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ABSTRACT

Significant observational resources have been dedicated over the last decade to understanding the

interplay between molecular gas, star formation, and stellar growth in star-forming galaxies out to z ∼
3. Passive galaxies, however, are expected to be gas-poor and therefore faint, and thus little is known

about molecular gas in passive galaxies beyond the local universe. Here we present deep Atacama Large

Millimeter/submillimeter Array (ALMA) observations of CO(2–1) emission in 8 massive (Mstar ∼
1011 M�) galaxies at z ∼ 0.7 selected to lie a factor of 3–10 below the star-forming sequence at this

redshift, drawn from the Large Early Galaxy Astrophysics Census (LEGA-C) survey. We significantly

detect half the sample, finding molecular gas fractions . 0.1. We show that the molecular and stellar

rotational axes are broadly consistent, arguing that the molecular gas was not accreted after the galaxies

became quiescent. We find that scaling relations extrapolated from the star-forming population over-

predict both the gas fraction and gas depletion time for passive objects, suggesting the existence of

either a break or large increase in scatter in these relations at low specific star formation rate. Finally,

we show that the gas fractions of the passive galaxies we have observed at intermediate redshifts are

naturally consistent with evolution into local massive early-type galaxies by continued low-level star

formation, with no need for further gas accretion or dynamical stabilization of the gas reservoirs in the

intervening 6 billion years.
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1. INTRODUCTION
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The processes by which galaxies grow and evolve are

intimately linked to the accretion and conversion of gas

into stars. In particular, because stars form from molec-

ular gas (e.g., Schruba et al. 2011), the heating, cooling,

and transport of gas from outside and within galaxies

play a large role in determining how efficiently a galaxy

can form stars, and the overall mass of stars that can be
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formed. By and large, galaxies form stars across cosmic

time in equilibrium with the supply of fresh gas from

accretion and mergers; the interplay between gas ac-

cretion, outflows, star formation, and mergers naturally

regulates the growth of galaxies (e.g., Davé et al. 2011,

2012; Lilly et al. 2013; Peng & Maiolino 2014).

Surveys of increasingly large numbers of galaxies have

shown that the majority of galaxies exhibit a relatively

tight and nearly-linear relationship between the current

star formation rate (SFR) and the mass of stars al-

ready formed (Mstar; e.g., Noeske et al. 2007; Franx

et al. 2008; Whitaker et al. 2012, 2014; Speagle et al.

2014; Schreiber et al. 2016). The intrinsic scatter in the

relationship is ≈ 0.3 dex, and objects that lie near it

are generally considered to be ‘normal’ galaxies. The

normalization of the ‘star-forming sequence’ increases

rapidly with redshift, implying much more rapid galaxy

growth in the early universe as compared to today, or

an overall increase in the SFR density function (Sobral

et al. 2014). At the most massive end, however, an ever-

larger fraction of galaxies exhibit markedly depressed

SFRs (or specific SFR, sSFR≡SFR/Mstar). This tran-

sition occurs near the break in the stellar mass function,

logMstar/M� & 10.5−11, and does not appear to evolve

significantly with redshift (e.g., Peng et al. 2010, though

see also Gavazzi et al. 2015; Tomczak et al. 2016). Star

formation in these massive galaxies appears to be effi-

ciently shut off (‘quenched’) as they transition to the red

sequence, but the physical mechanisms responsible for

this quenching are still unclear.

After a decade of extensive observational investment,

the relationship between gas supply and the growth of

star-forming galaxies has become more clear, both at low

redshift (e.g., Saintonge et al. 2011, 2017; Bothwell et al.

2014) and in the distant universe (e.g., Tacconi et al.

2013; Magnelli et al. 2014; Papovich et al. 2016; Scoville

et al. 2016). For galaxies with SFRs near and above the

star-forming sequence, scaling relations have been de-

rived relating the properties of the molecular interstellar

medium (ISM) with other galaxy properties (e.g., Genzel

et al. 2015; Scoville et al. 2017; Tacconi et al. 2018), with

remarkably good agreement between various tracers of

the molecular gas. In general, the molecular gas frac-

tion fH2 ≡ MH2/Mstar increases rapidly with redshift,

is elevated for galaxies well above the star-forming se-

quence, and shows a weak decline with increasing Mstar.

The gas depletion time, tdep ≡ MH2/SFR, a measure

of how long a galaxy could continue to form stars at

its current rate before exhausting its gas supply, shows

a much weaker evolution with redshift, is shorter for

galaxies above the star-forming sequence, and is either

constant or weakly increases towards high Mstar. Typi-

cal values for Milky Way-mass star-forming galaxies at

z ∼ 0 are fH2
∼ few×10−2 and tdep ∼ 1 Gyr, and at

z ∼ 1, fH2
∼ 0.5−0.8 and tdep ∼ 0.7 Gyr (Tacconi et al.

2018).

The recent advent of large samples of ‘normal’ star-

forming galaxies with molecular gas measurements has

been particularly useful at high redshifts, providing ex-

tremely valuable reference samples for other galaxies

that may be less ‘normal.’ Of particular relevance for the

buildup of the quiescent galaxy population, molecular

gas observations have now also targeted smaller samples

of galaxies thought to be actively quenching star forma-

tion for various reasons (e.g., Geach et al. 2013; Spilker

et al. 2016; Popping et al. 2017) or that show spectral

signatures of quenching in the past <1 Gyr (Suess et al.

2017). These studies indicate that, while the suppres-

sion of star formation does not require the complete re-

moval or depletion of the molecular gas, the quenching

processes do appear to lower fH2
at fixed mass compared

to the reference samples in most cases.

Because of the relationship between MH2 and SFR,

however, much less is known about the molecular ISM

in galaxies well below the star-forming sequence; the

expected molecular masses require very sensitive ob-

servations and substantial integration times even with

the supreme sensitivity of ALMA. Observations of local

massive and passive early-type galaxies, for example, re-

veal gas fractions an imposing 1–2 orders of magnitude

lower than their star-forming counterparts (Young et al.

2011; Davis et al. 2013, 2016). Because these local galax-

ies show few signs of recent star formation for the past

many Gyr, however, it is not clear to what extent infer-

ences about the suppression of star formation in these

galaxies also apply in the distant universe, closer to the

epoch at which galaxies first became quiescent.

In this paper, we present ALMA observations of a

sample of 8 massive (logMstar/M� > 10.8) galaxies at

z ∼ 0.7 from the LEGA-C survey selected to lie a fac-

tor of 3–10 below the star-forming sequence at this red-

shift. We observed the CO(2–1) transition, a tracer of

the molecular ISM. The main focus of our work here

is to determine whether the scaling relations derived

from observations of star-forming galaxies and cosmo-

logical simulations can accurately predict or be extrap-

olated down to passive galaxies at intermediate redshift.

In Section 2, we describe the parent LEGA-C sample,

our ALMA observations, and our measurements of MH2
.

Section 3 provides a broad overview of our basic results,

and we compare the stellar and molecular dynamics of

our detected galaxies. In Section 4, we compare the

gas fractions and depletion times derived for our sam-

ple with observationally-based scaling relations and with
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the EAGLE cosmological simulation. We discuss the im-

plications our observations have for the understanding

of galaxy quenching in Section 5, and conclude in Sec-

tion 6. Throughout, we assume a flat ΛCDM cosmology

with Ωm = 0.307 and H0 = 67.7 km s−1 Mpc−1 (Planck

Collaboration et al. 2015).

2. DATA AND ANALYSIS

2.1. LEGA-C and Selection of Quiescent Galaxies

We selected galaxies for CO(2–1) observations from

the LEGA-C survey of 0.6 < z < 1.0 galaxies. The sur-

vey is described in detail by van der Wel et al. (2016).

Briefly, galaxies were selected based on K-band magni-

tude from the UltraVISTA catalog described in Muzzin

et al. (2013). The LEGA-C survey consists of ∼3200

galaxies observed with 20 hour integrations using the

VIMOS spectrograph on the Very Large Telescope. The

LEGA-C spectra yield high signal-to-noise detections of

the stellar absorption features and continuum, allow-

ing determinations of the age of the stellar populations,

metallicities, and stellar velocity dispersions. Because

the LEGA-C survey targets the COSMOS extragalactic

survey field, full panchromatic spectral energy distribu-

tion (SED) information is available, along with morpho-

logical information from Hubble Space Telescope obser-

vations. The galaxies studied in this work were selected

from the first data release (DR1) catalog for which VI-

MOS observations were completed by early 2016, con-

sisting of 644 objects in the primary sample with good

spectra. This early sample represents a subset of the

full survey area and is not biased with respect to the

full LEGA-C sample in terms of, e.g., K-band magni-

tude. Note that, while the galaxies were selected from

the initial DR1 catalog, the figures and table in this

work use values from the updated DR2 catalog (1989

galaxies; Straatman et al., in prep.). Stellar masses of

the LEGA-C sample have been measured by fitting the

photometric SED using FAST (Kriek et al. 2009) assum-

ing a Chabrier (2003) initial mass function.

2.1.1. SFR Estimation

The primary SFR estimates for the LEGA-C sam-

ple come from modeling of the spectral energy distri-

bution of our target galaxies, from the ultraviolet to

the mid-infrared. SFRs include the unobscured and ob-

scured components based on UV and IR (24µm) fluxes.

