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Our Big Questions

What are the star formation histories of galaxies?

What astrophysics shapes them?

• We (the ICBS team) want to know these things.
• Let’s try to put environment in this context. 

- Move beyond “quenching”, “passive fractions”, etc.
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Figure 2. As Figure 1, but showing data. Gray points are all galaxies, black the MS-SUPER sample. Fits are replotted from Figure 1. Dashes show 1σ control data
spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
(A color version of this figure is available in the online journal.)

3. After M∗,disk re-normalization, MS slopes, βdisk, and inter-
cepts are similar to—even consistent with—those of the
pure-disk controls (Figures 1(b) and (d)).

Quantitatively, we find −0.43 ! β ! −0.24 (consistent with
results from Salim et al. 2007; Karim et al. 2011; Whitaker
et al. 2012), but −0.20 ! βdisk ! 0.00. (Spreads reflect
data set and intersample variations.) This ∼0.25 dex per dex
enhancement is interesting in an absolute sense: it substantially
(perhaps entirely) homogenizes mean SF efficiencies over more
than a factor of 10 in M∗. But, it is the homogenization
of galaxies spanning 0.1 " B/T " 0.6 with pure disks
(βcontrol = −0.05 ± 0.04) that suggests M∗,disk re-normalization
is physically meaningful.

Statistical uncertainties in β and βdisk are ∼0.02, derived from
fits to 100 bootstrap resamplings of the data at 1010 M⊙ ! M∗ !
2×M0.9

SFG (90th percentile M∗ for pure-SF galaxies). Systematics
are clearly dominant, with MS definition and SFR estimate both
contributing at the ∆βdisk ≈ 0.06–0.10 level (Section 4).

Figure 2 shows the data. Gray points represent all galaxies,
black the MS-SUPER sample, constituting ∼60% of the SFR
density in the local universe (MS-ALL comprises ∼90%). Two
additional points are illustrated here: (1) Dispersion in the MS,
σMS, is substantial; (2) Pure disks move from the top of the
sSFR–M∗ relation to the middle of sSFRdisk–M∗. We discuss
σMS in Section 6, but (2) is further evidence that the M∗,disk
correction is physically meaningful: not only is β pushed close
to βcontrol, but the original MS distribution is made to coincide
with that of pure disks. Visually comparing the 1σ control
spread (dashed blue lines) to that of sSFRdisk(M∗) emphasizes
this point.

In sum, re-normalizing SFR by M∗,disk substantially (perhaps
entirely) homogenizes SF efficiency in giant galaxies, placing

bulge-dominated, 1011 M⊙ systems near the level of pure disks
one-tenth as massive.

4. SYSTEMATICS

Once the MS is defined—itself a ∆β(disk) ∼ 0.1 effect
(Figure 1)—two systematics affect βdisk: M∗,disk calculation and
SFR estimation.

M∗,disk is affected by bulge/disk decomposition and ϒr

calibration. Using B044 or B047 masses to calibrate ϒr has an
effect comparable to statistical uncertainties. Adopting ϒr (g−r)
from Bell et al. (2003) changes βdisk similarly, but can boost
β, βcontrol by ∼0.1 (B047 SFRs). Using Petrosian magnitudes
can induce ∆βdisk = 0.08 (both data sets), but only for the BLUE
DISK (and thus MS-SUPER) samples. Comparing S11-based
M∗,disk to estimates derived from decompositions by Gadotti
(2009; SDSS-based, but more complex than S11; Ngals = 529)
or Allen et al. (2006; fit to independent Millennium Galaxy
Catalogue imaging (Liske et al. 2003); Ngals = 770), we find
no trends larger than the scatter (∼0.25 dex) at M∗ # 1010 M⊙.
Hence, SFR systematics likely drive uncertainty in βdisk.

Figures 2(a) and (c) illustrate this. The (substantial) changes
between B044 and B047—bi-modality at high mass, increased
dispersion—mainly reflect revised aperture corrections intro-
duced after Salim et al. (2007) found B044 to overestimate
sSFR in quiescent galaxies. Using a common M∗,disk, we find
∆β(B044 − B047) ≃ 0.10 for all MS samples. Swapping
B04 SFRs for optical emission line estimates from the Padova-
Millennium Galaxy and Group Catalogue (PM2GC; Calvi et al.
2011, requiring no color-based corrections), we find βPM2GC

disk =
−0.18 ± 0.08 for galaxies with (g − r)disk ! 0.6, consistent
with the analogous βdisk obtained from B047. Hence, given the
B044/B047 offsets, systematics in βdisk are likely ∼0.1 once the
MS is defined.
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Fig. 5.— a) Spectral-type fractions vs. surface density for the full 5-cluster sample. The upper panel shows the strong trends for PAS
(passive) and CSF (continuously starforming) galaxies, which closely resemble morphology-density relations (Dressler 1980; Dressler et al.
1997). The bottom panel shows that the fraction of SBO + SBH starbursts declines in proportion with the CSF galaxies, while the PSB
fraction rises in proportion to the PAS galaxies, a feature that suggests a pairing of PAS to PSB and (SBH+SBO) to CSF spectral types.
b) Spectral-type fractions relation for 3 concentrated, regular clusters. c) Spectral-type fractions vs. clustocentric radius for 3 concentrated
clusters. d) Spectral-type fractions vs. surface density relation for 2 irregular clusters composed mainly of rich groups. e) Same as (d) for
spectral-type fractions vs. clustocentric radius, showing a weaker relation for this compared to both (c) and (d).
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Figure 2. As Figure 1, but showing data. Gray points are all galaxies, black the MS-SUPER sample. Fits are replotted from Figure 1. Dashes show 1σ control data
spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
(A color version of this figure is available in the online journal.)
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are clearly dominant, with MS definition and SFR estimate both
contributing at the ∆βdisk ≈ 0.06–0.10 level (Section 4).

Figure 2 shows the data. Gray points represent all galaxies,
black the MS-SUPER sample, constituting ∼60% of the SFR
density in the local universe (MS-ALL comprises ∼90%). Two
additional points are illustrated here: (1) Dispersion in the MS,
σMS, is substantial; (2) Pure disks move from the top of the
sSFR–M∗ relation to the middle of sSFRdisk–M∗. We discuss
σMS in Section 6, but (2) is further evidence that the M∗,disk
correction is physically meaningful: not only is β pushed close
to βcontrol, but the original MS distribution is made to coincide
with that of pure disks. Visually comparing the 1σ control
spread (dashed blue lines) to that of sSFRdisk(M∗) emphasizes
this point.
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entirely) homogenizes SF efficiency in giant galaxies, placing

bulge-dominated, 1011 M⊙ systems near the level of pure disks
one-tenth as massive.
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SFR estimation.
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Fig. 5.— a) Spectral-type fractions vs. surface density for the full 5-cluster sample. The upper panel shows the strong trends for PAS
(passive) and CSF (continuously starforming) galaxies, which closely resemble morphology-density relations (Dressler 1980; Dressler et al.
1997). The bottom panel shows that the fraction of SBO + SBH starbursts declines in proportion with the CSF galaxies, while the PSB
fraction rises in proportion to the PAS galaxies, a feature that suggests a pairing of PAS to PSB and (SBH+SBO) to CSF spectral types.
b) Spectral-type fractions relation for 3 concentrated, regular clusters. c) Spectral-type fractions vs. clustocentric radius for 3 concentrated
clusters. d) Spectral-type fractions vs. surface density relation for 2 irregular clusters composed mainly of rich groups. e) Same as (d) for
spectral-type fractions vs. clustocentric radius, showing a weaker relation for this compared to both (c) and (d).
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Figure 2. As Figure 1, but showing data. Gray points are all galaxies, black the MS-SUPER sample. Fits are replotted from Figure 1. Dashes show 1σ control data
spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
(A color version of this figure is available in the online journal.)

3. After M∗,disk re-normalization, MS slopes, βdisk, and inter-
cepts are similar to—even consistent with—those of the
pure-disk controls (Figures 1(b) and (d)).

Quantitatively, we find −0.43 ! β ! −0.24 (consistent with
results from Salim et al. 2007; Karim et al. 2011; Whitaker
et al. 2012), but −0.20 ! βdisk ! 0.00. (Spreads reflect
data set and intersample variations.) This ∼0.25 dex per dex
enhancement is interesting in an absolute sense: it substantially
(perhaps entirely) homogenizes mean SF efficiencies over more
than a factor of 10 in M∗. But, it is the homogenization
of galaxies spanning 0.1 " B/T " 0.6 with pure disks
(βcontrol = −0.05 ± 0.04) that suggests M∗,disk re-normalization
is physically meaningful.

Statistical uncertainties in β and βdisk are ∼0.02, derived from
fits to 100 bootstrap resamplings of the data at 1010 M⊙ ! M∗ !
2×M0.9

SFG (90th percentile M∗ for pure-SF galaxies). Systematics
are clearly dominant, with MS definition and SFR estimate both
contributing at the ∆βdisk ≈ 0.06–0.10 level (Section 4).

Figure 2 shows the data. Gray points represent all galaxies,
black the MS-SUPER sample, constituting ∼60% of the SFR
density in the local universe (MS-ALL comprises ∼90%). Two
additional points are illustrated here: (1) Dispersion in the MS,
σMS, is substantial; (2) Pure disks move from the top of the
sSFR–M∗ relation to the middle of sSFRdisk–M∗. We discuss
σMS in Section 6, but (2) is further evidence that the M∗,disk
correction is physically meaningful: not only is β pushed close
to βcontrol, but the original MS distribution is made to coincide
with that of pure disks. Visually comparing the 1σ control
spread (dashed blue lines) to that of sSFRdisk(M∗) emphasizes
this point.

