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The Optically-Based Paradigm

• Star-Forming Main Sequence
• Two types of galaxies
• Passive Galaxies
• Red-and-dead galaxies
• Early-type galaxies contain 

almost no ISM, and any ISM 
has been acquired from 
outside

• Strong-quenching

The Multi-Wavelength 
Paradigm

• A single class of 
galaxies

• A single Galaxy 
Sequence

• Morphology, specific 
star-formation rate, ISM 
mass, and star-
formation efficiency 
varies gradually along 
the Galaxy Sequence

• Early-type galaxies do 
contain a cool ISM

• Galaxy evolution is 
largely the result of the 
gradual exhaustion of 
the ISM
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enees between globular clusters in relation to galactic location,14 

we conclude that the outer clusters now characterized by strong 
horizontal branches must have been formed first ; then came the 
inner clusters with weak horizontal branches, and finally disc clus- 
ters like M 67 with practically no horizontal branches. 
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Fig. 4.—Intrinsic color indices of old stellar systems as a function of 
their absolute magnitudes. The circles represent elliptical galaxies (includ- 
ing dwarf systems) and the dots globular clusters. 

The evolutionary hypothesis illustrated schematically in Fig- 
ure 5 is therefore proposed. In a dwarf system star formation has 
not progressed beyond an initial Population II epoch, either be- 
cause the duration of that epoch is longer in a dwarf system or 
because star formation ceased early. In the larger ellipticals star 
formation continued considerably past the Population II epoch but 
came to a halt before the present day. Moderately large systems 
with high angular momenta and a high degree of flattening are the 
only ones where star formation has not yet stopped, and they are 
of course the spirals. Thus, the evolutionary history of a galaxy 
is suggested to be largely predetermined by two initial conditions : 
one is its mass, and the other its angular momentum. We do not 
need to appeal to primordial differences in chemical abundances. 
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Baum,	1959	(PASP,	
71,	106)	

Observed	quantities:	optical	colour,	absolute	magnitude
Physical	quantities:	specific	star-formation	rate	(star-
formation	rate/stellar	mass,	SSFR)	and	stellar	mass

Decreasing	
SSFR



GAMA: the galaxy stellar mass function 631

Figure 14. Colour–magnitude diagrams. The points represent the GAMA
sample used in this paper. The solid and dashed lines represent possible
dividing lines between the red and blue populations, with slopes of −0.03
in (a) and using a tanh function from Baldry et al. (2004) in (b).

across all masses. The GSMF of the SF population remains nearly
the same shape while the red-sequence GSMF has a scaled ‘copy’
of the SF GSMF added so that it follows a double Schechter form
most obviously in high-density regions.

To illustrate the origin of the double Schechter shape of the
GAMA GSMF as suggested by the Peng et al. (2010b) model,
we divided the galaxies into red and blue populations based on
colour–magnitude diagrams. Fig. 14 shows the g − r and u − r
colour–magnitude diagrams both versus Mr, with three possible di-
viding lines using a constant slope of −0.03 (e.g. Bell et al. 2003)
and three using a tanh function (equation 11 of Baldry et al. 2004),
respectively. Fig. 15 shows the resulting red and blue population
GSMFs with the dotted and dashed lines representing the six dif-
ferent colour cuts (some extremely red objects were not included
because the colour measurement was unrealistic, g − r > 1.0 or
u − r > 3.2). Following the Peng et al. (2010b) model, we fit to
the red and blue population GSMFs simultaneously with a double
Schechter (α1, α2) and single Schechter function (α), respectively.
The fits shown in Fig. 15 are constrained to have the same M∗,
α2 = α and α1 = α2 + 1. A good fit with the five free parame-
ters is obtained to the two populations when using a u − r divider.
Note that there is an excess of blue population galaxies above a
single Schechter fit at high masses when using a g − r divider, the
red population data were not fitted below 108.4 M⊙ where there is

Figure 15. GSMFs for the red and blue populations. The circles and squares
with error bars, coloured according to the population, were derived using the
divider that is shown as a solid line in Fig. 14(b). The solid lines represent
fits to the data. The dotted and dashed lines represent the GSMFs using the
six possible dividers based on g − r and u − r, respectively.

significant uncertainty in the population type because of presum-
ably large errors in the colours, and the inclusion of edge-on dusty
discs is a problem for a simple red colour selection. Nevertheless,
the basic Peng et al. (2010b) model provides a remarkably simple
explanation of the observed GSMF functional forms.

3.6 The most numerous type of galaxies

Are blue (irregulars, late-type spirals) or red (spheroidals, ellipti-
cals) dwarf galaxies the most numerous type in the Universe (down
to ∼107 M⊙)? Judging from Fig. 15, the answer would appear to
be the blue dwarf galaxies, i.e. SF galaxies. However, the mea-
sured number densities of both populations may be lower limits;
and the measurement of the red population becomes less reliable
below about 108.4 M⊙ because of the smaller volume probed and
the uncertainties in the colours, and the cosmic variance is larger
because the galaxies are more clustered than the blue population.

An alternative estimate of the number densities of red galaxies
can be obtained by considering the relative numbers of early-type
galaxies in the LG, and then scaling the numbers to match the field
GSMF at high masses (> 109 M⊙). This assumes that the LG rep-
resents an average environment in which these galaxies are located.
Taking the catalogue of galaxies from Karachentsev et al. (2004),
galaxies are selected within 1.4 Mpc and with Galactic extinction
less than 1.2 mag. The latter excludes two galaxies viewed near the
Galactic plane (a biased direction in terms of detecting the low-
est luminosity galaxies). The B-band luminosities are converted to
stellar masses assuming M/LB = 3.0 for early-type galaxies (RC3
type < 0); M/LB = 1.0 for M31, M33 and the Milky Way, which
have already been corrected for internal attenuation; and M/LB =
0.5 for late-type galaxies (RC3 type > 6). From this, there are six
galaxies with stellar mass !109 M⊙, which are M31, M32, M33,
M110, the Milky Way and the Large Magellanic Cloud (LMC). For
this population the LG, taken to cover a volume of 10 Mpc3, has
approximately 50 times higher density than the cosmic average.