The low resolution of the Spitzer/MIPS 24µm imag-

ing requires the use of a deblending procedure to as-

sign the measured 24µm flux to K-band detected galax-

ies (Muzzin et al. 2013). In our final ALMA sample,

described further below, two objects (IDs 130284 and

132776) are near bright 24µm sources, where the de-

blending is potentially unreliable. For all objects in

the ALMA sample, the inclusion of the 24µm fluxes in-

creases the inferred SFR by a factor of 2.5, on average.

Unsurprisingly, none of these objects with low SFR are

detected in Herschel Space Observatory imaging of the

COSMOS field.

Several authors have noted that the IR luminosity

(or observed-frame 24µm luminosity, generally the only

available tracer of dust emission at low SFR and high

redshift) can overestimate the obscured SFR of quiescent

galaxies, in some cases quite severely (e.g., Salim et al.

2009; Hayward et al. 2014; Utomo et al. 2014; Man et al.

2016). This can be due to several effects, including the

fact that the IR luminosity is a long-lived tracer com-

pared to the instantaneous SFR, and 24µm emission can

be boosted by dust heating unrelated to star formation,

including circumstellar dust heated by intermediate-age

AGB stars, extended cirrus dust heated by old stellar

populations, or weak nuclear activity. The latter three

result in a higher LIR/SFR ratio, or equivalently only a

fraction of the observed LIR should be considered in the

calculation of the SFR.

Of these options, weak nuclear activity is unlikely,

with the 24µm emission expected from stacking of X-

ray images falling three orders of magnitude below the

observed emission for intermediate-redshift quiescent

galaxies (Fumagalli et al. 2014). Dust heating from AGB

stars and cirrus dust are potentially more relevant. Fu-

magalli et al. used a stacking analysis of MIPS/24µm

images of quiescent galaxies at 0.3 < z < 2.5, and

found that the SFR determined from these images could

be overestimated by an order of magnitude. However,

there is reason to believe the situation is not so dire for

our own selection. Fumagalli et al. focused on galax-

ies much more quiescent than ours, 20–40× below the

star-forming sequence, compared to our own selection of
3–10× below. The objects in our sample do not reach

such low sSFR even if none of the IR emission is related

to star formation and only the SFR based on the rest-

UV is considered. The SFR overestimation becomes less

severe at higher sSFR because true obscured star forma-

tion rapidly outshines the lower-level IR emission unre-

lated to SF. For the sSFRs typical of our sample, the

work by Fumagalli et al. (2014) indicates that the SFRs

should be overestimated by less than a factor of ∼ 2.

2.1.2. ALMA Selection

We selected galaxies from the LEGA-C sample with

spectroscopic redshift z < 0.84, for which the CO(2–

1) line is observable with the ALMA Band 4 receivers.

We selected massive galaxies, with logMstar/M� > 10.8

and SFR 3–10× below the z ∼ 0.7 star-forming sequence
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as defined by Whitaker et al. (2012). Given the intrin-

sic scatter in this sequence (≈ 0.3 dex), this selects ob-

jects with SFRs lower than ≈90% of all galaxies at this

redshift. We further required that SFR> 2.5 M�/yr,

intended to restrict the sample to galaxies that could

plausibly be detected in CO in a reasonable integra-

tion time with ALMA. This resulted in a sample of 65

galaxies, from which we selected 8 for observation with

ALMA, listed in Table 1. We aimed to include galax-

ies with a variety of morphologies, both obvious spiral

galaxies and bulge-dominated elliptical galaxies. Two of

the eight galaxies (IDs 110509 and 169076) are identi-

fied as radio-loud AGN (Barǐsić et al. 2017); both lack

optical emission lines and are classified as low-excitation

radio galaxies. The sensitivity of the best-available ra-

dio imaging of the COSMOS field (Smolčić et al. 2017)

is not sufficient to detect radio continuum emission re-

lated to star formation for our sample (approximate 3σ

limiting SFR>18 M�/yr). The VIMOS spectra of our 8

galaxies are shown in Figure 1.

For two objects in the ALMA sample, the LEGA-C

spectra clearly detect the [OII] λ3727 doublet, which can

also be used as an SFR indicator, although one highly

susceptible to dust extinction and low-level nuclear ac-

tivity. Converting this line flux to an SFR yields values

less than the UV+IR SFRs, as expected, but within

∼2× the UV-only SFR. The remaining objects show lit-

tle evidence for nebular emission lines also used as SFR

indicators (e.g., Hβ), with any emission generally over-

whelmed by the strong absorption features.

In Figure 2 we show the selection of the ALMA sample

in the SFR–Mstar plane with respect to the full LEGA-C

sample and all other LEGA-C objects that meet our se-

lection criteria. We also show the size-mass relation for

star-forming and quiescent galaxies, with the best-fit re-

lations determined by van der Wel et al. (2014). Because

we chose objects with a range of morphologies, it is un-

surprising that the ALMA sample includes objects that

both follow and do not follow the expected size-mass

relation for quiescent galaxies.

Figure 3 shows two other relevant diagrams that give

the ALMA sample additional context. The top panel

shows the ALMA sample in UV J color-color space, with

the division between star-forming and quiescent objects

from Muzzin et al. (2013) also shown. The boundary

between these two populations in UV J colors is not a

definitive one, with varying definitions found in the liter-

ature as well as an expectation that galaxies must tran-

sition from one region to the other over time. Although

this diagram was not used in the selection of the ALMA

sample, it is reassuring that 6 of the 8 targets lie within

(given the uncertainties) the region of the UV J color-

color diagram generally occupied by quiescent galaxies.

Of the two remaining objects, one (ID 74512) lies in the

region generally occupied by star-forming galaxies; the

other (ID 138718) lies in the region generally occupied

by dusty galaxies.

The lower panel of Figure 3 shows the distribution

of Dn4000 index against the equivalent width of Hδ for

the LEGA-C and ALMA-observed samples (Wu et al.

2018; an emission line template has been subtracted

from the spectra). This diagram is useful as a proxy for

the stellar age, older galaxies showing lower Hδ equiv-

alent width and higher Dn4000. These quantities are

also correlated with Mstar, indicating older stellar pop-

ulations in massive galaxies (e.g., Kauffmann et al. 2003;

Maltby et al. 2016). Based on this diagram, we infer typ-

ical stellar ages for the ALMA-observed galaxies of 1–

3 Gyr, depending on the assumed star formation history;

a similar result is obtained through fitting to the full

LEGA-C spectra (Chauke et al., submitted). In other

words, the objects we observed with ALMA have been

passive for quite some time. They show little evidence

for significant recent star formation, unlike galaxies se-

lected with ‘post-starburst’ criteria that emphasize the

recent or impending quenching of star formation (e.g.,

Tremonti et al. 2007; Sell et al. 2014; Suess et al. 2017).

Finally, we examined the local galaxy environments of

our target objects using the estimates of Darvish et al.

(2016). These estimates use photometric redshifts be-

cause the spectroscopic completeness in the COSMOS

field is low. Darvish et al. note that at z < 1, a compar-

ison of spectroscopic and photometric redshifts shows

that the redshift uncertainties are generally small, with

a dispersion σz ∼ 0.008, sufficiently small that the use

of photometric redshifts does not wash out line-of-sight

galaxy structures. For the LEGA-C sample as a whole,

the median overdensity is log(1+δ) = 0.13, while for the

ALMA-observed sources, the median is 0.16, with large

uncertainties on both values. The ALMA targets are

not in systematically overdense environments compared

to the full LEGA-C sample or the field as a whole.

2.2. ALMA Observations

Basic details of our ALMA observations and target

galaxies are summarized in Table 1. ALMA observa-

tions of our sample of 8 galaxies were carried out in

project 2016.1.00790.S (PI: Spilker) in separate observ-

ing sessions from 17 January to 12 March 2017 using the

Band 4 (2 mm) receivers (Asayama et al. 2014). All ob-

servations were conducted with the array in a compact

configuration, with ∼40 antennas separated by maxi-

mum baselines ranging from 272–330 m. Observing ses-

sions varied between 57–80 minutes in duration, with
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Figure 1. Left: Rest-frame optical LEGA-C spectra for each observed target, with common emission and absorption lines
indicated. Spectra have been smoothed with a Gaussian of FWHM 4 Å. Insets: HST/ACS F814W images of each galaxy.
Cutouts are 4×4′′. Right: Spitzer/MIPS 24µm images of each target, logarithmically scaled. Cutouts are 30×30′′. Most
galaxies are clearly or marginally detected at 24µm, although two objects have photometry that is likely contaminated by
nearby galaxies.

37–49 minutes spent on-source per target. The pre-

cipitable water vapor levels varied between 2.7–4.5 mm,

resulting in typical system temperatures of 70–95 K.

Quasars J1058+0133 or J0854+2006 served as bandpass

calibrators, while the quasar J0948+0022 was observed

for complex gain calibration for all sources. The ab-

solute flux scale was determined using observations of

Ganymede or one of J0854+2006 or J1058+0133, both

of which are monitored regularly by ALMA.

The correlator was configured to observe the CO(2–

1) line at the known redshift of each target with one

baseband with 7.812 MHz channelization (≈ 16 km s−1)

after correlator pre-averaging by a factor of 8. Three fur-

ther basebands with 1.875 GHz usable bandwidth each

were placed to higher frequencies for continuum observa-

tions. All data were reduced using the standard ALMA

pipeline, with manual inspection of the quality of the

reduction.

