
Louis Abramson｜UChicago // KICP

Mike Gladders 
Alan Dressler 
Gus Oemler 

Bianca Poggianti 
Dan Kelson

Assessing Diversity in 
Galaxy Star Formation Histories
From Constraining to Understanding Galaxy Growth



Louis Abramson UCDavis 12 Feb. 2015

My “Big Questions”
• How diverse are galaxy star formation histories? 
 
 



Louis Abramson UCDavis 12 Feb. 2015

My “Big Questions”
• How diverse are galaxy star formation histories? 
 
  How many ways can a galaxy reach a given 

stellar mass and star formation rate?



Louis Abramson UCDavis 12 Feb. 2015

My “Big Questions”
• How diverse are galaxy star formation histories? 
 
 

• What mechanisms drive this diversity? 

- Or homogeneity…

How many ways can a galaxy reach a given 
stellar mass and star formation rate?



Louis Abramson UCDavis 12 Feb. 2015

My “Big Questions”
• How diverse are galaxy star formation histories? 
 
 

• What mechanisms drive this diversity? 

- Or homogeneity…

• Which frameworks/observations are most 
illuminating?

How many ways can a galaxy reach a given 
stellar mass and star formation rate?
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els used in this paper (e.g., Gallart et al. 2005). Similarly,
the Padova RGB is often too blue compared to observa-
tions, which can result in a mismatch between photo-
metric and spectroscopic metallicities, as discussed, for
example, in Weisz et al. (2012). In the case of Leo T,
the model RGB matches the data reasonably well, but
does so with a higher mean metallicity ([M/H] = �1.7)
than the spectroscopic mean metallicity of [Fe/H] ⇠ �2.3
(e.g., Simon & Geha 2007). Both issues may be alleviated
by newer models (e.g., Bressan et al. 2012; VandenBerg
et al. 2012; Paxton et al. 2013), but this hypothesis re-
mains largely untested at the present. However, aside
from the Padova models with low metallicity AGB up-
dates in Girardi et al. (2010), there are no other stellar
evolution libraries that include the entire range of mass,
metallicity, and evolutionary phases needed to analyze a
diverse collection of galaxies such as the LG dwarfs.
Leo T’s cumulative SFH, i.e., the fraction of total stel-

lar mass formed prior to a given epoch, is shown in panel
(d). The black line represents the best fit SFH and the
error envelopes reflect the 68% confidence interval of ran-
dom uncertainties (yellow) and the total uncertainties
(random plus systematic; grey), as described in §3.3. The
cumulative SFHs provide a convenient way to compare
galaxies whose absolute SFHs and stellar masses are or-
ders of magnitude apart. Cumulative SFHs also mini-
mize many of the issues that a↵ect interpreting absolute
SFHs, e.g., interpreting covariant SFRs in adjacent time
bins and defining an appropriate time resolution (e.g.,
Harris & Zaritsky 2001; Dolphin 2002; McQuinn et al.
2010b).
We inspected the fits for every field using the same

diagnostics as in Figure 4. Overall, we found the fits to
be satisfactory, with similar caveats to those listed above
(e.g., systematic mismatches in the RC and o↵sets in
the helium burning sequences in star-forming galaxies,
and higher mean metallicities than those derived from
spectroscopy).

3.5. The Anomalous Star Formation Histories of Cetus
and And VII

Despite the satisfactory quality of the fits, two of our
galaxies (And VII and Cetus) appeared to have unreal-
istically precise systematic uncertainties given their ex-
tremely shallow CMDs. In this section, we discuss the
causes of the overly precise uncertainties and discuss the
implications for our ensemble of SFHs.
The CMDs of these two galaxies are shallow enough

to exclude age sensitive features such as the HB or RC.
Additionally, as early type galaxies, they have no young
stellar sequences. Therefore, measurement of their SFHs
relied exclusively on the RGB and Thermally Pulsating-
AGB (TP-AGB) populations. We have found that the
Padua isochrones downloaded from the CMD web tool11

included as few as two TP-AGB points brighter than the
TRGB, introducing artifacts above the TRGB into the
synthetic CMD models. These artifacts were minimized
for the oldest populations, causing MATCH to prefer to use
the oldest populations when fitting these CMDs. Because
AndVII and Cetus are the only early type galaxies in our
sample that have such shallow CMDs, their SFHs were
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Figure 5. The e↵ects of TP-AGB models on SFH measurements.
The solid black lines are SFHs measured with the Padova models and
the dashed lines are measured with the Dartmouth models. The yel-
low and grey envelopes reflect the 16th and 84th confidence intervals
of the random and total (random plus systematic) uncertainties in the
Padova SFHs. The colored dots in each panel indicate the approxi-
mate age of the oldest MSTO on each CMD, and are color-coded by
morphological type (dSph, red; dIrr, blue). The SFHs of And VII and
Cetus have overly precise uncertainties given their extremely shallow
CMDs due to artifacts in the TG-AGB models. A comparison with
the Dartmouth solutions demonstrates what the true amplitude of the
uncertainties should be. The TP-AGB artifacts only a↵ect CMDs of
early type galaxies where the age leverage comes entirely from the RGB
and TP-AGB. Galaxies with moderately deep CMDs (e.g., And II, Tu-
cana) or extremely deep CMDs (e.g., Carina, Draco) do not su↵er from
this problem. Likewise, star-forming galaxies with extremely shallow
CMDs (e.g., Sag DIG, Sex B) show appropriately sized uncertainties.
In our sample, only And VII and Cetus are a↵ected by this issue. The
remaining 95% have appropriately sized uncertainties given their CMD
depths. See §3.5 for further discussion.

therefore measured to be dominated by ancient stars to
an unrealistically high precision.
To illustrate our concerns with these galaxies, we plot

their SFHs in the top two panels Figure 5. For com-
parison, we have also measured their SFHs using the
Dartmouth models (dashed lines). Here, we see that
the Padova and Dartmouth SFHs of And VII and Ce-
tus are not consistent within uncertainties, because the
uncertainties are significantly underestimated for reasons

6 Weisz et al.

Figure 3. CMDs of all fields analyzed in this paper, sorted by the increasing absolute V-band magnitude. The field names are color-coded
by a galaxy’s association with the MW (black), M31 (red), or the field (blue). Given the heterogeneity in filter sets, we have indicated only
a canonical color and reddest available magnitude on the x and y axes, respectively. The specific filter combinations are listed in Table
2. All galaxies associated with the MW have CMDs that extend below the oldest MSTO. However, only two field galaxies (Phoenix and
Leo T) and no galaxies associated with M31 have comparably deep CMDs.

(e.g., Leo II, Phoenix, Carina, LGS 3), whereas in others
(e.g., Draco, Sculptor) these populations are thought to
be older blue stragglers (e.g., Mapelli et al. 2007; Mo-
many et al. 2007; Mapelli et al. 2009; Monelli et al. 2012;
Sand et al. 2010; Santana et al. 2013). The dIrrs in this
luminosity range (e.g., Leo A, Sag DIG) show clear young
blue plume populations.
Finally, the most luminous systems in our sample (i.e.,

brighter than WLM) are either dEs associated with the
M31 subgroup or dIrrs. The CMD morphologies of the
most luminous dIrrs are similar to those in the interme-
diate luminosity range, only with more strongly popu-
lated sequences. However, the dEs have no clear analogs
among lower luminosity systems. While they appear to
be predominantly old like dSphs, the dEs have very broad
and red RGBs, indicative of high metallicites and/or mul-

tiple generations of star formation over their lifetimes.
The luminous dIrrs and dEs have CMDs that typically
do not extend more than a magnitude below the HB,
chiefly because of their large distances and high surface
brightnesses, both of which increase crowding e↵ects.

3. ANALYSIS

3.1. Measuring the Star Formation Histories

We measured the SFH of each field using the max-
imum likelihood CMD fitting routine, MATCH (Dolphin
2002). Briefly, MATCH works as follows: it accepts a range
of input parameters (e.g., IMF slope, binary fraction,
age and metallicity bin widths), uses these parameters
to construct synthetic CMDs of simple stellar popula-
tions (SSPs), and then linearly combines them with a
model foreground CMD to form a composite model CMD
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(e.g., Leo II, Phoenix, Carina, LGS 3), whereas in others
(e.g., Draco, Sculptor) these populations are thought to
be older blue stragglers (e.g., Mapelli et al. 2007; Mo-
many et al. 2007; Mapelli et al. 2009; Monelli et al. 2012;
Sand et al. 2010; Santana et al. 2013). The dIrrs in this
luminosity range (e.g., Leo A, Sag DIG) show clear young
blue plume populations.
Finally, the most luminous systems in our sample (i.e.,

brighter than WLM) are either dEs associated with the
M31 subgroup or dIrrs. The CMD morphologies of the
most luminous dIrrs are similar to those in the interme-
diate luminosity range, only with more strongly popu-
lated sequences. However, the dEs have no clear analogs
among lower luminosity systems. While they appear to
be predominantly old like dSphs, the dEs have very broad
and red RGBs, indicative of high metallicites and/or mul-

tiple generations of star formation over their lifetimes.
The luminous dIrrs and dEs have CMDs that typically
do not extend more than a magnitude below the HB,
chiefly because of their large distances and high surface
brightnesses, both of which increase crowding e↵ects.

3. ANALYSIS

3.1. Measuring the Star Formation Histories

We measured the SFH of each field using the max-
imum likelihood CMD fitting routine, MATCH (Dolphin
2002). Briefly, MATCH works as follows: it accepts a range
of input parameters (e.g., IMF slope, binary fraction,
age and metallicity bin widths), uses these parameters
to construct synthetic CMDs of simple stellar popula-
tions (SSPs), and then linearly combines them with a
model foreground CMD to form a composite model CMD
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High-z anchors
• At z > 0, three ensemble metrics constrain SFHs.

1. Cosmic SFR density

Observational Probes
•  Three ensemble observables:

1)  Cosmic SFR Density
•  “Madau Plot”
•  Stellar mass creation across time.

2)  The Stellar Mass Function
•  Stellar mass distribution at fixed time.
•  Stellar mass demography across time.

3)  The SFR—Mstel relation
•  SFR “Main Sequence”
•  Productivity of galaxies at fixed time.
•  Productivity of mass bins across time.

Updated 24 Aug. 2014 for Web Carnegie Lunch Talk, 7 March 2014
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★ Total SF across time / SFH of the Universe.

Cosmic SFRD

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

lo
g(

 S
FR

D
 )

lookback time [Gyr]
M

adau & D
ickinson ‘14

redshiftToday
Deep past

Louis Abramson UCDavis 12 Feb. 2015



Louis Abramson UCDavis 12 Feb. 2015

High-z anchors
• At z > 0, three ensemble metrics constrain SFHs.

1. Cosmic SFR density

Observational Probes
•  Three ensemble observables:

1)  Cosmic SFR Density
•  “Madau Plot”
•  Stellar mass creation across time.

2)  The Stellar Mass Function
•  Stellar mass distribution at fixed time.
•  Stellar mass demography across time.

3)  The SFR—Mstel relation
•  SFR “Main Sequence”
•  Productivity of galaxies at fixed time.
•  Productivity of mass bins across time.

Updated 24 Aug. 2014 for Web Carnegie Lunch Talk, 7 March 2014

!me$

ρ(
SF
R)
$

mass$

ρ(
m
as
s)
$

mass$
SF
R$

Total SFH of the Universe.



Louis Abramson UCDavis 12 Feb. 2015

High-z anchors
• At z > 0, three ensemble metrics constrain SFHs.

1. Cosmic SFR density

2. Stellar mass functions

Observational Probes
•  Three ensemble observables:

1)  Cosmic SFR Density
•  “Madau Plot”
•  Stellar mass creation across time.

2)  The Stellar Mass Function
•  Stellar mass distribution at fixed time.
•  Stellar mass demography across time.
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Stellar mass functions
• Mass distributions at fixed time. 

★Mass-bin evolution/demographics across time.
6

Fig. 6.— Stellar mass functions in sequential redshift bins for all (black), star-forming (blue) and quiescent (red) galaxies. Open symbols
correspond to data below each subsample’s respective mass-completeness limit. We have used data from NMBS to supplement the high-mass
end of each SMF down to the limits indicated by the orange arrows. Best-fit Schechter functions to the total SMF are plotted as black lines.
Even as far as z ∼ 2 the total SMF exhibits a low-mass upturn. Furthermore, we show a clear decline in the quiescent SMF below M∗ towards
high-z, which cannot be attributed to incompleteness.

Φ(M)dM = ln(10) Φ∗
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exp(−10(M−M∗))dM

(3)
where againM = Log(M/M⊙), α is the slope of the power-
law at low masses, Φ∗ is the normalization and M∗ is the
characteristic mass. The double-Schechter function is de-
fined as:

Φ(M)dM = Φ1(M)dM + Φ2(M)dM

= ln(10) exp
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where again M = Log(M/M⊙), (α1, α2) are the slopes
and (Φ∗

1, Φ∗
2) are the normalizations of the constituent

Schechter functions respectively, and M∗ again is the char-
acteristic mass. Note that one value forM∗ is used for both
constituents in the double-Schechter function. This func-
tional form of the double-Schechter function is the same
as in Baldry et al. (2008).
Recent measurements of the total SMF at z < 1

have revealed an excess of galaxies at stellar masses
below 1010M⊙, causing a steepening in the slope (e.g.
Baldry et al. 2008; Li & White 2009; Drory et al. 2009;
Pozzetti et al. 2010; Moustakas et al. 2013; Muzzin et al.
2013). We fit each of our mass functions with both single-
and double-Schechter functions. We show best-fit parame-
ters as well as reduced chi-squared values for each in tables
2 and 3. From the reduced chi-squared values we find that

the total SMF is much better fit by a double-Schechter
function at z ≤ 2. At z > 2 we find that a single-Schechter
function is sufficient, however this may be because we do
not go deep enough to detect significant structure at low
masses. This is clearly shown in Figure 7 where we plot the
residuals of both single- and double-Schechter fits to the
total SMF. Due to the complex shape of the SMF, a single-
Schechter function is unable to reproduce the behavior at
both low and high masses. The non-random structure evi-
dent in the residuals shows that a single-Schechter function
is not sufficient out to at least z ∼ 2. This residual struc-
ture is present even if the NMBS data is excluded from the
calculation, proving that the steepening of the low-mass
slope is not caused by a systematic offset between the sur-
veys we use. In fact there is evidence for a steepening in
each of the three ZFOURGE fields independently.
In Figure 6 we find a rapid increase in the low-mass end

of the SMF of quiescent galaxies since z = 2. We cal-
culate greater than a factor of 10 increase in the number
of quiescent galaxies at stellar masses < 1010M⊙. Since
the expected source of low-mass quiescent galaxies is low-
mass star-forming galaxies that have become quenched,
this leads to the question of what is/are the dominant
quenching process/processes for low-mass galaxies. This
effect could be the result of a growing population of low-
mass galaxies being accreted onto larger halos and hav-
ing their star-formation quenched in the process. Several
studies have suggested that environmental processes be-
come increasingly important in the quenching of star for-
mation at low masses (e.g. Hogg et al. 2003; Peng et al.
2010; Geha et al. 2012; Quadri et al. 2012), implying that
the differential buildup in the quiescent SMF is at least
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Stellar mass functions
• Mass distributions at fixed time. 

★Mass-bin evolution/demographics across time.
6

Fig. 6.— Stellar mass functions in sequential redshift bins for all (black), star-forming (blue) and quiescent (red) galaxies. Open symbols
correspond to data below each subsample’s respective mass-completeness limit. We have used data from NMBS to supplement the high-mass
end of each SMF down to the limits indicated by the orange arrows. Best-fit Schechter functions to the total SMF are plotted as black lines.
Even as far as z ∼ 2 the total SMF exhibits a low-mass upturn. Furthermore, we show a clear decline in the quiescent SMF below M∗ towards
high-z, which cannot be attributed to incompleteness.

Φ(M)dM = ln(10) Φ∗
!

10(M−M∗)(1+α)
"

exp(−10(M−M∗))dM

(3)
where againM = Log(M/M⊙), α is the slope of the power-
law at low masses, Φ∗ is the normalization and M∗ is the
characteristic mass. The double-Schechter function is de-
fined as:

Φ(M)dM = Φ1(M)dM + Φ2(M)dM

= ln(10) exp
#

−10(M−M∗)
$

10(M−M∗)

×

!

Φ∗
110

(M−M∗)α1 + Φ∗
210

(M−M∗)α2

"

dM

(4)

where again M = Log(M/M⊙), (α1, α2) are the slopes
and (Φ∗

1, Φ∗
2) are the normalizations of the constituent

Schechter functions respectively, and M∗ again is the char-
acteristic mass. Note that one value forM∗ is used for both
constituents in the double-Schechter function. This func-
tional form of the double-Schechter function is the same
as in Baldry et al. (2008).
Recent measurements of the total SMF at z < 1

have revealed an excess of galaxies at stellar masses
below 1010M⊙, causing a steepening in the slope (e.g.
Baldry et al. 2008; Li & White 2009; Drory et al. 2009;
Pozzetti et al. 2010; Moustakas et al. 2013; Muzzin et al.
2013). We fit each of our mass functions with both single-
and double-Schechter functions. We show best-fit parame-
ters as well as reduced chi-squared values for each in tables
2 and 3. From the reduced chi-squared values we find that

the total SMF is much better fit by a double-Schechter
function at z ≤ 2. At z > 2 we find that a single-Schechter
function is sufficient, however this may be because we do
not go deep enough to detect significant structure at low
masses. This is clearly shown in Figure 7 where we plot the
residuals of both single- and double-Schechter fits to the
total SMF. Due to the complex shape of the SMF, a single-
Schechter function is unable to reproduce the behavior at
both low and high masses. The non-random structure evi-
dent in the residuals shows that a single-Schechter function
is not sufficient out to at least z ∼ 2. This residual struc-
ture is present even if the NMBS data is excluded from the
calculation, proving that the steepening of the low-mass
slope is not caused by a systematic offset between the sur-
veys we use. In fact there is evidence for a steepening in
each of the three ZFOURGE fields independently.
In Figure 6 we find a rapid increase in the low-mass end

of the SMF of quiescent galaxies since z = 2. We cal-
culate greater than a factor of 10 increase in the number
of quiescent galaxies at stellar masses < 1010M⊙. Since
the expected source of low-mass quiescent galaxies is low-
mass star-forming galaxies that have become quenched,
this leads to the question of what is/are the dominant
quenching process/processes for low-mass galaxies. This
effect could be the result of a growing population of low-
mass galaxies being accreted onto larger halos and hav-
ing their star-formation quenched in the process. Several
studies have suggested that environmental processes be-
come increasingly important in the quenching of star for-
mation at low masses (e.g. Hogg et al. 2003; Peng et al.
2010; Geha et al. 2012; Quadri et al. 2012), implying that
the differential buildup in the quiescent SMF is at least
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High-z anchors
• At z > 0, three ensemble metrics constrain SFHs.

1. Cosmic SFR density

2. Stellar mass functions

Observational Probes
•  Three ensemble observables:

1)  Cosmic SFR Density
•  “Madau Plot”
•  Stellar mass creation across time.

2)  The Stellar Mass Function
•  Stellar mass distribution at fixed time.
•  Stellar mass demography across time.

3)  The SFR—Mstel relation
•  SFR “Main Sequence”
•  Productivity of galaxies at fixed time.
•  Productivity of mass bins across time.
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SF “Main Sequence”
• Galaxy productivity at fixed time.
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through time.
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Figure 1. The relationship between SFR and stellar mass for star-forming SDSS galaxies in the low-density D1 quartile (left) and high-density D4 quartile (right). The
three almost indistinguishable lines, reproduced on both panels, show the fitted relation for all galaxies, and for those in the D1 and D4 density quartiles. Star-forming
galaxies have an sSFR that varies only very weakly with mass and is independent of environment.
(A color version of this figure is available in the online journal.)

The SFR for the SDSS blue star-forming galaxies was taken
from Brinchmann et al. (2004, hereafter B04). These are based
on the Hα emission line luminosities, corrected for extinction
using the Hα/Hβ ratio, and corrected for aperture effects. The
B04 SFR was computed for a Kroupa IMF and so we convert
these to a Chabrier IMF, by using log SFR (Chabrier) = log
SFR (Kroupa) − 0.04.

2.2.3. Construction of the Density Field

We have computed a comoving density ρ and an over-density
δ for all galaxies in the SDSS sample in as similar a way as we
can to the zCOSMOS approach that we described above. We use
the same volume-limited tracer population of MB, AB ! −19.3
– z, and compute the “unity-weighted” 5NN density field over
the redshift range 0.02 ! z ! 0.085, checking that there is little
difference with the density field that would be obtained using
the stronger evolution −1.6z preferred by Blanton et al. (2003).
We again use projected densities in cylinders corresponding to
an interval of ±1000 km s−1. Since the effect of incomplete
spatial sampling is small (only ∼10% of the SDSS targets
are missed from the spectroscopy sample), we simply use the
spectroscopic sample as the tracers, weighted by 1/TSR instead
of applying the more complex ZADE approach, described
above, that we developed for zCOSMOS. We also assume
that the spectroscopic completeness is independent of galaxy
properties in SDSS. Edge effects are treated in the same way as
in zCOSMOS, but are anyway minimized by only considering
objects with f > 0.9, where f is the fraction of the adopted
aperture to estimate the local density that lies within the survey
region (see K10).

For consistency with Bolzonella et al. (2009), we define the
quartiles of the environmental density using the distribution of
densities of galaxies above 1010.5 M⊙.

3. STAR FORMATION

Star formation represents the build-up of the visible (stellar)
component of galaxies. In this section, we first briefly review

the strong uniformities in star formation that have emerged from
recent studies of large numbers of galaxies, both locally and
at high redshifts. We then examine how these relations vary
with environment, before considering the mass function of star-
forming galaxies and its evolution with epoch.

3.1. Star Formation Rates and Stellar Mass

Several recent studies have emphasized the close relationship
between the star formation rates of galaxies and their existing
stellar mass, m, conveniently parameterized as the specific star
formation rate, sSFR, defined as sSFR = SFR/m. In local SDSS
samples, Salim et al. (2007) and Elbaz et al. (2007) have shown
the existence of a tight “main sequence” of star-forming galaxies
in which the sSFR is approximately constant over more than
two decades of stellar mass, with a dispersion of only 0.3 dex
about the mean relation. The relationship that is derived from
the stellar masses and Hα-derived star formation rates of B04
is shown in Figure 1 for blue star-forming galaxies. The ridge
line of this SDSS relation has the following relation log sSFR =
−10.0 – 0.1 (log m – 10.0) indicating only a weak dependence
of sSFR on mass, i.e., sSFR ∝ mβ with β = −0.1. Naturally,
the inverse of the sSFR defines a timescale for the formation
of the stellar population of a galaxy, τ = sSFR−1. In the local
universe, this is of order 10 Gyr, i.e., comparable to the Hubble
time.

This uniformity in the sSFR in “normal” star-forming galaxies
is a striking feature of the galaxy population. It clearly, how-
ever, does not extend to the Ultra Luminous Infrared Galaxies
(ULIRGs) which exhibit highly elevated star formation rates of
100 M⊙ yr−1 or greater (Sanders & Mirabel 1996) in galaxies
within the same range of stellar mass of normal galaxies. How-
ever, the ULIRGs are believed to be associated with rare major
mergers (Sanders et al. 1988; Sanders & Mirabel 1996) and con-
sequently distinct star formation processes. Although ULIRGs
lie off the main sequence, their effect is in fact automatically
incorporated into our analysis (as argued in Section 7.3 below)
and their effect does not need to be considered separately.
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Figure 1. The relationship between SFR and stellar mass for star-forming SDSS galaxies in the low-density D1 quartile (left) and high-density D4 quartile (right). The
three almost indistinguishable lines, reproduced on both panels, show the fitted relation for all galaxies, and for those in the D1 and D4 density quartiles. Star-forming
galaxies have an sSFR that varies only very weakly with mass and is independent of environment.
(A color version of this figure is available in the online journal.)