Fig. 16 shows GSMFs for the field and the LG scaled to match,
in particular comparing the blue field number densities with those
inferred for the early types by scaling. It is likely that the LG sample
is complete down to 107 M⊙ with only some recently discovered
satellites of M31, e.g. And XXI (Martin et al. 2009), suggesting that

Figure 16. GSMFs for the field (GAMA) and the Local Group (derived
from Karachentsev et al. 2004). The solid line shows the GAMA fit from
Fig. 13 with the dashed line representing the extrapolation. The dotted line
represents the scaled LG GSMF in bins of 1 dex. The circles represent the
blue field population while the diamonds represent the LG early types.
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GAMA	– Baldry et	
al.	(2012)

Red	Sequence	(mostly	
morphological	early-types	–
ellipticals and	S0s)

Green	
Valley

Blue	Cloud	(mostly	
morphological	late-types	–
spirals	and	irregulars)



The Current Paradigm in 
physical terms

Stellar Mass

Specific star 
formation rate = star  
formation rate/stellar 
mass

Z=2

Z=1

Z=0

Star-forming Galaxy Main 
Sequence

Red 
and 
Dead

Motion of 
galaxy along 
the Galaxy 
Main 
Sequence

Catastrophic 
‘quenching’ of 
star formationPeng et	al.	2010



Evidence Against the Paradigm

• The	ATLAS3D integral-field	spectroscopic	shows	that	
86%	of	ETGs	have	the	velocity	field	of	a	rotating	disk	
(Emsellem et	al.	2011).	

• For	92%	of	these	fast	rotators,	there	is	also	
photometric	evidence	of	a	disk	(Krajnovic et	al.	
2013)

• Herschel	observations	show	that	50%	of	ETGs	have	
a	cool	ISM	(Smith	et	al.	2012)

• The	velocity	fields	of	the	molecular	disks	found	in	
ETGs	generally	show	that	the	gas	has	not	been	
acquired	from	outside	(Eales	et	al.	2017)

• Lots	of	groups	find	that	the	`star-forming	Main	
Sequence’	curves	downwards.



The	Herschel	ATLAS

• The widest area extragalactic survey 
with Herschel (660 deg2) in five bands 
from 100 to 500 μm and in five fields
• Detected 426,372 sources
• In the equatorial fields there are 
113,937 sources, 44,835 counterparts 
with 23,778 spectroscopic redshifts
• Images and catalogues for all fields 
are on h-atlas.org and the data release 
is described in five papers (Valiante et 
al. 2016, Bourne et al. 2016, Smith et 
al. 2017, Furlanetto et al. 2018, 
Maddox et al. 2018).

North

South
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Figure 2. The distribution of galaxies in the colour versus absolute r -band magnitude, with the colour (see colour scale to the right) showing the density of
galaxies in this diagram. The left-hand panels show the GAMA sample and the right-hand panels show the H-ATLAS sample, with the top panels showing
u − r colour versus absolute magnitude and the bottom panels showing g − r versus abolute magnitude. The contours in the right-hand panels show the
distributions for the GAMA galaxies that were shown by the colour scale in the left-hand panels.

the optical sample. The 4σ flux limit of the H-ATLAS survey in
these fields is ≃30 mJy at 250 µm, the most sensitive wavelength,
and there are 113,955 sources above this flux limit (Valiante et
al. 2016). The H-ATLAS team used the SDSS r-band images to
look for the optical counterparts to these sources, finding 44,835
probable counterparts (Bourne et al. 2016). As our submillimetre
sample, we used the 3,356 sources in these fields with counterparts
with spectroscopic redshifts <0.1. Bourne et al. (2016) estimate that
the H-ATLAS counterpart-finding procedure should have found the
counterparts to 91.3% of the H-ATLAS sources with z < 0.1.
Virtually all of these galaxies should have spectroscopic redshifts
(Eales et al. 2018). Our sample should therefore be a close-to-
complete submillimetre-selected sample of galaxies in the nearby
Universe.

Both samples are flux-limited samples, one in the optical wave-
band and one in the submillimetre waveband. Both will therefore be
subject to Malmquist bias. In the optical sample, optically-luminous
galaxies will be over-represented because it is possible to see these to
greater distances before they fall below the flux limit of the sample.

In the submillimetre waveband, galaxies with high submillimetre
luminosities will be over-represented for the same reason.

3 THE OBSERVED COLOUR DISTRIBUTIONS

For both samples, we calculated rest-frame g − r and u − r colours
and absolute r-band magnitudes for each galaxy using the GAMA
matched-aperture Petrosian magnitudes (Driver et al. 2016). In
calculating the absolute magnitudes, we used the individual k-
corrections for each galaxy calculated by the GAMA team (Loveday
et al. 2012).

Figure 2 shows the distributions of both samples over the
colour-absolute-magnitude plane. The left-hand panels show the
blue cloud and red sequence characteristic of optical samples. Both
panels look very similar to the colour-absolute-magnitude diagrams
in Baldry et al. (2012 - their Figure 14), which is not surprising be-
cause the two samples are both taken from the GAMA survey and
are very similar in the way they were selected.

The right-hand panels show the distributions of the H-ATLAS

MNRAS 000, 1–12 (2015)

Eales	et	al.	2018,	submitted	to	MNRAS



The Green Mountain 5

Figure 3. The distributions of g − r colour (left) and u − r (right). The blue histogram shows the distribution for the GAMA sample and the green histogram
the distribution for the sample from H-ATLAS.

Figure 4. Histogram of specific star-formation rate for the 40,000 galaxies
generated in the Monte-Carlo simulation described in §4.

galaxies. These distributions are quite different from those for the
optically-selected galaxies, with the peak of the distribution for the
submillimetre-selected galaxies shifted in both absolute magnitude
and colour from the blue cloud. The colour offset is seen best in
the colour distributions in Figure 3. In the left-hand panel, which
shows the histograms of g − r colour, the peak of the distribution
for the submillimetre-selected galaxies is in the middle of the green
valley. Thus in the diagram of g − r colour versus absolute magni-

Figure 5. Luminosity at 250 µm versus dust mass for the GAMA galaxies
detected with Herschel. The dust masses are the estimates from MAGPHYS
(Driver et al. 2018).

tude, the submillimetre-selected galaxies form a ‘green mountain’
rather than the red sequence and blue cloud seen for optically-
selected galaxies. The contrast between the optically-selected and
submillimetre-selected galaxies is not quite as dramatic for u − r

colour, since the peak seen for the submillimetre-selected galaxies
is not quite as well centred on the green valley (right-hand panel
of Figure 3). However, the distributions for the optically-selected
and submillimetre-selected samples are still very different, with the

MNRAS 000, 1–12 (2015)

