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Katherine E. Whitaker"?™, Christina C. Williams?, Lamiya Mowla®, Justin S. Spilker®,
Sune Toft?5, Desika Narayanan®’, Alexandra Pope', Georgios E. Magdis?®?,

Pieter G. van Dokkum®, Mohammad Akhshik'®, Rachel Bezanson", Gabriel B. Brammer?5,
Joel Leja'?"3', Allison Man', Erica J. Nelson'®, Johan Richard", Camilla Pacifici'®,

Keren Sharon™ & Francesco Valentino?®

Star formation in half of massive galaxies was quenched by the time the Universe was 3
billion years old". Very low amounts of molecular gas seem to be responsible for this,
atleastinsome cases®”, although morphological gas stabilization, shock heating or
activity associated with accretion onto a central supermassive black hole are invoked
in other cases® . Recent studies of quenching by gas depletion have been based on
upper limits that are insufficiently sensitive to determine this robustly*”, or stacked
emission with its problems of averaging®’. Here we report 1.3 mm observations of dust
emission from 6 strongly lensed galaxies where star formation has been quenched,
with magnifications of up to afactor of 30. Four of the six galaxies are undetected in
dust emission, with an estimated upper limit on the dust mass of 0.0001 times the
stellar mass, and by proxy (assuming a Milky Way molecular gas-to-dust ratio) 0.01
times the stellar mass in molecular gas. This is two orders of magnitude less molecular
gas per unit stellar mass than seen in star forming galaxies at similar redshifts™ ™. It
remains difficult to extrapolate from these small samples, but these observations
establish that gas depletionis responsible for a cessation of star formationin some
fraction of high-redshift galaxies.

Thel.3mm observations of dust emission were made with the Atacama
Large Millimeter/submillimeter Array (ALMA), and the sample com-
prises six galaxies selected from the REsolving QUIEscent Magnified
(REQUIEM) galaxy survey: MRG-M1341 (ref. %), MRG-MO0138 (ref. '),
MRG-M2129 (ref. "), MRG-MO0150 (ref. *), MRG-M0454 (ref. ') and
MRG-M1423 (ref.®) (Fig. 1). The targets are all strongly lensed, with
magnification factors ranging from a factor of 2.7 (MRG-M1423) to
30 (MRG-M1341). Five out of the six galaxies are classified as quies-
cent owing to unusually low star-formation rates that reach down to
0.1M,yr,asmeasured fromfitting the optical toinfraredspectral energy
distributions (Methods). Although the most distant target, MRG-M1423,
has a more typical star-formation rate of about 140 M,yr " over the
previous100 Myr, consistent with normal star-forming galaxiesatz=3,
its spectrum reveals classic post-starburst signatures that support a
pictureinwhichit has quenched rapidly within the last 100 Myr (ref. ’®).
These targets are qualitatively different to existing millimetre con-
tinuum/carbon monoxide (CO) spectroscopic observations tracing
cold interstellar medium phases in quenched galaxies in that these

galaxies have star-formation rates that are an order of magnitude lower
for their stellar mass®* %%, higher redshifts*”*'°, and uniquely deep
flux limits facilitated by strong lensing magnification.

For the redshift range of our sample, our 1.3 mm wavelength obser-
vations correspond to 300-500 pmrest frame on the Rayleigh-Jeans
tail of the dust emission, which serves as a robust proxy for the cold
molecular gas mass™. We clearly detect two of the sources in the
dust continuum: MRG-MO0138 at 0.27 + 0.03 mJy and MRG-M2129 at
9.74 + 0.16 mJy. Such direct detections of cold dust in individual qui-
escent galaxies outside the local universe, implying per cent-level
molecular gas fractions, are scant owing to the extreme sensitivity
requirements. In contrast with the extended stellar light profiles, and
despite the enhanced resolution from strong lensing magnification,
both sources remain unresolved with no evidence for missing extended
flux (Methods). This suggests that they have high dust and molecular
gassurface densities, as the dust continuum is centrally concentrated
and significantly less extended than the stellar light (Fig. 1). Such a
result has also been found in star-forming galaxies at similar redshifts?.
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Fig.1|Images of six massive lensed galaxies for which star formation has
been quenched. The panels arerank-ordered fromz=1.6toz=3.2 (a-f),
showing a composite HST colourimage (irsiaw, Jri2sw Hrisow generally,
substituting /0w for ) and contours of ALMA/Band 6 dust continuum

The sensitive ALMA dust continuum imaging of the remaining four
sources allyield strong upper limits, with the 3o detection limits rang-
ing from 30-150 )y before lensing corrections. We estimate the dust
mass, My, by adopting amodified blackbody fit and making standard
assumptions about dust temperature and emissivity (Methods).

