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Feedback In Realistic Environments

F RE
Massive

Overview

• new generation (pressure-entropy) SPH
• incl. entropy diff. & improved art. viscosity 
• adaptive gravitational softening
• momentum + energetic FB from SNe & stellar 

winds, radiation pressure, metal+mol. cooling
• SF based on H2, 100% efficiency per tff

based on P-SPH / FIRE 
(Hopkins+2014)

• 18 zoom-in regions in a (144 Mpc)3 box 
• main halos ~ 3×1012 M� – 3×1013 M�
• down to z=2
• mSPH ~ 3×104 M�
• minimal gravitational softening for gas, 

stars ~10 pc
• ~1 billion SPH particles

Specs

Massive Galaxies at high redshift

• contain much of the stellar mass of galaxies 

• contribute majority of cosmic SFR at z~2 (e.g., Dunlop et a. 2017) 

• typically easier to access observationally 

• host massive black holes, AGN 

• Pose major challenges for galaxy theory
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Birth of Massive Galaxies – Observations

z=4-8

z=0-4• multiband observations (Galex, UltraVISTA, 
COSMOS, ZFOURGE, CANDELS, …) probe 
stellar mass function over z=0-8

A&A 556, A55 (2013)

Fig. 4. Fractional error in density as a function of the stellar mass and
redshift. The top panel shows the errors due to the cosmic variance.
The middle and bottom panels are the errors associated to the template
fitting procedure (photo-z and stellar mass) for the full sample and the
quiescent population, respectively. Results are shown only in the mass
range covered by our dataset.

5.1. Evolution of the full sample

Figure 5 shows the evolution of the MFs for the full sample. A
first option is to consider a pure evolution in stellar mass. In this
case, we assume that only star formation drives the MF evolu-
tion (no galaxy can be created or destroyed). We find that the
evolution is strongly mass-dependent, with the low-mass end
evolving more rapidly than the high-mass end. For instance,
the stellar mass of a 109.8 M⊙ galaxy increases by 0.9 dex be-
tween 1.5 < z < 2 and 0.2 < z < 0.5, while the stellar mass of
a 1011.6 M⊙ galaxy increases by only 0.2 dex in the same time
interval. Therefore, we conclude that the evolution is strongly
mass-dependent, in agreement Marchesini et al. (2009). A sec-
ond option is to consider a pure density evolution. A constant
increase in density by 0.3–0.4 dex, independent of the mass, is
sufficient to match the 1.5 < z < 2 and the 0.2 < z < 0.5 MFs.
However such a pure density evolution scenario is not applicable
to the full sample: it would mean that new galaxies which were
not present in a given redshift appear in the next redshift bin.
Major mergers are not an option for a pure increase in density
with cosmic time: for a α = −1.4 MF slope, the density of low
mass galaxies would decrease by 0.16 dex if we assume that all
galaxies encounter a major merger since z = 27.

In Fig. 7, we compare our results with several MF estimates
published since 2008. We find an excellent agreement with the
various MFs from the literature. Still, the differences in normal-
isation are as large as 0.2 dex in certain bins (e.g. 0.5 < z < 0.8
with Kajisawa et al. (2009) and Pérez-González et al. (2008);
at 2 < z < 2.5 with Santini et al. (2012) which could be ex-
plained by known groups at z ∼ 2.2−2.3). We also find that the
extrapolation of our MF slope is flatter than data from Santini
et al. (2012), but our sample does not reach a similar depth as
this study.

7 The MF would be shifted in density by −0.3 dex (half as many galax-
ies) and the masses would increase by 0.3 dex.

Fig. 5. Galaxy stellar mass function up to z = 4 for the full sample.
Each colour corresponds to different redshift bins of variable step size.
Fits are shown in the mass range covered by our dataset. The filled
areas correspond to the 68% confidence level regions, after accounting
for Poissonian errors, the cosmic variance and the uncertainties created
during the template fitting procedure. The open triangles and squares
correspond to the local estimates by Moustakas et al. (2013) and Baldry
et al. (2012), respectively.

Fig. 6. Galaxy stellar mass function up to z = 4 for the star-forming
population (top panel) and for the quiescent population (middle panel).
Symbols are the same as Fig. 5. The bottom panel shows the percentage
of quiescent galaxies as a function of stellar mass in the same redshift
bins.

We derive the stellar mass density by integrating the best-fit
double Schechter functions over the mass range 108 to 1013M⊙.
Since our mass limits are above 1010M⊙ at z > 2 (see Table 2),
our mass density estimates rely on the slope extrapolation for
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Ilbert et al. 2013

• z<1: massive galaxies mostly in place, low 
mass galaxies form (‘downsizing’)

• z~1-3: galaxies of all masses grow  
=> Peak epoch of galaxy formation

growth of galaxies. Figure 13 shows the evolution of the
GSMF with redshift, presenting a steep increase of more than
one order of magnitude in number density of high-mass
galaxies ( ( ):* ~M Mlog 10.5) over the redshift range
< <z4 7. On the other hand, for low-mass galaxies

( ( ):* ~M Mlog 8), we detect only a mild evolution of a
factor of two increase between z = 7 and z = 4. This suggests
that the evolution of the low-mass-end slope between z = 7 and
z = 4 is driven by the buildup of intermediate- and high-mass
galaxies relative to low-mass galaxies, while the number
density of low-mass galaxies remains nearly constant, showing
the seemingly opposite of the “downsizing” seen at <z 4. For
a galaxy population that forms the star-forming main sequence
with a less-than-unity slope (e.g., Salmon et al. 2015), this
behavior is in contrast to what is predicted for the stellar mass
growth dominated by a pure smooth in situ star formation: in
such a scenario, the specific stellar mass growth rate for low-
mass galaxies is larger than for high-mass galaxies; thus, the
GSMF is expected to steepen with time. Therefore, the
observed flattening of the low-mass-end slope with time may
indicate that other processes, such as hierarchical merging or
low duty cycle in low-mass galaxies, must be important in the
physical processes governing the stellar mass buildup of
galaxies at high redshifts. A more detailed exploration of the
underlying physical processes can be undertaken by linking
galaxies to halos at each redshift and constraining the galaxy
stellar mass growth history across time. This can be done by
combining techniques such as abundance matching and the
mass accretion history of halos inferred from dark matter
simulations. We will investigate this in a follow-up paper and
show how this observed “upsizing” can be explained without
invoking any unplausible scenarios.

7.1.1. Comparison with Theoretical Studies

Figure 14 compares our GSMFs at < <z4 8 with the
predictions from galaxy formation models. First, we compare
our measurements with three SAMs described in Lu et al.
(2014) and briefly summarized in Section 4.3. These SAMs are
based on the same halo merger trees extracted from the Bolshoi
N-body simulations, but each employs different recipes for
modeling the baryonic physics and makes different predictions
for the observables. One difference is the different implementa-
tion for the outflow mass-loading factor due to stellar-driven
winds, which is the ratio of mass ejection to the star formation

rate. While these SAMs parameterize the outflow mass-loading
factor as the same functional form of a power law in halo
circular velocity, the values of parameters describing the
function—the normalization and the power-law slope (β)—
vary between models. This is because, while the velocity of
outflows can be constrained relatively well from observations
of blushifted interstellar absorption lines probing the material in
outflows, it is hard to place a tight constraint on the mass of the
outflowing material directly from observations (e.g., Heckman
et al. 1990; Martin 2005). Lu et al. (2014) compared the
observables predicted from these SAMs and found that the
low-mass-end slope of the GSMFs has a clear correlation only
with the parameters describing the outflow mass-loading factor
or the timescale for ejected gas to return to the disk and not
with other parameters. This suggests that the low-mass-end
slope of the GSMFs may be able to provide an alternative
constraint on the physics of outflows and can provide insights
into the processes responsible for the deficit of baryons in
galaxies relative to the cosmological baryonic fraction.
Figure 14 compares our GSMFs at z = 4–6 with the

SAMs.25 Focusing on the low-mass-end slope, the Lu model,
which implements the strongest outflows in low-mass galaxies
(i.e., set by a steep dependence of the mass-loading factor on
halo circular velocity of b- < < -3.3 9.9), predicts some-
what shallower low-mass-end slopes of ( )a = - 1.52 1.61
at =z 4 6 than observed, while the Croton model with the
weakest outflows in low-mass galaxies (b = 0) has steeper
slopes of ( )a = - 1.68 2.17 at =z 4 6. The Somerville
model with b = -2.25 displays the most similar low-mass-end
slopes to ours ( ( )a = - 1.64 1.93 at =z 4 6).26 How-
ever, none of the models match the observed GSMFs over the
entire redshift range. As noted by Lu et al. (2014), the three
models are consistent within the 1σ confidence level of the Lu
model, demonstrating the need for further constraints from
observations.
The comparison in Figure 14 also includes the results from

cosmological hydrodynamics simulations by Genel et al.
(2014), Choi & Nagamine (2012), and Dayal et al. (2014),
among which we limit our discussion here to the cosmological
smoothed particle hydrodynamics simulation Illustris (Genel
et al. 2014), in which energy-driven outflows are implemented
(b = -2.0; Vogelsberger et al. 2013). The simulation with a
dark matter mass resolution of ´6.26 106 Me was run in a box
∼(100 Mpc)3 and was tuned to reproduce the observed GSMF
at ~z 0 and the evolution of the cosmic SFRD. Figure 14
shows that the predictions from Illustris are consistent with our
observations at all masses at z = 6–7 and at ( ):* >M Mlog 9
(10) at z = 5 (z= 4). However, this model increasingly
overestimates the abundance of low-mass galaxies with the
discrepancy increasing from z = 6 to z = 4. Thus, while the
model is in qualitative agreement with our results in that it
predicts a steepening of the low-mass-end slope with increasing
redshift, the evolution in the model is milder than observed in
that the z = 4 low-mass-end slope is much steeper than we
observe. The simulation is also known to overpredict the
number density of low-mass galaxies at ~z 0 and also at

Figure 13. Redshift evolution of our fiducial GSMFs at z = 4–8. For reference,
the gray thick line denoting the ~z 0 GSMF (Baldry et al. 2012) is shown.

25 The lack of sufficient time resolution in the simulation hinders a reliable
construction of the SAM GSMF at z = 7–8. This problem will be solved in the
final release of the light cones, and predictions for the z = 7–8 GSMFs will be
presented in L. Y. Yung et al. (2016, in preparation).
26 We parameterize the SAM GSMF at ( ):*< <M M8.0 log 11.5 with a
single Schechter function.
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Song et al. 2016

• z>3: high mass end of mass function 
evolves quickly 
=> Birth-time of massive galaxies

see also Perez-Gonzalez+08, Marchesini+09, 
Pozetti+10, Caputi+11, Santini+12, Muzzin+13, 
Moustakas+13, Tomczak+14, …

• in agreement with archaeological analysis 
of stellar populations of local galaxies
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intermediate redshifts z = 1–2 (Genel et al. 2014). This
suggests that the recipes regulating the stellar mass growth via,
e.g., stellar feedbacks in simulations are still overly simplified.
The Illustris model does provide a good match at the low-mass
end to the observed GSMFs at z = 4 by Duncan et al. (2014)
and Grazian et al. (2015), but at .z 5, the normalization of the
GSMF from the model is lower than theirs, in a better
agreement with ours. The good agreement in the high- and
intermediate-mass range between the model prediction from the

Illustris and our observed GSMFs may be attributed to the fact
that the model has an extra tuning to match the evolution of the
cosmic SFRD in addition to the local GSMF.
Lastly, we compare our GSMFs with the Munich SAM from

Clay et al. (2015). In its latest version of the model (Henriques
et al. 2015), they tuned their model parameters to reproduce the
observed evolution of the GSMFs and passive fractions of
galaxies at -z 3. Among the model parameters, they found
that the problem of overproducing the number density of low-

Figure 14. Comparison of the observed GSMFs (red circles) and their best-fit Schechter functions (gray solid lines) in this work with theoretical predictions.
We show the results from a set of hydrodynamical simulations (the Illustris simulation [Genel et al. 2014], Choi & Nagamine 2012, and Dayal et al. 2014) and SAMs
(the Croton model, the Somerville model, the Lu model [described by Lu et al. 2014], and the Munich model [Clay et al. 2015]). The GSMFs predicted from
the SAMs are convolved with a lognormal distribution of redshift-dependent standard deviation σ = 0.2–0.4 dex to account for the measurement errors in stellar
mass.
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• current hydrodynamical simulations & SAMs in the right ball-park

Birth of Massive Galaxies – Simulations

• different conclusions regarding physics: e.g.,

• importance of wind recycling

• role of various AGN feedback modes

• not all details correct (e.g., overprediction at low masses in Illustris)
• comparison tricky: 


• forward modeling required, 

• choices IMF, M* estimate, selection

• degeneracy: different models but similar mass functions, tuning
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Properties of massive galaxies

local Universe
Massive galaxies often: 
• red,  
• gas poor,  
• quiescent 
• early type

z~2 and above 
Massive galaxies of many different kinds: 
• compact, quiescent galaxies 
• baryon dominated disks 
• post-starburst 
• dusty star-forming galaxies 
• sub-millimeter galaxies

The Astrophysical Journal, 796:84 (14pp), 2014 December 1 Riechers et al.