The SFR for the SDSS blue star-forming galaxies was taken
from Brinchmann et al. (2004, hereafter B04). These are based
on the Hα emission line luminosities, corrected for extinction
using the Hα/Hβ ratio, and corrected for aperture effects. The
B04 SFR was computed for a Kroupa IMF and so we convert
these to a Chabrier IMF, by using log SFR (Chabrier) = log
SFR (Kroupa) − 0.04.

2.2.3. Construction of the Density Field

We have computed a comoving density ρ and an over-density
δ for all galaxies in the SDSS sample in as similar a way as we
can to the zCOSMOS approach that we described above. We use
the same volume-limited tracer population of MB, AB ! −19.3
– z, and compute the “unity-weighted” 5NN density field over
the redshift range 0.02 ! z ! 0.085, checking that there is little
difference with the density field that would be obtained using
the stronger evolution −1.6z preferred by Blanton et al. (2003).
We again use projected densities in cylinders corresponding to
an interval of ±1000 km s−1. Since the effect of incomplete
spatial sampling is small (only ∼10% of the SDSS targets
are missed from the spectroscopy sample), we simply use the
spectroscopic sample as the tracers, weighted by 1/TSR instead
of applying the more complex ZADE approach, described
above, that we developed for zCOSMOS. We also assume
that the spectroscopic completeness is independent of galaxy
properties in SDSS. Edge effects are treated in the same way as
in zCOSMOS, but are anyway minimized by only considering
objects with f > 0.9, where f is the fraction of the adopted
aperture to estimate the local density that lies within the survey
region (see K10).

For consistency with Bolzonella et al. (2009), we define the
quartiles of the environmental density using the distribution of
densities of galaxies above 1010.5 M⊙.

3. STAR FORMATION

Star formation represents the build-up of the visible (stellar)
component of galaxies. In this section, we first briefly review

the strong uniformities in star formation that have emerged from
recent studies of large numbers of galaxies, both locally and
at high redshifts. We then examine how these relations vary
with environment, before considering the mass function of star-
forming galaxies and its evolution with epoch.

3.1. Star Formation Rates and Stellar Mass

Several recent studies have emphasized the close relationship
between the star formation rates of galaxies and their existing
stellar mass, m, conveniently parameterized as the specific star
formation rate, sSFR, defined as sSFR = SFR/m. In local SDSS
samples, Salim et al. (2007) and Elbaz et al. (2007) have shown
the existence of a tight “main sequence” of star-forming galaxies
in which the sSFR is approximately constant over more than
two decades of stellar mass, with a dispersion of only 0.3 dex
about the mean relation. The relationship that is derived from
the stellar masses and Hα-derived star formation rates of B04
is shown in Figure 1 for blue star-forming galaxies. The ridge
line of this SDSS relation has the following relation log sSFR =
−10.0 – 0.1 (log m – 10.0) indicating only a weak dependence
of sSFR on mass, i.e., sSFR ∝ mβ with β = −0.1. Naturally,
the inverse of the sSFR defines a timescale for the formation
of the stellar population of a galaxy, τ = sSFR−1. In the local
universe, this is of order 10 Gyr, i.e., comparable to the Hubble
time.

This uniformity in the sSFR in “normal” star-forming galaxies
is a striking feature of the galaxy population. It clearly, how-
ever, does not extend to the Ultra Luminous Infrared Galaxies
(ULIRGs) which exhibit highly elevated star formation rates of
100 M⊙ yr−1 or greater (Sanders & Mirabel 1996) in galaxies
within the same range of stellar mass of normal galaxies. How-
ever, the ULIRGs are believed to be associated with rare major
mergers (Sanders et al. 1988; Sanders & Mirabel 1996) and con-
sequently distinct star formation processes. Although ULIRGs
lie off the main sequence, their effect is in fact automatically
incorporated into our analysis (as argued in Section 7.3 below)
and their effect does not need to be considered separately.
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Figure 1. The relationship between SFR and stellar mass for star-forming SDSS galaxies in the low-density D1 quartile (left) and high-density D4 quartile (right). The
three almost indistinguishable lines, reproduced on both panels, show the fitted relation for all galaxies, and for those in the D1 and D4 density quartiles. Star-forming
galaxies have an sSFR that varies only very weakly with mass and is independent of environment.
(A color version of this figure is available in the online journal.)

The SFR for the SDSS blue star-forming galaxies was taken
from Brinchmann et al. (2004, hereafter B04). These are based
on the Hα emission line luminosities, corrected for extinction
using the Hα/Hβ ratio, and corrected for aperture effects. The
B04 SFR was computed for a Kroupa IMF and so we convert
these to a Chabrier IMF, by using log SFR (Chabrier) = log
SFR (Kroupa) − 0.04.

2.2.3. Construction of the Density Field

We have computed a comoving density ρ and an over-density
δ for all galaxies in the SDSS sample in as similar a way as we
can to the zCOSMOS approach that we described above. We use
the same volume-limited tracer population of MB, AB ! −19.3
– z, and compute the “unity-weighted” 5NN density field over
the redshift range 0.02 ! z ! 0.085, checking that there is little
difference with the density field that would be obtained using
the stronger evolution −1.6z preferred by Blanton et al. (2003).
We again use projected densities in cylinders corresponding to
an interval of ±1000 km s−1. Since the effect of incomplete
spatial sampling is small (only ∼10% of the SDSS targets
are missed from the spectroscopy sample), we simply use the
spectroscopic sample as the tracers, weighted by 1/TSR instead
of applying the more complex ZADE approach, described
above, that we developed for zCOSMOS. We also assume
that the spectroscopic completeness is independent of galaxy
properties in SDSS. Edge effects are treated in the same way as
in zCOSMOS, but are anyway minimized by only considering
objects with f > 0.9, where f is the fraction of the adopted
aperture to estimate the local density that lies within the survey
region (see K10).

For consistency with Bolzonella et al. (2009), we define the
quartiles of the environmental density using the distribution of
densities of galaxies above 1010.5 M⊙.

3. STAR FORMATION

Star formation represents the build-up of the visible (stellar)
component of galaxies. In this section, we first briefly review

the strong uniformities in star formation that have emerged from
recent studies of large numbers of galaxies, both locally and
at high redshifts. We then examine how these relations vary
with environment, before considering the mass function of star-
forming galaxies and its evolution with epoch.

3.1. Star Formation Rates and Stellar Mass

Several recent studies have emphasized the close relationship
between the star formation rates of galaxies and their existing
stellar mass, m, conveniently parameterized as the specific star
formation rate, sSFR, defined as sSFR = SFR/m. In local SDSS
samples, Salim et al. (2007) and Elbaz et al. (2007) have shown
the existence of a tight “main sequence” of star-forming galaxies
in which the sSFR is approximately constant over more than
two decades of stellar mass, with a dispersion of only 0.3 dex
about the mean relation. The relationship that is derived from
the stellar masses and Hα-derived star formation rates of B04
is shown in Figure 1 for blue star-forming galaxies. The ridge
line of this SDSS relation has the following relation log sSFR =
−10.0 – 0.1 (log m – 10.0) indicating only a weak dependence
of sSFR on mass, i.e., sSFR ∝ mβ with β = −0.1. Naturally,
the inverse of the sSFR defines a timescale for the formation
of the stellar population of a galaxy, τ = sSFR−1. In the local
universe, this is of order 10 Gyr, i.e., comparable to the Hubble
time.

This uniformity in the sSFR in “normal” star-forming galaxies
is a striking feature of the galaxy population. It clearly, how-
ever, does not extend to the Ultra Luminous Infrared Galaxies
(ULIRGs) which exhibit highly elevated star formation rates of
100 M⊙ yr−1 or greater (Sanders & Mirabel 1996) in galaxies
within the same range of stellar mass of normal galaxies. How-
ever, the ULIRGs are believed to be associated with rare major
mergers (Sanders et al. 1988; Sanders & Mirabel 1996) and con-
sequently distinct star formation processes. Although ULIRGs
lie off the main sequence, their effect is in fact automatically
incorporated into our analysis (as argued in Section 7.3 below)
and their effect does not need to be considered separately.
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Figure 1. The relationship between SFR and stellar mass for star-forming SDSS galaxies in the low-density D1 quartile (left) and high-density D4 quartile (right). The
three almost indistinguishable lines, reproduced on both panels, show the fitted relation for all galaxies, and for those in the D1 and D4 density quartiles. Star-forming
galaxies have an sSFR that varies only very weakly with mass and is independent of environment.
(A color version of this figure is available in the online journal.)

The SFR for the SDSS blue star-forming galaxies was taken
from Brinchmann et al. (2004, hereafter B04). These are based
on the Hα emission line luminosities, corrected for extinction
using the Hα/Hβ ratio, and corrected for aperture effects. The
B04 SFR was computed for a Kroupa IMF and so we convert
these to a Chabrier IMF, by using log SFR (Chabrier) = log
SFR (Kroupa) − 0.04.

2.2.3. Construction of the Density Field

We have computed a comoving density ρ and an over-density
δ for all galaxies in the SDSS sample in as similar a way as we
can to the zCOSMOS approach that we described above. We use
the same volume-limited tracer population of MB, AB ! −19.3
– z, and compute the “unity-weighted” 5NN density field over
the redshift range 0.02 ! z ! 0.085, checking that there is little
difference with the density field that would be obtained using
the stronger evolution −1.6z preferred by Blanton et al. (2003).
We again use projected densities in cylinders corresponding to
an interval of ±1000 km s−1. Since the effect of incomplete
spatial sampling is small (only ∼10% of the SDSS targets
are missed from the spectroscopy sample), we simply use the
spectroscopic sample as the tracers, weighted by 1/TSR instead
of applying the more complex ZADE approach, described
above, that we developed for zCOSMOS. We also assume
that the spectroscopic completeness is independent of galaxy
properties in SDSS. Edge effects are treated in the same way as
in zCOSMOS, but are anyway minimized by only considering
objects with f > 0.9, where f is the fraction of the adopted
aperture to estimate the local density that lies within the survey
region (see K10).

For consistency with Bolzonella et al. (2009), we define the
quartiles of the environmental density using the distribution of
densities of galaxies above 1010.5 M⊙.

3. STAR FORMATION

Star formation represents the build-up of the visible (stellar)
component of galaxies. In this section, we first briefly review

the strong uniformities in star formation that have emerged from
recent studies of large numbers of galaxies, both locally and
at high redshifts. We then examine how these relations vary
with environment, before considering the mass function of star-
forming galaxies and its evolution with epoch.

3.1. Star Formation Rates and Stellar Mass

Several recent studies have emphasized the close relationship
between the star formation rates of galaxies and their existing
stellar mass, m, conveniently parameterized as the specific star
formation rate, sSFR, defined as sSFR = SFR/m. In local SDSS
samples, Salim et al. (2007) and Elbaz et al. (2007) have shown
the existence of a tight “main sequence” of star-forming galaxies
in which the sSFR is approximately constant over more than
two decades of stellar mass, with a dispersion of only 0.3 dex
about the mean relation. The relationship that is derived from
the stellar masses and Hα-derived star formation rates of B04
is shown in Figure 1 for blue star-forming galaxies. The ridge
line of this SDSS relation has the following relation log sSFR =
−10.0 – 0.1 (log m – 10.0) indicating only a weak dependence
of sSFR on mass, i.e., sSFR ∝ mβ with β = −0.1. Naturally,
the inverse of the sSFR defines a timescale for the formation
of the stellar population of a galaxy, τ = sSFR−1. In the local
universe, this is of order 10 Gyr, i.e., comparable to the Hubble
time.

This uniformity in the sSFR in “normal” star-forming galaxies
is a striking feature of the galaxy population. It clearly, how-
ever, does not extend to the Ultra Luminous Infrared Galaxies
(ULIRGs) which exhibit highly elevated star formation rates of
100 M⊙ yr−1 or greater (Sanders & Mirabel 1996) in galaxies
within the same range of stellar mass of normal galaxies. How-
ever, the ULIRGs are believed to be associated with rare major
mergers (Sanders et al. 1988; Sanders & Mirabel 1996) and con-
sequently distinct star formation processes. Although ULIRGs
lie off the main sequence, their effect is in fact automatically
incorporated into our analysis (as argued in Section 7.3 below)
and their effect does not need to be considered separately.
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log( Mstel )

values below the dominant high-specific SFR ‘‘sequence,’’ down
to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.

7.2. The Star-forming Sequence

We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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Lehnert et al.: Evolution of the specific star formation rate

the generalized Schmidt law does not evolve strongly with red-
shift and that there is a roughly constant proportionality to the
star formation intensity and Σ3/2gasΣ1/2total.

3. Cosmic evolution of the sSFR
The zero-point of the sSFR-M⋆ relation at z∼<2 is observed to
evolve as sSFR=26t−2.2∝(1+z)3 (Elbaz et al. 2011; Oliver et al.
2010). At z∼>2, the sSFR-M⋆ relation perhaps reaches a plateau
or increases only slowly with redshift (Fig. 2). Although the scat-
ter in the sSFR evolution plot is large, especially at the highest
redshifts, the slowing of its increase beyond redshifts of about 2
appears to be robust.

The evolution of the sSFR through cosmic time does not ap-
pear to track the expected accretion rate of matter into the ha-
los of galaxies (e.g. Weinmann et al. 2011). Models where the
gas supply directly drives the growth of the stellar and gaseous
masses of galaxies have a number of difficulties compared to
the results from observations. For example if the gas supply
and galaxy growth rate occurred in lock step, the mass depen-
dence of the sSFR would have a positive slope, whereas ob-
servations show no or a slightly negative slope (Abramson et al.
2014), and the sSFR would be much higher than is observed in
the early universe and lower than observed in the local universe
(Silk & Mamon 2012).

These contradictions suggest that there are regulatory pro-
cesses that control the baryon content and its distribution as gas
is accreted onto a galaxy, that star formation must be kept rela-
tively inefficient, that much of the accreted gas must ultimately
be ejected and/or accreted into the halo with long cooling times,
and in the local universe, that a sufficient gas supply must be
maintained in galaxies to support the average sSFR, which is
above the specific mass accretion rates estimated from the cos-
mic web.

A regulatory process (or processes) which limits the ultimate
sSFR a galaxy can reach would also naturally explain the high
star formation intensities that galaxies can support with increas-
ing redshift and the fact that the most intensely star forming
galaxies appear to lie above the ridge line of the main sequence
(Wuyts et al. 2011).

We will now explore several processes which might limit or
regulate the star formation intensities of galaxies and hence con-
trol the evolution of the sSFR of the ensemble of galaxies with
epoch – i.e., the angular momentum content of the gas as it is ac-
creted (Danovich et al. 2014), and feedback and self-regulation
by intense star formation.

3.1. The evolution of angular momentum

To explain the evolution of the sSFR with redshift, we suggest
that a crucial role is played by the relative amount of angular
momentum that the gas acquires and is able to maintain dur-
ing its accretion onto a galaxy. The specific accretion rate, i.e.,
the accretion rate per unit stellar mass, is generally higher than
the specific star formation rate of galaxies at high redshift, z∼>2
(e.g. Dekel et al. 2009; Weinmann et al. 2011; Davé et al. 2011).
Galaxies at z∼>2 show significant evolution in their half-light
radii, which decreases as (1+z)−1.2±0.1 in the stellar mass range
9 ∼< log M⋆ (M⊙) ∼<10.5 (Oesch et al. 2010; Mosleh et al. 2012),
which means that galaxies at higher redshifts have higher stellar
mass surface densities and, by corollary, higher gas mass surface
densities (e.g. Tacconi et al. 2013). This increase in surface den-
sity with redshift implies that as the gas accretion rate increases

Fig. 2. The specific star formation rate (sSFR, in Gyr−1) as a
function of redshift. The various points represent measurements
from the literature at M⋆∼1010 M⊙; see the references in the
legend at the bottom right. We note that we have specifically
shown the determinations from (Stark et al. 2013) with their un-
certainties (red squares) because there is some controversy as to
whether or not there is any evolution in the sSFR with increasing
redshift beyond z=2. Since the slope of the sSFR-M⋆ relation is
approximately zero, the rate at which the sSFR evolves is largely
independent of M⋆, except at the highest masses. The lines rep-
resent the best-fit relation from Elbaz et al. (2011) over the red-
shift range 0 to 2 (blue line) and a simple scenario, sSFR (z) =
(1+z)3/tH0 (where tH0 is the Hubble time at z=0, red line), and
the blue squares are the estimates for our hypothesis relating the
turbulence to the star formation intensity (see text for details).
The blue shaded region represents the scatter in the observed
sSFR values (±0.3 dex). This rendition of the evolution of the
sSFR is inspired by a similar plot in Weinmann et al. (2011).

with redshift (Dekel et al. 2009), the angular momentum of ac-
creted gas is overall lower, allowing it to collapse to higher mass
surface densities.

Whatever the exact cause of the relatively low angular mo-
mentum of the accreting gas in high redshift galaxies, which al-
lows them to reach high surface densities (Danovich et al. 2014),
the high gas surface densities enables high star formation inten-
sities through the relationship between star formation intensity
and gas surface density, which has an exponent of approximately
unity (the Schmidt-Kennicutt relation; Leroy et al. 2013). High
intensity star formation is precisely the regime where the effects
of stellar feedback are likely to play an important role in prevent-
ing stars from forming efficiently and to limit the final baryon
mass fraction of galaxies and thus to inhibit galaxies from grow-
ing in lock step with the gas supply, as observed. To keep the
total baryon fractions low, these feedback effects must also in-
clude efficient outflows.

At lower redshifts (z∼<2), the gas is likely accreted onto the
galaxy proper with higher total and specific angular momentum
than at higher redshifts, which may be due to the formation of
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with redshift (Dekel et al. 2009), the angular momentum of ac-
creted gas is overall lower, allowing it to collapse to higher mass
surface densities.

Whatever the exact cause of the relatively low angular mo-
mentum of the accreting gas in high redshift galaxies, which al-
lows them to reach high surface densities (Danovich et al. 2014),
the high gas surface densities enables high star formation inten-
sities through the relationship between star formation intensity
and gas surface density, which has an exponent of approximately
unity (the Schmidt-Kennicutt relation; Leroy et al. 2013). High
intensity star formation is precisely the regime where the effects
of stellar feedback are likely to play an important role in prevent-
ing stars from forming efficiently and to limit the final baryon
mass fraction of galaxies and thus to inhibit galaxies from grow-
ing in lock step with the gas supply, as observed. To keep the
total baryon fractions low, these feedback effects must also in-
clude efficient outflows.

At lower redshifts (z∼<2), the gas is likely accreted onto the
galaxy proper with higher total and specific angular momentum
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Figure 1. The relationship between SFR and stellar mass for star-forming SDSS galaxies in the low-density D1 quartile (left) and high-density D4 quartile (right). The
three almost indistinguishable lines, reproduced on both panels, show the fitted relation for all galaxies, and for those in the D1 and D4 density quartiles. Star-forming
galaxies have an sSFR that varies only very weakly with mass and is independent of environment.
(A color version of this figure is available in the online journal.)

The SFR for the SDSS blue star-forming galaxies was taken
from Brinchmann et al. (2004, hereafter B04). These are based
on the Hα emission line luminosities, corrected for extinction
using the Hα/Hβ ratio, and corrected for aperture effects. The
B04 SFR was computed for a Kroupa IMF and so we convert
these to a Chabrier IMF, by using log SFR (Chabrier) = log
SFR (Kroupa) − 0.04.

2.2.3. Construction of the Density Field

We have computed a comoving density ρ and an over-density
δ for all galaxies in the SDSS sample in as similar a way as we
can to the zCOSMOS approach that we described above. We use
the same volume-limited tracer population of MB, AB ! −19.3
– z, and compute the “unity-weighted” 5NN density field over
the redshift range 0.02 ! z ! 0.085, checking that there is little
difference with the density field that would be obtained using
the stronger evolution −1.6z preferred by Blanton et al. (2003).
We again use projected densities in cylinders corresponding to
an interval of ±1000 km s−1. Since the effect of incomplete
spatial sampling is small (only ∼10% of the SDSS targets
are missed from the spectroscopy sample), we simply use the
spectroscopic sample as the tracers, weighted by 1/TSR instead
of applying the more complex ZADE approach, described
above, that we developed for zCOSMOS. We also assume
that the spectroscopic completeness is independent of galaxy
properties in SDSS. Edge effects are treated in the same way as
in zCOSMOS, but are anyway minimized by only considering
objects with f > 0.9, where f is the fraction of the adopted
aperture to estimate the local density that lies within the survey
region (see K10).

For consistency with Bolzonella et al. (2009), we define the
quartiles of the environmental density using the distribution of
densities of galaxies above 1010.5 M⊙.

3. STAR FORMATION

Star formation represents the build-up of the visible (stellar)
component of galaxies. In this section, we first briefly review

the strong uniformities in star formation that have emerged from
recent studies of large numbers of galaxies, both locally and
at high redshifts. We then examine how these relations vary
with environment, before considering the mass function of star-
forming galaxies and its evolution with epoch.

3.1. Star Formation Rates and Stellar Mass

Several recent studies have emphasized the close relationship
between the star formation rates of galaxies and their existing
stellar mass, m, conveniently parameterized as the specific star
formation rate, sSFR, defined as sSFR = SFR/m. In local SDSS
samples, Salim et al. (2007) and Elbaz et al. (2007) have shown
the existence of a tight “main sequence” of star-forming galaxies
in which the sSFR is approximately constant over more than
two decades of stellar mass, with a dispersion of only 0.3 dex
about the mean relation. The relationship that is derived from
the stellar masses and Hα-derived star formation rates of B04
is shown in Figure 1 for blue star-forming galaxies. The ridge
line of this SDSS relation has the following relation log sSFR =
−10.0 – 0.1 (log m – 10.0) indicating only a weak dependence
of sSFR on mass, i.e., sSFR ∝ mβ with β = −0.1. Naturally,
the inverse of the sSFR defines a timescale for the formation
of the stellar population of a galaxy, τ = sSFR−1. In the local
universe, this is of order 10 Gyr, i.e., comparable to the Hubble
time.

This uniformity in the sSFR in “normal” star-forming galaxies
is a striking feature of the galaxy population. It clearly, how-
ever, does not extend to the Ultra Luminous Infrared Galaxies
(ULIRGs) which exhibit highly elevated star formation rates of
100 M⊙ yr−1 or greater (Sanders & Mirabel 1996) in galaxies
within the same range of stellar mass of normal galaxies. How-
ever, the ULIRGs are believed to be associated with rare major
mergers (Sanders et al. 1988; Sanders & Mirabel 1996) and con-
sequently distinct star formation processes. Although ULIRGs
lie off the main sequence, their effect is in fact automatically
incorporated into our analysis (as argued in Section 7.3 below)
and their effect does not need to be considered separately.
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Figure 6. Stellar mass functions for all galaxies between 0.2 < z < 3 with error bars representing total 1σ uncertainties. We compare our SMFs to those from other
recent studies: Moustakas et al. (2013, Mo13), Santini et al. (2012, S12), Ilbert et al. (2013, I13), and Muzzin et al. (2013, Mu13). Data are only shown above the
reported mass-completeness limit for each study. There is excellent agreement where the SMFs overlap except with the z > 2 SMF from Santini et al. (2012).
(A color version of this figure is available in the online journal.)

