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ABSTRACT

Deep and wide-field near-infrared (NIR) surveys have recently discovered and confirmed ultramassive galax-
ies (UMGs; log(M⋆/M⊙)> 11) spectroscopically at high redshift. However, most are characterized using only
ultraviolet (UV)-to-NIR photometry, offering limited insight into obscured star formation and active galactic
nucleus (AGN) activity. In this work, we add ten far-infrared (FIR)-to-radio passbands to the existing UV-
to-NIR catalogs for two spectroscopically confirmed UMGs from the MAGAZ3NE survey, COS-DR3-195616
(zspec = 3.255) and COS-DR1-209435 (zspec = 2.481). Utilizing the full UV-to-radio photometry, we revise
our earlier UV-NIR-based interpretation of the nature of these galaxies. While both were previously identified
as quiescent, our analysis reveals that 195616 is an unobscured galaxy undergoing quenching, and 209435 is a
heavily obscured, actively star-forming UMG. We find that 195616 has already depleted most of its molecular
gas and is expected to experience minimal future stellar mass growth. In contrast, 209435 contains a substantial
molecular gas reservoir and has a prolonged depletion timescale. It is anticipated to increase 0.34 dex in stellar
mass, reaching a stellar mass of log(M⋆/M⊙) = 11.72 over the next 0.72 Gyr. We present multi-pronged evi-
dence for AGN activity in both UMGs. Our findings support a scenario where AGN feedback in 195616 may
have contributed to gas depletion during quenching, while 209435 continues to form stars despite hosting an
obscured AGN, suggesting feedback has not yet suppressed star formation. Our work shows the importance of
FIR-to-radio observations for accurately inferring the nature and properties of galaxies at z ≳ 3.

Keywords: Far infrared astronomy (529); Galaxy Evolution (594); High-redshift Galaxies (734); Molecular Gas
(1073); Star Formation (1569); AGN Host Galaxies (2017); Galaxy Quenching (2040)

1. INTRODUCTION

Ultramassive galaxies (UMGs; log(M⋆/M⊙) > 11) lie at
the most extreme tail of the galaxy stellar mass function
and offer critical insights into the physical processes driv-

Corresponding author: Wenjun Chang
wenjun.chang@email.ucr.edu

ing early galaxy formation and evolution. Observing these
systems at high redshift allows us to capture key forma-
tion phases, such as episodes of intense star formation fol-
lowed by rapid quenching (Belli et al. 2014; Schreiber et al.
2018a; Forrest et al. 2020a,b). These phases are no longer
accessible in the local Universe, as galaxies have already as-
sembled most of their stellar mass and have long since shut
down their star formation, making it difficult to directly trace
their formative processes (Muzzin et al. 2013a; Marsan et al.
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2017). Over the last decade, numerous studies using deep
near-infrared (NIR) multi-wavelength surveys have led to
the photometric identification of a growing number of mas-
sive galaxies at higher redshifts (e.g., Stefanon et al. 2015;
Marsan et al. 2022; Carnall et al. 2023; Labbé et al. 2023).
However, securing spectroscopic confirmation of these rel-
atively rare and faint massive galaxies has proven challeng-
ing. A multi-year Keck/MOSFIRE campaign, the “Massive
Ancient Galaxies At z > 3 NEar-infrared” (MAGAZ3NE)
survey, has been successful in spectroscopically confirm-
ing a sample of UMGs, photometrically-selected to lie at
3 ≲ zphot < 4. MAGAZ3NE spectroscopic and photometric
samples have been used to characterize UMG properties us-
ing multi-passband ultraviolet (UV)-to-NIR catalogs both di-
rectly by the MAGAZ3NE survey team and through its ex-
tended collaborations (e.g., Forrest et al. 2020a; Saracco et al.
2020; Forrest et al. 2022, 2023, 2024a,b; Marsan et al. 2022;
McConachie et al. 2022, 2025; Urbano Stawinski et al. 2024;
McConachie et al. in prep; Urbano Stawinski et al. in prep;
Chang et al. in prep).

The MAGAZ3NE survey has fundamentally reshaped our
understanding of the field of massive galaxy formation,
but also revealed the limitations of UV-NIR-only observa-
tions. Many MAGAZ3NE UMGs, for instance, exhibit ex-
tremely red spectral energy distributions (SEDs) (Forrest
et al. 2024b), but without far-infrared (FIR) or radio con-
straints, it remains unclear whether those red colors indi-
cate truly quiescent systems or heavily dust-obscured star-
forming galaxies, especially in cases where emission lines
are weak or attenuated. This distinction is crucial. Dusty star-
forming galaxies (DSFGs) are known to dominate the high-
mass end of the galaxy population (log(M⋆/M⊙) > 10.3)
at z > 2 (Martis et al. 2016), and recent studies suggest
that their numbers at z > 3 have been significantly under-
estimated by optical-NIR surveys alone (Wang et al. 2019;
Barrufet et al. 2023). As a result, relying solely on UV-
NIR observations increases the risk of misclassifying DS-
FGs as quenched systems. Furthermore, although Forrest
et al. (2020b) identified signatures of active galactic nucleus
(AGN) activity in some UMGs using [O III]λ5007/Hβ di-
agnostics, UV-NIR observations alone are insufficient to ro-
bustly quantify the full AGN contribution, particularly from
heavily obscured sources. To conclusively distinguish quies-
cent galaxies from dust-obscured starbursts and to assess the
role of AGN, it is essential to incorporate longer wavelength
observations.

In this work, we combine public FIR-to-radio observa-
tions in the COSMOS/UltraVISTA field with the existing
UV-to-NIR photometric catalogs to investigate the nature and
properties of spectroscopically-confirmed UMGs from the
MAGAZ3NE survey in the early Universe. This comprehen-
sive UV-to-radio analysis enables a more complete character-

ization of their star formation, gas content, and AGN activity,
and provides new insights into their evolutionary pathways.
Our work is organized as follows: Section 2 summarizes the
MAGAZ3NE survey, while Section 3 describes the sample
selection and multi-wavelength photometric catalog creation.
Section 4 describes the SED fitting, and estimation of stellar
mass, star formation rate, molecular gas, depletion timescale
and stellar mass evolution. A discussion of the results is pre-
sented in Section 5, and a summary of the conclusions in Sec-
tion 6. Throughout this work we assume a Chabrier (2003)
initial mass function (IMF) and a ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. We
utilize the AB magnitude system (Oke & Gunn 1983).

2. MAGAZ3NE SURVEY

MAGAZ3NE survey is a spectroscopic follow-up sur-
vey of candidate UMGs, selected from UltraVISTA DR1
(Muzzin et al. 2013b), UltraVISTA DR3 (Marsan et al.
2022), and XMM-VIDEO (Jarvis et al. 2013). Candidates
were selected to have a photometric redshift of zphot ≥ 3,
a photometric stellar mass of log(M⋆/M⊙) > 11.0, and a
well-sampled photometric UV-to-NIR SED. The first phase
of the survey targeted candidates with a photometric red-
shift of 3 ≲ zphot < 4 and a photometric stellar mass of
11.0 <log(M⋆/M⊙)< 11.7. This target population con-
sisted almost entirely of either blue star-forming or post-
starburst galaxies, and resulted in 16 robust spectroscopic
redshifts. Excellent agreement was found between the spec-
troscopic and photometric redshifts and, therefore, between
the spectroscopically- and photometrically-inferred stellar
masses (Forrest et al. 2020b).

The second phase of the MAGAZ3NE survey also tar-
geted candidates at a photometric redshift of 3 ≲ zphot < 4,
but focused on candidates with the highest photometrically-
estimated stellar mass, those with photometric stellar mass
of log(M⋆/M⊙) > 11.7, a population that we termed Super-
ultramassive galaxies (S-UMGs). This S-UMG population
consisted of candidates with very red SEDs, implying sig-
nificant dust attenuation, old stellar ages, and/or AGN. This
phase of the survey resulted in 12 robust spectroscopic red-
shifts (Forrest et al. 2024b). However, in contrast to the
good agreement between spectroscopic and photometric red-
shifts in the first phase of the survey, in this second phase of
the survey, there was a significant discrepancy between the
spectroscopically- and photometrically-estimated redshifts,
primarily from overestimation of the photometric redshifts.
In fact, no member of the S-UMG population turned out to
have a | zspec-zphot | < 0.5. Forrest et al. (2024b) discussed
the universal difficulty that photometric redshift programs
appear to have in fitting galaxies with very red SEDs.

