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Abstract

Recent discoveries of dust and molecular gas in quiescent galaxies (QGs) up to z ~ 4 challenge the long-standing
view that the interstellar medium depletes rapidly once star formation ceases, raising key questions of whether dust
and gas coevolve in QGs, and how their depletion links to stellar aging. We present deep Atacama Large Milli-
meter/submillimeter Array Band 6 continuum and CO(3-2) observations of 17 QGs at z ~ 0.4 in the COSMOS
field. Using the dust-to-molecular gas mass ratio (Opggr) as a key diagnostic, we trace postquenching evolution of the
cold interstellar medium. Our study triples the number of QGs with direct 6pgr estimates, constraining 12 systems
with stellar population ages of ~5—10 Gyr. For the first time, we show that dpgr in QGs ranges from ~8x below to
~2.5x above the canonical value of épgg ~ 1/100. Despite uniformly low molecular gas fractions (median
fu, = My,/M, ~ 4.1%), QGs follow diverse evolutionary paths: about half exhibit rapid (~700 Myr) exponential
dust decline with age, while the rest show mild decline over 22 Gyr, maintaining elevated Spgr 2 1/100. Our
results support simulations' predictions of dust and molecular gas evolving independently postquenching, without a
preferred quenching mode. This challenges the use of dust continuum as a H, tracer, implying that quenching cannot
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be robustly linked to interstellar medium conditions when relying solely on dust or gas.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Interstellar dust (836); Interstellar mole-

cules (849)

1. Introduction

Quiescent galaxies (QGs) are known to host little to no star
formation, as quenching processes transform their interstellar
medium (ISM), suppressing stellar activity. While their stellar
component has been extensively studied out to z~7
(A. Weibel et al. 2025), its connection to quenching and late-
stage cold ISM evolution remains poorly understood. The
long-standing paradigm of QGs being deprived of cold ISM is
now challenged by growing evidence of significant molecular
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gas and dust up to z ~ 4. These seminal works push the limit of
faint ISM detection via stacking (A. W. S. Man et al. 2016,
R. Gobat et al. 2018; G. E. Magdis et al. 2021), a few indi-
vidual Atacama Large Millimeter/submillimeter Array
(ALMA) detections (T. Morishita et al. 2022; M. M. Lee et al.
2024; J. S. Spilker et al. 2025), or via reddened attenuation
profiles observed with the James Webb Space Telescope
(JWST; D. J. Setton et al. 2024; J. C. Siegel et al. 2025).
Interpreting such measurements is challenging because a
wide range of methods often compensates for the lack of
individual detections. Estimates of cold molecular gas masses
(My,) make use of CO and [C1I] signatures, and are mostly
biased to recently quenched or ultramassive systems (S. Belli
et al. 2021; C. C. Williams et al. 2021; R. Bezanson et al.
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Figure 1. (a) Selected QGs in the UV]J plane, color-coded by sSFR. (b) Evolution of dpgr with sSFR, #,, and M,. Large circles mark QGs detected with ALMA (10
in both CO and dust, 1 in either CO or dust); triangles show nondetections in both CO and Band 6 dust continuum. Small points are literature QGs at z ~ 1
(J. S. Spilker et al. 2025). For all symbols, the lower or upper limits of épgr are denoted with arrows. Solid lines show fast and slow quenching tracks for z ~ 0.4
QGs from SIMBA (G. Lorenzon et al. 2025). The horizontal line marks the canonical pgr ~ 1/100.

2022; P.-F. Wu et al. 2023; A. Zanella et al. 2023; K. A. Suess
et al. 2025; H. Umehata et al. 2025). For more evolved QGs,
such constraints are rare (J. Spilker et al. 2018), and typically
rely on the use of dust continuum (D. Donevski et al. 2023)
from stacking (R. Gobat et al. 2018; G. E. Magdis et al. 2021;
D. Blanquez-Sesé et al. 2023; S. Adscheid et al. 2025), since
individual ALMA dust continuum detections are limited to
only a handful of QGs at z~ 1-4 (C. Schreiber et al. 2018;
K. E. Whitaker et al. 2021b; T. Morishita et al. 2022;
M. M. Lee et al. 2024; S. D. Stevenson et al. 2025).

Even when detected, dust traces My, only via assumed dust-
to-gas ratio (dpGr = Maust/Mgas ~ 1/100), calibrated on star-
forming galaxies (SFGs; G. E. Magdis et al. 2012; N. Scoville
et al. 2016) and often treated as redshift independent
(G. Popping et al. 2023). Using this canonical conversion
yields uncertain dust-based H, fractions (~1%-20%; R. Gobat
et al. 2022). Together with the limitations of stacking, this
challenges our understanding of processes acting on the cold
ISM in individual QGs.

Similar disagreement arises in interpreting the dust fraction
(faust = Maust/M,) for which early dust studies find a strong
anticorrelation with stellar population age, suggesting rapid
dust removal within ~150-250 Myr (e.g., Z. Li et al. 2019),
mirroring a fast H, depletion during quenching
(K. E. Whitaker et al. 2021b). However, this uniform picture
has been questioned by works pointing to possible dust
reformation in QGs (D. Donevski et al. 2023) and longer
removal timescales (>1-2 Gyr; M. M. Lee et al. 2024;
M. J. Michatowski et al. 2024). Theoretical studies based on
SIMBA cosmological simulation (R. Davé et al. 2019) further
suggest a complex interplay of molecular gas and dust, pro-
ducing a broad range of dpggr in QGs (K. E. Whitaker et al.
2021a; G. Lorenzon et al. 2025). Whether this diversity reflects
true physical complexity or stems from methodological biases
in probing ISM in QGs remains an open question (R. Gobat
et al. 2022).

