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ABSTRACT

We use SDSS+GALEX+Galaxy Zoo data to study the quenching of star formation in low-
redshift galaxies. We show that the green valley between the blue cloud of star-forming galax-
ies and the red sequence of quiescent galaxies in the colour-mass diagram is not a single tran-
sitional state through which most blue galaxies evolve into red galaxies. Rather, an analysis
that takes morphology into account makes clear that only a small population of blue early-
type galaxies move rapidly across the green valley after the morphologies are transformed
from disk to spheroid and star formation is quenched rapidly. In contrast, the majority of blue
star-forming galaxies have significant disks, and they retain their late-type morphologies as
their star formation rates decline very slowly. We summarize a range of observations that lead
to these conclusions, including UV-optical colours and halo masses, which both show a strik-
ing dependence on morphological type. We interpret these results in terms of the evolution of
cosmic gas supply and gas reservoirs. We conclude that late-type galaxies are consistent with
a scenario where the cosmic supply of gas is shut off, perhaps at a critical halo mass, followed
by a slow exhaustion of the remaining gas over several Gyr, driven by secular and/or envi-
ronmental processes. In contrast, early-type galaxies require a scenario where the gas supply
and gas reservoir are destroyed virtually instantaneously, with rapid quenching accompanied
by a morphological transformation from disk to spheroid. This gas reservoir destruction could
be the consequence of a major merger, which in most cases transforms galaxies from disk
to elliptical morphology, and mergers could play a role in inducing black hole accretion and
possibly AGN feedback.

Key words: galaxies: evolution; galaxies: active; galaxies: spiral; galaxies: elliptical and
lenticular, cD
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1 INTRODUCTION

Ever since the discovery of the bimodality in galaxy colour in the
galaxy colour-magnitude and colour-mass diagrams from large-
scale surveys (Strateva et al.|[2001; Baldry et al.|2004} 2006), the
colour space between the two main populations — the green val-
ley — has been viewed as the crossroads of galaxy evolution. The
galaxies in the green valley were thought to represent the transition
population between the blue cloud of star-forming galaxies and the
red sequence of quenched, passively evolving galaxies (e.g., Bell
et al.|[2004; Wyder et al|2007; |[Schiminovich et al.|[2007; Mar-
tin et al.[2007; |[Faber et al.||2007; Mendez et al.||2011}; |Gongalves
et al|2012). Roughly speaking, all galaxies were presumed to fol-
low similar evolutionary tracks across the green valley, with a fairly
rapid transition implied by the relative scarcity of galaxies in the
green valley compared to the blue cloud or red sequence.

The intermediate galaxy colours of green valley galaxies have
been interpreted as evidence for the recent quenching of star for-
mation (Salim et al.|2007). The clustering of active galactic nuclei
(AGN) host galaxies in the green valley further suggested a role
for AGN feedback in particular (e.g.,|Nandra et al.[2007; |Hasinger
2008} |Silverman et al.[2008). Galaxies in the green valley have spe-
cific star formation rates (sSFR) lower than the “main sequence"
of star formation in galaxies, which is a tight correlation between
galaxy stellar mass and star formation rate, presumably as a re-
sult of quenching (e.g. Brinchmann et al.|2004; |[Elbaz et al.|[2007;
Salim et al.[2007; Noeske et al.[2007; [Peng et al.[2010} Elbaz et al.
2011} |Lee et al.|2012} Leitner|2012)). Most star-forming galaxies
live on the main sequence, so tracing the populations leaving the
main sequence — those with lower sSFRs — probes the quenching
mechanism(s) and, as |[Peng et al.| (2010) showed, there may be at
least two very different quenching processes.

Ultraviolet light comes predominantly from newly formed
massive stars, which makes UV observations an excellent probe of
the current rate of star formation. In this paper, we use UV-optical
colours from GALEX photometry (see e.g., Martin et al.|[2007) to
investigate the rate at which galaxies are decreasing their sSFR (i.e.,
how rapidly they change colour), and whether this correlates with
morphology. Essentially, we use galaxy colours as stellar popula-
tion clocks, an approach first conceived and applied by Tinsley and
collaborators (Tinsley|1968; [Tinsley & Gunn|1976; Tinsley & Lar-
son|1978).

We interpret the evolutionary tracks of disks in terms of
the gas supply and how star formation depletes the gas reservoir
(Schmidt] [1959). Interestingly, what had appeared to be outliers
from the general parent galaxy population — namely, blue early
types (Schawinski et al.||2009a) and red late types (Masters et al.
2010a) — far from being curiosities, are instead a valuable clue to
galaxy evolution.

Morphology has not previously been a major ingredient in in-
terpretations of the colour-mass diagram. Now that reliable mor-
phological classifications have been made possible by citizen sci-
entists in the Galaxy Zoo project (Lintott et al.[2008] 2011), we are
able to investigate the relation of galaxy morphology to colour and
mass. We also consider galaxy content and environment, now that

L This publication has been made possible by the partici-
pation of more than 250,000 volunteers in the Galaxy Zoo
project. Their contributions are individually acknowledged at
http://www.galaxyzoo.org/Volunteers.aspx.

2 E-mail: kevin.schawinski @phys.ethz.ch, Twitter: @kevinschawinski

standardized information is available for large galaxy samples (e.g.
Baldry et al.|2004; [Yang et al.|2007; |Peng et al.[2010).

The Galaxy Zoo data have already enabled many insights
about the link between galaxy evolution and colour (Schawin-
ski et al.| 2009a; Masters et al.|[2010a) and about the link be-
tween galaxy evolution and environment (e.g., Bamford et al.[2009;
Skibba et al.|[2009), mergers (Darg et al.|2010alb; [Kaviraj et al.
2012} Teng et al.[2012)), unusual galaxy types (Cardamone et al.
2009} Lintott et al.||2009; [Keel et al.[2012), and specific morpho-
logical features such as bars (e.g., Masters et al.[2011} |Hoyle et al.
2011} |Skibba et al.|2012} [Masters et al.|2012; Cheung et al.|2013}
Melvin et al.|2014). In this paper, Galaxy Zoo morphologies pro-
vide the key to understanding that early- and late-type galaxies,
even those with similar green optical colours, follow distinct evo-
lutionary trajectories involving fundamentally different quenching
modes.

Throughout this paper, we use a standard ACDM Cosmology
(Qm = 0.3, Qx4 = 0.7 and Hyp = 70 km ™! s™1), consistent with
observational measurements (Komatsu et al.2011)). All magnitudes
are in the AB system.

2 DATA
2.1 Catalog generation, SDSS, and multi-wavelength data

We briefly describe the data used in this paper. The galaxy sam-
ple is based on public photometric and spectroscopic data prod-
ucts from the Sloan Digital Sky Survey (SDSS) Data Release 7
(York et al.[|2000; [Abazajian et al.|2009). The initial sample selec-
tion and properties are described in |Schawinski et al.|(2010b) and
this catalogue is available on the welfl The sample is limited in
redshift to 0.02 < z < 0.05 and limited in absolute luminosity
to M. petro < —19.50 AB, in order to create an approximately
mass-limited sample. We adopt K corrections to z=0.0 from the
NYU-VAGC (Blanton et al.|2005; |Padmanabhan et al.|[2008}; |Blan-
ton & Roweis|[2007). The typical u — r — %% — r K correc-
tion is ~ 0.05 mag, and omitting the correction does not change
any results significantly. We also obtain near-IR magnitudes from
2MASS (Skrutskie et al.|2006) via the NUY-VAGC.

We obtain aperture- and extinction-corrected star formation
rates and stellar masses from the MPA-JHU catalog (Kauffmann
et al.[2003; Brinchmann et al.|2004), which are calculated from the
SDSS spectra and broad-band photometry. The spectroscopic clas-
sifications, especially the AGN-classifications, derive from analy-
sis with the GANDALF (Gas AND Absorption Line Fitting) code
(Cappellari & Emsellem|[2004; |Sarzi et al.|2006). Ultraviolet pho-
tometry for 71% of our sample comes from the Galaxy Evolution
Explorer (GALEX;Martin et al. 2005), matched via the Virtual Ob-
servatory. Observed optical and ultraviolet fluxes are both corrected
for dust reddening using estimates of internal extinction from the
publi(ﬂ stellar continuum fits performed by Oh et al.|(2011), apply-
ing the [Cardelli et al.|(1989) law.