In sum, re-normalizing SFR by M∗,disk substantially (perhaps
entirely) homogenizes SF efficiency in giant galaxies, placing

bulge-dominated, 1011 M⊙ systems near the level of pure disks
one-tenth as massive.
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Once the MS is defined—itself a ∆β(disk) ∼ 0.1 effect
(Figure 1)—two systematics affect βdisk: M∗,disk calculation and
SFR estimation.

M∗,disk is affected by bulge/disk decomposition and ϒr

calibration. Using B044 or B047 masses to calibrate ϒr has an
effect comparable to statistical uncertainties. Adopting ϒr (g−r)
from Bell et al. (2003) changes βdisk similarly, but can boost
β, βcontrol by ∼0.1 (B047 SFRs). Using Petrosian magnitudes
can induce ∆βdisk = 0.08 (both data sets), but only for the BLUE
DISK (and thus MS-SUPER) samples. Comparing S11-based
M∗,disk to estimates derived from decompositions by Gadotti
(2009; SDSS-based, but more complex than S11; Ngals = 529)
or Allen et al. (2006; fit to independent Millennium Galaxy
Catalogue imaging (Liske et al. 2003); Ngals = 770), we find
no trends larger than the scatter (∼0.25 dex) at M∗ # 1010 M⊙.
Hence, SFR systematics likely drive uncertainty in βdisk.

Figures 2(a) and (c) illustrate this. The (substantial) changes
between B044 and B047—bi-modality at high mass, increased
dispersion—mainly reflect revised aperture corrections intro-
duced after Salim et al. (2007) found B044 to overestimate
sSFR in quiescent galaxies. Using a common M∗,disk, we find
∆β(B044 − B047) ≃ 0.10 for all MS samples. Swapping
B04 SFRs for optical emission line estimates from the Padova-
Millennium Galaxy and Group Catalogue (PM2GC; Calvi et al.
2011, requiring no color-based corrections), we find βPM2GC
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In this talk

 Cluster survey (inspired) work that might help connect 
environment to star formation histories.

‣ Possible manifestations of environmental effects.

‣ How the ICBS constrains these effects.

‣ How ICBS-derived models recast the problem.
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Setup
• Galaxies are diverse. 

- Lots of colors, shapes.

★ Environment is a source of diversity in galaxies. 

★ Specifically their star formation histories.

• Questions become: 

- Where do we investigate diversity? 

- How do we determine the role of environment? 



Where To Look for 
Diversity
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• At z > 0, SFHs are inferred from ensemble metrics.

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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The Issue
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• Diversity is difficult to extract from ensemble-based 
models. 
- Due to treatment of the SF “Main Sequence”.



The SF “Main Sequence”
• An sSFR—Mstel correlation now seen to z ≤ 6.

log( Mstel )

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

7.2. The Star-forming Sequence

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

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

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

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

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

7.2. The Star-forming Sequence

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

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

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

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

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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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-
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specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
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(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
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Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
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the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.
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We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

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

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

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
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Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
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gether with a Schechter-like fit to those points.

GALEX: UV SFRS IN THE LOCAL UNIVERSE 283No. 2, 2007

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.

GALEX: UV SFRS IN THE LOCAL UNIVERSE 283No. 2, 2007

Salim
+07

As detailed as 
most models get.



Slope = 0

Slope = 0Identical half-mass times

U
sing the m

odels of Peng+10



Slope < 0

Slope = -0.1Different half-mass times

U
sing the m

odels of Peng+10



Slope take-home

• If individual SFHs are based on the “Main Sequence”, 
population diversity comes only from its slope. 

• Non-zero slope only at high-mass, so diversification 
occurs late in galaxy lifetimes. 
- At least for star-forming galaxies. 

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



So what is the slope?

The Astrophysical Journal Letters, 785:L36 (6pp), 2014 April 20 Abramson et al.

Figure 2. As Figure 1, but showing data. Gray points are all galaxies, black the MS-SUPER sample. Fits are replotted from Figure 1. Dashes show 1σ control data
spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
(A color version of this figure is available in the online journal.)

3. After M∗,disk re-normalization, MS slopes, βdisk, and inter-
cepts are similar to—even consistent with—those of the
pure-disk controls (Figures 1(b) and (d)).

Quantitatively, we find −0.43 ! β ! −0.24 (consistent with
results from Salim et al. 2007; Karim et al. 2011; Whitaker
et al. 2012), but −0.20 ! βdisk ! 0.00. (Spreads reflect
data set and intersample variations.) This ∼0.25 dex per dex
enhancement is interesting in an absolute sense: it substantially
(perhaps entirely) homogenizes mean SF efficiencies over more
than a factor of 10 in M∗. But, it is the homogenization
of galaxies spanning 0.1 " B/T " 0.6 with pure disks
(βcontrol = −0.05 ± 0.04) that suggests M∗,disk re-normalization
is physically meaningful.

Statistical uncertainties in β and βdisk are ∼0.02, derived from
fits to 100 bootstrap resamplings of the data at 1010 M⊙ ! M∗ !
2×M0.9

SFG (90th percentile M∗ for pure-SF galaxies). Systematics
are clearly dominant, with MS definition and SFR estimate both
contributing at the ∆βdisk ≈ 0.06–0.10 level (Section 4).

Figure 2 shows the data. Gray points represent all galaxies,
black the MS-SUPER sample, constituting ∼60% of the SFR
density in the local universe (MS-ALL comprises ∼90%). Two
additional points are illustrated here: (1) Dispersion in the MS,
σMS, is substantial; (2) Pure disks move from the top of the
sSFR–M∗ relation to the middle of sSFRdisk–M∗. We discuss
σMS in Section 6, but (2) is further evidence that the M∗,disk
correction is physically meaningful: not only is β pushed close
to βcontrol, but the original MS distribution is made to coincide
with that of pure disks. Visually comparing the 1σ control
spread (dashed blue lines) to that of sSFRdisk(M∗) emphasizes
this point.

In sum, re-normalizing SFR by M∗,disk substantially (perhaps
entirely) homogenizes SF efficiency in giant galaxies, placing

bulge-dominated, 1011 M⊙ systems near the level of pure disks
one-tenth as massive.

4. SYSTEMATICS

Once the MS is defined—itself a ∆β(disk) ∼ 0.1 effect
(Figure 1)—two systematics affect βdisk: M∗,disk calculation and
SFR estimation.

M∗,disk is affected by bulge/disk decomposition and ϒr

calibration. Using B044 or B047 masses to calibrate ϒr has an
effect comparable to statistical uncertainties. Adopting ϒr (g−r)
from Bell et al. (2003) changes βdisk similarly, but can boost
β, βcontrol by ∼0.1 (B047 SFRs). Using Petrosian magnitudes
can induce ∆βdisk = 0.08 (both data sets), but only for the BLUE
DISK (and thus MS-SUPER) samples. Comparing S11-based
M∗,disk to estimates derived from decompositions by Gadotti
(2009; SDSS-based, but more complex than S11; Ngals = 529)
or Allen et al. (2006; fit to independent Millennium Galaxy
Catalogue imaging (Liske et al. 2003); Ngals = 770), we find
no trends larger than the scatter (∼0.25 dex) at M∗ # 1010 M⊙.
Hence, SFR systematics likely drive uncertainty in βdisk.

Figures 2(a) and (c) illustrate this. The (substantial) changes
between B044 and B047—bi-modality at high mass, increased
dispersion—mainly reflect revised aperture corrections intro-
duced after Salim et al. (2007) found B044 to overestimate
sSFR in quiescent galaxies. Using a common M∗,disk, we find
∆β(B044 − B047) ≃ 0.10 for all MS samples. Swapping
B04 SFRs for optical emission line estimates from the Padova-
Millennium Galaxy and Group Catalogue (PM2GC; Calvi et al.
2011, requiring no color-based corrections), we find βPM2GC

disk =
−0.18 ± 0.08 for galaxies with (g − r)disk ! 0.6, consistent
with the analogous βdisk obtained from B047. Hence, given the
B044/B047 offsets, systematics in βdisk are likely ∼0.1 once the
MS is defined.
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spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
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3. After M∗,disk re-normalization, MS slopes, βdisk, and inter-
cepts are similar to—even consistent with—those of the
pure-disk controls (Figures 1(b) and (d)).

Quantitatively, we find −0.43 ! β ! −0.24 (consistent with
results from Salim et al. 2007; Karim et al. 2011; Whitaker
et al. 2012), but −0.20 ! βdisk ! 0.00. (Spreads reflect
data set and intersample variations.) This ∼0.25 dex per dex
enhancement is interesting in an absolute sense: it substantially
(perhaps entirely) homogenizes mean SF efficiencies over more
than a factor of 10 in M∗. But, it is the homogenization
of galaxies spanning 0.1 " B/T " 0.6 with pure disks
(βcontrol = −0.05 ± 0.04) that suggests M∗,disk re-normalization
is physically meaningful.

Statistical uncertainties in β and βdisk are ∼0.02, derived from
fits to 100 bootstrap resamplings of the data at 1010 M⊙ ! M∗ !
2×M0.9

SFG (90th percentile M∗ for pure-SF galaxies). Systematics
are clearly dominant, with MS definition and SFR estimate both
contributing at the ∆βdisk ≈ 0.06–0.10 level (Section 4).