Figure 7. Stellar mass functions in sequential redshift bins for all (black), star-forming (blue), and quiescent (red) galaxies. Open symbols correspond to data below
each subsample’s respective mass-completeness limit. We have used data from NMBS to supplement the high-mass end of each SMF down to the limits indicated by
the orange arrows. Best-fit Schechter functions to the total SMF are plotted as black lines. Even as far as z ∼ 2, the total SMF exhibits a low-mass upturn. Furthermore,
we show a clear decline in the quiescent SMF below M∗ toward high-z, which cannot be attributed to incompleteness.
(A color version of this figure is available in the online journal.)

where M = Log(M/M⊙), ∆M is the size of the mass bin, N
is the number of galaxies in the mass bin between the redshift
limits (zmin, zmax), and Vc is the comoving volume based on
the survey area and redshift limits. We refrain from using the

1/Vmax formalism (Avni & Bahcall 1980) to avoid introducing
any potential bias associated with evolution in the SMF over our
relatively wide redshift bins. Since we do not apply a 1/Vmax
correction, Vc is the same for all galaxies in a given redshift bin.
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Fig. 10.— The UV luminosity density (right axis) and star formation rate density (left axis) versus redshift. The UV luminosity and
SFR density shown at z ∼ 9 (large blue solid circle) are from the present work and inferred based on the relative number of z ∼ 8 and z ∼ 9
galaxies found within the CLASH cluster program (see §4.5). These luminosity densities and SFR densities are only considered down to a
limiting luminosity of −17.7 AB mag – which is the approximate limit of both the HUDF09 probe (Bouwens et al. 2011b) and the present
search assuming a maximum typical magnification factor of ∼9 and limiting magnitude of ∼27.0 mag. The UV luminosity is converted
into a star formation rate using the canonical UV -to-SFR conversion factors (Madau et al. 1998; Kennicutt 1998). The upper set of points
at every given redshift and orange contour show the dust-corrected SFR densities, while the lower set of points and blue contours show
the inferred SFR densities before dust correction. Dust corrections at z > 3 are estimated based on the observed UV -continuum slope
distribution and are taken from Bouwens et al. (2012b). At z ≤ 3, the dust corrections are from Schiminovich et al. (2005) and Reddy &
Steidel (2009). UV luminosity density and SFR density determinations from the literature are from Schiminovich et al. (2005) at z < 2
(black hexagons), Reddy & Steidel (2009) at z ∼ 2-3 (green crosses, Bouwens et al. (2007) at z ∼ 4-6 (open red and blue circles), Bouwens
et al. (2011b) at z ∼ 7 (open red and blue circles), Oesch et al. (2012b) at z ∼ 8 (open red and blue circles), and Oesch et al. (2012a) at
z ∼ 10 (open blue circle and upper limit). Estimates of the SFR density at z ∼ 9.6 and z ∼ 10.8 as derived in C12 based on the z ∼ 9.6
Z12 and z ∼ 10.8 C12 candidates are also shown (dark green and magenta solid circles, respectively). Conversion to a Chabrier (2003)
IMF would result in a factor of ∼1.8 (0.25 dex) decrease in the SFR density estimates given here. The present z ∼ 9 determination is in
good agreement with the trend in the SFR density and UV luminosity, as defined by the Oesch et al. (2012a) and Z12 estimates.

the ratio of the selection volumes at the two redshifts.
The UV LFs we input into the simulations have the

following parameters: M∗

UV = −22.4, α = −2.0, and
φ∗ = 5.5 × 10−5 Mpc−3. These luminosity parameters
were chosen to implicitly include a factor of ∼9 mag-
nification from gravitational lensing – which is the me-
dian magnification estimated for sources in our selection
– so the effective M∗ at z ∼ 8 is chosen to be ∼2.4
mag brighter than seen in blank field studies (e.g., Oesch
et al. 2012b). The faint-end slope we assume approxi-
mately matches what we would expect based on the UV
LF results at z ∼ 7-8 (Bouwens et al. 2011b; Oesch et
al. 2012b; Bradley et al. 2012) which point to faint-end
slopes α of −2. No change is required in the faint-end
slope α of the LF, due to the perfect trade-off between
magnification and source dilution effects for slopes of −2
(e.g., Broadhurst et al. 1995). The normalization φ∗ we
choose has no effect on our final results (due to the dif-
ferential nature of this calculation). While the LFs we
adopt for these simulations could, in principle, affect our
evolutionary results, the overall size of such effects will
be small due to the differential nature of the comparison
we are making. We also verified that the surface density

of z ∼ 8 sources predicted by this model LF showed a
very similar magnitude dependence as seen for our z ∼ 8
sample.
Using the above simulation procedure and aforemen-

tioned LF, we repeatedly added artificial sources to the
real CLASH observations for all 19 CLASH clusters, cre-
ated catalogs, and repeated our z ∼ 8 and z ∼ 9 selec-
tions. In total, we repeated the described simulations
20 times for each cluster field to obtain an accurate es-
timate of the total number of sources (selection volume
and redshift distribution) we would expect to find in each
sample, given the described luminosity function.
In total, we find 657 sources that satisfy our z ∼

8 selection criteria and 383 sources that satisfy our
z ∼ 9 selection criteria, based on the same luminos-
ity and simulation area (so nno−evol−sim,z=8 = 657 and
nno−evol−sim,z=9 = 383 in Eq. 1 above). This suggests
that the effective volume for our z ∼ 9 selection is just
58% as large as it is for our z ∼ 8 selection, and therefore
to make a fair comparison between our z ∼ 8 and z ∼ 9
samples we need to multiply the surface densities in our
z ∼ 8 sample by 0.58 (Eq. 1 above). In Figure 9, we show
the comparison of the surface densities of z ∼ 8 galaxies

Bouw
ens+12

SFR Density  
(point)

lo
g 
ρ(

SF
R

)



No. 1, 2010 MASS AND ENVIRONMENT AS DRIVERS OF GALAXY EVOLUTION 197

Figure 1. The relationship between SFR and stellar mass for star-forming SDSS galaxies in the low-density D1 quartile (left) and high-density D4 quartile (right). The
three almost indistinguishable lines, reproduced on both panels, show the fitted relation for all galaxies, and for those in the D1 and D4 density quartiles. Star-forming
galaxies have an sSFR that varies only very weakly with mass and is independent of environment.
(A color version of this figure is available in the online journal.)

The SFR for the SDSS blue star-forming galaxies was taken
from Brinchmann et al. (2004, hereafter B04). These are based
on the Hα emission line luminosities, corrected for extinction
using the Hα/Hβ ratio, and corrected for aperture effects. The
B04 SFR was computed for a Kroupa IMF and so we convert
these to a Chabrier IMF, by using log SFR (Chabrier) = log
SFR (Kroupa) − 0.04.

2.2.3. Construction of the Density Field

We have computed a comoving density ρ and an over-density
δ for all galaxies in the SDSS sample in as similar a way as we
can to the zCOSMOS approach that we described above. We use
the same volume-limited tracer population of MB, AB ! −19.3
– z, and compute the “unity-weighted” 5NN density field over
the redshift range 0.02 ! z ! 0.085, checking that there is little
difference with the density field that would be obtained using
the stronger evolution −1.6z preferred by Blanton et al. (2003).
We again use projected densities in cylinders corresponding to
an interval of ±1000 km s−1. Since the effect of incomplete
spatial sampling is small (only ∼10% of the SDSS targets
are missed from the spectroscopy sample), we simply use the
spectroscopic sample as the tracers, weighted by 1/TSR instead
of applying the more complex ZADE approach, described
above, that we developed for zCOSMOS. We also assume
that the spectroscopic completeness is independent of galaxy
properties in SDSS. Edge effects are treated in the same way as
in zCOSMOS, but are anyway minimized by only considering
objects with f > 0.9, where f is the fraction of the adopted
aperture to estimate the local density that lies within the survey
region (see K10).

For consistency with Bolzonella et al. (2009), we define the
quartiles of the environmental density using the distribution of
densities of galaxies above 1010.5 M⊙.

3. STAR FORMATION

Star formation represents the build-up of the visible (stellar)
component of galaxies. In this section, we first briefly review

the strong uniformities in star formation that have emerged from
recent studies of large numbers of galaxies, both locally and
at high redshifts. We then examine how these relations vary
with environment, before considering the mass function of star-
forming galaxies and its evolution with epoch.

3.1. Star Formation Rates and Stellar Mass

Several recent studies have emphasized the close relationship
between the star formation rates of galaxies and their existing
stellar mass, m, conveniently parameterized as the specific star
formation rate, sSFR, defined as sSFR = SFR/m. In local SDSS
samples, Salim et al. (2007) and Elbaz et al. (2007) have shown
the existence of a tight “main sequence” of star-forming galaxies
in which the sSFR is approximately constant over more than
two decades of stellar mass, with a dispersion of only 0.3 dex
about the mean relation. The relationship that is derived from
the stellar masses and Hα-derived star formation rates of B04
is shown in Figure 1 for blue star-forming galaxies. The ridge
line of this SDSS relation has the following relation log sSFR =
−10.0 – 0.1 (log m – 10.0) indicating only a weak dependence
of sSFR on mass, i.e., sSFR ∝ mβ with β = −0.1. Naturally,
the inverse of the sSFR defines a timescale for the formation
of the stellar population of a galaxy, τ = sSFR−1. In the local
universe, this is of order 10 Gyr, i.e., comparable to the Hubble
time.

This uniformity in the sSFR in “normal” star-forming galaxies
is a striking feature of the galaxy population. It clearly, how-
ever, does not extend to the Ultra Luminous Infrared Galaxies
(ULIRGs) which exhibit highly elevated star formation rates of
100 M⊙ yr−1 or greater (Sanders & Mirabel 1996) in galaxies
within the same range of stellar mass of normal galaxies. How-
ever, the ULIRGs are believed to be associated with rare major
mergers (Sanders et al. 1988; Sanders & Mirabel 1996) and con-
sequently distinct star formation processes. Although ULIRGs
lie off the main sequence, their effect is in fact automatically
incorporated into our analysis (as argued in Section 7.3 below)
and their effect does not need to be considered separately.
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Figure 6. Stellar mass functions for all galaxies between 0.2 < z < 3 with error bars representing total 1σ uncertainties. We compare our SMFs to those from other
recent studies: Moustakas et al. (2013, Mo13), Santini et al. (2012, S12), Ilbert et al. (2013, I13), and Muzzin et al. (2013, Mu13). Data are only shown above the
reported mass-completeness limit for each study. There is excellent agreement where the SMFs overlap except with the z > 2 SMF from Santini et al. (2012).
(A color version of this figure is available in the online journal.)

Figure 7. Stellar mass functions in sequential redshift bins for all (black), star-forming (blue), and quiescent (red) galaxies. Open symbols correspond to data below
each subsample’s respective mass-completeness limit. We have used data from NMBS to supplement the high-mass end of each SMF down to the limits indicated by
the orange arrows. Best-fit Schechter functions to the total SMF are plotted as black lines. Even as far as z ∼ 2, the total SMF exhibits a low-mass upturn. Furthermore,
we show a clear decline in the quiescent SMF below M∗ toward high-z, which cannot be attributed to incompleteness.
(A color version of this figure is available in the online journal.)

where M = Log(M/M⊙), ∆M is the size of the mass bin, N
is the number of galaxies in the mass bin between the redshift
limits (zmin, zmax), and Vc is the comoving volume based on
the survey area and redshift limits. We refrain from using the

1/Vmax formalism (Avni & Bahcall 1980) to avoid introducing
any potential bias associated with evolution in the SMF over our
relatively wide redshift bins. Since we do not apply a 1/Vmax
correction, Vc is the same for all galaxies in a given redshift bin.
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Fig. 10.— The UV luminosity density (right axis) and star formation rate density (left axis) versus redshift. The UV luminosity and
SFR density shown at z ∼ 9 (large blue solid circle) are from the present work and inferred based on the relative number of z ∼ 8 and z ∼ 9
galaxies found within the CLASH cluster program (see §4.5). These luminosity densities and SFR densities are only considered down to a
limiting luminosity of −17.7 AB mag – which is the approximate limit of both the HUDF09 probe (Bouwens et al. 2011b) and the present
search assuming a maximum typical magnification factor of ∼9 and limiting magnitude of ∼27.0 mag. The UV luminosity is converted
into a star formation rate using the canonical UV -to-SFR conversion factors (Madau et al. 1998; Kennicutt 1998). The upper set of points
at every given redshift and orange contour show the dust-corrected SFR densities, while the lower set of points and blue contours show
the inferred SFR densities before dust correction. Dust corrections at z > 3 are estimated based on the observed UV -continuum slope
distribution and are taken from Bouwens et al. (2012b). At z ≤ 3, the dust corrections are from Schiminovich et al. (2005) and Reddy &
Steidel (2009). UV luminosity density and SFR density determinations from the literature are from Schiminovich et al. (2005) at z < 2
(black hexagons), Reddy & Steidel (2009) at z ∼ 2-3 (green crosses, Bouwens et al. (2007) at z ∼ 4-6 (open red and blue circles), Bouwens
et al. (2011b) at z ∼ 7 (open red and blue circles), Oesch et al. (2012b) at z ∼ 8 (open red and blue circles), and Oesch et al. (2012a) at
z ∼ 10 (open blue circle and upper limit). Estimates of the SFR density at z ∼ 9.6 and z ∼ 10.8 as derived in C12 based on the z ∼ 9.6
Z12 and z ∼ 10.8 C12 candidates are also shown (dark green and magenta solid circles, respectively). Conversion to a Chabrier (2003)
IMF would result in a factor of ∼1.8 (0.25 dex) decrease in the SFR density estimates given here. The present z ∼ 9 determination is in
good agreement with the trend in the SFR density and UV luminosity, as defined by the Oesch et al. (2012a) and Z12 estimates.

the ratio of the selection volumes at the two redshifts.
The UV LFs we input into the simulations have the

following parameters: M∗

UV = −22.4, α = −2.0, and
φ∗ = 5.5 × 10−5 Mpc−3. These luminosity parameters
were chosen to implicitly include a factor of ∼9 mag-
nification from gravitational lensing – which is the me-
dian magnification estimated for sources in our selection
– so the effective M∗ at z ∼ 8 is chosen to be ∼2.4
mag brighter than seen in blank field studies (e.g., Oesch
et al. 2012b). The faint-end slope we assume approxi-
mately matches what we would expect based on the UV
LF results at z ∼ 7-8 (Bouwens et al. 2011b; Oesch et
al. 2012b; Bradley et al. 2012) which point to faint-end
slopes α of −2. No change is required in the faint-end
slope α of the LF, due to the perfect trade-off between
magnification and source dilution effects for slopes of −2
(e.g., Broadhurst et al. 1995). The normalization φ∗ we
choose has no effect on our final results (due to the dif-
ferential nature of this calculation). While the LFs we
adopt for these simulations could, in principle, affect our
evolutionary results, the overall size of such effects will
be small due to the differential nature of the comparison
we are making. We also verified that the surface density

of z ∼ 8 sources predicted by this model LF showed a
very similar magnitude dependence as seen for our z ∼ 8
sample.
Using the above simulation procedure and aforemen-

tioned LF, we repeatedly added artificial sources to the
real CLASH observations for all 19 CLASH clusters, cre-
ated catalogs, and repeated our z ∼ 8 and z ∼ 9 selec-
tions. In total, we repeated the described simulations
20 times for each cluster field to obtain an accurate es-
timate of the total number of sources (selection volume
and redshift distribution) we would expect to find in each
sample, given the described luminosity function.
In total, we find 657 sources that satisfy our z ∼

8 selection criteria and 383 sources that satisfy our
z ∼ 9 selection criteria, based on the same luminos-
ity and simulation area (so nno−evol−sim,z=8 = 657 and
nno−evol−sim,z=9 = 383 in Eq. 1 above). This suggests
that the effective volume for our z ∼ 9 selection is just
58% as large as it is for our z ∼ 8 selection, and therefore
to make a fair comparison between our z ∼ 8 and z ∼ 9
samples we need to multiply the surface densities in our
z ∼ 8 sample by 0.58 (Eq. 1 above). In Figure 9, we show
the comparison of the surface densities of z ∼ 8 galaxies
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LEA+15

• Clearly, all three scenarios can’t be accurate.

• Degeneracy comes from treatment of scatter in the 
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The problem
• At z > 0, three ensemble metrics constrain SFHs. 

1. Cosmic SFR density 

2. Stellar mass functions 

3. SF “Main Sequence” (SFMS)

Observational Probes
•  Three ensemble observables:

1)  Cosmic SFR Density
•  “Madau Plot”
•  Stellar mass creation across time.

2)  The Stellar Mass Function
•  Stellar mass distribution at fixed time.
•  Stellar mass demography across time.

3)  The SFR—Mstel relation
•  SFR “Main Sequence”
•  Productivity of galaxies at fixed time.
•  Productivity of mass bins across time.
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SF “Main Sequence”
• An [s]SFR—Mstel correlation now seen to z ≤ 6.

log( Mstel )

values below the dominant high-specific SFR ‘‘sequence,’’ down
to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.

7.2. The Star-forming Sequence

We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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values below the dominant high-specific SFR ‘‘sequence,’’ down
to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.

7.2. The Star-forming Sequence

We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
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specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
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mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
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the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.
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We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M⊙ (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M⊙ as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change

9

sS
FR

log Mstel

PastPresent

Louis Abramson UCDavis 12 Feb. 2015



SFMS scatter: the rub 
• Each dot is a galaxy… 

• But how do you connect the dots through time?

G
ladders, LEA+13

The Astrophysical Journal, 770:64 (13pp), 2013 June 10 Gladders et al.

Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M⊙ (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M⊙ as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change

9

sS
FR

log Mstel

PastPresent

Louis Abramson UCDavis 12 Feb. 2015



SFMS scatter: the rub 
• Each dot is a galaxy… 

• But how do you connect the dots through time?

G
ladders, LEA+13

The Astrophysical Journal, 770:64 (13pp), 2013 June 10 Gladders et al.

Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M⊙ (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M⊙ as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change

9

sS
FR

log Mstel

PastPresent

Louis Abramson UCDavis 12 Feb. 2015



SFMS scatter: the rub 
• Each dot is a galaxy… 

• But how do you connect the dots through time?

G
ladders, LEA+13

The Astrophysical Journal, 770:64 (13pp), 2013 June 10 Gladders et al.

Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M⊙ (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M⊙ as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change

9

sS
FR

log Mstel

PastPresent

Louis Abramson UCDavis 12 Feb. 2015



SFMS scatter: the rub 
• Each dot is a galaxy… 

• But how do you connect the dots through time?

G
ladders, LEA+13

The Astrophysical Journal, 770:64 (13pp), 2013 June 10 Gladders et al.

Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M⊙ (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M⊙ as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change

9

sS
FR

log Mstel

PastPresent

Louis Abramson UCDavis 12 Feb. 2015



SFMS scatter: the rub 
• Each dot is a galaxy… 

• But how do you connect the dots through time?

G
ladders, LEA+13

The Astrophysical Journal, 770:64 (13pp), 2013 June 10 Gladders et al.

Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M⊙ (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M⊙ as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change

9

sS
FR

log Mstel

PastPresent

Louis Abramson UCDavis 12 Feb. 2015

?



Must  
interpret the scatter 
to infer SFHs from the 

Main Sequence.



Model 1: Ignore It.



Model 1: Ignore It.
(Galaxies are mass-bins) 



Scatter doesn’t matter
• Scatter reflects SF “blips” + measurement errors.

log( Mstel )

values below the dominant high-specific SFR ‘‘sequence,’’ down
to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.

7.2. The Star-forming Sequence

We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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Figure 5. Radio-stacking-based measurement of the SSFR as a function of stellar mass at 0.2 < z < 3.0 for our entire galaxy sample (left) and SF systems (right).
Open symbols depict samples containing galaxies less massive than the individual limits denoted in Figure 1 and are regarded as not representative for the underlying
galaxy population and rather represent upper SSFR limits. Dashed lines are two-parameter fits of the form c × M

β
∗ to the mass-representative data depicted by filled

symbols (see Table 4). The horizontal red band sketches the inverse dynamical time of (370±50) Myr measured in local disk galaxies (Kennicutt 1998) and also found
in massive disk galaxies at z ∼ 1.5 (Daddi et al. 2010b). Galaxies with such high levels of SSFR effectively double their mass within a dynamical time. As detailed
in Section 4.1 this might represent an upper bound to the average SSFR. All measured data points are listed in Tables 2 and 3. The derivation of error bars involves
a bootstrapping analysis combined with the uncertainties to the best-fit model of each stacking derived average radio source (see Appendix B.2 and Section 3.2 for
further details). We do not account for uncertainties associated with the SFR calibration, the photometric redshift, and stellar mass estimates as the large number of
objects stacked for each data point ensures that even the joint error budget is statistically reduced to a low level that would not substantially enhance our uncertainty
ranges.
(A color version of this figure is available in the online journal.)

significantly above the mass representativeness limits that enter
the fits. Hence we regard our conclusions as most robust at
z < 1.5.

Above z ∼ 1.4 and below log(M∗) ≈ 9.5–10, we again
find that measurements in the regime not regarded as mass
representative lie significantly below the linear fits. Since
quiescent galaxies are even less frequent at these redshifts,46

the bimodality argument is obviously insufficient to explain this
observed trend. A possible explanation is that the magnitude
limit of our catalog leads to a loss of dust-dominated systems
with low masses but high star formation activity. If this were the
case our previous statement that SSFRs in the underrepresented
mass regime are upper limits would not necessarily hold.
However, we do not expect a sufficiently high number density
of low-mass dusty starbursts to make this scenario plausible.
Another explanation could lie in the dynamical considerations
presented in Section 4.2.

4.2. A Potential Upper Limit to the Average SSFR
of Normal Galaxies

The fact that the aforementioned deviations from the linear
fits at low masses steadily grow with redshift hints at a solid
upper limit to the average SSFR. Local spiral galaxies have on
average a dynamical timescale—i.e., the rotation timescale at
the outer radius of a disk galaxy—of τdyn ∼ 0.37 Gyr (Kennicutt
1998). Daddi et al. (2010b) show that this still holds at z ∼ 1.5.
The inverse of this dynamical timescale, 1/τdyn ∼ 2.7 Gyr−1, is
similar to the threshold that seems to prevent our average SSFRs
from rising continuously with decreasing mass. Note also that
this dynamical timescale approximately equals the free-fall time
(Genzel et al. 2010) which is commonly used to relate SFR
volume density with gas volume density (e.g., Schmidt 1959;
Kennicutt 1998; Krumholz & McKee 2005; Krumholz et al.
2009; Leroy et al. 2008).

46 Also at high z there is evidence for the existence of quiescent systems that
are predominantly massive (e.g., Cimatti et al. 2004; Kriek et al. 2006, 2008;
Brammer et al. 2009). However, as our spectral classification of SF systems is
efficient to exclude passive galaxies (see I10) and as these systems are also rare
we do not expect them to cause the observed trend.

