fit AGN templates are degenerate with the
galaxy solution. As pointed out by W23, it is not clear whether
AGNs at z > 3 are bright enough in the rest-frame optical/NIR
to significantly skew stellar mass measurements and resulting
constraints on number densities. For example, the authors point
to Ito et al. (2022), which showed that although AGNs appear
common at these redshifts, their optical emission is more than
an order of magnitude less than what is emitted in stellar light
from their host galaxies. Recently, Guo et al. (2025) measured
the abundance of AGNs at z ~ 5 compared to ordinary galax-
ies and found that their abundance is between 0.5-1 dex smaller
than Lyman break galaxies. As such, it is unlikely for a randomly
selected galaxy to suffer severe AGN contamination.

The unaccounted for contribution of an AGN is likely to
have a more significant effect at low redshifts. Using a sample
of ~900 X-ray luminous AGNs at 0.5 < z < 3, Florez et al.
(2020) showed that stellar mass estimates become increasingly
overestimated with increasing fagn, Where fagn is the fraction
of emission from 8-1000um contributed by AGNs relative to
stars. At fagn > 0.6, stellar masses can be overestimated by up
0.5 dex (with some scatter). This result could significantly im-
pact the massive end of the SMF if galaxies with very luminous
AGN:ss are ubiquitous in massive galaxies. However, the authors
compare the abundance of luminous AGNs to galaxies without
X-ray counterparts and find that the latter are 2 orders of mag-
nitude more abundant at log;o(M/My) > 11. The abundance of
luminous AGNs (or lack thereof) suggests their cumulative ef-
fect on the SMF is generally not substantial, despite the presence
of an AGN in an individual system. Definitive quantification of
this effect remains elusive even in richer multi-wavelength fields
(c.f. W23). Indeed, regardless of redshift, removing all galaxies
that have smaller y? values in the best-fit AGN templates com-
pared to the best-fit galaxy template has a negligible impact on
the galaxy SMF.

Forrest et al. (2024a) show that the number density of mas-
sive galaxies, for example log;o(M/Mg) > 11.5, can be overes-
timated at 3 < z < 4 due to the misclassification of very dusty
galaxies at low z. Generally, their result likely has some appli-
cability to the massive galaxies found here at 3 < z < 4, al-
though the extent is unclear. In some cases, the P(z) measured
by LePHARE shows two peaks, and a secondary photo-z solution
can be inferred where the secondary solution is implies a low-
redshift dusty galaxy. However, in detail, it is not immediately
clear that the galaxies targeted by Forrest et al. (2024a) are de-
tected in DAWN PL. First, the galaxies are selected from NIR
imaging and photometry rather than from optical. More impor-
tantly, both their photometric- and spectroscopic-inferred rest-
frame colours (e.g. Figs. 1 and 5 of Forrest et al. 2024a, respec-
tively) indicate a parameter space that is precluded by DAWN
PL’s optical selection function. The former partially overlap with
the UV J selection boundary for quiescent systems, while the lat-
ter shows that these galaxies are, in fact, extremely dusty. Al-
though there are differences between the UVJ-selections and
NUVrJ-selections (Sect. 3.2), there are virtually zero quiescent
galaxy candidates found at z > 3 in DAWN PL, and even the
‘dusty’ quadrant of the NUVrJ diagram is essentially empty
above z > 3. Consider further the comparison between this work,
D17, and W23 at 3.0 < z < 4.5 in Fig. 5 and Fig. 6. The excess
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of W23 over D17 and this work appears to be driven by galaxies
that are faint and intrinsically redder than what can be detected
from the HSC r +i + z selection. Consequently, it is possible that
the interloper population identified by Forrest et al. (2024a) does
not imply a drastic reduction in the number-densities of massive
galaxies presented here.

6.4.2. Ultra-massive galaxies

This work introduces a hitherto unexplored region of parameter
space occupied by ultra-massive galaxies. Seen only in smaller
surveys by chance, their impact on the bright-end of the SMF
can be enormous (see Sect. 5.3.1). This section presents some of
the most convincing candidates yet found.

Figure 15 presents the most massive galaxy at z > 3 with
a reliable spectroscopic confirmation, and the galaxy discussed
in Sect. 6.2 with a stellar mass requiring and integrated star-
formation efficiency € > 1 at z ~ 5. The first galaxy, shown in
the upper panel of Fig. 15, is located in EDF-F with zg,ec = 3.08
(Zphot = 3.07) and log;o(M/Mp) = 11.1+0.1. The spectroscopic
redshift is obtained from the GOODS-S catalogue (Garilli et al.
2021; Kodra et al. 2023), which overlaps EDF-F. In addition
to showcasing a resolved morphology and large physical size,
the galaxy is characterised by a relatively flat SED and weak
Balmer break. This galaxy is likely forming stars efficiently and
may have a young stellar population; indeed, referring back
to Fig. 12, this galaxy should be approximately at the peak
of the SHMR. Galaxies at this redshift are easily disentangled
from stellar interlopers, in particular based on their g — z and
z — [3.6um] colours. Note that there is not any HSC y cover-
age over EDF-F, thus the blank cutout. Generally, this galaxy
highlights the ability to properly identify galaxies known to be
at high redshifts using the DAWN PL photometry, though EC-
725 presents further detail regarding the performance of the
DAWN PL photo-z in comparison to 3300 spectroscopic galax-
ies matched to the GOODS-S catalogue. Although there is no
way to directly validate the stellar mass of this particular galaxy
at present, EC-Z25 also provides a demonstration that shows that
when the redshift of the galaxy is accurate, the resulting M ob-
tained from DAWN PL is fully consistent with what would be
inferred from photometry including NIR (and additional) con-
straints.