The poor agreement between spectroscopic and photomet-
ric redshifts for MAGAZ3NE candidates with red SED also
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Figure 1. Rest-frame UVJ color of the 16 spectroscopically-
confirmed UMG candidates presented in Forrest et al. (2020b) and
12 spectroscopically-confirmed S-UMGs candidates presented in
Forrest et al. (2024b). The RF colors were estimated at the spectro-
scopic redshift using FAST++ and UV-to-8µm photometry only.
The dashed line denotes the division between “dusty” and “non-
dusty” star-forming regions (Schreiber et al. 2018b). COS-DR3-
195616 lies in the quiescent “wedge” and COS-DR1-209435 lies in
the upper right dusty star-forming region.

led to discrepancies in stellar mass estimates. Although all
of the candidates were confirmed to be massive, none of
the candidates were confirmed to be a bona fide S-UMG at
3 ≲ zphot < 4. This had important implications for galaxy
evolution, suggesting that the number densities of high-mass
galaxies determined from large photometric surveys at z ≳ 3

are overestimated (see Forrest et al. (2024b) for further dis-
cussion).

Figure 1 shows the rest-frame U−V and V−J (RF UVJ)
colors of the 28 spectroscopically-confirmed MAGAZ3NE
UMGs (white stars and magenta crosses).1 The RF U−V
and V−J colors were derived by Forrest et al. (2020b, 2024b)
using UV-to-8µm photometry (with K-band corrected for
emission line flux) and fitted by FAST++ (Kriek et al. 2009;
Schreiber et al. 2018b) at the spectroscopic redshift of each
galaxy. Full details can be found in Forrest et al. (2020b)

1 Figure 1 shows the (RF) UVJ colors of the 28 MAGAZ3NE candidate
UMGs with confirmed spectroscopic redshifts. Nine of the 28 S-UMG
candidates turned out to have either a zspec < 3.0 or a stellar mass of
log(M⋆/M⊙)< 11.0 (see Table 1 in Forrest et al. 2020b and Table 2 in
Forrest et al. 2024b). For conciseness, however, in this work we refer to all
members of the sample as UMGs.

and Forrest et al. (2024b). In Section 3, we match public
ALMA and other long-wavelength observations to the sam-
ple of 15 spectroscopically-confirmed MAGAZ3NE UMGs
in the COSMOS UltraVISTA field. We find matches for two
MAGAZ3NE UMGs (blue star and red cross in Figure 1),
and add FIR-to-radio passbands to the existing UV-to-NIR
catalogs to create two new UV-to-radio catalogs.

3. MULTIWAVELENGTH CATALOG CREATION IN
THE COSMOS/ULTRAVISTA FIELD

3.1. Parent catalogs: UltraVISTA DR1 and DR3

As the parent photometric catalogs for the MAGAZ3NE
survey, the UltraVISTA DR1 and DR3 catalogs are con-
structed from the UltraVISTA survey (McCracken et al.
2012), which has four deep near-infrared Y -, J-, H-, and
Ks-band imaging over 1.62 deg2 in the COSMOS field.
Muzzin et al. (2013b) combined the UltraVISTA Data Re-
lease One (DR1) with additional photometry from 0.15-24
µm, yielding a total of 30 bandpasses with 90% complete-
ness at Ks = 23.4 mag.

Further deep imaging in the NIR from Data Release Three
(DR3) imaged the “ultra-deep stripes” with a total area of
approximately 0.84 deg2. The DR3 photometric catalog
was constructed following the same procedure as outlined in
Muzzin et al. (2013b) and consists of a total of 49 passbands.
The NIR depths are deeper than DR1 by ∼1.2 mag, reaching
Ks = 25.2 AB mag (5σ, 2.1′′diameter aperture; Marsan et al.
2022), and are ∼1 mag deeper in the IRAC 3.6 and 4.5 µm
bandpasses (Ashby et al. 2018).

3.2. ALMA A3COSMOS Catalog and Sample Selection

Of the 28 confirmed UMGs and S-UMGs in the
MAGAZ3NE sample, 15 are located within the COS-
MOS/UltraVISTA field. To explore the available ALMA
data in this field, we adopt the public A3COSMOS cata-
log of Liu et al. (2019a,b), created by automated mining
of the ALMA Archive in the COSMOS field. Within a
search radius of 0.5′′, we cross-match the 15 MAGAZ3NE
UMGs with the A3COSMOS (Dataset 202003102) prior-
extracted photometric catalog (see Liu et al. 2019a for de-
tails). This search identifies two matches in Band 7 (872
µm) exceeding the 3σ threshold (Fluxpeak/RMS): COS-
DR3-195616 (from program 2016.1.00463.S, PI: Y. Mat-
suda; angular resolution 0.69′′) and COS-DR1-209435 (from
program 2015.1.00137.S, PI: N. Scoville; angular resolution
0.78′′), which we refer to hereafter, for brevity, as 195616
and 209435, respectively. As can be seen from Figure 1,
195616 (blue star) falls in the quiescent “wedge” (Whitaker
et al. 2011) of the UVJ diagram, suggesting that it is ei-

2 A3COSMOS Dataset 20200310 https://sites.google.com/view/a3cosmos/
data/dataset v20200310?authuser=0.

https://sites.google.com/view/a3cosmos/data/dataset_v20200310?authuser=0
https://sites.google.com/view/a3cosmos/data/dataset_v20200310?authuser=0
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ther a passive galaxy or a galaxy undergoing quenching, and
209435 (red cross) falls in the upper right “red” corner, a re-
gion known to contain dusty and/or AGN-dominated galax-
ies.

3.3. Spectroscopic Observations

Figure 2 shows the Ks-band images and Keck/MOSFIRE
1D and 2D K-band spectra for 195616 and 209435. We
fit the UV-to-NIR photometry and MOSFIRE spectroscopy
using the combination of slinefit3 and FAST++ to de-
termine the best-fit spectroscopic redshift (zspec) and emis-
sion line fluxes, correcting the photometry for emission-
line contributions and masking those lines in the spectra.
(see §4 in Forrest et al. 2020b for details). The solid
red line in Figure 2 shows the best-fit model from Forrest
et al. (2024b), obtained by combining the multi-Gaussian
fit to the emission lines with the stellar continuum model
from FAST++. The FAST++ fit was performed with
emission lines masked and the photometry corrected for
line contamination, ensuring a clean continuum estimate.
UMG 195616 was first presented in Forrest et al. (2020b).
As with other spectroscopically-confirmed members of
the MAGAZ3NE sample found in the quiescent wedge
of the UVJ diagram, the photometric (zphot = 3.09+0.09

−0.08)
and spectroscopic (zspec = 3.255+0.001

−0.001) redshifts of 195616
are generally consistent within 3σ uncertainties. In
contrast, as with other spectroscopically-confirmed “red”
members of the MAGAZ3NE sample presented in For-
rest et al. (2024b), the spectroscopic redshift of 209435
(zspec = 2.481+0.001

−0.001) significantly disagrees with its pho-
tometric redshift (zphot = 3.76+0.34

−0.34), even considering the
substantial uncertainty in zphot. Throughout this paper,
“red” refers to a UMG with a very red RF V−J color (V−J
> 2), implying significant dust attenuation. The presence of
an AGN in 195616 was inferred by Forrest et al. (2020b)
from its position on the Mass-Excitation diagram, which
compares the line ratio [O III]λ5007/Hβ with the stellar mass
(Juneau et al. 2011). We will discuss the AGN contribution
further in Section 5.1.

3.4. FIR/Radio Observations

The very large beam sizes of FIR/(sub)mm detectors cause
source confusion (blending), making it challenging to accu-
rately measure galaxy fluxes at those wavelengths. Jin et al.
(2018) applied the “super-deblending” technique developed
by Liu et al. (2018) to create a 15-passband COSMOS cata-
log (hereafter as Jin18) consisting of Spitzer/IRAC 3.6, 4.5,
5.8, and 8.0 µm (SPLASH; PI: P. Capak), MIPS 24 µm
(COSMOS-Spitzer; PI: D. Danders; Le Floc’h et al. 2009),
Herschel/PACS 100 and 160 µm (PEP, PI: D. Lutz; Lutz

3 https://github.com/cschreib/slinefit

et al. 2011 and CANDELS-Herschel, PI: M.Dickinson), Her-
schel/SPIRE 250, 350, and 500 µm (HerMES; PI: S. Oliver),
SCUBA2 850 µm (S2CLS; Cowie et al. 2017; Geach et al.
2017), AzTEC 1.1 mm (Aretxaga et al. 2011), MAMBO 1.2
mm (Bertoldi et al. 2007), and VLA 3 GHz and 1.4 GHz
(Smolčić et al. 2017; Schinnerer et al. 2010). We find de-
tections in the Jin18 catalog within 0.5′′ of both 195616 and
209435 in the UltraVISTA DR1&DR3 catalogs.