Disentangling the impact of quenching pathways from ISM
evolution in QGs requires direct, independent measurements
of both dust and gas masses, i.e., their épggr. Efforts so far have
focused on high-z, where SFGs show an increase in ISM
content from z~ 0 to z~ 2 (L. J. Tacconi et al. 2018), a trend
QGs may share (G. E. Magdis et al. 2021). A first systematic
study of five QGs at z~ 1 reported low but diverse values
(bpgr < 1/300 — 1/1200; J. S. Spilker et al. 2025). However,
the limited sample size and bias toward the most massive and
H,-rich QGs leave open the key question of whether molecular

gas and dust evolve similarly after quenching, and whether this
evolution is solely driven by their stellar properties, such as
age and mass.

In this Letter, we present deep ALMA observations of 17
homogeneously selected QGs at z~ 0.4, simultaneously
probing their cold dust and molecular gas. By jointly mea-
suring dust and H, masses, we aim to provide the first unbiased
view of their coevolution in the late phases of galaxy evol-
ution. Throughout the Letter, we assume a Planck Collabora-
tion et al. (2020) cosmology.

2. Observations of Molecular Gas and Dust in QGs
2.1. Targets

Our ALMA Band 6 observations target 17 QGs in the
COSMOS field drawn from a statistical parent sample of
~500 QGs combining deep, medium resolution spectroscopy
(hCOSMOS; 1. Damjanov et al. 2018) with >15 photometric
bands from homogeneously calibrated catalogs (HELP;
R. Shirley et al. 2019). We refer to D. Donevski et al. 2023
(hereafter D23) for a detailed description of the sample. The
17 targeted QGs are selected to lie within a narrow redshift
range (0.33 <z < 0.43; median of z = 0.36),>* and to be
old (stellar population ages >3-10 Gyr) and massive
(104 < log(M,/M.) < 11.25). The galaxies are required to
simultaneously satisfy multiple criteria for quiescence: pro-
minent 4000 A break (D,4000 > 1.5), no Hs detection from
deep optical spectroscopy, and low specific star formation rate
(sSFR), >0.6 dex below the J. S. Speagle et al. (2014) main
sequence. All targets also satisfy the U-V versus V-J color-color
criteria for quiescence (C. Schreiber et al. 2015; see
Figure 1(a)). Among them, 11/17 show tentative (~20-30)
detections in deblended, low-resolution Herschel PACS and/or
SPIRE maps (D23), while the remaining 6 yield nondetections.

2.2. ALMA Band 6 Observations, Data Reduction, and
Analysis

We use data from ALMA project 2024.1.00814.S (PL
Lorenzon), obtained in multiple observing sessions between
2024 October 4 and December 1 (Cycle 11). Observations
were conducted with the 12 m array in the C-3 configuration,
with varying on-source integration time (30-95 minutes)
totaling 26.4 hr. Band 6 was used to cover both the CO(3-2)
line transition (Vs = 345.796 GHz) and the dust continuum.

24 . R . . .. . .
This minimizes redshift-driven variation in H, mass evolution.
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Integration times were set to reach a signal-to-noise ratio >5 at
continuum. For the six PACS/SPIRE-undetected targets, CO
emission instead set the limiting factor, assuming likely
undetection even with deeper exposures and resulting in ~2x
higher noise levels.

We use CASA (J. P. McMullin et al. 2007) version 6.6.1.17
for both calibration (pipeline 2024.1.0.8) and imaging, con-
ducted with the tclean task with per-source optimization.
Continuum maps were extracted with multifrequency synthesis
on spectral windows with no line features. Continuum-sub-
tracted spectral cubes on the image plane were used to produce
CO moment-zero maps. In both procedures, we use a natural
weighting scheme to maximize the recovery of large faint
structures. We opted for untapered images to avoid con-
tamination from nearby bright sources (4/17 cases; Figure 8 in
Appendix D) and to keep flux extraction homogeneous, having
verified that a heavy taper (2”) raises the measured continuum
fluxes of <10%. The resulting beam sizes of ~0.8-0"9 allow
for resolving most sources over 3—4 beams. We reach deep
background levels of rms=9-15;Jybeam ' in the con-
tinuum and 7-20 mJy beam ' km s~ for the CO line. Fluxes
are extracted using Photutils (L. Bradley et al. 2024) Kron
apertures, selecting regions above 2x rms, and applying
deblending in the case of close continuum emissions. Out of 17
targets, 10 show >30 detections in both dust and CO(3-2), 1
only in continuum, and 1 only in CO (see Figure 8). Among
the remaining five QGs undetected with ALMA in both tra-
cers, four lack archival IR data, while one has Spitzer MIPS
and PACS 100 pm fluxes. Thus, both ALMA-detected and
ALMA-undetected QGs include cases with and without
archival IR detections.

Overall, our sample provides the largest dataset of QGs with
joint dust and H, measurements, tripling known samples
beyond the local Universe. We stack the five ALMA-unde-
tected QGs but find no signal, with 1o sensitivities reaching 5
uly for dust continuum, and 10mJybeam 'kms'
for CO(3-2).

2.3. Physical Properties

To estimate the physical properties of QGs, we use the
v2025 CIGALE code (M. Boquien et al. 2019) and perform
spectral energy distribution (SED) fitting following the meth-
odology from D23. An extended description of our SED fitting
is provided in Appendix A. Briefly, we model the stellar
emission using G. Bruzual & S. Charlot (2003). We apply a
flexible star formation history (SFH) combining delayed and
quenched components, and a two-component attenuation law
with age-dependent reddening (S. Charlot & S. M. Fall 2000).
For dust emission, we employ B. T. Draine & A. Li (2007)
library. Our dataset has broad optical-to-near-infrared (NIR)
coverage (15+ bands) and up to 5 mid-IR to submillimeter
points (detections or upper limits) from D23, supplemented
with our ALMA data and, when available, JWST NIRCam
(14/17 sources) and MIRI (9/17 sources) fluxes (M. Shuntov
et al. 2025). We adopt as our fiducial My, the values derived
from the CIGALE fits. Recent theoretical works have shown
that, because dust SEDs of QGs are often constrained by only
a single measurement on the Rayleigh—Jeans tail, Ty, can be
overestimated and, consequently, My, underestimated
(R. K. Cochrane et al. 2022). To evaluate this potential bias,
we also derive My, with alternative approaches that adopt
different Ty,, and find consistent results (see Appendix B).

