
Galaxy Evolution from 
Statistical Perspectives

Promises and Challenges 




Context
•  Galaxy evolution involves:
– Dark matter halo assembly
– Gas accretion histories
– Stellar mass assembly
•  Star formation histories (in situ)
•  Merger histories (ex situ)
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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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•  Total SF activity through time.
14

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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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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Stellar Mass Function
•  Stellar mass distribution at fixed time.
•  Population dynamics through time.
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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.
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where againM = Log(M/M⊙), α is the slope of the power-
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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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SFR Main Sequence
•  Maps M* to SFR at fixed/through time.
– Only plot where
points represent
galaxies…

– Galaxies at t1
may not be
those at t2.
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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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SFR Main Sequence
•  Maps M* to SFR at fixed/through time.
– Only plot where
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galaxies…

– Galaxies at t1
may not be
those at t2.
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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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Observables: The Promise
•  Madau plot is the product of the mass 

function and the main sequence.

SFR density = Mstel density × SFR(Mstel)

•  Intimately tied observables à very tight 
constraints.
– Potentially.
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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.
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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-
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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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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.

“Main Sequence”
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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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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.
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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:
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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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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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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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Observables: The Challenge[s]

•  Why aren’t we done?
1.  Inconsistent α and β
2.  No low-mass / high-z data
3.  Dispersion in SFR(M*)
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•  The main sequence explicitly describes how 
the mass function should evolve.
– SFR(Mstel) is the mass growth rate.
– Prescribes how much mass to add to a bin.
– Mass function and main sequence linked 

mathematically.

Challenge 1: α and β

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.
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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:
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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
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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

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.
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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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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.
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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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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.
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effect could be the result of a growing population of low-
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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.
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function at z ≤ 2. At z > 2 we find that a single-Schechter
function is sufficient, however this may be because we do
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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
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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
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come increasingly important in the quenching of star for-
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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.
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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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nated by noise from very few objects with such high mass. This
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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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• Many studies reveal β < 0.



α

•  We measure: constant α.
•  We measure: non-zero β.
•  How?

α and β

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

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

Figure 1. Top panels: the sSFR of 1011M⊙ galaxies as a function of redshift. Bottom panels: fits to the power-law slope of the SFR–M∗ relation as a function of
redshifts. Left panels: lines show fits to K11 (magenta squares) and O10 (cyan triangle) SFR data (see the legend and numbered text for forms). Right panels: the
shaded region marks the area enclosed by our fits (lines) from the left panels. The vertical dotted lines mark zerr from Figure 2. Points are a compilation of fits to
SFR main sequence in redshift bins from a number of groups (hollow triangles: Noeske et al. 2007b; hollow squares: Elbaz et al. 2007; pentagons: Salim et al. 2007;
circles: Pannella et al. 2009; crosses: Daddi et al. 2007; three-line cross: Dunne et al. 2009; asterisks: Rodighiero et al. 2010a).
(A color version of this figure is available in the online journal.)

In practice, to roughly characterize observations of the SFR
main sequence reported by various studies, we fit three different
forms to the K11 and O10 SFR data.

1. A power-law form (“pow”) that follows Equation (1) with
constant α and β. The K11 fit is our fiducial model. The
O10 fit includes a break to a constant ψ(M∗) at z ! 2.

2. A power law times exponential form (“powexp”) that
follows Equation (2) with constant α, β, and η,

ψ(M∗, z) = A11

!
M

1011 M⊙

"β+1

(1 + z)αeηz. (2)

We thereby account for curvature in Figure 1 (left), and the
form allows a formally consistent fit to the K11 SFG data
(reduced-χ2 = 1.15 and ndof = 44).

3. A non-parametric form that linearly interpolates (in 1 + z)
between measurements at different redshifts (“interp”).

Outside of the data range, constant and linear extrapolations
are used for O10 and K11, respectively.

Parameters of the power-law and exponential fits are reported
in Table 1. For K11 data, we derived the maximum likelihood
α, β, and η from their average stacked SFR results and errors,
binned in both mass and redshift, from their Table 3. For O10,
the fits are done separately for the sSFR at M∗ = 1011 M⊙ and
β, based on the points and errors plotted in Figure 1. Fits are
plotted as lines in the left panels of Figure 1.