In creating our own combined multi-passband catalog for
each of the two UMGs, we have a choice of utilizing the
IRAC and MIPS 24 µm observations from either the Ultra-
VISTA DR1&DR3 or Jin18 catalogs. To assess consistency
between the two datasets, we cross-match galaxies from the
UltraVISTA and Jin18 catalogs and compare the extracted
IRAC and MIPS 24 µm fluxes for all matched sources. In
the case of the four IRAC passbands, there is little difference
in the photometry between the catalogs, and so we elected
to utilize the IRAC photometry from the UltraVISTA cata-
log to maintain consistency with the UV-to-NIR photometric
analysis carried out in Forrest et al. (2020b). However, in
the case of MIPS 24 µm, the fluxes in the Jin18 catalog ex-
ceeded those from the DR1 and DR3 catalogs by a median
factor of 2.16 and 7.22, respectively. This discrepancy in the
24 µm photometry between Jin18 and the UltraVISTA DR1
catalogs was also noted by Jin et al. (2018) and attributed to
a combination of heavy source blending in the MIPS 24 µm
images and different calibration methodologies. Therefore,
in creating our multi-passband catalogs, we have determined
to utilize the 24 µm photometry from the Jin18 catalog, as it
employs deblending techniques to recover fluxes in the heav-
ily confused MIPS 24 µm images.

The photometric catalogs that we construct and utilize in
this analysis contain ten additional FIR-to-radio passbands
(shown in Table 1), which are not included in the optical-
IR analyses presented in Forrest et al. (2020b) and Forrest
et al. (2024b). Beam FWHM values for the FIR passbands
are from Jin et al. (2018), which represent the full widths
at half maximum of the circular Gaussian approximation to
the point spread function of each image, except for ALMA,
which refers to the angular resolution of the respective pro-
grams described in Section 3.2. Both 195616 and 209435
are observed in all ten of these additional FIR-to-radio pass-
bands. In Section 4, we explore what new information these
more comprehensive catalogs reveal.

4. ANALYSIS

4.1. SED Fitting

In the following sections, we study how three factors (spec-
troscopic versus photometric redshift, choice of SED fitting
code, and full UV-to-radio versus only UV-to-NIR informa-
tion) affect estimates of the key properties of the UMGs (stel-
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Figure 2. Ks-band images (left) and MOSFIRE 1D and 2D K-band spectra (right) for COS-DR3-195616 (upper) and COS-DR1-209435
(lower). The black solid lines show the spectra smoothed over 5 pixels and weighted by the inverse variance. The gray shading shows the
magnitude of the error spectrum. The solid red lines show the best-fit models from FAST++ described in Section 3.3. The green circles are
drawn with a 2′′diameter. Red vertical dashed lines indicate the location of prominent emission lines. The y-axis shows flux density in units of
10−18 erg s−1 cm−2 Å−1, plotted from zero with a dash indicating one unit.

Table 1. FIR-to-radio passbands utilized in this work.

Instrument Wavelength Beam FWHM (arcsec)

Spitzer/MIPS 24 µm 5.7
Herschel/PACS 100 µm 7.2
Herschel/PACS 160 µm 12.0
Herschel/SPIRE 200 µm 18.2
Herschel/SPIRE 350 µm 24.9
Herschel/SPIRE 500 µm 36.3
JCMT/SCUBA2 850 µm 11.0
ALMA/band7 872 µm 0.7
VLA/3GHz 10 cm 0.8

VLA/1.4GHz 21.4 cm 2.5

lar mass, star formation rate, dust extinction, AGN fraction,
and age). We compare results from two SED fitting codes:
FAST++ and CIGALE, and present the results for 195616
in Table 2 and 209435 in Table 3. Firstly, we utilize the
results from Forrest et al. (2020a, 2024b), which employed

FAST++4 (Kriek et al. 2009; Schreiber et al. 2018b) and
the UV-to-NIR photometry to estimate the properties of each
UMG at the photometric redshift (see Section 4.1.1 and col-
umn 2), and at the spectroscopic redshift (see Section 4.1.2
and column 3). Next, in this work, we employ CIGALE (Bo-
quien et al. 2019) and the UV-to-NIR photometry to estimate
the properties of each UMG at the spectroscopic redshift (see
Section 4.1.3 and column 4). Finally, we employ CIGALE
and the full UV-to-radio photometry to estimate the proper-
ties of each UMG at the spectroscopic redshift (see Section
4.1.4 and column 5). The results from these different ap-
proaches are discussed and analyzed in Section 4.2.

4.1.1. UV-to-NIR SED fitting with FAST++ at zphot

We use the UV-to-NIR photometry and the photomet-
ric redshift from the DR1 (Muzzin et al. 2013b) and DR3
(Marsan et al. 2022) UltraVISTA photometric catalogs (de-
tailed in Section 3.1). The stellar population properties were
estimated with FAST++ in Forrest et al. (2020b), assuming
the stellar population model from (Bruzual & Charlot 2003)
with a Chabrier (2003) initial mass function (IMF), a double-

4 https://github.com/cschreib/fastpp

https://github.com/cschreib/fastpp
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exponential SFH, and the starburst dust law from Calzetti
et al. (2000). We show the results for 195616 and 209435
in the second columns of Tables 2 and 3.

Table 2. Comparison of the properties of UMG 195616 estimated
by fitting (left to right) the UV-to-NIR SED at zphot = 3.09 using
FAST++, the UV-to-NIR SED at zspec = 3.255 using FAST++,
the UV-to-NIR SED at zspec using CIGALE, and the UV-to-radio
SED at zspec using CIGALE.

Quantity FAST++ FAST++ CIGALE CIGALE
UV–NIR UV–NIR UV–NIR UV–radio

zphot zspec zspec zspec

log M⋆ 11.31+0.03
−0.03 11.31+0.02

−0.02 11.26+0.04
−0.05 11.36+0.04

−0.05

SFR 12.9+1.6
−0.3 21.7+2.8

−12.3 < 12.02 62.5 +9.6
−9.6

Av 0.6+0.1
−0.1 0.6+0.1

−0.2 0.16+0.12
−0.12 0.68+0.09

−0.09

fracAGN – – 0.38+0.22
−0.22 0.60+0.03

−0.03

log Age 8.93+0.01
−0.10 8.79+0.07

−0.01 9.00+0.02
−0.02 9.00+0.01

−0.01

Table 3. As for Table 2, but for UMG 209435 with zphot = 3.76
and zspec = 2.481.

Quantity FAST++ FAST++ CIGALE CIGALE
UV–NIR UV–NIR UV–NIR UV–radio

zphot zspec zspec zspec

log M⋆ 11.96+0.03
−0.10 11.55+0.04

−0.09 11.69+0.07
−0.08 11.38+0.10

−0.12

SFR < 1.0 < 12.3 9.0+5.0
−5.0 389.1+83.4

−83.4

Av 0.9+0.1
−0.1 2.9+0.1

−0.3 2.00+0.24
−0.24 2.92+0.19

−0.19

fracAGN – – 0.10+0.01
−0.01 0.31+0.10

−0.10

log Age 9.20+0.01
−0.18 8.63+0.18

−0.19 9.33+0.08
−0.09 9.28+0.09

−0.10

4.1.2. UV-to-NIR SED fitting with FAST++ at zspec

We next employ FAST++ (Kriek et al. 2009; Schreiber
et al. 2018b) and the UV-to-NIR photometry to estimate the
properties of each UMG at the spectroscopic redshift (fur-
ther details may be found in Forrest et al. 2020b). The tem-
plates used in the fit are the same as those described in Sec-
tion 4.1.1. The resulting estimates are shown in the third
column of Tables 2 and 3.

4.1.3. UV-to-NIR SED fitting with CIGALE at zspec

Unlike SED fitting codes, which fit only the UV to NIR
part of the SED (e.g., FAST++) and can suffer from de-
generacies between the age, the metallicity, and the attenu-
ation of a galaxy, an alternative approach is gaining popu-
larity. It relies on the energy balance principle, which states
that the energy emitted by dust in the mid- and far-IR ex-
actly matches the energy absorbed by dust in the UV-optical
range. This approach has been adopted and implemented by

codes such as CIGALE (Boquien et al. 2019), MAGPHYS (da
Cunha et al. 2008, 2015), BAGPIPES (Carnall et al. 2018),
and PROSPECTOR (Johnson et al. 2021).