• Galaxies	found	in	optical	surveys	form	a	red	
sequence,	a	blue	cloud	and	a	green	valley

• Galaxies	found	in	a	submm survey	form	a	
green	mountain



The	Herschel	Reference	Survey

• The	Herschel	Reference	
Survey	– a	quasi-volume-
limited	survey	(15	Mpc <	
D	<	25	Mpc)	selected	in	
the	near-infrared

• The	323	galaxies	contain	
≈90%	of	the	stellar	mass	
in	this	volume	for	stellar	
masses	>108 M¤

• Photometry	in	21	bands	
from	the	UV	to	the	
submm

Estimates	of	stellar	
mass	and	specific	star-
formation	rate	from	
the	MAGPHYS	
modelling programme
(De	Vis	et	al.	2017)
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Figure A2. The fraction of galaxies in the HRS volume that
are actually included in the HRS plotted against galaxy stellar
mass for late-type (solid blue line) and early-type galaxies (solid
red line). The dashed lines show the predictions for the fraction
of the cumulative galaxy stellar mass (the total galaxy stellar
mass above the plotted value) in the HRS volume that is included
in the HRS late-type galaxies (dashed blue line) and early-type
galaxies (dashed red line). The vertical solid line shows the mean
galaxy stellar mass of the early-type galaxies in the HRS; the
vertical dashed line shows the predicted mean galaxy stellar mass
if the HRS had detected all early-type galaxies with galaxy stellar
masses > 108 M⊙.

‘passive’ - is to measure the size of the 4000 Å break from
spectra from the Sloan Digital Sky Survey (Kauffmann et
al. 2003). Kauffmann et al. used the parameter Dn, which is
the ratio of the average flux density, Fν , in the wavelength
range 4000 < λ < 4100 Å to the average flux density in the
wavelength range 3850 < λ < 3950 Å. Galaxies fall nicely
into two distinct areas on a plot of Dn verses stellar mass
(see Fig. 1 of Kauffmann et al.). We repeated our modelling
in exactly the same way as before except that this time we
calculated the relationship between SSFR and Dn. Figure
B2 shows the predicted distribution of Dn for a population
of galaxies with log10SSFR uniformly spread between -14.0
and -8.5. There is a clear peak, again a consequence of the
weak dependence between Dn and SSFR below a value of
SSFR of ≃ 2× 10−12 year−1.

Figure B1. Distribution of colour predicted by the models de-
scribed in the text for a population of galaxies with log10SSFR

uniformly spread between -14.0 and -8.5. The solid line shows the
predicted distribution for u − r colours and the dashed line for
g − r colours.

Figure B2. Distribution of the strength of the 4000 Å break
predicted by the models described in the text for a population
of galaxies with log10SSFR uniformly spread between -14.0 and
-8.5.

MNRAS 000, 000–000 (0000)

Dashed	blue	
and	red	lines	
show	
completeness	
for	late-type	
and	early-type	
galaxies
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Figure 2. Plot of specific star-formation rate (star-formation rate divided by stellar mass) plotted against galaxy stellar mass. We have
used the morphological classification of each galaxy (Boselli et al. 2010) to colour each galaxy point using the following code: maroon -
E and E/S0; red - S0; orange - S0a and Sa; yellow - Sab and Sb; green - Sbc; cyan - Sc and Scd; blue - Sd, Sdm; purple - I, I0, Sm and
Im. The coloured ellipses show the 1σ error region on the mean position for each morphological class (Table 1), with the colours being
the same as for the individual galaxies. The line is the second-order polynomial that gives the best fit to the data (see text for details)
and has the form: log10SSFR = −10.59− 0.76(log10M∗ − 10.0) − 0.176(log10M∗ − 10.0)2.

providing useful measurements for early-type galaxies with
log10(SSFR) < −12.0 (e.g. Davis et al. 2014).

There are two things about the diagram that meet the
eye. The first is that the galaxy distribution appears curved.
To test this statistically, we fitted both a second-order poly-
nomial and a straight line to the points by minimimising the
sum of chi-squared in the y-direction. The curve in Fig. 2 is
the best-fitting second-order polynomial. The reduction in
chi-squared obtained by fitting the polynomial rather than
the straight line was ∆χ2

≃ 56. Since ∆χ2 is distributed
as χ2 with one degree of freedom, the reduction in χ2 ob-

tained from fitting a second-order polynomial rather than a
straight line is highly significant, and thus there is strong
statistical evidence that the data is better represented by a
curve than a straight line. We reached a similar conclusion
from minimising χ2 in the x-direction. The distribution in
Fig. 2 is not the same as the star-forming main sequence
since we have plotted every galaxy in the figure rather than
defining a subset of star-forming galaxies. However, we note
that there is other evidence that the distribution of galaxies
in this diagram is curved, whether only star-forming galaxies
are plotted (Whitaker et al. 2014; Lee et al. 2015; Schreiber

MNRAS 000, 000–000 (0000)

The	colours show	
galaxies	in	different	
morphological	classes	
along	the	Hubble	
sequence,	from	purple	
(I0,	Sm,	Im and	I)	to	
maroon	(E	and	E/S0).

The	ellipses	show	the	
±1σ	errors	on	the	mean	
for	each	class.

Same	trends	
between	SSFR	and	
galaxy	
morphology	as	
described	in	K98

No	clear	evidence	for	a	‘red-and-dead’	peak	(Eales	et	al.	2017;	Pan	et	al.	2018)
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Figure 2. SSFR versus galaxy stellar mass for the H-ATLAS
galaxies in the redshift range 0.001 < z < 0.1. The red points
show the positions of the H-ATLAS galaxies. The grayscale shows
how the number-density of H-ATLAS galaxies varies over the dia-
gram after making a correction for the effect of accessible volume
(see text). The solid line shows the best-fit 2nd-order polynomial
to the raw data points; the dashed line shows the fit when the
data points are weighted by 1/accessible volume. The form of
the polynomial is log10(SSFR) = a + b× (log10M∗ − 10.0) + c×
(log10M∗ − 10.0)2. For the raw datapoints the values of a, b and
c are -9.92, -0.83 and -0.21, respectively, and for the weighted
points the values are -10.83, -1.11 and -0.27, respectively.

well with the HRS distribution3, showing that these two
Herschel surveys, selected in very different ways, give a con-
sistent picture of the GMS in the nearby Universe: a curved
distribution, steepening to a steep negative slope at high
galaxy stellar mass.