2.2 Galaxy Zoo visual morphology classifications

We use Galaxy Zoo 1 visual classifications of galaxy morpholo-
giesﬂ from the Galaxy Zoo citizen science project (Lintott et al.

1 Seenhttp://data.galaxyzoo.org/.
2 See http://gem.yonsei.ac.kr/~ksoh/wordpress/.
3 Data publicly available at http: //data.galaxyzoo.org.
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Figure 1. Example gri SDSS images (51.2” x 51.2""), ordered by Galaxy Zoo classification. In the top, middle and lower rows are early-, indeterminate-
and late-type galaxies, respectively. In each row, we show (from left to right) three blue-cloud, three green-valley and three red-sequence galaxies. The
indeterminate-type galaxies are mostly composite bulge-disk systems that more closely resemble the late-type galaxies than the purely spheroidal early types.
For this reason, it is not surprising that they mostly follow the late-type galaxies in their quenching behaviour.

2008} |2011). Using the clean criterion developed by [Land et al.
(2008), which assigns a morphology to a galaxy when 80% or more
of Galaxy Zoo users agreed on the classification, we find that for
out sample, 18% are early types, 34% are late types and 45% are
indeterminate-types. The remaining 3% are mergers.

Because we restrict our analysis to galaxies with clearly de-
termined morphologies, it is important to understand what the
(large) indeterminate category represents. Either these galaxies are
composite bulge-disk systems in which neither the bulge nor disk
clearly dominates, or the imaging data are not good enough for a
clear classification. Inspection shows the former explanation likely
accounts for the vast majority of the category, meaning we can-
not classify these systems better even with deeper imaging. Fig-
ure [I] shows example images of early-, indeterminate- and late-
type galaxies. In terms of the Hubble tuning fork, the indetermi-
nate types represent galaxies near the S0/Sa locus. For the most part
the indeterminate-morphology galaxies follow the trends of the late
types, with only a small fraction being misclassified early types. We
discuss this in more detail in Section[3.4]

Tables are cross-matched using the Virtual Observatory via
TOPCAT (Taylor{2005} [2011).

3 A JOURNEY THROUGH THE GREEN VALLEY: TWO
EVOLUTIONARY PATHWAYS FOR QUENCHING
STAR FORMATION

In this section, we look at how star formation varies in galaxies
and consider variables that might affect star formation. We present
the well-known colour-mass diagram, first as it is observed for
our galaxy sample (§ 3.1.1), then after correcting for dust redden-
ing (§ 3.1.2). In both cases, sorting by morphology dramatically
changes the impression of bimodality and thus drives a new inter-
pretation of the green valley. We then present other observables rel-
evant to characterizing galaxy evolution: UV constraints on current
star formation (§ 3.3), environment density and halo mass (§ 3.5),
atomic gas reservoir (§ 3.6), and black hole growth (§ 3.7).

Most star-forming galaxies exhibit a tight, nearly linear corre-
lation (henceforth referred to simply as the “main sequence") be-
tween galaxy stellar mass and star formation rate, which changes

© 2013 RAS, MNRAS 000, [T}20]

with redshift only in its normalisation (at least out to z ~ 2, perhaps
out to z ~ 4;|Brinchmann et al.2004; [Elbaz et al.;2007;|Salim et al.
2007; Noeske et al.|2007} |Peng et al.|2010; |[Elbaz et al.[2011; |Lee
et al.|2012; Leitner||2012). This correlation between galaxy mass
and star formation rate is likely the result of an equilibrium between
galaxy inflows and outflows (see Bouché et al.[2010|and the “bath-
tub" model of [Lilly et al.|2013)). Star-forming galaxies live on the
main sequence regardless of whether they have spent a long time
on it or have only recently re-started star formation. Accordingly,
spending only a short time on the main sequence erases most of
the past star formation history (in terms of galaxy colours). Then,
when star formation is quenched, galaxies leave the main sequence,
and we can interpret their changing colours as a reflection of the
quenching process.

3.1 Galaxy colour bimodality as a function of morphology

We begin by showing that the green valley is not a single, unified
population of galaxies, but rather a superposition of two popula-
tions that happen to exhibit the same intermediate (i.e., green) op-
tical colours. The green valley is the space in the colour-mass dia-
gram between the blue cloud and the red sequence; below we give
a precise definition of the green valley in terms of u — r colour.
The interpretation of intermediate galaxy colours in terms of star
formation histories is not original here; for example, it has been ar-
gued previously by [Schawinski| (2009), |Cibinel et al.| (2012), and
Carollo et al.|(2012).

3.1.1 The colour-mass diagram

The observed u — r colour-mass diagrams of galaxies by morphol-
ogy at z ~ 0 are shown in Figure[2] Contours in each panel show
the linear density of galaxies and green lines indicate the location
of the green valley, defined from the all-galaxy panel at the upper
left. The right-hand panels show only early types (top) or late types
(bottom). These colour-mass diagrams, which constitute one of the
two main starting points of our analysis, lead us to two important
findings:

(1) Both early- and late-type galaxies span almost the entire u —
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Figure 2. The u — r colour-mass diagram for our sample. In the top left, we show all galaxies, whereas on the right, we show the early-type (top) and
late-type galaxies (bottom); green lines show the green valley defined by the all-galaxy diagram. This figure illustrates two important findings: (1) Both early-
and late-type galaxies span almost the entire w — r colour range. Visible in the morphology-sorted plots are small numbers of blue early-type (top) and red

late-type (bottom) galaxies (e.g.,|Schawinski et al.[2009a} Masters et al.|2010a)). (2) The green valley is a well-defined location only in the all-galaxies panel

(upper left). Most early-type galaxies occupy the red sequence, with a long tail (10% by number) to the blue cloud at relatively low masses; this could represent
blue galaxies transiting rapidly through the green valley to the red sequence. More strikingly, the late types form a single, unimodal distribution peaking in the
blue (these are the main sequence star-formers) and reaching all the way to the red sequence, at higher masses, with no sign of a green valley (in the sense of
a colour bimodality). The contours on this Figure are linear and scaled to the highest value in each panel.

r colour range; that is, the classification by morphology reveals
populations of blue early-type galaxies and of red late-type galaxies
(e.g.,/Schawinski et al.|2009a; Masters et al.|2010a).

(i1) The green valley appears as a dip between bimodal colours
only in the all-galaxies panel; within a given morphological class,
there is no green valley, just a gradual decline in number density.
Most early types lie in the red sequence with a long tail of ~ 10%
of the population reaching the blue cloud, which could represent
a population in rapid transition, commensurate with the original
idea of the green valley as a transition zone. The late-type galax-
ies, however, do not separate into a blue cloud and a red sequence,
but rather form a continuous population ranging from blue to red
without a gap or valley in between.

The traditional interpretation (and visual impression) from
the all-galaxies diagram — that blue star-forming galaxies evolve

smoothly and quickly across the green valley to the red sequence
— changes when viewed as a function of morphology.

Specifically, the impression of bimodality in the all-galaxies
colour-magnitude diagram depends on the superposition of two
separate populations: late types that are mostly in the blue cloud,
decreasing smoothly all the way to the red sequence, and early
types, a few of whose colours reach all the way to the blue cloud.
Consideration of the indeterminate morphology galaxies (see §[3.4)
actually strengthens this conclusion, as they are mostly blue disks
with prominent red bulges, hence the green colours.

The blue late-type galaxies, in particular, show no signs of
rapid transition to the red sequence; indeed, they must take a very
long time to reach the red sequence (§ [33). The early types do
appear to transition quickly across the green valley, in that there are
few of them with green colours and even fewer with blue colours.

© 2013 RAS, MNRAS 000, [TH20]
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Figure 3. The reddening-corrected u — 7 colour-mass diagram for our sample. Same as Figure but the u — 7 colour is corrected by the E(B-V) in the stellar
continuum, as measured in the SDSS spectra using the GANDALF code (Oh et al.]201T). Compared to Figure[2] there are no significant changes; in particular,
very few green or red late-type galaxies actually belong in the blue cloud. The slope of the disk galaxy contours becomes more horizontal, making clear that
late types evolve more slowly than early-type galaxies. Moreover, there is clearly a tail of galaxies rising above the blue cloud at high masses, whereas the
blue tail of the early types is toward low masses. While some red late types are indeed dust-reddened, intrinsically blue galaxies, many are not, and the overall
sense remains that the colours of late-type galaxies change slowly. The green valley defined here, from the all-galaxies panel (upper left), is used throughout
the rest of this paper. The contours on this Figure are linear and scaled to the highest value in each panel.