Figure 3. Velocity-integrated ALMA [C ii](2P3/2→2P1/2) contours overlaid on the HST/ACS F814W image (left) and [C ii](2P3/2→2P1/2) velocity map (right)
toward AzTEC-3. Continuum emission has been subtracted from all maps. Left: the map is averaged over 468.75 MHz (466 km s−1). Contours start at ±4σ and are in
steps of 4σ (1σ = 200 µJy beam−1 at the phase center). The synthesized beam size of 0.′′63 × 0.′′55 is indicated in the bottom left corners. The plus signs indicate the
same positions as in Figure 1. The [C ii] peak position (black cross in right panel) is consistent with those of the CO and FIR continuum emission (R10). Right: First
moment map (i.e., intensity weighted mean velocity image) of the [C ii] velocity structure. The colors indicate the velocity gradient. Contours are shown in steps of
100 km s−1, with dashed (solid) contours showing blueshifted (redshifted) emission relative to zero velocity. The velocity scale is relative to z = 5.2988.
(A color version of this figure is available in the online journal.)
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Figure 4. ALMA [C ii](2P3/2→2P1/2) position–velocity (p−v) diagrams of AzTEC-3. Continuum emission has been subtracted from the data cube. Left: p−v diagram
along an axis with a position angle of 37.◦7 (direction as indicated by the inclined, short solid line), which connects the line centroid with the peak to the northeast
seen in the blue velocity range in Figure 6. Right: p−v diagram along an axis perpendicular to that in the left panel (position angle of 142.◦4). Data are shown at a
spectral resolution of 9.77 MHz (∼ 10 km s−1). The spatial pixel scale is the same as in Figure 3. Contours are shown in steps of 1σ , starting at ±3σ . Negative contours
are shown as thin gray lines. The dotted lines indicate a narrow frequency range where the sensitivity may be reduced by a few percent to !15%–20% relative to the
nominal value due to a weak atmospheric absorption feature (see discussion in Section 2).
(A color version of this figure is available in the online journal.)

velocity bins (Figure 8). No [C ii] emission is detected toward
LBG-2 and LBG-3 down to 3σ limits of 0.21 and 0.21 Jy km s−1,
assuming the same line width and redshift as measured for LBG-
1. We also stacked the spectra of LBG-2 and LBG-3, which did
not result in a detection either (Figure 10, right). We caution
that this stack only provides a

√
2 deeper [C ii] limit if these

galaxies are at a common redshift.

3.3. OH and CO Line Emission

We have successfully detected the OH(2Π1/2 J = 3/2→
1/2) doublet toward AzTEC-3 (Figure 9, middle). We measure
peak flux densities of 1.46 ± 0.22 and 2.07 ± 0.22 mJy for the
two components of the Λ-doublet, at a common line FWHM
of 384 ± 43 km s−1 for each component. This corresponds
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Figure 1 | Hα gas dynamics from KMOS and SINFONI in six massive 
star-forming galaxies. The galaxies have redshifts between z =  0.9  
and z =  2.4. KMOS provides seeing-limited data (full-width at half-
maximum, FWHM ≈  0.6″ ); SINFONI allows both seeing-limited and 
adaptive-optics-assisted observations (FWHM ≈  0.2″ ). a, For each  
galaxy, the distribution of the integrated Hα  line surface brightness is 
shown (colour scale; with a linear scaling), superposed on the stellar 
surface density (Σ*; top three panels) or the H-band continuum surface  
brightness (ΣH; bottom three panels) (white contours; square-root  
scaling). The horizontal white bar denotes the physical size scale.  
b, Velocity maps (colour scale; with extreme values indicated, in km s− 1) 
superposed on Σ* or ΣH contours (white lines; square-root scaling), 
derived from fitting a Gaussian line profile to the Hα  data in each pixel 
(0.05″ ). All galaxies have FWHM ≈  0.25″  (2 kpc) except GS4 43501 and 
COS4 01351, which have FWHM ≈  0.55″ − 0.67″  (5 kpc). c, Extracted line 
centroids (and ± 1 r.m.s. uncertainties) along the kinematic major axis 
(white line in b). For COS4 01351 (bottom panel) and GS4 43501 (fourth 
panel), we show SINFONI (black filled circles) and KMOS (open blue 
circles) datasets; for D3a 15504 (top panel) we show SINFONI datasets 

at 0.2″  (filled black circles) and 0.5″  (open blue circles) resolution. Red 
continuous lines denote the best-fit dynamical model, constructed from 
a combination of a central compact bulge, an exponential disk and an 
NFW halo without adiabatic contraction, with a concentration of c =  4 
at z ≈  2 and c =  6.5 at z ≈  1. For the modelling of the disk rotation, we 
also take into account the asymmetric drift correction inferred from the 
velocity dispersion curves (d and e; ref. 14). The times shown in each 
panel indicate the total on-source integration time. d, e, Two-dimensional 
(d; colour scale) and major-axis (e; with ± 1 r.m.s. uncertainties) velocity 
dispersion distributions inferred from the Gaussian fits (after removal 
of the instrumental response: σinstr ≈  37 km s− 1 at z ≈  0.85 and z ≈  2.2; 
σinstr ≈  45 km s− 1 at z =  1.5), superposed on Σ* or ΣH contours (d; 
white lines). The numbers in d indicate the minimum and maximum 
velocity dispersions. The colouring of the data and red lines in e are as 
in c. All physical units are based on a concordance, flat cold dark matter 
cosmology, with cosmological constant Λ , matter density relative to the 
critical density of closing the Universe Ωm =  0.3 and ratio of baryonic to 
total matter density Ω baryon/Ωm =  0.17, and for the z =  0 Hubble parameter 
H0 =  70 km s− 1 Mpc− 1.

Genzel et al. 2017
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A high stellar velocity dispersion for a compact
massive galaxy at redshift z 5 2.186
Pieter G. van Dokkum1, Mariska Kriek2 & Marijn Franx3

Recent studies have found that the oldest and most luminous
galaxies in the early Universe are surprisingly compact1–7, having
stellar masses similar to present-day elliptical galaxies but much
smaller sizes. This finding has attracted considerable attention8–13,
as it suggests that massive galaxies have grown in size by a factor of
about five over the past ten billion years (10 Gyr). A key test of
these results is a determination of the stellar kinematics of one of
the compact galaxies: if the sizes of these objects are as extreme as
has been claimed, their stars are expected to have much higher
velocities than those in present-day galaxies of the same mass.
Here we report a measurement of the stellar velocity dispersion
of a massive compact galaxy at redshift z 5 2.186, corresponding to

a look-back time of 10.7 Gyr. The velocity dispersion is very high at
510z165

{95 km s21, consistent with the mass and compactness of the
galaxy inferred from photometric data. This would indicate
significant recent structural and dynamical evolution of massive
galaxies over the past 10 Gyr. The uncertainty in the dispersion
was determined from simulations that include the effects of
noise and template mismatch. However, we cannot exclude the
possibility that some subtle systematic effect may have influenced
the analysis, given the low signal-to-noise ratio of our spectrum.

We observed the galaxy, dubbed 1255–0, with the Gemini Near-
Infrared Spectrograph (GNIRS) on the Gemini South telescope for a
total of 29 h. The de-redshifted spectrum is shown in Fig. 1a. A

1Astronomy Department, Yale University, 260 Whitney Avenue, New Haven, Connecticut 06511, USA. 2Department of Astrophysical Sciences, Princeton University, Princeton, New
Jersey 08544, USA. 3Leiden Observatory, Leiden University, 2300 RA Leiden, The Netherlands.
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Figure 1 | Spectrum and HST images of 1255–0 at z 5 2.186. a, Spectrum
that was used to measure the velocity dispersion. Light grey shows the
spectrum at a resolution of 5 Å (,100 km s2 1), which was used for the actual
measurement. A smoothed version of the same data (using a 25-Å boxcar
filter) is shown in black. Regions around detected emission lines are shown
in orange and were excluded from the fits. The most prominent absorption
lines are Hb at wavelength 4,861 Å and Mg at 5,172 Å. The best-fitting stellar
population synthesis model14, smoothed to the best-fitting velocity
dispersion, is shown in red. Inset, results of Monte Carlo simulations to
determine the uncertainty in the best-fitting velocity dispersion. The curves
show how often a dispersion of 510 km s2 1 is measured given the true
dispersion and noise. The two curves are for two different methods of

simulating noise: shuffling the residuals of the fit in the wavelength direction
(blue curve), and extracting ‘empty’ one-dimensional spectra from the two-
dimensional spectrum (red curve). b–d, The HST NICMOS2 image of the
galaxy in the H160 filter (b), the best-fitting model of the galaxy (c; the
effective radius is indicated in red), and the residual obtained by subtracting
the model from the data (d). The galaxy is a single, very compact object with
an effective radius of 0.78 kpc. Its coordinates are right ascension a 5 12 h
54 min 59.6 s, declination d 5 1 01u 119 300 (J2000), its K band observed
magnitude is 19.26 (Vega) and its R band observed magnitude is 24.98
(Vega)16. Alternative names that have been used for this object are 1256-151
(ref. 15) and 1256-0 (refs 3, 16).
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Colors of massive galaxies

local Universe

FIGURE 1. Color-magnitude distributions. (a): Observed bimodal distribution, corrected for incompleteness. The contours are
on a logarithmic scale in number density, doubling every two levels. The dashed lines represent the color-magnitude relations of
the red and blue sequences. (b): Deconvolved and parameterized distributions. The solid contours represent the red distribution and
the dashed contours represent the blue distribution. The dotted lines represent galaxies that have similar stellar masses, near the
midpoints of the transitions.

Hδ absorption and the 4000Å break [20], and the derived star formation rate (SFR) [21], also produce a bimodal
distribution. In § 2, we review a quantitative study of the CM distribution of galaxies, over all environments, using
a two population model; in § 3, we analyze the environmental dependence of the color bimodality; and in § 4, we
discuss the results.

2. THE OVERALL COLOR-MAGNITUDE DISTRIBUTION

The Sloan Digital Sky Survey (SDSS) [22, 23, 24, 25] has dramatically improved the statistics for studying CM
relations of galaxies at low redshifts: with over 105 redshifts and associated five color photometry for z< 0.1 galaxies.
Baldry et al. [17] analyzed the distribution in color versus absolute magnitude of a low-redshift sample of galaxies.
Figure 1(a) shows the CM distribution, corrected for incompleteness, of all galaxies (isolated, in groups and in
clusters).3 The color u−rwas used as it spans the 4000Å break and therefore is sensitive to star formation history. Even
without a quantitative analysis, it is clear that there are two dominant sequences which can be classically associated
with an E+S0 sequence (red distribution) and a spiral+irregular sequence (blue distribution).
For each magnitude bin, the color function can be approximated as the sum of two Gaussians, a bimodal function.