Gavazzi et al. (2015) have carried out a similar study us-
ing a sample selected on HI flux. They find a similar curved
distribution quite close to our uncorrected H-ATLAS curve,
consistent with the idea that their sample too is biased to-
wards high values of SSFR. It is not staightforward to com-
pare our results with those of other studies of the GMS, since
most studies only consider a subset of star-forming galaxies,
whereas we have plotted every galaxy in both samples. How-
ever, even when restricted to only galaxies selected as ‘star
forming’, we note that several recent studies of the GMS
also find evidence that it is curved (Whitaker et al. 2014;
Lee et al. 2015; Schreiber et al. 2016; Tomczak et al. 2016).

3 The only difference is at very low values of SSFR where our
incompleteness correction method fails because it relies on there
being at least some representatives of each galaxy class; galaxies
with such low values of SSFR were hard to detect with Herschel

even in long observations (Smith et al. 2012b)
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Figure 3. SSSFR versus stellar mass for the galaxies in the Her-

schel Reference Survey, a volume-limited sample designed to con-
tain most of the stellar mass in this volume (Eales et al. 2016).
The colours show the morphologies of the galaxies: maroon - E
and E/S0; red - S0; orange - S0a and Sa; yellow - Sab and Sb;
green - Sbc; cyan - Sc and Scd; blue - Sd, Sdm; purple - I, I0,
Sm and Im. The coloured ellipses show the 1σ error region on the
mean position for each morphological class, with the colours being
the same as for the individual galaxies. The line is the 2nd-order
polynomial that we fit to the H-ATLAS galaxies, obtained after
correcting for incompleteness. Note the good agreement between
the results for these two galaxy surveys that were selected in very
different ways.

In general, other studies of the GMS, which all try to sep-
arate star-forming and passive galaxies, find a much flatter
overall slope to the GMS than we find here (e.g. Peng et al.
2010; Renzini and Peng 2015). We will explore the reason
for this in Section 3.

2.2.3 A test of the completeness correction method

We can test the method for correcting for incompleteness
by using it to estimate the galaxy stellar mass function and
then comparing this estimate with the mass function for
star-forming galaxies obtained from optical surveys.

We estimate the mass function from the H-ATLAS sur-
vey for each redshift bin using the following formula:

φ(M∗)dM =
!

i

1
Vacc,i

(3)

In this formula, the sum is over all galaxies with M∗ < Mi <
M∗ + dM , and Vacc,i is the accessible volume (equation 2).
We then calculate:

c⃝ 2002 RAS, MNRAS 000, ??–??

The	Herschel	ATLAS	for	z<0.1 The	Herschel	Reference	Survey

• No	clear	distinction	between	a	star-forming	galaxy	main	sequence	and	a	region	
of	passive	galaxies	– there	is	a	single	Galaxy	Sequence

• Galaxy	morphology	varies	gradually	along	the	Galaxy	Sequence
(Eales	et	al.	2018,	MNRAS,	473,	3507)



Why	the	star-forming	main	sequence	
misses	star-forming	galaxies

8 Stephen Eales

Figure 4. The ratio of the galaxy stellar mass function de-
rived from H-ATLAS to that derived from optical surveys plotted
against galaxy stellar mass for four redshift bins: 0.001 < z < 0.1
- blue symbols; 0.1 < z < 0.2 - red symbols; 0.2 < z < 0.3 - green
symbols; 0.3 < z < 0.4 - light green symbols.

Figure 4 shows f plotted against galaxy stellar mass for
the four redshift bins. For the two highest redshift bins, the
value of f is much less than one, showing that at z > 0.2,
even after correcting for accessible volume, we are missing
a large fraction of star-forming galaxies. This result is not
unexpected because we showed in Section 2 that the base
sample is seriously incomplete in these bins.

In the second lowest redshift bin (0.1 < z < 0.2), the
H-ATLAS mass function is incomplete at stellar masses of
< 1010 M⊙, and in the lowest redshift bin it is incomplete
at stellar masses of < 109 M⊙. Above these stellar masses,
however, f reaches values that are much greater than 1,
reaching values of 3-5 at the highest stellar masses. At first
sight, this result suggests that a far-infrared survey is ac-
tually much better at finding star-forming galaxies than an
optical survey, with optical surveys missing a population of
star-forming galaxies. We will investigate this result further
in the following section.

4 RED AND BLUE GALAXIES AS SEEN BY

HERSCHEL

4.1 The Galaxy Sequence

In the comparison of the stellar mass functions at the end of
the previous section, we implicitly assumed that the galaxies
detected by H-ATLAS are star-forming galaxies. However,
there is intriguing evidence that Herschel surveys do also
detect a population of galaxies that have red colours (Dar-
iush et al. 2011, 2016; Rowlands et al. 2012; Agius et al.
2013). These red colours might indicate a galaxy with an
old stellar population or a star-forming galaxy with colours
reddened by dust. In this section and the next one, we step
back from our previous assumption about the kind of galaxy
that should be detected by a far-infrared survey; instead we
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Figure 5. Specific star-formation rate versus stellar mass in the
four redshift bins. Red points and blue points show galaxies that
have redder and bluer rest-frame g− r colours, respectively, than
the colour defined by equation (6). The boxes show the ranges of
SSFR and stellar mass used to produce the stacked spectra shown
in Figures 6 and 7 (§4.2) (use the letter in the box to find the
corresponding spectrum).

use the optical colours and spectra of the galaxies to deter-
mine empirically what kinds of galaxy are actually detected.

In our investigation we have used the optical colours
to separate the H-ATLAS galaxies into two classes using
two alternative criteria from Baldry et al. (2012). Baldry et
al. called these classes ‘star-forming’ and ‘passive’, but we
will call them ‘blue’ and ‘red’, since the former nomencla-
ture makes the assumption that red galaxies are not forming

MNRAS 000, 1–20 (2002)

15-30% of galaxies 
detected in the 
Herschel ATLAS 
would have been 
classified as passive 
galaxies using optical 
criteria (Eales et al. 
2018)
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Figure 6. Median rest-frame spectra of galaxies in the redshift
range 0.001 < z < 0.1 in the five boxes shown in the bottom
panel of Figure 5 (use the letter to find the region). The ranges of
stellar mass and SSFR for each region are given by the spectrum.
Note (a) how, as one moves down the panels to lower values of
SSFR, the equivalent width of the Hα line also decreases and (b)
how the red optical colours of the galaxies in the bottom box in
Figure 5 are clearly caused by an old stellar population rather
than by reddening by dust.
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Figure 7. Median rest-frame spectra of galaxies in the redshift
range 0.3 < z < 0.4 in the five boxes shown in the top panel of
Figure 5 (use the letter by the spectrum to find the region). The
ranges of stellar mass and SSFR for each region are given by the
spectrum. Note how the spectra have both a clear 4000Å break,
showing the existence of an old stellar population, and strong Hα

emission and a UV upturn, indicating a high star-formation rate.
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• The optically-red H-
ATLAS galaxies 
contain old stellar 
populations