Lorenzon et al.

We infer My, by using velocity-integrated fluxes from the
moment-zero map and applying the standard procedure
(P. M. Solomon & P. A. Vanden Bout 2005). We assume a line
ratio of Ry = L'co(3 — 2)/L'co(1 — 0) = 0.5, and a constant
conversion factor aco=4.36 M (Kkm sflpcfz) consistent
with similar works (e.g., A. Smercina et al. 2022, H. Umehata
et al. 2025). This choice also follows J. S. Spilker et al. 2025,
who compared different dust (or gas) detected QGs and is in
line with a nonevolving aco for metal-rich systems across
different redshifts and dust luminosities (L. Dunne et al. 2022).
As in the aforementioned works, we explore the effect of
systematic uncertainties propagated by the unconstrained R3;
and aco (Appendix D). We perform this check first by pro-
pagating uncertainties on the derivation of épgr and then by
constraining the overall sample scatter via a novel use of the
Hierarchical Monte Carlo Method.

Together, this allows us to directly constrain dpgr for the 10
QGs detected in both CO and dust, and to set lower and upper
limits for the CO-only and dust-only detections, respectively.
For the ALMA-undetected source with archival IR data, we
combine its Spitzer/MIPS and PACS 100 pm fluxes with our
1 mm flux upper limit to estimate Mg, and thus an upper limit
on Opgr. For the remaining four ALMA nondetections,
throughout the Letter, we show dpggr resulting from continuum
and CO upper limits.”> The sources and their derived proper-
ties are summarized in Appendix D and Table 1.

3. Direct Probe of dpgr in Old QGs

With our sample, we directly access dpgr, Which quantifies
the fraction of the ISM mass in dust grains (G. Popping et al.
2023). In Figure 1(b), we illustrate a striking diversity in dpgr
across stellar properties, namely sSFR, time since quenching
(t4; defined as a lookback time to the truncation of star for-
mation), and stellar mass (M,). The variation in épgr exceeds
1 order of magnitude, even excluding ALMA-undetected QGs.
This large spread (dpgr ~ 1/700 to 1/40) deviates by ~8x
below and ~2.5x above the canonical value of épgr ~ 1/100,
regardless of how Mgy, and My, are estimated (see
Appendix B). This marks the first direct confirmation that
Opgr in QGs can exceed values typical for SFGs.

The broad range of dpgr suggests that QGs contain complex
ISM despite their low sSFR. Notably, the left and mid-panels
of Figure 1(b) reveal that the highest pgr arises at low sSFRs,
21 Gyr postquenching, weakening the link to residual star
formation. Interestingly, the presence of similarly massive,
dust-attenuated QGs persisting for >1 Gyr after quenching has
recently been independently revealed by MIRI observations
(K. Lisiecki et al. 2025). Although we do not see a strong
anticorrelation with stellar mass, QGs with épgg = 1/100 are
restricted to M, < 10"' M. This supports results from dust
stacking studies at high-z (D. Blanquez-Sesé et al. 2023) and
the idea that the most massive QGs limit pgr due to efficient
dust destruction or heating in massive halos (Y. Zheng et al.
2022; G. Lorenzon et al. 2025; J. S. Spilker et al. 2025).
Similar arguments apply to massive lensed QGs at z 2> 1-2
(C. C. Williams et al. 2021; K. E. Whitaker et al. 2021b),
where continuum nondetections likely reflect rapid dust
removal or destruction rather than insufficient ALMA depth.

In Figure 1(b), we show SIMBA simulation tracks for rapid
and slow quenching modes, separated at a quenching time of

25 These are not listed in Table 1 due to the lack of firm constraints.
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fq~2 X 10% yr (G. Lorenzon et al. 2025).26 These modes
broadly (but not exclusively) reflect feedback efficiencies from
active galactic nuclei (AGN), with long-term gas heating
contributing postquenching. Our QGs span a wide range of 7,
suggesting influence from multiple quenching channels (e.g.,
S. Belli et al. 2021; M. Park et al. 2023). As seen in
Figure 1(b), both ALMA-detected and undetected QGs do not
align cleanly with fast or slow quenching tracks. This suggests
that ISM and stellar properties in QGs are not solely
determined by quenching mode but by a more complex
interplay (G. Lorenzon et al. 2025). The QGs with larger dpgr,
however, are broadly consistent with slow quenching, often
lying above modeled tracks, suggesting that dusty QGs may be
common among slowly quenching, intermediate-mass systems
WM, < 10”M@; G. Lorenzon et al. 2025). Because f, comes
from the CIGALE best-fit SFH, it is sensitive to the SFH
parameterization. To assess the robustness of our fiducial
estimates, we repeat the analysis using a smoother SFH model
(see Appendix D). We find that 74 can vary by up to ~500 Myr,
both below and above the fiducial value, with a tendency
toward larger values. The associated dpgr remains stable,
shifting within the errors, confirming that our SFH choice does
not affect the results shown in Figure 1(b).

In SFGs, épgr variations are often linked to gas-metallicity
(e.g., P. De Vis et al. 2019), but this is unlikely for old QGs,
which occupy a narrow gas-phase metallicity range (e.g.,
F. Pistis et al. 2024). We note that dpgg in this study concerns
H, gas, ignoring atomic HI. Known studies on early-type
galaxies and QGs in the local Universe confirm they can host
significant HT reservoirs (up to >10'° M ; M. J. Michatowski
et al. 2024, S. Ellison et al. 2025). However, none of our QGs
is individually detected in the MeerKAT-HI survey data with a
mass limit down to ~5 x 10° M., (A. Bianchetti et al. 2025).
Applying our observational selection criteria in STMBA, we
find only 13.05% £ 1.08% of QGs above this mass limit.
Furthermore, studies at z~ 0 reveal a decrease in the HI-
detection fraction toward massive QGs (log(M, /M) 2 10.5;
i.e., H. Guo et al. 2021, S. Ellison et al. 2025). We thus find it
unlikely that our QGs are exceptionally H I-rich, and assume
that the spread in dpgr rather reflects diverse timescales for
dust and H, gas evolution, which we explore in the following
sections.