Figure 2 shows the data. Gray points represent all galaxies,
black the MS-SUPER sample, constituting ∼60% of the SFR
density in the local universe (MS-ALL comprises ∼90%). Two
additional points are illustrated here: (1) Dispersion in the MS,
σMS, is substantial; (2) Pure disks move from the top of the
sSFR–M∗ relation to the middle of sSFRdisk–M∗. We discuss
σMS in Section 6, but (2) is further evidence that the M∗,disk
correction is physically meaningful: not only is β pushed close
to βcontrol, but the original MS distribution is made to coincide
with that of pure disks. Visually comparing the 1σ control
spread (dashed blue lines) to that of sSFRdisk(M∗) emphasizes
this point.

In sum, re-normalizing SFR by M∗,disk substantially (perhaps
entirely) homogenizes SF efficiency in giant galaxies, placing

bulge-dominated, 1011 M⊙ systems near the level of pure disks
one-tenth as massive.

4. SYSTEMATICS

Once the MS is defined—itself a ∆β(disk) ∼ 0.1 effect
(Figure 1)—two systematics affect βdisk: M∗,disk calculation and
SFR estimation.

M∗,disk is affected by bulge/disk decomposition and ϒr

calibration. Using B044 or B047 masses to calibrate ϒr has an
effect comparable to statistical uncertainties. Adopting ϒr (g−r)
from Bell et al. (2003) changes βdisk similarly, but can boost
β, βcontrol by ∼0.1 (B047 SFRs). Using Petrosian magnitudes
can induce ∆βdisk = 0.08 (both data sets), but only for the BLUE
DISK (and thus MS-SUPER) samples. Comparing S11-based
M∗,disk to estimates derived from decompositions by Gadotti
(2009; SDSS-based, but more complex than S11; Ngals = 529)
or Allen et al. (2006; fit to independent Millennium Galaxy
Catalogue imaging (Liske et al. 2003); Ngals = 770), we find
no trends larger than the scatter (∼0.25 dex) at M∗ # 1010 M⊙.
Hence, SFR systematics likely drive uncertainty in βdisk.

Figures 2(a) and (c) illustrate this. The (substantial) changes
between B044 and B047—bi-modality at high mass, increased
dispersion—mainly reflect revised aperture corrections intro-
duced after Salim et al. (2007) found B044 to overestimate
sSFR in quiescent galaxies. Using a common M∗,disk, we find
∆β(B044 − B047) ≃ 0.10 for all MS samples. Swapping
B04 SFRs for optical emission line estimates from the Padova-
Millennium Galaxy and Group Catalogue (PM2GC; Calvi et al.
2011, requiring no color-based corrections), we find βPM2GC

disk =
−0.18 ± 0.08 for galaxies with (g − r)disk ! 0.6, consistent
with the analogous βdisk obtained from B047. Hence, given the
B044/B047 offsets, systematics in βdisk are likely ∼0.1 once the
MS is defined.
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Figure 2. As Figure 1, but showing data. Gray points are all galaxies, black the MS-SUPER sample. Fits are replotted from Figure 1. Dashes show 1σ control data
spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
(A color version of this figure is available in the online journal.)
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β, βcontrol by ∼0.1 (B047 SFRs). Using Petrosian magnitudes
can induce ∆βdisk = 0.08 (both data sets), but only for the BLUE
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Figure 2. As Figure 1, but showing data. Gray points are all galaxies, black the MS-SUPER sample. Fits are replotted from Figure 1. Dashes show 1σ control data
spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
(A color version of this figure is available in the online journal.)

3. After M∗,disk re-normalization, MS slopes, βdisk, and inter-
cepts are similar to—even consistent with—those of the
pure-disk controls (Figures 1(b) and (d)).

Quantitatively, we find −0.43 ! β ! −0.24 (consistent with
results from Salim et al. 2007; Karim et al. 2011; Whitaker
et al. 2012), but −0.20 ! βdisk ! 0.00. (Spreads reflect
data set and intersample variations.) This ∼0.25 dex per dex
enhancement is interesting in an absolute sense: it substantially
(perhaps entirely) homogenizes mean SF efficiencies over more
than a factor of 10 in M∗. But, it is the homogenization
of galaxies spanning 0.1 " B/T " 0.6 with pure disks
(βcontrol = −0.05 ± 0.04) that suggests M∗,disk re-normalization
is physically meaningful.

Statistical uncertainties in β and βdisk are ∼0.02, derived from
fits to 100 bootstrap resamplings of the data at 1010 M⊙ ! M∗ !
2×M0.9

SFG (90th percentile M∗ for pure-SF galaxies). Systematics
are clearly dominant, with MS definition and SFR estimate both
contributing at the ∆βdisk ≈ 0.06–0.10 level (Section 4).

Figure 2 shows the data. Gray points represent all galaxies,
black the MS-SUPER sample, constituting ∼60% of the SFR
density in the local universe (MS-ALL comprises ∼90%). Two
additional points are illustrated here: (1) Dispersion in the MS,
σMS, is substantial; (2) Pure disks move from the top of the
sSFR–M∗ relation to the middle of sSFRdisk–M∗. We discuss
σMS in Section 6, but (2) is further evidence that the M∗,disk
correction is physically meaningful: not only is β pushed close
to βcontrol, but the original MS distribution is made to coincide
with that of pure disks. Visually comparing the 1σ control
spread (dashed blue lines) to that of sSFRdisk(M∗) emphasizes
this point.

In sum, re-normalizing SFR by M∗,disk substantially (perhaps
entirely) homogenizes SF efficiency in giant galaxies, placing

bulge-dominated, 1011 M⊙ systems near the level of pure disks
one-tenth as massive.
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Once the MS is defined—itself a ∆β(disk) ∼ 0.1 effect
(Figure 1)—two systematics affect βdisk: M∗,disk calculation and
SFR estimation.

M∗,disk is affected by bulge/disk decomposition and ϒr

calibration. Using B044 or B047 masses to calibrate ϒr has an
effect comparable to statistical uncertainties. Adopting ϒr (g−r)
from Bell et al. (2003) changes βdisk similarly, but can boost
β, βcontrol by ∼0.1 (B047 SFRs). Using Petrosian magnitudes
can induce ∆βdisk = 0.08 (both data sets), but only for the BLUE
DISK (and thus MS-SUPER) samples. Comparing S11-based
M∗,disk to estimates derived from decompositions by Gadotti
(2009; SDSS-based, but more complex than S11; Ngals = 529)
or Allen et al. (2006; fit to independent Millennium Galaxy
Catalogue imaging (Liske et al. 2003); Ngals = 770), we find
no trends larger than the scatter (∼0.25 dex) at M∗ # 1010 M⊙.
Hence, SFR systematics likely drive uncertainty in βdisk.

Figures 2(a) and (c) illustrate this. The (substantial) changes
between B044 and B047—bi-modality at high mass, increased
dispersion—mainly reflect revised aperture corrections intro-
duced after Salim et al. (2007) found B044 to overestimate
sSFR in quiescent galaxies. Using a common M∗,disk, we find
∆β(B044 − B047) ≃ 0.10 for all MS samples. Swapping
B04 SFRs for optical emission line estimates from the Padova-
Millennium Galaxy and Group Catalogue (PM2GC; Calvi et al.
2011, requiring no color-based corrections), we find βPM2GC
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−0.18 ± 0.08 for galaxies with (g − r)disk ! 0.6, consistent
with the analogous βdisk obtained from B047. Hence, given the
B044/B047 offsets, systematics in βdisk are likely ∼0.1 once the
MS is defined.
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Dressler (1980)

• Galaxies are bulges + disks. 
• Slope (diversity) introduced by bulges… 

- B/T correlates with Mstel, but also environment. 

• Is this the morphology—density relationship? 
- Environment here?



No definitive slope / 
environment connection

!

• Environment has little-to-
no effect on slope.!

- At least at z = 0. 

• Would imply a lot of late-
time bulge-growth. 

• Disk diversity 
unaccounted for, 
regardless.

A&A 532, A145 (2011)

Fig. 14. sSFR-stellar mass relation per density bin in the local SDSS
star forming sample. The shaded region is the mean relation based on
the full star forming sample. The relations are color-coded as a function
of density as explained in the figure.

shows the sSFR-mass relation in the three density bin. We fit the
best fit line by linear regression in the log-log space and show
the best fit parameters as a function of the mean density in the
central panel. The errors are estimated through a jackknife tech-
nique. We see a clear trend of the relation which is flattening
towards higher local density. The removal of AGN hosts does
not change the trend. This is due to the fact that the AGN frac-
tion is equally distributed at all sSFR (panel d of Fig. 7). So re-
moving the AGN hosts mainly enlarges the error bars due to the
lower statistics. Figure 14 shows the same analysis applied to
the SDSS local star forming sample. We observe a change in the
sSFR-mass relation as a function of the local density. This was
already pointed out in Kauffmann et al. (2004), although they
consider all SDSS galaxies and not only star forming systems
as in this work. The effect is visible only at the high mass end
of the relation, M/M⊙ > 1011, whereby the higher the density
the lower the mean sSFR of the star forming galaxies. We point
out that Peng et al. (2010) studies the same relation using SDSS
galaxies without reporting any environmental effect. However,
we also point out that Peng et al. (2010) consider a much larger
range of stellar masses, from 107 to 1012 M/M⊙. As shown in
Fig. 14, below 1011 M/M⊙, we do not observe a deviation as a
function of density with respect to the mean relation (shaded re-
gion). Although they do not dominate in mass, low mass galaxies
surely dominate in number with respect to massive galaxies and
determine statistically the slope of the relation. Thus, a linear fit
to the sSFR-mass relation in the log-log space, as done in Peng
et al. (2010), provides slopes consistent in any density regime.