In this section, we utilize CIGALE (Code Investigating
GALaxy Emission)5 (Boquien et al. 2019; Yang et al. 2020,
2022), a popular SED fitting code that models galaxy emis-
sion from the UV to radio wavelengths using the energy bal-
ance principle. Compared to FAST++, CIGALE provides
constraints on reliable obscured star formation and AGN con-
tributions across the full UV-to-radio SED. We use six mod-
ules (sfhdelayed, bc03, nebular, dustatt modified starburst,
dl2014, skirtor2016) and the same UV-to-NIR photometry
utilized in Sections 4.1.1 and 4.1.2. Below, we briefly sum-
marize the parameters we adopted. Full details may be found
in Table 8. We utilize a delayed SFH model and simple stel-
lar population (SSP) model from Bruzual & Charlot (2003),
along with a Chabrier (2003) IMF. Nebular emission is in-
cluded using the ionization parameter U of [-3, -2, -1] and
gas metallicity Zgas values of [0.004, 0.008, 0.02, 0.05] as
specified by Villa-Vélez et al. (2021). In order to maintain
consistency with the FAST++ fitting carried out in Forrest
et al. (2020b), we apply the modified dust attenuation model
from Calzetti et al. (2000). We adopt the dust emission model
from Draine et al. (2014). The updated SKIRTOR clumpy
torus model (Stalevski et al. 2012, 2016) is utilized to es-
timate the emission from an AGN disk and torus. The re-
sulting Bayesian-estimated properties are shown in the fourth
column of Tables 2 and 3.

4.1.4. UV-to-radio SED fitting with CIGALE at zspec

When utilizing the full UV-to-radio photometry with ad-
ditional ten FIR-to-radio passbands in Table 1, we employ
an extra “radio” module in (Boquien et al. 2019) to fit non-
thermal synchrotron emission associated with star forma-
tion. This relies on the radio-IR correlation (qIR) and a
power-law radio spectrum with the index α = 0.7. AGN
radio emission is modeled via a component parameterized
by the radio-loudness (RAGN = Lν, 5GHz/Lν, 2500 Å), where
Lν, 5GHz and Lν, 2500 Å are the monochromatic AGN lumi-
nosities per unit frequency at RF 5 GHz and 2500 Å, respec-
tively (Yang et al. 2022). The resulting estimates of physical
properties are shown in the last (fifth) column of Tables 2
and 3. Both UMGs are found to have AGN contributions
across the whole wavelength, with AGN fractions of approx-
imately 0.60 for 195616 and 0.31 for 209435.

Figure 3 shows the best-fit SED (black, upper panel) and
residuals (lower panel) for 195616 (left) and 209435 (right),
as estimated by CIGALE from the UV-to-radio photometry.
Also shown are the unattenuated stellar (blue), dust (red),

5 CIGALE v2022.1: https://cigale.lam.fr/

https://cigale.lam.fr/
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Figure 3. Best fit SED (black) and residuals for COS-DR3-195616 (left) and COS-DR1-209435 (right), estimated by CIGALE from the UV-
to-radio catalogs. Also shown is the unattenuated stellar (blue), dust (red), AGN (cyan), and radio synchrotron non-thermal (orange) emission.
Observations are shown by purple circles, with downward arrows indicating upper limits. Estimates of physical properties are shown in the last
column of Tables 2 and 3. There appears to be a significant AGN contribution in the case of both UMGs (see Section 5.1).

AGN (cyan; including emission from torus, accretion disk,
and polar dust), and radio synchrotron non-thermal (orange)
emission. The multi-passband photometry is shown by pur-
ple circles, with downward arrows indicating upper limits
where uncertainties exceeded the fluxes. We discuss the dif-
ferences in the estimates of stellar mass (SM) and SFR in
Section 4.2, and the difference in AGN fraction in Section
5.1.

In order to explore the effect of adopting different dust at-
tenuation laws in fitting the UV-to-radio SED, we compared
the results of the Calzetti et al. (2000) model with those of
the Charlot & Fall (2000) model. For the dusty 209435, the
Charlot & Fall (2000) attenuation model resulted in an esti-
mate of stellar mass 0.5 dex higher than that obtained with
the starburst Calzetti et al. (2000) model. In contrast, for
the less dusty 195616, the difference in stellar properties was
negligible. This comparison highlights the importance of the
choice of dust attenuation model on the stellar mass estimate
in the case of dusty galaxies. We defer a full investigation of
this point to future work with a larger sample of UMGs.

4.2. Stellar Mass and Star Formation Rate

SM and SFR are two of the most important properties that
can be measured for any galaxy. In Figure 4, we compare
the four different estimates of SM and SFR which we ob-
tained for 195616 and 209435 in Section 4.1. In each panel,
the open gray and black triangles show the FAST++ fits to
the UV-NIR SEDs at the photometric and spectroscopic red-
shifts, while the open and filled blue/red hexagons show the
CIGALE fits to the UV-NIR and UV-radio data at the spectro-

scopic redshifts (which correspond to the values in columns
2-5 in Tables 2 and 3). We also compare these values with
the populations of galaxies in the UltraVISTA DR1&DR3
catalog with |zphot − zspec,UMG| < 0.5 for each UMG, in-
dicated by the gray contours. These contours are generated
using a 2D Gaussian kernel density estimation (KDE). The
median values in 0.5 dex bins of stellar mass and 16th/84th
percentiles of the SFR distribution are shown in green. The
dashed green line shows the star-forming main sequence
(SFMS) for the highest mass bin, represented by the median
sSFR of galaxies with log(M⋆/M⊙) > 11.

In the case of 195616 (Figure 4 left), the spectroscopic
redshift (zspec = 3.255) is similar to the photometric red-
shift (zphot = 3.09) and therefore, unsurprisingly, there is
little difference between the SM and SFR estimates derived
by FAST++ from the UV-to-NIR photometry at zphot and
zspec (columns 2 and 3 of Table 2; open gray and black
triangles in the left panel of Figure 4). The SM estimates
obtained using CIGALE are consistent within 0.1 dex with
those from FAST++, when using either the same UV-to-
NIR photometry (open blue hexagon) or the UV-to-radio
photometry (filled blue hexagon). The CIGALE SFR esti-
mate using the UV-to-NIR photometry is also similar to that
from FAST++. However, the CIGALE SFR estimate using
the UV-to-radio photometry results in a somewhat (∼3-5×)
higher SFR estimate of 62.5± 9.6 M⊙yr−1, consistent with
the SFMS value for the highest mass bin derived from the
UltraVISTA catalog. This increase reflects the contribution
of mildly obscured star formation, consistent with its modest
dust attenuation (AV = 0.68± 0.09).
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Figure 4. The SFR-stellar mass plane showing COS-DR3-195616 (left) and COS-DR1-209435 (right). The population of galaxies in the
UltraVISTA DR3 (DR1) catalog within a redshift range of zspec±0.5 of each UMG is indicated by the gray contours. The green symbols show
the median SFR in bins of 0.5 dex in stellar mass, with error bars representing the 16th and 84th percentiles of the distribution of SFR among
galaxies in each bin. The median sSFR of the highest mass bin is shown as a dashed green line with log(sSFR/Gyr−1) ∼ −0.64 (−0.99) for
the DR3 (DR1) population. The open gray and black triangles show the FAST++ fits the UV-NIR SEDs at the photometric and spectroscopic
redshifts, respectively. The open and filled blue and red hexagons show the CIGALE fits the UV-NIR and UV-radio SEDs, respectively, at the
spectroscopic redshifts (see Section 4 and Tables 2 and 3).

However, in the case of 209435 (right panel in Figure 4),
the various methods result in notable differences in the SM
and SFR estimates. The spectroscopic redshift (zspec =

2.48) differs significantly from the photometric estimate
(zphot = 3.76), and this result in significant differences in
the FAST++ SM and SFR estimates derived from the UV-
to-NIR photometry (columns 2 and 3 of Table 3; open gray
and black triangles in the right panel of Figure 4), and in
the CIGALE SM and SFR estimates derived from the UV-
to-NIR and UV-to-radio photometry (columns 4 and 5 of
Table 3; open and filled red hexagons in the right panel
of Figure 4). Focusing on the four SM estimates first, we
note that while the differences among them are larger than
those for 195616, the largest contributing factor is caused by
the offset between the photometric and spectroscopic red-
shift. When adopting only the spectroscopic redshift, the
estimates of SM from the different photometry/fitting codes
are in agreement within 0.3 dex (columns 3-5). The story
becomes more interesting when we turn to the SFR. Anal-
ysis of the UV-to-NIR photometry suggests that 209435 is
forming stars at a very low rate of less than 14 M⊙ yr−1, im-
plying that the galaxy is in the final stages of shutting down
star formation (see columns 2–4 in Table 3). However, the
CIGALE estimate of SFR derived from the full UV-to-radio
SED (column 5) paints a much different picture, revealing
that 209435 is actually undergoing intense star formation at
a rate of 389.1± 83.4 M⊙yr−1 with heavy dust obscuration
(AV = 2.92±0.19). The dust-to-stellar mass ratio of 209435
(Mdust/M⋆ = 10−1.7) is slightly elevated compared to typi-
cal main-sequence galaxies at the similar mass and redshift

(Mdust/M⋆ ∼ 10−2; Scoville et al. 2017; Tacconi et al.
2018), further supporting its classification as a DSFG.