As indicated in Figure 5 the population of z > 1.5 galaxies
reaches average levels of star formation that enable these normal
SF systems to double their mass within a dynamical timescale.
Generally, star formation is thought to be limited by the rate
at which cold gas is accreted onto the galaxy (e.g., Dutton
et al. 2010; Bouché et al. 2010; and also, e.g., Kereš et al.
2005; Macciò et al. 2006, where simulations actually show the
cold gas inflow), while the efficiency of star formation does
not appear to change out to the highest redshifts accessible to
molecular gas studies in normal disk galaxies to date (Daddi
et al. 2010a; Tacconi et al. 2010). Consequently, even the highly
elevated gas fractions—i.e., the amount of gas available for star
formation over the sum of gas and stellar mass—compared to
local disk systems (e.g., Daddi et al. 2010a, who find up to 60% at
z = 1.5) might not suffice to sustain a star formation activity that
proceeds faster than gravity permits. As average galaxies reach
inverse SSFRs comparable to their inverse dynamical—and,
most importantly, free fall—time it is hence likely that an
effective gas accretion threshold is reached. Hence, the SSFR
should stop its growth with redshift at some point. Lower mass
galaxies reach this threshold at lower redshifts than the more
massive systems leading to the flattening of the relation we
observe at the lower mass end. We will henceforth refer to the
transition from an inclined to a flat SSFR sequence as “crossing
mass.”

It is clear that carbon monoxide ALMA studies at z > 1.5
of typical SF systems with M∗ ! 1010 M⊙ are required to
understand their molecular gas properties and to test the star
formation law of this population.

4.3. The Redshift Evolution of SSFRs as a Function of Mass

The redshift evolution of our data is shown in Figure 6 for
all galaxies and for the SF population. Both panels suggest a
co-evolution of the considered mass bins at least out to z ∼ 1.5;
while all measured SSFRs increase with redshift, the high-mass
end does not evolve faster compared to lower masses and it
always has the lowest SSFRs. An offset between the typical
SSFRs of different mass bins is also evident for SF galaxies but
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Fig. 2.— Same data as presented in Figure 1, now showing the sSFR (≡ Ψ/M⋆) as a function of stellar mass. The sSFR-mass relation
is flat for log(M⋆/M⊙) < 10, with a tilt for the most massive galaxies indicating a stronger redshift evolution.

of star-forming galaxies are considered in the stacking
analysis.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, logΨ as
a function of logM⋆, in four redshifts bins from z = 0.5
to z = 2.5. We use a single SFR indicator, the UV+IR
SFRs described in Section 2.4, probing over two decades
in stellar mass. The grey scale represents the density of
points for star-forming galaxies selected in Section 2.5
with S/N > 3 MIPS 24µm detections, totaling 9,015
star-forming galaxies over the full redshift range. Mass
completeness limits are indicated by vertical lines. The
GOODS-N and GOODS-S fields have deeper MIPS imag-
ing (3σ limit of ∼10µJy) and HST/WFC3 JF125W and
HF160W imaging (5σ ∼ 26.9 mag), whereas the other
three fields have shallower MIPS imaging (3σ limits of
∼20µJy) and HST/WFC3 JF125W and HF160W imaging
(5σ ∼ 26.3 mag). The mass completeness limits in Fig-
ure 1 correspond to the 90% completeness limits derived
by Tal et al. (2014), calculated by comparing object de-
tection in the CANDELS/deep with a re-combined sub-
set of the exposures which reach the depth of the CAN-
DELS/wide fields. Although the mass completeness in
the deeper GOODS-N and GOODS-S fields will extend
to lower stellar masses, we adopt the more conservative
limits for the shallower HST/WFC3 imaging.
First, we look at the measurements for individual

galaxies. The running median of the individual UV+IR
measurements of the SFR are indicated with solid cir-
cles when the data are complete both in stellar mass and
SFR (above the shallower data 3σ MIPS 24µm detec-
tion limit)16. We consider all MIPS photometry in the

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the
filled circles representing individual measurements are limited by
the 3σ 24µm completeness limits (horizontal dotted line, ∼20µJy),
which therefore makes it appear as though the higher redshift sam-

median for the individual UV+IR SFRs measurements
(filled circles), even those galaxies intrinsically faint in
the IR. Only 1% of the star-forming galaxies above the
20µJy limit in each redshift bin have 24µm photometry
with S/N < 1.
To leverage the additional decade lower in stellar mass

that the CANDELS HST/WFC3 imaging enables us
to probe for mass-complete samples, next we stack the
cleaned 24µm images for the full sample in stellar mass
bins of 0.2 dex. We subtract the average background in
the stacks, as measured in an annulus of 20–25′′ radius.
The photometry is extracted within a circular aperture of
3.5′′ radius to increase the S/N ratio, with an aperture
correction to total of 2.57 taken from the MIPS hand-
book, assuming the background is determined from 20′′

and beyond. This method allows us to reach far below
the limits placed by the individual MIPS 24µm image
depths, with the trade off that we are not able to mea-
sure the intrinsic scatter in the average logΨ− logM⋆ re-
lation in this study. We note that the deep WFC3 prior
allows us to cleanly extract the photometry below the
standard 24µm confusion limit of ∼ 8µJy. Clustering at
scales smaller than the 24µm PSF size does not affect the
photometry or stacking analyses (Fumagalli et al. 2013).
The median stacked 24µm images for each 0.2 dex stel-

lar mass bin are added to the median UV luminosity of
these galaxies. Results from stacking are indicated with
open circles in Figure 1. The stacks are in agreement
with the running median of the individual galaxies. The
error bars for LIR are derived from 50 bootstrap itera-
tions of the 24µm stacking analysis for each stellar mass
bin. These errors are added in quadrature to the 1σ
scatter in the LUV values. The solid black line in panel
b indicates a slope of unity, where logΨ is proportional
to logM⋆. We see in Figure 1 that the slope is unity

ple extends to lower completeness limits due to the strongly evolv-
ing normalization.
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Figure 5. Radio-stacking-based measurement of the SSFR as a function of stellar mass at 0.2 < z < 3.0 for our entire galaxy sample (left) and SF systems (right).
Open symbols depict samples containing galaxies less massive than the individual limits denoted in Figure 1 and are regarded as not representative for the underlying
galaxy population and rather represent upper SSFR limits. Dashed lines are two-parameter fits of the form c × M

β
∗ to the mass-representative data depicted by filled

symbols (see Table 4). The horizontal red band sketches the inverse dynamical time of (370±50) Myr measured in local disk galaxies (Kennicutt 1998) and also found
in massive disk galaxies at z ∼ 1.5 (Daddi et al. 2010b). Galaxies with such high levels of SSFR effectively double their mass within a dynamical time. As detailed
in Section 4.1 this might represent an upper bound to the average SSFR. All measured data points are listed in Tables 2 and 3. The derivation of error bars involves
a bootstrapping analysis combined with the uncertainties to the best-fit model of each stacking derived average radio source (see Appendix B.2 and Section 3.2 for
further details). We do not account for uncertainties associated with the SFR calibration, the photometric redshift, and stellar mass estimates as the large number of
objects stacked for each data point ensures that even the joint error budget is statistically reduced to a low level that would not substantially enhance our uncertainty
ranges.
(A color version of this figure is available in the online journal.)

significantly above the mass representativeness limits that enter
the fits. Hence we regard our conclusions as most robust at
z < 1.5.

Above z ∼ 1.4 and below log(M∗) ≈ 9.5–10, we again
find that measurements in the regime not regarded as mass
representative lie significantly below the linear fits. Since
quiescent galaxies are even less frequent at these redshifts,46

the bimodality argument is obviously insufficient to explain this
observed trend. A possible explanation is that the magnitude
limit of our catalog leads to a loss of dust-dominated systems
with low masses but high star formation activity. If this were the
case our previous statement that SSFRs in the underrepresented
mass regime are upper limits would not necessarily hold.
However, we do not expect a sufficiently high number density
of low-mass dusty starbursts to make this scenario plausible.
Another explanation could lie in the dynamical considerations
presented in Section 4.2.

4.2. A Potential Upper Limit to the Average SSFR
of Normal Galaxies

The fact that the aforementioned deviations from the linear
fits at low masses steadily grow with redshift hints at a solid
upper limit to the average SSFR. Local spiral galaxies have on
average a dynamical timescale—i.e., the rotation timescale at
the outer radius of a disk galaxy—of τdyn ∼ 0.37 Gyr (Kennicutt
1998). Daddi et al. (2010b) show that this still holds at z ∼ 1.5.
The inverse of this dynamical timescale, 1/τdyn ∼ 2.7 Gyr−1, is
similar to the threshold that seems to prevent our average SSFRs
from rising continuously with decreasing mass. Note also that
this dynamical timescale approximately equals the free-fall time
(Genzel et al. 2010) which is commonly used to relate SFR
volume density with gas volume density (e.g., Schmidt 1959;
Kennicutt 1998; Krumholz & McKee 2005; Krumholz et al.
2009; Leroy et al. 2008).

46 Also at high z there is evidence for the existence of quiescent systems that
are predominantly massive (e.g., Cimatti et al. 2004; Kriek et al. 2006, 2008;
Brammer et al. 2009). However, as our spectral classification of SF systems is
efficient to exclude passive galaxies (see I10) and as these systems are also rare
we do not expect them to cause the observed trend.

As indicated in Figure 5 the population of z > 1.5 galaxies
reaches average levels of star formation that enable these normal
SF systems to double their mass within a dynamical timescale.
Generally, star formation is thought to be limited by the rate
at which cold gas is accreted onto the galaxy (e.g., Dutton
et al. 2010; Bouché et al. 2010; and also, e.g., Kereš et al.
2005; Macciò et al. 2006, where simulations actually show the
cold gas inflow), while the efficiency of star formation does
not appear to change out to the highest redshifts accessible to
molecular gas studies in normal disk galaxies to date (Daddi
et al. 2010a; Tacconi et al. 2010). Consequently, even the highly
elevated gas fractions—i.e., the amount of gas available for star
formation over the sum of gas and stellar mass—compared to
local disk systems (e.g., Daddi et al. 2010a, who find up to 60% at
z = 1.5) might not suffice to sustain a star formation activity that
proceeds faster than gravity permits. As average galaxies reach
inverse SSFRs comparable to their inverse dynamical—and,
most importantly, free fall—time it is hence likely that an
effective gas accretion threshold is reached. Hence, the SSFR
should stop its growth with redshift at some point. Lower mass
galaxies reach this threshold at lower redshifts than the more
massive systems leading to the flattening of the relation we
observe at the lower mass end. We will henceforth refer to the
transition from an inclined to a flat SSFR sequence as “crossing
mass.”

It is clear that carbon monoxide ALMA studies at z > 1.5
of typical SF systems with M∗ ! 1010 M⊙ are required to
understand their molecular gas properties and to test the star
formation law of this population.

4.3. The Redshift Evolution of SSFRs as a Function of Mass

The redshift evolution of our data is shown in Figure 6 for
all galaxies and for the SF population. Both panels suggest a
co-evolution of the considered mass bins at least out to z ∼ 1.5;
while all measured SSFRs increase with redshift, the high-mass
end does not evolve faster compared to lower masses and it
always has the lowest SSFRs. An offset between the typical
SSFRs of different mass bins is also evident for SF galaxies but
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Fig. 2.— Same data as presented in Figure 1, now showing the sSFR (≡ Ψ/M⋆) as a function of stellar mass. The sSFR-mass relation
is flat for log(M⋆/M⊙) < 10, with a tilt for the most massive galaxies indicating a stronger redshift evolution.

of star-forming galaxies are considered in the stacking
analysis.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, logΨ as
a function of logM⋆, in four redshifts bins from z = 0.5
to z = 2.5. We use a single SFR indicator, the UV+IR
SFRs described in Section 2.4, probing over two decades
in stellar mass. The grey scale represents the density of
points for star-forming galaxies selected in Section 2.5
with S/N > 3 MIPS 24µm detections, totaling 9,015
star-forming galaxies over the full redshift range. Mass
completeness limits are indicated by vertical lines. The
GOODS-N and GOODS-S fields have deeper MIPS imag-
ing (3σ limit of ∼10µJy) and HST/WFC3 JF125W and
HF160W imaging (5σ ∼ 26.9 mag), whereas the other
three fields have shallower MIPS imaging (3σ limits of
∼20µJy) and HST/WFC3 JF125W and HF160W imaging
(5σ ∼ 26.3 mag). The mass completeness limits in Fig-
ure 1 correspond to the 90% completeness limits derived
by Tal et al. (2014), calculated by comparing object de-
tection in the CANDELS/deep with a re-combined sub-
set of the exposures which reach the depth of the CAN-
DELS/wide fields. Although the mass completeness in
the deeper GOODS-N and GOODS-S fields will extend
to lower stellar masses, we adopt the more conservative
limits for the shallower HST/WFC3 imaging.
First, we look at the measurements for individual

galaxies. The running median of the individual UV+IR
measurements of the SFR are indicated with solid cir-
cles when the data are complete both in stellar mass and
SFR (above the shallower data 3σ MIPS 24µm detec-
tion limit)16. We consider all MIPS photometry in the

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the
filled circles representing individual measurements are limited by
the 3σ 24µm completeness limits (horizontal dotted line, ∼20µJy),
which therefore makes it appear as though the higher redshift sam-

median for the individual UV+IR SFRs measurements
(filled circles), even those galaxies intrinsically faint in
the IR. Only 1% of the star-forming galaxies above the
20µJy limit in each redshift bin have 24µm photometry
with S/N < 1.
To leverage the additional decade lower in stellar mass

that the CANDELS HST/WFC3 imaging enables us
to probe for mass-complete samples, next we stack the
cleaned 24µm images for the full sample in stellar mass
bins of 0.2 dex. We subtract the average background in
the stacks, as measured in an annulus of 20–25′′ radius.
The photometry is extracted within a circular aperture of
3.5′′ radius to increase the S/N ratio, with an aperture
correction to total of 2.57 taken from the MIPS hand-
book, assuming the background is determined from 20′′

and beyond. This method allows us to reach far below
the limits placed by the individual MIPS 24µm image
depths, with the trade off that we are not able to mea-
sure the intrinsic scatter in the average logΨ− logM⋆ re-
lation in this study. We note that the deep WFC3 prior
allows us to cleanly extract the photometry below the
standard 24µm confusion limit of ∼ 8µJy. Clustering at
scales smaller than the 24µm PSF size does not affect the
photometry or stacking analyses (Fumagalli et al. 2013).
The median stacked 24µm images for each 0.2 dex stel-

lar mass bin are added to the median UV luminosity of
these galaxies. Results from stacking are indicated with
open circles in Figure 1. The stacks are in agreement
with the running median of the individual galaxies. The
error bars for LIR are derived from 50 bootstrap itera-
tions of the 24µm stacking analysis for each stellar mass
bin. These errors are added in quadrature to the 1σ
scatter in the LUV values. The solid black line in panel
b indicates a slope of unity, where logΨ is proportional
to logM⋆. We see in Figure 1 that the slope is unity

ple extends to lower completeness limits due to the strongly evolv-
ing normalization.
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Figure 5. Radio-stacking-based measurement of the SSFR as a function of stellar mass at 0.2 < z < 3.0 for our entire galaxy sample (left) and SF systems (right).
Open symbols depict samples containing galaxies less massive than the individual limits denoted in Figure 1 and are regarded as not representative for the underlying
galaxy population and rather represent upper SSFR limits. Dashed lines are two-parameter fits of the form c × M

β
∗ to the mass-representative data depicted by filled

symbols (see Table 4). The horizontal red band sketches the inverse dynamical time of (370±50) Myr measured in local disk galaxies (Kennicutt 1998) and also found
in massive disk galaxies at z ∼ 1.5 (Daddi et al. 2010b). Galaxies with such high levels of SSFR effectively double their mass within a dynamical time. As detailed
in Section 4.1 this might represent an upper bound to the average SSFR. All measured data points are listed in Tables 2 and 3. The derivation of error bars involves
a bootstrapping analysis combined with the uncertainties to the best-fit model of each stacking derived average radio source (see Appendix B.2 and Section 3.2 for
further details). We do not account for uncertainties associated with the SFR calibration, the photometric redshift, and stellar mass estimates as the large number of
objects stacked for each data point ensures that even the joint error budget is statistically reduced to a low level that would not substantially enhance our uncertainty
ranges.
(A color version of this figure is available in the online journal.)

significantly above the mass representativeness limits that enter
the fits. Hence we regard our conclusions as most robust at
z < 1.5.

Above z ∼ 1.4 and below log(M∗) ≈ 9.5–10, we again
find that measurements in the regime not regarded as mass
representative lie significantly below the linear fits. Since
quiescent galaxies are even less frequent at these redshifts,46

the bimodality argument is obviously insufficient to explain this
observed trend. A possible explanation is that the magnitude
limit of our catalog leads to a loss of dust-dominated systems
with low masses but high star formation activity. If this were the
case our previous statement that SSFRs in the underrepresented
mass regime are upper limits would not necessarily hold.
However, we do not expect a sufficiently high number density
of low-mass dusty starbursts to make this scenario plausible.
Another explanation could lie in the dynamical considerations
presented in Section 4.2.

4.2. A Potential Upper Limit to the Average SSFR
of Normal Galaxies

The fact that the aforementioned deviations from the linear
fits at low masses steadily grow with redshift hints at a solid
upper limit to the average SSFR. Local spiral galaxies have on
average a dynamical timescale—i.e., the rotation timescale at
the outer radius of a disk galaxy—of τdyn ∼ 0.37 Gyr (Kennicutt
1998). Daddi et al. (2010b) show that this still holds at z ∼ 1.5.
The inverse of this dynamical timescale, 1/τdyn ∼ 2.7 Gyr−1, is
similar to the threshold that seems to prevent our average SSFRs
from rising continuously with decreasing mass. Note also that
this dynamical timescale approximately equals the free-fall time
(Genzel et al. 2010) which is commonly used to relate SFR
volume density with gas volume density (e.g., Schmidt 1959;
Kennicutt 1998; Krumholz & McKee 2005; Krumholz et al.
2009; Leroy et al. 2008).

46 Also at high z there is evidence for the existence of quiescent systems that
are predominantly massive (e.g., Cimatti et al. 2004; Kriek et al. 2006, 2008;
Brammer et al. 2009). However, as our spectral classification of SF systems is
efficient to exclude passive galaxies (see I10) and as these systems are also rare
we do not expect them to cause the observed trend.

As indicated in Figure 5 the population of z > 1.5 galaxies
reaches average levels of star formation that enable these normal
SF systems to double their mass within a dynamical timescale.
Generally, star formation is thought to be limited by the rate
at which cold gas is accreted onto the galaxy (e.g., Dutton
et al. 2010; Bouché et al. 2010; and also, e.g., Kereš et al.
2005; Macciò et al. 2006, where simulations actually show the
cold gas inflow), while the efficiency of star formation does
not appear to change out to the highest redshifts accessible to
molecular gas studies in normal disk galaxies to date (Daddi
et al. 2010a; Tacconi et al. 2010). Consequently, even the highly
elevated gas fractions—i.e., the amount of gas available for star
formation over the sum of gas and stellar mass—compared to
local disk systems (e.g., Daddi et al. 2010a, who find up to 60% at
z = 1.5) might not suffice to sustain a star formation activity that
proceeds faster than gravity permits. As average galaxies reach
inverse SSFRs comparable to their inverse dynamical—and,
most importantly, free fall—time it is hence likely that an
effective gas accretion threshold is reached. Hence, the SSFR
should stop its growth with redshift at some point. Lower mass
galaxies reach this threshold at lower redshifts than the more
massive systems leading to the flattening of the relation we
observe at the lower mass end. We will henceforth refer to the
transition from an inclined to a flat SSFR sequence as “crossing
mass.”

It is clear that carbon monoxide ALMA studies at z > 1.5
of typical SF systems with M∗ ! 1010 M⊙ are required to
understand their molecular gas properties and to test the star
formation law of this population.

4.3. The Redshift Evolution of SSFRs as a Function of Mass

The redshift evolution of our data is shown in Figure 6 for
all galaxies and for the SF population. Both panels suggest a
co-evolution of the considered mass bins at least out to z ∼ 1.5;
while all measured SSFRs increase with redshift, the high-mass
end does not evolve faster compared to lower masses and it
always has the lowest SSFRs. An offset between the typical
SSFRs of different mass bins is also evident for SF galaxies but
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Fig. 2.— Same data as presented in Figure 1, now showing the sSFR (≡ Ψ/M⋆) as a function of stellar mass. The sSFR-mass relation
is flat for log(M⋆/M⊙) < 10, with a tilt for the most massive galaxies indicating a stronger redshift evolution.

of star-forming galaxies are considered in the stacking
analysis.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, logΨ as
a function of logM⋆, in four redshifts bins from z = 0.5
to z = 2.5. We use a single SFR indicator, the UV+IR
SFRs described in Section 2.4, probing over two decades
in stellar mass. The grey scale represents the density of
points for star-forming galaxies selected in Section 2.5
with S/N > 3 MIPS 24µm detections, totaling 9,015
star-forming galaxies over the full redshift range. Mass
completeness limits are indicated by vertical lines. The
GOODS-N and GOODS-S fields have deeper MIPS imag-
ing (3σ limit of ∼10µJy) and HST/WFC3 JF125W and
HF160W imaging (5σ ∼ 26.9 mag), whereas the other
three fields have shallower MIPS imaging (3σ limits of
∼20µJy) and HST/WFC3 JF125W and HF160W imaging
(5σ ∼ 26.3 mag). The mass completeness limits in Fig-
ure 1 correspond to the 90% completeness limits derived
by Tal et al. (2014), calculated by comparing object de-
tection in the CANDELS/deep with a re-combined sub-
set of the exposures which reach the depth of the CAN-
DELS/wide fields. Although the mass completeness in
the deeper GOODS-N and GOODS-S fields will extend
to lower stellar masses, we adopt the more conservative
limits for the shallower HST/WFC3 imaging.
First, we look at the measurements for individual

galaxies. The running median of the individual UV+IR
measurements of the SFR are indicated with solid cir-
cles when the data are complete both in stellar mass and
SFR (above the shallower data 3σ MIPS 24µm detec-
tion limit)16. We consider all MIPS photometry in the

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the
filled circles representing individual measurements are limited by
the 3σ 24µm completeness limits (horizontal dotted line, ∼20µJy),
which therefore makes it appear as though the higher redshift sam-

median for the individual UV+IR SFRs measurements
(filled circles), even those galaxies intrinsically faint in
the IR. Only 1% of the star-forming galaxies above the
20µJy limit in each redshift bin have 24µm photometry
with S/N < 1.
To leverage the additional decade lower in stellar mass

that the CANDELS HST/WFC3 imaging enables us
to probe for mass-complete samples, next we stack the
cleaned 24µm images for the full sample in stellar mass
bins of 0.2 dex. We subtract the average background in
the stacks, as measured in an annulus of 20–25′′ radius.
The photometry is extracted within a circular aperture of
3.5′′ radius to increase the S/N ratio, with an aperture
correction to total of 2.57 taken from the MIPS hand-
book, assuming the background is determined from 20′′

and beyond. This method allows us to reach far below
the limits placed by the individual MIPS 24µm image
depths, with the trade off that we are not able to mea-
sure the intrinsic scatter in the average logΨ− logM⋆ re-
lation in this study. We note that the deep WFC3 prior
allows us to cleanly extract the photometry below the
standard 24µm confusion limit of ∼ 8µJy. Clustering at
scales smaller than the 24µm PSF size does not affect the
photometry or stacking analyses (Fumagalli et al. 2013).
The median stacked 24µm images for each 0.2 dex stel-

lar mass bin are added to the median UV luminosity of
these galaxies. Results from stacking are indicated with
open circles in Figure 1. The stacks are in agreement
with the running median of the individual galaxies. The
error bars for LIR are derived from 50 bootstrap itera-
tions of the 24µm stacking analysis for each stellar mass
bin. These errors are added in quadrature to the 1σ
scatter in the LUV values. The solid black line in panel
b indicates a slope of unity, where logΨ is proportional
to logM⋆. We see in Figure 1 that the slope is unity

ple extends to lower completeness limits due to the strongly evolv-
ing normalization.