Figure 15 shows the direct comparison of the density depen-
dence of the sSFR-mass relation at low and high redshift. The
figure shows the residuals ∆(log(sSFR)) of the sSFR-mass rela-
tion per density bin with respect to the mean relation in the local
SDSS star forming sample (left panel) and in the high redshift
star forming sample (right panel). The deviation from the mean
relation at the high mass end is clear at z ∼ 0.1 (left panel) and,
although much less significant (2.5σ effect), still visible in the
z ∼ 1 case (right panel). As indicated by the arrows, we find an
indication that the effect is going in opposite direction at high

redshift with respect to the local analog. To explain this reversal
of tendency, we look at the sSFR-mass relation per morphologi-
cal type in the three density bins at z ∼ 1. However, this analysis,
due to the poor statistics of the current high z sample, can provide
only an indication. As shown in Fig. 16, we observe a marginal
increase of the mean sSFR of massive (M/M⊙ > 5 × 1011) early
type galaxies from the low density to the high density bin. This
figure is equivalent to the right panel of Fig. 12 limited to the
high mass bin. Late type and irregular galaxies do not exhibit
any variation of the mean sSFR as a function of density given
the current accuracy. The fraction of massive early type galax-
ies varies from ∼20% in the low density regime to ∼40% at the
highest density at the expenses of the late type galaxy fraction
which decreases from 40% to 20%, while the fraction of irregu-
lar galaxies remains constant. The tilt of the sSFR-mass relation
at high density could be due to the presence of a larger number
of massive and highly star forming early type galaxies. We point
out that this is in agreement with the marginal increase of the
density–sSFR relation observed in the high mass bin in the left
panel of Fig. 10. However, to confirm this indication we need a
dataset with much higher statistics. In addition, the picture pro-
posed here is partial because we can not check what is the role
of the star forming galaxies with early-type morphology in the
local SDSS star forming sample. Indeed the visual morpholog-
ical classification applied to the high z star forming sample is
just unfeasible for the large Sloan sample. The detailed study of
the sSFR-mass relation as a function of the morphological type
and environemnt in an homogeneous way and on a dataset with
much higher statistics is the aim of another paper of this series.

5. Discussion

The main structures sampled by our high density regimes are two
clusters in formation: a low mass cluster at z = 0.73 at the center
of two long filaments in the GOODS-S region, and two merg-
ing groups at z = 1.016 in GOODS-N. Recently, Fadda et al.
(2008) conducted a very wide field MIR observation with Spitzer
MIPS which covers two filaments around the Abell 1763 clus-
ter (z = 0.23), and found that the fraction of starburst galaxies is
more than twice larger in the filaments than in the inner region or
outer fields of the clusters. The enhancement of star-forming ac-
tivity in filaments is also suggested in nearby clusters in optical
studies (e.g. Porter & Raychaudhury 2007; Porter et al. 2008).
Tzanavaris et al. (2010) find also an enhanced sSFR in members
of gas rich Hickson compact groups (HGC) harboring mainly
spirals and irregulars with respect to gas poor groups dominated
by ellipticals and S0 galaxies. Following Verdes-Montenegro
et al. (2001) they argue that S/I and E/S0 HGC galaxies may
constitute two distinct subclasses, consistent with being the two
extremes of a possible evolutionary sequence progressing from
the S/I high-sSFR subclass to the E/S0 low-SSFR one. Initially,
loose groups contract to a more compact configuration (Barton
et al. 1998). At this stage, most of the H I is found in galaxy
disks, which constitute the prevailing morphological type. As the
effects of tidal interactions gain in importance with time, an in-
creasing fraction of the group H I mass is stripped from the inter-
stellar medium of member galaxies and forms tidal tails, bridges,
and intergalactic structures. At this stage old, gas poor groups
host quiescent elliptical and S0 galaxies. This scenario is also in
agreement with the more recent findings of Hwang et al. (2010)
based on the cross-correlation of the SDSS galaxy catalog and
IRAS faint source catalog. They find that the star formation ac-
tivity in LIRGs and ULIRGs is triggered by galaxy galaxy inter-
action. Moreover, the star formation activity is boosted when the
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star forming sample. The shaded region is the mean relation based on
the full star forming sample. The relations are color-coded as a function
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best fit line by linear regression in the log-log space and show
the best fit parameters as a function of the mean density in the
central panel. The errors are estimated through a jackknife tech-
nique. We see a clear trend of the relation which is flattening
towards higher local density. The removal of AGN hosts does
not change the trend. This is due to the fact that the AGN frac-
tion is equally distributed at all sSFR (panel d of Fig. 7). So re-
moving the AGN hosts mainly enlarges the error bars due to the
lower statistics. Figure 14 shows the same analysis applied to
the SDSS local star forming sample. We observe a change in the
sSFR-mass relation as a function of the local density. This was
already pointed out in Kauffmann et al. (2004), although they
consider all SDSS galaxies and not only star forming systems
as in this work. The effect is visible only at the high mass end
of the relation, M/M⊙ > 1011, whereby the higher the density
the lower the mean sSFR of the star forming galaxies. We point
out that Peng et al. (2010) studies the same relation using SDSS
galaxies without reporting any environmental effect. However,
we also point out that Peng et al. (2010) consider a much larger
range of stellar masses, from 107 to 1012 M/M⊙. As shown in
Fig. 14, below 1011 M/M⊙, we do not observe a deviation as a
function of density with respect to the mean relation (shaded re-
gion). Although they do not dominate in mass, low mass galaxies
surely dominate in number with respect to massive galaxies and
determine statistically the slope of the relation. Thus, a linear fit
to the sSFR-mass relation in the log-log space, as done in Peng
et al. (2010), provides slopes consistent in any density regime.

Figure 15 shows the direct comparison of the density depen-
dence of the sSFR-mass relation at low and high redshift. The
figure shows the residuals ∆(log(sSFR)) of the sSFR-mass rela-
tion per density bin with respect to the mean relation in the local
SDSS star forming sample (left panel) and in the high redshift
star forming sample (right panel). The deviation from the mean
relation at the high mass end is clear at z ∼ 0.1 (left panel) and,
although much less significant (2.5σ effect), still visible in the
z ∼ 1 case (right panel). As indicated by the arrows, we find an
indication that the effect is going in opposite direction at high

redshift with respect to the local analog. To explain this reversal
of tendency, we look at the sSFR-mass relation per morphologi-
cal type in the three density bins at z ∼ 1. However, this analysis,
due to the poor statistics of the current high z sample, can provide
only an indication. As shown in Fig. 16, we observe a marginal
increase of the mean sSFR of massive (M/M⊙ > 5 × 1011) early
type galaxies from the low density to the high density bin. This
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any variation of the mean sSFR as a function of density given
the current accuracy. The fraction of massive early type galax-
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highest density at the expenses of the late type galaxy fraction
which decreases from 40% to 20%, while the fraction of irregu-
lar galaxies remains constant. The tilt of the sSFR-mass relation
at high density could be due to the presence of a larger number
of massive and highly star forming early type galaxies. We point
out that this is in agreement with the marginal increase of the
density–sSFR relation observed in the high mass bin in the left
panel of Fig. 10. However, to confirm this indication we need a
dataset with much higher statistics. In addition, the picture pro-
posed here is partial because we can not check what is the role
of the star forming galaxies with early-type morphology in the
local SDSS star forming sample. Indeed the visual morpholog-
ical classification applied to the high z star forming sample is
just unfeasible for the large Sloan sample. The detailed study of
the sSFR-mass relation as a function of the morphological type
and environemnt in an homogeneous way and on a dataset with
much higher statistics is the aim of another paper of this series.
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The main structures sampled by our high density regimes are two
clusters in formation: a low mass cluster at z = 0.73 at the center
of two long filaments in the GOODS-S region, and two merg-
ing groups at z = 1.016 in GOODS-N. Recently, Fadda et al.
(2008) conducted a very wide field MIR observation with Spitzer
MIPS which covers two filaments around the Abell 1763 clus-
ter (z = 0.23), and found that the fraction of starburst galaxies is
more than twice larger in the filaments than in the inner region or
outer fields of the clusters. The enhancement of star-forming ac-
tivity in filaments is also suggested in nearby clusters in optical
studies (e.g. Porter & Raychaudhury 2007; Porter et al. 2008).
Tzanavaris et al. (2010) find also an enhanced sSFR in members
of gas rich Hickson compact groups (HGC) harboring mainly
spirals and irregulars with respect to gas poor groups dominated
by ellipticals and S0 galaxies. Following Verdes-Montenegro
et al. (2001) they argue that S/I and E/S0 HGC galaxies may
constitute two distinct subclasses, consistent with being the two
extremes of a possible evolutionary sequence progressing from
the S/I high-sSFR subclass to the E/S0 low-SSFR one. Initially,
loose groups contract to a more compact configuration (Barton
et al. 1998). At this stage, most of the H I is found in galaxy
disks, which constitute the prevailing morphological type. As the
effects of tidal interactions gain in importance with time, an in-
creasing fraction of the group H I mass is stripped from the inter-
stellar medium of member galaxies and forms tidal tails, bridges,
and intergalactic structures. At this stage old, gas poor groups
host quiescent elliptical and S0 galaxies. This scenario is also in
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No. 1, 2009 DEPENDENCE OF SFRs ON STELLAR MASS AND ENVIRONMENT AT z ∼ 0.8 L69

Figure 2. Median SSFR vs. local density at z ∼ 0.8 for galaxies in two mass bins.
The location of the data points on the x-axis reflects the median local density
in a particular bin (gray triangles denote boundaries), while the horizontal error
bars represent the 25–75th percentile of density values in the bin. The arrows
on the left indicate the median SSFRs for the field from Damen et al. (2009) for
two similar mass bins: they lie between our two lowest density bins, indicating
that our data sample a range of field environments. The 0.2 dex errors assigned
to their data points account for systematics in the different SFR and stellar mass
derivations. The arrow at Σ ∼ 40 Mpc−2 corresponds to the median density at
the projected virial radius of the cluster, but we note that the highest density bin
includes contributions from both the cluster and groups. At a fixed mass, the
SSFR and SFR decline in higher density environments, and this is true even at
low densities where the presence of the cluster is inconsequential.

however, that the bulk of SF has already taken place for most of
these galaxies, even by z ∼ 0.8, since most lie below the dashed
line in Figure 3 that indicates the SSFR at which stellar mass
doubles by at z = 0 if the SFR remains constant.