For each object, we produce continuum images and

CO(2–1) spectral cubes with various frequency channel-

ization. All data were imaged with a natural weighting

of the visibilities, which maximizes sensitivity to faint

emission in exchange for slightly lower spatial resolu-

tion. The effective spatial resolution of the data im-

aged in this way ranges from 1.9–2.4′′ (≈13–17 kpc). No

2 mm continuum emission is detected in any target. We

extract integrated spectra for all targets by fitting point

source models to the visibility data directly, averaging 6

or 12 channels to create spectra with velocity resolution

∼100–200 km s−1. When averaging over the full line pro-

files, we see evidence that most of the detected sources

are marginally spatially resolved (e.g., by comparing the

peak pixel values with spatially-integrated fluxes), but

this effect is negligible in narrower channels.

Finally, because all of our targets are located in

the COSMOS extragalactic deep field, we checked the
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in rest-frame UV J space (see Figure 3). Red circles are all
LEGA-C galaxies that meet our selection criteria, while the
ALMA-observed objects are shown with large red diamonds;
CO-undetected objects are also marked with a black ‘×’.
Top: The ALMA sample was primarily selected based on
stellar mass and SFR; see text for details. The blue line
shows the star-forming sequence at z = 0.7 from Whitaker
et al. (2012), and the blue shaded region encompasses SFRs
a factor of 3 above and below the relation. The red shaded
region shows our selection box of massive and passive galax-
ies. Bottom: Size-mass relation for the LEGA-C and ALMA
samples. Blue and red lines and regions show the size-mass
relations for star-forming and quiescent galaxies at z = 0.75
from van der Wel et al. (2014).
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of 1–3 Gyr for the ALMA sample; these objects are not re-
cently quenched. For two objects (IDs 110509 and 169076),
the LEGA-C spectra do not extend sufficiently blueward to
measure Dn4000, shown arbitrarily at Dn4000 = 1.2 with
arrows in each direction.
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ALMA archive to determine if any other observations

of our targets were publicly available or fell within the

footprint of other projects. No other observations were

found.

2.3. Molecular Gas Masses

Spectra and integrated line images of each target are

shown in Figure 4. We clearly detect four of the eight

targets in CO(2–1) emission. Two of the four detec-

tions show double-peaked line profiles, usually indicative

of rotating disks; the other two sources are centrally-

peaked. We discuss kinematics in more detail in Sec-

tion 3.2. Integrated line fluxes are determined by fitting

either one or two Gaussian profiles, also shown in Fig-

ure 4. For the undetected sources, we estimate upper

limits on the CO emission by determining the noise in

channels 800 km s−1 wide, which would fully encompass

all of the line emission in all detected sources. The up-

per limits on the integrated line flux are proportional

to
√

∆v, where ∆v is the velocity interval over which

the spectrum is integrated, so using very wide channels

results in conservative upper limits. The integrated line

fluxes are given in Table 1.

We convert the observed CO luminosities and upper

limits to estimates of the molecular gas masses under

standard assumptions about the CO excitation and the

CO–H2 conversion factor αCO. The effects of the un-

known CO line excitation are minimal, as the CO(2–1)

transition we have observed is very close to the ground

state CO(1–0) line typically used for molecular gas esti-

mation. Observations of the Milky Way, nearby quies-

cent and star-forming galaxies, and high-redshift star-

forming galaxies ubiquitously show that a line ratio

r21 = 0.7−1.0 (in brightness temperature units) encom-

passes the plausible expected range (Fixsen et al. 1999;
Combes et al. 2007; Dannerbauer et al. 2009; Young

et al. 2011; Spilker et al. 2014; Saintonge et al. 2017).

In this work, we assume r21 = 0.8.

The subsequent conversion between CO luminosity

and molecular gas mass is also uncertain (for a recent re-

view, see Bolatto et al. 2013). The conversion factor αCO

is known to vary with the gas metallicity (e.g., Leroy

et al. 2011), which affects the formation and destruction

of CO molecules. The metallicities (either gas-phase or

stellar) of our targets have not been measured, but are

expected to be solar or near-solar based on the mass-

metallicity relation. For example, Gallazzi et al. (2014)

predict logZ/Z� ∼ 0.0−0.1 for quiescent galaxies in our

mass range, with a scatter of ≈ 0.2. We therefore ex-

pect only minor variations in αCO due to metallicity ef-

fects. The CO-H2 conversion factor also depends on the

gas conditions and kinematics, which affect the optical

depth of the CO transitions through radiative trapping.

This is chiefly relevant for mergers and other high-SFR

systems, in which increased gas turbulence and/or bulk

motions lower the effective CO optical depth and also

αCO (e.g., Narayanan et al. 2012; Spilker et al. 2015).

These effects are also expected to be minor for our tar-

geted objects, which have low SFRs, no signs of interac-

tion, and evidence for disk-like rotation in many cases

(see Section 3.2).

In this work, we adopt a ‘Milky Way-like’ value,

αCO = 4.4 M� (K km s−1 pc2)−1 (e.g, Solomon et al.

1987; Bolatto et al. 2013; Sandstrom et al. 2013). This

value agrees with standard dust-based methods we de-

scribe further as part of our stacking analysis below.

While this choice is justified for the reasons already men-

tioned, it does still carry significant systematic uncer-

tainty, likely of order 50%. While this may result in

adjustments to the absolute values of the gas masses we

derive, the relative values are robust, and it does not

affect the overall trends we find. Of relevance to our

subsequent discussion in Section 4, the true gas masses

of our sample are unlikely to be significantly larger than

the values we infer. The molecular gas masses we de-

rive can easily be rescaled using different assumptions,

as MH2
(0.8/r21)(αCO/4.4). When comparing to other

samples and galaxies observed in CO by other authors,

we also adjust their derived gas masses to match our

adopted value of αCO. As we are interested in normal

star-forming and quiescent galaxies, this adjustment is

minor, no larger than ∼ 20% for the comparison sam-

ples.

2.4. ALMA Stacking Analysis

With CO non-detections constituting half the ob-

served sample, it is worth considering whether these

sources are detected on average through a stacking anal-

ysis. This would imply that somewhat deeper integra-

tions would have been necessary to detect the objects

individually. Similarly, although we did not detect (nor

expect to detect) dust continuum emission in any in-

dividual target, we expect that it should be detectable

in a stacked continuum image, if the assumptions made

about αCO in the previous section are correct.

2.4.1. 2mm Continuum Stack

Because all targets were observed in similar array con-

figurations with similar synthesized beam sizes, for sim-

ilar durations, and at similar sky frequencies, we opt

to simply average together inverted images of the tar-

gets rather than perform this analysis in the Fourier

plane. The similarity in observed frequency is of partic-

ular importance for the continuum stacked image, min-

imizing the effects of the steep thermal dust spectral in-
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Figure 4. Left: ALMA CO(2–1) spectra for each target. For detected sources, we show best-fit single or double Gaussian fits
with blue lines. Right: Line images integrated over the full line profiles of each source, or 800 km s−1 for undetected sources.
The grey ovals show the ALMA synthesized beam, and a 3′′ scalebar is indicated.

dex. We create a stacked 2 mm continuum image simply

by averaging together the signal-free continuum maps

of each source. In the stacked image, a faint source

with S2mm = 17 ± 5µJy is detected at the center of

the field. By subdividing the stack into sources either

detected or undetected in CO(2–1), it is apparent that

the signal seen in the full stack is due entirely to the

sources individually detected in CO. The CO-detected

sources are detected in the 2 mm continuum stack with

S2mm = 23± 7µJy, while no continuum emission is de-

tected in the stack of CO non-detections, with a 3σ up-

per limit S2mm < 25µJy.

We can use the detection of 2 mm continuum emis-

sion in the stack of CO-detected sources to cross-check

our assumptions about the CO-H2 conversion factor de-

scribed in Section 2.3. The average molecular gas mass

of the detected objects is 1×1010 M�. Assuming a typi-

cal dust emissivity, κ235GHz = 0.42 cm2 g−1 (e.g., Dunne

et al. 2000), where 235 GHz is the rest-frame contin-

uum frequency, a dust temperature Tdust = 25 K, and

a gas-to-dust ratio typical of solar metallicity systems,

δGDR = 100 (e.g., Sandstrom et al. 2013), we find an av-

erage molecular gas mass for the CO-detected sources of

8.8× 109 M�. This value is in excellent agreement with

our CO-based estimates. The same assumptions applied

to the 2 mm upper limit from the CO-undetected sources

yields a 3σ upper limit of MH2 < 9.6× 109 M�, unsur-

prisingly in agreement with the CO-based upper limits

for individual sources. We note that the dust-based es-

timate of MH2 is also uncertain by about a factor of two

due to uncertainties in the dust emissivity and mass-

weighted temperature (e.g., Draine & Li 2007). This in-

dependent check indicates that our assumptions about

αCO are reasonable.