This suggests the bluest early types might have been produced by
major mergers of late types.

The demographics of galaxies by colour and morphology in
Table [T| make the point about evolutionary time scale very clearly
(for the moment ignoring changes from one morphology into the
other): early types spend most of their time on the red sequence,
while late types remain in the blue cloud for most of their lifetimes.

3.1.2  The extinction-corrected colour-mass diagram

Dust extinction reddens galaxies, and significant reddening from
blue to red has been reported for high-redshift galaxies (e.g.,
imer et al.|2009; Williams et al.|2009; (Cardamone et al.|2010), al-
though this effect should be of limited importance at low redshift,
where specific star formation rates and gas fractions are lower. Nev-
ertheless, since we are focusing on the quenching of star formation,
we must first assess the effect of dust in moving intrinsically blue

© 2013 RAS, MNRAS 000, [TH20]

Table 1. Demographics of galaxies in the blue cloud, green valley and red
sequence by morphology

Galaxy N %

Sample of population
Early-type, blue cloud 464 5.2%
Early-type, green valley 1,110 12.4%
Early-type, red sequence 7,404 82.5%
Early-type, all 8,978 100%
Late-type, blue cloud 12,380 74.1%
Late-type, green valley 3,152 18.9%
Late-type, red sequence 1,175 7.0%
Late-type, all 16,707 100%
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Figure 4. The ugJ colour-colour diagram for our sample, analogous to
the UV J diagram of Williams et al.| (2009). The arrow indicates the shift
due to dust for an E(B-V)=0.1 using a|Calzetti et al.|(2000) extinction law.
In the left-hand panel, we show all galaxies and an adapted box separating
passive red galaxies from dusty star-forming galaxies. The right-hand panel
shows the (same) shading of the entire galaxy sample, with contours for
late-type galaxies only; this shows that some of the red spirals are actually
dust-reddened spirals, while others are passively evolving.

galaxies from the blue cloud to the green valley or the red sequence.
In particular, significant amounts of dust in inclined spirals have
been reported by [Masters et al.| (2010b), and |Sodré et al.| (2013)
have shown that the reddest galaxies in the local universe are edge-
on disks.

We use the U — V versus V' — J approach introduced by
Williams et al.| (2009) to separate dusty red galaxies from passive
red galaxies. In Figure ] we show the very similar v — g ver-
sus g — J diagram (using SDSS+2MASS data), from which we
conclude that there are some dusty, star-forming galaxies at low
redshift (upper right side of left panel). Most of these are late-
type galaxies (right panel) and many are highly inclined spirals
(as traced by the b/a axis ratio; see also [Masters et al.|2010b).
Muzzin et al.| (2013) similarly found that the dusty starburst part
of the U — V versus V' — J diagram at low redshift contains some
objects, but far fewer than at high redshift.

Even though the effect is small, we correct the u — 7 colours
using an estimate of the extinction in the stellar continuum. We
take the measured E(B-V) values from|Oh et al.|2011|(based on the
GANDALF code |Cappellari & Emsellem|2004; |Sarzi et al.|2006),
and use the |Calzetti et al.| (2000) extinction law; for the GALEX
magnitudes, we use the (Cardelli et al.| (1989) law. We show this
dust-corrected colour-mass diagram in Figure[3]

The main differences after correcting for dust reddening are
that the blue cloud (i.e., the main sequence) is now bluer, and the
slope to redder colours with increasing mass flattens (presumably
driven by dust from higher SFRs). The separation of the blue cloud
and red sequence also becomes more prominent. Vitally, the green
valley population in both the early- and late-type population does
not disappear, and red late-type galaxies remain; not all of them
were dusty starformers. Thus, dust correction is important but does
not greatly change the global picture.

We now define the green valley population on the dust-

corrected colour-mass diagram for all galaxies (upper left panel of
Figure3):

O'OU - T(Mstellar) = _024 + 025 X Mstellar, (1)
O'O'U/ - T(Mstcllar) =—-0.75 + 0.25 x Mstcllar» (2)

We refer to galaxies satisfying this colour criterion as green valley
galaxies, even as we argue this term does not have a simple physical
meaning. Table [T] presents general demographic information about
the early- and late-type galaxies. These results are insensitive to
adjustments of the specific boundaries of the green valley.

3.2 The different recent star formation histories of early- and
late-type galaxies

We now consider why galaxies are in the green valley. The analy-
sis in Section [3.1.2] shows that dust extinction is not the main rea-
son. Instead, we show here that early- and late-type galaxies have
very different recent star formation histories which result, coinci-
dentally, in the same green valley colours.

3.2.1 Green valley galaxies are offset from the main sequence of
star formation

Figure [5] shows the stellar mass versus SFR (star formation rate
— from aperture-corrected Ha) and sSFR (specific star formation
rate) diagrams, with the green valley early- and late-type galaxies
highlighted. The grey contours show the main star-forming popu-
lation (of all morphologies), identified spectroscopically, while the
green valley objects are plotted regardless of emission line class
(This means that some fraction of the SFRs and sSFRs are upper
limits.)

Figure [5] shows that green valley galaxies (green points) are
objects that have moved off the main sequence. That is, since vir-
tually all star-forming galaxies are on the main sequence and since
green valley galaxies must have experienced star formation in the
past, something has moved them off the main sequence.The solid
black line shows the local main sequence with a slopeE] [ of —0.2
(based on DR7 data; 5 = —0.1 for DR4; Y. Peng, priv. com), with
dashed lines indicating +0.3 dex. The gray dashed lines show fur-
ther 0.3 dex offsets down from the main sequence. From both the
SFR and sSFR diagrams, it is apparent that both early- and late-
type galaxies in the green valley are also off the main sequence —
as expected because they are in the process of quenching. What
this diagram does not reveal is how fast galaxies are moving off the
main sequence.

To complete the circle, we return to the colour-mass diagram
and combine it with sSFR information. In Figure [f] we show the
(dust-corrected) colour-mass diagram, analogous to Figure[3lexcept
that we colour 0.1x0.1 dex panels by the average sSFR in each bin.
Not too surprisingly, this reveals a good correlation between dust-
corrected u — 7 colour and sSFR, showing that the green valley
is, as expected, the region in colour-mass space where sSFRs have
declined as galaxies have moved off the main sequence. Still, like
the original colour-mass diagram, this figure does not reveal the
time scales on which the sSFRs decline, so in a sense it obscures the
fact (presented below) that early- and late-type galaxies transition
very differently through the green valley.

We note that the increasing prominence of bulges in massive,

4 Where £ is the exponent in sSFR oc M s

stellar*

© 2013 RAS, MNRAS 000, [TH20]
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Figure 5. The star formation rate (SFR) and specific star formation rate (SSFR) versus stellar mass diagrams, which highlight the main sequence. In each
panel, grey-shaded contours show galaxies classified as star-forming according to the BPT emission line diagram (regardless of morphology); lines indicate
the main sequence (solid) and 0.3 dex scatter (dashed) with 3 = —0.2 (the DR7 S is lower than the DR4 value of —0.1; Y. Peng, priv. comm.); the grey
dashed lines show further 0.3 dex offsets down from the main sequence. The fop row shows the standard star formation rate versus stellar mass diagram and the
bottom row shows the specific star formation rate instead. In the left-hand column, we show the green valley early types as green points and in the right-hand
column, we show the green valley late types as green points. The large green squares are median values. For both green valley populations, we plot SFR/sSFRs
as reported by the MPA-JHU catalogue regardless of whether the object is classified as star-forming or not (i.e., including upper limits). Both populations are
clearly offset from the general population of main sequence star-forming galaxies — as expected, since they are quenching — and the early types tend to lie
further off the main sequence than the late types, especially in the sSFR plot; however, the difference in optical colour is small and only UV colours indicate

how fast galaxies are moving off the main sequence.

red late types (e.g.,[Masters et al.2010a) does not significantly alter
the u — r colour for the present sample: Figure 5] makes it clear that
all intrinsically green galaxies (the green points) are off the main
sequence regardless of morphology. Star-forming late types on the
main sequence that would appear green in v — r colour due to a
luminous, red bulge have either been excluded (such objects are
likely to be classified as“indeterminate” since they have both bulge
and disk) or, if classified as bona fide late types, the young blue
stars simply outshine the red bulge.