As a sanity check, we also estimated parameters using
modified MAGPHYSwith “high-z” expansion (da Cunha et al.
2015), including the AGN template (Chang et al. 2017; da
Cunha & Battisti et al. in prep.). We obtained similar esti-
mates for SM and SFR as when we utilized CIGALE. We
conclude that the very elevated SFR for 209435 derived from
CIGALE when including FIR-to-radio data is not due to sys-
tematic differences between SED fitting codes, but rather un-
derscores the importance of FIR observations to accurately
recover hidden star formation in dusty galaxies. However,
in contrast to CIGALE, MAGPHYS lacks a radio module and
does not consider AGN radio emission in the SED fitting.
Consequently, in the following sections, we use the SFR and
SM estimates obtained from the UV-to-radio SED fits with
CIGALE to investigate additional properties of our galaxies.

4.3. Molecular Gas Mass and Depletion Timescale

FIR observations, which trace the full dust emission, al-
low us to estimate molecular gas masses and gas depletion
timescales. These quantities are essential for understanding
the molecular gas reservoir and the mechanisms that fuel or
quench star formation. In the following section, we present
estimates of molecular gas mass and gas depletion timescale
for each UMG and then explore implications for their evolu-
tion.

4.3.1. Molecular Gas Mass
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Table 4. Molecular gas mass and depletion timescales estimated from Rayleigh-Jeans tail dust continuum calibration methods of Scoville et al.
(2016) and Hughes et al. (2017) and gas-dust ratio (δGDR) method.

UMG log Mgas,mol[M⊙] log tdep[yr] log Mgas,mol[M⊙] log tdep[yr] log Mgas,mol[M⊙] log tdep[yr]

Scoville et al. (2016) Hughes et al. (2017) Gas-to-Dust Ratio

DR3-195616 10.43+0.11
−0.11 8.63+0.11

−0.15 10.50+0.31
−0.31 8.71+0.31

−0.31 10.34+0.22
−0.36 8.54+0.22

−0.37

DR1-209435 11.75+0.10
−0.13 9.16+0.12

−0.18 11.60+0.32
−0.32 9.01+0.33

−0.33 11.52+0.22
−0.22 8.93+0.24

−0.24

Several studies have shown that the molecular gas masses
of galaxies correlate tightly with the dust continuum lumi-
nosity in the Rayleigh-Jeans (RJ) tail of their SED (e.g.,
Scoville et al. 2014, 2016; Groves et al. 2015; Hughes
et al. 2017). In this work, we adopt the empirically derived
luminosity-to-mass ratio (αν) from Scoville et al. (2016):

αν ≡
〈
Lν850µm

Mmol

〉
= 6.7± 1.7× 1019 erg s−1 Hz−1 M−1

⊙ .

(1)
It is common practice to scale ALMA observations to

RF 850µm and use equation (1) to estimate the molec-
ular gas mass when the observation probes the RJ tail
(λrest > 250 µm). However, at the redshifts of these UMGs,
Band 7 (872 µm) corresponds to λrest = 206.4 µm for
195616 and λrest = 250.4 µm for 209435. Instead, we es-
timated the RF 850µm luminosity (Lν850,µm

) directly from
the CIGALE fit. To account for differences between the
CIGALE-derived dust temperatures and the value of 25K
utilized in Scoville et al. (2016) calibration, we applied
a correction to the RF 850µm luminosity using the ra-
tio, Bν(850, 25K)/Bν(850, Tdust), where Bν(λ, Tdust) is the
Planck function and Tdust is derived from CIGALE using the
model in Draine et al. (2014). This correction factor is 0.77
for 195616 and 1.06 for 209435. Molecular gas mass esti-
mates based on Scoville et al. (2016) are shown in Table 4.

For comparison, we also estimate the molecular gas mass
in two additional ways. Firstly, we utilize the dust contin-
uum method once again, but adopt the Hughes et al. (2017)
calibration, which also relies on 850µm luminosity, but is
based on a different empirical relation than Scoville et al.
(2016). The resulting molecular gas mass estimates differ by
less than 0.15 dex. Secondly, we adopt the dust mass ob-
tained from the dust emissivity model (Draine et al. 2014) in
the CIGALE SED fits and estimate the molecular gas mass
based on the gas-to-dust ratio. The estimate carry uncertain-
ties due to assumptions about both the gas-to-dust ratio and
the molecular gas fraction. Further details of the dust-mass
derivation are provided in Appendix A. Table 4 presents the
molecular gas mass (and depletion timescale) estimates de-
rived from these two additional methods, showing consis-
tency within 0.2 dex. Therefore, we utilize the Scoville et al.
(2016) values, hereafter.

Figure 5 shows molecular gas mass versus stellar mass
with 195616 shown by the solid blue star and 209435 by the
solid red star. The top and right panels show the normalized
histograms of stellar mass and molecular gas mass, respec-
tively, for A3COSMOS (ALMA-detected) galaxies with a
spectroscopic redshift of zspec± 0.4 of each UMG’s spectro-
scopic redshift (see also Table 5). The colored contours en-
close 25%, 50%, and 75% of the galaxy population, showing
the two-dimensional density distribution for A3COSMOS
galaxies in the redshift range 2.1 ≤ z < 2.9 (red) and
2.9 ≤ z < 3.7 (blue), constructed using a KDE to smooth
the invididual data points and highlight regions of higher
and lower source density. For consistency, we adopt the
A3COSMOS molecular gas masses from Liu et al. (2019b),
derived from dust continuum observations using the method
of Scoville et al. (2016). However, we note that the Liu et al.
(2019b) approach does not include any possible AGN con-
tribution, which may lead to overestimates of both SFR and
molecular gas mass. The open colored circles show medians
with 3σ bootstrap uncertainties. The dashed black lines show
gas-to-stellar mass ratios of 0.1, 0.3, and 1.

Within the scatter, there does not appear to be any
significant difference between the molecular mass-stellar
mass relationship between the two redshift ranges. At
the high mass end, both populations appear to lie close
to the Mmol/M⋆ = 1 relationship. The dusty star-forming
galaxy, 209435 (red star), has a high molecular gas-to-stellar
mass ratio (Mmol/M⋆ = 2.33± 0.83). It has one of the
largest molecular gas reservoirs of all of the galaxies in the
A3COSMOS catalog at the similar redshifts. In contrast,
195616 (blue star) has a very low gas-to-stellar mass ra-
tio (Mmol/M⋆ = 0.12± 0.03), making it one of the small-
est molecular gas reservoirs of all of the galaxies in the
A3COSMOS catalog at a similar redshift. We shall return to
discuss possible reasons for this small molecular mass reser-
voir in Section 5.2.

4.3.2. Depletion Timescale

Table 6 summarizes the stellar and gas properties of the
two UMGs discussed in the following section. Figure 6
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Figure 5. Molecular gas mass versus stellar mass with 195616
(209435) shown by the solid blue (red) star. The top and right
panels show the normalized histogram of stellar mass and molec-
ular gas mass, respectively, for A3COSMOS galaxies in the redshift
range 2.1 ≤ z < 2.9 (red) and 2.9 ≤ z < 3.7 (blue). The col-
ored contours enclose 25%, 50%, and 75% of the galaxy population,
showing the two-dimensional density distributions for A3COSMOS
catalog in each redshift range, constructed using kernel density esti-
mation. The open colored circles show medians, with 3σ bootstrap
uncertainties. The dashed black lines show gas-to-stellar mass ratios
of 0.1, 0.3 and 1. The magenta vertical line in the top panel shows
the lower mass limit (log(M⋆/M⊙) > 11) used to make Fig. 6.

Table 5. Number of A3COSMOS Galaxies (Fig. 5) and Number above
the SM limit of log(M⋆/M⊙) > 11 (Fig. 6) as a function of redshift
range.

Redshift Total UMGs

2.1 ≤ z < 2.9 315 174
2.9 ≤ z < 3.7 224 93

shows molecular gas mass as a function of star formation
rate (left) and gas depletion timescale (tdep = Mmol/SFR)
as a function of specific star formation rate (right). The sym-
bols are as in Figure 5. However, to minimize the effect of
stellar mass, we limited the analysis to A3COSMOS galax-
ies with a stellar mass of log(M⋆/M⊙) > 11 (magenta line
in Figure 5) in creating Figure 6. As can be seen from Ta-
ble 5, approximately half of all of the A3COSMOS galax-
ies in each of the two redshift ranges have a stellar mass of
log(M⋆/M⊙) > 11. The dashed lines in the left panel of Fig-
ure 6 correspond to gas depletion timescales of 50 Myr, 500

Myr, and 5 Gyr, indicating the time it would take for galax-
ies to consume all of their molecular gas if they continued to
form stars at their current SFR.