2.4.2. CO Spectral Stack

We create a stacked CO image cube in similar fash-

ion to the simpler stacked continuum maps. In this

case, however, we rely on the fact that all targets (de-
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Table 1. ALMA-Observed LEGA-C Sample Target Properties

LEGA-C ID Right Ascension Declination zspec logMstar/M� SFR σa
100 km s−1 SCO(2−1)∆v logMH2/M�

— — — — — M�/yr µJy/beam Jy km s−1 —

74512 10h01m42.88s +02◦01′21.9′′ 0.7330 10.96 6.3 132 0.16 ± 0.04 9.82 ± 0.13

110509 10h01m04.44s +02◦04′37.2′′ 0.6671 11.00 6.5 160 0.24 ± 0.04 9.92 ± 0.07

130284 10h00m13.78s +02◦19′37.0′′ 0.6017 10.96 6.8 151 0.36 ± 0.04 10.00 ± 0.06

132776 10h00m12.43s +02◦21′21.9′′ 0.7500 10.98 7.9 163 0.33 ± 0.07 10.16 ± 0.11

138718 10h00m13.89s +02◦25′38.0′′ 0.6558 11.13 5.6 188 <0.21 <9.84

169076 09h59m07.30s +02◦19′05.8′′ 0.6772 11.49 5.1 256 <0.23 <9.91

210210 10h00m35.55s +02◦31′04.2′′ 0.6544 11.38 3.6 212 <0.21 <9.84

211409 10h01m05.45s +02◦32′03.7′′ 0.7140 11.13 6.6 188 <0.13 <9.72

Stacked Non-detections 0.6754 11.31 5.3 106 <0.093 <9.51

aALMA rms sensitivity in 100 km s−1 channels, naturally-weighted images

Note—LEGA-C ID numbers are the same as in the UltraVISTA catalog of Muzzin et al. (2013). Stellar masses are determined
by fitting to multiwavelength photometry using FAST. SFRs are based on a weighted sum of UV and IR (24µm) fluxes.
Integrated CO(2–1) line fluxes are converted to molecular gas masses under the assumptions described in Section 2.3. Upper
limits for non-detections are 3σ.

tected and undetected) have precisely-known redshifts

from the LEGA-C spectra. The redshifts are accurate to

∼ 10 km s−1, much less than the typical line widths seen

in CO or the stellar absorption features in the LEGA-C

spectra. We also do not see significant velocity offsets

between the CO emission and stellar absorption features

in the CO-detected sources. We stack the spectra of in-

dividual sources using image cubes with velocity resolu-

tion ranging from 50–800 km s−1; the choice of channel

width does not affect our conclusions. We have also ver-

ified that this procedure accurately recovers the sample-

average line flux by stacking only the sources individu-

ally detected in CO.

No CO(2–1) emission is detected in the stack of

individually-undetected sources, regardless of the ve-

locity resolution used in the stack. As with the

individually-undetected sources, we place an upper

limit on the CO emission in this stack using a sin-

gle 800 km s−1 wide channel. This results in a 3σ

upper limit on the CO luminosity L′CO(2−1) < 5.8 ×
108 K km s−1 pc2. Under the same assumptions about

the CO excitation and αCO as before, this is equivalent

to MH2 < 3.2× 109 M�. Given the average stellar mass

of the CO-undetected sources, 2×1011 M�, the resulting

upper limit on the gas fraction of these passive sources

is fH2
= MH2

/Mstar < 0.016.

3. RESULTS

3.1. Basic Gas Properties

The derived properties of our sample of z ∼ 0.7 pas-

sive galaxies are given in Table 1. Figure 5 plots a

number of basic correlations from our data, comparing

galaxy molecular masses, gas fractions, and depletion

times with their stellar masses, SFRs, and specific SFRs.

We draw comparison samples from the literature. We in-

clude the xCOLDGASS sample (Saintonge et al. 2017),

a large sample of galaxies in the local universe that con-

tains both star-forming and passive objects over several

orders of magnitude in stellar mass. We also include

higher-redshift star-forming galaxies at z = 1−1.3 com-

piled from the PHIBSS survey (Tacconi et al. 2013), con-

sisting of logMstar/M� > 10.4 galaxies, supplemented

by the observations of Papovich et al. (2016), which

extend to lower mass (logMstar/M� ∼ 10.2). Finally,

we include the recent ALMA observations by Suess

et al. (2017) of two z ∼ 0.7 galaxies selected to have

post-starburst-like optical spectra, logMstar/M� ≈ 11,

and little ongoing star formation. With similar stellar

masses to our own sample, these galaxies represent ob-

jects that quenched recently, as opposed to the several-

Gyr-old stellar populations in our sample. Gas masses

from all samples have been renormalized to αCO = 4.4,

but we preserve the original authors’ assumptions about

the CO excitation, applicable to the z > 0 samples.

A number of well-known strong correlations are im-

mediately apparent in Figure 5, including the spatially-

integrated Schmidt-Kennicutt star formation relation

between SFR and MH2
(Schmidt 1959; Kennicutt 1998)

and the declining depletion times observed for galaxies
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with high sSFR (e.g., Saintonge et al. 2017). Because

all of these quantities evolve with redshift, it is generally

more instructive to interpret the variations seen in Fig-

ure 5 after removing or otherwise accounting for the red-

shift evolution. We perform this exercise in Sections 4.1

and 4.2.

At the most basic level, we observe that z ∼ 0.7 mas-

sive, passive galaxies contain . 1010 M� of molecular

gas, and may contain significantly less, depending on

the true masses of the undetected sources. This is nev-

ertheless over an order of magnitude higher MH2
(also

fH2
) than observed for early-type and other massive,

low-sSFR galaxies in the local universe (e.g., Combes

et al. 2007; Young et al. 2011; Davis et al. 2016). Un-

like the local samples, however, we see no evidence for

increased gas depletion times that might indicate that

the molecular material has been stabilized against col-

lapse; instead, the .1–2 Gyr depletion times are typical

of, or even shorter than, galaxies near the star-forming

sequence.

In terms of basic molecular gas properties, the galaxies

we have observed are not so dissimilar from ‘normal’

star-forming galaxies in the local universe. While they

were selected to be massive galaxies, the absolute values

of MH2
, fH2

, and tdep in the ‘passive’ z ∼ 0.7 galaxies

are very similar to star-forming galaxies today. In some

sense, the galaxies we have observed can be considered

ahead of their time – they formed the bulk of their stellar

mass at early times, and reached an evolutionary stage

similar to that currently experienced by galaxies in the

local universe ∼ 6 Gyr early.

It is rather curious that the detected sources are very

clearly detected, at the ∼ 8σ level, while the others

are not detected even in a stacked spectrum. Why

were some objects in our sample detected, and others

not? With only 8 target galaxies in total, we cannot

draw strong conclusions on this point. The four non-

detections are both the highest-Mstar and lowest sSFR

galaxies in the sample, although the absolute SFRs are

not significantly different from the full sample. The non-

detections tend to lie towards higher stellar surface den-

sity than the detections (Figure 2), but are not obviously

disparate in morphology or other structural parameters

(e.g., Sérsic index). They also have the lowest Hδ equiv-

alent widths in the sample and the reddest U −V colors

(Figure 3), but do not show large differences in best-fit

stellar age, presence or lack of radio AGN, or presence or

lack of emission lines in the LEGA-C spectra. Finally,

the undetected sources are in regions more overdense

than the detected sources by 0.25± 0.4 dex. There is no

statistical difference in the relative overdensity between

detected and undetected sources. We stress that a much

larger sample is required to begin to understand which

of these properties, if any, are good or useful predictors

of CO line luminosity.

We see an interesting contrast between our massive,

passive galaxies, and the post-starburst galaxies at sim-

ilar redshift and Mstar observed by Suess et al. (2017).

While SFRs for the post-starburst sample are measured

from the extinction-susceptible [OII] doublet, and thus

may be underestimated, the absolute quantity of molec-

ular gas in these two objects still serves as a useful refer-

ence. While one post-starburst has a similar molecular

mass to the objects we have studied, the other has > 2×
higher MH2

than any of our objects, and more than an

order of magnitude higher MH2 than the stack of CO-

undetected sources in our sample. If the SFR of this

object is confirmed to be as low as inferred, it would in-

dicate a large diversity in the gas masses, fractions, and

depletion times among massive galaxies at intermediate

redshifts.

3.2. Molecular and Stellar Dynamics

The dynamical state of the molecular gas in passive

galaxies can be a powerful probe of its origin and the

processes that led to the cessation of star formation. In

z ∼ 0 early-type galaxies, for example, approximately

one in four contain detectable amounts of molecular

gas, much more common among the fast rotator galax-

ies than slow rotator population (Young et al. 2011).

Among these objects, about 40% show signs that the

molecular gas discs are significantly misaligned (more

than 30◦) with respect to the stellar rotation (Alatalo

et al. 2013; Davis et al. 2013). This has been interpreted

as evidence that the molecular gas was gained from ex-

ternal sources after the galaxies quenched star forma-

tion, for example from the accretion of gas-rich satellites

or cold streams from the intergalactic medium. Mis-

aligned rotation axes can also arise during major merg-

ers if gas makes up a significant fraction of the total

mass (Lagos et al. 2018). The dynamics of the molec-

ular gas can thus provide insight into the origin of this

material and its relationship to the physical processes

that quenched star formation.

From the integrated spectra alone, two of our CO-

detected objects show double-horned line profiles char-

acteristic of rotating gas discs, while the other two show

centrally-peaked line profiles. This is similar to the re-

sults from local early-type galaxies, for which > 30%

show evidence of rotation from the CO line profiles alone

(Young et al. 2011). The remaining objects may also

contain rotating gas discs, depending on the spatial dis-

tribution of the molecular gas and the inclination with

respect to the line of sight.
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To investigate the velocity fields of the CO-detected

objects in more detail, we re-imaged the ALMA data,

splitting the total CO emission from each object into

two velocity channels covering the red- and blue-shifted

emission. The results are shown in Figure 6 (top row).