2.3. Reliability of Results

Integration of SFRs to derive SFHs is limited by the avail-
ability of SFR main sequence data and the reliability of that
data.
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Why is β < 0?

•  sSFR = SFR/Mstel reflects:
– How SF occurs?
– Where SF occurs?

•  The Rub: it reflects both.
– Why normalize by total mass when bulges 

don’t form stars?
– Galaxies not described by single number.
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Mstel but no SFR!
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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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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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Figure 1. SFR mass sequence for star-forming galaxies has a nonlinear slope at 0 < z < 2.5 (dotted line is linear). The running medians and scatter are color-coded
by redshift, with a power-law fit above the mass and SFR completeness limits (solid lines in bottom, right panel).
(A color version of this figure is available in the online journal.)

than the standard broadband NIR filters. The combination of
the medium-band NIR images with deep optical medium and
broadband photometry and Infrared Array Camera imaging over
0.4 deg2 in the AEGIS and COSMOS extragalactic fields results
in accurate photometric redshifts (∆z/(1 + z) ! 2%), rest-frame
colors, and stellar population parameters. The SFRs presented
in this Letter are based in part on Spitzer–MIPS fluxes at 24 µm
that are derived from the S-COSMOS (Sanders et al. 2007) and
FIDEL4 surveys. A comprehensive overview of the survey can
be found in Whitaker et al. (2011). The stellar masses used
in this work are derived using FAST (Kriek et al. 2009), with
Bruzual & Charlot (2003) models that assume a Chabrier (2003)
initial mass function (IMF), solar metallicity, exponentially
declining star formation histories, and dust extinction following
the Calzetti et al. (2000) extinction law.

The SFRs are determined by adding the UV and IR emission,
SFRUV+IR = 0.98 × 10−10(LIR + 3.3 L2800) (Kennicutt 1998),
adapted for the Kroupa IMF by Franx et al. (2008), accounting
for the unobscured and obscured star formation, respectively. We
adopt a luminosity-independent conversion from the observed
24 µm flux to the total IR luminosity (LIR ≡ L(8–1000 µm)),
based on a single template that is the log average of Dale &
Helou (2002) templates with 1 < α < 2.5, following Wuyts
et al. (2008), Franx et al. (2008), and Muzzin et al. (2010),
and in good median agreement with recent Herschel/PACS
measurements by Wuyts et al. (2011a). The luminosities at
2800 Å (L2800) are derived directly from the best-fit template
to the observed photometry, using the same methodology as the
rest-frame colors (see Brammer et al. 2011).

With accurate rest-frame colors, it is possible to isolate
“clean” samples of star-forming and quiescent galaxies using
two rest-frame colors out to high redshifts (Labbé et al. 2005;
Wuyts et al. 2007; Williams et al. 2009; Ilbert et al. 2009;
Brammer et al. 2011; Whitaker et al. 2011). The quiescent

4 http://irsa.ipac.caltech.edu/data/SPITZER/FIDEL/

galaxies have strong Balmer/4000 Å breaks, characterized by
red U − V colors and bluer U − V colors relative to dusty
star-forming galaxies at the same U − V color.

Whitaker et al. (2011) demonstrated that there is a clear
delineation between star-forming and quiescent galaxies with
the NMBS data set. Using the criteria U −V > 0.8× (V −J ) +
0.7, U −V > 1.3, and V −J < 1.5, 5885 quiescent galaxies are
identified and they are excluded from the bulk of this analysis.
The sample of 22,816 star-forming galaxies at 0 < z < 2.5 is
selected independent of the SFR indicator and stellar population
synthesis model parameters, enabling an unbiased measurement
of the star formation sequence.

3. THE STAR FORMATION SEQUENCE

Complementary to many previous studies, Figure 1 shows the
star formation sequence, log(M⋆)–log(SFR), in five redshift bins
out to z = 2.5. The gray scale represents the density of points
for star-forming galaxies selected in Section 2, with the running
median and biweight scatter color-coded by redshift. The mass-
completeness limits are estimated from the 90% point-source
completeness limits derived from the unmasked simulations by
Whitaker et al. (2011). The SFR completeness limits correspond
to the 3σ 24 µm detection limit (17.6 µJy) at the highest redshift
of each bin. 15,502 galaxies at 0 < z < 2.5 are significantly
detected at 24 µm (>3σ ), a factor of 12 larger than the Wuyts
et al. (2011a) sample. All 24 µm detections <1σ are replaced
with the 1σ upper limit, resulting in a flattened tail of the
log(SFR)–log(M⋆) relation at low M⋆, where the samples are
incomplete.