© 2013 RAS, MNRAS 000, [TH20]

3.3 UV-optical colour-colour diagrams constrain the star
formation quenching time scale

O- and B- and A-stars have very different colours and lifetimes and
thus can provide leverage over the very recent star formation his-
tories of galaxies. The SFR and sSFR diagrams, with SFRs based
on Ha line emission, provide a constraint on recent star formation
properties but not on how rapidly the (s)SFR is changing. Ha traces
the OB stars on timescales of 10° — 107 years, the restframe UV
traces the range of 107 — 10® years while optical colours are sen-
sitive up to 10° years. We use a UV-optical colour-colour diagram,
which takes into account the the age differential probed by the UV-
optical of the SED. This UV-optical colour-colour diagram thus is
sensitive to the time derivative of the SFR, to argue that the current



8  Kevin Schawinski et al.

3.0F

2.5F

15f

10

*u-r colour (dust corrected)

4 Early-type galaxies

95 100 105 110 1
Stellar Mass log M. (M o)

*®u-r colour (dust corrected)n

w
o
T

N
ol
T

N
o
T

=
(8]
T

L
o
T

o
(6]
T

9.0

95 100 105 11.0 115
Stellar Mass log M. (M o)

Figure 6. The dust-corrected colour-mass diagram, like Figure E|but with the galaxy populations in 0.1x0.1 dex panels coloured by the mean specific star
formation rate. This diagram shows that both green valley early- and late-type galaxies have lower sSFRs than their blue cloud counterparts, i.e., they are
off the main sequence. Like the SFR/sSFR diagrams in FigureEl this Figure shows that the (dust-corrected) green valley is populated by off-main sequence

galaxies but it does not show how rapidly the sSFRs are declining.

star formation histories of green valley early- and late-type galaxies
are, in fact, very different.

Figure shows the (dust-corrected) NUV — u versus u — r
colour-colour diagrams of local galaxies. In the top-left panel, we
show the entire galaxy population (grey contours) and the green
valley early- and late-type galaxies (orange and blue contours, re-
spectively). In the top-right panel, we show only the early-type
galaxies, and in the botfom-right panel, only the late-type galaxies,
with the green valley populations again as orange and blue con-
tours, respectively.

Most noteworthy in Figure[7is that, while the early- and late-
type galaxies in the green valley exhibit (by selection) similar « —7r
colours, they have significantly different NUV — wu colours. The
early-type galaxies exhibit much redder NUV — u colours at the
same optical colour than the late types in the (optical) green valley.

This analysis shows that early-type galaxies in the (optical)
green valley are quenched rapidly: they show little ongoing star for-
mation while still having significant intermediate-age stellar popu-
lations. They feature classic post-starburst stellar populations. The
late-type galaxies in the (optical) green valley, on the other hand,

show similar NUV —u colours as their star-forming counterparts in
the (u — r) blue cloud. This is consistent with slowly declining star
formation, so that late types have enough ongoing star formation to
still be blue in the ultraviolet, yet the overall stellar population is
aging (the mean stellar age is increasing), thus moving them into
the optical green valley (and off the main sequence). Indeed, the
lack of a green valley in the late-type plot is further evidence for
their gradual quenching.

These NUV ur colour-colour diagrams are clearly sensitive
diagnostics of young and intermediate age stellar populations, and
therefore of recent star formation histories. Using model star for-
mation histories, we can quantify this interpretation and in partic-
ular, constrain the time scales on which star formation declines in
the two populations. We construct an illustrative star formation his-
tory as follows: a constant star formation rate for 9 Gyr followed by
a transition to an exponentially declining star formation rate with
variable time scale, Tquench, representing the quenching time scale.
We note that a constant star formation rate is a reasonable model for
a galaxy on the main sequence: despite the fact that the sSFR drops
by a factor of ~ 20 from z ~ 1 to today, the SFR only changes

© 2013 RAS, MNRAS 000, [TH20]
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Figure 7. UV-optical colour-colour diagrams (corrected for dust) used to diagnose the recent star formation histories of galaxies. Unlike the sSFR diagrams,
these colour-colour diagrams constrain the rate of change in the sSFR, i.e., how rapidly star formation quenches in these galaxies. In each panel, the grey
contours represent the underlying galaxy population, while the coloured contours represent galaxies with (optical) green valley colours. In the top-left panel,
we show the entire galaxy population and the early- and late-type galaxies in the green valley (orange and blue, respectively). In the right hand panels, we
show only early-type galaxies (fop) and only late-type galaxies (bottom). Note that early-type galaxies in the (optical) green valley are significantly redder in
NUV — u than late types with the same green valley (optical) colours, indicating they harbor far fewer very young stars. On top of the right-hand panels,
we plot a series of evolutionary tracks. Each track follows the same star formation history: constant star formation rate until, at a time tqyench = 9 Gyr, star
formation begins to decline exponentially with a quenching time scale Tquench- The lower left plot shows four such star formation histories, with an effectively
instantaneous Tquench Of 1 Megayear (blue); more moderate time scales of 250 Myrs (red) and 1 Gyr (orange); and a gentle decline with 7qyench = 2.5 Gyr
(green). We overplot these colour-coded evolutionary tracks on the colour-colour diagrams on the right. For each track, we show 100 Myr intervals as small
points and 1 Gyr intervals as large points to give a sense of how rapidly galaxies transit the colour-colour diagrams. These diagrams show clearly that the
quenching time scales of early-type galaxies must be very rapid (Tquench S 250 Myr), while late-type galaxies must quench very slowly (Tquench > 1 Gyr).

by about a factor 3 (Lilly et al]2013). We discuss the robustness of formation histories and the corresponding tracks are over-plotted

this model further in Appendix@ on the NUVur colour-colour diagrams on the right-hand panels.
For each track, we mark 100 Myr intervals with a small point and 1
We generate model star formation histories and convolve them Gyr intervals with a large point. The Tquench = 1 Myr track moves
with Bruzual & Charlot| (2003)) population synthesis model spectra rapidly across the diagram within ~ 1 Gyr, while the Tquench = 2.5
to generate a model SED. We blank out the youngest 3 Myr stel- Gyr track barely moves at all in several Gyr; in fact, it never leaves
lar populations to mimic the effect of birth clouds (which obscure the blue cloud, a point to which we return later.
the youngest stellar populations), and finally, convolve with filter
transmission curves to generate observed colours. We vary Tquench In Figure[8] we show using [Bruzual & Charlot (2003) models
from 1 Myr (effectively instantaneous suppression of star forma- that the value of the time of the quenching event does not mat-
tion) to 2.5 Gyr (a slow decline corresponding a quenching process ter significantly as the NUV — u colour is strongly dominated
significantly slower than the dynamical time scale of a galaxy). The by young- and intermediate-age stellar populations in the 10-1,500
lower-left panel of Figure [7] shows a schematic of these model star Myr time range.

© 2013 RAS, MNRAS 000, [TH20]
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Figure 8. The evolution of the NUV — u colour based on BC0O3 models
following the simple quenching model described in Section @ At some
time ¢guench» a constant SFR star formation history is interrupted and enters
an exponential decline with 7 = 100 Myr. We vary tquench from 7 to 10
Gyr age to show that the precise quenching time has no significant effect on
the NUV — u colour after the rapid (~ 100 Myr)colour transition. This
figure illustrates the sensitivity of the NUV — u colour to short timescales
in the 10-1,500 Myr range. With a dynamic range of nearly 4 mag, this
colour is ideal for tracing quenching time scales.

We compare these tracks to the observed locations of early-
and late-type galaxies on the NUVwur diagram. The early-type
galaxies in the green valley are well matched by tracks with very
short Tquench. Both the instantaneous truncation track and the track
with Tquench = 250 Myr pass straight through the early-type green
valley locus before reaching the red sequence. The Tquench = 1
Gyr track misses the main early-type locus and in fact stalls in the
green valley. If early-type galaxies were quenching as slowly as
Tquench = 1 Gyr, they would build up in the green valley, which is
not observed (Figure J3).

The late-type galaxies in the green valley are inconsistent with
most quenching tracks. The Tquench = 1 Gyr barely goes through
the late-type blue cloud locus. Only the Tquench = 2.5 Gyr track
passes through the bulk of the population. This indicates that long
quenching time scales (several Gyrs) are required to explain the
colour-colour evolution of late types.