The second galaxy, shown in the lower panel of Fig. 15 is lo-
cated in EDF-N with z,pe = 5.15 and logo(M/Mg) = 12.5f8:é.
The asymmetric uncertainty is indicative of the parameter space
and the P(M) for the galaxy: the probability distribution is
broad but includes a local maximum near log;o(M/Mg) = 12.5,
with few models capable of producing greater stellar mass. The
cutouts and reported magnitudes show that the galaxy is ~4.5
magnitudes brighter in Spitzer/IRAC compared to HSC z, thus
driving the substantial stellar mass. Stellar population ages in
the galaxy templates are required to be younger than the age of
the Universe at the assumed redshift, though such a significant
excess beyond 4000 A (rest frame) implies an advanced age, as-
suming the redshift is correct. The P(z) shows multiple peaks,
and any lower value would lower the stellar mass while provid-
ing additional time to grow an old stellar population. The uncer-
tainty in the stellar mass may be driven by an uncertainty in the
dust content, which is not well constrained due to the lack of NIR
photometry. In any case, the 4.5 magnitude difference between z
and [3.6um] is extreme. Although no emission lines are included
in the best-fit template, the secondary redshift solution includes
emission lines expected for a star-forming galaxy. Again, it must
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be emphasised that the physical properties, including photo-z
and M, are not inferred from any one template but from the pos-
terior distributions, consistent with D17 and W23. It is not ex-
pected that the foreground object visible in the lower left corner
of the cutouts impacts the photometry of this galaxy, despite its
proximity. The segmentation of the image looks reasonable, and
Weaver et al. (2023b) provides several demonstrations of The
Farmer photometry package that show that the light from ob-
jects in such proximity to one another can be properly distin-
guished. Moreover, the stellar mass is primarily driven by the
[3.6um] and [4.5um] fluxes, which are significant and do not ap-
pear contaminated by the neighbouring object.

The degeneracy among the galaxy, AGN, and star templates
is clearly evident in the second galaxy (right panel, Fig. 15). As
discussed in Sect. 6.4.1, it is not clear whether an AGN at this
redshift would be bright enough at the observed wavelengths to
impact the stellar mass estimate, though a sizeable contribution
from AGNs light would bring the M estimate down. To reiterate
the above, removing all galaxies that have smaller y? values in
the best-fit AGN template compared to the best-fit galaxy tem-
plate is inconsequential to the galaxy SMF, but doing so would
have removed this source, which appears interesting and worthy
of discussion. Comparing the y? values, the stellar template is
rejected with high confidence, although visually it appears to be
areasonable fit. In the short-term, NIR observations from Euclid
may provide clarity on the physical properties of this galaxy, and
at least provide further confidence in ruling out the stellar solu-
tion. However, determining the true nature of this galaxy ulti-
mately requires spectroscopic follow-up.

7. Summary and conclusions

We have characterised the evolution of the galaxy SMF across
0.2 < z < 6.5 using the DAWN PL catalogues. The DAWN
PL catalogues span an effective area of 10.13 deg?, exceeding
COSMOS (Scoville et al. 2007; Weaver et al. 2022) and the re-
cent analyses of the galaxy SMF therein of W23 by an order of
magnitude and of Shuntov et al. (2025) by a factor of 20. Such
a unique, tenfold increase in volume samples cosmologically di-
verse structure and environments while also exploring new pa-
rameter spaces of the most massive galaxies, which cannot be
found in smaller surveys. This work constitutes a benchmark for
the ‘pre-launch’ analysis of the galaxy SMF.

Generally, the abundance of massive systems observed by
W23 is confirmed and upper limits of number density are re-
placed by firm estimates. A few dozen galaxy candidates are also
observed with even greater stellar masses. This was enabled by
a significant reduction in both Poisson uncertainty and cosmic
variance (e.g. a factor of ~ 5 for galaxies with M ~ 10" M, at
z ~ 5). All galaxies are detected from a deep composite stack of
Subaru HSC r+i+z that rivals shallower NIR selection (e.g. D17)
and reaches stellar masses above M ~ 10'° M, at z ~ 6. How-
ever, there is evidence that the most significantly dust-attenuated
galaxies are not detected above z ~ 1.5.

The number density of galaxies is described by a total un-
certainty that includes Poisson uncertainty, cosmic variance, and
uncertainty due to SED fitting with a zeroth-order correction for
the covariance of stellar mass with redshift. To z ~ 3, the SMF
can be separated into a star-forming component and a quiescent
component. A Schechter function, or a double Schechter func-
tion where appropriate, was used to infer the intrinsic total SMF
as well as the star-forming and quiescent components, with Ed-
dington bias accounted for following the procedure outlined in
Ilbert et al. (2013), D17, and W23. The observed and intrinsic
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Fig. 15. Illustrative data for two galaxies observed by DAWN PL. See the main text for details. Top: Most massive galaxy from DAWN PL with a
reliable spectroscopic redshift at z > 3, with logo(M/My) = 11.1 £ 0.1. The galaxy is located in EDF-F (which does not include HSC y imaging)
and the reported ID corresponds to the DAWN PL EDF-F catalogue. The spectroscopic redshift is obtained from cross-matching to with GOODS-S
catalogue (Garilli et al. 2021; Kodra et al. 2023). Bottom: Most massive galaxy observed at 4.5 < z < 5.5. The stellar mass is highly uncertain at
logi1o(M/Mp) = 12. 5*09, likely due to uncertainty in the dust content. The galaxy is located in EDF-N and the reported ID corresponds to the

DAWN PL EDF-N catalogue.
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SMFs were compared to the most recent measurements in the
COSMOS field as well as representative space-based measure-
ments from HST and JWST (Grazian et al. 2015; Weibel et al.
2024); we find good agreement across all redshifts but with mi-
nor differences at z ~ 5-6 caused by the selection functions. Se-
lection function aside, the most significant difference with mea-
surements from space-based facilities is the difference in vol-
ume explored: DAWN PL samples a volume between 70 and 100
times larger, and thus the improvements in Poisson uncertainty,
cosmic variance, and access to massive galaxies over W23 are
even greater compared to G15 and W24.
Additional key results of this analysis are as follows:

1. We compared the intrinsic and observed SMF with the
Tinker et al. (2008) dark matter HMF at each redshift un-
der various integrated star-formation efficiencies, €. Up un-
til z ~ 3, the abundance relative to the HMF of galax-
ies with stellar masses above and below the characteristic
stellar mass, M*, is indicative of inefficient star formation
(e < 0.1). However, massive galaxies requiring € > 0.3-0.5
are observed across 3.5 < z < 6.5. Their abundance provides
substantial evidence that feedback mechanisms in massive
galaxies are not strong enough to regulate their star forma-
tion at this epoch or before, as suggested by recent numerical
simulations (Valentini et al. 2021; Bassini et al. 2023) and
recent measurements of the SHMR (Shuntov et al. 2022).

2. Exceptionally massive quiescent galaxies (M > 10'''7 M)
are already fully formed as early as z ~ 2.5 with a number
density (@) of ~ 107® Mpc=3. Their number density is con-
sistent with little to no growth from z ~ 2.5-3 to z ~ 0.2,
suggesting that their gas supplies are completely consumed
or otherwise disrupted and that feedback mechanisms pre-
vent further growth (Fiore et al. 2017). The inappreciable in-
crease in their number density over time is consistent with
the expected stellar mass growth from mergers in galaxies
with M > 10" M, across these redshifts (Mundy et al.
2017; Conselice et al. 2022) and appears to extend the re-
sult of Kawinwanichakij et al. (2020) to even earlier times
for quiescent systems.

3. The galaxy SMF is investigated as a function of envi-
ronment out to z ~ 3.5 following a rudimentary char-
acterisation of the density field based on Kovac et al.
(2010). At 0.8 < z < 1.1, the quiescent SMF in the
most dense regions shows clear signs of ‘environmental
quenching’ (Peng et al. 2010). In contrast to some previous
works (e.g. Papovich et al. 2018), but supported by others
(Davidzon et al. 2016; Tomczak et al. 2017), massive galax-
ies of all types are preferentially found in high-density en-
vironments at all redshifts. The environmental dependence
appears weaker at earlier times; however, massive galaxies
are observed to be more abundant in high-density environ-
ments as early as 3 < z < 3.5, while less massive galaxies
are preferentially located in low-density environments.

As emphasised above, DAWN PL has provided a power-
ful dataset uniquely suited to characterising the high-mass end
of the galaxy SMF due to the exceptionally deep Spitzer/IRAC
imaging over an unmatched area. Eventually, EDF-N and EDF-F
(as well as EDF-S and the EAFs) will be observed by Euclid to
NIR depths of 26 mag (Euclid Collaboration et al. 2025a,b), pro-
viding an opportunity for a ‘post-launch’ analysis of the galaxy
SME. These data will be processed as part of the official Eu-
clid data releases and matched with Spitzer/IRAC in future data
releases from DAWN. Upon their releases, a window of explo-
ration will be opened through the epoch of re-ionisation to at
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least z ~ 8 with greater statistical power than this work and with
further potential to discover intrinsically red massive galaxies. In
addition, an improvement in the photo-z performance is expected
from the NIR photometry, as well as a more complete selection
of quiescent galaxies at z > 1.5 and robust rejection of interloper
populations. Complementing the imminent NIR photometry, Eu-
clid will also obtain hundreds of thousands of spectroscopic red-
shifts in the EDFs and EAFs alone (Euclid Collaboration et al.
2025b), enabling a precise characterisation of the clustering of
galaxies and therefore the connection to both their dark matter
halos and their local environments The combination of the sur-
vey area, wavelength coverage, photometric depth, and comple-
mentary spectroscopy will establish a legacy of precision galaxy
demographics and galaxy evolution studies that push ever further
into the cosmic past.
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Appendix A: Schechter parameters

Schechter parameters resulting from the MCMC analysis are
presented in Table A.1 for the total sample, Table A.2 for the
star-forming sample, and Table A.3 for the quiescent sample.
The median of the marginalised posterior distributions of each
parameter are shown with uncertainties corresponding to the
16th and 84th percentiles (i.e. enclosing 68% of the data). The
maximum a posteriori parameter values are provided in brackets.
Below, the comparison with the Schechter parameters of G15,
D17, W23, and W24 is discussed.

Starting with the low-mass slope, the maximum a posteriori
value and the median of the posterior are each consistent with
the one or more of G15, D17, W23, or W24, by construction,
i.e. due to the priors that are assumed. As a whole, the repre-
sentative values of the low-mass slope are most similar to D17.
To compare the other Schechter parameters with the literature, it
must be acknowledged that the treatment of the Eddington bias
between this work and other works may be different, which will
affect the inferred values of the Schechter parameters.

Of particular interest in the literature is the appropriate value
of the characteristic mass, M*, at each redshift. The value of
M* is believed to coincide with the peak of the SHMR and
thus represents that stellar mass at which a galaxy is most ef-
ficient at converting baryons into stars (Behroozi et al. 2013;
Wechsler & Tinker 2018). Following similar lines of reasoning,
it is thought that above M*, quenching mechanisms become
more effective. The values of M* found here appear to be mostly
consistent with the literature within the reported uncertainties,
and especially with W23, the next largest survey by volume. In-
deed, every value of M* through to and including 1.1 <z < 1.5
is fully consistent with W23. Note that 1.1 < z < 1.5 marks the
onset of the increased uncertainty in photo-zs that leads to an
excess of massive galaxies in DAWN PL. Nonetheless, median

of the M* posterior distribution is log;o(M*/Ms) = 10.98*0-°,

while W23 reports a value of log;o(M*/Ms) = 11.00%097. This
comparison, may suggest that the adopted Eddington bias ker-
nel is reasonable given the resulting representative values of
M*. Although the representative values at 1.5 < z < 2.0 and
2.0 < z £ 2.5 are somewhat larger than what was found by W23,
they are very nearly consistent within lo. At 2.5 < z < 3.0,
where it is believed that the uncertainty in the photo-zs decreases
is due to the Lyman break being better constrained, the repre-
sentative value of M* is again fully consistent with W23 with a
difference significantly less than the 10 uncertainties.