3.1. Evolution of Dust and H, Gas Fraction with Stellar
Population Age

To explore the drivers of dpggr variations in our QGs, we
examine the age evolution of dust fraction (fyuse = Mausi/M,)
and gas fraction (fy, = Myu,/M,). Our sample contains old
systems (mass-weighted ages =3 Gyr), minimizing con-
tamination from recently quenched objects. Combining it with
the depth of our ALMA, we can access previously unexplored
regions of the fy,q—age plane in old QGs (>5-10 Gyr), pro-
viding new constraints on dust depletion timescales.

We probe models with exponential decline (Ae~!/Taw),
adopting short (7qust ~ 0.7 Gyr) and long (7Tgus ~ 2 Gyr)
removal timescales normalized to the typical fy,s of main-
sequence SFGs at z <1 (D. Donevski et al. 2020). These
timescales reflect distinct postquenching evolutionary paths

26 This cut was found in G. Lorenzon et al. (2025) as a broad separation
between the two peaks of the normalized quenching time distribution (see also
F. Rodriguez Montero et al. 2019 and Y. Zheng et al. 2022). The redshift-
dependent cut is applied here to z = 0.36.
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Figure 2. Relation between fy,, and mass-weighted stellar age, color-coded by
H, fraction. As in Figure 1, circles and triangles mark ALMA-detected and
nondetected QGs, respectively, with arrows denoting upper limits. The single
triangle with an fy, constraint corresponds to a PACS-detected but ALMA-
undetected QG. The gray square shows the stacked nondetections in Band 6
dust continuum. Curves trace exponential tracks for fast and slow dust removal
from G. Lorenzon et al. (2025). White symbols indicate literature QGs at
z ~ 2. The shaded region highlights the previously unexplored fy,,—age space
of old QGs.

found in SIMBA (G. Lorenzon et al. 2025), with shorter 74,
corresponding to efficient dust destruction via thermal sput-
tering and heating, typically AGN-driven (i.e., H. Hirashita &
T. Nozawa 2017). Notably, our QGs, as well as dust-studied
ones at z ~ 2 (K. E. Whitaker et al. 2021b; M. M. Lee et al.
2024), do not align with a single track in fy,, with age
(Figure 2), imposing diverse dust depletion (or removal)
timescales. In low-redshift poststarbursts, most studies report
an anticorrelation between dust content and stellar age, finding
that both dust and gas decline on similar timescales (e.g.,
<400Myr; K. D. French et al. 2018; Z. Li et al. 2019;
R. Bezanson et al. 2022). Our study extends this investigation
to much later evolutionary phases, well beyond the last star
formation episode, as ensured by mean D,4000 = 1.7. Despite
this difference, H, fractions of our QGs are comparable to the
limits of such poststarburst measurements and suggest longer
depletion timescales, in line with theoretical predictions
(G. Lorenzon et al. 2025) and with color-selected early-type
galaxies from M. J. Michatlowski et al. (2024). Differing from
such studies, our results show instead that an increase in fy, at
fixed stellar age is not fully mirrored by fi . Sustained high
Jaust toward older ages in gas-poor QGs seems incompatible
with passive, age-driven depletion. Longer dust depletion
timescales may arise if dust grains are sufficiently large to
slow destruction by sputtering, as shown by A. Nanni et al.
(2025) and with SIMBA in G. Lorenzon et al. (2025), which
invoke replenishment either via minor mergers or internally,
via regrowth on metals over <150 Myr timescales, flattening
the fyus—age evolution. Therefore, our findings support the
SIMBA prediction that, for at least some ISM-rich QGs, dust
and cold gas may follow divergent paths after quenching.

3.2. Tracing QGs Postquenching Routes with H,

By reaching low H, fractions of f;;, < 4% in individual,
unlensed QGs (Figure 3), we open a new window onto the
lowest levels of residual gas, allowing us to reassess how well
Ju, traces the final stages of galaxy evolution. The CO-detected

QGs have 1.7% < fy, < 14% (median 4.1733%), reaching

~



THE ASTROPHYSICAL JOURNAL LETTERS, 995:L63 (11pp), 2025 December 20 Lorenzon et al.

Cosmic Age [Gyr] Cosmic Age [Gyr]
. 5

12.010.0 8.0 6.0 2.0 10.0 9

T T T T T T T T T T
10— G & —
-28 -24 -20 -16 Cold H, gas MS; (Tacconi+18) 10 o
[ J
0 L)
- v YO
E Typ v O
:E O 10*2 ferror
=3 $ © , ,
= 10-t} ®8 0.30 0.35 0.40 0.45
k) (5) r\f #} z
g e 7 7
o
£ 8 ¢
% OOO Y Y 10-1 _\.\
O e} O
Q @VE This work (det./non-det./stack) v '. ’
5 @ ® Literature 6pgr (det./ limit) S o
107+ O Y @ V Mol. gas (det./non-det) v
@ ovoO Dust (det./non-det./stacks) 1072 |_!_| v
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 10%° 10t
Redshift M.[Mo]

Figure 3. H, gas fraction versus redshift for our sample and literature QGs, with detectability (CO- or dust-based) noted in the legend. The points include QGs at
z ~ 1 (S. Belli et al. 2021; R. Bezanson et al. 2022; C. Woodrum et al. 2022), z ~ 2-3 (K. E. Whitaker et al. 2021b; C. C. Williams et al. 2021; T. Morishita
et al. 2022; T. L. Suzuki et al. 2022; H. Umehata et al. 2025), and stacks (G. E. Magdis et al. 2021, D. Blanquez-Sesé et al. 2023). Colored symbols show épgr,
directly estimated only for our sample, two QGs at z ~ 0.7 (J. S. Spilker et al. 2025) and a QG at z ~ 1.5 (M. Hayashi et al. 2018), with others showing limits. The
main-sequence Hp-scaling relation (L. J. Tacconi et al. 2018) is shown in blue. The shaded area shows the new parameter space of f;, opened for individual
detections. The right panel zooms in on our QGs relative to the main-sequence relation at their z and M,. The typical error on fy, for our QGs is shown in the upper

right subpanel.