We conclude from the NUVur colour-colour diagram that
early- and late-type galaxies follow very different evolutionary
pathways to and through the green valley. Early-type galaxies un-
dergo a rapid end to star formation, transiting the green valley
rapidly, perhaps as rapidly as stellar evolution allows. By the time
they appear in the green valley, most if not all star formation has
ceased. Late-type galaxies, in contrast, experience at most a slow
decline in star formation and gradual departure from the main se-
quence. The slowly declining star formation leads to increasingly
red optical colours but not necessarily redder UV-optical colours,
because extremely young, luminous stars continue to form.

3.4 Caveat: Indeterminate-type galaxies

We now revisit the question of the large population of
indeterminate-type galaxies (the galaxies that did not receive at
least 80% agreement in any morphological category). As is ap-
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Figure 9. NUV ur diagram, similar to the upper left panel in Figurembut
showing the indeterminate-type galaxies as green contours, with early types
as orange contours and late types as blue contours. The bulk of the green
valley indeterminate-types overlap the green valley late-type locus, with
somewhat redder colours, with a minority scattering to the early-type locus.
This supports a picture where the indeterminate-types quenching slowly,
similar to the late types, with the minority misclassified early types possibly
quenching more rapidly.

parent in Figure[T] most of the indeterminate-types show disk fea-
tures. In Figure 0] we show the NUV ur diagram (dust-corrected)
analogous to Figure[7] but with the green valley indeterminate-type
galaxies overplotted as green contours. The bulk of the green valley
indeterminate-types overlap the green valley late-type locus, with
somewhat redder colours, with a minority scattering to the early-
type locus, no doubt because some of them have big red bulges.
The indeterminate-types thus mostly quench slowly, similar to the
late types, with a minority being misclassified early types, which
quench rapidly.

The indeterminate-types do not appear to represent an inter-
mediate quenching pathway between the extremes of early- and
late-type galaxies. Instead, most follow the late types (likely related
to also having a disk), with a minority following the early types,
presumably because they are misclassified early types. A more pre-
cise investigation of how the indeterminates fit into the general pic-
ture presented here will have to rely on future, better imaging data.

3.5 Local environment, halo mass and satellite fraction of
galaxies in the green valley

We now investigate whether the environments of early- and late-
type galaxies in the green valley can be linked to their very differ-
ent recent star formation histories. We use the |Yang et al.| (2007)
group catalogue which yields a statistical estimate of the halo mass
for each galaxy group, and whether any galaxy is the most mas-
sive/luminous in the group (central vs. satellite).

In Figure[I0] we show the colour-mass diagram of both early-
(top) and late-type (bottom) galaxies split by halo mass (at Mpaio =
10*2My/h). The value 10'? Mgis motivated by previous work
on halo quenching (e.g., |Cattaneo et al.|2006; Dekel & Birnboim
2006).

We find a striking difference between the early- and late-type
galaxies. The green valley early-type galaxies are present in both

© 2013 RAS, MNRAS 000, [TH20]
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Figure 10. Dust-corrected colour-stellar mass diagrams of early- and late-type galaxies (top- and bottom rows) split by halo mass (from|Yang et al.[2007) into
low mass (left) and high mass haloes (right; split at My, = 1012M@ /h). Only small, qualitative differences are seen in the early-type galaxies, whereas
quite striking differences appear in the late types. The green valley early types are present in both low and high-mass haloes; in low-mass haloes, they are
mostly centrals, and in high mass haloes, mostly satellites. In contrast, the blue cloud late types are mostly in low-mass haloes, while the green valley late
types are mostly in massive haloes, and are largely centrals.This makes clear that quenching of star formation in late-type galaxies is closely related to halo
mass; those with My a1, = 1012 M, ©/h are partly or mostly quenched, suggesting that accretion of mass through the halo slows or stops above this value.

low- and high-mass haloes. The late types show a very dramatic
split: the blue cloud (i.e., main sequence) late types are mostly in
low-mass haloes, while the green valley and red sequence late types
(i.e., partially or mostly quenched) are almost exclusively in high
mass haloes. In other words, early types quench in all environments
whereas the quenching in late types is clearly different above and
below a halo mass of 10*2 Mg /h.

Similar results were reported previously by [Skibba et al.
(2009), who found that late-type quenching is associated with en-
vironment, and that late types may be able to quench without an as-
sociated morphological transformation. For an in-depth discussion
of the stellar mass to halo mass relationship, see |Behroozi et al.
(2010)

3.6 Atomic hydrogen gas in green valley galaxies

‘We now turn to another aspect of quenching: the gas supply for star
formation. Based on the previous sections, we would expect late-

© 2013 RAS, MNRAS 000, [TH20]

type galaxies in the green valley to retain sizable reservoirs of gas
to sustain ongoing, though slowly declining, star formation, while
early-type galaxies should be gas poor to account for a rapid drop
in new star formation.

In order to test this hypothesis, we matched our sample to the
HI database from the 40% Arecibo Legacy Fast ALFA Survey (AL-
FALFA; Haynes et al|2011). In Table[2} we report the numbers of
early- and late-type galaxies in the green valley that were covered
and detected in the ALFALFA survey.

We find that 48% of all green valley late-type galaxies were
detected in HI by the ALFALFA survey, consistent with many of
them retaining significant gas reservoirs. In contrast, only 8% of
green valley early-type galaxies were detected in HI, supporting the
picture that their star formation was quenched rapidly by removing
(or ionizing) the available gas.

On a related note, we have an ongoing program to observe
the HI kinematics of green valley early-type galaxies and find that
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Figure 11. NUV ur diagram, same as Figure but showing the emission line-selected AGN host galaxies as green points. This diagram places these AGN host
galaxies in the context of quenching scenarios: both early-type and late-type AGN hosts lie squarely in the (optical) green valley, a few hundred Megayears or
longer after the quenching event. In both cases, the AGN identified via emission lines cannot be responsible for the quenching, as they appear several hundred

Megayears along the quenching tracks.

Table 2. HI properties of galaxies in the green valley (from 40% ALFALFA
data)

Sample N N N HI Detection

Green Valley... covered detected un-detected fraction
Early-type Galaxies 349 28 321 8%
Late-type Galaxies 912 435 477 48%

most of them show highly disturbed gas kinematics consistent with
having experienced recent mergers (Wong et al. in prep).

3.7 Black hole growth and galaxies in the green valley

We now turn to the question of how the growth of supermassive
black holes in the centers of galaxies might be related to the sep-
arate evolutionary pathways for quenching star formation in early-

and late-type galaxies. In fact, the present work provides context
for interpreting our earlier Galaxy Zoo AGN host galaxy study
(Schawinski et al.[2010b).

In Figure [TT} we show the same NUVur colour-colour dia-
gram as in Figure [} with emission line-selected AGN host galax-
ies added as green points (see [Schawinski et al|2010b| for AGN
selection details). All AGN are narrow-line Type 2 (obscured)
AGN, so there should be no contribution of AGN continuum to the
UV/optical colours. Both early- (fop right) and late-type (bottom
right) AGN host galaxies cluster in the (optical) green valley. This
is why it has been suggested previously that black hole accretion
is correlated with a decline in sSFR (and therefore green colours;
e.g., Schawinski et al.[2007b}; [Wild et al.2007; [Nandra et al.2007;
|Silverman et al.[2008)).

Comparing to the evolutionary tracks in Figures[7]and[TT] it is
clear that in most cases, AGN signatures become visible well past
quenching time. We make no assumption on the AGN life time here,
but consider when, during the evolutionary stage of the host galaxy,
black hole accretion is favoured. This delay between the shutdown
of star formation and the detection of (emission-line selected) AGN

© 2013 RAS, MNRAS 000, [TH20]



has been noted previously (Schawinski et al.[[2007b; [Wild et al.
2007}, Davies et al.|2007; |Schawinski et al.|[2009clc); several hun-
dred Myr or more must elapse between the end of star formation
in early types and the detection of an optical AGN (Gyrs for the
late types), even assuming instantaneous quenching (see discus-
sion in|Schawinski et al[2007b} 2009c). This implies that the AGN
radiation from green valley early-type galaxies is not responsible
for the rapid quenching of star formation seen in them. Rather, the
AGN activity is plausibly an after-effect of the event that triggered
quenching, rather than its cause.