As previously discussed, W23 fixes the value of the low-
mass slope « at —1.46 at z > 2.5, while in this work the value
of « is modelled with a prior that encourages a steeper (more
negative) slope with increasing z. This is important to consider
because a and M* are anti-correlated, with more negative (i.e.
steeper) values of @ leading to greater values of M* (see, again,
Fig. 8 of Stefanon et al. 2021 and Fig. 7 of W24). As such, the
representative values of M* should be generally greater than
what was found by W23 at z > 2.5 and they should agree more
closely with works that found greater values of « at these red-
shifts (Grazian et al. 2015; Davidzon et al. 2017; Weibel et al.
2024). The former is confirmed throughout all remaining red-
shift bins. As for the latter, the representative value of M* is
greater than what is found by D17 at 3.0 < z < 3.5 but consis-
tent within the reported 10~ uncertainties. The lowest-redshift bin
of G15 and W24 is 3.5 < z < 4.5. At these redshift, D17 notably
reports a value of M* that increases significantly. The represen-
tative value of M* found in this work is lower than each of G135,
W24, and D17, but remains consistent within their reported un-

certainties. Looking more closely, the difference with D17 may
be explained by their lower normalisation, where the two param-
eters are anti-correlated. Both G15 and W24 finds a higher value
of M*, while finding a smaller value for a. The comparison with
G15 is sensible, as they report a much lower normalisation than
either this work or W24. By contrast, W24 finds a similar nor-
malisation to this work, and the source of the disagreement in
the reported values of M* is not clear. At z ~ 4, they assume an
Gaussian-shaped Eddington bias kernel during their modelling
with o = 0.13, which has a similar overall shape to the kernel
used herein (Eq. 11 with 7, = 0.05 and ogqq = 0.6) but lacks the
wings, which may be the cause.

At4.5 <z<55and 5.5 < z < 6.5, the value of M* shows
significant variation, likely caused by the absence of low-mass
constraints and the degeneracy with normalisation. As reported
in Table A.1, the maximum a posteriori values of M* are always
larger than the median posterior values, suggesting that the like-
lihood space is peaked at the high-mass end but not strongly. No-
tably, D17 also finds an even larger value of M* at4.5 <z < 5.5,
though still consistent with the reported uncertainties. The dif-
ference may be explained by their lower normalisation. It is em-
phasised that D17 is the only other survey of substantial cos-
mic volume that also allowed for variation in «, which should
make the comparison between the results more appropriate. Al-
though the representative values of M* found at these redshifts
in DAWN PL are larger than G15 and W24, the SMFs at z > 4.5
of both G15 and W24 are dominated by low-mass galaxies far
below the stellar mass completeness limits of DAWN PL. Both
works find significantly higher normalisations, by contrast. In-
terestingly, the normalisation found by W24 at 4.5 < z < 5.51is
higher than their value at 3.5 < z < 4.5, and even at z ~ 7 W24
finds a higher normalisation than at 3.5 < z < 4.5. This is against
the trend of decreasing normalisation of the galaxy SMF with in-
creasing redshift found in this work and by G15, D17, and W23.
Consequently, the difference with W24 difference at z > 4.5 is
likely due to the very small number of massive galaxies that can
be found in their volume (~ 70x smaller than DAWN PL).
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Table A.1. Double (z < 2) and single (z > 2) Schechter parameters derived for the total mass-complete sample.

z-bin logig M* ay logy @, s logyy @,
(M) (Mpc~ dex™!) (Mpc = dex™)

MCMC fit
02<z<05 10.92709[10.94] —-1.42:0[-1.55] -3.10*01°[-3.38] —0.61*03][-0.84] -2.88*017[-2.79]
05<z<08 10.8870%[10.87] ~137:8[-1.40] -3.03*012[-3.09] —0.54702][-0.56] —2.78*0%3[-2.74]
08<z<1l 10.8670%[10.89] —1.46*07[-1.54] -3.30:014[-3.46] -0.35%020[-0.55] —2.98:097[-2.93]
11<z< 15 10.9870%[10.99] —1.44%0%[-155] -3.62:02[-3.84] —0.77:01°[-0.86] —3.18*0%[-3.12]
1.5<2<20 11.1570%[11.14]  —1.39709[-1.55]  -3.707921[-4.05] -1.01703l[-1.10] -3.7702[-3.56]
20<z<25 11150%[11.15]  —1.5500[-1.55] -3.83:002[-3.84] - -
25<z<30 11.0470%[11.05] -1.70:0[-1.70] —3.93*093[-3.94] - -
30<z<35 11.04709[11.05] -1.69*00[-1.70] —4.07:293[-4.09] - -
35<z<45 10.87f8:82[10.93] —2.01f8:8§[—2.05] —4.48f8:(1)$[—4.57] - -
45<7<55 10.6870%[10.95] —2.14*0100-220] -4.99*04[-5 46] - -
55<z<65 11.037002[1120] -2.05%019-2.20]  —5.757032[-6.09] - -

Values are given for the median posterior distributions with even-tailed 68% range, and the values corresponding to

the maximum likelihood solution in brackets.