W
hitaker+14; U

V+IR

log( Mstel )

z~2.5

z~0.3

z~2.25

z~0.5

• Slope break-over near  
   1010 M⦿ now seen to z ≥ 2



SF
R

Mstel

?
⟨SFMS⟩

time ⟶

⟨SFMS⟩ evolution

Scatter doesn’t matter
• Each Mstel maps 

uniquely to an SFH 
(provided galaxy is 
starforming).

Louis Abramson UCDavis 12 Feb. 2015



SF
R

Mstel

?
⟨SFMS⟩

time ⟶

⟨SFMS⟩ evolution

Scatter doesn’t matter
• Each Mstel maps 

uniquely to an SFH 
(provided galaxy is 
starforming).

• Diversity only through 
ad hoc quenching 
(Peng+10).

Louis Abramson UCDavis 12 Feb. 2015



SF
R

Mstel

?
⟨SFMS⟩

time ⟶

⟨SFMS⟩ evolution

Scatter doesn’t matter
• Each Mstel maps 

uniquely to an SFH 
(provided galaxy is 
starforming).

• Diversity only through 
ad hoc quenching 
(Peng+10).
★ Fundamental 

bimodality is a natural 
consequence.

Louis Abramson UCDavis 12 Feb. 2015



SF
R

Mstel

?

Scatter doesn’t matter

Only route…

Louis Abramson UCDavis 12 Feb. 2015



SF
R

Mstel

?

Scatter doesn’t matter

Only route…

…to this galaxy

Louis Abramson UCDavis 12 Feb. 2015



Different types of diversity

Data from 
SDSS DR7;  

face-on gals.

“Red & dead” galaxies

Blue, starforming galaxies

Louis Abramson UCDavis 12 Feb. 2015



Different types of diversity

Data from 
SDSS DR7;  

face-on gals.

“Red & dead” galaxies

Blue, starforming galaxies

Got here through 
“environment” or 

“mass quenching”

Louis Abramson UCDavis 12 Feb. 2015



Different types of diversity

Data from 
SDSS DR7;  

face-on gals.

“Red & dead” galaxies

Blue, starforming galaxies

What does this  
spread reflect?{

Got here through 
“environment” or 

“mass quenching”

Louis Abramson UCDavis 12 Feb. 2015



Different types of diversity

Data from 
SDSS DR7;  

face-on gals.

“Red & dead” galaxies

Blue, starforming galaxies

What does this  
spread reflect?{

Got here through 
“environment” or 

“mass quenching”

• Difficult to address 
in this paradigm.

Louis Abramson UCDavis 12 Feb. 2015



Scrutiny shifts to the slope



SF “Main Sequence”
• An [s]SFR—Mstel correlation now seen to z ≤ 6.

log( Mstel )

values below the dominant high-specific SFR ‘‘sequence,’’ down
to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.

7.2. The Star-forming Sequence

We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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values below the dominant high-specific SFR ‘‘sequence,’’ down
to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
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Consequence: 
All low-mass starforming 

galaxies should 
have the same SFH



Irony

• This is the 
one place 
we have 
measured a 
lot of 
fundamental 
diversity…

14 Weisz et al.

Figure 8. The same as Figure 7, only for the combined SFHs of galaxies with multiple fields. The colored dots in each panel indicate the
approximate age of the oldest MSTO available for each galaxy. The tabulated SFHs and uncertainties for each galaxy are listed in Table 6.

wide variety of complex SFHs, which is consistent with
previous studies of nearby dwarf galaxies (e.g., Hodge
1989; Grebel 1997; Mateo 1998; Tosi 2007; Tolstoy et al.
2009; McQuinn et al. 2010a; Weisz et al. 2011a).
In the following sections, we explore the complexity of

these SFHs in the context of several intrinsic (e.g., stellar
mass) and external (e.g., proximity to a massive galaxy)
variables. Our primary focus is to investigate trends in
the ensemble SFHs as opposed to individual galaxies.
Many papers have been devoted to studies of individual
LG dwarf SFHs, as indicated in Table 2. While compar-
ing our measurements with those in past studies is an
interesting exercise, it is beyond the scope of the present
paper. Instead, we focus on the broader properties of
the sample, and only comment on the SFHs of individ-
ual galaxies in specific instances. To facilitate use of
this dataset for comparison with existing SFHs, models
of dwarf galaxies, and/or LG simulations, we tabulate
the detailed SFHs for each field and galaxy, including all
uncertainties, in Tables 5 and 6.

4.1. The Average Star Formation Histories

We begin by examining average SFHs for di↵erent sub-
sets of galaxies. Average SFHs provide a simple diagnos-
tic for broadly di↵erentiating between galaxies of di↵er-
ent morphological types, for comparing to simple mod-
els of star formation, and for tracing star formation as

a function of halo mass over cosmic time (e.g., Grebel
et al. 2003; Weisz et al. 2011a,b; Leitner 2012; Behroozi
et al. 2013b).
In Figure 9, we plot the unweighted average cumula-

tive SFHs of galaxies in our sample, grouped by morpho-
logical type; uncertainties are the 68% dispersion in the
best fit SFHs. We first consider the relationships between
the average SFH and scatter from individual galaxies per
morphological type in Panels (a) - (d).
This comparison reveals several interesting trends.

First, dSphs are predominantly old systems and have
formed the vast majority of their stars prior to z ⇠ 2
(10 Gyr ago). However, while this behavior holds on
average, the individual galaxies show significant scatter,
ranging from purely old to those with nearly constant
lifetime SFHs. The rich variety in dSph SFHs has been
known for over a decade (e.g., Grebel 1997; Mateo 1998;
Grebel et al. 2003), and has motivated increasingly so-
phisticated model e↵orts to reproduce the properties of
MW dSphs (e.g., Mayer et al. 2001, 2006; Zolotov et al.
2012; Brooks et al. 2013; Kazantzidis et al. 2013).
Second, there are few predominantly old dIrrs. On av-

erage, dIrrs formed ⇠30% of their stellar mass prior to
z ⇠ 2, and show an increasing SFR toward the present,
beginning around z ⇠ 1 (7.6 Gyr ago). This behavior is
generally reflected in the SFHs of individual dIrrs, which

Resolved local dwarf  
SFHs from Weisz+14
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No-scatter take-home
• If individual SFHs based on the Main Sequence, 

SFH diversity comes only from its slope.  

- (And quenching.) 

• Non-zero slope only at high-mass ➔  
diversification occurs late in galaxy lifetimes. 
- At least for starforming galaxies. 

- “Quenching” is ad hoc by definition in this approach.

Louis Abramson UCDavis 12 Feb. 2015



Model 2: Don’t Ignore It.



Model 2: Don’t Ignore It.
(Galaxies are not mass-bins) 



Scatter matters
• Scatter reflects real, physically meaningful 

dispersion.
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to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.

7.2. The Star-forming Sequence

We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
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Scatter matters
• The mean SFMS is emergent; may have nothing to 

do with evolution of individual galaxies.
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mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was
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The sequence that was obvious in Figure 15 stands completely
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sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
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1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas
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use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
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(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
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Fig. 16.—Conditional dependence of the star formation history on the stellar
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to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
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7.2. The Star-forming Sequence

We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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Scatter matters

• If so, question shifts to timescale:

- Intermediate-timescale quasi-stochastic 
variations?

➡ Impenetrable SFH diversity — see Kelson14

- Long-term differentiation of smooth SFHs?

➡ Penetrable diversity — see Gladders+14, LEA+15

Louis Abramson UCDavis 12 Feb. 2015
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Quasi-stochasticity
• If scatter reflects SF variations: 

- long enough to create 
significant Mstel, 

- short enough for many to 
occur over galaxy lifetimes…

How I Learned to Stop Worrying and Love the Central Limit Theorem 7

Figure 2. The growth histories for the paths shown in Figure 1. Though there is a significantly greater diversity of star-formation histories
as H increases, the growth histories from smaller values of H appear to be subsumed into a larger, more general set of curves. The level
of correlation among stochastic changes to star-formation over a Hubble time defines the possible range of histories galaxies may have
experienced to reach a particular stellar mass at a given epoch.

When the stochastic di↵erences X are correlated over
time, the relative changes in S from timestep to timestep
are much smaller. With T = 1000 timesteps and H = 1
the median absolute relative change in S is ⇠ 0.25%.
In the figure the paths are color coded red when St is
less than a quarter the lifetime average, and blue when
St is greater. Such demarcation crudely separates when
each aggregate “stellar population” might appear red or
blue. The normalized growth histories for these paths
are shown in Figure 2, color coded similarly.
It is important to note that the formal rules of stochas-

tic processes have led to suites of growth histories, de-
pending on the level at which stochastic changes to SFR
are correlated over time. The central limit theorem pro-
vides probability densities for these histories such that
an aggregate distribution of SFHs can be constructed a
priori , based on the amount of time a galaxy had to
grow to its given mass. However, nothing in the rules,
so far, has limited which histories may be unphysical
or potentially disallowed. In theory these are the dis-
tributions for unbiased ensembles, where SFRs have an
equal chance of increasing or decreasing at every (un-
known) timestep. Astrophysical simulations may serve to
constrain these sets to better represent the cosmological
distribution of histories that real star-forming disks ex-
perience. We introduce generalizations to this formalism
later in the text to help account for astrophysically inter-
esting constraints, but proceed under the assumption, for
now, that these general distributions of SFHs represent
the range of possible histories for the Universe’s ensem-
ble of galaxies as they evolve through a broad range of
dynamically changing galaxy environments over cosmic
time.

3.2. Expectation Values

As H increases fBm goes from producing a narrow
range of growth curves to progressively greater and
greater diversity in growth histories and S becomes in-
creasingly smooth. Even with such a diversity of “star-
formation histories,” limit theory can describe their dis-
tributions.
In distribution, the ratio of St/Mt for arbitrary H can

be derived from the expectation values of St and Mt.
These are di↵erent than the classic fBm expectations in
Mandelbrot & van Ness (1968) because of the boundary
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where, once again, astrophysics has been subsumed in �,
though, now H also represents long-term astrophysical
and cosmological e↵ects through its control of the long-
term correlations of stochastic events. Given H, these
expectation values define generalized versions of the star-
forming main sequence and its scatter:

E [St/Mt]=
(H + 1)

t
(42)

Sig[St/Mt]=H1/2
E [St/Mt] (43)

Inferring the distribution in log SSFR from these equa-
tions directly is not straightforward. Using numeri-
cal experiments, we find the intrinsic distribution in
S/M is not quite Gaussian and not quite lognormal.
When S/M > E [S/M ] the distribution of (S/M �

E [S/M ])/(H1/2
E [S/M ]) appears to be lognormal, and

when S/M < E [S/M ] the distribution appears normal
down to S/M = 0. And, of course, galaxies preselected
as star-forming from any survey naturally excludes those
galaxies at S/M = 0, and objects with low SSFR, de-
pending on the nature of the selection. More critically,
these numerical experiments indicate that the expecta-
tion value E [S/M ] is equivalent to the median SSFR, not
the mean (except when H ⌘ 0).
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Quasi-stochasticity
• If scatter reflects SF variations: 

- long enough to create 
significant Mstel, 

- short enough for many to 
occur over galaxy lifetimes…

• Then many independent 
paths to a given Mstel, SFR.
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Figure 2. The growth histories for the paths shown in Figure 1. Though there is a significantly greater diversity of star-formation histories
as H increases, the growth histories from smaller values of H appear to be subsumed into a larger, more general set of curves. The level
of correlation among stochastic changes to star-formation over a Hubble time defines the possible range of histories galaxies may have
experienced to reach a particular stellar mass at a given epoch.

When the stochastic di↵erences X are correlated over
time, the relative changes in S from timestep to timestep
are much smaller. With T = 1000 timesteps and H = 1
the median absolute relative change in S is ⇠ 0.25%.
In the figure the paths are color coded red when St is
less than a quarter the lifetime average, and blue when
St is greater. Such demarcation crudely separates when
each aggregate “stellar population” might appear red or
blue. The normalized growth histories for these paths
are shown in Figure 2, color coded similarly.
It is important to note that the formal rules of stochas-

tic processes have led to suites of growth histories, de-
pending on the level at which stochastic changes to SFR
are correlated over time. The central limit theorem pro-
vides probability densities for these histories such that
an aggregate distribution of SFHs can be constructed a
priori , based on the amount of time a galaxy had to
grow to its given mass. However, nothing in the rules,
so far, has limited which histories may be unphysical
or potentially disallowed. In theory these are the dis-
tributions for unbiased ensembles, where SFRs have an
equal chance of increasing or decreasing at every (un-
known) timestep. Astrophysical simulations may serve to
constrain these sets to better represent the cosmological
distribution of histories that real star-forming disks ex-
perience. We introduce generalizations to this formalism
later in the text to help account for astrophysically inter-
esting constraints, but proceed under the assumption, for
now, that these general distributions of SFHs represent
the range of possible histories for the Universe’s ensem-
ble of galaxies as they evolve through a broad range of
dynamically changing galaxy environments over cosmic
time.

3.2. Expectation Values

As H increases fBm goes from producing a narrow
range of growth curves to progressively greater and
greater diversity in growth histories and S becomes in-
creasingly smooth. Even with such a diversity of “star-
formation histories,” limit theory can describe their dis-
tributions.
In distribution, the ratio of St/Mt for arbitrary H can
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where, once again, astrophysics has been subsumed in �,
though, now H also represents long-term astrophysical
and cosmological e↵ects through its control of the long-
term correlations of stochastic events. Given H, these
expectation values define generalized versions of the star-
forming main sequence and its scatter:

E [St/Mt]=
(H + 1)

t
(42)

Sig[St/Mt]=H1/2
E [St/Mt] (43)

Inferring the distribution in log SSFR from these equa-
tions directly is not straightforward. Using numeri-
cal experiments, we find the intrinsic distribution in
S/M is not quite Gaussian and not quite lognormal.
When S/M > E [S/M ] the distribution of (S/M �

E [S/M ])/(H1/2
E [S/M ]) appears to be lognormal, and

when S/M < E [S/M ] the distribution appears normal
down to S/M = 0. And, of course, galaxies preselected
as star-forming from any survey naturally excludes those
galaxies at S/M = 0, and objects with low SSFR, de-
pending on the nature of the selection. More critically,
these numerical experiments indicate that the expecta-
tion value E [S/M ] is equivalent to the median SSFR, not
the mean (except when H ⌘ 0).
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Quasi-stochasticity
• If scatter reflects SF variations: 

- long enough to create 
significant Mstel, 

- short enough for many to 
occur over galaxy lifetimes…

• Then many independent 
paths to a given Mstel, SFR.

• “Quiescence” not permanent, 
but transient phenomenon.
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as H increases, the growth histories from smaller values of H appear to be subsumed into a larger, more general set of curves. The level
of correlation among stochastic changes to star-formation over a Hubble time defines the possible range of histories galaxies may have
experienced to reach a particular stellar mass at a given epoch.

When the stochastic di↵erences X are correlated over
time, the relative changes in S from timestep to timestep
are much smaller. With T = 1000 timesteps and H = 1
the median absolute relative change in S is ⇠ 0.25%.
In the figure the paths are color coded red when St is
less than a quarter the lifetime average, and blue when
St is greater. Such demarcation crudely separates when
each aggregate “stellar population” might appear red or
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are shown in Figure 2, color coded similarly.
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pending on the level at which stochastic changes to SFR
are correlated over time. The central limit theorem pro-
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an aggregate distribution of SFHs can be constructed a
priori , based on the amount of time a galaxy had to
grow to its given mass. However, nothing in the rules,
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equal chance of increasing or decreasing at every (un-
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distribution of histories that real star-forming disks ex-
perience. We introduce generalizations to this formalism
later in the text to help account for astrophysically inter-
esting constraints, but proceed under the assumption, for
now, that these general distributions of SFHs represent
the range of possible histories for the Universe’s ensem-
ble of galaxies as they evolve through a broad range of
dynamically changing galaxy environments over cosmic
time.
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tributions.
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where, once again, astrophysics has been subsumed in �,
though, now H also represents long-term astrophysical
and cosmological e↵ects through its control of the long-
term correlations of stochastic events. Given H, these
expectation values define generalized versions of the star-
forming main sequence and its scatter:

E [St/Mt]=
(H + 1)

t
(42)

Sig[St/Mt]=H1/2
E [St/Mt] (43)

Inferring the distribution in log SSFR from these equa-
tions directly is not straightforward. Using numeri-
cal experiments, we find the intrinsic distribution in
S/M is not quite Gaussian and not quite lognormal.
When S/M > E [S/M ] the distribution of (S/M �

E [S/M ])/(H1/2
E [S/M ]) appears to be lognormal, and

when S/M < E [S/M ] the distribution appears normal
down to S/M = 0. And, of course, galaxies preselected
as star-forming from any survey naturally excludes those
galaxies at S/M = 0, and objects with low SSFR, de-
pending on the nature of the selection. More critically,
these numerical experiments indicate that the expecta-
tion value E [S/M ] is equivalent to the median SSFR, not
the mean (except when H ⌘ 0).
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Figure 3. (a) Evolution of the median SSFR with redshift for lower-mass/bulgeless galaxies (9.0 <⇠ logM <⇠ 10, depending on the redshift).
Filled circles show median SSFRs from the literature for deep, representative samples of galaxies on the portion of the SFMS where there is
no significant dependence of SSFR on stellar mass. Open circles are similar measurements for mean SSFRs. We require su�cient depth in
the samples to ensure that they are derived from unbiased samples. Symbols are: Blue Filled: Salim et al. (2007), Violet Filled: Bauer et
al. (2013), Green Filled: Karim et al. (2011), Maroon Filled: Kajisawa et al. (2010), Cyan filled: McLure et al. (2011), Grape Filled: Zheng
et al. (2012), Red open: González et al. (2014), Orange open: Labbé et al. (2013), Green open: Reddy et al. (2012), Cyan open: Zheng et
al. (2007), Gray open: Oesch et al. (2014), Black Open: Juneau et al. (2005), Blue Open: Lee et al. (2014), Violet Open: Rodighiero et
al. (2014). Errors on the individual data points are a combination of the reported formal errors and estimates of systematic uncertainties.
The evolution predicted for the median SSFR is shown by the violet solid line, assuming WMAP9 cosmological parameters Hinshaw et
al. (2013). The dotted line traces the expectation for the mean SSFR with redshift, where the di↵erence between the mean and median
depends on the assumed H. (b) Fitting the open and filled circles separately for their dependence on 1/T provides strong constraints on
H. The mean di↵erence in log SSFR between the two samples is shown by the blue solid line, with the standard error in the mean shown
by the blue dashed lines. How this o↵set is expected to vary with H is shown by the green line. The red hatched region where H > 1
is excluded because fBm diverges. With these data we derive H = 0.98 ± 0.07, shown by the vertical black lines, consistent with the
expectation of H = 1. (c) Assuming H = 1 and WMAP9 cosmological parameters we fit the mean and median SSFR data for the Hubble
constant, finding H0 = 70.7+3.4

�3.2 km/s/Mpc with a systematic uncertainty of 5 km/s/Mpc. (d) Assuming a flat cosmology, the data can be

fit to simultaneously constrain H and ⌦Mh2. The value of ⌦Mh2 = 0.1378± 0.0020 from WMAP9+SPT+ACT+SNLS3+BAO (Hinshaw
et al. 2013) as shown by the horizontal black lines. Contours at 1- and 2-� are shown by the green and orange lines respectively.

a plot of ⌦Mh2 vs the Hurst parameter H. For
H = 1, we derive ⌦Mh2 = 0.138+0.014

�0.013, consis-
tent with the ⌦Mh2 = 0.1378 ± 0.0020 derived from
WMAP9+SPT+ACT+SNLS3+BAO (Hinshaw et al.
2013), shown by the horizontal black lines. For larger
values of ⌦Mh2 values of H < 1 are statistically per-
mitted given the the relatively large uncertainties in the
SSFR measurements. Improvements in data quality and
sample depth should translate directly into tighter con-
straints on these parameters.

Deriving a new cosmological constraint was not the in-
tent of this paper, so let us take a moment to step back
from this rather detailed digression on cosmology, and
reflect on the key point. We began with one assump-
tion: that the star-formation rate of a galaxy is proba-
bly (probabilistically) constant from one brief epoch to
the next. Events perturb these growth rates, and the
resulting stochastic changes to stellar mass growth are
correlated over long and short timescales. By themselves
these two rules constrain how the median SSFR of the
ensemble of star-forming galaxies evolves with time, and
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Cosmological motivation

• Cosmic SFR density is 
lognormal. 

• Maybe the lognormal SFH 
is a good choice for 
individual galaxies.

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

Madau & Dickinson ‘14
 (z) = 0.15 (1 + z)2.7

1 + [(1 + z)/2.9]5.6(duh…)
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Lognormal SFHs

• Cosmic SFR density is 
lognormal. 

• Maybe the lognormal SFH 
is a good choice for 
individual galaxies. 

• If you run with it…

G
ladders, LEA+13

The Astrophysical Journal, 770:64 (13pp), 2013 June 10 Gladders et al.

Figure 2. Center panel: lines of constant z = 0 sSFR (red, orange) and constant time of peak star formation (blue, cyan) in the τ , t0 parameter plane. Constant sSFR
lines are shown at 5%, 15%, . . . , 95% of the non-zero sSFR rates in the dataset described later in Section 2.2. Galaxies with no measured star formation will appear
to the bottom left of this figure. Blue lines show the location of τ , t0 parameter values for redshifts of 10.5, 2.0 and 0.0 (the nominal epoch of reionization from the
Wilkinson Microwave Anisotropy Probe (Larson et al. 2011), the peak of the cosmic SFRD, and the present, respectively), with cyan lines spaced by 1 Gyr centered
earlier and later than z = 2.0. Secondary panels: individual log-normal SFHs are shown along the heavier lines in the main panel, at the intersections of the heavy lines
as picked out by black point and labeled both in the main panel and in secondary panels; panels to the right show log-normal distributions along lines of constant time
of peak star formation (for example, the middle of these three panels, colored blue, shows SHFs which peak at z = 2, along the heavy blue line in the main panel) and
panels to the left show log-normal distributions along lines of constant z = 0 sSFR (for example, the middle of these three panels, colored red, shows SHFs with a
fixed z = 0 sSFR along the heavy red line in the main panel). All secondary panels are scaled to the same arbitrary peak SFR.
(A color version of this figure is available in the online journal.)

Motivated by Figure 2, we consider the z ∼ 0 sSFR
distribution for galaxies, for which we use the local galaxy
sample described in Paper III. Two sub-samples are included.
The first, taken from the PG2MC survey (Calvi et al. 2011),
covers a larger volume, but has a higher mass limit of 4 ×
1010 M⊙, with minimum and maximum redshifts of 0.03 and
0.11 and a median redshift of 0.0918. The second, from the
Sloan Digital Sky Survey (SDSS) observations of the northern
galactic cap, is more restricted in redshift, with minimum and
maximum redshifts of 0.035 and 0.045 and a median redshift
of 0.0401. This second sub-sample has a lower mass limit of
1 × 1010 M⊙, and is cut at the upper end at the lower limit of the
first sub-sample. Galaxies are weighted to bring the two sub-
samples to a common volume. As described in Oemler et al.
(2013a; Paper I of this sequence) masses for this second sub-
sample have been computed using a variant of the technique in
Bell & de Jong (2001) with delayed exponential models (see
Section 2.1) as the underlying form of the SFH.