0.6% in stacked nondetections. These uniformly low H, place
our QGs 4-10x below the main-sequence H, scaling of
L. J. Tacconi et al. (2018), consistent with offsets seen in QGs
at z~ 1 (C. C. Williams et al. 2021; C. Woodrum et al. 2022;
K. A. Suess et al. 2025). Our estimates of f,;, extend the study
of molecular gas properties to older ages with respect to other
QGs studies, both at lower (L. M. Young et al. 2011,
A. Lesniewska et al. 2023, M. J. Michatowski et al. 2024) and
higher redshifts (K. A. Suess et al. 2017), pushing measure-
ments ~1 dex below detection limits for QGs at the same
redshift.

The theoretical suggestion that CO-detected QGs can arise
from both slow and fast quenching modes (as shown in
Figure 1) is empirically supported by their gas depletion
timescales (Tgep < My,/SFR). Combining My, with SED-
based SFRs yields 74, from 0.4 to 48 Gyr. We find recently
quenched QGs (t; <1 Gyr) with shorter 74, (~0.4-0.8 Gyr)
than older QGs, which average around 74, ~ 10 Gyr, longer
than their 7. Such older QGs are consistent with inefficient star
formation and quenching via slow suppression rather than gas
expulsion, resembling the population of slowly quenched old
QGs found to have relatively long depletion times in SIMBA
(G. Lorenzon et al. 2025). In the simulation, this population is
associated with less effective AGN feedback and may require
additional gas removal to fully quench. A similar conclusion is
reached for older quenched objects at z~ 0.7 (K. A. Suess
et al. 2017), where fy, is comparable to our sample and has
been interpreted as evidence for possible morphological
quenching. This further aligns with findings for z~ 1 QGs,
where diverse pathways imply H, depletion alone cannot
explain quenching (e.g., S. Belli et al. 2021; P.-F. Wu
et al. 2023).

The f, evolution diverges not only from the stellar comp-
onent but also from dust, as Figure 3 shows no clear correla-
tion with épgr across M,. We find a dispersion of ~0.8 dex
(~1.4 dex with stacked QGs) in fy,, smaller than ~1.3 dex (up
to ~2 dex including stacks) in fy,, for the same sample

(Section 3.1). This indicates that variations in dust content
dominate the scatter in dpgr at fixed M,. Strikingly, Figure 3
unveils that in the newly accessed regime of very low H,
fractions, two QGs emerge with logdpgr = —2, enhanced
above typical SFG values. Our most massive QGs (>10"" M)
remain relatively gas-rich, ~5x below the SFG gas-scaling
from L. J. Tacconi et al. (2018), but all exhibit pgr < 1/100,
falling below the standard value. This aligns with results from
J. S. Spilker et al. (2025), whose two z~ 1 QGs have low
dpgr = 1/300 and 1/750.

In SIMBA, most QGs of log(M,/M.) > 10.8 undergo fast
AGN-driven quenching (Y. Zheng et al. 2022), but whether
this leads to full ISM removal depends on the balance between
multiple processes acting on gas and dust (i.e., dust
regrowth; D23). The high-z QGs, small color-coded symbols
in Figure 3, illustrate this complexity: the z~2 QG from
T. Morishita et al. (2022) has a lower limit of épgr 2 1/60
despite AGN outflow and lack of H, gas;*’ conversely, the
dust-undetected but H,-rich QGs from H. Umehata et al.
(2025) and J. S. Spilker et al. (2025) contain suppressed
dper < 1/500-1/1000. Only z~ 1.5 QG (M. Hayashi et al.
2018) shows typical dpgg, but it is a distant, cool-core cluster
object, likely an outlier to the general QG population. These
cases suggest two key implications: (1) dust is an unreliable
tracer of H, mass in QGs; (2) nonuniform ISM evolution in the
quenched phase may be common for QGs across redshifts, not
merely an artifact of observational methods. This challenges
the idea that quenching mode is the sole driver of ISM
diversity, supporting models where feedbacks and dust
reformation jointly shape the late ISM fate (H. Hirashita &
T. Nozawa 2017; G. Lorenzon et al. 2025).

We further explore quenching modes and postquenching
evolution in two accompanying works: one provides an in-
depth analysis of the gas and stellar structure and kinematics in
a few extreme cases driving the dpgr spread (D. Donevski

27 This results from the nondetection of [CII*P,—>P, line emission.
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et al. 2025, in preparation), while the other provides a statis-
tical treatment accounting for morphological diversity and
AGN radio signatures in our QGs, and characterizes their
impact on dust-gas evolution (G. Lorenzon et al. 2025, in
preparation).

4. Conclusions

We present the first statistical sample of 17 massive QGs at
z ~ 0.4, probing their ISM with ALMA Band 6 dust continuum
and CO(3-2) emission. For 12/17 systems, we constrain key
diagnostics (Opgr, fause> and sz) and link them to stellar
properties, finding that:

1. Dust-to-gas ratios in QGs span dpgg ~ 1/700-1/40,
departing ~8x below to ~2.5x above the canonical value
of 8pgr ~ 1/100. Although most QGs align with slow-
quenching mode tracks, diverse ISM across stellar mass,
age, sSFR, and quenching timescale imply that quenching
mode alone cannot explain the observed scatter.

2. The relation between dust fraction and stellar population
age shows that some QGs undergo rapid dust decline
(within 7~ 0.7 Gyr), while others retain stable values
(logfius 2 —3.5) even toward the old ages (>6—10 Gyr)
and >1 Gyr after quenching, supporting scenarios where
dust reformation shapes the late ISM.

3. QGs show no clear relation between molecular gas and
dust content across stellar mass, calling into question the
reliability of dust as an H, tracer.

4. Despite uniformly low H, fraction (median f;;, ~ 4.1733 %),
the nonmonotonic behavior of fi , faus» and stellar prop-
erties reveals diverse postquenching pathways in QGs.
Combined with z~ 1-3 studies, this suggests that cold
ISM evolves through mechanisms beyond a simple
decline of star-forming conditions.