Table A.2. Double (z < 2) and single (z > 2) Schechter parameters derived for the star-forming mass-complete subsample.
z-bin logjp M* @ logyp @, @ logjo ©;
Mp) (Mpc~ dex™!) (Mpc = dex™)

MCMC fit
02<z<0.5 10797011[10.84] —1.42:9%[-1.54] -3.08:014[-3.34] -0.49702[-0.94] -3.26:02[-3.12]
05<z<08 10.81709[10.80] —141*0%[-1.46] -3.08709[-3.16] -0.51*03![-0.56] —3.05*0%[-2.97]
08<z< Ll 10.7970%[10.81] —149%9%[-1.51] -3.2970%[-3.33]  0.01702[-0.10]  -3.25*0%[-3.21]
11<z<15 11.0870%[11.07] -1.379%[-1.33] -347'09[-3.38]  -0.82719[0.97]  -4.12*075[-5.02]
15<2<20 1L1370%711.09] -1.36*0%[-1.33] -3.58"0%[-3.50]  —0.44*11[1.00]  —4.470%[-4.87]
20<z<25 11.08°0%[11.09] -1.5590%9[-1.55] -3.79:292[-3.80] - -
25<z<30 11.0170%[11.02] -1.70*99[-1.70]  —3.90:293[-3.92] - -

Values are given for the median posterior distributions with even-tailed 68% range, and the values corresponding to

the maximum likelihood solution in brackets.

Appendix B: Validation of galaxy properties

Section 3.4.4 summarises additional validation tests that were
performed to gain insight into systematic uncertainties and/or
biases present in both the physical properties provided by the
DAWN PL catalogues and the resulting galaxy SMFs. The first
test (Appendix B.1) builds off a set of tests presented in EC-
725 involving measuring physical properties of galaxies from
the COSMOS2020 catalogue (Weaver et al. 2022) from SED fit-
ting with LePHARE using just the DAWN PL filter set. The sec-
ond test (Appendix B.2) builds off a framework presented by
Chartab et al. (2023) involving measuring physical properties of
galaxies from the COSMOS2020 catalogue using a random for-
est regressor trained on the DAWN PL filter set and the phys-
ical properties provided by COSMOS2020. Each test uses the
same input catalogue, which includes photometry from the COS-
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MOS2020 The Farmer catalogue but restricted to the DAWN
PL filter set and with uncertainties scaled to match the flux-flux
error distributions from DAWN PL as described by EC-Z25.

B.1. Re-fitting COSMOS2020

As described in EC-Z25, photo-zs and stellar masses are mea-
sured for COSMOS2020 galaxies using the modifications de-
tailed above. For this test, a detection image with similar prop-
erties to DAWN PL is also created by adding noise to the COS-
MOS2020 HSC r, i, and z images such that their noise proper-
ties (e.g. RMS) match DAWN PL; the images are then added
together in the same way as the DAWN PL detection image.
Galaxies are detected in the new-image and cross-matched to
the COSMOS2020 coordinates to perform a selection according
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Table A.3. Double (z < 0.8) and single (z > 0.8) Schechter parameters derived for the quiescent mass-complete subsample.

Z—biIl 10g10 M (03] 10g10 (Dl (0%} IOglo (Dz
(M) (Mpc~ dex™") (Mpc = dex™)
MCMC fit
02<z<05 10.87°095[1091] -1.85*)29[-2.34] -4.88*/18[-5.87] —0.487014[-0.59] —2.867093[-2.88]
0.5<z<0.8 10.837003[10.84] —1.66*04[-2.48] -5.007223[-6.39] -0.39709[-0.44] —2.87+023[-2.86]
0.8 <z< 1.1 10.747992[10.74] - - —0.17*0%4-0.18]  —3.097092[-3.09]
1L1<z<15 10.62709[10.62] - - 0.46700710.45]  —3.31*901[-3.30]
15<2<20 10.82*502[10.84] — — 0.10*521[0.02] ~ —3.88*001[—3.89]
20<z<25 10.95709¢[10.98] - - 0.0570.18[0.00]  —4.620%4[-4.62]
25<2z<3.0 10.937017[11.12] - - 0.457283[0.00]  —5.47*070[-5.49]

Values are shown for the median posterior distributions with even-tailed 68% range, and the values corresponding to

the maximum likelihood solution in brackets.

to the DAWN PL selection function. Finally, photo-zs and stellar
masses are derived for each galaxy using LePHARE in the same
setup used for the creation of the DAWN PL catalogues.

EC-Z25 demonstrated that the galaxy properties derived
from re-fitting the COSMOS2020 catalogue in this way showed
excellent agreement with the official values from Weaver et al.
(2022) measured with over forty photometric bands. In partic-
ular, EC-Z25 showed that the stellar masses were highly accu-
rate and unbiased in comparison to the official values provided
by Weaver et al. (2022) when the photo-zs agreed. The photo-zs
agreed for 95% of objects brighter than i < 25 and for more than
80% of objects that are fainter. Here, ‘agreement’ is defined as
not being classified as an outlier according to the standard def-
inition when evaluating photo-zs, i.e. |z; — z2|/(1 + z2) < 0.15
(Hildebrandt et al. 2012), where z; is the photo-z obtained from
re-fitting COSMOS2020 and z, is the photo-z of Weaver et al.
(2022). Using the new set of properties measured from the re-
fitted COSMOS2020 catalogue with LePHARE, the exact selec-
tions used to construct the galaxy SMFs from the DAWN PL
catalogue (Sect. 3.1) can be applied to make an identical se-
lection of galaxies consistent with the analysis above. In do-
ing so, more than 95% of all objects, regardless of their bright-
ness, have photo-zs that are in agreement with those provided
by Weaver et al. (2022). These objects are used to measure the
evolution of the SMF using the same stellar mass bins and red-
shift bins as above. The result is shown in Fig. B.4 for z < 3.5
and Fig. B.5 for z > 3.5. The results are shown alongside the
observed galaxy SMF from DAWN PL, D17 and W23.