At z ∼ 0, Kauffmann et al. (2004) found a factor of ∼7 spread
in SFRs at log M/M⊙ ∼ 10.6 between their lowest and highest
density bins, with galaxies at high densities having lower SFRs.
At z ∼ 0.8, we found a similar result. For galaxies with mass
log M/M⊙ ∼ 11, the spread in SFRs at z ∼ 0 is smaller than
the factor of ∼7 we find. This is likely because Kauffmann
et al. (2004) assigned a limiting SSFR of ∼10−11.6 yr−1 to
galaxies with non-detectable SF. The median SFRs have not
been corrected for contamination from galaxies in lower density
bins, but we note that such a correction would lead to an even
stronger decline in SSFR with increasing density.

5. DISCUSSION

Recent work at z ∼ 1 indicates that for galaxies in the mass
range studied here, several relations follow trends similar to
those found at z ∼ 0. For example, Holden et al. (2007) and
van der Wel et al. (2007b) found a strong MDR for mass-
limited samples in both the field and clusters at z ∼ 1. Thus,
it should not be surprising that we see a similar trend for the
SSFR/SFR–density relation at z ∼ 0.8 as we see at z ∼ 0
(although with a different normalization). Scoville et al. (2007)
also found a similar declining SSFR/SFR-density trend at these
redshifts. Interestingly, some recent studies of galaxies at low
redshift find evidence for enhanced levels of dust-obscured SF
at densities slightly above typical field densities, although they
also generally find an overall trend of decreasing SF activity at
higher densities (Gallazzi et al. 2009; Wolf et al. 2009; Haines
et al. 2009; Tran et al. 2009).

Our result of a declining SFR in higher density environments
appears universal at z ∼ 0.8 and not confined to a cluster
environment, much like the MDR and SFR–density relations

Figure 3. Median SSFR vs. stellar mass at z ∼ 0.8 for galaxies in different
environments. The location of the data points on the x-axis reflects the median
mass in a particular bin, while the horizontal error bars represent its uncertainty.
The dotted lines indicate constant SFRs of 1 and 10 M⊙ yr−1. The dashed
horizontal line represents the SSFR at which stellar mass doubles by at z = 0
if the SFR remains constant. The black data points are the Damen et al. (2009)
field values: note the good agreement with our field values. The red and blue
colored lines are the median SSFR values from Kauffmann et al. (2004) for
galaxies at z ∼ 0 at their lowest and highest densities, respectively. At z ∼ 0.8,
SSFR depends on mass and environment, with galaxies at high masses and high
densities forming stars at lower rates, much like at z ∼ 0.

in the local universe. As seen in Figure 2, cluster galaxies
dominate the highest density bin, but much of the decrease
in SSFR occurs in lower density field bins. In addition, after
removing galaxies within ∼2.5 times the virial radius of the
cluster, we continue to find the SSFR to decrease with density,
including in the remaining high-density regions represented by
several groups at projected distances of ∼3–5 Mpc from the
cluster. This decrease in SSFR occurs over a similar range of
densities in which Patel et al. (2009) found an increase in the red
galaxy fraction, possibly linking the end of SF and buildup of
red-sequence galaxies in environments that reach into the dense
regions of the field.

In contrast to our work, Elbaz et al. (2007) and Cooper et al.
(2008) found very different results for the SFR–density relation.
At 0.8 < z < 1.2, Elbaz et al. (2007) found a factor of ∼6 spread
in SFRs. However, they found galaxies at higher densities to
have higher mean SFRs up to a critical density, above which
the SFR declined. Much of the reversed SFR–density trend in
Elbaz et al. (2007) is driven by a peak in the SFR in a narrow
projected density range of ∼0.1 dex (3 < Σ(Mpc−2) < 4).
Likewise, Cooper et al. (2008) also found the SFRs of galaxies
to increase in higher density environments at 0.75 < z < 1.05,
although their observed spread in SFRs was less than a factor
of ∼1.5. While neither of these two surveys contain a cluster,
both sample group environments similar to the groups around
RX J0152−13 that have velocity dispersions (∼400 km s−1;
Tanaka et al. 2006) that are typical of groups found in the field
(Gerke et al. 2007). However, the reversal in the SFR–density
relation found by Elbaz et al. (2007) and Cooper et al. (2008)
does not extend into the highest densities found in their group
environments.

Sample selection plays an important role in interpreting the
different results. While we use a mass-limited sample, Elbaz
et al. (2007) and Cooper et al. (2008) use luminosity-limited
samples that are biased to include low-mass blue star-forming
galaxies and exclude the corresponding non-star-forming red
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Fig. 19.— (a – left) The fraction of PAS (passive) and PSB (posbstarburst) galaxies across the full range of environments sampled in
the ICBS, including isolated galaxies, small groups, groups, clusters, and cluster cores. The data are from the samples shown in Figure 16,
but with averaged values for the individual samples for isolated galaxies, small groups, clusters, and cluster cores (R < 500 kpc), and for
binned samples of moderate-sized groups and filaments. Across the full range of increasing scale size, represented by total luminosity Lgal,
the PAS fraction rises and is tracked by the PSB fraction, displaced lower by a factor of 5–10. (b – right) The fraction of CSF (continuously
star forming) falls slowly until dropping sharply in rich groups and clusters; this behavior is tracked by the fraction of SB (active starbursts,
SBH+SBO), displaced lower by a factor of ∼4. The plot shows that that most SB are not on the path to becoming passive galaxies:
in all but the most luminous (massive) systems they are sufficiently numerous that they would overproduce the PAS galaxies (see §4.6).
Many PSB galaxies could be on the way to becoming PAS galaxies, a conclusion that is supported by the spatial concordance of the two
types (see Figure 6) in the cluster environment. However, as discussed in §4.7, another and possibly more natural interpretation of these
approximately constant ratios of PAS/PSB and SB/CSF types, is that SB galaxies begin in, and return to, CSF galaxies, and PSB galaxies
begin and end with PAS galaxies. Minor mergers and accretions of gas rich companions — as the cause of these moderate starbursts and
poststarbursts — could provide a natural way to produce the effect.
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Fig. 20.— Cartoon showing the proposed starburst cycles described in this paper. The traditional evolutionary sequence for starbursts
converts starforming galaxies to passive galaxies through an active- and post-starburst phase — we believe this path is followed by some
galaxies, in particular, major mergers of starforming galaxies, and galaxies subject to the extreme environment in the cores of rich clusters.
However, for most, we believe that two cycles are operating, largely independently, one beginning and completing with starforming disk
galaxies, the other beginning and completing with at least one spheroidally-dominated passive galaxy. As explained in the §4.7, this
alternate picture is motivated by the fractions and timescales associated with starbursts, the spatial distribution and structural properties
that link SB to CSF galaxies and PSB to PAS galaxies, and the near-constant ratios of PSB/PAS and SB/CSF across environment shown
in Figure 19.
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Many PSB galaxies could be on the way to becoming PAS galaxies, a conclusion that is supported by the spatial concordance of the two
types (see Figure 6) in the cluster environment. However, as discussed in §4.7, another and possibly more natural interpretation of these
approximately constant ratios of PAS/PSB and SB/CSF types, is that SB galaxies begin in, and return to, CSF galaxies, and PSB galaxies
begin and end with PAS galaxies. Minor mergers and accretions of gas rich companions — as the cause of these moderate starbursts and
poststarbursts — could provide a natural way to produce the effect.

!"#$%&'(#)*+,-(#"%'.*

/-,0,)%(1*+,-(#"%'.*

!"#$%&'(%)(%*+,-"*.,"#*/01"2"3(*+,
$/4(%,)(#/2(,/%"))(%*,

!"#$%&'(%)(%*,

23+*4+5 * +6 *

2+6*

4+5* +6* 2+6* 23+*

Fig. 20.— Cartoon showing the proposed starburst cycles described in this paper. The traditional evolutionary sequence for starbursts
converts starforming galaxies to passive galaxies through an active- and post-starburst phase — we believe this path is followed by some
galaxies, in particular, major mergers of starforming galaxies, and galaxies subject to the extreme environment in the cores of rich clusters.
However, for most, we believe that two cycles are operating, largely independently, one beginning and completing with starforming disk
galaxies, the other beginning and completing with at least one spheroidally-dominated passive galaxy. As explained in the §4.7, this
alternate picture is motivated by the fractions and timescales associated with starbursts, the spatial distribution and structural properties
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the ICBS, including isolated galaxies, small groups, groups, clusters, and cluster cores. The data are from the samples shown in Figure 16,
but with averaged values for the individual samples for isolated galaxies, small groups, clusters, and cluster cores (R < 500 kpc), and for
binned samples of moderate-sized groups and filaments. Across the full range of increasing scale size, represented by total luminosity Lgal,
the PAS fraction rises and is tracked by the PSB fraction, displaced lower by a factor of 5–10. (b – right) The fraction of CSF (continuously
star forming) falls slowly until dropping sharply in rich groups and clusters; this behavior is tracked by the fraction of SB (active starbursts,
SBH+SBO), displaced lower by a factor of ∼4. The plot shows that that most SB are not on the path to becoming passive galaxies:
in all but the most luminous (massive) systems they are sufficiently numerous that they would overproduce the PAS galaxies (see §4.6).
Many PSB galaxies could be on the way to becoming PAS galaxies, a conclusion that is supported by the spatial concordance of the two
types (see Figure 6) in the cluster environment. However, as discussed in §4.7, another and possibly more natural interpretation of these
approximately constant ratios of PAS/PSB and SB/CSF types, is that SB galaxies begin in, and return to, CSF galaxies, and PSB galaxies
begin and end with PAS galaxies. Minor mergers and accretions of gas rich companions — as the cause of these moderate starbursts and
poststarbursts — could provide a natural way to produce the effect.