We show the redshift evolution of the dust fraction, f;,=My./M,,
for our sample of lensed quenched galaxies in Fig. 2. By adopting a
ratio of the molecular gas mass to dust mass of 100 (Methods), we
estimate M,,, directly from M, and also show the inferred molecular
gas fraction, f,;, = M,,/M,, (right axis). Even if we adopt an extremely
conservative molecular gas to dust mass ratio that is a factor of ten
higher, f;1, is still well below that of normal star-forming galaxies at
this epoch™. Both of our unambiguously detected galaxies have low
molecular gas fractions of 4.6 + 0.5% and 0.6 + 0.1%, respectively, with
systematic uncertaintiesin dust temperature and molecular gas mass
to dust mass ratio of a factor of 1.7. Strong upper limits from CO emis-
sion for these two targets rule out more exotic molecular gas-to-dust
ratios in these particular cases, which would otherwise imply larger
cold gasreservoirs (Methods). Although scaling relations adequately
describe the cold gas content of quiescent galaxiesin the local universe
by construction® (for example, contours in Fig. 2), our observations
revealapopulation of massive galaxies at z > 1.5that have molecular gas
fractions more than an order of magnitude lower than empirical pre-
dictions at similar redshifts. Our measuredf,;,is 0.9 + 0.2 dex lower on
average thanscaling relation predictions for the given star-formation
rates and stellar mass™.

Our program measures a broad range of (low) molecular gas masses
in massive galaxies with suppressed star-formation rates (Fig. 3).
A comprehensive literature search at 1.5 <2< 3.0 (Methods) demon-
strates that galaxies typically form copious new stars (median specific
star-formation rate, log(SFR/M,) = -8.6) and have a bountiful fuel
supply, with a median value of f;;, = 51%. By comparison, our galax-
ies instead form two orders of magnitude fewer new stars (median
log(SFR/M,) =-10.7) and have a median upper limit of f;;, <1%. Until
recently, suchlow molecular gas fractions have been measurable only
in galaxies in the local universe®. Our new measurements confirm
that the cold interstellar medium was already rapidly depleted at
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observations, with levels defined by signal to noise ratio (SNR). Each image is
centred onthetarget galaxy, whose redshiftis listed in the top-left corner. The
dashedellipseindicates the ALMAbeam size, with the 1o noise level noted at
thebottom of each panel in units of mJy per beam.

highredshiftin atleast some galaxies, not slowly consumed until the
present day.

Another study has already set the stage at high redshift, finding mod-
erate cold gasreservoirs based on stacking dust continuum measure-
mentsinamass-representative sample®, Although the cold gas reservoir
of MRG-M2129 is consistent with these first results, all other sources
remain in significant tension. The sample is too small to distinguish
whether the subpopulation is biased, or whether contamination due
tothessignificantly lower resolution of the earlier stacking study biases
earlier measurements towards high redshifts. Our results also contra-
dict the moderate cold gas reservoirs detected in recently quenched
galaxies at lower redshifts that instead imply reduced star-formation
efficiency™. In principle, differences in the ages of the stellar popula-
tions could explain this discrepancy?®, but our sample includes both
recently quenched (about 100-800 Myr) and older passively evolv-
ing galaxies (about 1.3-1.6 Gyr) 8, Future observations constraining
the distribution of dust temperatures may add clarity to these differ-
ences: because dust temperature changes the peak wavelength of the
far-infrared dust bump, an overall hotter average dust temperature
will decrease the millimetre flux density for a given total infrared
luminosity, whereas it will increase for colder dust temperatures’.
The large range in molecular gas (and dust) fractions observed at low
star-formation rates across redshift, from less than 2-5% (refs. >7)
to 10% (refs. ®%) and up to 40% (refs. >'°™), may suggest a diversity in
dust temperatures (Methods) or, more fundamentally, a diverse set
of evolutionary pathways to quiescence. The galaxies in our sample
either depleted their cold gas within the first few billion years of the
Big Bang, or ejected it into the surrounding intergalactic medium.
Chemical evolution arguments based on observed high metallicity
and high alpha/Feratios inlocal early-type galaxies support the same
interpretation, where massive galaxies must have consumed all of the
available gas within roughly 1billion years (ref. ). Larger samples to
similar or greater depthare needed to determine whether this scenario
isgenerally applicable.