3.1. Quantifying the Star Formation Sequence

The running medians and dispersions are measured for all
star-forming galaxies, and those above the mass and SFR
completeness limits are indicated with filled symbols in Figure 1
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Figure 1. SFR mass sequence for star-forming galaxies has a nonlinear slope at 0 < z < 2.5 (dotted line is linear). The running medians and scatter are color-coded
by redshift, with a power-law fit above the mass and SFR completeness limits (solid lines in bottom, right panel).
(A color version of this figure is available in the online journal.)

than the standard broadband NIR filters. The combination of
the medium-band NIR images with deep optical medium and
broadband photometry and Infrared Array Camera imaging over
0.4 deg2 in the AEGIS and COSMOS extragalactic fields results
in accurate photometric redshifts (∆z/(1 + z) ! 2%), rest-frame
colors, and stellar population parameters. The SFRs presented
in this Letter are based in part on Spitzer–MIPS fluxes at 24 µm
that are derived from the S-COSMOS (Sanders et al. 2007) and
FIDEL4 surveys. A comprehensive overview of the survey can
be found in Whitaker et al. (2011). The stellar masses used
in this work are derived using FAST (Kriek et al. 2009), with
Bruzual & Charlot (2003) models that assume a Chabrier (2003)
initial mass function (IMF), solar metallicity, exponentially
declining star formation histories, and dust extinction following
the Calzetti et al. (2000) extinction law.

The SFRs are determined by adding the UV and IR emission,
SFRUV+IR = 0.98 × 10−10(LIR + 3.3 L2800) (Kennicutt 1998),
adapted for the Kroupa IMF by Franx et al. (2008), accounting
for the unobscured and obscured star formation, respectively. We
adopt a luminosity-independent conversion from the observed
24 µm flux to the total IR luminosity (LIR ≡ L(8–1000 µm)),
based on a single template that is the log average of Dale &
Helou (2002) templates with 1 < α < 2.5, following Wuyts
et al. (2008), Franx et al. (2008), and Muzzin et al. (2010),
and in good median agreement with recent Herschel/PACS
measurements by Wuyts et al. (2011a). The luminosities at
2800 Å (L2800) are derived directly from the best-fit template
to the observed photometry, using the same methodology as the
rest-frame colors (see Brammer et al. 2011).

With accurate rest-frame colors, it is possible to isolate
“clean” samples of star-forming and quiescent galaxies using
two rest-frame colors out to high redshifts (Labbé et al. 2005;
Wuyts et al. 2007; Williams et al. 2009; Ilbert et al. 2009;
Brammer et al. 2011; Whitaker et al. 2011). The quiescent
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galaxies have strong Balmer/4000 Å breaks, characterized by
red U − V colors and bluer U − V colors relative to dusty
star-forming galaxies at the same U − V color.

Whitaker et al. (2011) demonstrated that there is a clear
delineation between star-forming and quiescent galaxies with
the NMBS data set. Using the criteria U −V > 0.8× (V −J ) +
0.7, U −V > 1.3, and V −J < 1.5, 5885 quiescent galaxies are
identified and they are excluded from the bulk of this analysis.
The sample of 22,816 star-forming galaxies at 0 < z < 2.5 is
selected independent of the SFR indicator and stellar population
synthesis model parameters, enabling an unbiased measurement
of the star formation sequence.

3. THE STAR FORMATION SEQUENCE

Complementary to many previous studies, Figure 1 shows the
star formation sequence, log(M⋆)–log(SFR), in five redshift bins
out to z = 2.5. The gray scale represents the density of points
for star-forming galaxies selected in Section 2, with the running
median and biweight scatter color-coded by redshift. The mass-
completeness limits are estimated from the 90% point-source
completeness limits derived from the unmasked simulations by
Whitaker et al. (2011). The SFR completeness limits correspond
to the 3σ 24 µm detection limit (17.6 µJy) at the highest redshift
of each bin. 15,502 galaxies at 0 < z < 2.5 are significantly
detected at 24 µm (>3σ ), a factor of 12 larger than the Wuyts
et al. (2011a) sample. All 24 µm detections <1σ are replaced
with the 1σ upper limit, resulting in a flattened tail of the
log(SFR)–log(M⋆) relation at low M⋆, where the samples are
incomplete.