Our study underscores the challenge of linking quenching
modes to postquenching ISM conditions, even with ALMA
CO and dust detections. It motivates future model refinements
to account for processes that decouple gas and dust to properly
simulate ISM in QGs. To this end, a new parameter space of
Ju, < 4% opened for individual QGs highlights the need for
JWSTH+ALMA studies of resolved ISM in QGs across cos-
mic time.
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Appendix A
Multiwavelength SED Modeling and Fitting of QGs

A.l. SED Fitting Methodology

We use the CIGALE code (M. Boquien et al. 2019),
v2025.0, and follow the approach of D23 to estimate the
physical properties of our QGs. For the stellar component, we
use G. Bruzual & S. Charlot (2003) stellar population synth-
esis with a G. Chabrier (2003) initial mass function. We
sample the stellar metallicity grid points closest to the mass—
metallicity relation for each galaxy. We adopt a flexible SFH,
modeling a delayed plus quenched component (L. Ciesla et al.
2021), given as

7[/Tmﬂin
SFR = {1 % ¢ ’
r x SER(1),

whent < fyune

whent > tyunc (AD

where T, i the e-folding time of the main stellar popu-
lation, while #,. represents the time at which star formation is
truncated, either instantaneously (rsgg =0) or partially
(0 < rgpr < 1). The parameter r is the ratio between SFRs after
quenching and at quenching. We also test nonparametric SFHs
by fitting the functional form to the center of the first five age
bins, finding results consistent with our fiducial run. We use
the S. Charlot & S. M. Fall (2000) double power-law
attenuation model with age-dependent differential attenuation
between young (<10’ yr) and old stars. For dust SED, we
adopt the physically motivated B. T. Draine & A. Li (2007;
DLO07) library, proven efficient in modeling various galaxy
types, including QGs (G. E. Magdis et al. 2021,
D. Bldnquez-Sesé et al. 2023). We fix the radiation parameter
Upnax = 10°, emission slope (8=2), and sample different
intensities Upi,. We let the fraction of Polycyclic Aromatic
Hydrocarbons (PAHs) vary (0.47 < gpap < 4.6) and limit the
illumination fraction  to 0.01, reducing the chance of over-
estimating My,s,. We define Lig as the integral of the SED
from 8 to 1000 pm and derive Mgy by fitting and normalizing
the IR photometry to the DLO7 library.

Our dataset includes rich sampling with at least 15 optical-
to-NIR bands. At longer wavelengths, it contains our ALMA
Band 6 dust continuum fluxes (11 objects) and upper limits (6
objects). Where available, we complement ALMA photometry
with mid-IR and/or far-IR fluxes estimated from deblending
deep Spitzer MIPS and Herschel PACS/SPIRE maps (D23),
and with JWST MIRI fluxes (M. Shuntov et al. 2025). Overall,
11/17 objects resulted in two to four photometric points in the
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mid-IR to submillimeter regime, ensuring reliable coverage of
the Rayleigh—Jeans tail and proper normalization of the dust
SED, key for Mg, constraints. In our SED fitting, we exploit
the independent prior on D,4000 measured from optical
spectra. As D,4000 is a reliable tracer of stellar age (e.g.,
I. Damjanov et al. 2018), we use the D,4000 option in
CIGALE and iterate until measured and SED-derived D,4000
agree within +0.1. This procedure ensures that modeling
correctly matches stellar population ages, reducing dust-age
degeneracies. For all physical quantities used throughout this
study, we adopt Bayesian (probability-weighted average)
values. Quality assessment reveals good fits for all modeled
SEDs, with reduced x? ranging from 0.2 to 2.5, and median
x*=1.02+£0.33.

A.2. Stability of SFH

The time at which quenching occurs, t4, is sensitive to the
assumed SFH, which can in turn bias the inferred stellar
properties at the observed epoch. In our fiducial setup, we
adopt a standard delayed-T model, where the SFR is abruptly
rescaled at t <t However, such a sharp truncation may not
accurately capture the more gradual suppression of star for-
mation. To test smoother quenching scenarios, we construct a
custom SFH that extends the standard delayed-r form by
appending an exponential decay term, producing a continuous,
slowly declining tail after quenching. We implement this
modified SFH as a new module within CIGALE to preserve
full self-consistency in our SED fitting framework. Prior to
quenching, the SFH follows the canonical delayed functional

form:
4 eft/Tmain
2 b
T main

0<r<t, (A2)

SFR pre(t) = A(

The quenching moment is characterized by a change in the
parametrized SFR, enforcing a continuous exponential decline
in the form:

SFRpost(t) = SFRpre(tq)e_(l_tq)/Tq» t > Iy (A3)
where 7, is the new e-folding time during the exponential
decline. Using this delayed-exp model of SFH, we find that the
inferred stellar mass, mass-weighted stellar age, and sSFR are
remarkably stable, with a relative difference per galaxy within
0.2 dex from the fiducial delayed-7 model. This variation is
well within the statistical/systematic budgets of our analysis
(see Appendix D). A notable difference is instead found for 7,
which shifts toward larger values for ~70% when the expo-
nential tail is added. This is a natural consequence of the
smoother SFR decline, pushing the quenching toward earlier
times to maintain the overall old stellar population without a
significant impact on the present SED. The increase in
quenching time does not affect our conclusions but rather
reinforces our interpretation of long-lasting dust reservoirs.
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Figure 4. Per-galaxy variation of dpgr and time since quenching, adopting a
delayed-tau (tq,cusmmSFH) and a delayed+exp (zq,ﬁducialSFH) SFH model. Non-
detections are shown as empty triangles.

The full variation of the dpgr and tq within the different
choices of SFH is shown in Figure 4.