While narrower velocity bins can also be imaged, a single

blue and red channel yield the highest signal-to-noise for

presentation purposes; we have verified that the velocity

gradients apparent in Figure 6 are consistent with imag-

ing the data in narrower velocity channels. We fit the

red and blue channels of each source in both the visibil-

ity and image domains with point source models, finding

that the centroids of each velocity component can be de-

termined to ≈0.3′′, on average. Given the uncertainties,

significant velocity gradients are apparent in three of the

four detected sources (IDs 74512, 110509, and 130284).

The remaining source (ID 132776) may also show a ve-

locity gradient in CO, but the spatial separation between

blueshifted and redshifted velocities is not significant at

the signal-to-noise of the current data. Our finding that

a high fraction of z ∼ 0.7 passive galaxies show measur-

able rotation mirrors the results for higher-SFR massive

galaxies at equivalent and higher redshifts (e.g., Förster

Schreiber et al. 2009; Tacconi et al. 2013; Wuyts et al.

2016).

A quantitative comparison between the molecular gas

and stellar dynamics is challenging given the data in

hand. The LEGA-C spectra provide a high signal-to-

noise measurement of the stellar rotation curve (Bezan-

son et al., in prep.), but all VIMOS slits for the ALMA

sample were 1′′ wide and oriented north-south, and so

are effectively randomly aligned with respect to the

galaxy major axes. Additionally, the typical ∼1′′ seeing

during the VLT observations leads the rotation curve

velocities to be correlated on scales of a kpc. On the

other hand, the ALMA CO observations have both lower

spatial resolution (∼2–2.5′′) and lower signal-to-noise

compared to the LEGA-C spectra, but contain full two-

dimensional spatial information and independent veloc-

ity channelization.

Given the differences between the available data and

the modest signal-to-noise of the current CO maps, we

choose not to make a detailed comparison between the

CO and stellar dynamics. Instead, we address a simpler

question: are the LEGA-C stellar rotation curves con-

sistent with the observed CO velocity gradients, given

the misalignment between the projected galaxy rotation

axes and the north-south oriented VIMOS slits? In Fig-

ure 6 (bottom row), we show the velocity gradients seen

in the CO data, where the offset between red and blue

halves of the emission is measured along the galaxy ro-

tation axis derived from the ALMA data. We also show

the LEGA-C stellar rotation curves, which, as men-

tioned, are sensitive only to the north-south projected

component of the velocity field. Finally, we show the

portion of the ALMA velocity gradient also projected

onto the north-south orientation of the LEGA-C slits.

In three of four cases, we find excellent agreement be-

tween the LEGA-C rotation curve and the north-south

projection of the CO velocity gradient. The final ob-

ject, ID 74512, is the most compact galaxy in the sam-

ple and does not obviously show signs of rotation in

the LEGA-C spectrum. This may be at least in part

due to the compact size of the galaxy in comparison to

the VIMOS slit and the low signal-to-noise of the stel-

lar rotation curve. It is also possible that the stellar

component of this galaxy truly has little rotation, which

would imply that the angular momentum axes of the

stars and molecular gas are misaligned. Given the large

uncertainties involved, however, this scenario is neither

supported nor unsupported by the data in hand.

In summary, the rotational axes of the stellar and

molecular components of the CO-detected objects are

consistent in at least three of four cases. This ar-

gues against an external origin for the molecular gas

in z ∼ 0.7 passive galaxies (either recently-accreted cold

streams or gas-rich mergers), because these processes

should commonly result in misaligned stellar and molec-

ular rotation. Instead, the molecular gas in our sample

is probably left over from the formation epoch of the

bulk of the galaxies’ stellar mass or replenished directly

by stellar mass loss, resulting in stellar and gas discs

with aligned rotational axes.

4. DISCUSSION

4.1. Gas Scaling Relations

The past decade has seen a large investment of single-

dish and interferometer time devoted to understanding

how the molecular gas properties of galaxies vary with

other galaxy properties from z ∼ 0 (e.g., Bothwell et al.

2014; Saintonge et al. 2017) out to z ∼ 2.5 (e.g., Tac-

coni et al. 2013; Genzel et al. 2015; Scoville et al. 2017;

Tacconi et al. 2018). Because of the well-known correla-

tion between MH2
and SFR (Figure 5), the moderate–

to high-redshift samples have focused nearly exclusively

on fairly massive star-forming galaxies on or above the

star-forming sequence, the objects with the largest gas

masses and most easily detectable. With our sample

of passive galaxies at intermediate redshifts, we are in

a position to determine whether these scaling relations

extend to lower sSFR, previously unexplored parameter

space.

The above studies provide prescriptions for the vari-

ation of molecular gas fraction fH2
and depletion time
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Figure 6. Top: Channel maps for each of the targets detected in CO(2–1) emission. The background grayscale shows the
HST/ACS F814W image of each source, logarithmically scaled. Vertical dashed lines indicate the width and orientation of the
LEGA-C VIMOS slits. For each target, we re-image the CO emission in two velocity bins that roughly equally split the total
line emission, using the velocity ranges indicated for each source. The blue and red contours show the blue and red velocity
components of the CO line in steps of 1σ beginning at ±3σ. The ALMA synthesized beam is shown with an ellipse at lower
left; north is up and east is left. We note that the centroid of each component can be determined to less than a synthesized
beam width. Significant velocity gradients are observed in three of four sources; given the modest signal-to-noise, the centroids
of the blue and red components of ID 132776 are indistinguishable. Bottom: CO(2–1) rotation curves derived from the data
in the top row (red diamonds). We also show the stellar rotation curves from the LEGA-C spectra (light blue circles), which
were all observed with north-south oriented slits. The LEGA-C spectra thus probe only the component of the velocity gradient
projected in the north-south direction. The navy diamonds and dotted lines show this component of the rotation curve using
the position angle in the ALMA data. In at least three of four cases, the stellar and molecular rotation axes are not obviously
misaligned.

tdep, parameterized in terms of overall redshift evolu-

tion, sSFR (generally with respect to the sSFR ex-

pected from the star-forming sequence at a given epoch),

Mstar, and/or galaxy size reff . Based on samples of

hundreds of galaxies from z = 0 − 3, consensus has

emerged that the gas fraction fgas evolves steeply with

redshift, ∝(1 + z)1.8−2.5, with shallower dependencies

on star-forming sequence offset, ∝(∆sSFR)0.3−0.5, and

stellar mass, ∝(Mstar)
−(0.3−0.7). The evolution of fgas

with redshift appears to be slightly less rapid than the

normalization of the star-forming sequence itself. This

implies that to first order, the higher SFRs observed

in typical galaxies at high redshift are simply due to

larger gas masses, with perhaps a somewhat higher effi-

ciency of star formation (equivalently, lower tdep) also

needed. The depletion time tdep exhibits an overall

smaller dynamic range, and varies less steeply with

redshift, ∝(1 + z)−(0.3−1), star-forming sequence offset,

∝(∆sSFR)−(0.4−0.7), and very shallow dependence on

stellar mass, ∝(Mstar)
0−0.17. Because tdep ≈ 1 Gyr for

star-forming galaxies, with shallow redshift evolution,

galaxies must also have had high gas accretion rates in

order to reconcile tdep with the evolution of fH2
, reach-

ing > 100 M�/yr at z > 2.5 (Scoville et al. 2017).

It is not clear whether these scaling relations should

or do extend to passive galaxies significantly below the

star-forming sequence. On one hand, the scaling re-

lations are very successful over a very wide parame-

ter space, with residual scatter in fH2
and tdep of just

∼ 0.1 dex (Tacconi et al. 2018). On the other hand,

the scaling relations have been derived using only star-

forming galaxies, and thus may not account for the phys-

ical mechanisms that quench galaxies, or the diversity

of these mechanisms that may induce increased scatter

in the relations.

In Figure 7, we compare the gas fractions and de-

pletion times for our observed sample with two empiri-

cal scaling relations from the literature.1 The relations

1 Both Scoville et al. (2017) and Tacconi et al. (2018) provide
scaling relations using the prescription for the star-forming se-
quence of Speagle et al. (2014), which we also adopt for Figure 7.
The difference between the Speagle et al. and Whitaker et al.
(2012) formulations explains why two objects in our sample are
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derived by Scoville et al. (2017) are based on ALMA

observations of long-wavelength dust continuum emis-

sion and assumptions about the dust emissivity. The

work by Tacconi et al. (2018), on the other hand, is

a meta-analysis of studies that represents the largest

overall sample size and dynamic range to date, and also

accounts for different normalizations in the major tech-

niques used to measure gas masses. Tacconi et al. (2018)

adopt a metallicity-dependent CO-H2 conversion factor

based on the observed mass-metallicity relation, while

we simply use αCO = 4.4. We note that using their pre-

scription for our sample gives a smaller value for αCO,

resulting in even lower gas masses, fractions, and shorter

depletion times; in other words, the differences seen in

Figure 7 would be even further accentuated.

The darkly shaded regions in Figure 7 show the ap-

proximate lowest sSFR objects at z ∼ 0.7 contained

in the observational samples; at lower sSFR (lightly

shaded), the scaling relations are extrapolated. For both

fH2 and tdep, Figure 7 shows that the extrapolation of

the Tacconi et al. (2018) scaling relation (which also in-

corporates the data from Scoville et al. 2017) is a better

match to our data, while the Scoville et al. (2017) re-

lations predict significantly higher fgas and longer tdep

compared to our observations. The Tacconi et al. (2018)

scaling relations perform reasonably well for the CO-

detected sources closest to the star-forming sequence.