In Figure 6, both 195616 and 209435 stand out as outliers
on both the Mmol−SFR diagram (left panel) and tdep−sSFR
diagram (right panel). The dusty star-forming UMG, 209435,
despite having one of the largest molecular gas reservoirs
among its peers, log(Mmol/M⊙) = 11.75± 0.11, has a rel-
atively typical SFR. This results in a long gas depletion
timescale of more than 1 Gyr (1.44± 0.48 Gyr), indicat-
ing a relatively low star formation efficiency. In con-
trast, 195616 has both a small molecular gas mass of
log(Mmol/M⊙) = 10.43± 0.11 and a low SFR relative to

A3COSMOS galaxies of similar stellar mass and redshift. Its
depletion timescale, tdep = 0.43 ± 0.13 Gyr, is similar to
other A3COSMOS galaxies of similar stellar mass and red-
shift (right panel), suggesting that 195616 is forming stars
with relatively typical efficiency, despite its limited fuel sup-
ply. We note that 195616 exhibits modest AGN contribution
in the FIR (see Section 5.2), which may affect molecular gas
mass estimates, particularly when using the RJ tail calibra-
tion from Scoville et al. (2016). However, this potential con-
tribution from AGN could lead to an overestimate of the gas
mass, which would imply that the true molecular gas mass
for 195616 is even lower and further strengthens the case for
it being an outlier compared to other A3COSMOS galaxies
in Figure 5 and Figure 6.

4.4. Predicted Stellar Mass Evolution

In order to predict the stellar mass evolution of the UMGs,
we assume a constant SFR over one half of the depletion
timescale (0.5×tdep). As shown in Figure 7, the significantly
different molecular gas mass and SFR properties of the two
UMGs result in significantly different stellar mass evolution-
ary pathways. Having already depleted most of its molecular
gas, and with a relatively low SFR of 62.5± 9.6M⊙yr−1,
195616 is anticipated to increase only 0.02 dex in stellar mass
and reach a stellar mass of log(M⋆/M⊙) = 11.38 over the
next 0.21 Gyr. In contrast, 209435 is highly gas-rich and still
actively forming stars at a SFR of 389.1± 83.4 M⊙yr−1. It
is anticipated to increase 0.34 dex in stellar mass, reaching a
stellar mass of log(M⋆/M⊙) = 11.72 over the course of the
next 0.72 Gyr. 195616 is expected to grow by only ∼ 5% in
stellar mass, suggesting it appears to be approaching the end
of its stellar mass assembly. In contrast, 209435 is projected
to more than double its current stellar mass, with an antici-
pated increase of ∼ 120%, indicating it is still in an active
phase of stellar mass growth.

5. DISCUSSION

5.1. AGN Diagnostics
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Figure 6. Molecular gas mass as a function of star formation rate (left) and depletion timescale as a function of specific star formation rate
(right). The symbols are as in Figure 5, but note that only A3COSMOS galaxies with a stellar mass of log(M⋆/M⊙)> 11 were used to make
this figure (see Table 5). The dashed black lines in the left panel correspond to gas depletion timescales of 50 Myr, 500 Myr, and 5 Gyr.

Table 6. Summary of stellar and gas properties.

UMG log M⋆ SFR sSFR log Mgas,mol Mgas,mol/M⋆ tdep log M⋆,final

[M⊙/yr] [M⊙] [Gyr−1] [M⊙] [Gyr] [M⊙]

COS-DR3-195616 11.36+0.04
−0.05 62.47± 9.59 0.28± 0.05 10.43+0.11

−0.11 0.12+0.03
−0.03 0.43± 0.13 11.38+0.04

−0.05

COS-DR1-209435 11.38+0.10
−0.13 389.15± 83.45 1.62± 0.53 11.75+0.10

−0.13 2.33+0.83
−0.83 1.44± 0.48 11.72+0.09

−0.12

Marsan et al. (2017) found that a significant fraction of
3 < z < 4 UMGs host powerful AGN, motivating us to
assess potential AGN existence in our two UMGs. We ana-
lyze a number of AGN diagnostics, as we describe below and
summarize in Table 7.

5.1.1. AGN Fraction and Bolometric Luminosity

In this work, we utilized the SKIRTOR module in
CIGALE to estimate the AGN fraction, fracAGN, defined
as Ldust,AGN/(Ldust,AGN + Ldust,galaxy), where Ldust,AGN

and Ldust,galaxy refer to the luminosity from dust heated by
AGN and from star formation (Yang et al. 2022). UMG
195616 exhibits a relatively high AGN fraction (fracAGN =
0.60 ± 0.03) across the RF 1-3000 µm, indicating that 60%
of the dust-emitted radiation is associated with AGN activ-
ity. In contrast, 209435 has an AGN fraction of 0.31± 0.10.
We further assess the AGN contribution in the mid-infrared
(MIR; RF 1-30 µm), where warm dust heated by AGN or
star formation emits strongly (Draine & Li 2007). As shown
in Table 7, both UMGs exhibit strong MIR AGN fractions

(fracAGN,MIR > 70%), suggesting that warm dust emission
is primarily driven by AGN activity in two UMGs. We
also estimate the fracAGN in the RJ tail (RF 250-1000µm),
the wavelength range used to estimate dust mass and hence
molecular gas mass by the Scoville et al. (2016) method.
The fracAGN for 209435 is only 2% in this regime, indicat-
ing negligible contamination, while 195616 shows a fracAGN

of 18%, suggesting a modest level of AGN influence on
the FIR emission. We conclude, therefore, that the con-
tinuum emission in both galaxies originates primarily from
thermal dust that is heated by the radiation from star forma-
tion. We estimate the Bayesian AGN bolometric luminos-
ity (Lbol,AGN) from the CIGALE SED fitting, which rep-
resents the total AGN emission across all wavelengths, in-
cluding contributions from the accretion disk and dust-heated
infrared emission, as listed in Table 7. Both UMGs show
Lbol,AGN > 1045 erg s−1, placing them among the popula-
tion of luminous AGNs where the AGN likely plays a signif-
icant energetic role in the host galaxy (Juneau et al. 2013).
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Figure 7. Stellar mass evolution predictions for COS-DR3-195616 (blue) and COS-DR1-209435 (red) assuming a constant SFR for one half of
the gas depletion timescale. Black empty stars and violet crosses are as in Figure 1. COS-DR1-209435 is anticipated to grow in stellar mass to
log(M⋆/M⊙) = 11.72 within 0.72 Gyr and COS-DR3-195616 to log(M⋆/M⊙) = 11.38 within 0.21 Gyr. Open circles show spectroscopically
confirmed quiescent massive galaxies from the literature.

5.1.2. X-ray and Radio AGNs

To further assess evidence for AGN activity, we search
for counterparts in the Chandra COSMOS-Legacy catalog
(Civano et al. 2016), identifying only 195616 as an X-ray
source within a search radius of 1′′, with a positional offset
of 0.11′′ from the optical counterpart. We use equation (4)
from Marchesi et al. (2016) to estimate the RF 2 − 10 keV
luminosity as L2−10keV,rest = 2.17± 0.23× 1044 erg s−1,
assuming a photon index of Γ = 1.4 (Marsan et al.
2022). This exceeds the commonly adopted AGN thresh-
old of L2−10keV,rest > 1044 erg s−1 for galaxies at z > 2

(Juneau et al. 2013; Lamastra et al. 2013), leading us to
classify 195616 as an X-ray-identified AGN. Assuming the
Eddington-limit accretion, Lbol/LEdd = 1, we derive a
lower limit on the black hole mass of MBH ≳ 1.7× 107 M⊙.
If the AGN is sub-Eddington, the true mass could be sig-
nificantly higher, suggesting the existence of a supermassive
black hole in the center of 195616.

Both UMGs are detected at VLA 1.4 GHz
(SNR > 3σ) with the radio luminosities of
L1.4GHz = 2.6± 0.6× 1024 W Hz−1 for 195616 and
L1.4GHz = 4.0± 1.1× 1024 W Hz−1 for 209435, derived
using equation (7) from Butler et al. (2018) with a spectral
index of α = −0.8 (Marsan et al. 2017). We classify a source
as radio-loud AGNs if it meets either of the following crite-
ria: (1) RF L1.4GHz > 1025 W Hz−1 (Butler et al. 2018), or
(2) radio-loudness parameter RAGN > 10 (Yang et al. 2022),

derived from CIGALE SED fitting. Both UMGs fall below
these thresholds and are thus classified as radio-quiet AGNs,
where the emission is primarily radiative rather than jet-
driven. As shown in Figure 3, the observed radio fluxes are
well fit by the SED model without excess indicative of a jet.
The AGN component is prominent in the mid-IR, consistent
with thermal dust from a torus, supporting the radio-quiet
AGN classification.