Two possible interpretations for this are:

1. There is a continuous population but galaxies preferentially have certain colors, which depend on the luminosity.
In this case, objects with intermediate colors are either transitioning or represent a middle sub-class of objects.

3 The cosmology assumed in this article is given by (Ωm,ΩΛ)0 = (0.3,0.7) with H0 = (h70)70kms−1Mpc−1. The data used is from the SDSS
second data release [25], main galaxy sample [26], with 0.01 < z < 0.08. This provides a sample of 69726 galaxies with 99% between r-band
absolute magnitudes of −23 and −17. The magnitudes are k-corrected using a template fitting method [27].

Baldry et al. 2004SDSS

• color bimodality among full population

• almost all massive galaxies are red

• Q/SF classification: color (UVJ) based or sSFR based

The Astrophysical Journal Supplement Series, 206:8 (19pp), 2013 May Muzzin et al.

Figure 9. The U −V vs. V −J color–color diagram for galaxies with S/N(Ks) > 7. The well-known bi-modality between quiescent galaxies and star-forming galaxies
can be clearly seen in the galaxy population up to z ∼ 2. Thereafter the bi-modality becomes less pronounced. Also visible in the figure is the continued reddening of
the passive population with decreasing redshift. This reddening is expected from a passively evolving population.

Table 6
Summary of Rest-frame Color and UV and IR Luminosity Catalog

Column Parameter Name Description

1 id Object identifier number
2 U − V Rest-frame U − V color
3 V − J Rest-frame V − J color
4, 5, 6 L2800 Total UV luminosity and 68% confidence intervals
7, 8, 9 LIR Total IR luminosity and 68% confidence intervals
10, 11, 12 SFRUV,uncorr UV star formation rate and 68% confidence intervals, uncorrected for dust extinction
13, 14, 14 SFRIR IR star formation rate and 68% confidence intervals

as the star-forming population with a range of dust extinctions
and geometries (e.g., Labbé et al. 2005; Williams et al. 2009;
Brammer et al. 2009; Patel et al. 2013). In general, the UVJ
diagram in COSMOS shows the same structure as has been
seen in other surveys (e.g., Williams et al. 2009; Whitaker et al.
2011); however, the superior volume in UltraVISTA provides
an increase in the number of galaxies by a factor of ∼4–5.

An interesting feature of the diagram revealed by the large
sample of galaxies in UltraVISTA is the continued reddening of
the quiescent population with decreasing redshift. Whereas the
quiescent population is primarily located in a single clump with
colors of U − V = 1.7 and V − J = 1.0 at z = 2, it appears
as more of a sequence at z = 0. This reddening with decreasing
redshift is precisely what is expected for a passively evolving
population of galaxies (e.g., Wuyts et al. 2007).

It is tempting to make further inferences on the evolution
of the galaxy population using Figure 9. Doing so requires a
more quantitative analysis; in particular, it is important to adopt
the appropriate limits in Mstar with redshift in order to define a
mass-complete sample. Figure 9 is meant to be illustrative and is
made with a S/N cut, not a Mstar-cut, so it becomes increasingly
skewed to lower-mass galaxies at lower redshift. A full analysis
of the UVJ diagram using the appropriate mass limits will be
presented in a future paper.

5.4. Example SEDs

As an example of the quality of the SEDs and SED fitting,
we show examples of the observed galaxy SEDs and the best-
fit EAZY SEDs from the catalog in Figures 10–12. At each

13

Muzzin et al. 2013UltraVISTA

• color bimodality out to z~3

• massive galaxies can be: 
• red (because quiescent) 
• red (SF, but dusty) 
• blue (SF, not dusty)

The Astrophysical Journal Letters, 787:L36 (6pp), 2014 June 1 Spitler et al.

Figure 2. Rest-frame U−V vs. V−J plot for our mass-limited ZFOURGE sample
at z = 3–4. Following previous work (e.g., Wuyts et al. 2007), we use this
information to classify our sample into quiescent and star-forming galaxies, as
indicated by the solid-line boundaries. Given the diverse range of rest-frame
colors shown in our sample, we divide the star-forming population into a dusty
and non-dusty subgroup, as indicated by the dashed line.
(A color version of this figure is available in the online journal.)

1. Quiescent galaxies (red in all figures) make up 26/57 of our
sample and their SEDs (see Figure 3) have sharp Balmer
breaks, indicating the stellar populations are dominated by
old stars and suppressed SFRs (e.g., Straatman et al. 2014).
Figure 2 shows that the majority (20/26) of our quiescent
population are not detected at 24 µm and therefore have
low SFR values, with a median sSFR of 0.14 ± 0.03 Gyr−1

for 24 µm non-detections. Their median age is 1.0 ±
0.1 × 109 yr, which is longer than their median τ of
1.6 ± 0.4 × 108 yr, indicating that these galaxies do not
contain sizable young stellar populations.
A small fraction (6/26) of the quiescent galaxies have
MIPS detections and high implied SFRs. This is surprising
given the old ages implied by their SEDs. Three of the
MIPS detected sources show signs of AGN, which may
explain the MIPS fluxes. The remaining three fall near the
UVJ boundary between dusty star-forming and quiescent
galaxies and might have scattered into the quiescent region.

2. The entire star-forming population shows a median SFR
of 180 ± 60 M⊙ yr−1 and an sSFR of 2.7 ± 0.7 Gyr−1.
The median AV is 1.7 ± 0.3 mag, so the average massive
star-forming galaxy is dusty (see Figure 2).

(a) Star-forming galaxies with little dust (AV = 1.0±0.1;
blue in all figures) only make up 8/57 of our sample
and show lower stellar masses compared to the whole
sample (median log M = 10.66 ± 0.08 M⊙). Their
median SFR is 110 ± 70 M⊙ yr−1 and they have a
median sSFR of 2.0 ± 0.9 Gyr−1. With median UV
luminosities of M1700 = −20.53 ± 0.28, they are
∼5 mag fainter than UV-luminous B-dropout galaxies
in the UV (Lee et al. 2011) as shown in Figure 4.

(b) The dusty, star-forming galaxies (orange in all figures)
constitute 23/57 of our sample and show a roughly

similar M distribution to the quiescent population (see
Table 1 and Figure 1). As shown in the SFR plot of
Figure 4, the dusty subgroup shows a median SFR of
190 ± 80 M⊙ yr−1. The median sSFR of this subgroup
is sSFR = 3.0 ± 0.8 Gyr−1. Rest-frame optical fluxes
appear to be significantly obscured due to dust, with
best-fit FAST AV values ranging from ∼1–3 and a
subgroup median of AV = 2.0 ± 0.2.

5. COMPARISON TO HIGH-REDSHIFT SAMPLES

5.1. B-dropout Samples

As most galaxy studies at z > 3 have relied on Lyman break
dropout selection techniques, we briefly compare our mass-
limited sample to B-dropout samples (e.g., Giavalisco et al.
2004), which selects galaxies over a similar redshift range (e.g.,
3.2 < z < 4.4; Oesch et al. 2013).

By integrating Lee et al. (2012) UV-selected stellar mass
functions to our mass limit, we estimate 20 ± 14 B435-dropout
galaxies should be found in our fields. This is lower than what we
find, 57 ± 11 (errors Poisson plus field-to-field variance), but is
more consistent with our unobscured star-forming subgroup (8).

It has been suggested in previous works that UV luminosity
correlates with stellar mass (e.g., Lee et al. 2011). The existence
of such a correlation would be important, as it implies we could
use UV luminosity as a proxy for stellar mass. However, as
shown in Figure 4, our sample shows no such trend. On the
contrary, galaxies with log M > 10.6 have median M1700 =
−18.05 ± 0.37, are 2 mag fainter than log M= 10.0 galaxies,
and are 5 mag fainter than expected from the reported M–M1700
correlation for B-dropout (Lee et al. 2011).

In Figure 4 the SEDs of our mass-limited galaxies are
compared to dropout galaxies (Lee et al. 2011; Oesch et al.
2013). At the rest-frame UV, the ZFOURGE dusty and quiescent
SEDs are fainter than the faintest dropout galaxies shown and
rapidly rise in luminosity to brighter magnitudes at longer
wavelengths.

Overall we find that the SEDs of our mass-limited sample
are much redder at both rest-frame UV and optical compared to
dropout galaxies at similar redshifts.

5.2. Submillimeter Detected Samples

How do our dusty galaxies relate to dusty starbursts selected at
submillimeter wavelengths? None of our galaxies have a secure
detection in public submillimeter catalogs (Aretxaga et al. 2011;
Hodge et al. 2013). This is perhaps not surprising given the 8×
lower SFRs (190 ± 80 M⊙ yr−1) and 5× higher surface number
density (210±40 deg−2) compared to bright (F1.1mm ! 4.2 mJy)
SMGs at redshifts z = 3–6 (Toft et al. 2014).

Figure 4 provides a direct comparison between our sample
and a z = 3–6 SMG compilation from Toft et al. (2014). The
median sSFR for the dusty galaxies (sSFR = 3.0 ± 0.8 Gyr−1)
is much lower than the SMGs (11.7 ± 0.8 Gyr−1) at the same
redshift, suggesting our dusty galaxies are in a less extreme,
more typical mode of star-formation.

6. SUMMARY AND CONCLUSIONS

Using new data from the ZFOURGE survey we have isolated
a high-quality sample of 57 galaxies at z = 3–4. Our sample
is complete to a stellar mass of log M > 10.6 and provides the
first census of M⋆ galaxies at these redshifts. Our results benefit
significantly from deep photometry in medium-band near-IR

4

Spitler et al. 2014, see also 
Marchesini et al. 2010

z~2 and above 

Are quiescent and SF galaxies intrinsically 
different or do they form a continuum?
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SFR bimodality?

Star formation histories of group galaxies 1005

Figure 5. SSFRs of both the group (right) and field (left) galaxies in the SDSS survey (median redshift 0.08) as a function of stellar mass. The dashed, red
line corresponds to log10SSFR = 10−11 yr−1, which is our division between active and passive galaxies. The typical uncertainty on SSFR is 0.31 dex, while
the stellar mass uncertainty is 0.28 dex.

SDSS sample. We have two panels: one showing the field galax-
ies, and one showing the group members. It should be noted that
the points each represent individual galaxies, but that the galaxies
have not been weighted by 1/Vmax. Thus, especially galaxies in the
bottom left-hand corner (those of low mass and SSFR) are systemat-
ically under-represented. However, when defining passive fractions
or other quantities we always account for these weights.

Examining this figure, it is apparent that galaxies appear bimodal
in the SSFR–M⊙ plane. They tend to cluster as part of either a
group of passive galaxies at SSFR ∼ 10−12, or a group of star-
forming galaxies at SSFR ∼ 10−10. This behaviour is obvious in
both the group and field galaxies. The galaxies clustered at ∼10−10

has been called by other authors the ‘main sequence of star-forming
galaxies’ (Noeske et al. 2007). These galaxies have a birth rate, b, of
approximately 1, which could suggest that they have been forming
stars at about this rate for their lifetime.

It is important to remember that, as shown in Section 3.4, the
low SSFR rates were actually slight overestimates, meaning that
the cluster of points at SSFR ∼ 10−12 is unlikely to be caused by
systematically low SSFR measurements. In other words, this ‘main
sequence’ is not due to an insensitivity to SFRs just underneath
the sequence. This is a crucial point as the work of Noeske et al.
(2007) was based principally on emission lines, which are relatively
insensitive to low SFRs. We stress that because our SFRs are based
on SED fitting, they are complete as a function of stellar mass, with
no selection on the SFR. Thus, similar to the behaviour seen in
galaxy colours, the bimodality of galaxy populations seems to be a
fundamental property.