!"#$%&'(#)*+,-(#"%'.*

/-,0,)%(1*+,-(#"%'.*

!"#$%&'(%)(%*+,-"*.,"#*/01"2"3(*+,
$/4(%,)(#/2(,/%"))(%*,

!"#$%&'(%)(%*,

23+*4+5 * +6 *

2+6*

4+5* +6* 2+6* 23+*

Fig. 20.— Cartoon showing the proposed starburst cycles described in this paper. The traditional evolutionary sequence for starbursts
converts starforming galaxies to passive galaxies through an active- and post-starburst phase — we believe this path is followed by some
galaxies, in particular, major mergers of starforming galaxies, and galaxies subject to the extreme environment in the cores of rich clusters.
However, for most, we believe that two cycles are operating, largely independently, one beginning and completing with starforming disk
galaxies, the other beginning and completing with at least one spheroidally-dominated passive galaxy. As explained in the §4.7, this
alternate picture is motivated by the fractions and timescales associated with starbursts, the spatial distribution and structural properties
that link SB to CSF galaxies and PSB to PAS galaxies, and the near-constant ratios of PSB/PAS and SB/CSF across environment shown
in Figure 19.

Too many starbursts
D

ressler+13
Ty

pe
 fr

ac
tio

ns

Environmental densityFie
ld

Cores

Passive

Post-SB

Continuous!
starforming

Starbursts

Predicts 2 to 4x passive growth 

since z ~ 0.4



Observed passive growth
Tom

czak+14

The Astrophysical Journal, 783:85 (15pp), 2014 March 10 Tomczak et al.

Figure 11. Growth in the star-forming (left) and quiescent (right) SMFs relative to the z ≈ 0 star-forming and quiescent SMFs from Moustakas et al. (2013). Shaded
regions show 1σ Poisson and SED-fitting uncertainties. Cosmic variance uncertainties are neglected for clarity but range between 0.05 and 0.14 dex. Each redshift
interval here at z ! 0.4 has been chosen to span roughly 1.2 Gyr of galaxy evolution. We find that the growth in the number density of star-forming galaxies is
remarkably uniform at Log(M/M⊙) < 10. The quiescent SMF, however, exhibits a rapid increase toward lower stellar masses. Specifically, at Log(M/M⊙) " 10
quiescent, galaxies increase in number by a factor of 15–30, whereas star-forming galaxies increase by only a factor of 1.5–2. Despite the large difference in these
growth rates, star-forming galaxies still remain the dominant population at low masses at all redshifts.
(A color version of this figure is available in the online journal.)

Figure 12. Cosmic stellar mass densities as a function of redshift evaluated from the best-fit Schechter functions to the total SMF (left) and the star-forming and
quiescent SMFs (right). We show the total stellar mass density (integrated over 9 < Log(M/M⊙) <13) with 1σ uncertainties determined from Monte Carlo simulations
on our SMFs. Other symbols show results from previous works from deep NIR surveys: Moustakas et al. (2013, black diamond, Mo13), Baldry et al. (2012, gray
square, B12), Muzzin et al. (2013, purple triangles, Mu13), Ilbert et al. (2013, brown squares, I13), and Santini et al. (2012, green circles, S12). The dashed black line
is a least-squares fit to the ZFOURGE data: Log(ρ) = −0.33(1 + z) + 8.75. Also shown are high-redshift mass densities inferred from a UV-selected galaxy sample
with a correction for incompleteness at low masses (Reddy & Steidel 2009, cyan triangles, R09). Our measured mass densities are in good agreement with these
previous works.
(A color version of this figure is available in the online journal.)

CANDELS Early Release Science program in conjunction with
deep (Ks ∼ 25.5) imaging from Hawk-I. Although their work
covers significantly less area than we present here (33 arcmin2

versus 316 arcmin2), our measurements agree within 1σ un-
certainties. Measurements from the recent UltraVISTA survey
(McCracken et al. 2012), which covers ∼1.6 deg2 to a depth
of Ks = 23.4, are presented in Ilbert et al. (2013) and Muzzin
et al. (2013). Our results are in excellent agreement at all red-
shifts except 1.5 < z < 2.5 with Muzzin et al. (2013). The
difference between our result and Muzzin et al. (2013) is mostly
due to the large difference in the faint end slope: Muzzin et al.

(2013) measure a slope of ∼ − 0.9, whereas we find −1.33 for
the best-fit single-Schechter function at 1.5 < z < 2.0. Muzzin
et al. (2013) note that α is not well constrained by their data and
do not rule out a low-mass slope as steep as ours.

Another estimate of the stellar mass density was provided
by Reddy & Steidel (2009), who used an optically selected
sample of star-forming galaxies at 1.9 < z < 3.4 to argue
that the low-mass end of the SMF is quite steep and may have
been underestimated by previous studies; they concluded that
a large fraction of the stellar mass budget of the universe was
locked up in dwarf galaxies. However, these authors were not
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interval here at z ! 0.4 has been chosen to span roughly 1.2 Gyr of galaxy evolution. We find that the growth in the number density of star-forming galaxies is
remarkably uniform at Log(M/M⊙) < 10. The quiescent SMF, however, exhibits a rapid increase toward lower stellar masses. Specifically, at Log(M/M⊙) " 10
quiescent, galaxies increase in number by a factor of 15–30, whereas star-forming galaxies increase by only a factor of 1.5–2. Despite the large difference in these
growth rates, star-forming galaxies still remain the dominant population at low masses at all redshifts.
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quiescent, galaxies increase in number by a factor of 15–30, whereas star-forming galaxies increase by only a factor of 1.5–2. Despite the large difference in these
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Starburst recycling
• If not quenching, where do the starbursts go?

- Back to the normal star-forming population.

• Given the trends of type-fractions with environment, 
recycling “loops” must be significant everywhere 
except cluster cores.
- Types also have very similar spatial distributions / 

correlation functions, reinforcing this conclusion.
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Further validation
!

• If correct, galaxy structure should support this picture 
- Starbursts should look like normal starforming galaxies 

- Post-starbursts should look like passives, but not 
starbursts. 

• My ICBS work (LEA+13; ICBS Paper V) showed this 
to be true. 
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Recycling / Environment 
Connection

• Trouble: recycling seems to 
be active (almost) 
everywhere. 

- At least at z ~ 0.4. 

• If burst cycles contribute 
significantly to scatter (likely), 
this is not sensitive to 
environment.
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Figure 5. Left: J-band Sérsic index distributions for cluster core galaxies (Rcl ! 500 kpc). While the active starbursts in cluster cores are still disky, the parent–daughter
relationships between the burst and non-burst classes in this environment are substantially degraded. Notably, the post-starbursts in the core have Sérsic indices between
those of the SBs and PASs (or, alternately, close to those of the CSFs). These facts suggest that mechanisms unique to dense environments (e.g., as ram-pressure
stripping or starvation) may be causing a “leak” from CSF to PAS populations through active quenching or starburst-driven evolution. Population fractions from
Paper II also suggest that the latter is occurring, here. Note that, when this population of objects is removed (right panel), the relationship of cluster PSBs to the PASs
is strengthened compared to the full cluster sample shown in the bottom panel of Figure 4.
(A color version of this figure is available in the online journal.)
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Figure 6. Final Sérsic distributions for all galaxies residing outside of cluster
cores. Properties are listed in Table 3.
(A color version of this figure is available in the online journal.)

Mendel et al. 2013; Bell et al. 2012) but used this to support the
traditional CSF → SB → PSB → PAS quenching scenario we
believe to be sub-dominant. We now show that these structural
relationships are consistent with—and indeed independently
suggestive of—the recycling scenario we presented in Paper II.

We turn first to the star-forming systems. It is clear that the
SBs are, in general, the diskiest galaxies in all environments.
This fact is key: it implies that whatever is triggering the majority
of bursts must be gentle. Whether they actively destroy disks
or merely build bulges, violent interactions would wash out the
strong clustering around n = 1 displayed by these systems. That
this is not the case suggests that most SBs cannot evolve into the
bulge-dominated PSBs; they are not undergoing the necessary
structural transformation. It therefore seems that these systems
have no choice but to return to the CSF population after their
current episode of enhanced star formation subsides. (This is
true even if, in some environments, the latter class is slightly
“bulgier” than the SBs, on average.) Thus, the star-forming
recycling loop we proposed earlier emerges naturally from the
structural data as well.

But what of the quiescent galaxies? As mentioned in
Section 1, because SBs so outnumber PSBs, showing that most
CSF-derived SBs do not evolve into PSBs does not imply that

most PSBs do not descend from CSF-derived SBs. To test the
second statement, we again take the PSBs as proxies for all SBs
not involved in CSF–SB–CSF recycling. The bulginess of these
systems then suggests one of two things: (1) PSBs represent the
subset of CSF-derived SBs that have undergone major trans-
formational events (i.e., major-mergers) and are now quench-
ing; (2) PSBs originate in systems that are bulge dominated ab
initio.

