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Abstract

The UltraViolet imaging of the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey Fields
(UVCANDELS) program provides deep Hubble Space Telescope (HST) F275W and F435W imaging over four
CANDELS fields (GOODS-N, GOODS-S, COSMOS, and Extended Groth Strip). We combine this newly
acquired UV imaging with existing HST imaging from CANDELS as well as existing ancillary data to obtain
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robust photometric redshifts and reliable estimates for galaxy physical properties for over 150,000 galaxies in the
~430 arcmin® UVCANDELS area. Here, we leverage the power of the new UV photometry to not only improve
the photometric redshift measurements in these fields, but also constrain the full redshift probability distribution
combining multiple redshift-fitting tools. Furthermore, using the full UV-to-IR photometric data set, we measure
the galaxy physical properties by fitting templates from population synthesis models with two different
parameterizations (flexible and fixed form) of the star formation histories (SFHs). Compared to the flexible SFH
parameterization, we find that the fixed-form SFHs systematically underestimate the galaxy stellar masses, both at
the low-mass (<10°M.) and high-mass (>10'°M_) end, by as much as ~0.5dex. This underestimation is
primarily due the limited ability of fixed-form SFH parameterization to simultaneously capture the chaotic nature

of star formation in these galaxies.

Unified Astronomy Thesaurus concepts: Catalogs (205); Galaxies (573); Astronomical methods (1043)

1. Introduction

Over the past few decades, our knowledge of galaxy
formation and evolution has seen significant advancement
and large multiwavelength photometric surveys have been one
of the cornerstones enabling this progress. Space-based
facilities such as Hubble Space Telescope (HST), Spitzer,
and now JWST have granted access not only to high-resolution
and extremely sensitive imaging, but also to wavelengths that
are otherwise inaccessible from the ground. The combination of
space- and ground-based observations covering wavelengths
from the far-ultraviolet (UV) out to mid-infrared (IR) have
facilitated detailed studies of galaxies and the physical
processes that govern how they grow and evolve over time—
namely, tracing the evolution of the stellar mass function over
time (e.g., D. Marchesini et al. 2009; A. Muzzin et al. 2013;
I. Davidzon et al. 2017; J. R. Weaver et al. 2023; A. Weibel
et al. 2024), the cosmic star formation rate and its evolution
(e.g., A. Alavi et al. 2014, 2016; P. Madau & M. Dickin-
son 2014; V. Mehta et al. 2017; T. Moutard et al. 2020;
V. Picouet et al. 2023), the star-forming main sequence (e.g.,
J. S. Speagle et al. 2014; K. E. Whitaker et al. 2014; P. Kurc-
zynski et al. 2016; L. A. Boogaard et al. 2018; R. M. Mérida
et al. 2023), and the mass—size relation (e.g., S. Shen et al.
2003; 1. K. Baldry et al. 2012; T. Morishita et al. 2017;
K. V. Nedkova et al. 2021, 2024), among others. In particular,
the WFC3/UVIS instrument on board HST has been monu-
mental by providing access to the rest-frame UV light from
galaxies, which is key for studying their star formation
properties and hence tracking their growth as well as for
constraining the amount of dust in them.

One such pivotal photometric survey has been the Cosmic
Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS; N. A. Grogin et al. 2011; A. M. Koekemoer et al.
2011), which is a legacy HST program that obtained WFC3 /IR
and Advanced Camera for Surveys Wide Field Channel (ACS/
WEFC) optical imaging in up to 10 broadband filters for five
extragalactic fields (GOODS-N, GOODS-S, COSMOS,
Extended Groth Strip (EGS), and Ultra Deep Survey) over a
combined area of ~0.2deg?. Complemented with additional
observations with Spitzer and various other ground-based
instruments, the CANDELS fields serve as one of the premier
observational data sets for studying galaxy evolution and have
already enabled a wide range of science. The CANDELS team
has previously assembled catalogs that include multiwave-
length photometric coverage for the HST as well as all ancillary
data available on these fields (Y. Guo et al. 2013; H. Nayyeri
et al. 2017; M. Stefanon et al. 2017; G. Barro et al. 2019).

Recently, another HST Treasury campaign, UltraViolet
imaging of the Cosmic Assembly Near-infrared Deep Extra-
galactic Legacy Survey Fields (UVCANDELS; PI: H. Teplitz;
PID: 15647; X. Wang et al. 2024), accomplished the task of
obtaining UV imaging with F275W and F435W (in parallel)
over four of the five CANDELS fields (GOODS-N, GOODS-S,
COSMOS, EGS). The new F435W coverage in COSMOS and
EGS fields overlaps with that of F275W which previously did
not have F435W; while in GOODS-N and GOODS-S, the
parallel FA35W coverage is limited to the deeper regions (not
overlapping with F275W) given the existing F435W data
already available for the UVCANDELS regions. The additional
UV coverage improves the photometric-redshift estimates,
particularly for objects that have degenerate solutions, typically
characterized as multiple peaks in their photometric-redshift
probability distributions that are significant (e.g., =10% of the
primary peak) and sufficiently separated in redshift (e.g.,
Az/(1 +2) 2 0.06), which when not appropriately accounted
for can lead to catastrophic errors in the measured redshifts and
associated uncertainties (e.g., M. Rafelski et al. 2009, 2015).
The UV imaging helps prevent this for example by sampling
the Lyman break of z~ 2 galaxies removing the degeneracy
with the Balmer break of z ~ 0.3 galaxies. Similarly, the UV
photometry is critical to accurately constrain the recent star
formation activity and dust content of galaxies (e.g., V. Mehta
et al. 2017, 2023). In this work, we leverage the existing
multiwavelength CANDELS photometry with the addition of
the new F275W and F435W photometry from UVCANDELS
to provide improved photometric redshifts as well as galaxy
physical properties for over 150,000 galaxies in these four
CANDELS fields.

Estimating both photometric redshifts and physical para-
meters via modeling the galaxy spectral energy distribution
(SED) has been well established with a vast library of tools
with varying levels of sophistication now available for both
(e.g., M. Rafelski et al. 2015; V. Mehta et al. 2018; D. Kodra
et al. 2023; C. Pacifici et al. 2023). However, variations in
template choices and codes result in slightly different results
(e.g., T. Dahlen et al. 2013). In this work, we leverage the
power of multiple photometric-redshift-fitting tools and
template sets and combine their results to yield robust redshift
estimates as well as to accurately quantify the redshift
probability distributions. When estimating the galaxy physical
properties, the star formation history (SFH) plays an essential
role in determining the galaxy SED (e.g., K. G. Iyer et al. 2019;
J. Leja et al. 2019) and traditionally SFHs in typical SED-fitting
tools have been assumed to have fixed, functional forms.
However, there is increasing evidence suggesting that galaxy
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SFHs, particularly in the early Universe as well as toward the
low-mass end, are not smoothly evolving; rather they are
chaotic and often bursty in nature, both from theoretical (see,
e.g., P. F. Hopkins et al. 2014; A. Dominguez et al. 2015;
G. Sun et al. 2023) as well as observational perspectives (see,
e.g., D. R. Weisz et al. 2012; V. Mehta et al. 2017, 2023;
N. Emami et al. 2019). In this work, we explore the impact of
the traditional fixed-form SFH assumption for even the most
basic physical parameter—i.e., galaxy stellar mass—by
comparing to results from fitting tools that accommodate more
flexible forms for the galaxy SFH.

This article is organized as follows: Section 2 describes the
UVCANDELS data set as well as the ancillary photometric
data sets used for this analysis, Section 3 describes the
techniques used for estimating photometric redshifts and
discusses the improvement in the redshift estimates by the
inclusion of the UV photometry, Section 4 describes the
methodologies used for the measurements of galaxy physical
parameters and discusses the impact of the fixed versus
flexible-form for the galaxy SFHs on the estimated physical
parameters, Section 5 describes the final output catalogs that
present the various measurements from this work and presents
the publicly released catalogs, and Section 6 summarizes our
findings.