The agreement is excellent with DAWN PL within the as-
sociated uncertainties and volume limit of COSMOS2020, and
strong with D17 as well. This provides support for the assump-
tion that the DAWN PL selection function is competitive with
the NIR selection of D17 at every redshift. The agreement with
W23 is similar to what is achieved with DAWN PL. It is empha-
sised, however, the selection of galaxies used here is not iden-
tical to what was used by W23, so some minor difference is to
be expected. The only redshift range indicative of significant in-
completeness is 4.5 < z < 5.5 and perhaps 5.5 < 7 < 6.5, though
the uncertainty in the literature makes the comparison difficult.
Ultimately, it would appear that the lack of NIR likely results in
an incompleteness for the fainter galaxies at z > 4.5, which is
perhaps not surprising. The values of the different selections de-

scribed in Sect. 3.1 were varied without resulting in a significant
difference.

It is also possible to use the re-fitted COSMOS2020 cata-
logue to investigate the source of the DAWN PL excess promi-
nently observed at 1.5 < z < 2.5. Interestingly, the feature is
not observed in the re-fitted COSMOS2020 data. A closer in-
spection of the re-fitted photo-zs compared to the Weaver et al.
(2022) is suggestive of the problem, however. The most likely
cause is that low-mass galaxies at z ~ 1.1 — 1.5 drift towards
higher redshifts, artificially increasing their stellar masses due
to the change in the luminosity distance. Recall that at z ~ 1.5,
the Balmer break exits the HSC z filter and sits between HSC
z and [3.6um]. Consequently, the degeneracy in redshift among
the possible templates considered by LePHARE during SED fit-
ting increases significantly above z = 1.1 with a non-negligible
bias towards higher-redshift solutions. The preferential drift to-
wards higher redshifts is simply due to there being more avail-
able templates that can satisfy the observed photometry. Galax-
ies are less likely to be placed at lower redshifts because then the
Balmer break would have been observed, thus ruling out low-z
solutions. The effect is demonstrated in Fig. B.1.

Even without a bias towards higher-redshift solutions, the
prospect of a low-redshift galaxy (e.g. at z = 1.2) being placed
at higher redshifts (e.g. to z = 2) presents an effect that is ob-
served more often than the inverse. At fixed mass, galaxies are
less abundant at high z at all masses. Thus, the fractional change
in the number density is always greater when a galaxy is moved
from a low-redshift bin to a higher-redshift bin. In addition, the
change in the luminosity distance implies a greater inferred mass
for objects being moved to higher redshifts than they would have
if placed to a lower redshift, where galaxies are more numerous.
This is essentially the Eddington bias, but considered from the
perspective of covariance with the redshift. Finally, a randomly
selected low-redshift galaxy is more likely to be brighter in the
observed-frame, further exacerbating the impact on the observed
number density at higher redshifts. It is important to emphasise
that, for consistency with D17 and W23, LePHARE was not run
with an apparent magnitude prior (or any prior). It is noted that
this trend is visible even in Fig. C1 of EC-Z25 in the compari-
son between the newly obtained photo-z and those presented by
Weaver et al. (2022).
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Fig. B.1. Difference in photo-z for galaxies from COSMOS2020 re-
fitted with LePHARE using just the DAWN PL bands compared to the
original COSMOS2020 (Weaver et al. 2022) values. The redshift range
1.3 < z < 2.5 shows greater spread with a tendency towards higher
redshifts, especially in the wings, due to lack of constraint on both the
Lyman break and Balmer break. Galaxies outside this interval do not
have the same problem and constrain at least one of the two breaks. A
small number of galaxies scattering to higher redshifts can affect the
observed galaxy SMF in this redshift interval.

B.2. Random-forest-predicted galaxy properties

With a goal to further validate the physical properties of galaxies
measured with LePHARE in this work, an additional set of galaxy
properties are obtained following the machine learning methods
explored by Chartab et al. (2023). Therein, the authors analysed
the information content of multi-wavelength galaxy surveys us-
ing a combination of an information theory and machine learning
techniques. Specifically, the authors investigated the information
content of the COSMOS2020 catalogue that is encoded by the
photometry measured in the Hawaii Two-0 / DAWN survey PL
(EC-Z25) filter set, namely, CFHT MegaCam u, Subaru HSC
griz, and Spitzer/IRAC [3.6um] and [4.5um]. Among other re-
sults, the authors showed that for an optically selected catalogue,
a random forest regressor (Breiman 2001) can be trained to pre-
dict the flux in NIR bands (e.g. UltraVista YJH), photometric
redshifts, and stellar masses, each with impressive accuracy. In
their work, they trained a random forest regressor on a train-
ing sample selected from the COSMOS2020 catalogue and then
predicted galaxy properties from a test sample. Their analysis
is extended here, where a random forest regressor is trained on
the COSMOS2020 catalogue and galaxy properties are predicted
from the DAWN PL catalogue.