Unfortunately, the structural similarity between the PSB–PAS
classes alone is not enough to clarify this ambiguity. As they are
bulge dominated, pressure support is significant in the non-star-
forming systems. Therefore, we would not expect the signature
of any transformational mechanism to be easily detectable.
Hence, given only a strong “family resemblance,” we cannot
immediately differentiate between the two cases outlined above.
However, we can make progress by attacking the problem from
the opposite end, asking: Are there sufficient SBs involved
in major mergers to account for the PSB population? If so,
PSB → PAS evolution could explain the structural trends. If
not, our recycling scenario would be favored.

To address this question, L.A. performed a visual inspection
of the J-band data, looking for galaxies that displayed clear signs
of interactions with similar-sized neighbors without reference
to their spectral type.11

Each object was graded from 100 × 100 kpc cut-outs on a
scale of 0 to 2 (0 = no evidence of merging, 2 = definite merger
in progress) with a subset graded twice after a random rotation
and/or reflection. Of these objects, about 10% moved from
grade 1 (possible merger; close/small companion or tidal
feature) to 2 (obvious disruption from neighbor, large tidal
tails, “train-wreck” appearance) upon second viewing. This
“upgrade” rate agrees well with that obtained by comparing
ground- to space-based grades using the single HST ACS image
in the ICBS footprint (see Section 4 and Appendix). Hence,
we include as “confirmed” major mergers all grade 2 plus an
additional 10% of the number of grade 1 systems. Representative
cut-outs are presented in Figure 7.

We did not quantify mass ratios for these possible mergers.
However, the comparable sizes and luminosities of the galaxies

11 Results from HST data are inconclusive. Cluster surveys (e.g., Dressler et al.
1999; Tran et al. 2003; Poggianti et al. 2009) find PSBs to be generally pristine
late- or early-type disks. Field studies (e.g., Tran et al. 2004; Yang et al. 2008)
find many to display morphological irregularities indicative of recent mergers.
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Figure 4. Sérsic distributions for three of the ICBS large-scale environments.
From top: field (isolated galaxies and groups); supercluster (infalling galaxies
and groups); virialized cluster and cluster core. In the field, the burst classes
are statistically indistinguishable from their respective non-burst “parents.” In
the supercluster, though we have little power to constrain the post-starbursts,
the active bursts retain strong similarities to the CSF types. In the cluster, both
burst types diverge from the non-bursts; PSBs here are diskier than their field
counterparts, resembling the CSFs as closely as they do the PASs. These shifts
suggest that additional mechanisms may be at work in these dense environments.
(A color version of this figure is available in the online journal.)

belonging to the PAS or CSF parent, respectively, with no run
yielding PK-S < 0.2.

In the supercluster (middle), though likelihoods drop signifi-
cantly (due in part to the smaller number of systems), the same
general trends emerge for the SBs as seen in the field. These sys-
tems exhibit L(SB ∈ PAS) < −6, their distribution reflecting
the shape of the CSFs to high fidelity though the latter move to
slightly higher n overall. The lack of PSB systems prohibits us
from constraining their relationship to the PASs, but we note that
the two well-fit PSBs in this environment have Sérsic indices
falling precisely at the median value of the PAS distribution
(n ≃ 3).

However, in the cluster proper (bottom) the picture changes.
First, it is clear that CSFs in this environment are considerably
more bulge-dominated than those in the field. Their subtle
departure from the SBs in the supercluster is also exacerbated.
This displacement may simply be a manifestation of the well-

known morphology–density relation (Dressler 1980; Dressler
et al. 1997; Postman et al. 2005), though interestingly it is not
seen in the PAS population. Conversely, cluster PSBs appear
to be diskier than their field counterparts, moving closer to the
star-forming systems. This shift is reflected by the K-S statistics:
with 0.1 < L(PSB ∈ PAS) < 1.1, PSBs appear only marginally
more likely to have come from the PASs over the CSFs.

Yet, PAS–PSB–PAS recycling may still be active in the
cluster environment. If the dense ICM of the cluster core is
providing additional processing as we expect, core galaxies
may be significantly biasing otherwise similar trends away from
those of the field and supercluster.

We test this in Figure 5, plotting the distributions for a “core-
only” sample (left) and the cluster with those galaxies removed
(right). Although statistics are limited, much of the shift to
diskier PSBs indeed appears to be driven by systems in the
innermost 500 kpc of the cluster (modulo projection effects)
where ram-pressure or tidal stripping may be playing large roles.

Comparing the core-excised sample to the full cluster sample
(Figure 4, bottom) reveals the gap at low-n between the PSBs
and PASs to have largely disappeared. Though, to the eye, there
may still be some ambiguity between the non-core PSBs and
CSFs at low n, the K-S metric reveals the former now to be
63 times more likely to have come from the PASs on average,
up from ∼3 in the full cluster sample. The raw K-S probability
PK-S(PSB ∈ PAS) is also always greater than 0.2, while in four
of the six runs PK-S(PSB ∈ CSF) is less than 1%.

We note that these likelihoods represent conservative bounds
to the true probabilities since the core-excised sample almost
certainly includes “overshoot”/“backsplash” galaxies (Balogh
et al. 2000; Moore et al. 2004; Bahe et al. 2013), i.e., systems
that have been processed by the core but now lie at larger radii.

Given the trend of K-S results, it seems that the unprocessed
cluster population likely exhibits the same structural connec-
tions as those in the field and supercluster environments. An
examination of galaxies in field and cluster-infalling groups
also yields results entirely consistent with those of the field and
supercluster. Thus—as suggested in Paper II—it indeed seems
that there are only two significant environments in terms of
the relationships between the spectral types: the highest-density
regions of the universe, and everywhere else.

If galaxies living “everywhere else” (i.e., the overwhelming
majority of systems) are examined, one obtains the distributions
plotted in Figure 6. Here, the spectral type relationships are en-
tirely unambiguous. Statistics—medians, inter-quartile ranges,
n < 2 fractions, and L(child ∈ PAS) values—describing these
“non-core” distributions are presented in Table 3. Unless oth-
erwise specified, the discussion in the next section will refer to
this sample.

5. DISCUSSION

As shown in the previous section, the structural connections
between the spectral types are the same as those exhibited
by their population fractions: the SB and CSF as well as
PSB and PAS types resemble each other closely, but the
active- and post-starbursts are highly dissimilar. However, while
necessary, showing that SBs are disk-dominated and PSBs
are bulge-dominated is not sufficient to demonstrate that the
closed recycling loops we posited are in fact operational.
Indeed, many others—using both one-dimensional and two-
dimensional fitting techniques—have found low-redshift PSBs
to be comparably bulge-dominated to passive systems (see, e.g.,
Quintero et al. 2004; Balogh et al. 2005; Yang et al. 2008;
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Figure 2. As Figure 1, but showing data. Gray points are all galaxies, black the MS-SUPER sample. Fits are replotted from Figure 1. Dashes show 1σ control data
spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
(A color version of this figure is available in the online journal.)

3. After M∗,disk re-normalization, MS slopes, βdisk, and inter-
cepts are similar to—even consistent with—those of the
pure-disk controls (Figures 1(b) and (d)).

Quantitatively, we find −0.43 ! β ! −0.24 (consistent with
results from Salim et al. 2007; Karim et al. 2011; Whitaker
et al. 2012), but −0.20 ! βdisk ! 0.00. (Spreads reflect
data set and intersample variations.) This ∼0.25 dex per dex
enhancement is interesting in an absolute sense: it substantially
(perhaps entirely) homogenizes mean SF efficiencies over more
than a factor of 10 in M∗. But, it is the homogenization
of galaxies spanning 0.1 " B/T " 0.6 with pure disks
(βcontrol = −0.05 ± 0.04) that suggests M∗,disk re-normalization
is physically meaningful.

Statistical uncertainties in β and βdisk are ∼0.02, derived from
fits to 100 bootstrap resamplings of the data at 1010 M⊙ ! M∗ !
2×M0.9

SFG (90th percentile M∗ for pure-SF galaxies). Systematics
are clearly dominant, with MS definition and SFR estimate both
contributing at the ∆βdisk ≈ 0.06–0.10 level (Section 4).

Figure 2 shows the data. Gray points represent all galaxies,
black the MS-SUPER sample, constituting ∼60% of the SFR
density in the local universe (MS-ALL comprises ∼90%). Two
additional points are illustrated here: (1) Dispersion in the MS,
σMS, is substantial; (2) Pure disks move from the top of the
sSFR–M∗ relation to the middle of sSFRdisk–M∗. We discuss
σMS in Section 6, but (2) is further evidence that the M∗,disk
correction is physically meaningful: not only is β pushed close
to βcontrol, but the original MS distribution is made to coincide
with that of pure disks. Visually comparing the 1σ control
spread (dashed blue lines) to that of sSFRdisk(M∗) emphasizes
this point.

In sum, re-normalizing SFR by M∗,disk substantially (perhaps
entirely) homogenizes SF efficiency in giant galaxies, placing

bulge-dominated, 1011 M⊙ systems near the level of pure disks
one-tenth as massive.

4. SYSTEMATICS

Once the MS is defined—itself a ∆β(disk) ∼ 0.1 effect
(Figure 1)—two systematics affect βdisk: M∗,disk calculation and
SFR estimation.