Many authors have attempted to quantify this ‘main sequence
of star-forming galaxies’ through linear or model fitting (Noeske
et al. 2007; Peng et al. 2010; Gilbank et al., in preparation). Be-
cause our principal goal in this paper is to examine the differential
evolution of group and field galaxies, we will avoid these kinds
of parametric fits. However, visual inspection of this figure does
yield at least two interesting features. First, the ‘main sequence’ in
Fig. 5 appears to have a steep slope, such that low-mass galaxies
have significantly higher SSFRs than do more massive galaxies. If

we assume that this star-forming sequence of galaxies has always
been star forming, then the massive galaxies have either formed
earlier than less massive galaxies or have more rapidly declining
star formation histories relative to less massive galaxies. Secondly,
the slope and position of the group galaxies does not appear wildly
different from the field galaxies. We will revisit this issue later.

We now move to higher redshift to examine the GEEC sample at
z ∼0.4. In Fig. 6, we show the SSFR–Mstellar plot for GEEC galaxies,
separated into group and field environments. We only plot the stellar
mass region in which we can create a statistically complete sample
by applying the spatial, magnitude and 1/Vmax weights. As in the
previous figure, we see that it appears that galaxies form a sequence
of star-forming galaxies. Again, the sequence appears to have a
tilt, such that massive galaxies have lower SSFRs than lower mass
galaxies.

As was the case for the SDSS galaxies, it does not appear, via
visual inspection of Fig. 6, that the SSFRs of star-forming galax-
ies are very different in groups compared with the field, in the
GEEC sample. To quantify this and to evaluate the evolution with
redshift, we present Fig. 7 that shows the average SSFR of galax-
ies classified as star forming in both surveys. To avoid parametric
forms, we simply assume that star-forming galaxies are those with
log10SSFR > 10−11 yr−1. As shown by the red, dotted line in Figs 5
and 6, this appears to divide the star-forming and passive galaxies
at both redshifts. Further, a galaxy with this SSFR is forming stars
at a fraction of its past average. This division is also useful because
it implies that a galaxy forming stars at this SSFR with a mass of
our GEEC stellar mass limit (∼1010 h−1 M⊙) would form stars at a
rate of 0.1 h−1 M⊙ yr−1. Thus, the depth of UV photometry easily
discriminates between star-forming and passive galaxies.

Focusing first on the general field trends, shown by the black
lines and symbols, we see that both the field samples in the GEEC
survey and in the SDSS survey show steep trends with stellar mass.
This behaviour was pointed out in the scatter plots earlier, but this
confirms that the behaviour remains when accounting for volume
weighting of the surveys. We stress that this behaviour is also not a
result of a cut in SFR, as we are complete to the stellar mass limits

C⃝ 2011 The Authors, MNRAS 413, 996–1012
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“Examining this figure, it is apparent that galaxies appear bimodal in the SSFR–M⊙ plane. … 
Thus, similar to the behaviour seen in galaxy colours, the bimodality of galaxy populations seems 
to be a fundamental property.” 

McGee et al. 2011

see also e.g. Elbaz et al. 2007, Bisgello et al.  2017

Do we trust those?

SF and Q distinct classes? 
• implications for quenching (incl. quenching time) 
• SFR distribution uni-,bi-, multi-modal ? In linear or log-space?
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• Chang et al. 2015 (SDSS, z~0) 

• Brammer et al. 2012 (3D-HST, z~2) 

• RF et al. 2016 (MassiveFIRE simulation, z=6)

SFR:

• SFR set to zero if non-detected 

• distribution for SFR>0 well fit by 
negative binomial distribution

• ‘infinite space’ near SFR=0 in log-space  

• current data does not constrain 
whether SFR (in log) is bimodal or not

• measurement noise and biases can 
create apparent bimodality and 
tighten apparent main sequence

SFR distribution
4 R. Feldmann et al.

Figure 2. Distribution of sSFRs in observations and simulations. Each
panel shows a histogram of the sSFR relative to peak of the star-forming
sequence for mass- and redshift-selected samples of galaxies from SDSS
(Chang et al. 2015), 3D-HST (Brammer et al. 2012), and MassiveFIRE
(Feldmann et al. 2016). Best-fitting zNBDs (co-added relative to the Mstar-
dependent peak of the star-forming sequence) are shown as dashed lines,
and galaxies with undetected or zero SFRs are shown as the grey-shaded
areas. The SFR distributions of the three samples are well fitted by zNBDs.

the simulated galaxies are represented by gas and star particles with
masses mb = 3.3 ⇥ 104 M�. Star formation occurs probabilisti-
cally based on the local conditions of the interstellar medium. Each
individual star formation event results in the formation of a star
particle of mass mb. I refer the reader to Hopkins et al. (2014)
for a background on the simulation methodology. Stellar masses
and SFRs are measured within radii of 0.1Rvir of the primary dark
matter haloes hosting a given galaxy, excluding satellites. SFRs are
averaged over the past 20 Myr and converted into SFCs via eq. (1)
with mSFC = mb and tav = 20 Myr.

The data sets contain galaxies of a range of stellar masses to
increase the sample size. To combine the SFR distribution of galax-
ies with different stellar masses, I convert SFRs into SFCs and per-
form generalized linear regressions of the SFCs as a function of
lnMstar with a log link function8. I thus simultaneously fit for the
position of the star-forming sequence as a function of stellar mass
and constrain the parameters for the assumed distribution of SFCs
at fixed stellar mass.

The Akaike information criterion (AIC; Akaike 1974) mea-
sures how well, relative to each other, different statistical models
describe a given data set. Among the SFC distributions I tested
(negative binomial, geometric, lognormal, Poisson distributions as

8 Statistical analyses are carried out with R (https://www.
r-project.org) using the standard glm function to fit Poisson
and geometric distributions, the glm.nb function from the MASS
package to fit NBDs, and the zeroinfl function from the pscl
package to fit zNBDs. An example regression script is provided at
http://www.ics.uzh.ch/~feldmann/resources.html.

Figure 3. Difference between actual SFR distributions and inferred ones.

An input SFR distribution (black histogram) is subjected to measurement
uncertainties (red histogram) and non-linear biases (blue histogram). Mea-
surement uncertainties can create the illusion of a bimodal distribution
while biases can shift and tighten the appearance of the star-forming se-
quence and reduce the number of galaxies with intermediate-to-low SFRs.

well as their zero-inflated versions), zNBDs performed best un-
der the AIC metric. Fig. 2 clarifies why zNBDs work so well. The
lg sSFR distribution is highly asymmetric with a tail towards low
values. Furthermore, there is a significant fraction of galaxies with
vanishing SFRs or SFRs below the detection limit. These properties
are captured by zNBDs but not by, e.g., lognormal distributions.

I tested the sensitivity of the fitted model parameters (overdis-
persion parameter ✓, stellar mass scalings of the average SFR and
of the excess probability ⇡) by analysing additional MassiveFIRE-
based samples for different redshifts and mass resolutions. The
main findings are as follows: The slope and normalization of the
star-forming sequence show significant changes with redshift (as
expected) and only slight changes with particle resolution. The ex-
cess probability ⇡ is not affected by redshift or mass resolution.
The overdispersion ✓ does not depend on redshift but varies mildly
with mass resolution in a not obviously systematic way.

Finally, I also explored the effect of varying the time interval
over which SFRs are averaged. As expected, reducing tav results
in a smaller number of SFCs and a larger fraction of galaxies with
zero SFRs. Specifically, ⇡ increases from 20% to 52% as tav is
reduced from 100 Myr to 5 Myr. Moreover, ✓ increases, i.e., the
scatter of the star-forming sequence decreases, with increasing
averaging time. However, the change in ✓ is relatively modest (a
factor of 1.9 when tav increases from 20 to 100 Myr). Furthermore,
✓ remains unchanged if tav is lowered to 5 Myr. This suggests that
the star formation activity of MassiveFIRE galaxies is strongly
correlated on . 20 Myr time-scales.

4 DISCUSSION AND CONCLUSIONS

(Zero-inflated) NBDs predict significant numbers of galaxies with
vanishing SFRs. As discussed in §2, these ‘dead’ galaxies form
a separate component upon log-transforming SFRs, while the re-
maining galaxies have a unimodal log SFR distribution with an ex-
tensive tail towards low SFRs. The reader may ask whether these
findings are consistent with claims of an SFR bimodality (e.g., El-
baz et al. 2007; McGee et al. 2011).

I address this question in Fig. 3 in a schematic way. A de-
tailed analysis is left for future work. Using the best fitting zNBD
of the SDSS-based sample shown in the top panel of Fig. 2, I cre-
ate a mock sample consisting of the SFRs of 40000 galaxies with
Mstar = 1010.5 M� (black histogram). I then subject this sam-
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Q vs SF galaxies at z ~ 2

A&A 556, A55 (2013)

Fig. 4. Fractional error in density as a function of the stellar mass and
redshift. The top panel shows the errors due to the cosmic variance.
The middle and bottom panels are the errors associated to the template
fitting procedure (photo-z and stellar mass) for the full sample and the
quiescent population, respectively. Results are shown only in the mass
range covered by our dataset.

5.1. Evolution of the full sample

Figure 5 shows the evolution of the MFs for the full sample. A
first option is to consider a pure evolution in stellar mass. In this
case, we assume that only star formation drives the MF evolu-
tion (no galaxy can be created or destroyed). We find that the
evolution is strongly mass-dependent, with the low-mass end
evolving more rapidly than the high-mass end. For instance,
the stellar mass of a 109.8 M⊙ galaxy increases by 0.9 dex be-
tween 1.5 < z < 2 and 0.2 < z < 0.5, while the stellar mass of
a 1011.6 M⊙ galaxy increases by only 0.2 dex in the same time
interval. Therefore, we conclude that the evolution is strongly
mass-dependent, in agreement Marchesini et al. (2009). A sec-
ond option is to consider a pure density evolution. A constant
increase in density by 0.3–0.4 dex, independent of the mass, is
sufficient to match the 1.5 < z < 2 and the 0.2 < z < 0.5 MFs.
However such a pure density evolution scenario is not applicable
to the full sample: it would mean that new galaxies which were
not present in a given redshift appear in the next redshift bin.
Major mergers are not an option for a pure increase in density
with cosmic time: for a α = −1.4 MF slope, the density of low
mass galaxies would decrease by 0.16 dex if we assume that all
galaxies encounter a major merger since z = 27.

In Fig. 7, we compare our results with several MF estimates
published since 2008. We find an excellent agreement with the
various MFs from the literature. Still, the differences in normal-
isation are as large as 0.2 dex in certain bins (e.g. 0.5 < z < 0.8
with Kajisawa et al. (2009) and Pérez-González et al. (2008);
at 2 < z < 2.5 with Santini et al. (2012) which could be ex-
plained by known groups at z ∼ 2.2−2.3). We also find that the
extrapolation of our MF slope is flatter than data from Santini
et al. (2012), but our sample does not reach a similar depth as
this study.

7 The MF would be shifted in density by −0.3 dex (half as many galax-
ies) and the masses would increase by 0.3 dex.

Fig. 5. Galaxy stellar mass function up to z = 4 for the full sample.
Each colour corresponds to different redshift bins of variable step size.
Fits are shown in the mass range covered by our dataset. The filled
areas correspond to the 68% confidence level regions, after accounting
for Poissonian errors, the cosmic variance and the uncertainties created
during the template fitting procedure. The open triangles and squares
correspond to the local estimates by Moustakas et al. (2013) and Baldry
et al. (2012), respectively.

Fig. 6. Galaxy stellar mass function up to z = 4 for the star-forming
population (top panel) and for the quiescent population (middle panel).
Symbols are the same as Fig. 5. The bottom panel shows the percentage
of quiescent galaxies as a function of stellar mass in the same redshift
bins.

We derive the stellar mass density by integrating the best-fit
double Schechter functions over the mass range 108 to 1013M⊙.
Since our mass limits are above 1010M⊙ at z > 2 (see Table 2),
our mass density estimates rely on the slope extrapolation for
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Fig. 4. Fractional error in density as a function of the stellar mass and
redshift. The top panel shows the errors due to the cosmic variance.
The middle and bottom panels are the errors associated to the template
fitting procedure (photo-z and stellar mass) for the full sample and the
quiescent population, respectively. Results are shown only in the mass
range covered by our dataset.