The total sample is 2094 galaxies, distributed in sSFR versus
mass as shown in Figure 3, with a mean weighted redshift of
0.0678. The sSFR values are computed from Hα fluxes. The
detectability of star formation depends on Hα equivalent widths
and as a result the sSFR limit is not trivial to describe, as it
relies both on the flux of the Hα line in emission, as well as
the continuum strength, including the depth of the Hα line
in absorption. The resulting incompleteness does not appear
exactly fixed in either star formation rate (this would be the
expected result if only the Hα line flux were relevant, for
example) or sSFR (which would be expected if only the Hα
equivalent width were relevant). Figure 3 also shows the fraction
of galaxies which are measured as having a sSFR identically
zero as a function of mass; as expected early-type systems with
no measurable Hα emission are proportionately more common
at the high mass end. For the purposes of this paper, we estimate
the threshold sSFR—i.e., the allowed upper limit of the actual
value of the sSFR for a galaxy of a given mass measured in
the data in Paper III to have sSFR = 0—as simply a fixed
star formation rate of 0.05 M⊙ yr−1. Note that the exact choice

of limits does not significantly affect any of the results which
follow.

To create a sample of SFHs that match both the z ∼ 0
sSFR distribution and the cosmic SFRD, we proceed as follows.
We consider a simulated sample of 2094 galaxies with masses
identical to the sSFR data discussed above. The SFH for each
galaxy is described by two parameters, τ and t0. We jointly
solve for these parameters for each galaxy in the ensemble
using simulated annealing, requiring at the same time that the
mass- and sample-weighted sum of the individual SFHs match
the shape of the double log-normal model fit to the cosmic
SFRD as detailed in Figures 1 and 2. We do not use the raw
SFRD data detailed in Figure 1, but the smooth fit to these
data, since this modeling process produces an under-constrained
realization rather than a unique best-fit model. Galaxies with a
sSFR measured to be zero in the data are allowed to take any
value up to the mass-dependent threshold shown in Figure 3.

The sSFR value for each simulated galaxy at its measured
redshift is computed simply as the ratio of the star formation
rate divided by the mass, where the latter is the integral of the
former from early times to the time of observation, modified
downward by stellar mass loss that occurs over the galaxy’s
history. We take the functional form of this mass loss from
Jungwiert et al. (2001) and as in Maraston et al. (2010) scale
the mass loss so that the total loss at 10 Gyr is 40%. We do
not attempt to compute the mass loss individually for each
galaxy, convolved across its SFH; rather, for computational
simplicity and efficiency we simply compute the mass loss from
the peak of the SFRD at z ∼ 2 to the epoch of observation for
each galaxy. The differences between this approach and a more
refined computation are in general small because much of the
mass loss that occurs at early times, and by z ∼ 0 the bulk of
the star formation in galaxies is well in the past.

The resulting distribution of sSFR values, and the distribution
of τ and t0 parameters, is shown in Figure 4. The fit is reasonable;
however, Figure 4 reveals a certain amount of tension between
the SFRD constraints and the z = 0 sSFR constraints when
fitting each galaxy with a log-normal SFH. Specifically, the
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Figure 7. The comparison between the measured sSFR distribution (black) and the model prediction (red) for the model realization shown in detail in Figure 5, in four
distinct redshift bins. Mass limits for each redshift range are as indicated. Thick lines show the sSFR range thought to be complete; thin dashed lines show the region
that is incomplete. Many of the measured galaxies in this latter region have sSFRs which are nominally zero, and so do not contribute to these plots. The fraction of
galaxies above the fiducial completeness sSFR is shown in each panel for both the measured galaxies and the model realization. Uncertainties reported on the data
are simple 1σ counting errors. Given the somewhat arbitrary details of the treatment of the galaxies with sSFRs nominally zero, and the uncertainty in the actual
sSFR completeness value, we anticipate that the actual uncertainty on the reported fractions is a factor of several times higher than reported and likely dominated by
systematic effects. For example, modifying the sSFR completeness limits by on the order of 10% produces a change comparable to the quoted random uncertainty.
Overall the fit between the data and the model prediction is remarkably good.
(A color version of this figure is available in the online journal.)

of the logarithm of the sSFRs. This is likely not an optimal
approach for constraining the model, however.

A closer look at the sSFR versus mass distribution for each
redshift bin of the data, shown in Figure 8, illustrates the model-
to-data comparison we have chosen to impose as a constraint
on the model. Specifically, note that the sSFR versus mass
values form a linear sequence in log–log space: this is the star-
formation main sequence described by many authors at many
redshifts (see Rodighiero et al. 2011 for a recent summary).
This sequence appears to have an approximately constant width
with mass. Over the redshift interval considered here, there is
also no strong evidence for an evolution in the slope of this
linear sequence; the zeropoint clearly evolves to higher values
of sSFR at higher redshift but the slope remains approximately
constant. To construct a distribution of sSFR-like values to
constrain the model we thus consider the cumulative distribution
of the difference between log(sSFR) at various redshifts and this
relation at z = 0, over the appropriate mass range in each redshift
bin. The resulting cumulative distributions for the data are given
in Figure 8.

As in Section 3.1 above, the effect of mergers is computed as
a weight for each z ∼ 0 galaxy, and appropriately used when
computing the cumulative distribution of residual sSFRs in the

model. This final realization of the model, now additionally
using the sSFR data in the higher redshift bins as a constraint,
is shown in Figure 9.

We remind the reader that all galaxies in these final model
realizations have only smooth SFHs described by log-normal
functions. No starburst activity is included. Starbursts might
induce rapid—albeit temporary—changes in a given galaxy’s
sSFR, and we might expect to see this reflected as a tension
between the sSFR distributions at low and high redshift, when
attempting to connect the low and high redshift datasets using
a smoothly varying SFH. However, the model in Figure 9
successfully incorporates all of the sSFR distributions to z = 1
without including any starbursts, a point discussed at length in
the next section.

4. THE STAR FORMATION HISTORIES OF GALAXIES
TO z = 1 AND BEYOND

In Paper III we highlighted several important aspects of
the SFH of galaxies required by the redshift evolution of the
sSFR distribution of intermediate redshift galaxies. In particular,
Paper III illustrates that even at these intermediate redshifts some
galaxies must be surprisingly young, having formed the bulk of
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Fig. 1.— The evolution of Φ and ΦQ since z ∼ 2.5. Diamonds/squares show Muzzin et al. (2013) and Tomczak et al. (2014) data,
respectively. Redshift binning matches the Tomczak et al. data; parentheses denote the coarser Muzzin et al. intervals from which those
data were drawn. Shaded pink/grey bands are Φ/ΦQ, respectively, predicted using the ensemble of log-normal SFHs from Gladders et al.
(2013). Solid lines show results if mergers are neglected. Though no M∗ information was used to constrain the models, the predicted
evolution of the mass functions agrees remarkably well with the data, suggesting the log-normal SFH is consistent with real galaxy SFHs
at the mass-bin level, and also that smooth, continuous SFHs can reproduce the observed evolution of the “quenched” population.

Galaxy and Group Catalogue (Calvi et al. 2011)—was:

SFR(t)i ∝
1

!

2πτ2
i

exp
"

− (ln t−T0,i)
2

2τ2
i

#

t
, (2)

where (T0, τ) are the peak-time and width of each SFH in
ln(t), respectively. The fitting determined the best val-
ues for these parameters such that (1) individual SFHs—
normalized to the appropriate M∗—produced a galaxy’s
observed SFR at z = zobs, and (2) the ensemble of SFHs
summed to the observed SFRD(t):

Ngals
$

i=1

SFR(t)i = V · SFRD(t), (3)

for all t spanned by the SFRD data (Cucciati et al. 2012).
This approach is extremely flexible, entails no assump-

tions about the data, and is highly predictive in princi-
ple: any SFH-related observable (e.g., colors) could be
derived for any redshift spanned by the SFRD data. Of
course, these virtues require imposing a form to SFR(t).
For our final G13 model—upon which this paper is

based—we included the zeropoint of the SFMS and its
dispersion collapsed across M∗ as additional constraints

at various z ! 1. Thus, the normalization and spread of
the SFHs were constrained at z ! 1, but not SFR(M∗)
itself; i.e., no M∗ #→ SFR mapping was imposed any-
where except implicitly through the z ≈ 0 input data.
Likewise, the M∗ distribution (i.e., Φ) was set only im-
plicitly by these data (complete to M∗ = 1010M⊙); it
was never used as an explicit fitting constraint.

2.2. Quiescent Fractions

At any epoch constrained by a sSFR distribution,
the G13 procedure ensured only that the total frac-
tion of quiescent SFHs matched the total observed frac-
tion of quiescent galaxies. “Quiescent” was defined
as log sSFR(M∗, t) < [⟨log sSFR(M∗, t)⟩ − 0.6 dex]; i.e.,
about 1.5σ below the mean SFMS relation. Model SFHs
could take any value below this threshold.
While the quiescent definition was thus mass-

dependent, the fitter considered only the total number
of SFHs meeting it, so the resulting model M∗ distri-
butions were unconstrained. This approach affects the
normalization, but not the shape of ΦQ. No aspect of
our modeling guarantees that the detailed evolution of Φ
or ΦQ will be reproduced, so comparisons to these data
are valid tests of our log-normal SFH parametrization.

Mass functions to z~2.5

All
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SFH distributions
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values at z = 0 and the 
cosmic SFR density at all 
redshifts.
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Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M⊙ (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M⊙ as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change
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Smooth differentiation

• “Quenching” also 
misleading here.
- Galaxies simply 

“finished”.

• Allows for more direct 
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Upshot
• If the ⟨SFMS⟩ describes 

individual SFHs, then 
diversity is superficial. 
- One way to reach Mstel for 

starforming galaxies. 

- Physics in the SFMS, not the 
galaxies. 

- Diversification comes via ad 
hoc “quenching”, or only at 
late times.

The Astrophysical Journal, 770:57 (36pp), 2013 June 10 Behroozi, Wechsler, & Conroy
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Figure 12. Left panel: ratio of the stellar mass to halo mass at a given redshift as a function of the halo mass at z = 0. Right panel: ratio of the stellar mass at a given
redshift to the stellar mass in the descendent galaxy today, as a function of the halo mass at z = 0. Lines shown the best-fit model and shaded regions show the 1σ
posterior distribution.
(A color version of this figure is available in the online journal.)
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Figure 13. Left panel: average age of presently existing stars in halos as a function of stellar mass. Right panel: time required to form 50% and 90% of presently
existing stars as a function of stellar mass. Lines shown the best-fit model and shaded regions show the 1σ posterior distribution.
(A color version of this figure is available in the online journal.)

Michałowski et al. 2010a, 2010b; Daddi et al. 2005; Chapman
et al. 2004).

5.6. Comparison to Other Results

We show a comparison of our best-fit results for the stellar
mass to halo mass ratio at z = 0.1 to previously published
results in Figure 14, and we show comparisons at z = 1.0
and z = 3.0 in Figure 15. Where possible, conversions to
our assumed cosmology and halo mass definition have been
applied. The results in this work are almost identical to our
previous results in Behroozi et al. (2010), with the exception
of a deviation at low halo masses due to the updated SMFs
used. We also compare to the new constraint of Reddick et al.
(2012), which uses additional input from the correlation function
and conditional SMF as measured by SDSS. There is a slight
discrepancy between the two results for small masses due to
the different satellite fractions obtained using Mpeak and v

peak
max

(still within our systematic errors), but the Reddick et al. (2012)

result is only well constrained by additional data in the range
1012–1014 M⊙.

Comparisons to other data sets at z ! 1.0 (Moster et al. 2010;
Guo et al. 2010; Wang & Jing 2010; Zheng et al. 2007a; Yang
et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004) are discussed
extensively in Behroozi et al. (2010), so we do not repeat that
discussion here. The z = 3 comparison is notable because it
illustrates the large discrepancies that can occur when different
SMFs are used at z " 3. For example, Yang et al. (2012) perform
modeling for two separate high-z SMFs (Pérez-González et al.
2008 and Drory et al. 2005). Part of the discrepancy between
the two sets of results may be due to a somewhat restrictive
redshift fit, and part of it may be due to systematic biases in
stellar masses at high redshifts.

In Figure 16, we show a comparison of galaxy stellar mass
histories between our results and those of Leitner (2012). A di-
rect comparison is difficult because Leitner (2012) only consid-
ers star-forming galaxies. However, according to Equation (8),
the active fraction for 109.5 M⊙ galaxies is 90%, and the active
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One path to a  
given end-state



Upshot
• If the ⟨SFMS⟩ does not 

describe individual SFHs, 
then diversity is profound. 
- Many ways to reach a given 

Mstel, SFR. 

- Physics is in what pushes 
galaxies off the SFMS. 

- Stochastic fueling? 

- Initial conditions? 

- Diversity via n processes; 
“quenching” likely 
misleading.

How I Learned to Stop Worrying and Love the Central Limit Theorem 7

Figure 2. The growth histories for the paths shown in Figure 1. Though there is a significantly greater diversity of star-formation histories
as H increases, the growth histories from smaller values of H appear to be subsumed into a larger, more general set of curves. The level
of correlation among stochastic changes to star-formation over a Hubble time defines the possible range of histories galaxies may have
experienced to reach a particular stellar mass at a given epoch.

When the stochastic di↵erences X are correlated over
time, the relative changes in S from timestep to timestep
are much smaller. With T = 1000 timesteps and H = 1
the median absolute relative change in S is ⇠ 0.25%.
In the figure the paths are color coded red when St is
less than a quarter the lifetime average, and blue when
St is greater. Such demarcation crudely separates when
each aggregate “stellar population” might appear red or
blue. The normalized growth histories for these paths
are shown in Figure 2, color coded similarly.
It is important to note that the formal rules of stochas-

tic processes have led to suites of growth histories, de-
pending on the level at which stochastic changes to SFR
are correlated over time. The central limit theorem pro-
vides probability densities for these histories such that
an aggregate distribution of SFHs can be constructed a
priori , based on the amount of time a galaxy had to
grow to its given mass. However, nothing in the rules,
so far, has limited which histories may be unphysical
or potentially disallowed. In theory these are the dis-
tributions for unbiased ensembles, where SFRs have an
equal chance of increasing or decreasing at every (un-
known) timestep. Astrophysical simulations may serve to
constrain these sets to better represent the cosmological
distribution of histories that real star-forming disks ex-
perience. We introduce generalizations to this formalism
later in the text to help account for astrophysically inter-
esting constraints, but proceed under the assumption, for
now, that these general distributions of SFHs represent
the range of possible histories for the Universe’s ensem-
ble of galaxies as they evolve through a broad range of
dynamically changing galaxy environments over cosmic
time.

3.2. Expectation Values

As H increases fBm goes from producing a narrow
range of growth curves to progressively greater and
greater diversity in growth histories and S becomes in-
creasingly smooth. Even with such a diversity of “star-
formation histories,” limit theory can describe their dis-
tributions.
In distribution, the ratio of St/Mt for arbitrary H can

be derived from the expectation values of St and Mt.
These are di↵erent than the classic fBm expectations in
Mandelbrot & van Ness (1968) because of the boundary

S � 0:
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These scale-free forms can be simplified to
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where, once again, astrophysics has been subsumed in �,
though, now H also represents long-term astrophysical
and cosmological e↵ects through its control of the long-
term correlations of stochastic events. Given H, these
expectation values define generalized versions of the star-
forming main sequence and its scatter:

E [St/Mt]=
(H + 1)

t
(42)

Sig[St/Mt]=H1/2
E [St/Mt] (43)

Inferring the distribution in log SSFR from these equa-
tions directly is not straightforward. Using numeri-
cal experiments, we find the intrinsic distribution in
S/M is not quite Gaussian and not quite lognormal.
When S/M > E [S/M ] the distribution of (S/M �

E [S/M ])/(H1/2
E [S/M ]) appears to be lognormal, and

when S/M < E [S/M ] the distribution appears normal
down to S/M = 0. And, of course, galaxies preselected
as star-forming from any survey naturally excludes those
galaxies at S/M = 0, and objects with low SSFR, de-
pending on the nature of the selection. More critically,
these numerical experiments indicate that the expecta-
tion value E [S/M ] is equivalent to the median SSFR, not
the mean (except when H ⌘ 0).
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We agree on some things…

• For Milky Way-mass, starforming galaxies, 
consensus average picture is emerging: 
- ~10% of stellar mass in place by z ~ 2. 

- ~50% by z ~ 1. 

• Later for lower-mass, earlier for higher-mass 
galaxies 
- Leitner+12, Behroozi+13, Gladders+13, Lu+14 



The Astrophysical Journal, 745:149 (16pp), 2012 February 1 Leitner

Figure 3. SFHs (left) and mass growth (right) from MSI, in galaxies of M∗0 = 108 M⊙, 109 M⊙, 1010 M⊙, and 1011 M⊙. Shaded regions show the variation between
SFR main sequence observations, and thick lines are fiducial power-law SFR main sequence fit to K11 data. Results are shown where SFR main sequence data are
robust and complete (cross hatching), extrapolated (diagonal stripes; see completeness discussion in Section 2.3.1), and compromised by observational uncertainties
at z > zerr (dotted).
(A color version of this figure is available in the online journal.)

stringent completeness limits because of their shallower SFR
observations.

3. THE MSI APPROACH: FROM STAR FORMATION
RATES TO STAR FORMATION HISTORIES

With a reliable SFR main sequence in hand at z ! 1.6,
observations can be synthesized through MSI to calculate SFHs,
Φ(t). The evolution of stellar mass in a given galaxy is described
by a growth term from the observed SFR and a loss term from
the galaxy-wide stellar mass-loss rate,

Ṁ∗(t) = ψ(M∗, z) − ℜ(t). (3)

Galaxy-wide mass loss is given by an integral over the frac-
tional mass-lost rate (ḟml) from each single age stellar popu-
lation (SSP)—calculated using the flexible stellar populations
synthesis code (v2.0; Conroy & Gunn 2010; Conroy et al. 2009;
or see Leitner & Kravtsov 2011 for fits),

ℜ(t) =
! t

t0

Φ(t ′)ḟml(t − t ′)dt ′. (4)

The SFH of that galaxy is then

Φ(t) = ψ(M∗(t), z), (5)

where ψ is a function of the evolving mass. Φ(t) and M∗(t)
can be thought of as the Lagrangian coordinate tracking a given
galaxy, while ψ , the SFR main sequence, is the SFR at a fixed
Eulerian coordinate in the space of stellar mass and redshift.

For our fiducial choice, galaxies start with boundary condition
M∗0 ≡ M∗(zobs), and trace the median of the SFR main sequence
given by Equation (1) and K11 parameters (in Table 1) as
they move back in time and down in stellar mass. Since Φ(t)
is needed to calculate mass loss, but mass loss is needed to
solve Equation (3), a self-consistent solution for M∗(t) requires
iteration. Leitner & Kravtsov (2011) described the simple

iteration procedure that is used here to converge on a self-
consistent Φ(t) and ℜ(t).

Figure 3 shows mass growth for galaxies including the
spread from variation between different SFR main sequence
observations (described by fits in Section 2.2). Appendix A
reports analytic approximations. MSI-based SFHs decay almost
exponentially after early buildup, and are thus in general
agreement with staged-τ models assumed by Noeske et al.
(2007a).

3.1. Assessing MSI Complications

In this section, we address two issues—mergers and scat-
ter—that were ignored by linking galaxies across SFR obser-
vations solely using the median SFR and resulting stellar mass
evolution. We find that these issues are probably less important
than variations between observations of the SFR main sequence,
so readers interested in results can skip to Section 3.2.

3.1.1. Mergers

MSI is almost insensitive to mergers, both because sSFRs of
SFGs are not strongly dependent on mass and because mergers
are not common in SFGs at z < 2. Starting from a M∗(zobs),
galaxies disassemble according to their growth rate, Ṁ∗, with
increasing look-back time. If at some zsplit there is a merger
of ratio µmrat, the galaxy gets split into two progenitors, both
of which continue to contribute to the SFH of the final galaxy.
Since sSFRs are mass dependent, the same galaxy grows at a
different rate if it is split into progenitors. The ratio of growth
in a split to an unsplit galaxy is

γSFR = 1 + µ
1+β
mrat

(1 + µmrat)1+β
. (6)

Observations indicate that galaxies downsize (β < 0; see
Section 2.2), so low-mass galaxies grow faster and γSFR > 1.
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Figure 12. Left panel: ratio of the stellar mass to halo mass at a given redshift as a function of the halo mass at z = 0. Right panel: ratio of the stellar mass at a given
redshift to the stellar mass in the descendent galaxy today, as a function of the halo mass at z = 0. Lines shown the best-fit model and shaded regions show the 1σ
posterior distribution.
(A color version of this figure is available in the online journal.)
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Figure 13. Left panel: average age of presently existing stars in halos as a function of stellar mass. Right panel: time required to form 50% and 90% of presently
existing stars as a function of stellar mass. Lines shown the best-fit model and shaded regions show the 1σ posterior distribution.
(A color version of this figure is available in the online journal.)

Michałowski et al. 2010a, 2010b; Daddi et al. 2005; Chapman
et al. 2004).

5.6. Comparison to Other Results

We show a comparison of our best-fit results for the stellar
mass to halo mass ratio at z = 0.1 to previously published
results in Figure 14, and we show comparisons at z = 1.0
and z = 3.0 in Figure 15. Where possible, conversions to
our assumed cosmology and halo mass definition have been
applied. The results in this work are almost identical to our
previous results in Behroozi et al. (2010), with the exception
of a deviation at low halo masses due to the updated SMFs
used. We also compare to the new constraint of Reddick et al.
(2012), which uses additional input from the correlation function
and conditional SMF as measured by SDSS. There is a slight
discrepancy between the two results for small masses due to
the different satellite fractions obtained using Mpeak and v

peak
max

(still within our systematic errors), but the Reddick et al. (2012)

result is only well constrained by additional data in the range
1012–1014 M⊙.

Comparisons to other data sets at z ! 1.0 (Moster et al. 2010;
Guo et al. 2010; Wang & Jing 2010; Zheng et al. 2007a; Yang
et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004) are discussed
extensively in Behroozi et al. (2010), so we do not repeat that
discussion here. The z = 3 comparison is notable because it
illustrates the large discrepancies that can occur when different
SMFs are used at z " 3. For example, Yang et al. (2012) perform
modeling for two separate high-z SMFs (Pérez-González et al.
2008 and Drory et al. 2005). Part of the discrepancy between
the two sets of results may be due to a somewhat restrictive
redshift fit, and part of it may be due to systematic biases in
stellar masses at high redshifts.

In Figure 16, we show a comparison of galaxy stellar mass
histories between our results and those of Leitner (2012). A di-
rect comparison is difficult because Leitner (2012) only consid-
ers star-forming galaxies. However, according to Equation (8),
the active fraction for 109.5 M⊙ galaxies is 90%, and the active
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Figure 8. The average characteristic redshifts, z
0.5 and z

0.1, as a function of halo mass for star formation (green lines)
and for stellar mass assembly (red lines).

quite late (at z  1) and the SFR is roughly a constant
over this time interval. In contrast, Model III predicts
star formation histories that are bimodal, with an ini-
tial star burst at z > 2, followed by a constant SFR.
As discussed in Lu et al. (2014), although the boost in
the star formation rate at high z in low-mass haloes is
inferred from the observed upturn in the cluster galaxy
luminosity function at the faint end, it also has sup-
port from the observed star formation rate function at
z >⇠ 4 (Smit et al. 2012), and from the existence of a
significant old stellar population in present-day dwarf
galaxies (Weisz et al. 2011).