Quiescent galaxies are spectroscopically confirmed as early as
z=4(ref.?). The existence of these early quiescent galaxies and the
rapid and complete exhaustion of gas implied by our data are critical
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Fig.2|Low dust masses for quenched galaxies. Measurements of f;,, for
distantlensed quiescent galaxies (circles) are extremely low given their sSSFR
(SFR per unit stellar mass). We compare existing dust continuum measurements
intheliterature of individual quiescent galaxies at z> 1.5 (refs. >°) (individual
black symbols) and stacked quiescent galaxies®’ fromJCMT/SCUBA and
ASTE/AZTEC dataouttoz-2 (large grey symbols), using identical conversions
hereinto our sample (Methods). The thick black error bars are the formal 1o
measurement uncertainty inour 1.3 mm flux density and the thin black error
barsrepresentsystematic uncertainties when varying dust temperature. The
smaller transparent symbols represent the predicted f,,, from empirical scaling
relations given sSFR. The inferred f,,, (right axis) and scaling relations™ for
log(M,/M,)=110onthe average log(SFR) —log(M,) relation (solid),1dex (dashed)
and 2 dex below (dotted) assume amolecular gas to dust mass ratio of 100. The
shaded region shows the upperbound set by the lowest stellar massin our
sample (log(M,/M,)=10.1), and vice versa for the highest stellar mass
(log(M,/M,)=11.7), with the literature dust/CO compilation out to z=3 shown
asagreyscale contour; note thatlocal quiescent galaxies with f;;,~1% atz=0are
artificially high because the majority are upper limits.

constraints on models of galaxy evolution, which currently struggle
to produce realistic quiescent galaxies across redshift?. Predictions
from cosmological simulations for the molecular gas leftover after star
formation ceases span multiple orders of magnitude??. The essential
problemis that high redshift dark matter halos contain enormous gas
reservoirs” ™ that should cool efficiently and maintain steady star for-
mation over long timescales”?. Indeed, many early massive galaxies
do just that, with star-formation rates of order 100 M,yr (ref.?’) and
sizeable molecular gas reservoirs™. Our observations show that the
cessation of star formation for these galaxies is not caused by a sud-
deninefficiency in the conversion of cold gas to stars but due to the
depletion or removal of their reservoirs.

This lack of cold gas may be permanent. In the absence of a heating
mechanism, the hot gas biding time in the halo of massive galaxies
should theoretically cool and fall back onto galaxies within 1 billion
years (ref. *°). Yet, we do not frequently observe rejuvenation in mas-
sive galaxies™. Inlight of this, there must be a physical mechanism that
effectively blocks the replenishment of the cold gas reservoirs®. Inthe
local universe, centrally driven winds observed in quiescent galaxies
are known to clear the gas out of the system, and the central low-level
active supermassive black hole has sufficient mechanical energy to heat
the gas and suppress star formation®, Tentative evidence also exists
at high redshifts for maintenance mode energy injection from central
supermassive black holes®. This process may explain why quiescent
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Fig.3|Low molecular gas masses compared to star forming galaxies. The
molecular gas fractionf,, is significantly lower at agiven sSFR (sSFR=SFR/M,)
fordistantlensed quiescent galaxies atz>1.5when comparedtothe
compilation of existing CO and dust measurements of similarly massive
star-forming galaxies (contours, Methods). Our sample explores an order of
magnitude lower sSFR and higher redshifts, finding median molecular gas
fractions afactor of 10 lower than existing measurements for distant quiescent
galaxies* *® (Methods). The thick horizontal error bars for the two new
detectionsrepresent formallomeasurement uncertainty inour1.3 mm flux
density and the thin horizontal error bars represent systematic uncertainties
whenvarying dust temperature and molecular gas to dust ratio. Vertical error
barsare louncertainties. The dataare largely consistent with rapid gas
depletion, on average following the tracks for constant gas depletion
timescales on the order of approximately 1 billion years (dotted lines).

galaxies are unable to effectively re-accrete cold gasin the subsequent
10billionyears of evolution to the present day, although there are other
possibilities®. Our new data demonstrate a lack of dust, and by infer-
ence cold gas, indicating that such aphysical process may have already
occurred at significantly earlier times for some galaxies.