5.1.3. Emission Lines

Emission line ratios are also widely used to identify
AGN activity (Baldwin et al. 1981). For 195616, we de-
tected [O III]λ5007 and Hβ emission lines in the MOS-
FIRE K-band spectrum (Figure 2), with a line flux ratio of
log f5007/fHβ = 0.79± 0.08, which is suggestive of poten-
tial AGN activity (Wuyts et al. 2016; Forrest et al. 2020b). At
209435’s lower spectroscopic redshift, [O III]λ5007 and Hβ

fall outside the K-band, but [N II]λ6584 and Hα are detected
with a flux ratio of log f6584/fHα = −0.21± 0.11. Consid-
ering the uncertainties, we cannot definitively rule out star
formation as the dominant source of the nebular emission in
209435 based on the Kewley et al. (2001) diagnostic. No-
tably, Forrest et al. (2024b) modeled the blended [N II]λ6584
and Hα emission lines 209435, fitting a narrow Hα compo-
nent, finding no evidence for a broad Hα component. With
the [O III]λ5007 line luminosities of 195616, we estimate
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Table 7. AGN classification for two UMGs.

UMG X-ray AGN Radio-AGN SED fAGN SED fAGN,MIR AGN Bolometric Luminosity Emission Line Ratios

(RF 3–1000 µm) (RF 1–30 µm) [erg s−1]

DR3-195616 Yes Radio-quiet 0.60± 0.03 0.73 4.1± 0.4× 1045 [OIII]5007/Hβ = 6.22± 1.16

DR1-209435 No Radio-quiet 0.31± 0.10 0.89 7.5± 3.2× 1045 [NII]6584/Hα = 0.62± 0.16

Lbol,AGN = 1.70 ± 0.99 × 1045 erg s−1 using the relation
from Juneau et al. (2013). This value is consistent within an
order of magnitude with the SED-derived estimate in Table 7,
with the higher SED-based luminosity likely reflecting dust
attenuation of the RF optical lines and the more comprehen-
sive coverage of the SED.

5.2. UMG Nature and Evolutionary Path

In this work, we studied two UMGs that capture distinct
and critical stages of massive galaxy evolution, shaped by
the interplay between gas, star formation, and AGN activity.
Our analysis reveals that 195616 has a relatively suppressed
specific star formation rate of log(sSFR) = −9.82 yr−1. Its
gas-to-stellar mass ratio of 12% is significantly lower than
that of A3COSMOS galaxies of similar stellar mass and red-
shift, but remains higher than the typical ratio (about 1%)
found in local quiescent galaxies (Lisenfeld et al. 2017).
Moreover, 195616 has a gas depletion timescale of ∼500
Myr, consistent with a typical star formation efficiency for
star-forming galaxies at this epoch. These properties, along
with its position in the quiescent wedge of the UVJ diagram,
indicate that 195616 is likely in the quenching process and
transitioning toward quiescence at z > 3, as its remaining
gas reservoir is no longer capable of sustaining high star for-
mation. Notably, 195616 exhibits a lower SFR than other
ALMA-detected galaxies at similar redshift and stellar mass.
Its RMS (0.13 mJy/beam) does not reflect an atypical ob-
servational depth, indicating that 195616 was not detected
due to an abnormally long exposure time. 195616 may thus
represent a class of unobscured, low star-forming ALMA
sources where AGN activity powers the infrared emission.
Our findings support a scenario where the AGN may have
contributed to the ongoing quenching of 195616 by ejecting
or disrupting the cold gas reservoir, thereby depleting the fuel
available for star formation. This mechanism is consistent
with recent observational studies that identify AGN-driven
outflows of neutral and ionized gas as a key factor in sup-
pressing star formation during the transitional phase of mas-
sive galaxies at z ≳ 2 (Belli et al. 2024; Davies et al. 2024;
Bugiani et al. 2025).

In the case of 209435, we have a strikingly different story.
Our analysis shows that it remains actively star-forming, with
a moderately high SFR and a substantial cold gas reser-

voir, exceeding that of galaxies at similar redshift and stellar
mass. This leads to a longer depletion timescale compared to
A3COSMOS galaxies, indicating that its large gas reservoir
is being converted into stars less efficiently. These results
suggest that 209435 is still undergoing stellar mass assembly
given its substantial gas reservoir, indicating an active growth
stage, at an earlier evolutionary phase than 195616, and not
yet transitioning toward quiescence. Despite the lack of an
X-ray detection, we identify the existence of AGN activity
based on its high MIR AGN fraction (fAGN,MIR = 89%)
and elevated AGN bolometric luminosity inferred from SED
fitting. The significant dust extinction (AV = 2.92± 0.19)
indicates that the AGN is deeply embedded in dust and gas,
which potentially absorbs X-ray emission while allowing re-
processed mid-IR and radio signals to escape. The coexis-
tence of vigorous star formation and abundant cold gas in-
dicates that 209435 may be at an earlier evolutionary phase
than 195616, where AGN feedback has not yet suppressed
star formation but may begin to play a regulatory role as the
UMG evolves. The large gas reservoir currently fuels star
formation, but may also provide the conditions necessary for
AGN-driven outflows or heating that could contribute to fu-
ture quenching.

5.3. Importance of FIR/Radio Observations in Determining
Redshift, Dust, and SFR

As we showed in Section 4.2, the addition of FIR/radio ob-
servations revealed that both UMGs have higher and better-
constrained SFRs than would have been inferred from UV-
to-NIR photometry alone. This is particularly important for
209435, whose red SED led to an overestimated photomet-
ric redshift and underestimated dust content and SFR when
using only UV-to-NIR data. The additional FIR/radio ob-
servations reveal that it is more dust-obscured and actively
star-forming than previously inferred. But for the less dusty
195616, the inclusion of FIR photometry leads to only mi-
nor changes in estimated SFRs (∆ log SFR < 1) and stel-
lar masses (∆ log(M⋆/M⊙) < 0.1). Therefore, we are
able to definitively classify 209435 as a heavily dusty star-
forming UMG and 195616 as a less-dusty quenching (rather
than quenched) UMG. Notably, the stellar mass estimates for
two UMGs from the UV-NIR and UV-radio SED fitting agree
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within 0.3 dex, indicating that stellar mass measurements are
robust against the inclusion of FIR data.

Therefore, our analysis demonstrates that relying solely
on UV-to-NIR photometry risks systematically missing or
misclassifying dust-obscured galaxies, potentially introduc-
ing significant biases in star formation rate estimates. By
extending the wavelength coverage to the far-IR and radio,
we gain access to the dust-obscured star formation and cold
gas reservoirs that UV-NIR data cannot probe. This allows
us to measure molecular gas masses, depletion timescales,
and stellar mass growth, providing key insights into the gas
that fuels star formation and regulates galaxy evolution. Be-
yond tracing star formation, these longer-wavelength data
also enable a more complete quantification of AGN activity.
As shown in Section 4.1.4, both UMGs are characterized by
strong mid- to far-IR emission and significant obscuration at
shorter wavelengths. Without FIR data, the AGN contribu-
tion and the full energy output of these high-redshift galaxies
would have been missed. Overall, our work highlights the
essential role of far-IR and radio observations in fully char-
acterizing the star formation, gas content, and AGN activ-
ity of massive galaxies, particularly during the dust-obscured
phases of their evolution in the early Universe.

6. CONCLUSIONS

We matched publicly available ALMA (and other long-
wavelength) observations from the A3COSMOS cata-
log to two spectroscopically-confirmed UMGs from the
MAGAZ3NE survey, COS-DR3-195616 (zspec = 3.255)
and COS-DR1-209435 (zspec = 2.481). By adding ten FIR-
to-radio passbands to the existing UV-to-NIR MAGAZ3NE
catalogs, we created new UV-to-radio photometric catalogs,
which enabled a comprehensive, multi-wavelength analysis
of the obscured star formation, gas content, and AGN activ-
ity in these two high-redshift galaxies. Our findings were as
follows:

1. We explored how three factors, spectroscopic versus
photometric redshift, choice of SED fitting code, and
wavelength coverage (UV-NIR versus UV-to-radio),
affected the key properties of the two UMGs. For
195616, whose photometric and spectroscopic red-
shifts are similar, we found that the SM estimates re-
mained stable when derived by FAST++ or CIGALE
using either the UV-to-NIR or the UV-to-radio pho-
tometry. However, the addition of FIR-to-radio data
revealed a higher SFR, within 1 dex of the UV-NIR-
only estimate, reaching 62.5± 9.6 M⊙yr−1. In con-
trast, for 209435, the photometric redshift was sig-
nificantly overestimated relative to the spectroscopic
redshift. Utilizing only the spectroscopic redshift, the
estimates of SM from the different photometry/fitting
codes were in agreement within 0.3 dex, but the SFR

changed dramatically. The UV-NIR analysis (using
either FAST++ or CIGALE) suggested it was a qui-
escent galaxy with SFR ≤ 14M⊙yr−1, while the full
UV-radio SED fit revealed a much higher SFR of
389.1± 83.4 M⊙yr−1.