A.3. Inspecting SED Fitting Systematics

To assess the robustness of our SED fitting approach and
quantify potential biases, we exploit a widely used method
(e.g., L. Ciesla et al. 2021) for generating a simulated dataset
and analyzing it using the same methodology applied to our
observed galaxies. The primary goal is to evaluate how
observational effects might influence the recovery of physical
parameters through SED modeling. We use the “mock object”
functionality within CIGALE to construct a synthetic catalog,
leveraging the best-fit SED model of each galaxy in our
sample. This creates one artificial object per galaxy, for which
the input physical parameters are known by construction.
These models are then integrated through the same set of
photometric filters as used in the observed data. To simulate
observational uncertainties, we perturb the model fluxes by
adding Gaussian noise, with ¢ matching the measured uncer-
tainty in each photometric band. The mock galaxies are then
refitted using the same grid of physical models and priors as in
the real sample, enabling a direct comparison between the
recovered (output) and true (input) parameters.

In Figure 5, we show the residuals between input and output
parameters as a function of M, and the D 4000 index, mea-
sured from optical spectra. This test reveals a consistency
between input and output values, as recovered trends for all
physical parameters (namely, stellar population age, stellar
mass, dust mass, and time since quenching) closely follow the
one-to-one relation, defined by a small mean offset and low
scatter around zero value. In summary, this supports the
reliability of the derived physical properties across our QG
sample.
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Figure 5. Results of our mock CIGALE analysis quantifying the offset between the mock input (“true”) and SED-fitting output (“observed”) parameters, as a
function of M, and independently measured D,4000. Dark violet lines show binned means, indicating good constraints with no systematic offsets.

Appendix B
Comparison of Different Methods for Deriving Mg,

In this study, we choose as a fiducial method the physically
motivated DLO7 dust emission library, and to assess potential
systematics in Mgy estimates, we compare it with two alter-
native, commonly used methods. First, we apply a single
temperature optically thin modified blackbody model imple-
mented within the CIGALE code. We adopt a fixed dust
temperature of Ty,  =21K, representative of QGs
(G. E. Magdis et al. 2021). We also test the empirical cali-
bration of N. Scoville et al. (2016), which estimates Mg,
directly from ALMA flux density at rest-frame 850 ym using

2
Su,obsDL

My = —————
dust Ii,,m[(l i Z)

(B (Taus0) (B1)

where B,(T) is the Planck function evaluated at temperature
T, and K, = Ky, (v/ )7 is the dust absorption coefficient. We
adopt the standard emissivity of x,, = 2.64 m> kg~! at 125 ym
(L. Dunne et al. 2011), and assume (=2.0, keeping
Tause =21 K to be consistent with the literature. We apply
both methods to our ALMA-detected QGs and compare the
resulting Mgy, fause and Opgr to our fiducial DLO7-based
values. As shown in Figure 6, all methods yield values
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Figure 6. Comparison of fiducial dust properties with alternative dust-mass
estimates (upper: versus modified blackbody fits; lower: versus N. Scoville
et al. 2016). We consider 12 QGs with direct ALMA estimates. From left to
right: comparisons of our fiducial values versus alternative methods to
estimate Mgy, faust and 10g(6pgr)-

generally consistent within ~0.2 dex. The overall agreement
supports the robustness of our estimates, though uncertainties
remain due to the assumed Ty, and limited knowledge about
the AGN presence in our sources.

Appendix C
Impact of Systematics on CO-to-H, Conversion

In this study, we follow the P. M. Solomon & P. A. Vanden
Bout (2005) prescription to derive My, from the integrated
CO(3-2) line flux. We first convert the flux into CO-lumin-
osity L'co(3 — 2) in units of K km s ! pc2 and then convert it
into CO(1-0) luminosity L'co(1 — 0) through the line ratio
R3; = L'co(3 — 2)/L/co(1 — 0). We then convert the lumin-
osity to mass using My, = aco X L'co(1 — 0), where My, is
in M. The R3; and aco parameters are largely unconstrained
for old QGs at intermediate redshift and thus are important
sources of systematic errors as explored in J. S. Spilker et al.
(2025) and H. Umehata et al. (2025). We quantify the effect of
uncalibrated R3; and aco by treating a wide range of their
possible values as systematic error and propagating it on the
derived dpgr. We propagate the uncertainties using a Monte
Carlo method, recalculating dpgr 10,000 times for each galaxy
with simultaneous continuum and CO(3-2) detections. In each
realization, we resample the fiducial My, the integrated CO
line flux (Sco), and the parameters R3; and aco. We draw each
measured quantity from a normal distribution centered on its
measured value, with a standard deviation equal to its obser-
vational uncertainty. We treat the fiducial My, as a measured
quantity, since the parameter space governing the dust emis-
sion modeling has already been extensively explored within
CIGALE (see Appendix B). We sample R3; from a broad
uniform distribution (0.10 < R3; < 0.55). The adopted range
reflects plausible R3; values for our QGs, where low CO
excitation is expected in the absence of star formation
(E. Bayet et al. 2013; Z. Li et al. 2020), which in turn mini-
mizes the derived épgg. For aco, we adopt a log-uniform prior
to capture the very broad modeled and observed ranges
(D. Narayanan et al. 2012; A. D. Bolatto et al. 2013;
M. J. Michatowski et al. 2024), slightly extended to
0.5 < aco < 5. The resulting uncertainties on the per-galaxy
Opgr are calculated as the 16th and 86th percentiles of the per-
galaxy Opgr distribution and are reported in Figure 7. Sys-
tematic uncertainties dominate the propagated measurement
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Figure 7. Per-galaxy propagated uncertainties on the épgr accounting for only
measurement errors (orange), only aco and R3; systematics (violet), and both
(gray). Dots represent the median of the derived per-galaxy dpgr distribution,
while error bars are the 16th and 86th percentile levels. Red cross markers
show the fiducial values adopted in the Letter. The dashed line corresponds to
the reference value of épgr = 1/100, and the light-blue band represents the
0.15 dex dispersion measured for SFGs (G. E. Magdis et al. 2012).

errors, yet they do not fully account for the observed spread in
Opgr across the sample. The light-blue bands show the scatter
in the G. E. Magdis et al. (2012) relation around the reference
value épgr = 1/100 for SFGs (as in Figure 1).