• The Hα equivalent 
width (a proxy for 
SSFR) decreases 
gradually along the 
Galaxy Sequence

• The shape of the star-
forming main 
sequence depends 
critical on how you 
select the star-forming 
galaxies (see also 
Oemler et al. 2017)



Putting	in	the	selection	effects

• Generate	a	Monte-Carlo	realisation of	a	curved	Galaxy	Sequence
• Use	the	MAGPHYS	estimates	of	stellar	mass	and	SSFR	and	measured	colours

and	absolute	magnitudes	of	the	GAMA	survey	to	associate	a	colour and	
absolute	magnitude	to	each	artificial	galaxy

• Put	in	the	r-band	limit	of	19.8	for	the	GAMA	optical	survey	and	the		250-μm	
flux	limit	for	H-ATLAS	to	generate	an	artificial	optical	and	submm sample

The Green Mountain 3

Figure 1. Left: Specific star-formation rate versus stellar mass for the galaxies in the Herschel Reference Survey (E17). The values of SSFR and stellar
mass are estimates from the MAGPHYS SED-modelling program (Da Cunha et al. 2008). The colour indicates the morphology of each galaxy: maroon -
E and E/S0; red - S0; orange - S0a and Sa; yellow - Sab and Sb; green - Sbc; cyan - Sc and Scd; blue - Sd, Sdm; purple - I, I0, Sm and Im. The crosses
show galaxies for which there is not a clear morphological class (Boselli et al. 2010). The line is a fit to the HRS galaxies with log10 (SSFR) > −11.5,
which is the region of the diagram covered by late-type galaxies. The line is used in the Monte-Carlo simulation described in §4, and has the form
log10 (SSFR) = −10.39 − 0.479(log10 (M∗ − 10.0) − 0.098(log10 (M∗) − 10.0)2. Right: The artificial sample of 40,000 galaxies generated in the
Monte-Carlo simulaton described in §4, plotted in the same diagram as the HRS galaxies.

and passive galaxies missed an important population of red star-
forming galaxies. We showed that the space-density of this popula-
tion is at least as great as the space-density of the galaxies usually
allowed membership of the star-forming Main Sequence. Oemler et
al. (2017) reached exactly the same conlcusion, starting from the
SDSS galaxy sample and making a careful investigation of all the
selection effects associated with the SDSS. Third, we found that
galaxy evolution, investigated using several different methods, is
much faster at low redshifts than the predictions of the theoretical
models, with significant evolution by a redshift of 0.1 in the submil-
limetre luminosity function (Dye et al. 2010; Wang et al. 2016), the
dust-mass function (Dunne et al. 2011) and the star-formation-rate
function (Marchetti et al. 2016; Hardcastle et al. 2016). We showed
that the new results revealed by Herschel can be explained quite
naturally by a model without a catastrophic quenching process, in
which most massive galaxies are no longer being supplied by gas
and in which the strong evolution and the curvature of the GS are
produced by the gradual exhaustion of the remaining gas.

In this third paper of the series, we step back from trying to
make broad inferences about galaxy evolution and consider a detail,
albeit an important one. We first investigate where the H-ATLAS
galaxies lie on the standard colour-versus-absolute magnitude plots
and whether this distribution differs from the red-sequence/blue-
cloud distribution seen for galaxies from an optically-selected sam-
ple. We then investigate whether the distributions of galaxies in this
diagram, whether produced from the SDSS or from Herschel, can
be explained by a continuous, curved Galaxy Sequence.

We assume a Hubble constant of 67.3 km s−1 Mpc−1 and the
other Planck cosmological parameters (Planck Collaboration 2014).

2 THE SAMPLES

For our optical sample we started from the galaxies detected in the
Galaxy and Mass Assembly project (henceforth GAMA). GAMA
was a deep spectroscopic survey (Driver et al. 2009; Liske et al.
2015) complemented with matched-aperture photometry through-
out the UV , optical and IR wavebands (Driver et al. 2016). We
used the data from GAMA II (Liske et al. 2015), which has a lim-
iting Petrosian magnitude of r < 19.8. We used the data from the
GAMA9, GAMA12 and GAMA15 fields. The optical sample we
use here consists of all the galaxies in these fields with reliable
spectroscopic redshifts <0.1 and consists of 20,884 galaxies.

A crucial data-product from the GAMA survey that we use in
our analysis are estimates of the star-formation rates, stellar masses
and dust masses. These were obtained by the GAMA team (Driver
et al. 2018) by applying the MAGPHYS modelling programme (Da
Cunha, Charlot and Elbaz 2008) to the matched-aperture photome-
try for each galaxy, which extends from the UV to the far-infrared
waveband (Wright et al. 2016). Very briefly (see Driver et al. for
a longer description or the original paper for the full description),
MAGPHYS combines 50,000 possible models of the stellar popu-
lation of a galaxy with 50,000 models of dust in the ISM, balancing
the attenuation of the optical emission by the dust with the energy
emitted by the dust in the far infrared, and matches the resultant
spectral energy distribution to the observed photometry. Two of the
merits of MAGPHYS are that it makes full use of all the data and
that it provides estimates of the errors on all the parameter estimates.
All tests that have been done of the MAGPHYS estimates (see E17
and E18) suggest that these estimates are robust.

For our submillimetre sample we started from H-ATLAS. We
used the same fields (GAMA9, 12 and 15) that were used to produce

MNRAS 000, 1–12 (2015)
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Figure 6. The distribution of galaxies in the colour versus r -band absolute magnitude diagram for the GAMA sample, with the colour showing the density
of galaxies in the diagram (see colour bar to the right). The left-hand panels show the observed distributions, which are the same as shown in the left-hand
panels of Figure 2. The right-hand panels show the results of our simulation of where the GAMA galaxies are expected to lie in this digram if galaxies lie on a
continuous, curved Galaxy Sequence (§4).

distribution for the submillimetre-selected galaxies having a single
peak, shifted from the blue cloud to brighter absolute magnitudes
and in colour towards the centre of the green valley.