Throughout this paper, we adopt cosmological parameters
from Table 3 of Planck Collaboration et al. (2016):
0, =0.315, Q,=0.685, and Hy=67.31 kms 'Mpc ', All
magnitudes used are AB magnitudes (J. B. Oke &
J. E. Gunn 1983).

2. Data
2.1. UVCANDELS Imaging

The UVCANDELS (PI: H. Teplitz; PID: 15647; X. Wang
et al. 2024) is a Cycle26 Hubble Treasury program that
obtained WFC3/UVIS F275W and ACS/WFC F435W (in
parallel) for four of the deep—wide survey fields defined by
CANDELS (N. A. Grogin et al. 2011; A. M. Koekemoer et al.
2011), namely GOODS-N, GOODS-S, COSMOS, and EGS,
covering a combined area of ~430arcmin’. The UVCAN-
DELS imaging reaches a depth of AB =27 for compact
galaxies in the WFC3/UVIS F275W filter, and AB <28 in
ACS/F435W. The UVCANDELS F275W mosaics are avail-
able at the Mikulski Archive for Space Telescopes (MAST;
doi:10.17909/8s31-f778) for all four fields along with EGS.”’
These UVCANDELS image mosaics are aligned and registered
to the CANDELS astrometry. With the newly acquired
UVCANDELS imaging, we have measured the fluxes in the
F275W filter for the four fields and F435W for COSMOS and
EGS. See X. Wang et al. (2024) and L. Sun et al. (2024) for full
details on the methodology to generate the mosaics and
photometric catalogs, respectively.

2.2. Photometric Data Sets

The photometric data set used for modeling the galaxy SEDs
in this work are primarily based on the publicly available
CANDELS catalogs (S. Faber 2011), with the addition of the
new F275W and F435W UVCANDELS photometry. Specifi-
cally, the CANDELS multiwavelength photometric catalogs

37 The F435W mosaics for GOODS-N and GOODS-S covered by UVCAN-
DELS are already available from CANDELS.

Mehta et al.

that we use for GOODS-N, GOODS-S, COSMOS, and EGS
fields are described and presented in Y. Guo et al. (2013),
H. Nayyeri et al. (2017), G. Barro et al. (2019), and M. Stefa-
non et al. (2017), respectively. Similarly, the photometric
techniques used for measuring the F275W and F435W fluxes
as well as the catalogs from UVCANDELS are fully described
in detail in L. Sun et al. (2024). These F275W and F435W
fluxes from UVCANDELS are measured in a consistent
fashion like the rest of the CANDELS photometry (see
Section 2.3 for more details). For completeness, we briefly
summarize the various surveys that make up the full
photometric data set for each field in the subsections below
as well as in Table 1.

2.2.1. GOODS-N

We use the photometric catalog from G. Barro et al. (2019)
for the GOODS-N field (M. Giavalisco et al. 2004). For the
SED modeling, we consider the photometry for HST/ACS
optical imaging in F435W, F606W, F775W, F814W, and
F850LP from the GOODS HST/ACS Treasury Program
(M. Giavalisco et al. 2004), the CANDELS survey
(N. A. Grogin et al. 2011; A. M. Koekemoer et al. 2011), as
well as the search for high-redshift Type la supernovae (e.g.,
A. G. Riess et al. 2007). We include photometry for HST/
WFC3 imaging in the near-IR (NIR) filters F105W, F125W,
and F160W from the CANDELS survey as well as additional
F140W coverage from the G141 AGHAST survey (B. Weiner
et al. 2009). We further include the new HST/WFC3 F275W
photometry available from the UVCANDELS imaging (L. Sun
et al. 2024; X. Wang et al. 2024).

In addition to the HST imaging, we also use the ground-
based LBT/LBC U’-band photometry from A. Grazian et al.
(2017) as well as the K-band photometry from Subaru/
MOIRCS (M. Kajisawa et al. 2011) and CFHT/WIRCam
(L.-T. Hsu et al. 2019). Lastly, we include Spitzer/IRAC ch. 1
(3.6 um), 2 (4.5 pm), 3 (5.8 pm), and 4 (8.0 um) photometry
available from a combination of the Spitzer Extended Deep
Survey (SEDS; M. L. N. Ashby et al. 2013), the Spitzer-
CANDELS (S-CANDELS; M. L. N. Ashby et al. 2015), and
Spitzer-GOODS (M. Dickinson et al. 2003) surveys.

2.2.2. GOODS-S

Y. Guo et al. (2013) present in full detail the photometric
catalog that we use for the GOODS-S field. Similar to
GOODS-N, the photometry for HST/ACS F435W, F606W,
F775W, F814W, and F850LP is provided from the GOODS
HST/ACS Treasury Program, the CANDELS survey, as well
as the search for high-redshift Type Ia supernovae. The HST/
WEC3 photometry for FO98M, F105W, F125W, and F160W is
provided from the CANDELS, Hubble Ultra-Deep Field
(HUDF; R. J. Bouwens et al. 2010), and Early Release Science
(R. A. Windhorst et al. 2011) programs. Critically, we add the
new HST/WFC3 F275W photometry from UVCANDELS
(L. Sun et al. 2024; X. Wang et al. 2024).

Furthermore, photometry from ground-based imaging in the
U band from Blanco/MOSAICII and Very Large Telescope
(VLT)/VIMOS (M. Nonino et al. 2009) is included as well as
the K, band from VLT/ISAAC (J. Retzlaff et al. 2010) and
VLT/HAWKI (A. Fontana et al. 2014). Lastly, Spitzer/IRAC
ch. 1, 2, 3, and 4 photometry available from a combination of
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Table 1
The Set of Photometric Filters Included for SED Modeling, Both when Measuring the Photometric Redshifts as well as the Galaxy Physical Parameters
Field Instrument Filter Survey /Reference
GOODS-N*  HST/UVIS F275W° UVCANDELS (L. Sun et al. 2024; X. Wang et al. 2024)
HST/ACS F435W, F606W, F775W, F814W, GOODS (M. Giavalisco et al. 2004), CANDELS (N. A. Grogin et al. 2011;
F850LP A. M. Koekemoer et al. 2011), A. G. Riess et al. (2007)
HST/WFC3 F105W, F125W, F140W, F160W CANDELS (N. A. Grogin et al. 2011; A. M. Koekemoer et al. 2011), AGHAST
(B. Weiner et al. 2009)
LBT/LBC U’ A. Grazian et al. (2017)
Subaru/MOIRCS K; M. Kajisawa et al. (2011)
CFHT/WIRCam K L.-T. Hsu et al. (2019)
Spitzer/IRAC ch. 1,2,3,4 SEDS (M. L. N. Ashby et al. 2013), S-CANDELS (M. L. N. Ashby et al. 2015),
Spitzer-GOODS (M. Dickinson et al. 2003)
GOODS-S*  HST/UVIS F275W° UVCANDELS (L. Sun et al. 2024; X. Wang et al. 2024)
HST/ACS F435W, F606W, F775W, F814W,  GOODS (M. Giavalisco et al. 2004), CANDELS (N. A. Grogin et al. 2011;
F850LP A. M. Koekemoer et al. 2011), A. G. Riess et al. (2007)
HST/WFC3 FO098M, F105W, F125W, F160W CANDELS (N. A. Grogin et al. 2011; A. M. Koekemoer et al. 2011), HUDF
(R. J. Bouwens et al. 2010), ERS (R. A. Windhorst et al. 2011)
Blanco/MOSAIC I U Y. Guo et al. (2013)
VLT/VIMOS U M. Nonino et al. (2009)
VLT/ISAAC K J. Retzlaff et al. (2010)
VLT/HAWK-I K, A. Fontana et al. (2014)
Spitzer/IRAC ch. 1,2,3,4 SEDS (M. L. N. Ashby et al. 2013), Spitzer-GOODS (M. Dickinson et al. 2003)
COSMOS* HST/UVIS F275W° UVCANDELS (L. Sun et al. 2024; X. Wang et al. 2024)
HST/ACS F435W", F606W, F814W UVCANDELS (L. Sun et al. 2024; X. Wang et al. 2024), CANDELS (N. A. Grogin
et al. 2011; A. M. Koekemoer et al. 2011)
HST/WFC3 F125W, F160W CANDELS (N. A. Grogin et al. 2011; A. M. Koekemoer et al. 2011)
CFHT/MegaPrime ugriz CHFT-LS (S. D. J. Gwyn 2012)
Subaru/Suprime-Cam ~ BgtVrtitz" Y. Taniguchi et al. (2007, 2015)
VISTA/VIRCAM YJHK UltraVISTA (H. J. McCracken et al. 2012)
Mayall/NEWFIRM J1,J2,J3, Hl, H2, K NMBS (K. E. Whitaker et al. 2011)
Spitzer/IRAC ch. 1,2, 3,4 SEDS (M. L. N. Ashby et al. 2013), S-COSMOS (D. B. Sanders et al. 2007)
EGS? HST/UVIS F275W" UVCANDELS (L. Sun et al. 2024; X. Wang et al. 2024)
HST/ACS F435W°, F606W, F814W UVCANDELS (L. Sun et al. 2024; X. Wang et al. 2024), CANDELS (N. A. Grogin
et al. 2011; A. M. Koekemoer et al. 2011)
HST/WFC3 F125W, F140W, F160W CANDELS (N. A. Grogin et al. 2011; A. M. Koekemoer et al. 2011), 3D-HST
(G. B. Brammer et al. 2012; R. E. Skelton et al. 2014)
CFHT/MegaCam ugriz CFHT-LS (S. D. J. Gwyn 2012)
CFHT/WIRCam JHK WIRDS (R. Bielby et al. 2012)
Mayall/NEWFIRM J1J2J3H1 H2 K NMBS (K. E. Whitaker et al. 2011)
Spitzer/IRAC ch. 1,2,3,4 SEDS (M. L. N. Ashby et al. 2013), S-CANDELS (M. L. N. Ashby et al. 2015),
AEGIS (P. Barmby et al. 2008)
Notes.

