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Quenching of star formation from a lack of inflowing gas to galaxies

Katherine E. Whitaker'?, Christina C. Williams®, Lamiya Mowla®, Justin S. Spilker’, Sune Toft>’, Desika
Narayanan®2, Alexandra Pope', Georgios E. Magdis**’, Pieter G. van Dokkum'®, Mohammad Akhshik"', Rachel
Bezanson'2, Gabriel B. Brammer®’, Joel Leja'*'*" 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 three
billion years old'. Very low amounts of molecular gas appear responsible for this, at least in
some cases”’, though morphological gas stabilization, shock heating, or activity associated
with accretion onto a central supermassive black hole is invoked in other cases®''. Recent
studies of quenching by gas depletion have been based upon upper limits that are
insufficiently sensitive to determine this robustly’’, or stacked emission with its problems
of averaging®’. Here we report 1.3mm observations of dust emission from six strongly
lensed galaxies where star formation has been quenched, with magnifications of up to a
factor 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
calaxies at similar redshifts> . It remains difficult to extrapolate from these small samples,
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Figure 1 | Images of six massive lensed galaxies where star formation has been quenched. The
panels are rank-ordered from ==1.6 to ==3.2 (labeled a-f), showing a composite Hubble Space Telescope
(HST) color image (fpgiaw> Jrisw> Hpisow generally, substituting Jg, oy for panel e) and contours of
ALMA/Band 6 dust continuum observations. Each image is centered on the target galaxy, whose redshift
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Figure 2 | Low dust masses for quenched galaxies. Measurements of f,, for distant lensed quiescent
galaxies (circles) are extremely low given their star-formation rate per wnit stellar mass (55FR). We
compare existing dust contimmm measarements in the hteratire of individual quescent galaxies at
=15 (individual Black symbols) and stacked quiescent galaxies™ from JCMT/SCUBA and
ASTE AzTEC data out to =2 (lage grev svimbalz), using identical conversions herein to ol sanple {see
Methods). The thick black etvor bass are the formal lo measwement uncemainty in owur 1.3mm fux
density and the thin black emror bars represent systematic imcertainties when varying dnst temperature,
The smaller transparent svmbols represent the predicted fip from empinical scaling relations’ given s5FR.
The mferred f,. (right axis) and scaling relations" for log(M /M. =11 on the average log{SFRFlog{M. )
relation (solid). 1 dex (dazhed). and 2 dex below (dotted) assume a molecular pas to dost mass ratio of
100, The shaded sepion shows the upper bound set by the lowest stellan mass in ow sample
(log{M oM =100, and vice versa for the highest sellar mass (log{Mu/MO=117) with the literabore
dust/'CO compilabion ont to =3 shown as a gravscale contour; note that local qmescent galades with
Jier-1%0 8t z=0 are amificially hgh becase the majority are upper limits,
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Figure 3 | Low molecular gas masses compared to star forming galaxies. The molecular gas fraction
iz 18 significantly lower at a given star-formation rate per stellar mass (sSFR=SFR/M ) for distant lensed
quiescent galaxies at =>1.5 when compared to the compilation of existing CO and dust measurements of
similarly-massive star-forming galaxies (confours, see Methods). Our sample explores an order of
magnitude lower sSFR and higher redshifts, finding median molecular gas fractions a factor of 10 lower
than existing measurements for distant quiescent galaxies™®* (see Methods). The thick horizontal error
bars for the two new detections represent formal 16 measurement uncertainty in ow 1.3mm flux density
and the thin horizontal error bars represent systematic uncertainties when varying, dust temperature and
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ABSTRACT
The existence of massive galaxies lacking a classical bulge has often been proposed as a challenge to ACDM. However, recent

simulations propose that a fraction of massive disc galaxies might have had very quiescent merger histories, and also that
mergers do not necessarily build classical bulges. We test these ideas with deep MUSE observations of NGC 5746, a massive
(~ 10" Mg) edge-on disc galaxy with no classical bulge. We analyse its stellar kinematics and stellar populations, and infer
that a massive and extended disc formed very early: 80% of the galaxy’s stellar mass formed more than 10 Gyr ago. Most of the
thick disc and the bar formed during that early phase. The bar drove gas towards the center and triggered the formation of the
nuclear disc followed by the growth of a boxy/peanut-shaped bulge. Around ~ 8 Gyr ago, a ~1:10 merger happened, possibly
on a low-inclination orbit. The satellite did not cause significant vertical heating, did not contribute to the growth of a classical
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Table 1. Main properties of NGC 5746 (references: 'Springob et al. 2007,
2Bianchi 2007, ? Jiang et al. 2019, *de Vaucouleurs et al. 1991)