The basic approach for training the random forest described
by Chartab et al. (2023) is followed here. One modification,
however, is the selection of galaxies. Rather than splitting the
COSMOS2020 catalogue evenly into a training and a test sam-
ple, all galaxies that satisfy the basic requirements of signal-to-
noise in the appropriate filters (Sect. 3.1) are used to train the
random forest to predict photo-zs using photometry from the
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modified COSMOS2020 catalogue (i.e. just using the DAWN
PL filters). However, under this configuration, it was observed
that high-redshift solutions were disfavoured too often when
comparing the outputs to the LePHARE measurements for the
same galaxies. This bias can be seen at z > 2 in Fig. 11 of
Chartab et al. (2023). The bias is likely caused by the conserva-
tive nature of a random forest: by number, high-redshift galaxies
are comparatively rare, and a random forest is prevented from
predicting properties outside its training data by construction.
To remedy this bias, an alternative selection was used to se-
lect an approximately even number of galaxies as a function of
redshift. Specifically, redshift-stratified sampling was performed
by binning all galaxies meeting the signal-to-noise requirements
in redshift-space with a bin size of 6z = 0.1 and setting the
maximum number of galaxies in each bin to the number in the
4 < z < 4.1 bin (selected as a reference point). Within each 6z
bin, galaxies are randomly selected. This approach preferentially
retains nearly all available z > 4 galaxies while subsampling the
more numerous low-z population. The downside to this approach
is that it removes a significant portion of the training sample and
creates a challenge for evaluating the performance of the random
forest.

The random forest is first trained to predict redshifts from the
modified COSMOS2020 catalogue. As described above, evalu-
ating the performance of the random forest predictions is a chal-
lenge given the selection of the training set. For the performance
of the model under similar conditions and a standard train-
ing/testing split, the reader is directed to Chartab et al. (2023). In
this case, to provide insight into the performance of the model,
the modified COSMOS2020 catalogue is used and the photom-
etry is perturbed. First, the photometric uncertainties are scaled
according to the method described by EC-Z25 to match the flux-
flux uncertainty relationships of DAWN PL. Then, each flux is
scattered assuming a Gaussian probability distribution centred
on the flux and with a standard deviation equal to the scaled
flux uncertainty. The result of applying the random forest to this
perturbed photometry from COSMOS2020 is shown in the top
row of Fig. B.2 for galaxies that have sufficient signal-to-noise
in the necessary bands (Sect. 3.1) and that are above the nomi-
nal stellar mass limit (Sect. 3.3). The x-axis is the official COS-
MOS2020 redshift (column name: ‘1lp_zPDF’) and the y-axis
is the random-forest prediction. Colour scaling shows logarith-
mic density. Generally, the agreement is excellent, although it
is emphasised that photo-zs obtained from re-fitting the modi-
fied COSMOS2020 catalogue with LePHARE are better for the
faintest galaxies, with 5.4% outliers in comparison to 6.1%. One
area of improvement obtained by the random forest is in the red-
shift range 1.5 < z < 2.5, in which there is no significant bias.
Although there is scatter, it appears approximately equal in each
direction, whereas the values from LePHARE show a small bias
towards higher redshifts (Fig. B.1).

The random forest trained on the modified COSMOS2020
catalogue is next used to predict galaxy properties from the
DAWN PL photometry. Before doing so, photometric offsets
are determined and applied to every photometric filter based
on the median colours of stars in each field. Stars are iden-
tified from both COSMO0S2020 and DAWN PL (with EDF-N
and EDF-F treated separately) based on the y? of the best-fit
LePHARE stellar and galaxy templates. Only stars with signal-
to-noise greater than 10 are used for this calibration. Then, me-
dian differences in each available colour are measured (i.e. with
seven available filters, there are six independent colours) be-
tween DAWN PL and COSMOS2020. Finally, a system of equa-
tions is solved to determine a linear offset for each band that min-
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Fig. B.2. Top: Validation of photometric redshifts (photo-z) predicted from a random forest regressor trained on photometry from the COS-
MOS2020 in the DAWN PL filter set. The y-axis shows the random-forest-predicted redshifts after scattering the photometry within the photo-
metric errors, while the x-axis shows the official Weaver et al. (2022) photo-z measured with LePHARE and > 40 photometric bands. Galaxies are
selected for this comparison using the criteria described in Sect. 3.1. Bottom: Comparison of photo-zs predicted from DAWN PL photometry using
the random forest trained on COSMOS2020 as described above. The y-axis shows the random-forest-predicted redshifts from DAWN PL, while
the x-axis shows the redshift measured from LePHARE using the same photometry provided by EC-Z25. Galaxies selected for this validation also
satisfy the requirements of Sect. 3.1. Shading corresponds to logarithmic density.

imises the median difference in each colour measured between
COSMOS2020 and DAWN PL. The resulting offsets are less
than ~ 5% with the exception of Spitzer/IRAC [4.5um], which
is ~ 15%. Overall, these are of similar scale to what is obtained
from LePHARE when fixing the redshifts of a spectroscopic sam-
ple to their spectroscopic values and minimising the differences
in the photometry predicted by the best-fit LePHARE galaxy tem-
plates (e.g. Weaver et al. 2022, Table 3; see also Ilbert et al. 2013
and Laigle et al. 2016 for further description of this operation).
The random-forest-predicted redshifts for DAWN PL are shown
in the bottom row of Fig. B.2 (y-axis) and compared to the photo-
z measured with LePHARE for the same galaxies (x-axis). The
same selection criteria are applied as for the row above (i.e. those
described in Sect. 3.1). It should not be expected that the red-
shifts from the random forest predictions and LePHARE agree in
DAWN PL as well as they do for COSMOS because random
forest was trained to predict the exact redshifts used in the com-
parison. Nonetheless, the random-forest-predicted redshifts for
DAWN PL agree well with the values obtained from LePHARE,
and for the entire sample generally. Indeed, the agreement is
similar to what Weaver et al. (2022) showed when comparing

the output from fitting the same exact photometry with the two
separate SED-fitting codes, LePHARE and EAZY (see e.g. their
Fig. 14). Interestingly, a number of bright galaxies (17 < i < 24)
that are moved from higher-redshift solutions to low-redshift
solutions by the random forest. As will be shown below, this
largely solves the excess of massive galaxies seen in the DAWN
PL galaxy SMF at 1.5 < z < 2.5.