With extremely sensitive limits on the dust continuum of individual
massive quiescent galaxies atz~ 2, our measurements imply extremely
low f;,, of a few per cent or less. However, the use of the dust contin-
uum as a proxy for the interstellar medium in massive galaxies with
star-formation rates must be further investigated. In particular, while
securing detections of both CO emission and dust continuum for the
same high redshift quiescent galaxy is paramount, such observations
are costly with our current generation of telescopes without the help
of strong gravitational lensing magpnification.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41586-021-03806-7.

1. Muzzin, A. et al. The evolution of the stellar mass functions of star-forming and quiescent
galaxies to z=4 from the COSMOS/UltraVISTA survey. Astrophys. J. 777,18 (2013).

2. Sargent, M. et al. A direct constraint on the gas content of a massive, passively evolving
elliptical galaxy at z=1.43. Astrophys. J. 806, 20 (2015).

3.  Spilker, J. et al. Molecular gas contents and scaling relations for massive, passive galaxies
at intermediate redshifts from the LEGA-C survey. Astrophys. J. 860, 103 (2018).

Nature | Vol 597 | 23 September 2021 | 487


https://doi.org/10.1038/s41586-021-03806-7

Article

4.

5.

20.

Bezanson, R. et al. Extremely low molecular gas content in a compact, quiescent galaxy
at z=1.522. Astrophys. J. 873,19 (2019).

Zavala, J. et al. On the gas content, star formation efficiency, and environmental
quenching of massive galaxies in protoclusters at z ~ 2.0-2.5. Astrophys. J. 887,183 (2019).
Caliendo, J. et al. Early science with the large millimeter telescope: constraining the gas
fraction of a compact quiescent galaxy at z=1.883. Astrophys. J. Lett. 910, L7 (2021).
Williams, C. et al. ALMA measures rapidly depleted molecular gas reservoirs in massive
quiescent galaxies at z~1.5. Astrophys. J. 908, 54 (2021).

Gobat, R. et al. The unexpectedly large dust and gas content of quiescent galaxies at
z>1.4. Nat. Astron. 2, 239-246 (2018).

Magdis, G. et al. The interstellar medium of quiescent galaxies and its evolution with time.
Astron. Astrophys. 647, 33 (2021).

Suess, K. et al. Massive quenched galaxies at z~0.7 retain large molecular gas reservoirs.
Astrophys. J. 846,14 (2017).

Hayashi, M. et al. Molecular gas reservoirs in cluster galaxies at z = 1.46. Astrophys. J. 856,
118 (2018).

Tacconi, L. et al. High molecular gas fractions in normal massive star-forming galaxies in
the young Universe. Nature 463, 781-784 (2010).

Genzel, R. et al. Combined CO and dust scaling relations of depletion time and molecular
gas fractions with cosmic time, specific star-formation rate, and stellar mass. Astrophys.
J. 800, 20 (2015).

Tacconi, L. et al. PHIBSS: unified scaling relations of gas depletion time and molecular
gas fractions. Astrophys. J. 853,179 (2018).

Ebeling, H. et al. Thirty-fold: extreme gravitational lensing of a quiescent galaxy at z=1.6.
Astrophys. J. 852, 7 (2018).

Newman, N. et al. Resolving quiescent galaxies at z>2. I. Search for gravitationally lensed
sources and characterization of their structure, stellar populations, and line emission.
Astrophys. J. 862, 125 (2018).

Toft, S. et al. A massive, dead disk galaxy in the early Universe. Nature 546, 510-513
(2017).