3.1. Quantifying the Star Formation Sequence

The running medians and dispersions are measured for all
star-forming galaxies, and those above the mass and SFR
completeness limits are indicated with filled symbols in Figure 1
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Given What We Know…
•  More rigorous integration:
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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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Fig. 9.— The mean specific SFR as a function of redshift for galaxies with estimated stellar masses log10(Mstellar/M⊙) = 9.4–10,
corresponding to our 5×109 M⊙ bin. The values at z < 4 are taken from the literature (Damen et al. 2009; Noeske et al. 2007; Daddi et al.
2007; Reddy et al. 2012). The solid gray points correspond to previous reports from the literature at z ! 4 (Stark et al. 2009; González et al.
2010) and the open gray points correspond to these values after a simple correction for dust extinction is made (Bouwens et al. 2012). The
blue crosses are from Stark et al. (2013). The the open hexagons at z ! 4 are the new results from our stellar population modeling of the full
rest-frame UV and optical SED. These results were derived assuming an exponentially rising SFH (RSF) and the average emission line flux is
subtracted based on the maximal model described in Section 3.4. The dust reddening was derived using the Meurer et al. (1999) relation and
the measured UV slopes, β. The error bars correspond to random errors. Our estimate of the systematic error, is given as well in the upper
left corner. Our sSFR estimates depend weakly on the modeling assumptions (see Figure 8). The differences between our results and those of
Stark et al. (2013) arise from them using UV-luminosity-binned averages versus our mass-binned averages (see Section 5.2 and the Appendix
for details). A weighted best fit of our measured sSFR as a function of redshift at z > 2 is: log(sSFR(z)) = −0.1(±0.1) + 1.0(±0.1) log(1 + z)
(which incorporates the values derived at z ∼ 2 by Daddi et al. 2007, z ∼ 2–3 by Reddy et al. 2012, and the z ! 4 from this work). The
derived dependence of the sSFR on redshift is much weaker than that observed at z < 2 and that expected from the theoretical expectations
at z > 2 (e.g., Neistein & Dekel 2008, dashed line).

themselves at the same redshift where emission lines po-
tentially play a large role in the SEDmodeling (especially
considering how uncertain the assumed EWs are).
We conclude that the sSFR at a constant stellar mass

changes only weakly with cosmic time when full consid-
eration is given to the scatter in M/L – with or without
the consideration of emission lines (Figures 8 and 9). A
fit to the maximal emission line estimates of the sSFR,
which includes the values at z ∼ 2–3 reported in the lit-
erature (Daddi et al. 2007; Reddy et al. 2012), yields a
best-fit to the evolution of the sSFR ∝ (1 + z)1.0±0.1,
indicating that the best fit sSFR is higher by ∼ 2.3× at
z ∼ 6 than at z ∼ 2 (compared to the factor ∼ 8.3×
predicted in most simulations). When emission lines are
not included in the models (as in our CSF model), the
exponent is lower: 0.6±0.1. The evolution we derive at
z ! 2 is less than expected from the lower-z trends and is
not consistent with the predictions from numerical sim-
ulations (e.g., Neistein & Dekel 2008; Weinmann et al.
2011).

6. SUMMARY

We take advantage of the ultra-deep and wide-area
ACS +WFC3/IR + Spitzer observations of the GOODS-
S field to derive flux measurements for a sizable sam-
ple of z ∼ 4–6 galaxies and use these measurements
to more thoroughly quantify their SFRs, stellar masses,
and other properties. We have explored the effects of
using a reddening law based on the UV colors only

(Meurer et al. 1999) and investigated the impact of the
star formation history by alternatively considering con-
stant star formation (CSF) and smoothly rising star for-
mation (RSF) models. We have also studied the ef-
fects of optical emission lines on the SFR and stellar
masses assuming two different models for the emission
line strengths. Our goal has been to quantify the impact
of these assumptions in estimating the specific star for-
mation rate of LBGs which has previously been reported
to show little evolution at z ∼ 2–7 (González et al. 2010;
Stark et al. 2009; McLure et al. 2011). The RSF history
explored here matches the evolution of the UV LF (e.g.,
Papovich et al. 2011; Smit et al. 2012) and is in good
agreement with the predictions from recent smooth par-
ticle hydrodynamics simulations (Finlator et al. 2011).
Our main findings are the following:

• At a given redshift, LBGs that are fainter in the
rest-frame optical show bluer UV colors. This is
consistent with the previously reported trends of
bluer UV colors for fainter galaxies (Bouwens et al.
2009, 2012; Wilkins et al. 2011). The UV-to-
optical colors are also bluer for fainter sources
(Papovich et al. 2004; González et al. 2012). Such
luminosity-dependent trends could arise from a de-
pendence of the dust content on mass (or luminos-
ity) or from redder stellar populations as a result
of aging with a smooth SFH (see also Labbé et al.
2007; Bouwens et al. 2009, 2012; González et al.

M* ≈ 5 × 109 M¤
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Fig. 9.— The mean specific SFR as a function of redshift for galaxies with estimated stellar masses log10(Mstellar/M⊙) = 9.4–10,
corresponding to our 5×109 M⊙ bin. The values at z < 4 are taken from the literature (Damen et al. 2009; Noeske et al. 2007; Daddi et al.
2007; Reddy et al. 2012). The solid gray points correspond to previous reports from the literature at z ! 4 (Stark et al. 2009; González et al.
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blue crosses are from Stark et al. (2013). The the open hexagons at z ! 4 are the new results from our stellar population modeling of the full
rest-frame UV and optical SED. These results were derived assuming an exponentially rising SFH (RSF) and the average emission line flux is
subtracted based on the maximal model described in Section 3.4. The dust reddening was derived using the Meurer et al. (1999) relation and
the measured UV slopes, β. The error bars correspond to random errors. Our estimate of the systematic error, is given as well in the upper
left corner. Our sSFR estimates depend weakly on the modeling assumptions (see Figure 8). The differences between our results and those of
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(which incorporates the values derived at z ∼ 2 by Daddi et al. 2007, z ∼ 2–3 by Reddy et al. 2012, and the z ! 4 from this work). The
derived dependence of the sSFR on redshift is much weaker than that observed at z < 2 and that expected from the theoretical expectations
at z > 2 (e.g., Neistein & Dekel 2008, dashed line).

themselves at the same redshift where emission lines po-
tentially play a large role in the SEDmodeling (especially
considering how uncertain the assumed EWs are).
We conclude that the sSFR at a constant stellar mass

changes only weakly with cosmic time when full consid-
eration is given to the scatter in M/L – with or without
the consideration of emission lines (Figures 8 and 9). A
fit to the maximal emission line estimates of the sSFR,
which includes the values at z ∼ 2–3 reported in the lit-
erature (Daddi et al. 2007; Reddy et al. 2012), yields a
best-fit to the evolution of the sSFR ∝ (1 + z)1.0±0.1,
indicating that the best fit sSFR is higher by ∼ 2.3× at
z ∼ 6 than at z ∼ 2 (compared to the factor ∼ 8.3×
predicted in most simulations). When emission lines are
not included in the models (as in our CSF model), the
exponent is lower: 0.6±0.1. The evolution we derive at
z ! 2 is less than expected from the lower-z trends and is
not consistent with the predictions from numerical sim-
ulations (e.g., Neistein & Dekel 2008; Weinmann et al.
2011).

6. SUMMARY

We take advantage of the ultra-deep and wide-area
ACS +WFC3/IR + Spitzer observations of the GOODS-
S field to derive flux measurements for a sizable sam-
ple of z ∼ 4–6 galaxies and use these measurements
to more thoroughly quantify their SFRs, stellar masses,
and other properties. We have explored the effects of
using a reddening law based on the UV colors only

(Meurer et al. 1999) and investigated the impact of the
star formation history by alternatively considering con-
stant star formation (CSF) and smoothly rising star for-
mation (RSF) models. We have also studied the ef-
fects of optical emission lines on the SFR and stellar
masses assuming two different models for the emission
line strengths. Our goal has been to quantify the impact
of these assumptions in estimating the specific star for-
mation rate of LBGs which has previously been reported
to show little evolution at z ∼ 2–7 (González et al. 2010;
Stark et al. 2009; McLure et al. 2011). The RSF history
explored here matches the evolution of the UV LF (e.g.,
Papovich et al. 2011; Smit et al. 2012) and is in good
agreement with the predictions from recent smooth par-
ticle hydrodynamics simulations (Finlator et al. 2011).
Our main findings are the following:

• At a given redshift, LBGs that are fainter in the
rest-frame optical show bluer UV colors. This is
consistent with the previously reported trends of
bluer UV colors for fainter galaxies (Bouwens et al.
2009, 2012; Wilkins et al. 2011). The UV-to-
optical colors are also bluer for fainter sources
(Papovich et al. 2004; González et al. 2012). Such
luminosity-dependent trends could arise from a de-
pendence of the dust content on mass (or luminos-
ity) or from redder stellar populations as a result
of aging with a smooth SFH (see also Labbé et al.
2007; Bouwens et al. 2009, 2012; González et al.

M* ≈ 5 × 109 M¤

Gonzalez+ ‘13

2 M* e-foldings per Gyr 

6 M* e-foldings per Gyr 

2.6 Gyr



Galaxies grow exponentially?
•  Higher-z measurements:
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Fig. 9.— The mean specific SFR as a function of redshift for galaxies with estimated stellar masses log10(Mstellar/M⊙) = 9.4–10,
corresponding to our 5×109 M⊙ bin. The values at z < 4 are taken from the literature (Damen et al. 2009; Noeske et al. 2007; Daddi et al.
2007; Reddy et al. 2012). The solid gray points correspond to previous reports from the literature at z ! 4 (Stark et al. 2009; González et al.
2010) and the open gray points correspond to these values after a simple correction for dust extinction is made (Bouwens et al. 2012). The
blue crosses are from Stark et al. (2013). The the open hexagons at z ! 4 are the new results from our stellar population modeling of the full
rest-frame UV and optical SED. These results were derived assuming an exponentially rising SFH (RSF) and the average emission line flux is
subtracted based on the maximal model described in Section 3.4. The dust reddening was derived using the Meurer et al. (1999) relation and
the measured UV slopes, β. The error bars correspond to random errors. Our estimate of the systematic error, is given as well in the upper
left corner. Our sSFR estimates depend weakly on the modeling assumptions (see Figure 8). The differences between our results and those of
Stark et al. (2013) arise from them using UV-luminosity-binned averages versus our mass-binned averages (see Section 5.2 and the Appendix
for details). A weighted best fit of our measured sSFR as a function of redshift at z > 2 is: log(sSFR(z)) = −0.1(±0.1) + 1.0(±0.1) log(1 + z)
(which incorporates the values derived at z ∼ 2 by Daddi et al. 2007, z ∼ 2–3 by Reddy et al. 2012, and the z ! 4 from this work). The
derived dependence of the sSFR on redshift is much weaker than that observed at z < 2 and that expected from the theoretical expectations
at z > 2 (e.g., Neistein & Dekel 2008, dashed line).

themselves at the same redshift where emission lines po-
tentially play a large role in the SEDmodeling (especially
considering how uncertain the assumed EWs are).
We conclude that the sSFR at a constant stellar mass

changes only weakly with cosmic time when full consid-
eration is given to the scatter in M/L – with or without
the consideration of emission lines (Figures 8 and 9). A
fit to the maximal emission line estimates of the sSFR,
which includes the values at z ∼ 2–3 reported in the lit-
erature (Daddi et al. 2007; Reddy et al. 2012), yields a
best-fit to the evolution of the sSFR ∝ (1 + z)1.0±0.1,
indicating that the best fit sSFR is higher by ∼ 2.3× at
z ∼ 6 than at z ∼ 2 (compared to the factor ∼ 8.3×
predicted in most simulations). When emission lines are
not included in the models (as in our CSF model), the
exponent is lower: 0.6±0.1. The evolution we derive at
z ! 2 is less than expected from the lower-z trends and is
not consistent with the predictions from numerical sim-
ulations (e.g., Neistein & Dekel 2008; Weinmann et al.
2011).