1

Distance 26.5 Mpc
Inclination® 86 deg
Stellar mass? 1-1.2x 10" Mg
SFR? 0.8-09Mgyr! nuclear ~wmm B/P  wmm thin == thick
D3, 74 (59 kpe) 10
Rsp (WILW2)?  28-30" (3.6-3.8 kpc)
Ry (W1,W2)? 128" (16 kpc)
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Figure 3. On top of a grey scale image of NGC 5746 (computed from the
flux extracted from our MUSE data cube), we show which Voronoi bins we
have attributed to each galactic component (nuclear disc, B/P bulge, thin and
thick disc) after following the procedure described in Section 3.5,

1 arcmin

Spitzer, 8 um

Figure 1. Our two MUSE pointings superimposed ona gri SDSS image (top
panel), and two Spitzer images (middle and bottom panel), at 3.6 and 8 um
(the Snhitzer imaces were downlnaded from ThistPedia’ Clark of a1 20183
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The best fit parameters show that the thin disc has a scale-length
of 47.8 arcsec (6.1 kpc), and a scale-height of 3.9 arcsec (0.5 kpc). It

contributes 30% of the total 3.6 micron luminosity of NGC 5746. The
thick disc has a scale-length of 64.2 arcsec (8.2 kpc), a scale-height
of 11.2 arcsec (1.4 kpc), and contributes 21% of the total luminosity.
We do not find signs of flaring either in the thin or thick disc with
our simple analysis.
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Figure 6. A3 as a function of V for bins in the thin disc (blue), the thick disc
0.00 (red), the nuclear disc (orange) and the B/P bulge (purple). The grey points
are bins that cannot be unambiguously attributed to a single component, most
0.05 of them are in the inner region, particularly in the bar. As expected, both the
- main disc (thin and thick) and the nuclear disc show a clear anti-correlation
010 between V' and h3, while the bar (most of the grey points) and the B/P bulge
= show a distinct behaviour with a correlation between V' and hj.
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Figure 7. Stellar populations maps. The left column shows the spatial distribution of the mean mass-weighted age, [M/H] and [Mg/Fe] obtained from full
spectrum fitting. The right column shows the corresponding uncertainties derived from our bootstrap analysis described in Section 3.4.
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Figure 11. Age distribution (top row) and [M/H] distribution (bottom row) for each component of NGC 5746 (each bin is weighted by its stellar mass) — from

lefi 1o right: the thin disc. the thick disc. the B/P bulge and the nuclear disc. In each panel, the black line shows the regularized pPXF best fit. while the 100 thin
blue lines correspond to the 100 bootstrap realizations.
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Figure 12, Cumulative mass growth of NGC 5746 (black line) and its different
components. This shows that 80% of the stellar mass formed before z = 2
(10 Gyr ago) and that the nuclear disc, the B/P bulge and the thick disc are
all in place by z = 1 {or 8 Gyr ago). By contrast, star formation continues in
the thin disc down to the present time.
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Figure 15. Surface density maps of stellar populations binned by age and [M/H]. The colorbars correspond to the logarithm of the surface density, in units of
M kpc 2, We interpret the metal-poor population (left column) as mostly made of accreted stars, brought by a ~1:10 merger happening ~ 8 Gyr ago.
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Figure 13. Swrface density maps of stellar populations binned by age, from the youngest stars in the top left panel, to the oldest in the bottom right panel. The
colorbars correspond to the logarithm of the surface density, in units of M, kp-::'z. Stars older than 12 Gyr are very centrally concentrated, while stars younger
than 9 Gyr are mostly found in the thin disc.
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* 8 MNnpAa neTt Hasapg CryvYuncs Marsbli MEPXKUHT,
1:10, KOTOPbLIXA NPOU3OLLEN B 3KBATOPUaArbHOW
nnockoctn, HE Harpen guck, HE cdpopmupoBan
banox, a pacnpegenun 3ees3abl CryTHMKA No
BCeMY 0ObeMy ancka.

* bap (un ero ncesgobanax) — ctapbiil, HE UMeEET
HWKaKOro OTHOLLEHMSI K TOHKOMY OMCKY, a BbIpOC
B CTapOM 3BE€34HOM AMCKe (3-3-3... TOSICTOM U
HeyCTOMYMBbIM OOAHOBPEMEHHO?7?7?).

* A BOT KaK CYLLIECTBEHHO paHblle CODbITUS
Marioro MepXmHra cpopmMmpoBarncs TONCTbIN
OWNCK — KTO ero 3Haer...