# All photometry except for that provided by UVCANDELS is from the publicly available CANDELS multiwavelength photometric catalogs—i.e., G. Barro et al.
(2019) for GOODS-N, Y. Guo et al. (2013) for GOODS-S, H. Nayyeri et al. (2017) for COSMOS, and M. Stefanon et al. (2017) for EGS.
b Photometry for the F275W (all four fields) and F435W (COSMOS and EGS) bands is the new addition from UVCANDELS (L. Sun et al. 2024; X. Wang et al.

2024).

SEDS (M. L. N. Ashby et al. 2013), and the Spitzer-GOODS
(M. Dickinson et al. 2003) survey is also included.

2.2.3. COSMOS

For the COSMOS field (N. Scoville et al. 2007), we utilize
the catalog from H. Nayyeri et al. (2017) for all photometry
except for HST/WFC3 F275W and HST/ACS F435W which
are provided from UVCANDELS (L. Sun et al. 2024; X. Wang
et al. 2024). We include the photometry in HST/ACS imaging
filters F606W, F814W as well as in HST/WFC3 NIR filters
F125W, F140W from the CANDELS survey.

There exists a wealth of ancillary ground-based data for the
COSMOS field. Here, we include the photometry from CFHT-

LS ugriz bands (S. D. J. Gwyn 2012), Subaru/Suprime-Cam
BgtVrtitz" from Y. Taniguchi et al. (2015), and VISTA/
VIRCAM YJHK; from the UltraVISTA survey (H. J. McCrac-
ken et al. 2012). We also include the medium-band photometry
from the NEWFIRM Medium Band Survey (NMBS;
K. E. Whitaker et al. 2011) for Mayall/NEWFIRM J1, J2,
J3, H1, H2, and K bands. Lastly, the Spitzer/IRAC ch. 1, 2, 3,
and 4 photometry from the S-COSMOS survey (D. B. Sanders
et al. 2007) is also used.

2.2.4. EGS

The catalog from M. Stefanon et al. (2017) is used for all
photometry in the EGS field except for HST/WFC3 F275W
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and HST/ACS F435W filters which are provided from the
UVCANDELS imaging (L. Sun et al. 2024; X. Wang et al.
2024). We include the photometry for HST/ACS F606W and
F814W imaging taken as part of the AEGIS project and the
CANDELS survey. The HST/WFC3 photometry available in
the NIR filters F125W, F140W, and F160W is contributed
from a combination of the CANDELS and the 3D-HST
(G. B. Brammer et al. 2012) surveys.

Additionally, photometry from ground-based imaging in
ugriz from CFHT-LS (S. D. J. Gwyn 2012) is also included
alongside CFHT /WIRCam JHK; imaging from the WIRCam
Deep Survey (R. Bielby et al. 2012). Similar to COSMOS, we
include the medium-band imaging in the Mayall/ NEWFIRM
J1,J2, J3, H1, H2, and K bands from NMBS (K. E. Whitaker
et al. 2011). Lastly, we include the Spitzer/IRAC ch. 1, 2, 3,
and 4 photometry from the SEDS (M. L. N. Ashby et al. 2013),
S-CANDELS (M. L. N. Ashby et al. 2015), and AEGIS
(P. Barmby et al. 2008).

2.3. Photometric Measurements

While we refer the reader to the respective publications for
the exact details of the photometric techniques used to
assemble the multiwavelength catalogs, we briefly summarize
the pertinent details here. For all the CANDELS catalogs
considered here, the object detection is performed on the
F160W-band image. The isophotes defined on the F160W
image are then used to measure the photometry in the
remaining bands. For the high-resolution data (i.e., all HST
bands), the point-spread function (PSF) for each image is
convolved to match the F160W resolution, which has the
broadest PSF among the HST filters. For the low-resolution
images (i.e., ground based and Spitzer/IRAC), the photometry
was performed using the TFIT software (V. G. Laidler et al.
2007), which uses a morphological template-fitting technique.

For the F275W/F435W photometry added from the
UVCANDELS imaging (L. Sun et al. 2024; X. Wang et al.
2024), the F275W and F435W magnitudes are computed using
UV-optimized isophotes following the methodology from the
HUDF UV (UVUDF; H. I Teplitz et al. 2013) analysis from
M. Rafelski et al. (2015). Specifically, instead of following the
typical approach of performing PSF-matched photometry using
the isophotes defined on images with the broadest PSF
(typically F160W for HST imaging data), we use isophotes
defined on the F606W image instead to measure the fluxes
from the unconvolved F275W/F435W images (without
matching PSF), followed by applying an adjustment factor to
correct for the aperture and PSF differences to match back to
the F160W isophote-based photometry. This has the advantage
of having isophotes/apertures that are more appropriately
matched to the detected UV sizes, and thus return significantly
better signal-to-noise ratio (SNR) for the measured fluxes. In
order to keep the photometry consistent with the rest from
CANDELS, these F606W-defined isophotes are matched and
reconciled back to the F160W isophotes used by the
CANDELS photometric catalogs. This is described as the
photometry from the “VtoH” segmentation maps in L. Sun
et al. (2024), which also provides the full detailed description
of this photometric technique and methodology.

For the SED modeling presented in this work, we use the
photometry from a combination of the CANDELS and
UVCANDELS catalogs described above. Before proceeding
with the fitting, we correct the photometry for galactic
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extinction using the D. J. Schlegel et al. (1998) dust maps.*®
The reddening E(B — V) is queried at the position of each
galaxy and converted to an extinction assuming a J. A. Cardelli
et al. (1989) extinction law, for the respective filters.