4 MODELLING THE DISTRIBUTIONS

In this section, we test whether the difference in the colour-absolute-
magnitude distributions is caused by the different selection effects
for an optically-selected and submillimetre-selected sample. Based
on the conclusion from our previous two papers (E17, E18), we
start with the assumption that in a diagram of SSFR versus stellar
mass, galaxies follow a single, continuous GS rather than a star-
forming Galaxy Main Sequence and a separate region of passive
galaxies. Therefore, in the modelling in this section, we are also
testing whether the idea that there is a single Galaxy Sequence

is compatible with these very distinctive distributions in the

colour-absolute-magnitide diagrams.

Before we get into detail, we give a brief overview of our
method. There are three stages. In the first stage we use the GS

to generate an artificial sample of galaxies with redshifts < 0.1.
The second stage is to associate an optical absolute magnitude and
colour and a submillimetre luminosity with each artificial galaxy.
We do this using the GAMA sample, by finding the GAMA galaxy
closest to the artificial galaxy in the SSFR-stellar mass plane, and
then assigning the real galaxy’s absolute magnitude, colour and
submillimetre luminosity to the artificial galaxy. In the third stage
we add the selection effects, finding the subsets of the artificial
samples that have flux densities brighter than the optical flux limit
(an r magnitude of 19.8) or the submillimetre flux limit (a flux
density of 30 mJy at 250 µm).

The aim of the first stage is to create an artificial GS that
resembles the empirical GS. The left-hand panel in Figure 1 shows
the empirical GS from the Herschel Reference Survey (E17). The
HRS provides a complete inventory of LTGs down to a stellar
mass of ≃ 8 × 108 M⊙ and of ETGs down to a stellar mass of
≃ 2 × 1010 M⊙ (E17). It therefore misses low-mass ETGs, which
will fall in the bottom left-hand corner of the figure. However,
the total stellar mass of these missing galaxies is quite small; E17

MNRAS 000, 1–12 (2015)
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Figure 7. The distribution of galaxies in the colour versus r -band absolute magnitude diagram for the H-ATLAS sample, with the colour showing the density
of galaxies in the diagram (see colour bar to the right). The left-hand panels show the observed distributions, which are the same as shown in the right-hand
panels of Figure 2. The right-hand panels show the results of our simulation of where the H-ATLAS galaxies are expected to lie in this diagram if galaxies lie
on a continuous, curved Galaxy Sequence (§4).

estimate that ≃90% of the total stellar mass in ETGs with stellar
masses > 108 M⊙ is contained in the galaxies actually detected in
the HRS. The figure shows that the morphologies of the galaxies
gradually change as one moves from the top-left to the bottom-
right of the diagram. E17 therefore concluded that galaxies follow
a single, curved GS, with galaxy morphology gradually varying
along it, rather than there being two separate distributions of star-
forming and passive galaxies. The small clump of ETGs at the
bottom of the diagram is almost certainly not significant because
estimates of SSFR from SED-fitting programs, such as MAGPHYS
and CIGALE, for galaxies with log10(SSFR) < −12.0 are extremely
unreliable because the shape of the SED depends so weakly on SSFR
in this part of the diagram (Hunt et al. in preparation).

We generated an artificial sample using a GS that resembled
the HRS GS in the following way. The first step was to use a
random-number generator to generate stellar masses using the stel-
lar mass functions for star-forming galaxies and passive galaxies
(Baldry et al. 2012) as probability distributions. Baldry et al. di-
vided galaxies into ‘passive’ and ‘star forming’ using a line on the

colour-absolute-magnitude diagram chosen to separate the red se-
quence and the blue cloud. We made the approximation that this
division is equivalent to a constant value of SSFR, SSFRcut , and
used the stellar mass function for star-forming galaxies to generate
masses for artificial galaxies for SSFR > SSFRcut and the stellar
mass function for passive galaxies to generate masses for artificial
galaxies for SSFR < SSFRcut . Note that this is a fairly crude
approximation, and E18 showed that galaxies in the red-sequence
part of the colour-absolute-magnitude diagram extend to quite high
values of SSFR (see their Figure 5). Given the crudeness of this
approximation, we needed a way to tune our model. One possible
way would have been to vary the value of SSFRcut . Instead, for
reasons of practicality, we chose a fixed value of SSFRcut , but

used a probability distribution for the stellar masses for galax-

ies with SSFR < SSFRcut equal to the stellar mass function

for passive galaxies multiplied by the parameter fpassive , the

one free parameter in our model. In detail, we chose a value for

SSFRcut of 10−11 year−1 and used a lower mass limit of 108 M⊙ .

We adjusted fpassive until we got roughly the right number of
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Figure 8. Histograms of colour for the GAMA and H-ATLAS samples. In each panel the green line shows the histogram for the real sample and the red line
shows the histogram predicted by our simulation based on the assumption of a continuous, curved Galaxy Sequence. The left-hand panels show g − r colour
and the right-hand panels u − r colour.

galaxies on the red sequence; we found we got reasonable agree-

ment with a value of 0.5. We discuss the effect of varying this

parameter in §6.

We assigned a value of SSFR to each galaxy in a different
way depending on whether the galaxy had been assigned to the
region below or above SSFRcut . We assumed that the galaxies
with SSFR < SSFRcut are uniformly spread over the range range
−13.0 < log10 (SSFR) < −11.0, using a random-number generator
to generate a value for the SSFR of each galaxy. We generated values
of SSFR for galaxies with SSFR > SSFRcut in the following
way. The upper part of the empirical GS is well fit by a second-
order polynomial (Figure 1, left panel). We used this polynomial to
generate values of SSFR for galaxies with SSFR > SSFRcut on the
assumption that star-forming galaxies have a gaussian distribution
in log10 (SSFR) around this line with σ = 0.5, a value chosen to
match the observed spread of the HRS galaxies.

Using this method, we generated values of SSFR and stel-
lar mass for 40,000 galaxies, with the results being shown in the
right-hand panel of Figure 1. This procedure generates a smooth,
curved GS that looks reasonably like the empirical GS in the left-

hand panel. Figure 4 shows a histogram of SSFR for the sample,

confirming that we have generated a sample of galaxies with a

smooth distribution in SSFR rather than the bimodal distribu-

tion characteristic of a separate star-forming Main Sequence

and region of passive galaxies.

There are two important points we wish to emphasise here.