6. SUMMARY

We take advantage of the ultra-deep and wide-area
ACS +WFC3/IR + Spitzer observations of the GOODS-
S field to derive flux measurements for a sizable sam-
ple of z ∼ 4–6 galaxies and use these measurements
to more thoroughly quantify their SFRs, stellar masses,
and other properties. We have explored the effects of
using a reddening law based on the UV colors only

(Meurer et al. 1999) and investigated the impact of the
star formation history by alternatively considering con-
stant star formation (CSF) and smoothly rising star for-
mation (RSF) models. We have also studied the ef-
fects of optical emission lines on the SFR and stellar
masses assuming two different models for the emission
line strengths. Our goal has been to quantify the impact
of these assumptions in estimating the specific star for-
mation rate of LBGs which has previously been reported
to show little evolution at z ∼ 2–7 (González et al. 2010;
Stark et al. 2009; McLure et al. 2011). The RSF history
explored here matches the evolution of the UV LF (e.g.,
Papovich et al. 2011; Smit et al. 2012) and is in good
agreement with the predictions from recent smooth par-
ticle hydrodynamics simulations (Finlator et al. 2011).
Our main findings are the following:

• At a given redshift, LBGs that are fainter in the
rest-frame optical show bluer UV colors. This is
consistent with the previously reported trends of
bluer UV colors for fainter galaxies (Bouwens et al.
2009, 2012; Wilkins et al. 2011). The UV-to-
optical colors are also bluer for fainter sources
(Papovich et al. 2004; González et al. 2012). Such
luminosity-dependent trends could arise from a de-
pendence of the dust content on mass (or luminos-
ity) or from redder stellar populations as a result
of aging with a smooth SFH (see also Labbé et al.
2007; Bouwens et al. 2009, 2012; González et al.
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Missing Data

•  Dearth of low-mass, high-z data.
•  Extant data suggest quasi-exponential 

growth.
•  Makes identification and characterization 

of present-day Milky Ways problematic.
– “Progenitor incompleteness” (Kelson)

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



But still…
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Challenge 3: Dispersion

•  α and β probably OK.
– Low-mass galaxies are disks. (See also 

Whitaker+ ‘14)

•  Low-mass, high-z data obtainable.
– JWST.

•  But: even so, dispersion is significant.
– What is this “scatter”?
– Why should you care?
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Dispersion: Why It Matters

•  Quantitatively: SFR—M* not a guide 
without reliable model for “scatter”.

•  Qualitatively: Scatter is diversity in SFHs 
(if β = 0, as Δα = 0 implies).

Updated 24 Aug. 2014 for Web Carnegie Lunch Talk, 7 March 2014Fig. 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 §2.2. Galaxies with no measured star formation will appear
to the bottom left of this figure. Blue lines show the the location of τ , t0 parameter values for redshifts
of 10.5, 2.0 and 0.0 (the nominal epoch of reionization from WMAP (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.
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Dispersion: Why It Matters

Fig. 11.— The lookback time at which each modeled galaxy has completed 50% of its star formation (heavy
symbols), for the final model using the higher redshift sSFR distributions as a constraint, against galaxy
mass at z ∼0. Only some galaxies are plotted, for clarity. Vertical lines show the time interval over which
each galaxy forms 10% to 90% of its stars. Overplotted curves show the typical value of the 10% and 90%
times (thin dotted lines) the 25% and 75% times (heavier dashed lines) and the 50% time (heavy solid line).
These typical values are computed as the mean in a running window across mass, 150 galaxies wide. Note
that unlike most other times discussed elsewhere in this paper, this figure uses lookback time from z=0.
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Recall: The Big Picture
•  Galaxy evolution involves:
– Dark matter halo assembly
– Gas accretion histories
– Stellar mass assembly
•  Star formation histories (in situ)
•  Merger histories (ex situ)
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Dispersion: What It Is
•  I don’t know, but usual suspects:
– Halo physics
– Gas accretion physics
– Merger physics
– Star formation histories

Looks a lot like galaxy evolution!
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Summary
•  The stellar mass function, “main sequence”, and Madau plot may 

provide strong statistical guides for galaxy evolution models.
–  The main sequence is the most astrophysically informative.
–  If independent of some M*, “fundamental variable” is an sSFR, not a mass.

•  Inconsistencies currently hamper their use.
–  Probably reconcilable given more/better data.

•  But, even with perfect data, dispersion will remain a challenge.
–  Which is the “best” SFR metric to measure it?
–  What timescales probe “meaningful” variations in SFHs?
–  What is its interpretation once measured?

•  Don’t ignore this “scatter”: physics is here.

Galaxies are not mass bins!
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