In late-type galaxies (Fig. [[T} bottom right), black hole accre-
tion is visible in the green valley and continues as the galaxy slowly
ages to redder colours. The NUV — w colour shows that many
late-type galaxies — including the AGN host galaxies — still have
young stars (see also|Cortese|2012).

These statements are inferred from a sample of emission line-
selected AGN; it is important to check whether AGN samples based
on other (more inclusive) selections show the same trends.

4 DISCUSSION: EVOLUTIONARY TRACKS RELATED
TO THE END OF STAR FORMATION

We have used a series of observational results, informed by mor-
phological classifications, to develop a broad picture of how and
why early- and late-type galaxies at z ~ 0 transform from blue
star-forming galaxies into passively evolving red galaxies. Here we
review the evidence presented in Section [3] then discuss our inter-
pretation.

We first verified that dust extinction, while present, is not the
main reason most galaxies have green colours. We then assessed the
recent star formation properties of green valley galaxies, as traced
by emission lines and by the location of green valley galaxies com-
pared to the main sequence. Both indicators show that low star for-
mation rates are the reason green valley galaxies — regardless of
morphology — exhibit green optical colours.

We then considered the UV-optical colours of galaxies in the
optical (u — r) green valley, the UV (from GALEX) being more
sensitive to the youngest stars than purely optical colours. We found
that, when early-type galaxies are in the (optical) green valley, their
UV-optical colours are much redder than those of late-type green
valley galaxies. This supports the idea that the two morphological
classes have fundamentally different recent star formation histories
(i.e. different UV-u colors), even after the initial stellar populations
have aged in a similar way (i.e. optical colors are green). We used
model evolutionary tracks to show that this difference corresponds
to very different time scales on which star formation declines: in
early-type galaxies, the quenching time scale is much shorter (<
250 Myr) than in late-type galaxies (> 1 Gyr).

All this evidence leads to a coherent physical picture where a
quenching event destroys the (quasi) equilibrium state of main se-
quence star-forming galaxies, moving them off the main sequence
into the green valley. The data clearly show that the time scale for
this colour evolution is strongly tied to morphology. We now argue
that two quenching pathways — for early-type and for late-type
galaxies — can be tied to two different scenarios for destroying gas
reservoirs, i.e., to two different physical quenching mechanisms.
Because most star-forming galaxies start on the main sequence of
star formation, where a simple regulator balances cosmological in-
flows of gas with outflows (Lilly et al.[[2013), we take the main
sequence as the starting point of the evolutionary models discussed
below.

© 2013 RAS, MNRAS 000,[T}20]
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4.1 The evolution of late-type galaxies

We have shown that the star formation histories of late-type galax-
ies are consistent with a very gradual quenching, corresponding to
an exponential time scale of a gigayear or more. A natural explana-
tion is that the baryon supply is disrupted, so that the star formation
rate declines slowly in response to the depletion of the gas reser-
voir. The disruption could be due to halo mass quenching (e.g.,
Cattaneo et al.|2000), the end of cold streams and the development
of a hot halo due to shocks (Dekel & Birnboim|2006; |[Dekel et al.
2009)), or simply the continued expansion of the virial radius to a
point where cooling from the halo to the disk becomes inefficient
(i.e., too slow). While other environmental processes may also play
a role — for example, ram pressure, stripping, or harassment (see
Tonnesen|[201 1| and [Vollmer||2013| for recent reviews) — these lo-
cal considerations cannot explain the global behavior of late-type
galaxies as a class.

The rate at which star formation exhausts gas can be written
in a dynamical form as (Guiderdoni et al.|1998; |Hatton et al.|2003;
Kaviraj et al.[2011):

. eMgas

)
Tdyn

&)

where v is the SFR, Mg, is the gas reservoir available for star
formation, 74yn is the dynamical time scale, and ¢ is the (fixed) ef-
ficiency of star formation (we assume the universal value e = 2%;
e.g., [Kennicutt| 1998). The dynamical time scale for the disk of a
massive galaxy is on the order of 74yn ~ 50 — 300 Myr. The
mass of the gas reservoir is a free parameter set by the initial con-
ditions. Once the initial gas reservoir is specified and a reasonable
dynamical time scale is chosen, Eqn. 3] can be solved to describe
the evolution of the system. The e-folding time for the declining
star formation rate is Tayn /€, which is several Gyr for the adopted
parameter That is, galaxies with a gas reservoir that does not get
replenished from outside will continue to form stars for a very long
time, peeling off from the main sequence of star formation very
slowly, as previously argued by [Kaviraj et al[ (2011). In Figure[12]
we show how the specific star formation rates, u — r colours, and
gas fractions evolve according to Eqn. 3 for a range of quenching
time scales.

The evolution of late-type galaxies corresponds to the longer
time scale tracks in Figure[I2] This means there is enough time to
develop a significant population of late types in the green valley
and, eventually, the red sequence. Late-type galaxies in the green
valley should still have substantial gas reservoirs that fuel ongoing
star formation. Initial data from HI data support this (Section [3.6).

The start of quenching may occur at (very) high redshift, as
it can take several Gyrs for the effects of a slowly declining star
formation rate to become apparent. In this context, red spirals (e.g.,
van den Berghl|1976] [Wolf et al.|2009}; Masters et al.|[2010a) are
simply late-type galaxies whose cutoff happened relatively early.
The observation of Masters et al.| (2010a) and |Cortese| (2012)) that
red spirals still show signs of low-level star formation make sense
— they are simply very far along the exponential decline in SFR
off the main sequence.

The reddest colours in late-type galaxies preferentially occur
in high mass haloes (Fig.[T0), supporting the suggestion that the gas
supply is somehow regulated by environmental factors. Of course,

5 This time scale for gas depletion corresponds to what happens in the
“bathtub” model of |Lilly et al.| (2013) when the gas supply to the reservoir
is shut off.
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Figure 12. Diagram showing the evolution of a galaxy corresponding to the quenching scenarios discussed in the text. The star formation rate is constant until
quenching begins at t = 9 Gyr, then declines exponentially with 7qyench € {1,250, 1000, 2500} Myr. (Top panel:) evolution of the specific star formation
rate (sSFR); (middle panel:) u — r colour evolution; (bottom panel:) gas fraction, inferred from the star formation rate by inverting the Schmidt law (Eqn. @)

other factors besides halo mass can increase the pace of gas de-
pletion following the original quenching event — and this must
happen: Figure [7] shows some objects with quenching time scales
slightly shorter than that expected from canonical parameters.

For example, bars naturally shorten gas consumption time
scales, by driving gas into the central regions of galaxies where it
can be consumed more quickly. Masters et al.[ (2011} |2012) found
that the incidence of bars in massive late-type galaxies increases as
they become redder. This could be a side effect of quenching —
models show that bars form more quickly in gas-poor disks (e.g.,
Athanassoula et al.[2013) — but if secular evolution along a bar is
an efficient process, the presence of a bar could also speed up the
quenching time such that the transition happens more rapidly than
the several Gyrs expected from the simple Schmidt law. Masters
et al.| (2012) show that high bar fractions in spirals are associated
with lower HI gas content, and there are hints that at a fixed HI
content barred galaxies are optically redder than unbarred galaxies.
Several works (Sheth et al.|2008; |Cameron et al.|2010; Melvin et
al. in prep) show that the fraction of disk galaxies with bars also
seems to have been increasing since z ~ 1 Sheth et al.| (2008);
Cameron et al.| (2010). Thus, secular processes like bar formation

may be intimately tied to quenching in late-type galaxies; even if
they appear after the initial quenching event, they would help drive
out the remaining gas reservoir, thus accelerating the rate at which
late types become fully gas- and star-formation free.

Environment as a late-stage accelerator or modifier of quench-
ing is naturally supported by the strong effect of halo mass on
the presence of green and red late types (Section @ Other re-
cent observational studies have argued that environment or satellite
quenching should act fast, at least once it begins (e.g.,Muzzin et al.
2012; Wetzel et al.|2013).

Other environmental effects can accelerate the quenching pro-
cess by further removing gas but not too quickly, as we do not
see late-type galaxies with short quenching timescales. We note
that these modulating effects (secular processes and environment)
mean that most likely we cannot accurately reconstruct the time of
quenching for present-day green and red (i.e., off-main sequence)
late types.