Man, A. et al. An exquisitely deep view of quenching galaxies through the gravitational
lens: Stellar population, morphology, and ionized gas. Preprint at https://arxiv.org/
abs/2106.08338 (2021).

Scoville, N. et al. ISM masses and the star formation law at Z =1to 6: ALMA observations of
dust continuum in 145 galaxies in the COSMOS survey field. Astrophys. J. 820, 83 (2016).
Tadaki, K. et al. Bulge-forming galaxies with an extended rotating disk at z ~ 2. Astrophys. J.
824,175 (2017).

488 | Nature | Vol 597 | 23 September 2021

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Saintonge, A. et al. xCOLD GASS: the complete IRAM 30 m legacy survey of molecular
gas for galaxy evolution studies. Astrophys. J. Suppl. Ser. 233, 22 (2017).

Li, Z. et al. The evolution of the interstellar medium in post-starburst galaxies. Astrophys.
J. 879,131(2019).

Thomas, D. et al. The epochs of early-type galaxy formation as a function of environment.
Astrophys. J. 621, 673 (2005).

Valentino, F. et al. Quiescent galaxies 1.5 billion years after the Big Bang and their
progenitors. Astrophys. J. 889, 93 (2020).

Lagos, C. et al. The origin of the atomic and molecular gas contents of early-type
galaxies. Il. Misaligned gas accretion. Mon. Notices R. Astron. Soc. 448, 1271-1287 (2015).
Dave, R. et al. SIMBA: cosmological simulations with black hole growth and feedback.
Mon. Notices R. Astron. Soc. 486, 2827-2849 (2019).

Keres, D. et al. How do galaxies get their gas? Mon. Notices R. Astron. Soc. 363, 2-28
(2005).

Dekel, A. et al. Cold streams in early massive hot haloes as the main mode of galaxy
formation. Nature 457, 451-454 (2009).

Whitaker, K. et al. Constraining the low-mass slope of the star formation sequence at 0.5 <
z < 2.5. Astrophys. J. 775,104 (2014).

Ciotti, L. et al. Radiative feedback from massive black holes in elliptical galaxies: AGN
flaring and central starburst fueled by recycled gas. Astrophys. J. 665, 1038-1056
(2007).

Akhshik, M. et al. Recent star formation in a massive slowly quenched lensed quiescent
galaxy at z=1.88. Astrophys. J. Lett. 907, L8 (2021).

Dekel, A. & Birnboim, Y. Galaxy bimodality due to cold flows and shock heating. Mon.
Notices R. Astron. Soc. 368, 2-20 (2006).

Cheung, E. et al. Suppressing star formation in quiescent galaxies with supermassive
black hole winds. Nature 533, 504-508 (2016).

Whitaker, K. et al. Quiescent galaxies in the 3D-HST survey: spectroscopic confirmation of
a large number of galaxies with relatively old stellar populations at z-2. Astrophys. J. Lett.
770, 39 (2013).

Johansson, P. et al. Gravitational heating helps make massive galaxies red and dead.
Astrophys. J. Lett. 697, L38-L43 (2009).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021


https://arxiv.org/abs/2106.08338
https://arxiv.org/abs/2106.08338

Methods

Cosmology and initial mass function assumptions

Throughout this paper we assume asimplified cosmology of Q,,= 0.3,
Q,=0.7and H,=70 kms™Mpcwhen calculating physical parameters.
Such values are commonly assumed to make literature comparisons
easier, as the precise measured values evolve over time. We adopt the
Chabrier*®initial mass function throughout, correcting literature values
where appropriate.

Hubble and Spitzer Space Telescope observations

The full details of the data reduction of the REQUIEM Hubble Space
Telescope (HST) and Spitzer Space Telescope data are found inthe REQ-
UIEM methodology paper?. All targets have aminimum of 5 (up to 16)
HST and 2 Spitzer Infrared Array Camerafilters, covering A, - 1,000A
to ~1 um. In addition to ground-based spectroscopic campaigns 8,
HST Wide-Field Camera 3 G141 grism spectroscopy exists for five out
of the six targets, excluding MRG-M1423.