3. Photometric Redshifts

There are many different photometric-redshift codes avail-
able, and they all yield slightly different results when run on the
same data (e.g., T. Dahlen et al. 2013; D. Kodra et al. 2023). In
this work, we opt to utilize multiple codes and combine the
results, which yields more robust redshifts than any individual
code due to different systematic uncertainties in the codes and
choice of template spectra. Specifically, we calculate photo-
metric redshifts by combining the results from four different
codes: EAZY (G. B. Brammer et al. 2008), BPZ (D. Coe et al.
2006), LEPHARE (S. Arnouts et al. 1999; O. Ilbert et al. 2006),
and ZPHOT (E. Giallongo et al. 1998; A. Fontana et al. 2000).
These codes were chosen as they were consistently among the
top performers in photometric-redshift review papers of
CANDELS fields (H. Hildebrandt et al. 2010; T. Dahlen
et al. 2013).

We run two separate iterations of EAZY (G. B. Brammer
et al. 2008) to give us a total of five independent code-run
results. The first EAZY iteration uses the default template
spectra (eazy_v1.2_dusty) which includes the six original
templates from G. B. Brammer et al. (2008), emission lines
from O. Ilbert et al. (2009), an old and red SED from C. Mar-
aston (2005), and a dusty SED from G. Bruzual & S. Charlot
(2003). The second EAZY iteration uses the five templates from
M. R. Blanton & S. Roweis (2007) (lbr07_default). Both
template sets use a nonnegative matrix factorization to
optimally select a reduced set of spectral templates that
reproduce observed data (M. R. Blanton & S. Roweis 2007).
The first template set is optimized for high-redshift galaxies
from theoretical models, while the second is optimized for
lower redshifts based on empirical Sloan Digital Sky Survey
data. For both iterations, EAZY is restricted to a redshift
range 0-12.

For BPZ (N. Benitez 2000; N. Benitez et al. 2004; D. Coe
et al. 2006), we use the improved software and procedure
described in M. Rafelski et al. (2015), which includes 11
template SEDs based on those from PEGASE (M. Fioc &
B. Rocca-Volmerange 1997) but recalibrated based on
photometric and spectroscopic redshifts from FIREWORKS
(S. Wuyts et al. 2008), and a prior based on luminosity
functions observed in COSMOS (O. Ilbert et al. 2009),
GOODS-MUSIC (A. Grazian et al. 2006; P. Santini et al.
2009), and the HUDF (D. Coe et al. 2006).

The other two codes were used with their default template
sets. For LEPHARE (S. Arnouts et al. 1999; O. Ilbert et al.
2006), we use the 32 COSMOS SEDs described in O. Ilbert
et al. (2009), and corrected for emission lines and extinction
using the reddening laws from D. Calzetti et al. (2000) and
M. L. Prevot et al. (1984). For ZPHOT (E. Giallongo et al. 1998;
A. Fontana et al. 2000), we use SED templates from G. Bruzual
& S. Charlot (2003) with the addition of D. Calzetti et al.
(2000) extinction and X. Fan et al. (2006) absorption due to the
intergalactic medium (IGM).

38 Specifically, we use the Python implementation from hitps: //github.com/
adr/SFD to query the D. J. Schlegel et al. (1998) maps.
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We note that sometimes photometric redshifts are calculated
iteratively, implementing zero-point offsets to the photometry
or modifying the templates based on the spectroscopic redshifts
(e.g., G. Barro et al. 2019). This can often improve the
photometric-redshift accuracy, although a number of the
templates used in this study are already optimized based on
empirical data. We found that, on average, the dispersion of the
redshifts were improved by modifying the zero-points, but that
it worsened the results at z 2 3. Also, each code would need a
different set of zero-point offsets, which would add a level of
inconsistency in the input photometry. We therefore opted not
to modify the zero-points or modify the templates based on the
spectroscopic redshifts.

3.1. Spectroscopic Redshifts

In order to test the accuracy of our photometric redshifts as well
as to combine the results from the individual codes together, we
require a highly vetted spectroscopic-redshift catalog. We use a
compilation of publicly available spectroscopic redshifts obtained
from various facilities/sources in the UVCANDELS fields. The
final spectroscopic reference sample used in this analysis is
assembled from a combination of the 3D-HST (G. B. Brammer
et al. 2012; I. G. Momcheva et al. 2016), zZCOSMOS (S. J. Lilly
et al. 2007, 2009), hCOSMOS (I. Damjanov et al. 2018),
PRIMUS (A. L. Coil et al. 2011), MOSDEF (M. Kriek et al.
2015), DEIMOS 10K (G. Hasinger et al. 2018), DEEP2
(J. A. Newman et al. 2013), DEEP3 (M. C. Cooper et al.
2011, 2012), MUSE-Wide (E. C. Herenz et al. 2017), MUSE-
HUDF (H. Inami et al. 2017), K20 (M. Mignoli et al. 2005),
C3R2 (D. C. Masters et al. 2019; S. A. Stanford et al. 2021),
LEGA-C (A. van der Wel et al. 2016), VVDS (O. Le Fevre et al.
2013), VUDS (0. Le Fevre et al. 2015), VANDELS
(R. J. McLure et al. 2018; L. Pentericci et al. 2018), GMASS
(. Kurk et al. 2013), FMOS-COSMOS (J. D. Silverman et al.
2015), FIREWORKS (S. Wuyts et al. 2008), GOODS-MUSIC
(A. Grazian et al. 2006), PEARS (I. Ferreras et al. 2009;
A. N. Straughn et al. 2009), GRAPES-HUDF (A. Pasquali et al.
2006; N. P. Hathi et al. 2009), and LCIRS (M. Doherty et al.
2005) spectroscopic surveys as well as compilations from the
following publications: S. Cristiani et al. (2000), S. M. Croom
et al. (2001), C. Wolf et al. (2004), E. Daddi et al. (2004),
L.-G. Strolger et al. (2004), A. van der Wel et al. (2005),
N. D. Roche et al. (2006), C. D. Ravikumar et al. (2007),
A. J. Barger et al. (2008), E. Vanzella et al. (2008, 2009),
E. Treister et al. (2009), J. R. Trump et al. (2009, 2011, 2013),
J. S. Huang et al. (2009); S. Wuyts et al. (2009), 1. Balestra et al.
(2010), T. Yoshikawa et al. (2010), J. K. Krogager et al. (2014),
G. D. Wirth et al. (2015), and J. R. Trump et al. (2015), including
some spectroscopic redshifts provided to our team via private
communications.

For our spectroscopic reference sample, we only include
those redshifts with the highest data quality flags from the
individual papers, and those 3D-HST grism redshifts with good
grism data quality flags (use_zgrism=1). We omit sources
with X-ray detections to avoid active galactic nucleus
contaminants, (Y. Q. Xue et al. 2016; D. Kocevski 2023,
private communication), which amounts to a total of 858
objects excluded. To avoid potential confusion from neighbors
in ground-based spectroscopy, we also exclude any sources that
have a relatively bright neighbor, defined as a source within 3”
and within 2 mag or brighter in FI60W. As a final measure to
ensure only the highest quality redshifts remain, we visually

Mehta et al.
Table 2
Column Descriptions for the Photometric-redshift Catalog
No.  Parameter Description
1 field The CANDELS field
2 id The CANDELS ID
3 RA R.A.
4 DEC Decl.
5 photz Best photometric redshift
6 168 Lower 68.3% confidence interval of photz
7 u68 Upper 68.3% confidence interval of photz
8 zpeak Highest P(z) peak
9 zpeak_168 Lower 68.3% confidence interval of zpeak
10 zpeak_u68 Upper 68.3% confidence interval of zpeak
11 zpeak2 Second highest P(z) peak