Now we consider the possible role of AGN feedback in the
evolution of late-type galaxies.The majority of black holes grow-
ing locally and at high redshift are hosted in late-type galaxies,
clearly driven by secular processes rather than major mergers (e.g.,
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Schawinski et al.[[2010b}, 2011} 2012} |Cisternas et al.|[2011}; Ko-
cevski et al.|2012; [Simmons et al.|2012; Treister et al.|[2012). The
fraction of green valley galaxies that host AGN is higher than in
blue star-forming galaxies (Fig. 11). This could be due in part to
an observational bias (the difficulty of seeing AGN signatures in
SDSS spectra against a more luminous stellar component), but sen-
sitive multiwavelength searches for “missed” AGN in nearby star-
forming galaxies (e.g., |Goulding et al.|2010) do not find enough
to balance the numbers. Moreover, hard X-ray selection should not
be confused by star formation, yet this technique also detects few
to no (high luminosity) AGN in the blue cloud (Schawinski et al.
2009c)). We conclude the prevalence of AGN in green valley galax-
ies is likely real rather than a selection effect.

The alternative is that the onset of quenching in late-type
galaxies leads to increased black hole growth about 1 Gyr later.
The delay could be explained naturally by the time required for ac-
creting matter to lose angular momentum. In this case, black hole
feeding would be due to secular processes (since major mergers
would disrupt the disk morphology) and could not significantly
speed up the quenching (or the AGN hosts would transition much
more rapidly across NUVur colour space); it would be a conse-
quence of the host galaxy quenching, not the cause. Perhaps a de-
clining sSFR favors black hole growth: [Davies et al.| (2007) sug-
gested that the absence of strong stellar feedback (core collapse
supernovae, O-star winds) makes it easier to transport gas to the
center, and also that mass loss from Asymptotic Giant Branch stars
could easily fuel black hole accretion because of both the larger
amount of material and its lower velocity.

Peng et al.| (2010) identified two distinct quenching mecha-
nisms at work in galaxies: environment and mass quenching (with-
out identifying the physical mechanisms). From the data presented
in Section [3.5] one might speculate that early-type galaxies are
mass quenched (no strong dependence on environment) and late
types are environment quenched (strong dependence on environ-
ment). A test of this hypothesis would be the mass functions of
green valley early- and late-type galaxies: if the quenching path-
way we identify in early types is mass quenching (see below), then
the green valley early types should have the same mass function as
the passive galaxies (in terms of M and faint end slope as, the
normalisation ®* will depend on transition time scale); similarly,
if the quenching pathway we identify in late types is environment
quenching, then the green valley late types should have the same
mass function as the star-forming galaxies.

4.2 The evolution of early-type galaxies

The end of star formation in early-type galaxies in the local Uni-
verse proceeds in a fundamentally different fashion than in the late-
type galaxies. In local early types, quenching occurs in low-mass
galaxies and is marked by a very rapid shutdown of star forma-
tion on time scales consistent with instantaneous suppression, or at
most Tquench ~ 250 Myr (c.f.[Schawinski et al.|2007b). This rapid
suppression is inconsistent with the simple gas exhaustion scenario
outlined for late-type galaxies; the Schmidt law does not allow star
formation to deplete a substantial gas reservoir so rapidly (a point
made strongly by |Kaviraj et al.|2011)). The quenching mechanism
should also be linked to the destruction of the disk morphology of
the likely progenitor(s).

A major merger (Schawinski et al.|[2010a) could simultane-
ously transform the galaxy morphology from disk to spheroid and
cause rapid depletion of the cold gas reservoir. Deep imaging of
blue early types does reveal tidal features indicative of a major
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merger (Schawinski et al.|[2010a) but Wong et al.| (2012) have
shown that galaxies with post-starburst spectral features already
have early-type morphologies, emphasizing that the morphological
transformation must be rapid.

Studies of gas kinematics (molecular, ionised) show that most
early-type galaxies, and specifically those in the green valley, have
gas with an external origin, most likely due to merger activity (Sarzi
et al.|[2006}; Shapiro et al.|[2010j [Davis et al.|[2013} [Khochfar &
Burkert| [2003). These blue precursors must have similar masses
but bluer (intrinsic) colours than the AGN early-type hosts (see
Figure E] and [Schawinski et al.||2007b, 2009a). Observations of a
small sample of early types along this evolutionary path from the
blue cloud to the red sequence shows that the large molecular gas
reservoirs of blue early-type galaxies do disappear rapidly, at a rate
significantly faster than can be explained by star formation alone
(Schawinski et al.[2009b).

We note that, as with the green valley late types, the quench-
ing event — i.e., the point at which the gas fuelling star formation
was destroyed — had to occur before the galaxy reaches the green
valley. Given the short time between quenching and arrival in the
green valley (only a few hundred Megayears), it may be easier to
identify this progenitor population than in late types. So far,|Schaw-
inski et al.| (2009b) found that green valley (Seyfert AGN) early-
type galaxies were undetected in molecular gas and that the gas
disappeared rapidly during the transition from purely star-forming
to an AGN+star formation mixed phase.

Naturally, today’s galaxies host both stellar populations
formed in situ and those brought in via progenitors in minor and
major mergers. In this general picture, star formation in early-type
galaxies ceases and then does not re-start except for a minor frost-
ing of new stellar populations (seen mostly in the ultraviolet; e.g.,
Yi et al.|2005f |Schawinski et al.[2007a; [Kaviraj et al.|2007)), except
when a new disk forms through the acquisition of a sufficient sup-
ply of cold gas, at which point the galaxy would rejoin the main
sequence.

What about the role of AGN feedback? Rapid depletion of a
large fraction of the available gas could be caused by a vigorous
starburst, as star formation uses up cold gas and stellar processes
create strong winds. Simulations show that merger-induced star-
bursts can lead to enhanced star formation as disk destruction leads
to the inflow of gas to the (new) galaxy centre, all on relatively short
dynamical time scales (e.g., Barnes & Hernquist[1996). However,
in this starburst-induced scenario, even a short depletion time scale
will still yield a remnant system that is not entirely quenched. The
Schmidt Law forces the star formation back to an exponentially de-
caying state, albeit with a shorter time scale, which in turn means
that the galaxy retains gas, and therefore continues forming stars.
Only by adding AGN feedback, which can destroy the gas reser-
voir, do simulations show a genuine total quenching of star forma-
tion (e.g., Springel et al.|2005).

Is it possible that AGN feedback alone destroys the gas reser-
voir during merger? It is true that photoionization happens almost
instantaneously, so a luminous AGN could destroy the cold gas
reservoir almost instantaneously. However, we would then expect
detectable AGN radiation before the host galaxies reach the green
valley, while they are still in the blue, star-forming phase, contrary
to what is observed (Schawinski et al.[2009¢; |Goulding et al.[2010).
If AGN feedback were responsible for the rapid gas reservoir de-
struction, then during this phase it must be either very short-lived,
heavily obscured or radiatively inefficient (Schawinski et al.[2009b;
Schawinski|2012).

A radiatively inefficient accretion flow could drive a kinetic
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outflow (jet, disk wind, or other outflow), analogous to what X-
ray binaries do (e.g.,[Maccarone et al.||2003}; |[Kording et al.|2006;
McHardy et al.|2006} [Pakull et al.[2010). In this early phase, the
AGN would be outshone by the declining starburst; the place to
look for evidence of this kind of kinetic feedback would be at
the transition from star forming to composite spectrum in the blue
early-type galaxy population.

We note that dwarf ellipticals are not in our sample and their
quenching pathways may be very different (e.g.Boselli et al.[2008))

5 SUMMARY

We have used new morphological analyses from Galaxy Zoo to
map out the evolutionary pathways of local galaxies. We showed
that the paths taken by late-type and early-type galaxies through
the (optical) green valley are quite different, and that their quench-
ing mechanisms have very different time scales. This means that
thinking of the green valley as a transition phase for all (or even
most) galaxies is overly simple. In particular, late-type galaxies do
not exhibit the colour bimodality seen in the colour-mass or colour-
magnitude diagrams of the total galaxy population.

From a detailed analysis of specific star formation rates,
dust-corrected UV-optical colours and other properties, we traced
the evolution of early- and late-type galaxies through the green
valley. Both leave the main sequence and enter the green valley
as their sSFR drops, but they do so with very different rates of
change. UV-optical colours show that the rate of change in sSFR
(d/dt sSFR) — i.e., the quenching time scale — is rapid in early-
type galaxies (7 < 250 Myr), while late-type galaxies undergo
a much more gradual decline in star formation (7 > 1 Gyr).
We illustrate these morphology-related star formation quench-
ing pathways with cartoons in Figures[I3]and[I4] as described here:

Late-type galaxies:

(1) The quenching of star formation is initiated by a cutoff of the
galaxy gas reservoir from the cosmic supply of fresh gas. This cut-
off could be due, for example, to the halo mass reaching 10'2 M, o>
preventing further accretion of gas onto the galaxy, or to cooling of
the hot halo gas becoming inefficient.