2. Our analysis showed that the difference in SFR es-
timates from UV-NIR and UV-to-radio data was pri-
marily driven by dust attenuation. UMG 209435, lo-
cated in the upper-right region of the UVJ diagram,
showed substantial dust obscuration, which led to an
UV-NIR underestimate of its star formation and con-
tributed to its overestimated photometric redshift. By
contrast, 195616, which lies in the quiescent wedge,
had lower attenuation, allowing UV-NIR analyses to
more accurately recover its star formation. The full
UV-to-radio analysis revised our understanding of the
nature of these two galaxies, revealing 195616 to be an
unobscured, quenching galaxy rather than a recently
quenched UMG and 209435 to be a heavily obscured,
actively star-forming system.

3. We estimated molecular gas masses using the RJ tail
dust continuum measurement method. The quenching
galaxy, 195616, was shown to be a gas-poor UMG,
with one of the smallest molecular gas reservoirs and a
much lower gas-to-stellar mass ratio among galaxies of
similar mass and redshift. In contrast, the dusty star-
forming UMG, 209435, exhibited one of the largest
molecular gas reservoirs among its peers, reflected in
its high molecular gas ratio and substantial cold gas
supply available for star formation.

4. Both 195616 and 209435 appear as outliers in
Mmol−SFR and tdep−sSFR diagrams. UMG 195616
has low gas mass and reduced SFR relative to
A3COSMOS peer galaxies, but showed a depletion
timescale typical for A3COSMOS galaxies of simi-
lar mass and redshift. This indicated that 195616 was
forming stars with relatively typical efficiency, despite
its limited fuel supply. In contrast, 209435, despite
hosting an exceptionally large molecular gas, has a rel-
atively typical SFR amongst its peers, resulting in a
prolonged gas depletion timescale of more than 1 Gyr,
indicative of low star formation efficiency and stellar
mass assembly.

5. The two UMGs are predicted to follow different stel-
lar mass growth trajectories, due to the contrast in their
molecular gas reservoirs and SFRs. UMG 195616 has
already depleted most of its molecular gas reservoir
and is anticipated to experience minimal future stellar
mass growth. In contrast, 209435 is anticipated to in-
crease 0.34 dex in stellar mass, reaching a stellar mass
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of log(M⋆/M⊙) = 11.72 over the course of the next
0.72 Gyr.

6. We presented multi-pronged evidence for significant
AGN activity in both UMGs, revealed through a com-
bination of X-ray, infrared, and emission line diagnos-
tics, as well as high AGN fractions and bolometric lu-
minosities from SED fitting. In 195616, our findings
supported a scenario where the AGN may have con-
tributed to depleting the cold gas supply, potentially
resulting in its quenching. Meanwhile, 209435 con-
tinues to form stars despite hosting an obscured AGN,
suggesting that AGN feedback has not yet suppressed
star formation but may begin to play an important role
as the galaxy evolves.

This work reveals two UMGs captured at distinctively dif-
ferent evolutionary stages: one appears to be caught in the
midst of rapid quenching, demonstrating AGN activity and
with little remaining molecular gas; the other appears to be
vigorously forming stars sustained by a rich gas reservoir.
Our work shows the importance of FIR-to-radio observations
for accurately inferring the nature and properties of galaxies

at z ≳ 3. While UV-NIR observations alone can provide
robust stellar mass estimates for less-obscured galaxies, they
often fail to capture obscured star formation and hidden AGN
activity, particularly in dusty systems. By adding FIR and
radio photometry, we were able to recover obscured SFR, re-
veal the molecular gas reservoirs fueling SF and the growth
in stellar mass, and quantify the AGN contribution across the
full wavelength range, thus revealing the true pathways of
UMG formation and quenching at early times.
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Table 8. Summary of CIGALE SED fitting model parameters.

Component Module Parameter Fitting Values

(1) (2) (3) (4)

Star formation history sfhdelayed tau main (Gyr) 100, 500, 1000, 3000, 5000
age main (Myr) 500, 1000, 1500, 2000, 2500
age burst (Myr) 10, 40, 70
f burst 0, 0.0001, 0.001, 0.01, 0.1, 0.3

Simple stellar population BC03 IMF Chabrier (2003)
Metallicty 0.02

Nebular Emission Gas metallicity 0.005, 0.012, 0.02, 0.03
Dust attenuation modified starburst E BV lines 0.1, 0,3, 0.5, 0.7, 1, 1.3, 1.5

uv bump amplitude 0.0, 1.5, 3
powerlaw slope -0.4, -0.2, 0

Dust emission dl2014 Mass fraction of PAH (qpah) 0.47, 1.12, 1.77, 2.5, 4.58
Minimum radiation field (umin) 0.1, 1, 5, 10, 15
Power-low index of radiation field intensity (alpha) 1, 2, 3

AGN skirtor2016 viewing angle (i) 30◦ (type 1), 70◦ (type 2)
AGN contribution to IR luminosity (fracAGN) 0.1 to 0.99 (in steps of 0.1)
Polar dust color excess 0.03, 0.1, 0.2, 0.3

Radio SF radio-IR correlation parameter (qIR) 2.4, 2.5, 2.6, 2.7
Radio-loudness parameter (RAGN) 0.1 ,1, 5, 10, 50, 100

NOTE—For parameters not listed here, we use the default values from CIGALE v2022.1.

APPENDIX

A. MOLECULAR GAS MASS FROM DUST MASS

Here, we describe the procedure we used to estimate
molecular gas mass (Mgas,mol) from dust mass (Mdust).
CIGALE provides estimates of both the dust mass from the
Draine et al. (2014) dust emission module and the gas-phase
metallicity (Zgas) from the nebular emission module. We
convert metallicity, Zgas, into oxygen abundances (12 +

log(O/H)) using the calibration from Asplund et al. (2009).
A more detailed discussion of oxygen abundance is provided
in Appendix B. Our method follows a four-step process: (1)
we estimate the gas-to-dust ratio (δGDR = Mgas,tot/Mdust;
where Mgas,tot = Mgas,mol + Mgas,atomic) based on the oxy-
gen abundance using the broken power-law relation in Ta-
ble 1 of Rémy-Ruyer et al. (2014); (2) we calculate the
total gas mass (Mgas,tot = Mdust × δGDR), including
both molecular and atomic components; (3) we estimate the
fraction of molecular to total hydrogen (fmol) from oxy-

gen abundance using the empirical relation from Krumholz
et al. (2009); (4) we derive the molecular gas mass as
Mgas,mol = fmol ×Mgas,tot.

B. GAS-PHASE METALLICITY

We compare the SED-derived gas-phase metallicities with
those predicted by established mass-metallicity relations
(MZRs) and the fundamental metallicity relation (FMR) in
Table 9. Additionally, for 209435, the [N II]λ6584/Hα flux
ratio is used to infer the gas-phase metallicity via the N2 in-
dex method (Pettini & Pagel 2004). Our results show that the
SED-derived gas metallicities agree well with the estimates
from MZRs/FMRs and the N2 index, with a scatter of 0.1
dex. Compared to the MZR-based estimates, the CIGALE-
derived oxygen abundance has a larger uncertainty, espe-
cially for 195616. When estimating the molecular gas mass,
we adopt the MZR-derived oxygen abundance from Maiolino
et al. (2008) for 195616, while for 209435, we instead adopt
the oxygen abundance estimated using the N2 diagnostic.
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Table 9. Oxygen abundance from CIGALE SED fitting, mass-
metallicity relations, fundamental metallicity relation, and N2 in-
dex calibration. We take all MZRs/FMRs as reference calibrations
to compute σscale, defined as the average offset between the SED-
derived metallicity and the values predicted by these relations.

Method Reference DR3-195616 DR1-209435
SED CIGALE 8.614+0.186

−0.332 8.881+0.132
−0.191

MZR Genzel et al. (2015) 8.626+0.008
−0.010 8.667+0.015

−0.022

MZR Maiolino et al. (2008) 8.620+0.011
−0.012 8.904+0.016

−0.022

MZR Ma et al. (2016) 8.654+0.015
−0.017 8.753+0.034

−0.044

FMR Mannucci et al. (2010) – 8.753+0.029
−0.031

Calib. PP04 N2 index – 8.782+0.180
−0.180

Unc σscale 0.019 0.123
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