12 zpeak2_168

13 zpeak2_u68

14 zpeak3

15 zpeak3_168

16 zpeak3_u68

17 photz_med

18 photz_med_168
19 photz_med_u68
20 specz

21 specz_ref

Lower 68.3% confidence interval of zpeak2
Upper 68.3% confidence interval of zpeak2
Third highest P(z) peak

Lower 68.3% confidence interval of zpeak3
Upper 68.3% confidence interval of zpeak3
Median of the P(z)

Lower 68.3% confidence interval of photz_med
Upper 68.3% confidence interval of photz_med
The spectroscopic redshift

The source of the spectroscopic redshift

Note. The photz column is the best redshift to use, and generally consists of
the median of the P(z) (i.e., photz_med). However, sometimes if the first
peak is at low redshift (z < 0.1), it is instead the second P(z) peak (i.e.,
zpeak?2) to avoid issues with the photometric-redshift software as described in
the text. Missing or irrelevant values are set to —99.

inspect all sources with photometric-redshift outliers (defined
s |Zspec — Zphot|/(1 + Zspec) > 0.15) and remove those with
anomalous behavior affecting the input photometry. These are
typically sources contaminated by very bright, extended
sources not caught by the automated neighbor cut, but also
include sources with other contaminants, including stars or
diffraction spikes. The final visual vetting removes 0.5% of all
available redshifts. After the vetting procedure, we compile a
spectroscopic-redshift catalog including 8081 redshifts in total
over the four CANDELS fields.

The spectroscopic redshifts from this compilation (limited to
those available publicly) are included in the photometric-
redshift catalog released as part of this work (see Section 5 and
Table 2).

3.2. Combining Photometric Redshifts

In order to combine the results from the five individual runs
into a single estimate for the photometric redshift, we add
together the individual probability distribution functions, P(z),
following the procedure outlined in T. Dahlen et al. (2013; see
their Section 5.2).

Before combining the individual P(z), it is imperative to
ensure that the photometric-redshift accuracy estimated from
the individual codes is consistent and representative of the
actual sample of galaxies for which the photometric redshifts
are derived. One common check is to compare the
lo uncertainty from the P(z) with that derived directly from
the offsets with respect to the spectroscopic reference sample
(e.g., O. Ilbert et al. 2009). In the cases where the P(z)
underestimates (overestimates) the statistical errors from the
spectroscopic sample comparison, a smoothing (sharpening)
can be applied to the P(z) to ensure that the error estimates on
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Figure 1. An example of the photometric-redshift probability distribution
combination process for an example source (COSMOS-697: Zzgpee =
1.6418; zphot = 1.61 £ 0.05). Blue curves show the P(z)s from the individual
codes, orange curves show these P(z)s after smoothing, and the black curves
show the final combined P(z) before (dashed) and after (solid) the final
sharpening procedure. The final photometric redshift (cross symbol) and
confidence intervals (shaded gray region) of the final P(z) are shown, along
with the spectroscopic redshift (dotted line).

the photometric redshifts are accurate and consistent (e.g.,
T. Dahlen et al. 2013).

Similar to T. Dahlen et al. (2013), we find that the individual
codes used in our analysis underestimate their confidence
intervals, i.e., fewer than 68.3% (10) of galaxies with known
spectroscopic redshifts fall within their 68.3% confidence
intervals from the photometric-redshift probability distributions
P(z). Hence, to alleviate this, we iteratively smooth each P(z);
for code i and redshift bin j by

until 68.3% of the known spectroscopic redshifts fall within the
smoothed P(z) 68.3% confidence intervals. We perform this
smoothing procedure for each code separately, as each code
requires a different number of smoothing iterations. Next, we add
the smoothed probability distributions from each code together
and renormalize. Similar to T. Dahlen et al. (2013), we find that
after combining these resulting probability distributions, they tend
to overestimate the confidence intervals, and hence we apply a
sharpening according to P(zj),-l/ @, where the exponent « is
chosen to ensure 68.3% of the spectroscopic redshifts fall within
the 68.3% confidence intervals. This results in a single P(z) that
combines the knowledge for all individual fitting codes with a
corresponding error (or confidence interval) that is statistically
consistent with the spectroscopic reference sample used for
calibration. The final probability distributions are on a redshift
grid of z=0-12 in steps of 0.01. Figure 1 shows an example of
this combination procedure for an individual source.

We note that when the photometric-redshift codes fail, they
output a redshift of ~0 at high probability, which can affect the
combined redshifts. For example, a failure mode of EAZY
returns a redshift of ~0.01 with 100% confidence in the P(z).
This throws off the combined P(z) distribution, resulting in a
redshift at z < 0.06 due to the high confidence over a small
redshift range. Since the number of expected galaxies at
7<0.06 in the field of view is extremely small, we truncated
the redshift catalog at z=0.06 to avoid cases with code
failures.

Mehta et al.

Table 3
Column Descriptions for the Catalog Presenting the Photometric-redshift
Probability Distribution P(z)

No. Parameter Description

1 field The CANDELS field
2 id The CANDELS ID
3 RA R.A.

4 Dec Decl.

5 pz P(z)

Note. The third column consists of the photometric-redshift probability
distribution P(z) on a redshift grid from z=0-12 in steps of 0.01. This
probability function is useful when considering how robust a photometric
redshift is.

We identify multiple peaks in each P(z) as those with a peak
and prominence at least 10% that of the main peaks, and with
no higher peak within 0.06(1 + z). The confidence intervals for
each peak are calculated from the minimums between two
neighboring peaks. We record up to three separate redshift
peaks in the final photometric-redshift catalogs, sorted by
height (zpeak, zpeak2, zpeak3). Overall, we find that
20.5% of sources have two peaks, and 3.4% have three peaks.
Typically, the final photometric redshift and its associated error
is recorded as the median and 68.3% confidence intervals of the
P(z). However, for the ~1% of sources that have multiple
peaks with the main peak at z < 0.1, we instead record the
second peak as the final photometric redshift, as the main peak
could be due to some codes failing to find a good fit.

The final photometric redshifts along with their errors are
provided in the photometric-redshift catalog (see Table 2) and
the full redshift probability distributions are also provided
separately (see Table 3).

3.3. Quality of Resultant Redshifts

Figure 2 shows the comparison between the photometric
redshifts and spectroscopic redshifts for each CANDELS field,
as well as the overall scatter (normalized median absolute
deviation, NMAD) defined by

onmap = 1.48 x median(|Az| /(1 + Zgpec)) 2)
and outlier fraction 1, where
n= |AZ|/(1 + Zspec) > 0.15. (3)

Figure 2 shows the performance in each individual field. We
find that 7 is lower for fields with more filters (e.g., COSMOS
has the lowest 7). On the other hand, we see the best onpap for
GOODS-N and GOODS-S, which have the most filters and
deepest imaging. Overall, EGS performs the worst with the
fewest filters, but still has relatively low 7 and onpap given the
excellent coverage.