5.1. Evolution of the full sample

Figure 5 shows the evolution of the MFs for the full sample. A
first option is to consider a pure evolution in stellar mass. In this
case, we assume that only star formation drives the MF evolu-
tion (no galaxy can be created or destroyed). We find that the
evolution is strongly mass-dependent, with the low-mass end
evolving more rapidly than the high-mass end. For instance,
the stellar mass of a 109.8 M⊙ galaxy increases by 0.9 dex be-
tween 1.5 < z < 2 and 0.2 < z < 0.5, while the stellar mass of
a 1011.6 M⊙ galaxy increases by only 0.2 dex in the same time
interval. Therefore, we conclude that the evolution is strongly
mass-dependent, in agreement Marchesini et al. (2009). A sec-
ond option is to consider a pure density evolution. A constant
increase in density by 0.3–0.4 dex, independent of the mass, is
sufficient to match the 1.5 < z < 2 and the 0.2 < z < 0.5 MFs.
However such a pure density evolution scenario is not applicable
to the full sample: it would mean that new galaxies which were
not present in a given redshift appear in the next redshift bin.
Major mergers are not an option for a pure increase in density
with cosmic time: for a α = −1.4 MF slope, the density of low
mass galaxies would decrease by 0.16 dex if we assume that all
galaxies encounter a major merger since z = 27.

In Fig. 7, we compare our results with several MF estimates
published since 2008. We find an excellent agreement with the
various MFs from the literature. Still, the differences in normal-
isation are as large as 0.2 dex in certain bins (e.g. 0.5 < z < 0.8
with Kajisawa et al. (2009) and Pérez-González et al. (2008);
at 2 < z < 2.5 with Santini et al. (2012) which could be ex-
plained by known groups at z ∼ 2.2−2.3). We also find that the
extrapolation of our MF slope is flatter than data from Santini
et al. (2012), but our sample does not reach a similar depth as
this study.

7 The MF would be shifted in density by −0.3 dex (half as many galax-
ies) and the masses would increase by 0.3 dex.

Fig. 5. Galaxy stellar mass function up to z = 4 for the full sample.
Each colour corresponds to different redshift bins of variable step size.
Fits are shown in the mass range covered by our dataset. The filled
areas correspond to the 68% confidence level regions, after accounting
for Poissonian errors, the cosmic variance and the uncertainties created
during the template fitting procedure. The open triangles and squares
correspond to the local estimates by Moustakas et al. (2013) and Baldry
et al. (2012), respectively.

Fig. 6. Galaxy stellar mass function up to z = 4 for the star-forming
population (top panel) and for the quiescent population (middle panel).
Symbols are the same as Fig. 5. The bottom panel shows the percentage
of quiescent galaxies as a function of stellar mass in the same redshift
bins.

We derive the stellar mass density by integrating the best-fit
double Schechter functions over the mass range 108 to 1013M⊙.
Since our mass limits are above 1010M⊙ at z > 2 (see Table 2),
our mass density estimates rely on the slope extrapolation for
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Ilbert et al. 2013, see also Muzzin et al. 2013, Moustakas 
et al. 2013, Straatman et al. 2014, Tomczak+2014

z~1-3: Peak epoch of star formation and of quenching!

• rare at massive end at low z, but not 
so at high z 

• dusty massive SF galaxies (70-80%) 
dominate over non-dusty star 
formers

• Q dominate massive end at z<1, 
in place by z~1

• Q rare at z>3, SF galaxies dominate 
at all masses (e.g., Behroozi et al. 18)

Q

SF
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Quenching

•What is quenching?
• Sudden suppression vs maintenance 
• When is a galaxy ‘quenched’?

slope 0:06 ! 0:09 dex per unit redshift ( jB rising with time).
Taking the 1 ! minimum slope of "0.03 dex per unit redshift
(falling with time) and assuming a minimum change in mass-
to-light ratio M #/LB of 1.0 mag gives a rise in total red stellar
mass of a factor of 2.3. The geometric mean of these two num-
bers gives a minimum increase of a factor of 2 in the number
of red L# galaxies from z ¼ 1 to now, the same as claimed by
B04.

To obtain the maximum rise, we take the formal difference
in "# estimated in x 4.2 between z ¼ 0 and 1 using method 1 and
all data (0:56 ! 0:09 dex) and add the 1 ! error bar. This yields
a maximum rise of 0.65 dex, or a factor of 4.5. However, this
maximum still does not contain a correction for the likely grow-
ing contamination by dusty galaxies at z % 1, which could add
another 30% or more, for a factor of about 6.

6. DISCUSSION

6.1. A ‘‘Mixed’’ Scenario for the Formation
of Spheroidal Galaxies

The most arresting conclusion to emerge so far from the
study of luminosity functions is the growth in the number of red
L# galaxies since z ¼ 1, as shown in Figure 7. Barring mergers
among a large and undiscovered population, which would have
to be tiny and/or highly obscured to avoid detection in present
surveys, this rise means that the ancestors of a large fraction of
today’s red L# galaxies must be visible in existing blue samples
at z ¼ 1 and later. The implications of this were discussed by
B04. We build on their arguments by adding data on the blue
luminosity function (measured here by DEEP2 and COMBO-17
for the first time) and the properties of local E galaxies, which we
argue also have strong implications for formation scenarios. Our
discussion focuses on typical field galaxies at high redshift, since
DEEP2 and COMBO-17 sample all galaxies regardless of loca-
tion. The red sequence in distant clusters has also been exten-
sively studied, but we do not try to fold these data into the picture
at this time.

It is well established that residence on the red sequence (in
the absence of dust) requires that star formation be quenched or
at least strongly reduced. Stellar populations become red enough
to join the red sequence just 1Y2 Gyr after star formation is
stopped (e.g., Newberry et al. 1990; Barger et al. 1996; Bower

et al. 1998; Poggianti et al. 1999), but in order for them to stay
there, the star formation rate must remain low. Gebhardt et al.
(2003) explored a ‘‘frosting model’’ with an early high rate of
star formation followed by a slowly decaying # component.
Based on colors, they found that only 7% of the total stellar mass
could be formed in the # component; similar limits on present-
day star formation rates are set byGALEX observations (Yi et al.
2005; Salim et al. 2005). In short, the large buildup in red stellar
mass after z ¼ 1 could not have arisen from star formation within
red galaxies themselves (see also B04). Rather, the stellar mass
near L# on the red sequence must have migrated there via one
of three processes: (1) the quenching of star formation in blue
galaxies, (2) the merging of less luminous already quenched red
galaxies, or (3) some combination of the two. In the following
discussion, we focus on galaxies arriving on the red sequence
near L# because the data are complete there and photometric
errors are not as serious as they are for brighter spheroids. Gal-
axies may of course also be migrating to the lower end of the red
sequence, and the data reviewed in x 5 (point 8) suggest that this
is also happening.

It is helpful to visualize this mass migration as the move-
ment of progenitor galaxies through the CMD or, more funda-
mentally, the color-mass diagram. Sample tracks are shown in
Figure 10. Two parent regions are illustrated, a narrow red locus
corresponding to the red sequence and a broader blue clump,
which we call the ‘‘blue cloud.’’ The rather constant morphol-
ogy of the CMD since z ¼ 1 (B04; Weiner et al. 2005; Paper I )
suggests that these parent regions are relatively stable in size
and location. In reality, they are also moving as galaxies evolve,
but this will not be too important if individual galaxies move
through them more rapidly. With that assumption, we show the
clumps as fixed and the galaxies as moving through them with
time.

Each final galaxy today is represented by its most massive
progenitor at any epoch. Stellar mass is migrating toward the
upper left corner, where luminous red galaxies reside. For a gal-
axy to get there, two things must happen: the mass composing
the final galaxy must be assembled via gravitational collapse,
and star formation must be quenched. A key question in the
formation of red sequence galaxies therefore is, did quench-
ing occur early in the process of mass buildup, midway, or late?
If extremely early, the pieces that would become the final galaxy

Fig. 10.—Schematic arrows showing galaxies migrating to the red sequence under different versions of the merging hypothesis. Evolutionary tracks are plotted in the
color-mass diagram. Here it is assumed that red galaxies arise from blue galaxies when star formation is quenched during amajor merger, causing the galaxy to double in
mass, but the exact nature of the quenching mechanism is not crucial. Quenching tracks are shown by the nearly vertical black arrows. The mergers would be gas-rich (or
‘‘wet’’) because the progenitor galaxies are blue objects making stars and hence contain gas. Once a galaxy arrives on the red sequence, it may evolve more slowly along
it through a series of gas-poor, or ‘‘dry,’’ mergers. These are shown as the white arrows. They are tilted upward to reflect the aging of the stellar populations during the
more gradual dry merging. A major variable is the time of mass assembly vs. the time of quenching. Three possibilities are shown. Track A represents very early
quenching while the fragments of the galaxy are still small. In that case, most mass assembly occurs in dry mergers along the red sequence. Track B is the other extreme,
having maximally late quenching. In that case, galaxies assemble most of their mass while still blue and then merge once to become red with no further dry merging.
Track C is intermediate, with contributions from both mechanisms. This ‘‘mixed’’ scenario best matches the properties of both distant and local ellipticals. In addition to
the merging scenario illustrated here, the gas supply of some disks may simply be choked off or stripped out without mergers, to produce disky S0s. Such tracks would
be vertical, but aside from this their histories are similar. S0s dominate on the red sequence below L#, ellipticals above (Marinoni et al. 1999).
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slope 0:06 ! 0:09 dex per unit redshift ( jB rising with time).
Taking the 1 ! minimum slope of "0.03 dex per unit redshift
(falling with time) and assuming a minimum change in mass-
to-light ratio M #/LB of 1.0 mag gives a rise in total red stellar
mass of a factor of 2.3. The geometric mean of these two num-
bers gives a minimum increase of a factor of 2 in the number
of red L# galaxies from z ¼ 1 to now, the same as claimed by
B04.

To obtain the maximum rise, we take the formal difference
in "# estimated in x 4.2 between z ¼ 0 and 1 using method 1 and
all data (0:56 ! 0:09 dex) and add the 1 ! error bar. This yields
a maximum rise of 0.65 dex, or a factor of 4.5. However, this
maximum still does not contain a correction for the likely grow-
ing contamination by dusty galaxies at z % 1, which could add
another 30% or more, for a factor of about 6.

6. DISCUSSION

6.1. A ‘‘Mixed’’ Scenario for the Formation
of Spheroidal Galaxies

The most arresting conclusion to emerge so far from the
study of luminosity functions is the growth in the number of red
L# galaxies since z ¼ 1, as shown in Figure 7. Barring mergers
among a large and undiscovered population, which would have
to be tiny and/or highly obscured to avoid detection in present
surveys, this rise means that the ancestors of a large fraction of
today’s red L# galaxies must be visible in existing blue samples
at z ¼ 1 and later. The implications of this were discussed by
B04. We build on their arguments by adding data on the blue
luminosity function (measured here by DEEP2 and COMBO-17
for the first time) and the properties of local E galaxies, which we
argue also have strong implications for formation scenarios. Our
discussion focuses on typical field galaxies at high redshift, since
DEEP2 and COMBO-17 sample all galaxies regardless of loca-
tion. The red sequence in distant clusters has also been exten-
sively studied, but we do not try to fold these data into the picture
at this time.

It is well established that residence on the red sequence (in
the absence of dust) requires that star formation be quenched or
at least strongly reduced. Stellar populations become red enough
to join the red sequence just 1Y2 Gyr after star formation is
stopped (e.g., Newberry et al. 1990; Barger et al. 1996; Bower

et al. 1998; Poggianti et al. 1999), but in order for them to stay
there, the star formation rate must remain low. Gebhardt et al.
(2003) explored a ‘‘frosting model’’ with an early high rate of
star formation followed by a slowly decaying # component.
Based on colors, they found that only 7% of the total stellar mass
could be formed in the # component; similar limits on present-
day star formation rates are set byGALEX observations (Yi et al.
2005; Salim et al. 2005). In short, the large buildup in red stellar
mass after z ¼ 1 could not have arisen from star formation within
red galaxies themselves (see also B04). Rather, the stellar mass
near L# on the red sequence must have migrated there via one
of three processes: (1) the quenching of star formation in blue
galaxies, (2) the merging of less luminous already quenched red
galaxies, or (3) some combination of the two. In the following
discussion, we focus on galaxies arriving on the red sequence
near L# because the data are complete there and photometric
errors are not as serious as they are for brighter spheroids. Gal-
axies may of course also be migrating to the lower end of the red
sequence, and the data reviewed in x 5 (point 8) suggest that this
is also happening.