However, both scaling relations perform poorly for the

CO-undetected sources in our sample, especially so for

the stacked non-detections. Individual non-detections

have upper limits on fgas lower than the predictions by

∼ 2×, while the upper limit on fgas in the stack is a fac-

tor of 5 lower than the prediction. A similar discrepancy

applies to tdep, with individual sources showing deple-

tion times shorter by 1.6− 2.5× and the stack too short

by a factor of 4.

Considering either fH2 or tdep, the CO-undetected

sources contain significantly less molecular gas than ex-

pected. This result holds even if we have overestimated

the SFRs in our sample by & 5×, because the scaling

of fH2 with sSFR is very steep, and altering the SFR

moves galaxies largely parallel to the tdep scaling rela-

tion. At the sSFRs of our sample, we expect the SFRs

to be overestimated by at most about a factor of two

(Fumagalli et al. 2014, and Section 2.1). It is inter-

esting to note that the four undetected sources are the

four furthest below the star-forming sequence, but with

a small sample size it is unclear that this is significant

(Section 3.1).

>10× below the star-forming sequence, lower than our nominal
selection threshold.

It is apparent that the literature scaling relations can-

not be extrapolated and lose predictive power at the low

sSFRs probed by our sample. Instead, there appears to

be either a break in the scaling relations towards lower

MH2
at sSFRs 4–5× below the star-forming sequence, or

a sharp increase in the scatter of the scaling relations,

with our small sample size explaining the lack of detec-

tions closer to the expected relations. Equivalently, a

curvature term in the ∆(sSFR) dependency could be

required in the scaling relations in order to bring them

into agreement with our observations. Only a larger

sample of galaxies well below the star-forming sequence

would reveal whether this is necessary.

It is not clear why half of the observed sample de-

viates so significantly from the extrapolated scaling re-

lations. If this trend is real, the answer likely involves

the physics of galaxy quenching, including feedback pro-

cesses and galactic winds, gas starvation or lowered ac-

cretion rates, environmental effects, and/or morphologi-

cal transformation. One or more of these processes likely

acted on the observed galaxies in order to disrupt their

equilibrium growth, leaving them with significantly less

molecular gas than otherwise expected. We return to

this question in Section 5.1.

4.2. Comparison to Cosmological Simulations

Recent large cosmological simulations have been able

to produce populations of galaxies with properties

broadly consistent with many observations (e.g., Vo-

gelsberger et al. 2014; Schaye et al. 2015). Typical

target benchmarks include matching the galaxy stel-

lar mass function at z = 0 and higher redshifts, the

star formation history of the universe, galaxy colors,

and other observables. The generally good agreement

between the simulations and these basic observed prop-

erties then allows us to explore more detailed aspects

of the simulations, which can help probe whether the

sub-grid physical processes modeled by the simulations

are accurately calibrated. Passive galaxies in particu-

lar are useful in this comparison, as they are the end

products of powerful galactic feedback and quenching

processes that encapsulate the most significant differ-

ences between various simulations. Here we compare

the molecular gas properties of our observed z ∼ 0.7

passive galaxies to predictions from the Evolution and

Assembly of GaLaxies and their Environments (EA-

GLE) simulation (Schaye et al. 2015).

Molecular gas masses for galaxies in the Ref-L100N1504

EAGLE run were calculated by Lagos et al. (2015, 2016)

using two different prescriptions for the molecular frac-

tion that depend on, e.g., the metallicity, density, pres-

sure, and SFR of each gas particle (Gnedin & Kravtsov
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Figure 7. The molecular gas fraction fH2 (left) and depletion time tdep (right) versus the specific SFR, compared with
observationally-derived literature scaling relations from Scoville et al. (2017) (green densely dashed line and region) and Tacconi
et al. (2018) (navy dashed line and region), evaluated for logMstar/M� = 11. Both literature scaling relations are parameterized
in terms of the offset of the sSFR with respect to the expectation from the star-forming sequence, and so the left-hand y-axis is
also labeled in these terms. The right-hand y-axis is labeled with the corresponding values of the sSFR, evaluated at z = 0.7.
The shaded regions encompass the quoted approximate 1σ residual scatter around the relations. The darker shaded bands
correspond to the approximate sSFR lower bounds for galaxies at z = 0.6 − 0.8 that were used in the derivation of the scaling
relations; below these regions the scaling relations are extrapolations (lightly shaded). In the right-hand panel, a grey arrow
indicates the shift if the SFRs for our galaxies have been overestimated by a factor of 2; the shift is largely parallel to the scaling
relations. In general, the CO-detected objects in our sample are in reasonable agreement with the scaling relations, while the
undetected objects, and especially the stacked non-detections, are significantly offset from the extrapolated relations. This could
indicate either a strong break in the scaling relations at 3–5× lower sSFR than the star-forming sequence, or a large increase in
the scatter of fH2 and tdep.

2011; Krumholz 2013). In comparing the simulated

galaxies’ SFRs and gas masses with observations at

z = 0, Lagos et al. (2015) find good agreement for

‘normal’ star-forming galaxies. On the other hand, EA-

GLE underpredicts the number of gas-rich early-type

galaxies compared to observations; early-type galaxies

from the ATLAS3D survey are over-represented at the

gas-rich end compared to the simulation, with 17% of

observed galaxies lying >2σ from the median SFR–MH2

relation in EAGLE. Although no morphological selec-

tion of early types was performed in the simulation,

clouding the comparison, the difference could indicate

that the star formation ‘law’ employed by EAGLE is

too simplistic.

In Figure 8 we make a similar comparison to the simu-

lations using our ALMA observations. This figure shows

the SFR–MH2 star formation relation using a z = 0.6

snapshot from EAGLE; we obtain a virtually identical

result using a z = 0.85 snapshot. For this comparison,

we simply average the results from the two prescriptions

used by Lagos et al. (2015) to calculate MH2
for the sim-

ulated galaxies; using one or the other alone also has no

impact on our conclusions. The blue line and shaded

region in Figure 8 show the median and 90% interval

of SFR as a function of MH2 for all galaxies in EAGLE

with logMstar/M� > 10, approximately the stellar mass

cutoff of the LEGA-C survey.

Making a clean selection of simulated galaxies sim-

ilar to our own selection criteria for ALMA observa-

tions is difficult. While we primarily selected objects

from the LEGA-C survey to have sSFRs 3–10× below

the star-forming sequence at z ∼ 0.7, it is known that

EAGLE does not accurately track the evolution of the

star-forming sequence to high redshifts. In particular,

the simulated galaxies underpredict the normalization

of the star-forming sequence by ∼0.2–0.4 dex at z = 1
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(Furlong et al. 2015). This issue is not unique to EA-

GLE – the same is seen in other cosmological simula-

tions (e.g., Illustris; Sparre et al. 2015). It is also worth

noting that even the observations are not self-consistent

on this point, with the integral of the cosmic SFR den-

sity over-predicting the observed stellar mass density by

∼ 0.2 dex (e.g., Madau & Dickinson 2014, though see

also Driver et al. 2018), while the simulations obviously

must be self-consistent. Given the uncertainty in the

normalizations of these relations in the literature, in-

stead of selecting galaxies with the same range of sSFRs

as the observations, we instead simply select the ob-

jects with sSFRs lower than 95% of the total population

of simulated galaxies. Although the quantitative selec-

tion is different, this preserves the spirit of our selection,

aiming for objects much more passive than the overall

population. We also restrict the comparison to galaxies

with MH2
> 107 M�, below which gas masses are un-

reliable due to the baryonic particle mass resolution of

EAGLE. We preserve our other two main selection cri-

teria, logMstar/M� > 10.8 and SFR>2.5 M�/yr, as in

the observed sample, resulting in 91 simulated massive,

passive galaxies. While these are absolute, rather than

relative, selection cuts, they have little influence on our

conclusions because, as we will show, massive and pas-

sive galaxies in EAGLE do not show a systematically

different star formation relation compared to the rest of

the simulated galaxies. The objects mimicking our se-

lection are shown with small orange squares in Figure 8.

We find that our observed sample tends to lie near, but

slightly offset from the bulk of simulated galaxies. The

CO-detected sources, in particular, seem to have either

too much molecular gas given their SFRs, or too little

star formation given the amount of gas they contain.

In other words, their depletion times are slightly longer

than seen in the simulation. We draw the same conclu-

sion from comparing only to those objects that mimic

our selection criteria, which are not systematically offset

from the rest of the galaxies in the simulation. The dif-

ferences would be further exaggerated if the SFRs in the

simulation or observations have been poorly estimated

– either too low in EAGLE due to the underprediction

of the star-forming sequence, or too high in our targets

due to non-SF dust heating at 24µm. If the SFRs of the

observed and comparison simulated galaxies are gener-

ally correct, however, it appears that the differences are

mostly in MH2 , and not in SFR. The simulated galaxies

have SFRs comparable to the observed sample (partly

by construction, due to our SFR selection threshold),

but a median MH2
= 2 × 109 M�, with a dispersion

of 0.2 dex and a tail that extends to lower molecular

masses. Indeed, even the most gas-rich EAGLE galaxy

matching our selection criteria has lower MH2 than any

of our CO-detected objects.

Amusingly, unlike the observationally-derived scaling

relations of Section 4.1, in this comparison it is the CO-

undetected LEGA-C objects that are in better agree-

ment with the scaling relation. While we have only up-

per limits on the depletion time of these objects, they

would be consistent with the EAGLE galaxies even if

they contained more than an order of magnitude less

molecular gas than our present upper limits.