4.2 Stellar mass assembly histories

The stellar mass assembly history of a galaxy describes
how the stellar mass in the galaxy changes with time.
The stars observed in a galaxy can come from both
in situ star formation and the accretion of stars that
formed earlier in its progenitors. In addition, stars also
evolve with time, and the mass in stars can change ow-
ing to stellar winds and supernova explosions. Taking
all these into account, the stellar mass in a galaxy at
redshift z can be written as

M?(z) =

Z
SFRinsitu(t

0)R
⇥
t� t0

⇤
dt0

+
X

a

f
TS

M
s,?(ta; t)H[t� t

a

� ⌧
mrg

] ,(13)

where R(⌧) is the fraction of initial mass that is still
in stars for a stellar population with an age of ⌧ ,
M

s,?(ta; t) is the stellar mass at time t of a satellite
accreted at time ta, and ⌧

mrg

is the dynamical friction
time scale of the satellite used to model the time it
takes for the satellite to merge with the central after
ta. The function, H(x) = 1 if x > 0 and H(x) = 0
otherwise, is used to ensure that only satellites that

can sink to the centre and merge with the primary
contribute to the mass of the primary. The summa-
tion is over all satellites accreted into the host halo.
In practice, the stellar mass of a galaxy is recorded in
a number of time bins so that the addition of stellar
mass owing to accretion is done separately for indi-
vidual bins. Following Lu et al. (2014), we estimate
the value of R(⌧) from the spectral synthesis model of
Bruzual & Charlot (2003) assuming a Chabrier IMF.

The average di↵erential assembly histories ob-
tained in this way are shown in Figure 5 as the dashed
lines. For both dwarf and Milky-Way sized galaxies,
the stellar mass assembly histories are almost parallel
to the SFHs except at the beginning of star formation.
The di↵erence in amplitude, which is about a factor
of 2, owes to the mass loss of evolved stars. This sug-
gests that the assembly of such galaxies is dominated
by in situ star formation, rather than by the accre-
tion of stars formed in progenitors. We will have a
more detailed discussion about this in the following
subsection. For massive cluster galaxies, the assembly
histories start with a strong episode of in situ star for-
mation at z > 2, which is followed by a long period of
mass accretion at roughly a constant rate.

4.3 In-situ star formation versus accretion

Figure 6 shows the fraction of stars formed in situ
in present day central galaxies as a function of their
host halo mass. The predictions of Model II are plot-
ted as the green line (average) and the green shaded
area (with the variance arising from di↵erent halo
merger trees), while the predictions of Model III are
plotted in red. The predictions of the two models
are quite similar. For central galaxies in haloes with
masses below 1012 h�1M�, almost all the stars are
formed in situ. This fraction decreases rapidly with

c� 2013 RAS, MNRAS 000, 1–20

Lu+14
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Figure 1. Example model star formation histories showing the
stellar mass (upper panel) and star formation rate (lower panel) as
a function of lookback time. We set the final stellar mass for these
examples to be 1010.5 M⊙ at z = 0. The thick, solid (black) curve
shows the mean star formation history computed using only the av-
erage star formation rate as a function of stellar mass and redshift.
The thin solid (blue) and short-dashed (green) curves include 0.3
dex of scatter in the star formation rate correlated over a timescale
of, respectively, ∆tc = 108 yr and 1010 yr (effectively its entire life-
time). The dotted (red) curve is an example with ∆tc = 109 yr and
passive galaxies included; this particular example becomes passive
quite early and slowly loses stellar mass from stellar death and re-
cycling over the last 8 Gyr. The long-dashed (orange) curve also
assumes ∆tc = 109 yr and passive galaxies (in this example, the
galaxy becomes passive only in the last 500 Myr) but also includes
additional starbursts of 3× 0.3 dex above the mean star formation
rate in 10% of galaxies, each lasting for ∆tb = 108 yr.

lar fluctuation affects the galaxy for a time ∆tc, and we
allow the star formation rate itself to change on scales of
∆t as ⟨log ṀSFR⟩ evolves with redshift and the growing
mass of the galaxy.
In Figure 1, we show two model examples of star for-

mation histories that include only normal star forma-

tion. The thin solid (blue) and short-dashed (green)
curves assume ∆tc = 108 and 1010 yr, respectively. For
∆tc = 108 yr, the star formation history does not devi-
ate much from the “no scatter” case since strong fluctu-
ations in star formation rate are not allowed to persist
for a significant amount of time. On the other hand,
for ∆tc = 1010 yr (effectively the entire galaxy lifetime)
the history is rather smooth because the distribution is
only sampled once (log ṀSFR − ⟨log ṀSFR⟩ ∼ 1.5 σSFR
for the example in Fig. 1). A high values of ∆tc with
a single fluctuation per system generates much stronger
deviations from galaxy to galaxy than does a low value,
which combines many uncorrelated fluctuations. How-
ever, we emphasize that, by construction, an ensemble
of our output star formation histories reproduce the ob-
served stellar mass-star formation rate relation and its
scatter for any choice of ∆tc. In §4, we compare results
for several different values, which may reflect different
physical mechanisms driving the scatter in the star for-
mation rate.

3.2. Passive Galaxies

While previous implementations of the MSI method
considered only star-forming galaxies, the Gallazzi et al.
(2005) data to which we compare our results in §4 in-
cludes passive galaxies. The “quenching” of star forma-
tion can have a strong influence on the scatter among the
histories of massive galaxies by suppressing galaxy star
formation rates at different times. We construct a new
prescription to incorporate this suppression into the MSI
method that allows us to quantify the resulting effect on
stellar ages and metallicities.
As with star-forming galaxies, we calibrate our model

based on empirical observations from the NEWFIRM
Medium-Band Survey, using the passive galaxy fraction
measured by Brammer et al. (2011) at 0.4 ≤ z ≤ 2.2.
These data were recalibrated and fit by Behroozi et al.
(2013), who found that the fraction of galaxies that are
passive depends on stellar mass and redshift as

fp(M⋆, z) =

!

"

M⋆

1010.2+0.5 z M⊙

#−1.3

+ 1

$−1

. (10)

Because equation 10 implies that virtually all dwarf
galaxies are star-forming, it may not adequately describe
the quenching of star formation in local group satellites
as a result of ram-pressure stripping (e.g., Kravtsov et al.
2004; Muñoz et al. 2009). Nevertheless, we extrapolate
this fitting to all necessary masses and redshifts in our
model. Moreover, we compute results specifically for
star-forming populations in §4 by setting fp(M⋆, z) = 0.
However, the passive fraction is only the desired result

of our prescription; we cannot simply use fp to select
quenched systems at each time step since this would al-
low them to alternate between passive and star-forming
phases on the scale of ∆t. Instead, in our scheme, we
assume that galaxies exhibit a “once passive, always pas-
sive” behavior. (Since we integrate star formation histo-
ries backward through time, this is equivalent to a rule
of “once star-forming, always star-forming.”) Moreover,
galaxies designated as passive form no new stars but
still lose stellar mass due to stellar recycling according
to equation 4. The procedure is as follows. Beginning
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Figure 1. Example model star formation histories showing the
stellar mass (upper panel) and star formation rate (lower panel) as
a function of lookback time. We set the final stellar mass for these
examples to be 1010.5 M⊙ at z = 0. The thick, solid (black) curve
shows the mean star formation history computed using only the av-
erage star formation rate as a function of stellar mass and redshift.
The thin solid (blue) and short-dashed (green) curves include 0.3
dex of scatter in the star formation rate correlated over a timescale
of, respectively, ∆tc = 108 yr and 1010 yr (effectively its entire life-
time). The dotted (red) curve is an example with ∆tc = 109 yr and
passive galaxies included; this particular example becomes passive
quite early and slowly loses stellar mass from stellar death and re-
cycling over the last 8 Gyr. The long-dashed (orange) curve also
assumes ∆tc = 109 yr and passive galaxies (in this example, the
galaxy becomes passive only in the last 500 Myr) but also includes
additional starbursts of 3× 0.3 dex above the mean star formation
rate in 10% of galaxies, each lasting for ∆tb = 108 yr.

lar fluctuation affects the galaxy for a time ∆tc, and we
allow the star formation rate itself to change on scales of
∆t as ⟨log ṀSFR⟩ evolves with redshift and the growing
mass of the galaxy.
In Figure 1, we show two model examples of star for-

mation histories that include only normal star forma-

tion. The thin solid (blue) and short-dashed (green)
curves assume ∆tc = 108 and 1010 yr, respectively. For
∆tc = 108 yr, the star formation history does not devi-
ate much from the “no scatter” case since strong fluctu-
ations in star formation rate are not allowed to persist
for a significant amount of time. On the other hand,
for ∆tc = 1010 yr (effectively the entire galaxy lifetime)
the history is rather smooth because the distribution is
only sampled once (log ṀSFR − ⟨log ṀSFR⟩ ∼ 1.5 σSFR
for the example in Fig. 1). A high values of ∆tc with
a single fluctuation per system generates much stronger
deviations from galaxy to galaxy than does a low value,
which combines many uncorrelated fluctuations. How-
ever, we emphasize that, by construction, an ensemble
of our output star formation histories reproduce the ob-
served stellar mass-star formation rate relation and its
scatter for any choice of ∆tc. In §4, we compare results
for several different values, which may reflect different
physical mechanisms driving the scatter in the star for-
mation rate.

3.2. Passive Galaxies

While previous implementations of the MSI method
considered only star-forming galaxies, the Gallazzi et al.
(2005) data to which we compare our results in §4 in-
cludes passive galaxies. The “quenching” of star forma-
tion can have a strong influence on the scatter among the
histories of massive galaxies by suppressing galaxy star
formation rates at different times. We construct a new
prescription to incorporate this suppression into the MSI
method that allows us to quantify the resulting effect on
stellar ages and metallicities.
As with star-forming galaxies, we calibrate our model

based on empirical observations from the NEWFIRM
Medium-Band Survey, using the passive galaxy fraction
measured by Brammer et al. (2011) at 0.4 ≤ z ≤ 2.2.
These data were recalibrated and fit by Behroozi et al.
(2013), who found that the fraction of galaxies that are
passive depends on stellar mass and redshift as

fp(M⋆, z) =
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M⋆

1010.2+0.5 z M⊙

#−1.3

+ 1

$−1

. (10)

Because equation 10 implies that virtually all dwarf
galaxies are star-forming, it may not adequately describe
the quenching of star formation in local group satellites
as a result of ram-pressure stripping (e.g., Kravtsov et al.
2004; Muñoz et al. 2009). Nevertheless, we extrapolate
this fitting to all necessary masses and redshifts in our
model. Moreover, we compute results specifically for
star-forming populations in §4 by setting fp(M⋆, z) = 0.
However, the passive fraction is only the desired result

of our prescription; we cannot simply use fp to select
quenched systems at each time step since this would al-
low them to alternate between passive and star-forming
phases on the scale of ∆t. Instead, in our scheme, we
assume that galaxies exhibit a “once passive, always pas-
sive” behavior. (Since we integrate star formation histo-
ries backward through time, this is equivalent to a rule
of “once star-forming, always star-forming.”) Moreover,
galaxies designated as passive form no new stars but
still lose stellar mass due to stellar recycling according
to equation 4. The procedure is as follows. Beginning
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Figure 1. Example model star formation histories showing the
stellar mass (upper panel) and star formation rate (lower panel) as
a function of lookback time. We set the final stellar mass for these
examples to be 1010.5 M⊙ at z = 0. The thick, solid (black) curve
shows the mean star formation history computed using only the av-
erage star formation rate as a function of stellar mass and redshift.
The thin solid (blue) and short-dashed (green) curves include 0.3
dex of scatter in the star formation rate correlated over a timescale
of, respectively, ∆tc = 108 yr and 1010 yr (effectively its entire life-
time). The dotted (red) curve is an example with ∆tc = 109 yr and
passive galaxies included; this particular example becomes passive
quite early and slowly loses stellar mass from stellar death and re-
cycling over the last 8 Gyr. The long-dashed (orange) curve also
assumes ∆tc = 109 yr and passive galaxies (in this example, the
galaxy becomes passive only in the last 500 Myr) but also includes
additional starbursts of 3× 0.3 dex above the mean star formation
rate in 10% of galaxies, each lasting for ∆tb = 108 yr.

lar fluctuation affects the galaxy for a time ∆tc, and we
allow the star formation rate itself to change on scales of
∆t as ⟨log ṀSFR⟩ evolves with redshift and the growing
mass of the galaxy.
In Figure 1, we show two model examples of star for-

mation histories that include only normal star forma-

tion. The thin solid (blue) and short-dashed (green)
curves assume ∆tc = 108 and 1010 yr, respectively. For
∆tc = 108 yr, the star formation history does not devi-
ate much from the “no scatter” case since strong fluctu-
ations in star formation rate are not allowed to persist
for a significant amount of time. On the other hand,
for ∆tc = 1010 yr (effectively the entire galaxy lifetime)
the history is rather smooth because the distribution is
only sampled once (log ṀSFR − ⟨log ṀSFR⟩ ∼ 1.5 σSFR
for the example in Fig. 1). A high values of ∆tc with
a single fluctuation per system generates much stronger
deviations from galaxy to galaxy than does a low value,
which combines many uncorrelated fluctuations. How-
ever, we emphasize that, by construction, an ensemble
of our output star formation histories reproduce the ob-
served stellar mass-star formation rate relation and its
scatter for any choice of ∆tc. In §4, we compare results
for several different values, which may reflect different
physical mechanisms driving the scatter in the star for-
mation rate.

3.2. Passive Galaxies

While previous implementations of the MSI method
considered only star-forming galaxies, the Gallazzi et al.
(2005) data to which we compare our results in §4 in-
cludes passive galaxies. The “quenching” of star forma-
tion can have a strong influence on the scatter among the
histories of massive galaxies by suppressing galaxy star
formation rates at different times. We construct a new
prescription to incorporate this suppression into the MSI
method that allows us to quantify the resulting effect on
stellar ages and metallicities.
As with star-forming galaxies, we calibrate our model

based on empirical observations from the NEWFIRM
Medium-Band Survey, using the passive galaxy fraction
measured by Brammer et al. (2011) at 0.4 ≤ z ≤ 2.2.
These data were recalibrated and fit by Behroozi et al.
(2013), who found that the fraction of galaxies that are
passive depends on stellar mass and redshift as

fp(M⋆, z) =
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Because equation 10 implies that virtually all dwarf
galaxies are star-forming, it may not adequately describe
the quenching of star formation in local group satellites
as a result of ram-pressure stripping (e.g., Kravtsov et al.
2004; Muñoz et al. 2009). Nevertheless, we extrapolate
this fitting to all necessary masses and redshifts in our
model. Moreover, we compute results specifically for
star-forming populations in §4 by setting fp(M⋆, z) = 0.
However, the passive fraction is only the desired result

of our prescription; we cannot simply use fp to select
quenched systems at each time step since this would al-
low them to alternate between passive and star-forming
phases on the scale of ∆t. Instead, in our scheme, we
assume that galaxies exhibit a “once passive, always pas-
sive” behavior. (Since we integrate star formation histo-
ries backward through time, this is equivalent to a rule
of “once star-forming, always star-forming.”) Moreover,
galaxies designated as passive form no new stars but
still lose stellar mass due to stellar recycling according
to equation 4. The procedure is as follows. Beginning
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a function of lookback time. We set the final stellar mass for these
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erage star formation rate as a function of stellar mass and redshift.
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dex of scatter in the star formation rate correlated over a timescale
of, respectively, ∆tc = 108 yr and 1010 yr (effectively its entire life-
time). The dotted (red) curve is an example with ∆tc = 109 yr and
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quite early and slowly loses stellar mass from stellar death and re-
cycling over the last 8 Gyr. The long-dashed (orange) curve also
assumes ∆tc = 109 yr and passive galaxies (in this example, the
galaxy becomes passive only in the last 500 Myr) but also includes
additional starbursts of 3× 0.3 dex above the mean star formation
rate in 10% of galaxies, each lasting for ∆tb = 108 yr.
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for the example in Fig. 1). A high values of ∆tc with
a single fluctuation per system generates much stronger
deviations from galaxy to galaxy than does a low value,
which combines many uncorrelated fluctuations. How-
ever, we emphasize that, by construction, an ensemble
of our output star formation histories reproduce the ob-
served stellar mass-star formation rate relation and its
scatter for any choice of ∆tc. In §4, we compare results
for several different values, which may reflect different
physical mechanisms driving the scatter in the star for-
mation rate.
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While previous implementations of the MSI method
considered only star-forming galaxies, the Gallazzi et al.
(2005) data to which we compare our results in §4 in-
cludes passive galaxies. The “quenching” of star forma-
tion can have a strong influence on the scatter among the
histories of massive galaxies by suppressing galaxy star
formation rates at different times. We construct a new
prescription to incorporate this suppression into the MSI
method that allows us to quantify the resulting effect on
stellar ages and metallicities.
As with star-forming galaxies, we calibrate our model

based on empirical observations from the NEWFIRM
Medium-Band Survey, using the passive galaxy fraction
measured by Brammer et al. (2011) at 0.4 ≤ z ≤ 2.2.
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(2013), who found that the fraction of galaxies that are
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Because equation 10 implies that virtually all dwarf
galaxies are star-forming, it may not adequately describe
the quenching of star formation in local group satellites
as a result of ram-pressure stripping (e.g., Kravtsov et al.
2004; Muñoz et al. 2009). Nevertheless, we extrapolate
this fitting to all necessary masses and redshifts in our
model. Moreover, we compute results specifically for
star-forming populations in §4 by setting fp(M⋆, z) = 0.
However, the passive fraction is only the desired result

of our prescription; we cannot simply use fp to select
quenched systems at each time step since this would al-
low them to alternate between passive and star-forming
phases on the scale of ∆t. Instead, in our scheme, we
assume that galaxies exhibit a “once passive, always pas-
sive” behavior. (Since we integrate star formation histo-
ries backward through time, this is equivalent to a rule
of “once star-forming, always star-forming.”) Moreover,
galaxies designated as passive form no new stars but
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a function of lookback time. We set the final stellar mass for these
examples to be 1010.5 M⊙ at z = 0. The thick, solid (black) curve
shows the mean star formation history computed using only the av-
erage star formation rate as a function of stellar mass and redshift.
The thin solid (blue) and short-dashed (green) curves include 0.3
dex of scatter in the star formation rate correlated over a timescale
of, respectively, ∆tc = 108 yr and 1010 yr (effectively its entire life-
time). The dotted (red) curve is an example with ∆tc = 109 yr and
passive galaxies included; this particular example becomes passive
quite early and slowly loses stellar mass from stellar death and re-
cycling over the last 8 Gyr. The long-dashed (orange) curve also
assumes ∆tc = 109 yr and passive galaxies (in this example, the
galaxy becomes passive only in the last 500 Myr) but also includes
additional starbursts of 3× 0.3 dex above the mean star formation
rate in 10% of galaxies, each lasting for ∆tb = 108 yr.
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tion. The thin solid (blue) and short-dashed (green)
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∆tc = 108 yr, the star formation history does not devi-
ate much from the “no scatter” case since strong fluctu-
ations in star formation rate are not allowed to persist
for a significant amount of time. On the other hand,
for ∆tc = 1010 yr (effectively the entire galaxy lifetime)
the history is rather smooth because the distribution is
only sampled once (log ṀSFR − ⟨log ṀSFR⟩ ∼ 1.5 σSFR
for the example in Fig. 1). A high values of ∆tc with
a single fluctuation per system generates much stronger
deviations from galaxy to galaxy than does a low value,
which combines many uncorrelated fluctuations. How-
ever, we emphasize that, by construction, an ensemble
of our output star formation histories reproduce the ob-
served stellar mass-star formation rate relation and its
scatter for any choice of ∆tc. In §4, we compare results
for several different values, which may reflect different
physical mechanisms driving the scatter in the star for-
mation rate.

3.2. Passive Galaxies

While previous implementations of the MSI method
considered only star-forming galaxies, the Gallazzi et al.
(2005) data to which we compare our results in §4 in-
cludes passive galaxies. The “quenching” of star forma-
tion can have a strong influence on the scatter among the
histories of massive galaxies by suppressing galaxy star
formation rates at different times. We construct a new
prescription to incorporate this suppression into the MSI
method that allows us to quantify the resulting effect on
stellar ages and metallicities.
As with star-forming galaxies, we calibrate our model

based on empirical observations from the NEWFIRM
Medium-Band Survey, using the passive galaxy fraction
measured by Brammer et al. (2011) at 0.4 ≤ z ≤ 2.2.
These data were recalibrated and fit by Behroozi et al.
(2013), who found that the fraction of galaxies that are
passive depends on stellar mass and redshift as
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Because equation 10 implies that virtually all dwarf
galaxies are star-forming, it may not adequately describe
the quenching of star formation in local group satellites
as a result of ram-pressure stripping (e.g., Kravtsov et al.
2004; Muñoz et al. 2009). Nevertheless, we extrapolate
this fitting to all necessary masses and redshifts in our
model. Moreover, we compute results specifically for
star-forming populations in §4 by setting fp(M⋆, z) = 0.
However, the passive fraction is only the desired result

of our prescription; we cannot simply use fp to select
quenched systems at each time step since this would al-
low them to alternate between passive and star-forming
phases on the scale of ∆t. Instead, in our scheme, we
assume that galaxies exhibit a “once passive, always pas-
sive” behavior. (Since we integrate star formation histo-
ries backward through time, this is equivalent to a rule
of “once star-forming, always star-forming.”) Moreover,
galaxies designated as passive form no new stars but
still lose stellar mass due to stellar recycling according
to equation 4. The procedure is as follows. Beginning
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What do we need to know?

• What (timescale) does the scatter in 
SFR(Mstel) reflect? 
- Can trends in SFR(Mstel) constrain this? 

• Is there an environment/clustering/
age connection? 



Ways forward
Three ways I can think of:



Ways forward
Three ways I can think of:

1. Galaxy mass-weighted ages (from spectra). 

- Difficult, but direct — if small age spread at fixed (Mstel,SFR) zero diversity model is right. 
- (We doubt this, but it’s possible.)



Ways forward
Three ways I can think of:

1. Galaxy mass-weighted ages (from spectra). 

- Difficult, but direct — if small age spread at fixed (Mstel,SFR) zero diversity model is right. 
- (We doubt this, but it’s possible.)

2. Morpho-structural studies. 

- Models should have implications for B/T as a function of SFR at fixed mass. 

• No scatter — one B/T per Mstel. 
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Ways forward
Three ways I can think of:

1. Galaxy mass-weighted ages (from spectra). 

- Difficult, but direct — if small age spread at fixed (Mstel,SFR) zero diversity model is right. 
- (We doubt this, but it’s possible.)

2. Morpho-structural studies. 

- Models should have implications for B/T as a function of SFR at fixed mass. 

• No scatter — one B/T per Mstel. 

• Intermediate-timescale scatter — uniform B/T spread. 

• Long-timescale scatter — trend in B/T with SFR at fixed Mstel.

3. Somehow directly measure the timescale of SFR variations. 

- Different SFR indicators (Hα, UV, IR) for the same galaxy; see how correlated. 

• Also may be very difficult given systematic uncertainties…
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Fig. 2.— A comparison of G13 SFHs (left) and mass-growth curves (right) for today’s Milky Way-mass galaxies to the result of Peng et al.
(2010, green curve). Turquoise/orange lines denote currently starforming/quiescent G13 galaxies (sSFR ≥ and < 10−11 yr−1, respectively);
blue and red bands show 25%/75% spreads of these SFHs at fixed time. At right, turquoise/orange bars denote the 25%/75% range in
half-mass times for the G13 SFHs; green arrows show that for the Peng et al. curve. These models paint different astrophysical pictures,
but both appear capable of matching important metrics of galaxy evolution. Clearly, a key distinction is the prediction of a wide diversity
of SFHs by the dispersion-based G13 model (e.g., a ∼ 2 Gyr inter-quartile range in half-mass times for MW analogs), which is difficult to
reproduce from the “mean-based” perspective.