It is helpful to visualize this mass migration as the move-
ment of progenitor galaxies through the CMD or, more funda-
mentally, the color-mass diagram. Sample tracks are shown in
Figure 10. Two parent regions are illustrated, a narrow red locus
corresponding to the red sequence and a broader blue clump,
which we call the ‘‘blue cloud.’’ The rather constant morphol-
ogy of the CMD since z ¼ 1 (B04; Weiner et al. 2005; Paper I )
suggests that these parent regions are relatively stable in size
and location. In reality, they are also moving as galaxies evolve,
but this will not be too important if individual galaxies move
through them more rapidly. With that assumption, we show the
clumps as fixed and the galaxies as moving through them with
time.

Each final galaxy today is represented by its most massive
progenitor at any epoch. Stellar mass is migrating toward the
upper left corner, where luminous red galaxies reside. For a gal-
axy to get there, two things must happen: the mass composing
the final galaxy must be assembled via gravitational collapse,
and star formation must be quenched. A key question in the
formation of red sequence galaxies therefore is, did quench-
ing occur early in the process of mass buildup, midway, or late?
If extremely early, the pieces that would become the final galaxy

Fig. 10.—Schematic arrows showing galaxies migrating to the red sequence under different versions of the merging hypothesis. Evolutionary tracks are plotted in the
color-mass diagram. Here it is assumed that red galaxies arise from blue galaxies when star formation is quenched during amajor merger, causing the galaxy to double in
mass, but the exact nature of the quenching mechanism is not crucial. Quenching tracks are shown by the nearly vertical black arrows. The mergers would be gas-rich (or
‘‘wet’’) because the progenitor galaxies are blue objects making stars and hence contain gas. Once a galaxy arrives on the red sequence, it may evolve more slowly along
it through a series of gas-poor, or ‘‘dry,’’ mergers. These are shown as the white arrows. They are tilted upward to reflect the aging of the stellar populations during the
more gradual dry merging. A major variable is the time of mass assembly vs. the time of quenching. Three possibilities are shown. Track A represents very early
quenching while the fragments of the galaxy are still small. In that case, most mass assembly occurs in dry mergers along the red sequence. Track B is the other extreme,
having maximally late quenching. In that case, galaxies assemble most of their mass while still blue and then merge once to become red with no further dry merging.
Track C is intermediate, with contributions from both mechanisms. This ‘‘mixed’’ scenario best matches the properties of both distant and local ellipticals. In addition to
the merging scenario illustrated here, the gas supply of some disks may simply be choked off or stripped out without mergers, to produce disky S0s. Such tracks would
be vertical, but aside from this their histories are similar. S0s dominate on the red sequence below L#, ellipticals above (Marinoni et al. 1999).
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•When does quenching take place?

•How do galaxies quench?

Emanuele Daddi (Thursday afternoon), 
Yingjie Peng (Friday morning)



R. Feldmann Birth, life and fate of massive galaxies and their central beating heart, Favignana, Sep 2018 �13

Two aspects of quenching
The Galaxy – Halo Assembly Correlation 11
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Figure 7. Left panel: best-fitting median ratio of stellar mass to peak halo mass (Mpeak) as a function of Mpeak and z. Right panel: best-fitting median stellar
mass as a function of Mpeak and z. Error bars in both panels show the 68% confidence interval for the model posterior distribution. Notes: see Figs. 32-34 for
a comparison with past results. See Appendix J for fitting formulae.
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Figure 8. The best-fitting median ratio of stellar mass to peak halo mass (Mpeak) for central and satellite galaxies (left panel) compared to the ratio for all
galaxies (right panel). Error bars in both panels show the 68% confidence interval for the model posterior distribution. See Appendix J for fitting formulae.
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Figure 9. The best-fitting median ratio of stellar mass to peak halo mass (Mpeak) for star-forming and quenched galaxies (left panel) compared to the ratio for
all galaxies (left panel). Error bars in both panels show the 68% confidence interval for the model posterior distribution. Notes: quiescent galaxies in low-mass
(< 1012 M�) haloes are very rare at z > 1, contributing to substantial uncertainties in their stellar mass–halo mass relations. Due to scatter in stellar mass at
fixed halo mass, a higher stellar mass for star-forming galaxies at fixed halo mass does not necessarily imply a lower halo mass for star-forming galaxies at
fixed galaxy mass; see §5.9 for discussion. See Appendix J for fitting formulae.

4.3 Average SFRs and Star-Forming Fractions

Average SFRs and star-forming fractions for the best-fitting model
are shown as a function of Mpeak and z for all galaxies in Fig.
11. Similar to past results (e.g., Behroozi et al. 2013e), high mass
haloes exhibit a short period of very intense star formation and
then quench, whereas lower-mass haloes have much more extended

star formation histories. The most notable difference from previous
modeling is an improved treatment of quenching in massive haloes
(§3.2), which reduces their expected star formation rates. We cau-
tion that star formation rates for central galaxies in massive haloes
are nonetheless very hard to measure observationally, so the values
in Fig. 11 for massive quenched haloes should be treated as upper
limits (see also the formal uncertainties in Fig. 12, left panel).

MNRAS 000, 000–000 (2018)

Baryonic  efficiency as function of mass

Behroozi et al. 2018
• Quenched fraction increases with mass

• AGN feedback 
• bulge-formation (central stellar density) 
• morphological quenching? 
• mass window of efficient SF?

• Nature of ‘mass-quenching’?

The spread in SFR at fixed stellar mass

A&A 561, A86 (2014)

Fig. 2. Number density of sources in the SFR−M∗ plane. Shadings are independent for each stellar mass bin, i.e., the darkest colour indicates the
highest number density of sources in the stellar mass bin and not the highest number density of sources in the entire SFR−M∗ plane. Short-dashed
lines on a white background show the second order polynomial function fitted to MS of star formation (see text for details). Dotted lines present
the MS found in Elbaz et al. (2011). The red triple-dot-dashed lines represent the MS found in Rodighiero et al. (2010). The green dot-dashed
lines in the 0.8 < z < 1.2 and 1.2 < z < 1.7 panels show the MS found in Whitaker et al. (2012) at z ∼ 1.25.

3. Data analysis

3.1. Dust temperatures

In order to obtain a proxy on the dust temperature of a galaxy,
one can fit its PACS/SPIRE flux densities with a single modified
blackbody function using the optically thin approximation:

Sν ∝
ν3+β

exp(hν/kTdust) − 1
, (2)

where Sν is the flux density, β is the dust emissivity spectral
index and Tdust is the dust temperature. However, we decided
not to use this method for two reasons. Firstly, a single mod-
ified blackbody model cannot fully describe the Wien side of
the FIR SED of galaxies, because short wavelength observations
are dominated by warmer or transiently heated dust components.
Therefore, one would have to exclude from this fitting proce-
dure all flux measurements with, for example, λrest < 50 µm
(see e.g., Hwang et al. 2010; Magnelli et al. 2012a). At high-
redshift (e.g., z > 1.0), the exclusion of some valuable flux mea-
surements (e.g., PACS-100 µm) would lead to an un-optimised
use of our PACS/SPIRE observations. Secondly, while the ex-
clusion of short wavelengths would prevent the fits from being
strongly biased by hot dust components, this sharp rest-frame cut
would potentially introduce a redshift dependent bias in our dust
temperature estimates. Indeed, depending on the redshift of the
source, the shortest wavelength kept in the fitting procedure (i.e.,
with λrest > 50 µm) would be close, or very close, to the wave-
length cut, in which case the derived dust temperature would be
affected, or strongly affected, by hotter dust components. In the

analysis done in this paper this effect would result in an artificial
increase in Tdust with redshift of up to ∼ 8 K.

For these reasons, we derived the dust temperature of a
galaxy using a different approach. (i) We assigned a dust tem-
perature to each DH SED templates by fitting their z = 0 simu-
lated PACS/SPIRE flux densities with a single modified black-
body function (see Eq. (2)). (ii) We searched for the DH SED
template best-fitting the observed PACS/SPIRE flux densities of
the galaxy. (iii) The dust temperature of this galaxy was then de-
fined as being the dust temperature assigned to the correspond-
ing DH SED template. This method makes an optimal use of
our PACS/SPIRE observations and does not introduce any red-
shift biases. We also note that this method introduces a self-
consistency between our dust temperature and infrared luminos-
ity estimates for galaxies in the first step of the “ladder of SFR
indicators” (see Sect. 2.6). Indeed both estimates are inferred
using the DH SED templates best-fitting their PACS/SPIRE flux
densities.

To fit the simulated z = 0 PACS/SPIRE flux densities of
the DH SED templates with a modified blackbody function (i.e.,
step (i)), we fixed β = 1.5 and used a standard χ2 minimisation
method. Results of these fits are provided in Table A.1. We note
that using β = 1.5 systematically leads to higher dust tempera-
tures than if using β = 2.0 (i.e., ∆Tdust ∼ 4 K). This Tdust−β de-
generacy further highlights the limits of a single modified black-
body model in which one has to assume, or fit, an effective dust
emissivity. Here, we fixed β = 1.5 because it will provide fair
comparisons with most high-redshift studies in which the lack
of (sub)mm observations does not allow clear constraints on β
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Fig. 2. Number density of sources in the SFR−M∗ plane. Shadings are independent for each stellar mass bin, i.e., the darkest colour indicates the
highest number density of sources in the stellar mass bin and not the highest number density of sources in the entire SFR−M∗ plane. Short-dashed
lines on a white background show the second order polynomial function fitted to MS of star formation (see text for details). Dotted lines present
the MS found in Elbaz et al. (2011). The red triple-dot-dashed lines represent the MS found in Rodighiero et al. (2010). The green dot-dashed
lines in the 0.8 < z < 1.2 and 1.2 < z < 1.7 panels show the MS found in Whitaker et al. (2012) at z ∼ 1.25.

3. Data analysis

3.1. Dust temperatures

In order to obtain a proxy on the dust temperature of a galaxy,
one can fit its PACS/SPIRE flux densities with a single modified
blackbody function using the optically thin approximation:

Sν ∝
ν3+β

exp(hν/kTdust) − 1
, (2)

where Sν is the flux density, β is the dust emissivity spectral
index and Tdust is the dust temperature. However, we decided
not to use this method for two reasons. Firstly, a single mod-
ified blackbody model cannot fully describe the Wien side of
the FIR SED of galaxies, because short wavelength observations
are dominated by warmer or transiently heated dust components.
Therefore, one would have to exclude from this fitting proce-
dure all flux measurements with, for example, λrest < 50 µm
(see e.g., Hwang et al. 2010; Magnelli et al. 2012a). At high-
redshift (e.g., z > 1.0), the exclusion of some valuable flux mea-
surements (e.g., PACS-100 µm) would lead to an un-optimised
use of our PACS/SPIRE observations. Secondly, while the ex-
clusion of short wavelengths would prevent the fits from being
strongly biased by hot dust components, this sharp rest-frame cut
would potentially introduce a redshift dependent bias in our dust
temperature estimates. Indeed, depending on the redshift of the
source, the shortest wavelength kept in the fitting procedure (i.e.,
with λrest > 50 µm) would be close, or very close, to the wave-
length cut, in which case the derived dust temperature would be
affected, or strongly affected, by hotter dust components. In the

analysis done in this paper this effect would result in an artificial
increase in Tdust with redshift of up to ∼ 8 K.