The top-left panel of Figure 3 shows the performance on the
combined sample across all fields. We obtain an average
onmap Of 0.0263 and outlier fraction 7 of 1.32%. This is within
family of the other photometric redshifts determined for the
CANDELS fields (e.g., T. Dahlen et al. 2013; R. E. Skelton
et al. 2014; R. Bezanson et al. 2016; D. Kodra et al. 2023). We
note that the quality of onmap and 7 depends on the quality of
the spectroscopic sample being compared to. Therefore, it is
not useful to carefully compare the values of onmap and 7
between studies of the same fields determined from different
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Figure 2. Comparison of the performance of the photometric redshifts with the spectroscopic sample for each of the individual fields. The key statistics, i.e., the scatter
(onmap) and the outlier fraction (n = |Az|/(1 + z) > 0.15) are reported in the upper left corner. The inset shows the distribution of the fractional differences between
the photometric and spectroscopic redshifts. The dotted lines show the outlier criterion: Zynor = Zspee £ 0.15(1 + Zgpec) and the dashed lines show the median of the
distribution.

spectroscopic samples. In fact, we could probably improve our
n further by careful inspection of all the spectroscopic data, but
that is out of the scope of this paper. On the other hand, we can

investigate the improvements in photometric redshifts with the
addition of the UVCANDELS data with the same spectroscopic
sample.
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Figure 3. An aggregate comparison between the photometric and spectroscopic redshifts for all four CANDELS fields combined. The left panels show the comparison
where all available filters were included in the photometric-redshift fitting, where as the right panels show the same without using filters from the UVCANDELS
program (i.e., F275W /F435W for COSMOS and EGS; F275W for GOODS-N and GOODS-S). The top panels include all sources, where as the bottom panels only
show sources with multiple peaks in their probability distributions P(z) and with SNR > 3 in F275W. The improvement of the photometric redshift by including the
UV photometry is evident in this case, reducing both onmap and 7 for sources detected in the UV or that previously had multiple peaks in P(z).
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3.4. Improvement of Photometric Redshifts with
UVCANDELS Data

Aside from the fiducial case (all photometry), in order to
quantify the impact of including the new UV photometry from
UVCANDELS we repeat the analysis of estimating photo-
metric redshifts for an additional scenario without including the
UVCANDELS photometry, i.e., no F275W for all fields and no
F435W for COSMOS and EGS. The results from this test are
shown in Figure 3.

As evident from Figure 3, high-fidelity photometric-redshift
estimates can be obtained with and without the inclusion of
UVCANDELS photometry (i.e., F275W /F435W); the scatter
and outlier fraction are within 0.004% and 0.22%, respectively.
This is because the vast majority of galaxies in the catalogs do
not have detections in the UV, either because they are too faint,
or because they are at high redshift. Unlike in the UVUDF
where the UV limits significantly improved the photometric
redshifts (M. Rafelski et al. 2015), the depth of the
UVCANDELS data only provide modest limits for nondetec-
tions, which do not significantly help the redshift determina-
tions which already are based on many filters. Additionally,
these fields have ground-based u-band data as well, already
providing useful limits on nondetections at similar wave-
lengths, and further reducing the benefits of the F275W and
F435W from UVCANDELS for photometric redshifts.

For a more useful measure of the improvement provided by
the UV data to the photometric redshifts, we limit ourselves to
sources with significant F275W fluxes. The bottom row in
Figure 3 shows only those sources with multiple P(z) peaks and
SNR >3 in F275W. In this case, the improvement in the
photometric-redshift quality when including UV data is
significantly more evident; the scatter and outlier fraction fall
by 0.003% and 5.7%, respectively. The percentage of sources
with multiple peaks also decreases from 23.4% to 20.5% after
including the UV data.

4. Galaxy Physical Properties

The SFH represents one of the core components for defining
a stellar population for a galaxy and consequently, its SED.
Traditionally, galaxy SED-modeling tools have typically
implemented fixed, functional forms to parameterize galaxy
SFHs, such as exponentially rising/declining, delayed expo-
nential, constant, short bursts, or some linear combination
thereof. However, modern SED-modeling tools have evolved
beyond the basic functional forms to now allow for more
flexible, and even nonparametric forms for the galaxy SFH.
Several recent studies have investigated the differences in the
stellar physical parameters estimated from parametric and
nonparametric approaches (e.g., S. Lower et al. 2020; C. Paci-
fici et al. 2023; S. Jain et al. 2024; Y. Kaushal et al. 2024) and
the general consensus from comparisons of observations to
simulations is a preference for the nonparametric or flexible-
SFH approach, which returns more accurate physical para-
meters (e.g., K. Iyer & E. Gawiser 2017; K. G. Iyer et al. 2019;
J. Leja et al. 2019).

With the rich UVCANDELS+CANDELS multiwavelength
photometric data set and redshifts described in Sections 2.2 and
3, respectively, here we investigate the impact of the SFH
parameterization on the inferred galaxy physical properties
from the observational perspective. In this work, we implement
two parallel approaches for modeling galaxy SEDs and
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estimating galaxy physical parameters: (i) a modern approach
that facilitates flexible SFHs, and (ii) a fiducial approach that
utilizes traditional, fixed, functional SFHs. In the following
sections, we describe our methodology for each of these
approaches. For both, we use the photometric data set
described in Section 2.2 for the SED modeling.

4.1. Fitting Flexible SFHs with DENSE BASIS

For the flexible-SFH approach, we use the SED-modeling
tool DENSE BASIS*® (K. G. Iyer et al. 2019), which uses
Gaussian process (GP) regression to model highly flexible
SFHs. The key advantage of the GP-based formalism is its
ability to encode the maximum amount of information in the
complex galaxy SFHs using a minimal number of parameters.
As demonstrated in K. G. Iyer et al. (2019), this formalism
minimizes the bias in estimating galaxy SFHs at all look-back
times, compared to the parametric (functional) approaches.

4.1.1. Defining the SFHs

The galaxy SFHs in DENSE BASIS are described using a fixed
number of “shape” parameters (V). These shape parameters (fy)
are N look-back times at which the galaxy formed equally
spaced quantiles of its total mass (see K. G. Iyer et al. 2019 for
a more detailed description). For this work, we adopt N =4
shape parameters for describing the galaxy SFHs with four 7y
parameters: fpg, 40, lgo, and fgg, representing the look-back
times*® at which the galaxy assembled 20%, 40%, 60%, and
80% of its total stellar mass, respectively. We choose N = 4 for
the GP-based SFH parameterization as it allows for sufficient
flexibility (K. G. Iyer et al. 2019) while minimizing the
computation time for the SED modeling.

Furthermore, we allow the GP-based SFHs to have a
“decoupled” star formation episode over the most recent
100 Myr, which still retains continuity with the rest of the SFH
but allows for further flexibility in fitting any recent star
formation traced by the newly added rest-frame UV data from
UVCANDELS.

4.1.2. Galaxy Model Template Library

The galaxy model templates in DENSE BASIS are defined
using the Flexible Stellar Population Synthesis*' (FSPS;
C. Conroy et al. 2009; C. Conroy & J. E. Gunn 2010a) library,
which includes a self-consistent prescription for both the stellar
continuum as well as nebular emission. The nebular emission
lines and continuum implementation in FSPS is based on the
CLOUDY models from N. Byler et al. (2017). We also use the
built-in B. T. Draine & A. Li (2007) model for dust emission.

For this analysis, we assume a G. Chabrier (2003) initial
mass function (IMF), which is a well-established choice when
fitting the SEDs of a general galaxy population, particularly at
higher redshifts where galaxies tend to be relatively more star-
forming and have lower metallicities (see e.g., G. Chabrier
et al. 2014; A. M. Hopkins 2018). We adopt the P. Madau
(1995) model for IGM absorption, and the D. Calzetti et al.
(2000) dust-attenuation law, which couples the attenuation for
young and older stars (i.e., assumes the same dust attenuation

39 hitps:/ /dense-basis.readthedocs.io/en/latest/, https: / /dfim.io/python-fsps/

These look-back times are defined as the fraction of the age of the Universe
(at the given redshift for a galaxy).