Star-formation rate and stellar mass estimates

Star-formation rates and stellar mass estimates are taken from the lit-
erature, derived fromjoint analyses of photometry and ground-based
spectroscopy, modelling the rest-frame ultraviolet to near-infrared
spectralenergy distribution'®'®, These papers adopt the Calzetti*® dust
attenuation curve and parameterized star-formation histories when
fitting the stellar continuum with stellar population synthesis models®.
Both exponentially decaying' and similar star-formation histories
that allow linear growth before the exponential decay*® yield consist-
ent stellar mass and star-formation rate estimates and are generally
well-suited to describe quiescent galaxies*®. The procedures to fit the
datatostellar population models marginalize over the spectroscopic
redshift, velocity dispersion, age, metallicity, dust attenuation and the
emission line parameters, including an analysis of systematic uncer-
tainties introduced by the model assumptions.

The choice of dust attenuation law and star formation history (SFH)
will affect the inferred stellar masses and SFRs in particular. Studies sug-
gest that the dust attenuation law is not universal* and that the Calzetti
attenuation curve may not be representative at high redshift and/or low
SFRper unitstellar mass (sSFR)*>. Moreover, parametric SFHs are shown
to yield systematically lower stellar masses owing to younger ages
relative to non-parametric SFHs*. Although there remain significant
uncertainties in the dust geometry given our centrally concentrated,
unresolved dust continuum detections, itis valuable to test the effect
of different dust attenuation assumptions and a non-parametric SFH
on the global measurement of stellar mass and sSFR through a pre-
liminary joint analysis of the HST and Spitzer photometry and HST
grismspectroscopy using published Bayesian methodology®. Namely,
we independently derive the measured stellar masses and sSFRs for
the two ALMA-detected galaxies, MRG-M0138 and MRG-M2129. We
adopt non-parametric SFHs, using the flexible stellar population syn-
thesis models* with a two-parameter dust model*. Consistent with
expectations, these tests yield higher stellar masses by 0.1-0.2 dex,
and thus lower implied molecular gas and dust fractions. Wheninclud-
ing the 1.3 mm measurement in the fit for MRG-M0138, we find: (1) a
(non-parametric) SFH that declines exponentially with old ages, low
sSFRs and low dust, consistent with the ground-based spectroscopic
results; and (2) dust temperatures that are preferentially warmer.
Awarm luminosity-weighted dust temperature of about 34 Kis required
to explain the low ALMA flux density, as most of the infrared energy
escapes at shorter wavelengths. Conversely, for MRG-M2129 we find:
(1) ayounger post-starburst SFH with moderate dust attenuation and
asteeper than Calzetti curve; and (2) a dust spectral energy distribu-
tion (SED) that is consistent with a very cold (about 14 K), though not
maximally cold, temperature. Combined, these implied dust tempera-
tures fall at the extremes of local observations for early-type galaxies

(see 'Molecular gas mass estimates', below), and make testable predic-
tions motivating future observations. However, itisimportant to note
that the dust comes only fromayet unconstrained small central region,
making it imperative to not overinterpret the global SED modelling.

Regardless of the specific model adopted, the changes in stellar
mass and sSFR for these galaxies do notimpact the conclusions of this
study, despite the significant challenges of constraining the SFRin the
low sSFR regime in particular. If anything, our tests imply even more
extreme cold gas depletion timescales onthe order of 100 Myr (versus
about1Gyr for previous SED modelling assumptions). So although we
conservatively adopt the published values based on higher resolution
ground-based spectroscopy'®'®, derived completely independent from
the dust masses, we note that our measurements may deviate even
further fromscalingrelations under different modelling assumptions,
which would only serve to strengthen our conclusions.

Lens model assumptions

The full details of the lens models for all strong lensed sources in this
paper canbe found in the original discovery papers™ 8. The magnifica-
tion factor was used to correct the stellar masses and star-formation
rates. However, because the dust and molecular gas fractions and the
specific star-formation rates, the main focus of this paper, are rela-
tive quantities, they areindependent of the details of the lens models.