The better agreement for the non-detections appears

to be due to the fact that EAGLE predicts a weak de-

cline of tdep towards high masses, in contrast to the in-

creasing depletion times for massive galaxies predicted

by the Tacconi et al. (2018) scaling relations. In EA-

GLE, the decline in tdep is largely due to two linked

effects. First, the probability distribution function of

ISM gas densities is shifted to higher mean density

in more massive galaxies. Second, EAGLE assumes

a super-linear Schmidt-Kennicutt star formation rela-

tion. Combined with the higher gas densities in more

massive galaxies, this leads to more star formation per

unit molecular gas (and lower depletion times) at high

masses. This effect would be muted if instead a linear

relationship between SFR and MH2 were used in the

simulations. EAGLE therefore does not and cannot re-

produce the diversity of tdep values that are unveiled

by our observations of passive galaxies, suggesting that

adopting a universal Schmidt-Kennicutt relation in the

simulation is not sufficient to capture the complexity

these observations reveal.

In Figure 8 (right), we examine the depletion times

explicitly, comparing the predicted correlation between

tdep and Mstar from Tacconi et al. (2018) with that seen

in the EAGLE simulation, where the navy shaded re-

gion corresponds to the prediction for galaxies a factor

of 3 below (upper edge) and above (lower edge) the star-

forming sequence at these redshifts. The two scaling re-

lations predict opposite behavior for high-mass galaxies.

The differences are especially stark for massive and pas-

sive galaxies (again shown with orange squares), which

follow the same envelope as star-forming galaxies in EA-

GLE but are predicted to have depletion times longer by

a factor of > 5× by the Tacconi et al. (2018) scaling re-

lation.

Our observations, in summary, provide some support

for both the observationally– and theoretically-derived

scaling relations. While the gas-rich, CO-detected ob-

jects in our sample agree reasonably well with the ex-

trapolations from Tacconi et al. (2018), our undetected

objects have depletion times that are much more consis-

tent with the EAGLE simulation at these redshifts (La-
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gos et al. 2015, 2016). This highlights the importance of

building a larger sample of passive galaxies with molec-

ular mass estimates, which would indicate whether one

or both of these scaling relations should be revised.

5. IMPLICATIONS FOR GALAXY QUENCHING

5.1. Active and Dynamical Quenching

In contrast to the nearly-linear relationship be-

tween Mstar and SFR observed for lower-mass galax-

ies from z = 0 to z ≈ 2.5, high-mass galaxies

(logMstar/M� & 10.5) tend to show a sub-linear re-

lationship (e.g., Whitaker et al. 2014; Schreiber et al.

2015). This is generally interpreted as an effect of the

‘mass quenching’ of high-mass galaxies that results in

a nearly-constant break in the stellar mass function at

logMstar/M� ∼ 10.5 − 11 (Peng et al. 2010). The var-

ious physical mechanisms that cause this mass quench-

ing predict different observable properties of the ISM

in passive galaxies, and can potentially be disentangled

by observations of large samples of massive, quenched

objects such as those presented here.

At z . 1, the local environment of a galaxy is corre-

lated with whether or not it is quenched, with galaxies

in dense regions much more likely to be quiescent than

those in less dense environments (e.g., Sobral et al. 2011;

Darvish et al. 2016). Numerous physical mechanisms

can explain this environmental dependence, including

ram pressure stripping, starvation, and tidal interac-

tions. The effects of ‘maintenance-mode’ AGN feedback

are also most prominent in denser environments (Correa

et al. 2018). We found no difference in local overdensity

between the CO-detected and undetected galaxies, al-

though the large uncertainties in individual estimates of

the local overdensities and the small sample size of our

study makes it difficult to determine whether environ-

mental effects are responsible for the variations in fgas

and tdep we observe in our sample.

Dynamical processes can suppress the SFR in massive

galaxies below the expected rates (e.g., Martig et al.

2009; Genzel et al. 2014), even in the presence of large

molecular masses, generally referred to as morphological

or gravitational quenching. In this scenario the forma-

tion of a stellar bulge stabilizes an embedded gas disk

against collapse, and the stabilization can proceed from

the inner regions of a galaxy outwards as the stellar sur-

face density increases over time. These dynamical pro-

cesses can accommodate relatively high gas fractions, up

to fH2
∼ 0.1, but predict long depletion times reaching

10 Gyr or more; the molecular material is still present

within the galaxies, but is prevented from forming stars.

Active, internal processes, on the other hand, such

as feedback from AGN or star formation (e.g., Hopkins

et al. 2008; Ceverino & Klypin 2009) act to suppress

star formation by heating and/or removing the molec-

ular material. The energetics and driving mechanisms

of these feedback processes are being actively debated,

but generally predict low cold gas fractions and short

depletion times.

Our observations reveal low gas fractions, fH2 . 0.1,

and short depletion times, tdep . 2 Gyr. The CO-

undetected objects, in particular, show lower gas frac-

tions and depletion times comparable to or shorter than

expected for star-forming galaxies of similar mass, a con-

clusion that is robust even if the SFRs have been overes-

timated by ∼ 5×. This demonstrates that intermediate-

redshift passive galaxies are genuinely gas-poor, and the

low SFRs are not the result of increasing tdep. This sug-

gests that dynamical processes are not acting to sup-

press the star formation in this sample. A similar con-

clusion was reached by Sargent et al. (2015) at slightly

higher redshift, who failed to detect a single very mas-

sive galaxy at z ∼ 1.5 with logMstar/M� ∼ 11.8, and

concluded that gravitational stabilization of gas discs is

not common among the most massive high-redshift qui-

escent galaxies.

Although there is some evidence that the morpholog-

ical quenching scenario is consistent with the z = 0

early-type population (Martig et al. 2013), we do not

find evidence of it at higher redshift. There are several

key differences between our sample and local massive

early-types that are likely responsible for this. First,

our (detected) sample galaxies contain ≈1–2 orders of

magnitude more molecular gas than the z = 0 popula-

tion, and the upper limits on the undetected galaxies

are still consistent with > 1 order of magnitude higher

MH2 . While morphological quenching can accommo-

date gas fractions of fH2 ∼ 0.1, this may be difficult

for galaxies to achieve in practice without resuming star

formation. Second, our galaxies have stellar ages sev-

eral Gyr younger than the z = 0 early types (Wu et al.

2018; Chauke et al., submitted), and so are much closer

to their epoch of quenching. Martig et al. (2009) show

that morphological quenching can act when a galaxy has

already assembled a stellar spheroid and nearly depleted

its gas reservoir, but is slowly re-accreting gas. It is not

clear that the same should hold if the galaxy never fully

depletes its gas supply, but merely continues to form

stars from its existing gas reservoir.

5.2. Connection to Local Quiescent Galaxies

Finally, we consider the possible connection between

the passive galaxies we have observed at intermediate

redshifts and their counterparts in the local universe.

Given the molecular masses we have observed, it is im-
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Figure 8. Left: The star formation relation from a z = 0.6 snapshot of the EAGLE simulation, compared with our results.
The individual objects and stacked non-detection from our observations are shown with red diamonds. The blue line and shaded
region show the median and 90% range of all galaxies in EAGLE with logMstar/M� > 10. The small orange squares show
galaxies in EAGLE that mimic our selection criteria; see text for details. The dotted grey line shows a constant depletion time
tdep = 1 Gyr. Right: The gas depletion times as a function of stellar mass from the same EAGLE snapshot. The blue line and
shaded region again shows the median and 90% range of depletion times for all EAGLE galaxies, with those that mimic our
selection criteria as orange squares. The dashed navy line and region, on the other hand, show the predicted scaling relation
from Tacconi et al. (2018) for galaxies on and a factor of 3 above (lower edge of region) and below (upper edge) the star-forming
sequence at these redshifts. Note also that this Figure does not contradict our results in Figure 7, even though the tdep upper
limits from the CO non-detections overlap with the shaded region, because these galaxies have significantly lower sSFR than
merely 3× below the star-forming sequence.

mediately clear that if these objects are indeed progeni-

tors of local massive quiescent galaxies, they must con-

sume, expel, or heat &90–99% of the molecular material

over the next 6 Gyr in order to match the range of MH2

seen in nearby ellipticals. This implies a much steeper

drop in gas fraction compared to star-forming galaxies

over the same redshift range, which decline by less than

an order of magnitude over the same interval (e.g., Tac-

coni et al. 2018).

Part of the reason for the slower decline in fH2
for

the star-forming population is that galaxies continue to

accrete substantial amounts of gas over time from minor

mergers and streams along the cosmic web (e.g., Kereš

et al. 2005). Because tdep is observed to be much less

than a Hubble time, galaxies’ gas reservoirs must be

replenished if they are to continue forming stars at the

observed high rates. The implied gas accretion rates are

≈ 100 M�/yr at z > 2, declining by a factor of ∼ 7 from

z = 2 to z = 0.7, and a further factor of ∼ 7 to z = 0

(Scoville et al. 2017). Galaxies on and near the star-

forming sequence then grow largely in equilibrium with

the supply of gas made available to them (e.g., Davé

et al. 2011; Lilly et al. 2013; Peng & Maiolino 2014).