To further assess the impact of systematics on dpgr, We apply
a Hierarchical Markov Chain Monte Carlo (HMCMC) analysis
that treats the population median and intrinsic scatter as free
hyperparameters. In the absence of a predictive model for the
molecular gas mass in our galaxies, the HMCMC does not aim
to constrain the most probable dpgr values from the data, but
rather to assess how strongly the adopted priors influence the
shape and spread of the posterior distribution. While doing this,
the influence of systematic uncertainty on the full-sample spread
can be assessed from the distribution of hyperparameters. Using
the same prior ranges adopted for the estimation of systematic

uncertainties, we obtain as best parameters Rz = 0.357019,

log(aco) = 0307015, and  hyperparameters log(ptpar)=
—1.99792) and log(opgr) = —0.687033 with values obtained
as median of the corresponding parameters/hyperparameters
distribution and errors as 16th and 86th percentiles. While the
wide errors broadly reflect the overall spread in priors, the
hyperparameters describe a relatively stable épgr distribution,
with a dispersion ~1 dex larger than the median épgr spread
per-galaxy log(og) = 0.04. This reinforces the idea that the
observed spread of the sample is driven by intrinsic galaxy
properties rather than statistical errors.

Appendix D
Properties of ALMA-observed QGs from This Study

We show in Figure 8 the untapered, primary-beam—cor-
rected ALMA Band 6 moment-zero maps of the 17 sources in
our sample, together with their corresponding optical coun-
terparts from JWST (or HST when JWST imaging is not
available). The optical images illustrate the morphological
diversity of the sample, while the ALMA maps highlight the
range of submillimeter emission and the differences between
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Figure 8. For each QG: left: ALMA Band 6 primary-beam corrected moment-
zero map (5” x 5" size) overlaid with dust continuum contours (white dashed)
and CO(3-2) contours (blue solid) increasing from 20 with 1o step. Typical
beam size of 0/85 x 0'7 and 1” scale (corresponding to ~5 kpc) are shown;
right: stellar emission from JWST F277W (or Hubble Space Telescope F160W
for sources hCOS-d7 and hCOS-d9) with basic physical properties annotated
in the lower-right corner.



(011

Table 1
Summary of Physical Properties for QGs in This Work
Name RA. Decl. z log(M, /M) log(Age, /yr) log(sSFR /yr) Simm Sco My, Mg, log(Spcr)
(deg) (deg) (1dy) (y km/s) (10°M.) (10'M)
hCOS-d1 150.350298 2.222278 0.371 10.42 9.62 —10.46 66 + 11 0.56 + 0.02 429 + 0.15 1.92 £ 0.29 —2.34
hCOS-d2 150.484972 2.082486 0.425 10.77 9.60 —10.20 30+ 8 0.39 £+ 0.05 3.84 £ 0.24 0.89 £+ 0.18 —2.63
hCOS-d3 150.219218 2.059187 0.371 10.82 9.70 —11.50 112 + 12 0.27 + 0.04 1.65 + 0.11 3.82 £ 0.31 —1.64
hCOS-d4 149.956582 1.788010 0.369 11.06 9.60 —10.57 97 £ 15 0.89 + 0.04 531 £0.14 4.96 £+ 0.39 —2.03
hCOS-d5 149.920863 2.031208 0.356 11.08 9.74 —11.12 104 + 24 0.85 + 0.07 4.73 + 0.36 2.58 + 0.60 —2.26
hCOS-d6 149.845755 1.974381 0.338 10.89 9.58 —10.02 284 + 10 1.20 £ 0.03 6.01 £ 0.15 6.66 £ 0.24 —1.96
hCOS-d7 150.602639 2.118054 0.374 11.26 9.60 —11.21 54 + 11 1.23 £ 0.06 7.59 £+ 0.22 1.43 £0.29 —2.73
hCOS-d8 150.348257 1.948979 0.347 11.04 9.95 —11.63 91 £ 11 0.72 £+ 0.08 3.80 £ 0.18 2.90 £ 0.27 -2.12
hCOS-d9 149.585279 2.557561 0.388 10.85 9.90 —12.12 47 £ 19 0.39 £+ 0.06 2.57 £ 0.40 1.29 £ 0.52 —2.30
hCOS-d10 150.386240 2.222691 0.362 10.74 9.56 —11.94 93 +8 0.35 + 0.03 241 £+ 0.18 5.12 £0.21 —1.49
hCOS-d11 149.790964 1.919023 0.419 10.79 9.74 —10.54 <21 0.48 + 0.04 3.78 £ 0.32 <0.5 <=2.77
hCOS-d12 150.224869 2.236685 0.362 10.70 9.52 —11.80 <42 <0.13 <0.90 <0.50
hCOS-d13 149.871032 2.233226 0.345 10.37 9.49 —11.25 121 + 22 <0.12 <1.18 3.48 £ 0.30 >—1.53
hCOS-d14 150.182112 2.113393 0.371 11.11 9.85 —11.84 <28 <0.13 <0.90 0.17 £ 0.12) (>-2.74)
hCOS-d15 150.094894 2.297028 0.360 10.69 9.52 —11.72 <84 <0.2 <15 <0.3
hCOS-d16 150.184392 2.067280 0.346 10.92 9.62 —12.08 <84 <0.2 <15 <0.3
hCOS-d17 149.875440 2.200613 0.345 10.75 9.56 —11.94 <84 <0.2 <15 <0.3

Note. R.A. and decl. correspond to J2000 coordinates; Simm is the observed integrated ALMA flux density; Sco is the velocity-integrated line flux; My, is derived assuming aco = 4.36; log(épgr) denotes the
logarithmic dust-to-gas ratio, defined as log(Maysi/Mmo1); values in parentheses correspond to source for which Mg,y was estimated by fitting the DLO7 dust model using available archival photometry from deblended
low-resolution Spitzer MIPS and Herschel PACS/SPIRE images, complemented with ALMA upper limits from this study. Given the significant uncertainties associated with this method, these values should be
interpreted with caution.
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the gas and dust components. The global stellar and inter-
stellar-medium properties of the sample are listed in Table 1.
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