The first point is that we do not claim that the Galaxy Sequence

we are using is a perfect representation of the true Galaxy Se-

quence. The form of this is still poorly known, mainly because of

the difficulty of measuring star-formation rates in ETGs (E17;

Pan et al. 2018). The aim of our modelling is the more modest

one of testing whether a continuous Galaxy Sequence that at

least looks somewhat like the empirical Galaxy Sequence shown

in the left-hand panel of Figure 1 can produce the very distinc-

tive distributions in the colour-absolute-magnitude diagrams,

or whether these distributions can only be produced by galaxies

lying in two separate regions of the SSFR-versus-stellar-mass di-

agram e.g. a star-forming Main Sequence and a separate region

of passive galaxies.

The second important point is that our division of galaxies

MNRAS 000, 1–12 (2015)



• The	cause	of	the	red	sequence	is	that	all	
galaxies	with	SSFR	<	5×10-12	year-1 have	
essentially	the	same	colour

• The	cause	of	the	green	valley	is	the	red	
sequence

• The	cause	of	the	green	mountain	is	Malmquist
bias	in	the	submm



Evidence	for	rapid	cosmic	evolution

• From	the	luminosity	function	(Dye	
et	al.	2010;	Wang	et	al.	2016)

• From	the	dust-mass	function	
(Dunne	et	al.	2011)

• From	the	star-formation	function	
estimated	from	bolometric	
luminosities	(Marchetti et	al.	2016)

• From	star-formation-rate	function	
estimated	from	continuum	radio	
observations	(Hardcastle et	al.	
2016)
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Figure 23. Left: The dust-to-stellar mass ratio as a function of redshift. Stellar and dust masses are derived from the SED fits using the models of DCE08 and
are discussed in detail in Section 3 and Smith et al. (2011b). Black points show those sources with spectroscopic redshifts, while red points include photometric
redshifts. Each sample is limited in redshift to the point where the optical flux limit is not biasing the selection to low dust-to-mass ratios. The model lines for
the dust model (Section. 6.1) corresponding to the Milky Way including mantle growth and destruction are over-plotted with formation redshifts of z = 0.6
(dot-dashed) and z = 1 (dotted). A model including pre-enrichment of Zi ∼ 0.1Z⊙ with formation timescale at z = 0.6 is also shown (solid; black).
Right: Same as left including pre-enrichment, but models are now tuned to match the data for the z = 0.6 formation time. With pre-enrichment, we require
χ1 = 0.1, χ2 = 0.5, p = 0.02, ϵ = 0.9 and SF efficiency k = 1.5Gyr−1 to ‘fit’ the data points (black dot-dashed) or χ1 = χ2 = ϵ = 0.5, p = 0.02 (not
shown). Also shown is a model with mantle growth varying with SFR and a top-heavy IMF described by α = 0.5, p = 0.03 (solid; blue). Adding outflow or
destruction rates which vary with SFR would make the decline inM d/M∗ more pronounced at lower redshifts (later evolutionary times).

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 0 0.2 0.4 0.6 0.8 1

Ra
tio

 (f
=0

.1
)

Gas Fraction, f

Closed ε=δ=0
 Closed χ1=0, χ2=0.5
Closed ε=0.3, δ=0.3

Closed ε α SFR
Outflow λ/α = 1
Outflow λ/α = 4
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(today). The models are (i) a closed box with no gas entering/leaving the
system with dust from both supernovae χ1 = 0.1 and LIMS stars χ2 = 0.5
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(thin solid; black); (iii) including mantle growth (dot-dashed; black); (iv) A
model with mantle growth proportional to the SFR (solid; red). (v) and (vi)
A model which has outflow with gas lost at a rate proportional to one or
four times the SFR (λ/α) (dotted; blue). It is worth noting that for higher
returned fraction from stars to the ISM (i.e. α = 0.5), the ratio decreases
for all models (R < 3 for the extreme outflow).

would require χ > 0.8, ϵη > 0.8 and p > 0.03. Such high dust
condensation efficiencies from stellar sources are not observed in
the MW, and a yield as high as p = 0.03 would again, imply a
top heavy IMF. For an outflow model with λ/α = 1.0, the pa-
rameters χ > 0.6, ϵη > 0.3 and p > 0.02 would be required to
produce the H-ATLAS dust-to-stellar mass ratios, these are more
reasonable values yet this outflow rate is not sufficient to account
for the increase in dust mass seen in the DMF (reaching a maxi-

mum R ∼ 1.5; Fig 24). We believe that outflows must be present
at some level (Alton, Davies & Bianchi 1999) and the observation
made earlier that there is as much dust in galaxy halos as there is
in galaxies themselves is strong circumstantial evidence for some
outflow activity. Given that there are other ways (e.g. radiation pres-
sure on grains; Davies et al. 1998) to remove dust from disks, we
can attempt to derive a rough upper limit for the outflow required
to produce as much dust in halos at z ∼ 0.35 as found by Ménard
et al. (2010). We integrate the dust mass lost from outflows during
the evolution of the galaxy and compare this to the dust mass in
the galaxy at z = 0.3 − 0.4 for various values of outflow and star
formation efficiency k. The results are shown in Table 4. This as-
sumes no dust destruction in either the halo or the disk, and as such
is a very simple model. Equality in dust mass inside and outside
galaxies can be achieved by z = 0.3 by having moderate outflow
< 4 × SFR and 0.25 < k < 1.5Gyr−1. This is not to say that
all galaxies need have similar evolution; it is quite likely that H-
ATLAS sources are more active and dusty and as such may contain
more dust in their halos than the average SDSS galaxy probed by
Ménard. This simple exercise merely gives some idea of what sort
of ’average’ chemical evolution history is required to reproduce the
observation.

We now have a conundrum in that the observed evolution in
dust mass requires significant outflow of material, however such
outflow leads to the lowest values of dust-to-stellar mass ratio and
cannot be reconciled to the observations without extreme alter-
ations to the condensation efficiencies for dust or the stellar yields.
Including dust destruction and mantle growth models which vary
with the SFR alleviates this somewhat since both decrease the dust
mass more significantly at later times. The change in dust mass over
the same period compared to the elementary model with constant
ϵ and δ is then more pronounced, but not enough to explain the
evolution in the DMF.