(i) This disturbance of the balance of inflows and outflows
moves the galaxy off the main sequence, as star formation uses up
the remaining gas and the gas reservoir is not replenished. Where
initially the galaxy SFR scales nearly linearly with the stellar mass
(the main sequence), it then declines exponentially after quenching
commences, with a long characteristic time scale that to first or-
der is set by the gas reservoir at the time quenching begins and the
dynamical time scale of the galaxy disk.

(iii) Since the SFR is declining, but not zero, the stellar mass
may continue to increase as star formation converts the remaining
gas reservoir to stars.

(iv) The galaxy moves slowly out of the blue cloud and into the
green valley. Objects that were quenched this way at high redshift
may by now have reached the red sequence, accounting for the red
spiral population.

(v) The gas-depletion process can be accelerated by other phys-
ical processes, in particular secular processes and environmental
processes.

(vi) Black hole accretion appears to be favoured in late types
that have been quenched and are in the exponential decline phase.

(vii) Observations of still-significant gas reservoirs and high
dark matter halo masses support this evolutionary scenario.

(viii) The time delay between the quenching event (i.e., the point
at which the external gas supply to the galaxy reservoir is cut off)
and the time that the quenching becomes apparent (by movement
out of the blue cloud and into the green valley) is long, on the order
of several gigayears. This means that studying the local green val-
ley galaxies will not allow us to understand this quenching mode or
directly observe it in action. It also means that the green and red late
types we see today may be the amongst the first to have quenched.
The Milky Way may be on a similar trajectory to quiescence.

Early-type galaxies:

(i) The quenching of star formation is triggered by the rapid de-
struction of the galaxy gas reservoir. This must occur rapidly and
can not be due to gas exhaustion by star formation alone.

(i) The destruction of the gas reservoir triggers the immediate
departure from the main sequence of the galaxy. The SFR rapidly
approaches zero, which means the galaxy no longer increases its
stellar mass.

(iii) The drop in SFR corresponds to the galaxy moving out of
the blue cloud, into the green valley and to the red sequence as fast
as stellar evolution allows. The transition process in terms of galaxy
colour takes about 1 Gyr.

(iv) The rapid quenching event is effectively simultaneous with
the morphological transformation, since there are very few blue
early-type galaxies. This suggests a common origin in a major
merger.

(v) Visible radiation from black hole accretion is associated with
the green valley, i.e., only after the quenching event.

(vi) The rapidity of the gas reservoir destruction suggests that
unusually strong stellar process and/or AGN feedback (winds, ion-
ization) are involved, perhaps in a kinetic or highly obscured phase.

(vii) To understand the physics of quenching in early types more
fully requires observations of the progenitors of the blue early types
— most likely major, gas-rich mergers — where we can see which
processes (AGN or not) destroy the gas reservoir.
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Figure 13. Diagram outlining the scenario presented here for star-formation quenching in late-type galaxies. Once the external supply of gas to the galaxy’s
reservoir is cut off, the galaxy will leave the main sequence, and the SFR will decay exponentially, with a long quenching time scale Tqyench- While no longer
on the main sequence, the galaxy nevertheless continues to convert gas to stars and thus to increase its stellar mass. Absent a major merger, this evolutionary
pathway eventually produces a passive, red, late-type galaxy. We see radiation from black hole growth during stage (3), long after the quenching event actually
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Early-type galaxy star formation quenching schematic
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APPENDIX A: DOES THE EARLY STAR FORMATION
HISTORY OF MAIN SEQUENCE GALAXIES HAVE AN
APPRECIABLE EFFECT ON POST-QUENCHING
EVOLUTION?

We use the NUVur diagram (Figure[7) to constrain the quenching
time scales of galaxies using a simple model star formation his-
tory: constant SFR for 9 Gyr, followed by an exponential decline
of varying time scale 7. The model assumes that all star-forming
galaxies are on the main sequence prior to the quenching event, as
is appropriate to our goal of describing the bulk of normal galaxies.
But do all galaxies on the main sequence have comparable colours;
that is, are the starting points of all star forming galaxies compara-
ble? In order to test this, we plot the colour evolution of © — 7 and
NUV — u in Figure[AT] We explore a range of models:

(1) Model 1 (black line): fiducial model of constant SFR, fol-
lowed by exponential decay, in this case with 7quench = 100 Myr.

(i) Model 2 (green dashed line): same as Model 1, but with
Gaussian random perturbations in the amplitude prior to quench-
ing with a dispersion of a factor 2.

(iii) Model 3 (light blue line): rather than a constant SFR, the
pre-quenching star formation history is a gently exponentially de-
clining SFR (7 = 5.0 Gyr), which builds up a more significant old
stellar population by the time of quenching. The model is tuned to
have an SSFR at the quenching time ¢quench = 9 Gyr that is at the
lower edge of the Main Sequence.

(iv) Model 4 (red line): same as Model 3, but with a more
strongly exponentially declining SFR prior to quenching (7 = 2.5
Gyr. This Model has an SSFR 1 dex below the Main Sequence at
tquench, and thus is (just a bit) outside the suite of galaxies whose
quenching is discussed in this paper.

These model tracks demonstrate that a wide range of initial
star-formation histories create galaxies with similar main sequence
u — r and NUV — u colours at the point of quenching. This is
because NUV — u and u — 7 colours are dominated by current
and recent recent stellar populations. Thus, star formation histories
that place a galaxy on the main sequence will also result in simi-
larly blue colours. Once quenching sets in, the movement towards
the red is similarly governed by young stellar populations and and
thus the time scales are similar regardless of the pre-quenching star
formation history.

We combine these diagrams and place the same four model
tracks on a version of Figure[7]in Figure [A2] We show how those
four model tracks evolve: Models 1, 2 and 3 are virtually on top of
each other and indicate a short quenching time scale, as expected
from the assumed 7quench = 100 Myr. Model 4 (red) — which is
ruled out due to its low SSFR — is offset and would indicate some-
what longer time scales, but is still not comparable to the "slow"
quenching tracks which best fit late-type galaxies. We conclude that
the time scales deduced from the NU V ur diagram are robust with
respect to initial star formation histories because the main sequence
dictates similar colours at the point of quenching.
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Figure A2. The NUVur colour diagram, similar to Figure m with the
same Model tracks shown as on Figure@ All models that are on the main
sequence at the time of quenching (black, green, light blue) yield a short
quenching. The red model, which is incompatible with the Main Sequence
due to having alow SSFR at the quenching time, is somewhat offset, but still
yields a short quenching time scale on the NU V ur diagram. Together with
Figure@ this Figure illustrates the robustness of the NUV ur diagram as
a quenching time and that all reasonable star formation histories that end
up on the main sequence are blue, and reasonable starting points for our
quenching model.
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Figure Al. Evolution of u — 7 colour (left) and NUV — r colour (right) as a function of time for a set of four models. Below the colour evolution of each
model, we show the specific star formation rate as a function of time. Model 1 (black line): fiducial model of constant SFR, followed by exponential decay,
in this case with Tquench = 100 Myr. Model 2 (green dashed line): same as Model 1, but with random perturbations prior to quenching. Model 3 (light blue
line): rather than a constant SFR, the pre-quenching star formation history is a gently exponentially declining SFR. This SFR builds up a more significant old
stellar population by the time of quenching. The model is tuned to have an SSFR at the quenching time ¢quench = 9 Gyr that is at the lower edge of the
Main Sequence. Model 4 (red line): same as Model 3, but with a more strongly exponentially declining SFR prior to quenching. This Model has an SSFR ~1
dex below the Main Sequence at tquench- Due to its low SSFR at tqyench, Model 4 is incompatible with the Main Sequence. The other models, do not show
significant offsets from the fiducial quenching model as they all have the following salient features: at tqyench, they have blue cloud u — r and NUV — u
colours, and after the quenching event, they become redder at essentially the same rate. Thus, all SFHs which place a galaxy on the main sequence at the point
of quenching yield similar quenching timescale.
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