4 https://github.com/cconroy20/fsps
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Table 4
Column Descriptions for the Catalog Presenting the Galaxy Physical Properties
Computed from DENSE BASIS

No. Parameter Description
1 D* Identification number
2 RA R.A.
3 Dec Decl.
4 photz Photometric redshift used (from Table 2)
5 delz Error on photometric redshift (assumed)
6 nbands Number of photometric bands used for fitting
Parameter Estimates from the Posterior Distribution
7-9 logM® Galaxy stellar mass estimate [log M. ]
10—12 1ogSFR® Star formation rate [log M yr~']
13—15 avP Dust attenuation (V band) [mag]
16—18 logzsol® Stellar metallicity [log Z]
19-21 t20° Time® when 20% of galaxy mass was formed
22-24 t4o0® Time® when 40% of galaxy mass was formed
25-27 t60° Time® when 60% of galaxy mass was formed
28—-30 t8o® Time® when 80% of galaxy mass was formed
31-33 color_nuvu® Rest-frame NUV — U color
34-36 color_nuvr” Rest-frame NUV — R color
37-39 color_uv’ Rest-frame U — V color
40—42 color_viP® Rest-frame V —J color
4345 color_rj b Rest-frame R — J color
46 flags Quality flags®
Parameter Estimates from the Minimum-x> Model

47 logM_chi2 Galaxy stellar mass estimate [log M. ]
48 10gSFR_chi?2 Star formation rate [log M, yr~']
49 Av_chi2 Dust attenuation (V band) [mag]
50 logZsol_chi2 Stellar metallicity [log Z]
51 t20_chi2 Time® when 20% of galaxy mass was formed
52 t40_chi2 Time® when 40% of galaxy mass was formed
53 t60_chi2 Time® when 60% of galaxy mass was formed
54 t80_chi2 Time® when 80% of galaxy mass was formed
55 color_nuvu_chi2 Rest-frame NUV — U color
56 color_nuvr_chi?2 Rest-frame NUV — R color
57 color_uv_chi2 Rest-frame U — V color
58 color_vij_chi2 Rest-frame V — J color
59 color_rj_chi2 Rest-frame R — J color
60 chi2 x* value for the minimum-y? solution

Model Magnitudes from the Best-fit Template®
61—-69 model_Lnu_rest” Model template fluxes for rest-frame Johnson

filters (FUV, NUV, UBVRIJK) [1Jy]
70— model_Fnu_*f Model template fluxes for observed photo-
metric bands [zJy]

Notes.

? The galaxy ID number is consistent with that from the CANDELS
photometric catalogs and the catalogs for each field are provided separately.
5 For these columns, each has two additional columns named *_16 and *_84
denoting the 1o (68%) confidence interval for the best estimate.

¢ The time is given as the fraction of the age of the Universe (at the redshift of
the galaxy).

d Quality flags: 1 =invalid fit (nan for mass estimate); 2 =large SFR
uncertainties (A(log SFR) > 2); 3 = objects flagged as stars in photometry
catalog (CLASS_STAR>0.5); 4 = poor fit/large x> (>1000).

¢ These model magnitudes are computed for the best-fit parameters estimated
from the full Bayesian posterior distribution (not the minimum-?) solution.
T The model magnitudes are available for the specific set of photometric bands
included in the SED modeling, which differs from field to field.

for the nebular and stellar components) with one free
parameter: Ay, the V-band dust attenuation. We also assume
the gas-phase metallicity to be equal to the stellar metallicity
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(left as a free parameter), and the ionization parameter for the
nebular gas is left as default (log U = —2).

The template redshifts are set to the galaxy’s photometric
redshifts defined in Section 3. During fitting, a nominal error of
8(z) =0.025 - z/(1 + 7) is assumed to ensure a robust estima-
tion for the galaxy physical parameters.

4.1.3. Priors and Parameter Estimation

Ultimately, we perform the fitting with eight free parameters:
the galaxy stellar mass (M"), star formation rate (SFR; over the
recent 100 Myr), the stellar dust attenuation (Ay), the stellar
metallicity (Z*), and the four ty parameters (¢, f40, 0, f30) that
define the galaxy SFH.

We jointly define the prior for M* and SFR as the specific
star formation rate (sSFR = SFR/M™), which is assumed as a
uniform (flat) prior spanning a range of log(sSFR) = —12 to
—7yr~'. We adopt uniform (flat) prior for A, spanning from
Ay=0to 4, and for Z* over log(Z/Z.) = —1.5-0.25. For the
GP-based SFH parameters, i.e., the #x look-back times, we
adopt a Dirichlet prior with o« =15 as per the recommendation
from K. G. Iyer et al. (2019), which leads to a distribution of
parameters that is well matched to galaxies in simulations.

We perform parameter estimation for DENSE BASIS in two
ways: (i) For each galaxy, a likelihood is computed from the
sufficiently large number of model SEDs realized in the
pregenerated grid library with parameters drawn according to
the priors described above. This results in a posterior
distribution for each of the free parameters. The posterior
medians and 1o (68%) percentiles are then used to define the
best-fit parameters and the associated errors. (ii) A simpler,
frequentist approach is also implemented that uses the (single)
SED from the pregenerated library with the minimum y* value
to define the best-fit parameters, with no uncertainties reported.

The estimates from the full posterior analysis are generally
more robust and preferred over the simple minimum x* result,
but we provide both for completeness and as a consistency
check (see Table 4). Figure 4 demonstrates the modeling for an
example galaxy along with the full posterior distributions for
the free parameters. The full mass—redshift distribution for each
of the fields is shown in Figure 5.

4.2. Fitting Fixed SFHs with CIGALE

For our fiducial approach, we use the traditional approach of
using fixed, functional forms for the galaxy SFHs. In this case,
we implement the Code Investigating GALaxy Emission**
(CIGALE; D. Burgarella et al. 2005; S. Noll et al. 2009;
M. Boquien et al. 2019) tool for the estimation of the galaxy
physical properties.

4.2.1. Defining the SFHs

For the galaxy SFH parameterization within CIGALE, we
adopt a delayed-exponential functional form*® with an
additional possibility for an episode of recent starburst (similar
as with DENSE BASIS) with an exponentially declining
functional form. The SFH is parameterized with an overall age
(fage) and an e-folding timescale (7) for the main stellar
population, along with an age (f,,s) and an e-folding timescale

42 https://cigale.Jam.fr/
*SFR (1) ocre™ /",
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Figure 4. The SED modeling shown for an example galaxy (GOODS-N-26886). The top-left panel shows the observed photometry (shown in blue) along with the
best-fit model template from the flexible (DENSE BASIS, in red) and fixed (CIGALE, in green) SFH assumptions. The insets show 5” x 5” postage stamps of the galaxy
in the respective filters. The bottom-left panel shows the best-fit SFH for both cases demonstrating how the flexible-form SFH captures star formation at earlier times
that is missed by the fixed-form approach, while both return an excellent overall fit to the observed photometry. For the DENSE BASIS result, a corner plot with the
posterior distributions of the free parameters is shown on the right along with the best-fit parameter values for both cases.

(Toursp) for the burst episode as well as the fraction of mass
formed in the burst phase (fiurst)-

In order to keep the computational times manageable, we fix
the burst population’s #y,.s and Ty parameters to 10 Myr and
50 Myr, respectively, while the remaining parameters (fage, Tages
and fiurs) are varied freely.

4.2.2. Galaxy Model Template Library

Here, we use the G. Bruzual & S. Charlot (2003) stellar
population models, along with the prescription for nebular
emission (both emission line and continuum) included within
CIGALE, which is based on A. K. Inoue (2011). We note that
the IGM prescriptions between CIGALE and DENSE BASIS
(Section 4.1) are not identical, which is a technical limitation as
these are the only prescriptions available within the respective
codes. We use the dust-emission model from D. A. Dale et al.
(2014) included in CIGALE.

For this analysis, we assume a G. Chabrier (2003) IMF and
that the prescription from A. Meiksin (20006) is used for the
IGM absorption. Similar to the flexible-SFH case, we adopt the
D. Calzetti et al. (2000) dust law (which assumes the same
attenuation for young and older stars (and hence the nebular
and stellar dust components)) parameterized by the free
parameter Ay or E(B—V)=Ay/4.05. Here, the gas-phase
metallicity is assumed to be solar and the gas ionization
parameter is left at its default value (log U = —2).