Reduction of ALMA data

ALMA 1.3 mm continuum observations were carried out in programs
2018.1.00276.S and 2019.1.0027.S. The observations were designed to
reach limits of f;;, ~1%; due to the range in redshift and lensing magnifi-
cation withinthesample, the observations reach 1o depths of 9-56 py.
The correlator was configured for standard Band 6 continuum obser-
vations, with 7.5 GHz total usable bandwidth. The data were reduced
using the standard ALMA pipeline and imaged with natural weight-
ing to maximize sensitivity. The observations were designed to avoid
spatially resolving the target sources to the extent possible, and reach
spatial resolutions of -1.0-1.5 arcseconds. We create lower-resolution
images of each source withauvtaper and find no evidence for extended
emissionin any source (see below). Flux densities for the two detected
sources were measured from the peak pixel valuesin theimages, appro-
priate for unresolved (pointlike) sources. For the remaining undetected
sources, we place upper limits on the 1.3 mm emission using the image
root mean squared values, under the assumption that the dust emis-
sioninthe remaining sources would also be as compact as that in the
two detected galaxies.

We further verify that the submillimetre emission is unresolved in
the two ALMA-detected objectsin several different ways: by comparing
peak to integrated flux densities, asymmetric tapered to untapered
fluxes (such that the position angle of the resulting synthesized beam
isaligned withthe extended lensed arc), and uv plane and image-plane
fitting, all of which agree that the two detected sources are indeed
pointlike, with no evidence of extended emission.

For the two detected galaxies, we carry out a further test for mil-
limetre emission extended on scales as large as the rest-optical light.
In brief, we create a series of mock ALMA observations using a model
oftheimage-plane stellar light from the HST F160W images, renormal-
ize the image to have either a known total flux density or known peak
flux density (per beam), invert it, sample the Fourier transform at the
uv coordinates of the real data, and add noise to the visibility model
based onthenoise properties of thereal data. The two detected sources
arerepresentative of the others: MRG-M0138is a highly extended arc,
whereas MRG-M2129 is only slightly extended compared to the synthe-
sized beam. By normalizing the modelimage to match the peak surface
brightness of the real data, we test the extent to which the existing data
rule out millimetre emission with comparable extent as the stellar light.
By normalizing the model image to a known total flux density, we test
our ability to recover known input signals and whether it is possible to
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find pointlike millimetre emission evenifthe true emission has the same
structure asthestellar light. In both tests, we find thatif the millimetre
emission had identical structure to the stellar light, the resolved arc
structure of the source would be clearly detected. We find that if the
sources had the same total flux density as we measurein the real data,
but this emission was distributed over the full extent of the stellar light,
the input flux density would stillbe accurately recovered. Importantly,
inthis case the mock observed galaxies fail all of our previous tests for
pointlike emission; the extended nature of the millimetre emission
in the mock datasets would be easily discernible at the depth of our
data. The millimetre emission in the detected sources is genuinely
pointlike at our current spatial resolution, far less extended than the
stellar light. Therefore, we conclude that there is no detectable dust
emission extended on the same scales as the stellar light, in agreement
with our finding that the submillimetre emission is pointlike at the
current resolution.

Galaxies that are not detected afford an opportunity to stack the
dust continuum, reaching below the noise level for any individual
map. Although large variations in the strong lensing magnification
coupled withsmall number statistics complicate matters, we generate
aweighted stack as a test under the following assumptions. For the
four undetected REQUIEM-ALMA galaxies, each non-detection map
isdivided by the magnification and the individual maps’ demagnified
root mean square defines the weight when averaging to generate a
weighted stack. This methodology is similar to others in the litera-
ture for unresolved sources*¢, with our sample having roughly similar
beamsizesthatspan1.4-1.6 x1.1-1.2 arcseconds. The same weights are
used to calculate the average stellar mass and consequently the limit
infy. = Mg/ M, for the stack. The resulting deep 3o limit in the dust
continuum from the undetected REQUIEM-ALMA sources is 4.58 Jy at
an average redshift of z=2.59. For an average weighted stellar mass
of log;o(M,/M,) 0f 10.50, this corresponds to ;. 0of 1.8 x10*, largely
driven by the highest magnification source, MRG-M1341, that also has
the deepest ALMA 1.3 mm limits but the lowest stellar mass.