For these reasons, we derived the dust temperature of a
galaxy using a different approach. (i) We assigned a dust tem-
perature to each DH SED templates by fitting their z = 0 simu-
lated PACS/SPIRE flux densities with a single modified black-
body function (see Eq. (2)). (ii) We searched for the DH SED
template best-fitting the observed PACS/SPIRE flux densities of
the galaxy. (iii) The dust temperature of this galaxy was then de-
fined as being the dust temperature assigned to the correspond-
ing DH SED template. This method makes an optimal use of
our PACS/SPIRE observations and does not introduce any red-
shift biases. We also note that this method introduces a self-
consistency between our dust temperature and infrared luminos-
ity estimates for galaxies in the first step of the “ladder of SFR
indicators” (see Sect. 2.6). Indeed both estimates are inferred
using the DH SED templates best-fitting their PACS/SPIRE flux
densities.

To fit the simulated z = 0 PACS/SPIRE flux densities of
the DH SED templates with a modified blackbody function (i.e.,
step (i)), we fixed β = 1.5 and used a standard χ2 minimisation
method. Results of these fits are provided in Table A.1. We note
that using β = 1.5 systematically leads to higher dust tempera-
tures than if using β = 2.0 (i.e., ∆Tdust ∼ 4 K). This Tdust−β de-
generacy further highlights the limits of a single modified black-
body model in which one has to assume, or fit, an effective dust
emissivity. Here, we fixed β = 1.5 because it will provide fair
comparisons with most high-redshift studies in which the lack
of (sub)mm observations does not allow clear constraints on β
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• Why some galaxies SF, others not?
• environment? 
• mergers? 
• inflow of gas? 
• AGN on/off? 
• difference in halo mass?
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RF et al. 2016 MNRAS, 
see also RF & Mayer 2015
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• Can also become Q near overdensity
• Progenitors of Q (SF) central galaxies reside in less (more) dense regions

low densityhigh density
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CGM
Gas around massive galaxies

•X-ray emission; EUV - NUV absorption lines of metal ions; Lyman/Balmer of H

•multiphase ionization structure (both PIE, CIE), complex kinematical structure

• evidence for outflows, wind recycling

AA55CH10-Tumlinson ARI 3 August 2017 11:35

Recycling gas

Diffuse gas

Accretin
g gas

15 kpc

300 kpc

Outflow
s

Figure 1
A diagram of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from the IGM (blue).
Outflows emerge from the disk in pink and orange, whereas gas that was previously ejected is recycling. The diffuse gas halo in varying
tones of purple includes gas that is likely contributed by all these sources and mixed together over time. Refer to Supplemental
Figure 1 for an alternate version of the figure, which illustrates the different observing techniques we discuss in Section 3.
Abbreviations: CGM, circumgalactic medium; IGM, intergalactic medium.

time, τdep ∼ M gas/Ṁ sfr changes by only ∼2× over the factor of 30 between sub-L∗ and super-L∗

galaxies. More generally, sub-L∗ galaxies generally have extended bursty star-formation histories,
as opposed to the more continuous star formation found in more massive galaxies, suggesting
differences in how and when these galaxies acquire their star-forming fuel. As this fuel is from the
CGM, we must explain how sub-L∗ and L∗ galaxies fuel star formation for longer than their τdep.

2.1.2. What quenches galaxies, and what keeps them that way? How galaxies become and
remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b). Proposed
solutions to this problem involve controlling the gas supply, either by shutting off IGM accretion
or keeping the CGM hot enough that it cannot cool and enter the ISM. Low-mass galaxies tend
to continue forming stars unless they are a satellite of or near a more massive galaxy (Geha et al.
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How does the gas cycle between IGM, CGM and ISM?
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• HI equivalent width and covering fractions do not decrease with halo mass 
• cool gas in the halos of massive quiescent galaxies at high z
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Figure 11
Three views of the CGM and quenching. (a) A trend in Lyα equivalent width over three decades in stellar
mass from COS-Halos (Tumlinson et al. 2013) and COS-Dwarfs (Bordoloi et al. 2014a). As shown by Thom
et al. (2012), the presence of HI around red, passive galaxies indicates that their halos are not devoid of cold
gas. (b) MgII from COS-Halos and MAGIICAT (Nielsen et al. 2016). Gray points indicate upper limits.
(c) The galaxy SFR bimodality from Figure 2. Abbreviations: CGM, circumgalactic medium; SFR, star-
formation rate.

cause of quenching, even if the source of CGM heating is not yet identified. Unfortunately models
that manipulate the CGM directly cannot be tested against CGM observations, or at least, they
must be modified somehow to recover the cold gas seen in passive galaxy halos.

By contrast, models that include self-consistent subgrid treatments of feedback, whether ther-
mal (Schaye et al. 2015), mechanical (Choi et al. 2015), or a combination of thermal, mechanical,
and radiative (Vogelsberger et al. 2014), can be compared with CGM observations as tests of
their success. As an example, the mechanical feedback model implemented by Choi et al. (2015)
performed better than the standard (Springel et al. 2005, Di Matteo et al. 2008) thermal feedback
model in both suppressing galaxy formation and reducing the surface density of gas in the CGM
by factors of 3–10 at 10–100 kpc.

Suresh et al. (2017) addressed quenching using the Illustris simulations, which are tuned to the
observed M ⋆/M halo and galaxy metallicities but not the CGM. In Illustris, thermal AGN feed-
back is deposited locally, inside the galaxy, when the supermassive black hole is in its energetic
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Three views of the CGM and quenching. (a) A trend in Lyα equivalent width over three decades in stellar
mass from COS-Halos (Tumlinson et al. 2013) and COS-Dwarfs (Bordoloi et al. 2014a). As shown by Thom
et al. (2012), the presence of HI around red, passive galaxies indicates that their halos are not devoid of cold
gas. (b) MgII from COS-Halos and MAGIICAT (Nielsen et al. 2016). Gray points indicate upper limits.
(c) The galaxy SFR bimodality from Figure 2. Abbreviations: CGM, circumgalactic medium; SFR, star-
formation rate.

cause of quenching, even if the source of CGM heating is not yet identified. Unfortunately models
that manipulate the CGM directly cannot be tested against CGM observations, or at least, they
must be modified somehow to recover the cold gas seen in passive galaxy halos.

By contrast, models that include self-consistent subgrid treatments of feedback, whether ther-
mal (Schaye et al. 2015), mechanical (Choi et al. 2015), or a combination of thermal, mechanical,
and radiative (Vogelsberger et al. 2014), can be compared with CGM observations as tests of
their success. As an example, the mechanical feedback model implemented by Choi et al. (2015)
performed better than the standard (Springel et al. 2005, Di Matteo et al. 2008) thermal feedback
model in both suppressing galaxy formation and reducing the surface density of gas in the CGM
by factors of 3–10 at 10–100 kpc.

Suresh et al. (2017) addressed quenching using the Illustris simulations, which are tuned to the
observed M ⋆/M halo and galaxy metallicities but not the CGM. In Illustris, thermal AGN feed-
back is deposited locally, inside the galaxy, when the supermassive black hole is in its energetic
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Tumlinson et al. 2013, Bordoloi et al. 2014

L34 C.-A. Faucher-Giguère et al.

Figure 1. H I column density (top), gas-phase metallicity (middle) and stellar mass surface density (bottom) maps for three representative MassiveFIRE haloes
at z = 2 (from left to right: Mh(z = 2) = (2.4, 8.8, 9.9) × 1012 M⊙). The virial radius is indicated by dashed circle in each panel and solid contours indicate
Lyman limit systems. The vectors on metallicity maps indicate projected mass-weighted velocities.

appear broadly consistent with observational constraints from high-
dispersion spectra of the z ∼ 2 quasar CGM (Lau, Prochaska &
Hennawi 2015). Interestingly, the overall spatial distribution of
LLSs correlates with the spatial distribution of satellite galaxies,
indicating that satellites play an important role in shaping the H I

distribution in massive haloes. As we showed for LGB-mass haloes
in FG15, ejection of cool gas by both central and satellite galaxies
can interact with infalling large-scale structure filaments to enhance
LLS covering fractions substantially.

Fig. 2 summarizes the LLS covering fractions evaluated within
a projected virial radius for the simulations previously analysed in
FG15 and for the new MassiveFIRE haloes at z = 2 and z = 2.5. The
simulated covering fractions are compared to the average covering
fractions measured by Rudie et al. (2012) around LBGs and by
PHS13 in haloes hosting quasars over matching redshift ranges. To
facilitate the comparison of our simulated haloes with the Rudie
et al. and Prochaska et al. observational data points, we also show
averages over the LBG- and quasar-mass haloes in our simulation
sample. The open black circle averages over all haloes of mass
1011.5 ≤ Mh ≤ 1012.5 M⊙ (fcov = 0.26 ± 0.11) and the open black
star averages over all MassiveFIRE haloes (Mh ≈ 1012 − 1013 M⊙;
fcov = 0.55 ± 0.13).

Overall, we find good agreement between the simulated and
observed covering fractions for both the LBG and quasar sam-
ples, with the covering fractions increasing systematically with
increasing halo mass and from z = 2 to z = 2.5. We find much
higher covering fractions than in FG15 in our more statistically

Figure 2. Blue circles: Lyman limit system covering fractions at z = 2
(large) and z = 2.5 (small) within a projected virial radius for the simulated
haloes analysed in FG15 (HR resolution or better only). Green stars: covering
fractions at z = 2 (large) and z = 2.5 (small) for the MassiveFIRE haloes.
The open black symbols show averages over simulated LBG-mass haloes
and quasar-mass haloes with the error bars showing the standard deviations
of the simulated data points included in the averages. We compare the
simulated covering fractions to LLS measurements transverse to LBGs at
z ∼ 2−2.5 by Rudie et al. (2012) (black square) and transverse to luminous
quasars in the same redshift interval by PHS13 (black triangle).

MNRASL 461, L32–L36 (2016)

Faucher-Giguere, RF, et al. 2016, see also 
Rudie et al. 2012, Prochaska et al. 2013

How does the cold gas end up there? 
Why do galaxies quench with so much cold CGM?

z~2

Gas around massive galaxies
CGM
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ISM
Gas in massive, z~2 galaxies

•CO line emission:

•molecular gas

• rotation ladder => physical state of the gas

• kinematics, redshift

• ISM mass estimates suffer from X-factor uncertainties

• long exposure times

•RJ-tail dust continuum emission:

• fast (~minutes per galaxy with ALMA)

•possible with a single band (e.g, 850 

micron)

• negative K-correction  

=> high z as easy as low z at fixed 
band (as long as within RJ-tail)

•perfect for large scale studies
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Probing ISM masses with FIR at z~2-4 
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Liang et al. 2018

• Radiative transfer analysis of cosmological 
simulations (MassiveFIRE) 

• ISM / 850 micron conversion factor 
reproduced Submillimetre flux as a probe of molecular ISM mass L87

Figure 3. Temporal evolution of the various properties of the L850 µm-brightest MASSIVEFIRE galaxy from z = 4 to z = 2. Left: In the top panel, the normalized
Mmol, SFR, LIR, and L850 µm are shown by the blue, black, magenta, and red lines. The middle panel shows the evolution of L850µm/Mmol (violet), Tdust (blue),
and δdgr (red). The mass of the dense (red line) and diffuse (blue line) dust are shown in the lower middle panel. Starburst and quiescent phases are marked
by red and blue shaded blocks. Right: The subplot shows the trajectories of three selected galaxies on the MdustTdust versus L850µm diagram. The red line
corresponds to the L850 µm-brightest galaxy, and black and blue lines show an intermediate and a low-luminosity system. Yellow stars mark the position of
these galaxies at z = 2. L850 µm and Mmol co-evolve even during starbursts resulting in a roughly constant α850. LIR traces well the SFR.

well-constrained molecular ISM masses, and may thus provide im-
portant constraints on the physics of star formation and the gas
cycling in galaxies at high redshift.

