The Case for a New Paradigm for
Galaxy Evolution
Steve Eales (Cardiff University)

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 starformation 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

horizontal branches must have been formed first ; then came the
inner clusters with weak horizontal branches, and finally disc clusters 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 (including dwarf systems) and the dots globular clusters.
The evolutionary hypothesis illustrated schematically in Figure 5 is therefore proposed. In a dwarf system star formation has
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The Current Paradigm in
physical terms
Star-forming Galaxy Main
Sequence
Z=2

Specific star
formation rate = star
formation rate/stellar
mass

Z=1

Z=0

Red
and
Dead

Motion of
galaxy along
the Galaxy
Main
Sequence

Stellar Mass

Peng et al. 2010

Catastrophic
‘quenching’ of
star formation

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).
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Eales et al. 2018, submitted to MNRAS

The Green Mountain

• 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

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

The Herschel Reference Survey
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• The Herschel Reference
Survey – a quasi-volumelimited 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

Stephen Eales

Dashed blue
and red lines
show
completeness
for late-type
and early-type
galaxies

Estimates of stellar
mass and specific starformation rate from
the MAGPHYS
modelling programme
(De Vis et al. 2017)

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

Figure B1. Distribution o
scribed in the text for a pop
uniformly spread between -1
predicted distribution for u
g − r colours.
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gure 2. Plot of specific star-formation rate (star-formation rate divided by stellar mass) plotted against galaxy stellar mass. We have
ed the morphological classification of each galaxy (Boselli et al. 2010) to colour each galaxy point using the following code: maroon 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
m. The coloured ellipses show the 1σ error region on the mean position for each morphological class (Table 1), with the colours being
e 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)

Same trends
between SSFR and
galaxy
morphology as
described in K98

Breaking the Galaxy Evolution Paradigm with Herschel
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The Herschel ATLAS for z<0.1

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 diagram 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
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Figure 3. SSSFR versus stellar mass for the galaxies in the Herschel Reference Survey, a volume-limited sample designed to contain 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

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
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Galaxy Evolution Paradigm from Herschel
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The optically-red HATLAS galaxies
contain old stellar
populations
• The Hα equivalent
width (a proxy for
SSFR) decreases
gradually along the
Galaxy Sequence
• The shape of the starforming main
sequence depends
critical on how you
select the star-forming
galaxies (see also
Oemler et al. 2017)
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Putting in the selection effects

The Green Mountain
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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
SAMPLES
and passive galaxies missed an important population of red starflux limit for H-ATLAS to generate 2anTHE
artificial
optical and submm sample
forming galaxies. We showed that the space-density of this popula•
•

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 (SS F R) > −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 (SS F R) = −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.

tion is at least as great as the space-density of the galaxies usually
allowed membership of the star-forming Main Sequence. Oemler et

For our optical sample we started from the galaxies detected in the
Galaxy and Mass Assembly project (henceforth GAMA). GAMA

les et al.

Optical Sample

Submm Sample

The Green Mountain
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S. A. Eales et al.

• 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
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Figure 23. Left: The dust-to-stellar mass ratio as a function of redshift. Stellar and d
are discussed in detail in Section 3 and Smith et al. (2011b). Black points show those
redshifts. Each sample is limited in redshift to the point where the optical flux limit i
the dust model (Section. 6.1) corresponding to the Milky Way including mantle gro
(dot-dashed) and z = 1 (dotted). A model including pre-enrichment of Zi ∼ 0.1
Right: Same as left including pre-enrichment, but models are now tuned to match t
χ1 = 0.1, χ2 = 0.5, p = 0.02, ϵ = 0.9 and SF efficiency k = 1.5 Gyr−1 to ‘fit’
shown). Also shown is a model with mantle growth varying with SFR and a top-heav
destruction rates which vary with SFR would make the decline in M d /M∗ more pro
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• 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)

2

z=0.6, pre-enriched
z=0.6
z=1.0

2.5

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

m
at
m
in
o
su
ca

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
Breaking the

• 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)

Star-formation efficiency (star-formation rate/gas mass)
decreases with decreasing SSFR for both ETGs and LTGs

Conclusions
• Most galaxies occupy a single, curved Galaxy Sequence
• Gas fraction, morphology, specific star-formation rate and starformation 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.