Departing from Chartab et al. (2023), stellar masses are de-
termined separately from the photo-z. A second random forest is
trained using the modified COSMOS2020 photometry as well as
the official Weaver et al. (2022) photo-z values as inputs, and the
training target is the stellar mass. The primary reason for sep-
arating these steps is to exploit the information in the redshift
related to the stellar mass, i.e. the luminosity distance. This also
ensures that the predicted stellar mass is consistent with the ob-
served distribution of redshift versus stellar mass provided by
the COSMOS2020 catalogue, which is not as likely if the stellar
mass is predicted without knowledge of the redshift. For the pur-
poses of validation, stellar masses are predicted from the modi-
fied COSMOS2020 catalogue, again with photometry scattered
within the photometric uncertainties, and the photo-zs predicted
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by the random forest in the previous step as inputs. The result
is shown in the left-hand side of Fig. B.3 for galaxies that have
sufficient signal-to-noise in the necessary bands (Sect. 3.1) and
that are above the nominal stellar mass limit (Sect. 3.3). In ad-
dition, galaxies are selected to have redshifts that agree within
0.15(1 + 6z) to avoid differences that would arise simply from
discrepant redshifts. The x-axis is the official COSMO0OS2020
stellar mass (column name: ‘lp_mass_best’) and the y-axis
is the difference in stellar mass from the prediction and the offi-
cial value. colour scaling shows logarithmic density, and the red
shading shows the 1o spread. The agreement is again strong. In
this case, it appears that the random-forest performs equally well
compared to SED fitting (e.g. EC-Z25, Fig. 11). However, with-
out utilising the redshift as an input, the quality of the random
forest prediction degrades.

The random forest trained on the modified COSMOS2020
catalogue is next used to predict stellar masses from the DAWN
PL photometry and from the random-forest-predicted redshifts.
The same linear offsets applied to the photometry before pre-
dicted the redshifts are used again. The random-forest-predicted
stellar masses for DAWN PL are compared to the values mea-
sured from LePHARE in the right-hand side of Fig. B.3. The same
selection criteria are applied as for the row above, i.e. those de-
scribed in Sect. 3.1, and the requirement that redshifts that agree
within 0.15(1+07). Atz < 4, the agreement with the values deter-
mined with LePHARE is nearly as good as in the COSMO0S2020
validation shown in the left-hand side, without any bias. Start-
ing at 4 < z < 5, a bias begins to appear for the most massive
galaxies, where the random forest predicts a smaller stellar mass
than is determined with LePHARE. As can be seen from the left-
hand panel (as well as Fig. 6), there are very few galaxies with
stellar masses M > 10'' My in COSMOS2020 at z > 4. As
such, the random forest is biased against predicting such great
stellar masses because such galaxies are largely absent from the
training data. However, it is expected that over the entire DAWN
PL volume, which is an order of magnitude larger than COS-
MOS2020, there should be many intrinsically bright galaxies at
high redshifts. Indeed, at every redshift interval, the most mas-
sive galaxies are found to be less massive according to the ran-
dom forest, even in the training data. Care must therefore be
taken when considering galaxy properties inferred from machine
learning techniques.

As a whole, the random-forest-predicted quantities appear
mostly reasonable, with the exception of the highest-redshift
bins. Nonetheless, having calculated these values, it is possible
to measure the evolution of the SMF using the same stellar mass
bins and redshift bins as above. The result is shown in Fig. B.4
for z < 3.5 and Fig. B.5 for z > 3.5, alongside the values from
re-fitting the modified COSMOS2020 catalogue with LePHARE,
the observed galaxy SMF from DAWN PL, and the results of
D17 and W23.

At z < 3.5, there is strong agreement with DAWN PL,
the result of re-fitting the COSMOS2020 catalogue, with D17.
The agreement with W23 is similar to what is achieved with
DAWN PL. Overall, this exercise is another confirmation that
there is sufficient information present in the DAWN PL cata-
logues to reliably infer the evolution of the galaxy SMF. As noted
previously, the random-forest-predicted values also successfully
avoid the excess in massive galaxies seen at 1.5 < z < 2.5. Refer-
ring back to Fig. B.2, the problematic galaxies are likely placed
at lower redshifts. At z > 3.5, the random forest appears poorly
suited to measure the galaxy SMF. The stellar mass limit is high
for DAWN PL (i.e. M > 10'© Mg, at z ~ 4). Such galaxies are
relatively rare in the training data (COSMOS2020) by absolute
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number. As such, lower stellar masses are preferred by the ran-
dom forest, as are lower-redshift solutions, severely impacting
the high-redshift galaxy SMF.

Given the improvement at low redshifts, it may be advan-
tageous to somehow utilise the random-forest-predicted galaxy
properties alongside those obtained through SED fitting. How-
ever, it is not obvious how best to do so without introducing ad-
ditional biases and systematic uncertainties to the analysis. A
future work may explore this topic more fully.
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Fig. B.3. Left: Validation of stellar masses predicted from a random forest regressor trained on photometry from the COSMOS2020 in the DAWN
PL filter set. The y-axis shows the difference in stellar mass between the random-forest-predicted values, after scattering the photometry within
the photometric errors, and the official Weaver et al. (2022) stellar masses measured with LePHARE and greater than 40 photometric bands. The
x-axis shows the official Weaver et al. (2022) stellar masses. Galaxies are selected for this comparison using the criteria described in Sect. 3.1.
Right: Comparison of stellar masses predicted from DAWN PL photometry using the random forest trained on COSMOS2020 as described above.
The y-axis shows the difference in stellar mass between the random-forest-predicted values from DAWN PL and the stellar masses measured from
LePHARE using the same photometry provided by EC-Z25. The x-axis shows the LePHARE stellar mass. Galaxies selected for this validation also
satisfy the requirements of Sect. 3.1. Shading corresponds to logarithmic density.
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