We are not alone in this accomplishment, however.
Others have approached SFRD(t), Φ, the SFMS, and
SFHs in a semi-empirical, (quasi-)holistic fashion (e.g.,
Peng et al. 2010; Moster et al. 2013; Behroozi et al. 2013;
Kelson 2014; Lu et al. 2014). Not all were principally
concerned with extracting SFHs (e.g., Peng et al. 2010),
and not all attempted to match each of these “pillars”
(e.g., Lu et al. 2014), but the results presented above and
in these other works suggest that there are now many
“good” descriptions of the data as far as SFHs are con-
cerned.5 So: have we identified an especially meaningful
SFH form, or are the benchmark metrics simply (too)
easy to reproduce? Can we determine which is the case?

4.1. Different Philosophies

To address these questions, we must first understand
what distinguishes the aforementioned analyses (in the
context of SFHs). Broadly, they fall into two categories:
“mean-based” (Peng et al. 2010; Behroozi et al. 2013; Lu
et al. 2014) and “dispersion-based” (G13; Kelson 2014).
The mean-based approaches use ensemble averages to

infer the behavior of individual systems. They tend to
center around a mapping between some “fundamental”
quantity and Ṁ∗(t). This mapping can be the SFMS
itself (Peng et al. 2010), or theoretical dark matter halo
growth models combined with, e.g., Mhalo–M∗ (Behroozi
et al. 2013) relations. Regardless, since they are driven
by statistical averages, their ability to assess diversity
in SFHs at fixed (M∗, SFR, t) is limited by construction
(Figure 2, green curve).

5We recognize that many of these models are capable of
matching additional data—such as the galaxy 2-point correlation
function—that our model does not address.

By contrast, the dispersion-based approaches (G13;
Kelson 2014) entail no central mappings. They accom-
modate, for example, significant/arbitrary scatter in the
SFMS, and so have great ability to capture diversity in
SFHs (Figure 2, turquoise/orange curves; Figure 2 of
Kelson 2014). However, this freedom is paid for by plac-
ing demands on the (nature of the) SFHs themselves:
Kelson (2014) requires them to be governed by quasi-
stochastic processes; we implicitly attribute physical im-
portance to the log-normal form.
The crux of the issue is this: both mean-based and

dispersion-based approaches have demonstrated signif-
icant potential in terms of their ability to match key
metrics of galaxy evolution, but the way they view
diversity—either in galaxy SFHs or as manifest by disper-
sion in statistical relations—are quite different. Address-
ing one question in particular will elucidate the relevance
of either approach to real galaxy SFHs:

To what extent did today’s equal-mass star-
forming galaxies “grow up” together?

As shown by Muñoz & Peeples (2014), robust knowledge
of the timescale encoded by the SFMS dispersion, σSFMS,
is critical to answering this question.

4.2. What is σSFMS?

Assuming it does not reflect observational errors,6

there are three interpretations for σSFMS: (1) short-
timescale (10∼7 yr) perturbations, (2) intermediate-
timescale (108−9.5 yr) variations, or (3) Hubble-timescale

6Through detailed comparisons of SFRs obtained using differ-
ent techniques, we are in the process of quantitatively demonstrat-
ing this to be true (Oemler et al., in preparation).
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and not all attempted to match each of these “pillars”
(e.g., Lu et al. 2014), but the results presented above and
in these other works suggest that there are now many
“good” descriptions of the data as far as SFHs are con-
cerned.5 So: have we identified an especially meaningful
SFH form, or are the benchmark metrics simply (too)
easy to reproduce? Can we determine which is the case?
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what distinguishes the aforementioned analyses (in the
context of SFHs). Broadly, they fall into two categories:
“mean-based” (Peng et al. 2010; Behroozi et al. 2013; Lu
et al. 2014) and “dispersion-based” (G13; Kelson 2014).
The mean-based approaches use ensemble averages to

infer the behavior of individual systems. They tend to
center around a mapping between some “fundamental”
quantity and Ṁ∗(t). This mapping can be the SFMS
itself (Peng et al. 2010), or theoretical dark matter halo
growth models combined with, e.g., Mhalo–M∗ (Behroozi
et al. 2013) relations. Regardless, since they are driven
by statistical averages, their ability to assess diversity
in SFHs at fixed (M∗, SFR, t) is limited by construction
(Figure 2, green curve).

5We recognize that many of these models are capable of
matching additional data—such as the galaxy 2-point correlation
function—that our model does not address.

By contrast, the dispersion-based approaches (G13;
Kelson 2014) entail no central mappings. They accom-
modate, for example, significant/arbitrary scatter in the
SFMS, and so have great ability to capture diversity in
SFHs (Figure 2, turquoise/orange curves; Figure 2 of
Kelson 2014). However, this freedom is paid for by plac-
ing demands on the (nature of the) SFHs themselves:
Kelson (2014) requires them to be governed by quasi-
stochastic processes; we implicitly attribute physical im-
portance to the log-normal form.
The crux of the issue is this: both mean-based and

dispersion-based approaches have demonstrated signif-
icant potential in terms of their ability to match key
metrics of galaxy evolution, but the way they view
diversity—either in galaxy SFHs or as manifest by disper-
sion in statistical relations—are quite different. Address-
ing one question in particular will elucidate the relevance
of either approach to real galaxy SFHs:

To what extent did today’s equal-mass star-
forming galaxies “grow up” together?

As shown by Muñoz & Peeples (2014), robust knowledge
of the timescale encoded by the SFMS dispersion, σSFMS,
is critical to answering this question.

4.2. What is σSFMS?

Assuming it does not reflect observational errors,6

there are three interpretations for σSFMS: (1) short-
timescale (10∼7 yr) perturbations, (2) intermediate-
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“mean-based” (Peng et al. 2010; Behroozi et al. 2013; Lu
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The mean-based approaches use ensemble averages to
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quantity and Ṁ∗(t). This mapping can be the SFMS
itself (Peng et al. 2010), or theoretical dark matter halo
growth models combined with, e.g., Mhalo–M∗ (Behroozi
et al. 2013) relations. Regardless, since they are driven
by statistical averages, their ability to assess diversity
in SFHs at fixed (M∗, SFR, t) is limited by construction
(Figure 2, green curve).

5We recognize that many of these models are capable of
matching additional data—such as the galaxy 2-point correlation
function—that our model does not address.

By contrast, the dispersion-based approaches (G13;
Kelson 2014) entail no central mappings. They accom-
modate, for example, significant/arbitrary scatter in the
SFMS, and so have great ability to capture diversity in
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Kelson 2014). However, this freedom is paid for by plac-
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Kelson (2014) requires them to be governed by quasi-
stochastic processes; we implicitly attribute physical im-
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forming galaxies “grow up” together?

As shown by Muñoz & Peeples (2014), robust knowledge
of the timescale encoded by the SFMS dispersion, σSFMS,
is critical to answering this question.

4.2. What is σSFMS?

Assuming it does not reflect observational errors,6

there are three interpretations for σSFMS: (1) short-
timescale (10∼7 yr) perturbations, (2) intermediate-
timescale (108−9.5 yr) variations, or (3) Hubble-timescale

6Through detailed comparisons of SFRs obtained using differ-
ent techniques, we are in the process of quantitatively demonstrat-
ing this to be true (Oemler et al., in preparation).
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Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M⊙ (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M⊙ as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change
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Connections to theory

• Jibes with halo age-
matching models of 
Hearin & Watson ’13 
- Present-day galaxy 

color/SFR determined by 
halo formation time 

• Older ⇒ redder/deader.
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Figure 2. SFR-dependent clustering and galaxy-galaxy lensing as a function of stellar mass as predicted by our age matching model
versus new SDSS measurements. Top Row: The projected correlation function (multiplied by rp) predicted by our model split into
quenched and star-forming mock galaxy samples is shown with red and blue solid curves, respectively. Solid bands in each panel show
the error in our model prediction estimated by jackknifing the octants of the simulation box. Red (blue) points show our measurements
of quenched (star-forming) SDSS galaxies (provided in Tables A1 & A2). Errors on the measurements are computed from jackknife
resampling of 50 equal-area regions on the sky. Bottom Row: Excess surface density ∆Σ as a function of stellar mass and SFR as
predicted by our age matching model (red and blue solid curves solid curves) in comparison to new SDSS measurements. Our new SDSS
∆Σ measurements are provided in Tables 3 & 4. Errors on the SDSS lensing signal are derived by dividing the survey area into 200
bootstrap subregions and generating 500 bootstrap-resampled datasets, while the age matching errors are computed via 27 jackknife
regions over the simulation volume.

4.2 Star-Forming and Quenched Satellite

Galaxies within Galaxy Groups, Rich

Groups, and Clusters

We now focus on results pertaining specifically to satellite
galaxies. By employing the same galaxy group finder to dis-
tinguish between central and satellite galaxies in both our
mock catalog and the SDSS sample (see § 2 for details of the
galaxy group finder we employ), we investigate the radial
distribution of quenched and star-forming galaxies within
group-, rich group- and cluster- size halos and their sur-
rounding larger scale environment. We also study the ra-
dial dependence of the satellite galaxy quenched fraction,
and test whether or not there is variation in the slope of the
profile for these three regimes.

4.2.1 Radial Profiles of Star-Forming and Quenched
Satellites

In our study of the radial profiles of satellites, we con-
sider three standard regimes: groups, rich groups, and
clusters, which we define as having host halo masses of
1012.5−13.25 , 1013.25−14 , and 1014−15h−1M⊙, respectively.
Host halo masses are assigned to groups in the traditional
abundance matching manner, namely by matching the num-
ber density of Bolshoi host halos rank-ordered by Mvir to
the number density of the groups rank-ordered by total stel-
lar mass in the group. This procedure is done separately for
the SDSS and mock catalogs, for consistency.

For each satellite in both the age matching mock and
SDSS data, we measure rp, the projected separation of the
satellite from the group’s central galaxy. For each group,
we define Rgroup to be the rms group size. An alterna-
tive choice for group size would be the virial radius pre-
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Figure 4. Surface density of star formation (ΣSFR) in the SFR–mass diagram. Lines of equal ΣSFR run approximately parallel to the MS, as do lines of constant SFR/M .
(A color version of this figure is available in the online journal.)

words, the rate of size evolution correlates with the specific SFR,
reaching the lowest values in the (especially massive) quiescent
population.

4. RESULTS ON STAR FORMATION MODE

Having established the variation of galaxy structure along
and across the MS, we now do the same for two parameters
that characterize the mode of star formation: its surface density
(Section 4.1) and its breakdown into unobscured and dust-
enshrouded star formation (Section 4.2). A discussion of the
physical implications of the observed relationships follows in
Section 5.2.

4.1. Surface Density of Star Formation

Figure 4 presents the dependence of the SFR surface density

ΣSFR ≡ SFR/2πr2
e (2)

on the position of galaxies in the SFR–mass diagram. By
construction, this figure has the same information content as
Figure 3, but its interpretation in terms of the mode of star
formation is more straightforward. Galaxies that form stars
more actively are not just upscaled versions of lower SFR
systems. Their ISM conditions differ in the sense that also
normalized by area they form more stars per unit time. Lines
of constant ΣSFR run diagonally, implying a tighter correlation
with specific SFR than with SFR or stellar mass separately.
Schiminovich et al. (2007) discussed this trend extensively for
galaxies in the nearby universe. At higher redshifts, this is
consistent with recent findings based on rest-frame UV size
measurements by Elbaz et al. (2011). We confirm that the same
trend is seen when rest-frame optical size measurements are used
instead.

We contrast ΣSFR to SFR/M in Figure 5, where we plot the
25th and 75th percentile contours (solid and dashed lines) for
each of the redshift bins considered. Over 10 Gyr of lookback
time, the bulk of galaxies follow a similar, linear relation
between specific SFR and surface density of star formation.
As we probe higher redshifts, the upper end of this relation
becomes more densely populated. This trend can naturally be
explained by increased gas mass fractions in the young universe
(e.g., Tacconi et al. 2010).

Figure 5. Surface density of star formation as a function of specific SFR. Solid
and dashed contours comprise 25% and 75% of the galaxies, respectively. At
all observed epochs, galaxies line up along the same fundamental relation, but
toward higher redshifts the bulk of galaxies shifts to the higher ΣSFR (or SFR/M)
end of the relation.
(A color version of this figure is available in the online journal.)

In Equation (2), we adopted the same size measurement as
discussed in Sections 2.2.4 and 3.2 to represent the radius within
which half the star formation takes place, i.e., we adopted the
best-fit re of a single Sérsic profile fit. At z ∼ 0.1, we used the
g band by default. For the higher redshift samples, we used
the longest wavelength high-resolution image available (H160 in
the case of UDS and GOODS-S, z850 and I814 for GOODS-N
and COSMOS, respectively). In principle, radial variations in
SFH and/or dust attenuation could bias the measurement of a
half-SFR radius. For example, in the case of a superposition of
a star-forming disk and a red and dead bulge, the total half-
light radius would contain less than half the star formation
(particularly when measured in the red). In contrast, in the case
of a galaxy where old and young stars trace the same distribution,
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Figure 2. The growth histories for the paths shown in Figure 1. Though there is a significantly greater diversity of star-formation histories
as H increases, the growth histories from smaller values of H appear to be subsumed into a larger, more general set of curves. The level
of correlation among stochastic changes to star-formation over a Hubble time defines the possible range of histories galaxies may have
experienced to reach a particular stellar mass at a given epoch.

When the stochastic di↵erences X are correlated over
time, the relative changes in S from timestep to timestep
are much smaller. With T = 1000 timesteps and H = 1
the median absolute relative change in S is ⇠ 0.25%.
In the figure the paths are color coded red when St is
less than a quarter the lifetime average, and blue when
St is greater. Such demarcation crudely separates when
each aggregate “stellar population” might appear red or
blue. The normalized growth histories for these paths
are shown in Figure 2, color coded similarly.

It is important to note that the formal rules of stochas-
tic processes have led to suites of growth histories, de-
pending on the level at which stochastic changes to SFR
are correlated over time. The central limit theorem pro-
vides probability densities for these histories such that
an aggregate distribution of SFHs can be constructed a

priori , based on the amount of time a galaxy had to
grow to its given mass. However, nothing in the rules,
so far, has limited which histories may be unphysical
or potentially disallowed. In theory these are the dis-
tributions for unbiased ensembles, where SFRs have an
equal chance of increasing or decreasing at every (un-
known) timestep. Astrophysical simulations may serve to
constrain these sets to better represent the cosmological
distribution of histories that real star-forming disks ex-
perience. We introduce generalizations to this formalism
later in the text to help account for astrophysically inter-
esting constraints, but proceed under the assumption, for
now, that these general distributions of SFHs represent
the range of possible histories for the Universe’s ensem-
ble of galaxies as they evolve through a broad range of
dynamically changing galaxy environments over cosmic
time.

3.2. Expectation Values

As H increases fBm goes from producing a narrow
range of growth curves to progressively greater and
greater diversity in growth histories and S becomes in-
creasingly smooth. Even with such a diversity of “star-
formation histories,” limit theory can describe their dis-
tributions.

In distribution, the ratio of St/Mt for arbitrary H can
be derived from the expectation values of St and Mt.
These are di↵erent than the classic fBm expectations in
Mandelbrot & van Ness (1968) because of the boundary

S � 0:
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These scale-free forms can be simplified to
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where, once again, astrophysics has been subsumed in �,
though, now H also represents long-term astrophysical
and cosmological e↵ects through its control of the long-
term correlations of stochastic events. Given H, these
expectation values define generalized versions of the star-
forming main sequence and its scatter:

E [St/Mt]=
(H + 1)

t
(42)

Sig[St/Mt]=H1/2E [St/Mt] (43)

Inferring the distribution in log SSFR from these equa-
tions directly is not straightforward. Using numeri-
cal experiments, we find the intrinsic distribution in
S/M is not quite Gaussian and not quite lognormal.
When S/M > E [S/M ] the distribution of (S/M �
E [S/M ])/(H1/2E [S/M ]) appears to be lognormal, and
when S/M < E [S/M ] the distribution appears normal
down to S/M = 0. And, of course, galaxies preselected
as star-forming from any survey naturally excludes those
galaxies at S/M = 0, and objects with low SSFR, de-
pending on the nature of the selection. More critically,
these numerical experiments indicate that the expecta-
tion value E [S/M ] is equivalent to the median SSFR, not
the mean (except when H � 0).

Fig. 2.— Example SFHs from the paradigms described in Fig. 1. Left, green: SFMS integration (Model 1;
Peng et al. 2010). Left, blue/orange: �

MS

-constrained lognormals (Model 2; Gladders et al. 2013, blue/orange
denotes sSFR � and < 10�11 yr�1, respectively). Right: quasi-stochastic SFHs (Model 3; Kelson 2014,
blue/red denotes “starforming”/“passive” periods). These di↵erent physical pictures all match important
metrics of galaxy evolution. Knowledge of galaxy ages (model 2 suggests a ⇠ 2 Gyr inter-quartile range in
half-mass times for MW analogs [blue bar at left]) and the timescale of �

MS

(inferred from morphologies; see
Fig. 3) will help distinguish between them.

Fig. 3.— Left: the z . 0.1 SFMS for galaxy disks (i.e., SFR/Mdisk

stel

–M total

stel

; see Abramson et al. 2014a).
The color map shows mean bulge-to-total mass ratios in bins of 0.2 ⇥ 0.1 dex. Smooth gradients at fixed
M

stel

hint at structural segregation among starforming galaxies, suggesting that �
MS

might reflect long-term
(10&9 yr) diversity as predicted by model 2. Right: stacked spectra for MW-mass, starforming galaxies
above and below the mean SFMS. Enhanced Balmer lines confirm increased activity in the high-SFR/Mdisk

stel

systems. However, the SDSS fibers probe only the central regions of galaxies well-enough resolved to permit
robust structural analyses using SDSS imaging. Better imaging and spectroscopy/SFR estimates—as already
present in ORELSE and as I plan additionally to obtain—are needed to verify these potentially discriminating
trends.

B/T mass ratio
derived from LEA+14

• If we’re right, expect stratification of 
properties across the width SFMS…
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Figure 5. DEIMOS composite spectra of member galaxies of each of the eight
Cl1604 group and cluster systems. Composites of group and cluster members
using spectra obtained with LRIS are generated separately and are not included
here. Important spectral features are marked and the name of each cluster
or group system is given in the top right corner of each panel. Spectra are
smoothed with a Gaussian kernel of σ = 2.2 pixels (0.36 Å at the rest frame
of the supercluster). Significant differences are apparent in the spectra of the
average group members. The average member in groups F and G is young
(small Dn(4000)), with several strong features indicative of recently formed
stars (Hδ and Hγ ). In contrast, the continuum of the average member of group
I is dominated by older stellar populations.

star-forming) galaxies are forming their stars. Also plotted in
Figure 6 are the average properties of z ∼ 1 field galaxies from
the DEEP2 redshift survey8 (Davis et al. 2003, 2007), as well
as the average properties of selected cluster galaxies at z ∼ 0.4
(Dressler et al. 2004) and z ∼ 0.05 (Dressler & Shectman
1988). Shaded regions correspond to quiescent, post-starburst,
starburst, and “normal” (i.e., continuous) star-forming galaxies
(red, green, dark blue, and light blue, respectively).

Prior to investigating the results of Figure 6 for the Cl1604
systems, as well as for the DEEP2 field and lower redshift cluster
populations, it is necessary to discuss the physical interpreta-
tion of EW([O ii]). While [O ii] is traditionally associated with
nebular star formation activity, other process relating to AGNs
or low-ionization nuclear emission-line regions (LINERs)
generate significant [O ii] emission (Yan et al. 2006; L10;
Kocevski et al. 2011b; Hayashi et al. 2011). This is particularly
an issue for [O ii]-emitting RSGs that have no other indicators

8 A. Dressler (2007, private communication).

Figure 6. Measurements of the equivalent width of the [O ii] and Hδ spectral
features from composite spectra of the member galaxies of the eight groups
and clusters which comprise the Cl1604 supercluster. Dashed lines indicate the
area in this phase space which is found to contain 95% of normal star-forming
galaxies observed at z ∼ 0.1 (Goto et al. 2003; Oemler et al. 2009). The
red, light blue, green, and dark blue shaded regions correspond to quiescent,
normal star-forming, post-starburst, and starbursting galaxies, respectively. The
average error on each measurement (which includes incompleteness errors,
see Section 3.2.3 and Appendix C) is shown in the upper right corner. Also
plotted are the average EW([O ii]) and EW(Hδ) values of field galaxies at a
similar redshift as the Cl1604 supercluster as well as those of lower redshift
cluster populations. Significant variations are observed in the average spectral
properties of the Cl1604 cluster and group member populations.

of current star formation activity, as in a large fraction (∼90%)
of such galaxies [O ii] emission originates from a LINER/AGN.
We will discuss the level of contamination in the composite [O ii]
emission from this population later in the section. Interpreting
the EW([O ii]) for dust-reddened systems is also complicated
by certain dust geometries, which can non-trivially decrease the
measured values of EW([O ii]). Dust-reddened starbursts can
appear in both the blue cloud and on the red sequence, with
differential reddening playing an increasingly significant role
the redder such galaxies become. As there is a large 24 µm
bright starburst population observed in the Cl1604 supercluster
(K11), we take care to account for this population throughout
this paper.

For systems primarily comprised of blue-cloud or quiescent9
RSGs, the relationship between EW([O ii]) and the global SFR
of a galaxy requires knowledge of that galaxy’s rest-frame
UV brightness. Since our spectral measurements come from
composite spectra rather than a single galaxy, translating the
composite EW([O ii]) to an average SFR for each group and
cluster galaxy population involves the rest-frame UV brightness
of the average member galaxy in each system. The median
absolute B-band magnitude, MB, of the constituent galaxies of
the eight Cl1604 groups and clusters varies between MB =
−20.07 and MB = −20.64. This is a difference of only a factor
of ∼1.5 in luminosity for the most extreme cases. These values
of MB are roughly consistent with the median MB of the DEEP2
field galaxy sample (see Cooper et al. 2007) and that of the
cluster galaxy samples at z ∼ 0.4 and z ∼ 0.05 (assuming

9 Quiescent here refers to both star formation processes and LINER or other
AGN processes.
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Or these…
• If we’re right, expect stratification of properties across the 

width SFMS…

• What will/does  
the radio SFMS  
look like?  
 
Paradigms need  
new challenges!

The One True Bob, FIRST radio survey webpage



The future
• Precise photometry + 
tomographic capabilities of 
LSST, combined with 
WFIRST spectroscopy, will 
be game changers.  

• Will tease-out subtle SED 
effects, flesh-out “flow” of 
SFMS, and revolutionize 
understanding of SFH—env. 
connection.

 

 

Wide-Field InfraRed Survey Telescope-
Astrophysics Focused Telescope Assets  

WFIRST-AFTA 
Final Report 

by the 
Science Definition Team (SDT) and WFIRST Project  

May 23, 2013  



Summary
• Despite revolutions in the data, a key question — How many ways can a galaxy 

reach its current Mstel and SFR? — remains unanswered. 

• Lack of understanding of the scatter in the SF “Main Sequence” is a core obstacle. 
- Especially its timescale. 

• Depending on treatment, fundamental physics of galaxy growth lies either in: 

- Formation of SFMS + quenching 
- Diversification processes from which the SFMS emerges; “quenching” replaced by 

“finishing” or “pausing”. 

• Problem is ripe for confrontation using new data. 
- Direct age measurements. 

- Morpho-structural studies. 

- Better SFRs for individual high-z galaxies (JWST) 

- Vastly improved handle on age/environment link (ORELSE, WFIRST)