Massive quiescent galaxies, in contrast, are generally

consistent with passive evolution over many Gyr, with

growth mostly influenced by gas-poor minor mergers but
relatively little further star formation. Of course, the

present-day quiescent population is comprised of galax-

ies that quenched star formation at a variety of redshifts,

with a wide variety of evolutionary histories before and

after the epoch of quenching. Here, we ask whether

the galaxies we have observed at z ∼ 0.7 are consis-

tent with the population of present-day massive quies-

cent galaxies, assuming no external gas accretion further

influences their evolution after the epoch at which we

observe them.

To address this question, we construct a closed-

box toy model, in which a galaxy at z = 0.75 with

logMstar/M� = 11 continues to deplete its reservoir of

molecular gas in a similar fashion to the galaxies we

have observed. Namely, we assume a range of initial gas

fractions of fH2
= 0.03− 0.12 at z = 0.7, which decline
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with time as low-level star formation continues. The

evolving (declining) SFRs are determined by assuming

a range of depletion times similar to our observations,

tdep = 0.7−1.3 Gyr, that remain constant over time. We

assume that a long-term average of ≈30% of the mass

of stars formed is returned to the ISM through stellar

mass loss (Leitner & Kravtsov 2011; this is also the

same assumption made by Scoville et al. 2017 to infer

high gas accretion rates for star-forming galaxies). Our

conclusions are not sensitive to this assumption because

the gas masses, and hence SFRs and additional stellar

mass formed, are low. The result of this calculation

is shown as the densely-dashed red line and region in

Figure 9, and we compare to nearby quiescent galaxies

with logMstar/M� > 10.7 selected from the ATLAS3D

and MASSIVE surveys (Young et al. 2011; Davis et al.

2016).

We find that a population of intermediate-redshift

galaxies with properties similar to our observed sam-

ple can very naturally reproduce the range of fH2 seen

in nearby passive galaxies, with no need for further gas

accretion or dramatic increase in tdep. Alternatively,

if additional gas is accreted, it likely remains ionized or

neutral, instead of molecular. The same conclusion does

not hold for more ‘normal’ star-forming galaxies (blue

and white points, and blue dashed line and region in

Figure 9), which show gas fractions elevated well above

what would be expected in the case of negligible gas

accretion. If indeed galaxies similar to those we have

observed are progenitors of the local quiescent popula-

tion, the molecular gas fraction must fall more rapidly

with redshift than it does for star-forming galaxies in

order to reconcile the observations at z = 0 and z ∼ 0.7.

It is also worth noting that the low-level star formation

in our toy model does not contradict conclusions about

the ages of the stellar populations of quiescent galaxies

at z ∼ 0.7 and lower redshift. Wu et al. (2018) com-

pared the stellar age distributions for quiescent galaxies

from LEGA-C at intermediate redshift with the ages of

similarly-massive quiescent galaxies at z ∼ 0.1 from the

Sloan Digital Sky Survey. They found a typical stellar

age difference of only ∼ 3 Gyr, while the Universe aged

≈ 5.5 Gyr – in other words, the low-redshift quiescent

galaxies are younger than would be expected in the case

of pure passive evolution. Wu et al. (2018) surmised

that either galaxies with younger stellar ages must join

the quiescent population in the intervening time, or that

low-level star formation in the existing quiescent galax-

ies must occur to lower the typical light-weighted stellar

age. A true quantitative examination of this point is

plagued by degeneracies, but at least qualitatively, the

molecular gas fractions and depletion times observed in

our sample should improve, rather than worsen, the dif-

ferences in the stellar ages of quiescent objects at z ∼ 0.7

and 0.1.

Our finding that passive galaxies at z ∼ 0.7 and z = 0

can be very naturally linked through internal processes

continuing to deplete the gas reservoirs provides another

independent line of evidence that preventing gas accre-

tion and/or cooling to molecular form is key to maintain-

ing low SFRs over many Gyr. Several proposed physi-

cal mechanisms can accomplish this, including prevent-

ing accretion of cold streams and/or satellite galaxies

through the hot circumgalactic medium in massive ha-

los (e.g., Birnboim & Dekel 2003; Johansson et al. 2009),

and radio- or ‘maintenance-mode’ feedback from AGN

to prevent cooling (e.g., Croton et al. 2006). Indeed,

Barǐsić et al. (2017) concluded that radio-mode feed-

back is likely at work in the most massive galaxies in

the LEGA-C sample, acting to maintain the observed

low SFRs over several Gyr.

6. CONCLUSIONS AND OUTLOOK

In this work we have presented ALMA observations

of the CO(2–1) line in a sample of 8 massive galax-

ies at z ∼ 0.7 selected to lie significantly below the

star-forming sequence of galaxies at this redshift, drawn

from the LEGA-C spectroscopic survey. Our observa-

tions provide a first foray into understanding the molec-

ular ISM properties of passive galaxies outside the lo-

cal universe. With modest integration by ALMA, we

significantly detect CO emission from four objects at

> 6 − 8σ, but do not detect the other four even after

stacking, yielding upper limits on the molecular mass

MH2 . At least three of the four detected galaxies show

velocity gradients in the CO emission typical of rotation,

and this rotation appears consistent with the stellar ro-

tation seen in the LEGA-C spectra.

The main focus of this work has been to understand

the molecular ISM properties of these passive galaxies

in the context of star-forming and quiescent galaxies at

0 < z < 1.5. In particular, given the large investment in

understanding how gas properties such as fH2
and tdep

vary with other galaxy properties for the star-forming

population, we examined whether galaxies further be-

low the star-forming sequence also follow these scaling

relations. We find evidence that passive galaxies at in-

termediate redshifts have both lower gas fractions and

shorter depletion times than expected based on extrapo-

lations from observations of the star-forming population,

particularly for the objects undetected in CO emission.

This suggests either a break in the scaling relations at

sSFRs ≈ 4 − 5× below the star-forming sequence, or

a large increase in the scatter of individual galaxy gas
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Figure 9. Evolution of fH2 with redshift for galaxies on
and below the star-forming sequence. Our observations are
shown with red diamonds, blue circles show galaxies near
the star-forming sequence at 0.3 < z < 1.3 (Bauermeister
et al. 2013; Tacconi et al. 2013), white circles are z < 0.05
star-forming galaxies with 10 < logMstar/M� < 10.7 from
xCOLDGASS (Saintonge et al. 2017), and small red symbols
show massive (logMstar/M� > 10.7) quiescent galaxies from
the ATLAS3D and MASSIVE surveys (Young et al. 2011;
Davis et al. 2016). For clarity of presentation, all detections
and non-detections from these last two surveys are plotted
at z = 0.04 and z = 0.02, respectively; in reality all these
galaxies are within 110 Mpc (z < 0.025). The densely-dashed
red line and region sketch a plausible evolutionary path for
the passive galaxies we observed from z = 0.7 to z = 0,
assuming initial starting fH2 = 0.03 − 0.12 and constant
tdep = 0.7−1.3 Gyr, and no subsequent accretion of gas. The
navy dashed line and region show the evolution for galaxies
with 10 < logMstar/M� < 11 and within a factor of 3 of
the star-forming sequence from Tacconi et al. (2018), where
the wide range of these parameters is intended to smooth
over the trajectory of individual galaxies around the star-
forming sequence. The continuity of this relation and the
star-forming sequence requires substantial gas accretion over
cosmic time. This Figure demonstrates that the galaxies
we have observed at z ∼ 0.7 can naturally reproduce the
observed gas fractions of the local massive, quiescent popu-
lation simply by maintaining the same (relatively short) tdep
we measure, with no need for further gas accretion or dy-
namical stabilization.

properties. On the other hand, a comparison to the

EAGLE cosmological simulation indicates that the CO-

undetected objects are in reasonable agreement with

comparable simulated galaxies, while the CO-detected

objects in our sample are somewhat more gas-rich than

those seen in the simulation. In both cases, the differ-

ences between observations and the predicted scaling re-

lations are likely linked to the physical processes respon-

sible for galaxy quenching, which are not incorporated

into the purely-empirical observational scaling relations

and are uncertain in the simulation.

The generally short depletion times we observe are

more consistent with active feedback processes prevent-

ing star formation, rather than dynamical or gravita-

tional stabilization against collapse of the existing gas

reservoirs. We also show that a population of galaxies

like those we have observed can very naturally reproduce

the observed gas fractions of z ∼ 0 early-type galaxies

while maintaining the depletion times we observe, with

no need for additional gas accretion or increased deple-

tion times predicted by dynamical stabilization. We see

no evidence of environmental effects causing the varia-

tions in fgas and tdep we observe, though we stress that

the small sample size of our study makes this inconclu-

sive.

Developing a fuller understanding of the range of gas

masses, fractions and depletion times in high-redshift

quiescent galaxies will require observations of a signifi-

cantly larger sample of objects than we have conducted

here. This will allow us to determine whether passive

galaxies truly show a break towards low MH2
compared

to expectations or whether this is merely an artifact of

limited sample size. While the dynamical information

provided by CO spectroscopic observations is valuable,

it is also clear that a larger sample of passive galaxies will

require alternate methods of determining gas masses,

such as observing long-wavelength dust continuum emis-

sion. Detecting gas fractions at the level of the stacked

non-detections in CO with ALMA, for example, would

require over an order of magnitude more observing time

than we have invested here; reaching the same level in

870µm dust continuum would require about the same

amount of on-source integration as our present observa-

tions. Clearly the detection of molecular gas in passive

galaxies at high-redshift remains a significant challenge,

even with the sensitivity of ALMA. Nevertheless, these

observations present a new avenue to probe the physics

of galaxy quenching and the emergence of the dichotomy

between star-forming and quiescent galaxies.
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