Molecular gas mass estimates

By probing the Rayleigh-Jeanstail at A, > 250 um, the dust continuum
canbeused asaproxy for the mass of the molecular interstellar medium,
M,;,. We estimate M, from amodified blackbody fit*, assuming a dust
temperature of 25K, a dust emissivity index, 3, of 1.8, and a dust mass
opacity coefficient, K;,sq, 0f 0.0484 m?kg ™ (ref. *8). By assuming a molec-
ular gas to dust mass ratio, 5, 0of 100 (ref. %), we can infer M, , from M.
Inprinciple M, could trace both neutral and molecular hydrogen, and
quiescent galaxies atz~ 0 are known to contain non-negligible neutral
gasreservoirs®, Local studies show that the neutral hydrogen contribu-
tion varies widely?*°. Although we assume that all of the hydrogen gasis
inthe molecular form, asignificant contribution from neutral hydrogen
to our dust detection would only serve to strengthen our conclusion.
For comparison, we also calculate M, explicitly following an empirical
calibration®, finding an offset of 0.1 dex lower in M,,,, yielding even lower
inferred molecular gas fractions.

An alternative viable explanation of the null detections is that §
increases markedly for a significant fraction of early quiescent gal-
axies. There exists theoretical® and observational®> evidence that in
certain circumstances thermal sputtering by hot electrons could in
principle efficiently destroy dust in dead galaxies. CO observations are
required to rule out extreme molecular gas to dust ratios that would
be necessary to reconcile our observations with higher, more typical
values of f;,,. Although CO observations of quiescent galaxies atz> 1.5
arescant, such ratios are difficult to justify, as they imply that CO should
be detectable’, Atleast in the case of our two detections, such exotic
ratios are already ruled out by strong CO upper limits (A. Man, personal
communication).

We adopt a dust temperature of 25 K, which corresponds to a
luminosity-weighted temperature of approximately 30 K. However,

the cold interstellar medium of local quiescent galaxies is generally
colder, with luminosity-weighted dust temperatures observed to be
23.9+ 0.8 K (with a range from 16 K to 32 K)>*. Adopting significantly
colder dust templates would increase our estimates of molecular gas
fraction, butour upper limits would still leave room for tension. The thin
error bars for the two detected sources in Fig. 2 represent the systematic
uncertainty in dust temperature from aMonte Carlo analysis adopting
the observed temperature distribution of local quiescent galaxies®.
Systematic uncertainties in Fig. 3 additionally include variationin the
molecular gas to dust ratio by conservatively drawing from a uniform
distribution ranging from 50 to 200. Star formation in quiescent galax-
ies at high redshift is generally less suppressed in comparison to that
inlocal dead galaxies, and as such the expected dust temperature of
the cold interstellar medium remains unclear.

When including the measured ALMA 1.3 mm flux density in global
SED modelling that assumes energy balance, as described above,
we find that MRG-MO0138 may be consistent with warmer dust with
luminosity-weighted temperatures of about 34 K and MRG-M2129
with colder dust at about 14 K. Although we cannot draw conclusions
on the dust temperature based on a single (unresolved) data pointin
the Rayleigh-Jeans tail with ample uncertainties looming in the dust
geometry, the latter may support conclusions based on stacked obser-
vations’, whereas the former would represent a new extreme. It may
be that once dust production from new star formation halts, dust is
slowly removed by other physical processes; when the dust reservoirs
aresufficiently depleted, the galaxy is optically thin and this dust may
thenbe heated to higher temperatures. However, although the dust is
still optically thick, self-shielding may effectively allow the dust to cool
tovery low temperatures*. Future observations and spatially resolved
analyses will illuminate the dust morphology and temperature.

Literature comparisons

We include quiescent targets measured through dust continuum in
Fig.2, both upper limits for individual galaxies®® and for stacking®’, as
wellasanindividual quiescent CO upper limit measurement*inFig. 3;
allstudies have a similar high redshift of z > 1.5. For the dust continuum
measurements, all data arerecalibrated using the same set of assump-
tions applied here, starting from the flux density and source redshift.
We compare our results to acomprehensive compilation of 843 galaxies
outtoz=3from the literature with dust or CO measurements®, shown
as contours in Fig. 2. Within this sample, we highlight measurements
of 188 (almost exclusively star-forming) galaxies at 1.5 <2< 3.0, trac-
ing molecular gas via dust continuum®**5¢ and CO™>"*-¢* (contours
presented in Fig. 3).
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