The template redshifts are set to the galaxy’s photometric
redshifts defined in Section 3. In the case of CIGALE, since all
models are generated at the input redshifts, the galaxy redshifts
are treated as exact, albeit rounded to two decimals to manage
computation time.
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4.2.3. Parameter Estimation

For this CIGALE implementation, we have seven free
parameters: the galaxy stellar mass (M”), star formation rate
(SFR), stellar dust attenuation (Ay), stellar metallicity (Z*), and
the SFH-related parameters of #,4c, Tage, and foursi-

For the main stellar population in the SFH, the age, f,, is
allowed to vary over a grid of 21 points from 10 Myr to the age of
the Universe and similarly 7., is varied freely over a grid
spanning over 30 Myr to 30 Gyr. For the burst component, fir 1S
allowed to vary (over gridded values from O to 1). Lastly, the dust-
attenuation parameter E(B — V) = Ay/4.05 is varied over [0, 1.2]
and the stellar metallicity over log(Z/Z.) = [—2.3, 0.4].

The best-fit parameters are estimated by performing a
minimum x* search over a template library generated from
the full grid of free parameters. As part of the output, an
instantaneous as well as a 100 Myr averaged SFR is reported
(see Table 5). The resulting best-fit solutions from both the
flexible (DENSE BASIS) and fixed (CIGALE) approaches for an
example galaxy is shown in Figure 4 while the full mass—
redshift distribution for each field is shown in Figure 5.

4.3. The Impact of the SFH Assumption on Parameter
Estimates

From a statistical perspective, the SED modeling with either
of the approaches (flexible/DENSE BASIS or fixed/CIGALE) is
relatively robust with no significant systematic biases in the
fitting residuals. As illustrated in Figure 4 with an example
galaxy, the best-fit model template from both methodologies
represents a qualitatively good fit to the observed photometry.

However, a population comparison of the best-fit parameters
reveals significant systematic biases in even the most basic
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Figure 5. The mass distribution as a function of redshift for each field, with the masses estimated using the flexible (DENSE BASIS, left panel) and fixed (CIGALE, right

panel) SFH assumptions.

physical property, the galaxy stellar mass. Figure 6 shows the
difference in the stellar mass inferred from the two approaches
and it is evident that the masses estimated from the flexible-
SFH assumption (DENSE BASIS) are systematically higher,
particularly at the low-mass end. For typical galaxies
(~109_10M@), the stellar masses are in good agreement
regardless of the SFH parameterization. However, below
~10° M., the flexible-SFH stellar masses get increasingly
biased by as much as 0.5dex at ~10" M. Similarly, at the
high-mass end (>10'° M), the masses from DENSE BASIS are
also systematically higher, albeit only by ~0.2 dex.

This discrepancy in the estimated stellar masses due to
different SFH assumptions is not new and has already been
reported in the literature (e.g., J. Leja et al. 2019; S. Lower
et al. 2020; S. Jain et al. 2024). Our results here are broadly
consistent with the previous findings. From comparisons to
simulated galaxies, it is clear that the stellar masses estimated
using flexible SFHs are closer to the true value and it is the
fixed-form SFHs that underestimate the stellar masses (e.g.,
S. Lower et al. 2020). This is due to their inability to
simultaneously capture the multiple episodes of star forma-
tion and other gradual changes in the SFHs. This effect is also
evident in the example shown in Figure 4, where the fixed
SFH (from CIGALE; in green) is missing the early episode of
star formation captured by the flexible SFH (from DENSE
BASIS; in black). This effect is amplified particularly at the
lower-mass end (5109 M) where galaxies tend to have more
chaotic, bursty SFHs with multiple episodes of prominent
star formation activity, which can contribute relatively large
differences in their galaxies’ stellar masses (e.g., N. Emami
et al. 2019). On a similar note, at higher masses, it is likely
that the functional form of the fixed SFHs is missing the
extended periods of star formation activity due to the choice
of parameterization, again resulting in underestimated
masses.

5. Catalog Descriptions

From the analysis presented here, we produce catalogs listing
new photometric redshifts as well as galaxy physical properties for
the four CANDELS fields covered by UVCANDELS (GOODS-
N, GOODS-S, COSMOS, EGS). These catalogs will be publicly
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Table 5
Column Descriptions for the Catalog Presenting the Galaxy Physical Properties
Computed from CIGALE

No. Parameter Description

1 ID Identification number

2 RA R.A.

3 Dec Decl.

4 photz Photometric redshift used (from Table 2)
5 logM Galaxy stellar mass [log M ]

6 1ogSFR Instantaneous star formation rate [log M yr~']
7 10gSFR100 100 Myr averaged star formation rate [log
M yr ]

8 Av Dust attenuation (V band) [mag]
9 logZsol Stellar metallicity [log Z-]
10 logage Age of the main stellar population [log yr]

11 logtau e-folding timescale of the main stellar population

[log yr]

12 f_burst Fraction of mass formed in the late burst”

13 color_fuvnuv  Rest-frame FUV — NUV color

14 color_nuvr Rest-frame NUV — R color

15 chi2 Reduced x* value

16— model_Fnu_* Model template fluxes for observed photometric
bands [1Jy]

Note.

 The late burst is characterized as a (fixed) 10 Myr old exponentially declining
episode of star formation with an e-folding timescale of 50 Myr.

released via MAST at doi:10.17909/8s31-f778. The full output is
delivered with the following catalogs:

1. a catalog presenting the photometric redshifts from
Section 3 (see column description in Table 2);

2. the full probability distribution, P(z), for the photometric
redshifts from Section 3 (see column description in
Table 3);

3. catalogs for each field listing the best-fit galaxy physical
properties estimated using DENSE BASIS with the flexible-
SFH assumption from Section 4.1 (see column descrip-
tion in Table 4); and

4. per-field galaxy physical property catalogs from CIGALE
(fixed SFH assumption) from Section 4.2 (see column
description in Table 5).
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Figure 6. The difference between the galaxy stellar masses estimated from flexible (DENSE BASIS) and fixed (CIGALE) SFH approaches. The red curves show the
running median (solid) and the 68% (10) percentile for the population. Even when fitting the same photometric data set with consistent assumptions, the inferred
stellar masses are significantly impacted by the parameterization of the galaxy SFH during SED modeling.

6. Summary

We present a set of new measurements for photometric
redshifts and galaxy physical parameters for over 150,000
galaxies in four of the five CANDELS fields (GOODS-N,
GOODS-S, COSMOS, EGS; combined area of ~430 arcminz)
covered by the recent Hubble Treasury program, UVCAN-
DELS. In this work, we utilize the UV-to-IR photometric data
set available for these fields from a combination of the existing
HST optical /NIR, Spitzer mid-IR, and other ancillary ground-
based imaging as well as the newly acquired WFC3/UVIS
F275W and ACS/WEFC F435W (for COSMOS and EGS)
imaging from UVCANDELS, to model the galaxy SEDs using
state-of-the-art fitting tools.

Our key findings are as follows:

1. The inclusion of UV photometry significantly improves
the photometric redshift for sources with significant UV
detections and degenerate redshift solutions. After adding
UV photometry when measuring the redshifts, we find
significantly lower outlier fractions for sources with
SNR >3 in F275W and multiple peaks in their
probability distributions, P(z).

2. When modeling galaxy SEDs, the typical assumption of a
fixed, functional form for the galaxy SFH systematically
biases the measurement of even the most basic physical
parameter—the galaxy stellar mass—at both the low-
mass (<107 M) and the high-mass (>10'°M.) ends.
We find the fixed-form SFHs to underestimate the stellar
mass by as much as ~0.5dex at 10’ M., and ~0.2 at
10'° M.

3. This underestimation for the stellar mass is mainly driven
by the inability of the fixed-form SFHs to simultaneously
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capture the major star formation episodes as well as the
prolonged lower-level star formation and/or other
gradual changes in the galaxy SFHs.

The final catalogs presenting the photometric redshifts and
physical parameters will be publicly available via the MAST
archive at doi:10.17909/8s31-f778.
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