One solution to this is if the galaxies with the highest dust
masses at z ∼ 0.4 − 0.5 are not the progenitors of the H-ATLAS



Existing	Theoretical	Models	Fail

• Models	that	invoke	rapid	quenching	naturally	
explain	a	star-forming	GMS	and	a	separate	region	
of	passive	galaxies	but	do	not	explain	a	
continuum	of	galaxy	properties

• Analytic	models	such	as	the	gas-regulator	
(bathtub)	model	predict	only	weak	evolution	
because	dark-matter	halos	are	only	evolving	
slowly	at	low	redshift.

• The	EAGLE	numerical	galaxy	simulation	also	
predicts	much	weaker	cosmic	evolution	(Katsianis
et	al.	2017;	arXiv:	1708.01913).



The	Flaky	Faucet	Model
• Model	in	which	gas	

supply	is	cut	off	from	
galaxies	with	a	
probability	
proportional	to	stellar	
mass

• After	the	gas	is	cut	off,	
galaxies	evolve	as	
‘closed	boxes’

• Naturally	explains	the	
curved	Galaxy	
Sequence	and	the	fast	
low-redshift	evolution
(Eales	et	al.	2018)
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Figure 11. Plot of SSFR against stellar mass at a redshift of 0
for one realisation of the flaky faucet model. The line is the one
shown in Figures 2 and 3, which was fitted to the H-ATLAS data
but also was a good representation of the HRS GMS Note the
good agreement between this line representing the data and the
prediction of our very simple (one parameter) model.

tion that ETGs do not contain a cool interstellar medium
is largely a function of instrumental sensitivity, and that if
we had more sensitive instruments we would find an even
higher fraction of ETGs with evidence for a cool ISM.

Thus these recent results are consistent with our argu-
ment that there is a single population of galaxies (with the
possible exception of the slow-rotating ETGs - see below),
with the dust and gas detected in ETGs being the residual
ISM left at the end of their evolution down the GMS. In
our model, these galaxies are ones in which the gas supply
was shut off early and have been evolving as closed boxes
ever since. A common counter-argument is the kinematics
of the gas in ETGs, which shows that some of the gas has
been acquired as the result of recent mergers. However, the
fact that very few ETGs have a gas rotation axis pointing in
the opposite direction to the stellar rotation axis, and in the
vast majority of the cases the two rotation axes are broadly
in the same direction, is strong evidence that most of the
gas is this residual ISM (Eales et al. 2016).

There are other recent observational results both in sup-
port and against a ‘slow-quenching’ process like the one we
propose here. Cassado et al. (2015) combined Hα observa-
tions sensitive to very recent star formation with optical
colours sensitive to slightly older star formation with the aim
of looking for the sudden change in the star-formation rate
predicted by rapid quenching. They found no evidence for
any such process in low-density environments, although they

did find evidence for a rapid quenching process in dense envi-
ronments. Using a similar technique, Schawinski et al. (2014)
found evidence for slow quenching in late-type galaxies but
rapid quenching in early-type galaxies. Peng, Maiolino and
Cochrane (2015) have used the metallicity distributions of
star-forming and quiescent galaxies to argue that the evolu-
tion from one population to the other must have occurred
over ≃4 billion years - evidence for slow quenching. One
possible way to reconcile all these results would be if most
galaxies evolve by gradual processes like the one we propose
here with the 14% of ETGs that are slow rotators being
produced by a rapid quenching process.

5 SUMMARY AND FINAL REMARKS

The Herschel surveys gave a radically different view of
galaxy evolution from optical surveys. We first list our basic
observational results and then sketch the new perspective
on galaxy evolution provided by Herschel.

(i) Rather than a star-forming Galaxy Main Sequence
(GMS) and a separate region of red-and-dead galaxies, two
Herschel surveys, selected in completely different ways, re-
veal a single, highly curved GMS extending to low values of
SSFR (Figures 2 and 3).

(ii) The star-formation efficiency (star-formation rate di-
vided by gas mass) of galaxies falls as one moves down this
extended GMS (§3.4).

(iii) Galaxy morphology gradually changes as one moves
down the extended GMS rather than there being a jump
from early-type to late-type galaxies (Fig. 3)

(iv) Approximately 20-30% of the galaxies in the Herschel
ATLAS would have been classified as passive galaxies based
on their optical colours. We use stacked spectra to show that
these red colours are caused by an old stellar population
rather than reddening by dust. Nevertheless, these galaxies
still contain significant reservoirs of interstellar gas, and the
stacked spectra confirm that they are still forming stars.
They are red but not dead.

(v) The 250-µm luminosity function of both optically-
red and optically-red galaxies shows rapid evolution at low
redshift, with the evolution being stronger for red galaxies
(§3.3). Our result is based on the sources found in a submil-
limetre survey. However, starting from a sample of ≃80,000
galaxies selected from the Sloan Digital Sky Survey, Bourne
et al. (2012) also found that the dust masses and submillime-
tre luminosities of both red and blue galaxies show strong
evolution at low redshift.

(vi) The stacked optical spectra of the galaxies in the Her-
schel ATLAS at z ≃ 0.3 − 0.4 have a significant spectral
break at 4000 Å , explaining the red optical colours, but
also bright emission lines and an upturn in the continuum
at ultraviolet wavelengths, implying a high star-formation
rate. These galaxies are red but very lively.

The high stellar masses and red colours of Herschel-
ATLAS galaxies at z ≃ 0.3 − 0.4 make it highly likely that
their descendents in the Universe today are early-type galax-
ies (ETGs). Although arguments based on chemical abun-
dances imply that at least 50% of the stellar mass of ETGs
formed over ≃8 billion years in the past (Thomas et al.
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Conclusions
• Most	galaxies	occupy	a	single,	curved	Galaxy	Sequence
• Gas	fraction,	morphology,	specific	star-formation	rate	and	star-

formation	efficiency	decrease	gradually	along	the	Galaxy	Sequence
• A	large	fraction	of	red-and-dead	galaxies	are	not	actually	dead
• The	red	sequence	(and	the	green	valley)	are	caused	by	optical	

colour being	essentially	constant	at	SSFR	<	5×10-12	year-1
• The	submm green	mountain	is	the	result	of	Malmquist bias	in	the	

submm waveband
• The	wide-area	H-ATLAS	finds	very	rapid	cosmic	evolution	at	low	

redshift,	which	is	not	predicted	by	analytical	and	hydrodynamical
simulations

• The	evolution	of	most	galaxies	(and	the	curved	Galaxy	Sequence)	
can	be	explained	without	strong	quenching	but	instead	by	the	
gradual	consumption	of	gas	in	galaxies.