ACKNOWLEDGEMENTS

We thank the anonymous referee for comments that help improve
the quality of this letter. We thank Onur Çatmabacak, Tine Col-
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• conversion factor works even during 
(moderate) starbursts 

• trend with 850 micron luminosity 
• trend with dust-to-gas ratio
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Gas fractions
• molecular gas fraction increases with redshift

The Astrophysical Journal, 800:20 (25pp), 2015 February 10 Genzel et al.
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Figure 7. Left panel: dependence of the CO-based molecular gas mass to stellar mass ratio, Mmol gas /M∗ = α0 J L′
CO J/M∗ (Equations (4) and (8)) as a function of

the specific star-formation rate, normalized to the main-sequence mid-line value at each redshift (from Equation (1); Whitaker et al. 2012), for the 500 galaxies from
Figure 1 with integrated CO measurements, binned in six redshift ranges from z = 0 to 3.4. Right panel: dependence of the CO-based molecular gas mass to stellar
mass ratio at the main-sequence mid-line on redshift, obtained from the zero-point offsets in slope + 0.51 linear fits in the log–log distributions in the left panel in each
redshift bin. The best linear fit has a slope of 2.71 (dashed line).
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Figure 8. Left panel: dependence of CO-based molecular gas mass to stellar mass ratio, Mmol gas/M∗ = α0 J LCO J ′/M∗ (Equations (4) and (8)) on the specific
star-formation rate normalized to the mid-line of main-sequence at each redshift (Equation (1); Whitaker et al. 2012), after removing the steep redshift dependence
with the fitting function f2(z) = 10− 1.23+2.71×log(1+z) obtained from the right panel of Figure 7. The red-dashed line is the best linear fit to the log–log distribution of
all 500 SFGs and has a slope of 0.51. Right panel: dependence of CO-based gas mass to stellar mass ratio on stellar mass, after removing the specific star-formation
rate dependence with the fitting function g2(sSFR/sSFR(ms, z, M∗) = 100.51×log(sSFR/sSFR(ms,z,M∗)) obtained from the left panel of the figure. The resulting best linear
fit has a slope of − 0.35.

(2014). Galaxies above the main sequence have larger gas
fractions but also smaller depletion timescales (or equiva-
lently, higher star-formation efficiency), in approximately
equal measure, than galaxies at or below the main sequence.
The dependence on gas fraction may reflect the time vari-
ation in the average gas supply rate from the cosmic web.
The increase in star-formation efficiency with sSFR (by a
factor of 20 from the lower envelope of the main sequence
to the star-bursting outliers above the main sequence) may
be driven by the internal properties of the star-forming inter-
stellar medium (ISM), such as the dense gas fraction (Gao
& Solomon 2004; Lada et al. 2012; Juneau et al. 2009;
Gracia-Carpio et al. 2011; Elbaz et al. 2011) in the more
compressed, cuspier SFGs above the main sequence (Wuyts
et al. 2011b; Elbaz et al. 2011). The increasing depletion
times below the main sequence, especially at high masses,
may also be a signature of suppression of the gravitational

instability by large shear velocities driving up the Toomre
Q-parameter of the ISM above the critical value (morpho-
logical quenching; Martig et al. 2009; Genzel et al. 2014;
Tacchella et al. 2015).

4. Throughout the redshift range probed, the molecular gas
to stellar mass ratios decrease as a function of stellar mass
(Mgas/M∗ ∝ M − 0.4

∗ ) but the depletion timescale does not
vary with stellar mass, which is in agreement with Tacconi
et al. (2013), Santini et al. (2014), Huang & Kauffmann
(2014), and Sargent et al. (2014). This is in contrast to the
ideal gas regular model (d(sSFR)/d(logM∗)|main sequence ∼
0; Lilly et al. 2013), for which no or only little dependence
of gas fractions on stellar mass would be expected. This
means that the dropping gas fractions of the observed SFGs
at and above the Schechter mass (log(MS/M⊙) ∼ 10.9) are
a direct consequence of the fact that the observed SFGs on
the main sequence have lower sSFRs than expected for an
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• at fixed z, gas fraction 
• increases with pos. offset from the main sequence 
• decreases with stellar mass

• many massive galaxies at high z are gas & dust rich

Gas depletion times
• decreases with increasing redshift (~(1+z)-0.6)

• decreases with increasing sSFR (relative to MS)

• does not significantly scale with mass

30 
  

 

Figure 5. Dependence of molecular depletion time, tdepl=Mmolgas/SFR on z, sSFR, M* and Re, after we 
introduce zero-point corrections for the different methods to minimize the scatter in tdepl(MS)-(1+z) 
relation (bottom left: +0.02 dex for CO, -0.22 dex for Magnelli/Genzel/Berta, -0.02 dex for Béthermin, 
+0.21 dex for Santini, -0.003 dex for Scoville 1mm. With these zero point corrections, the 1σ scatter 
around the best fitting slope (unweighted: Bt=-0.62) decreases from ±0.15 dex in the left panel of Figure 
4 to ±0.066 dex. The colored distribution marks the overall distribution of our data, and the large symbols 
the binned averages (with the same nomenclature as in Figure 4), all now zero-point adjusted. The dotted 
grey line is the global fit: A=0.09, B=-0.62. Top left: after removal of the redshift dependence (from 
above) this panel displays the dependence of the depletion time residuals perpendicular to the reference 
main-sequence line, for all data (colored distribution) and for the different binned averages separately, as 
a function of log δMS, again with the same symbols as in Figure 4. The dotted grey line is the best fit 
global fit (Ct=-0.44). Bottom right: dependence of the depletion time residuals on the MS-reference line 
(δMS=1) along the main-sequence (= as a function of logM*), after removal of the best fit, redshift trend 
(At=0.09, Bt=-0.62, Ct=-0.44). The dotted grey line is the best global fit (Dt=0.09). Symbols are the same 
as in the other panels. The various continuous lines on the left  indicate the data trends at low M*, if in the 
metallicity correction of αCO instead of equation (2), no (black), equation 31 of Bolatto et al. (2013, 
magenta), equation 7 of G15 (see Genzel et al. 2012, cyan), or equation 24 of Accurso et al. (2016) are 
chosen. Top right panel: Depletion time scale residuals as a function of the rest-frame optical (5000 Å) 
effective radius for a Sersic model, normalized by the average size of the star forming galaxy population 
at that redshift and stellar mass (van der Wel et al. 2014), after removing the redshift, sSFR and mass 
dependences (At=0.09, Bt=-0.62, Ct=-0.44, Dt=0.1). The dotted grey line is the best global fit (Et=0.11). 
Symbols are the same as in the other panels. All dashed best fit lines come from a global, multi-parameter 
fit with equation (5), weighted by the inverse squares of the uncertainty of each data point. 

 

 

Tacconi et al. 2018
Suggestive: Quenching related to gas supply

Gas in massive, z~2 galaxies
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4. Molecular Gas Masses

Both sources are significantly detected in CO(2–1) emission
(see Figure 3). We fit simple Gaussian profiles to these spectra,
which yield integrated line fluxes of 1.07± 0.05 and 0.27±
0.03 Jy km s 1- for SDSS J0912+ 1523 and SDSS J2202-0033,
respectively. At the redshifts of each source, these fluxes
correspond to line luminosities L CO¢ = 8.5± 0.4 and 1.6±
0.2×109 K km s 1- pc2, respectively.

The CO line luminosity can be converted to a molecular gas
mass using the conversion factor COa . In high-metallicity
objects, COa typically varies from 0.8» M:/(K km s 1- pc2) in
highly star-forming objects (typically gas-rich merging sys-
tems) to ≈4 M:/(K km s 1- pc2) in the Milky Way and other
normal star-forming galaxies, principally due to the escape
probability in the optically thick CO line (see Bolatto et al.
2013 for a recent review; hereafter we suppress the units
of COa ).

We estimate the value of COa using the numerical models of
Narayanan et al. (2012). These authors combined hydrodyna-
mical modeling of a variety of isolated and merging galaxies
with molecular line radiative transfer to develop a fitting
formula for COa as a function of the CO surface brightness.
SDSS J2202-0033 is not spatially resolved at the depth and
resolution of our data, which yields a lower limit on the CO
surface brightness and an upper limit on the conversion factor
of 7.0CO 1a . Our data spatially resolve SDSS J0912+ 1523;
combined with its CO luminosity, this implies COa ∼3.5. For
ease of comparison with the literature, we therefore adopt

COa = 4.0 for both of our targets.
Additionally, COa is valid and applies only to the CO(1–0)

transition, so observations of higher CO lines require a
correction factor to the ground state. Based on observations

of a wide variety of galaxies at many redshifts, the CO(2–1)/
CO(1–0) line ratio likely falls in the range 0.7–1.0 in
temperature units, where 1.0 indicates thermalized emission
(e.g., Combes et al. 2007; Dannerbauer et al. 2009; Young
et al. 2011). We assume thermalized emission in our analysis.
This is a conservative assumption, yielding a minimum
CO(1–0) line luminosity; the true values may be higher
by ≈30%.
Given these assumptions, we find molecular gas masses of

M 34.0 1.6 10gas
9= ´( ) M: for SDSS J0912+ 1523 and

M 6.4 0.8 10gas
9= ´( ) M: for SDSS J2202-0033. These

uncertainties reflect only the statistical uncertainties on the
measured CO luminosities; we stress that there are also factor
of two systematic uncertainties associated with the CO
excitation and conversion factor.
In Figure 4, we show SFR versus molecular gas mass for

SDSS J0912+ 1523 and SDSS J2202-0033. It is clear that our
observations, especially SDSS J0912+ 1523, are significantly
offset from measurements of star-forming galaxies at both low
and high redshifts. Adopting the CO size, the gas mass surface
density of SDSS J0912+ 1523 is a factor of 11 higher than

Table 1
Post-starburst Targets

ID z M* (Me) SFR (Me yr−1) Aperture Correction LCO (K km s−1 pc2) Mgas (Me)

SDSS J0912+ 1523 0.747 (1.7 ± 0.3)×1011 2.1± 0.8 1.13± 0.01 8.5± 0.4 (34.0 ± 1.6)×109

SDSS J2202-0033 0.657 (1.5 ± 0.2)×1011 1.4± 0.6 1.11± 0.01 1.6± 0.2 (6.4 ± 0.8)×109

Note. Errors in M* are dominated by systematics, which we estimated by varying the model library, star formation history, and dust law in the stellar population fits.

Figure 3. Left: ALMA CO(2–1) spectra for each target. The blue line shows
the best-fit Gaussian used to extract the total line flux. Right: integrated line
images for each target. The white oval shows the ALMA beam.

Figure 4. SFR as a function of molecular gas mass for SDSS J2202-0033 and
SDSS J0912+ 1523 (red stars) as well as comparison samples. Blue squares
indicate the French et al. (2015) low-redshift “K+ A” post-starburst galaxies;
all SFRs are upper limits due to possible LINER emission. Dark gray points are
star-forming galaxies from PHIBSS at z∼1.2. Gray diamonds are normal
galaxies from COLDGASS, gray circles are from ATLAS-3D, and gray
triangles are from MASSIVE. The orange pentagon is an “active” post-
starburst galaxy identified in Sell et al. (2014), with a gas mass measured by
Geach et al. (2013). All have been normalized to COa = 4. SDSS J0912+ 1523
and SDSS J2202-0033 are clearly offset from star-forming galaxies at both
z∼0 and z∼1.2.
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Gas in massive post-starburst galaxies at z~0.7

Suess et al. 2017, see also Hunt et al. 2018

• M* ~ 2 x 1011 M☉ 
• Mgas: CO(2-1), αCO = 4, 1.0 line ratio 
• log Mgas: 9.8, 10.5 
• SFR from [OII]

Obscured SF?

Quenching with plenty of 
molecular gas?
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Summary

•Massive galaxies: formation & growth central to galaxy theory

•Major unsolved problems:

•Complex physics: gas, star formation, BH growth

Why large diversity at high z?

•Much of the action happens early on (z~2 and above)

Quiescent and SF galaxies different or a continuum?

Why is peak epoch of SF also time of quenching?

Cold CGM around massive, quiescent galaxies

Cold ISM in massive, post-starburst galaxies