M∗,disk is affected by bulge/disk decomposition and ϒr

calibration. Using B044 or B047 masses to calibrate ϒr has an
effect comparable to statistical uncertainties. Adopting ϒr (g−r)
from Bell et al. (2003) changes βdisk similarly, but can boost
β, βcontrol by ∼0.1 (B047 SFRs). Using Petrosian magnitudes
can induce ∆βdisk = 0.08 (both data sets), but only for the BLUE
DISK (and thus MS-SUPER) samples. Comparing S11-based
M∗,disk to estimates derived from decompositions by Gadotti
(2009; SDSS-based, but more complex than S11; Ngals = 529)
or Allen et al. (2006; fit to independent Millennium Galaxy
Catalogue imaging (Liske et al. 2003); Ngals = 770), we find
no trends larger than the scatter (∼0.25 dex) at M∗ # 1010 M⊙.
Hence, SFR systematics likely drive uncertainty in βdisk.

Figures 2(a) and (c) illustrate this. The (substantial) changes
between B044 and B047—bi-modality at high mass, increased
dispersion—mainly reflect revised aperture corrections intro-
duced after Salim et al. (2007) found B044 to overestimate
sSFR in quiescent galaxies. Using a common M∗,disk, we find
∆β(B044 − B047) ≃ 0.10 for all MS samples. Swapping
B04 SFRs for optical emission line estimates from the Padova-
Millennium Galaxy and Group Catalogue (PM2GC; Calvi et al.
2011, requiring no color-based corrections), we find βPM2GC

disk =
−0.18 ± 0.08 for galaxies with (g − r)disk ! 0.6, consistent
with the analogous βdisk obtained from B047. Hence, given the
B044/B047 offsets, systematics in βdisk are likely ∼0.1 once the
MS is defined.
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spread (points not plotted). Control and MS distributions agree well after M∗,disk re-normalization.
(A color version of this figure is available in the online journal.)
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cepts are similar to—even consistent with—those of the
pure-disk controls (Figures 1(b) and (d)).

Quantitatively, we find −0.43 ! β ! −0.24 (consistent with
results from Salim et al. 2007; Karim et al. 2011; Whitaker
et al. 2012), but −0.20 ! βdisk ! 0.00. (Spreads reflect
data set and intersample variations.) This ∼0.25 dex per dex
enhancement is interesting in an absolute sense: it substantially
(perhaps entirely) homogenizes mean SF efficiencies over more
than a factor of 10 in M∗. But, it is the homogenization
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is physically meaningful.

Statistical uncertainties in β and βdisk are ∼0.02, derived from
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SFG (90th percentile M∗ for pure-SF galaxies). Systematics
are clearly dominant, with MS definition and SFR estimate both
contributing at the ∆βdisk ≈ 0.06–0.10 level (Section 4).

Figure 2 shows the data. Gray points represent all galaxies,
black the MS-SUPER sample, constituting ∼60% of the SFR
density in the local universe (MS-ALL comprises ∼90%). Two
additional points are illustrated here: (1) Dispersion in the MS,
σMS, is substantial; (2) Pure disks move from the top of the
sSFR–M∗ relation to the middle of sSFRdisk–M∗. We discuss
σMS in Section 6, but (2) is further evidence that the M∗,disk
correction is physically meaningful: not only is β pushed close
to βcontrol, but the original MS distribution is made to coincide
with that of pure disks. Visually comparing the 1σ control
spread (dashed blue lines) to that of sSFRdisk(M∗) emphasizes
this point.

In sum, re-normalizing SFR by M∗,disk substantially (perhaps
entirely) homogenizes SF efficiency in giant galaxies, placing

bulge-dominated, 1011 M⊙ systems near the level of pure disks
one-tenth as massive.
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Once the MS is defined—itself a ∆β(disk) ∼ 0.1 effect
(Figure 1)—two systematics affect βdisk: M∗,disk calculation and
SFR estimation.

M∗,disk is affected by bulge/disk decomposition and ϒr

calibration. Using B044 or B047 masses to calibrate ϒr has an
effect comparable to statistical uncertainties. Adopting ϒr (g−r)
from Bell et al. (2003) changes βdisk similarly, but can boost
β, βcontrol by ∼0.1 (B047 SFRs). Using Petrosian magnitudes
can induce ∆βdisk = 0.08 (both data sets), but only for the BLUE
DISK (and thus MS-SUPER) samples. Comparing S11-based
M∗,disk to estimates derived from decompositions by Gadotti
(2009; SDSS-based, but more complex than S11; Ngals = 529)
or Allen et al. (2006; fit to independent Millennium Galaxy
Catalogue imaging (Liske et al. 2003); Ngals = 770), we find
no trends larger than the scatter (∼0.25 dex) at M∗ # 1010 M⊙.
Hence, SFR systematics likely drive uncertainty in βdisk.

Figures 2(a) and (c) illustrate this. The (substantial) changes
between B044 and B047—bi-modality at high mass, increased
dispersion—mainly reflect revised aperture corrections intro-
duced after Salim et al. (2007) found B044 to overestimate
sSFR in quiescent galaxies. Using a common M∗,disk, we find
∆β(B044 − B047) ≃ 0.10 for all MS samples. Swapping
B04 SFRs for optical emission line estimates from the Padova-
Millennium Galaxy and Group Catalogue (PM2GC; Calvi et al.
2011, requiring no color-based corrections), we find βPM2GC
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with the analogous βdisk obtained from B047. Hence, given the
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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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the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
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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
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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
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Lognormal SFHs
!

• Cosmic SFR density (the 
“Madau/Lilly Diagram”) is 
lognormal.!

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

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

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

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

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

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

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

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

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

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

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

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

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

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

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

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

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

48 P. Madau & M. Dickinson

Madau & Dickinson ‘14 (z) = 0.15 (1 + z)2.7
1 + [(1 + z)/2.9]5.6(Because duh…)
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Madau & Dickinson ‘14Best fit lognormal! from Gladders+13



Lognormal SFHs
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• Cosmic SFR density (the 
“Madau/Lilly Diagram”) is 
lognormal.!

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

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

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

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

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

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

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

The resulting distribution of sSFR values, and the distribution
of τ and t0 parameters, is shown in Figure 4. The fit is reasonable;
however, Figure 4 reveals a certain amount of tension between
the SFRD constraints and the z = 0 sSFR constraints when
fitting each galaxy with a log-normal SFH. Specifically, the
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Matched observables
!

• The z ~ 2 “Main Sequence” (zeropoint, slope, and 
scatter) using a model constrained to z ≤ 1. 
- Gladders+13b 

• Starforming and quiescent stellar mass functions 
from z ~ 2.5 to today. 
- LEA+14, in prep



Matched observables II
z ~ 0.6 z ~ 0.8 z ~ 1.1

z ~ 1.3 z ~ 1.8 z ~ 2.3

All

Quiescent

Tomczak+14 !
Data

Gladders+13b!
Model

All

Quiescent

Muzzin+13 !
Data
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Recall: Observational context
• At z > 0, SFHs are inferred from ensemble metrics.
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• The SF “Main Sequence”

Observational Probes
•  Three ensemble observables:

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

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

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

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

!me$

ρ(
SF
R)
$

mass$

ρ(
m
as
s)
$

mass$

SF
R$

• Cosmic SFR density

Observational Probes
•  Three ensemble observables:

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

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

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

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

!me$

ρ(
SF
R)
$

mass$
ρ(
m
as
s)
$

mass$

SF
R$

• Stellar mass functions

X
(By construction)



Recall: Observational context
• At z > 0, SFHs are inferred from ensemble metrics.

mass$

sS
FR

$

• The SF “Main Sequence”

Observational Probes
•  Three ensemble observables:

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

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

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

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

!me$

ρ(
SF
R)
$

mass$

ρ(
m
as
s)
$

mass$

SF
R$

• Cosmic SFR density

Observational Probes
•  Three ensemble observables:

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

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

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

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

!me$

ρ(
SF
R)
$

mass$
ρ(
m
as
s)
$

mass$

SF
R$

• Stellar mass functions X
X

(By construction)



Recall: Observational context
• At z > 0, SFHs are inferred from ensemble metrics.

mass$

sS
FR

$

• The SF “Main Sequence”

Observational Probes
•  Three ensemble observables:

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

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

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

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

!me$

ρ(
SF
R)
$

mass$

ρ(
m
as
s)
$

mass$

SF
R$

• Cosmic SFR density

Observational Probes
•  Three ensemble observables:

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

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

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

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

!me$

ρ(
SF
R)
$

mass$
ρ(
m
as
s)
$

mass$

SF
R$

• Stellar mass functions X
X

X
(By construction)



What does it buy you?
• Theoretical SFHs for individual, real galaxies. 

- Mean properties emerge from ensembles, not define them.
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What does it buy you?
• Theoretical SFHs for individual, real galaxies. 

- Mean properties emerge from ensembles, not define them.

• Freedom from “quenching”, “passive”, “star forming” boxes.
• A more natural basis: age. 

- If “quiescent” is based on color/sSFR, population cuts are 
age cuts at fixed stellar mass (Oemler+13b; ICBS Paper III).

• When you “put on your age goggles” (AD, personal comm.), things 
like “bimodality” go away. 

- What you are left with is a continuum of growth histories.
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Conclusions
• Environment might simply accelerate the natural growth processes of all galaxies. 

- Not a “quenching” mechanism (Mike’s models have no quenching), just an evolutionary gas 
pedal. 

- Further evidence: “Cluster results anticipate field results by ~20 yrs.“ — Bianca
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• If so, the physics of how environment actually applies the gas  is found at high-z (e.g., ~2), 
when all galaxies are “young”. 

- WFIRST+JWST will see it!
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when all galaxies are “young”. 

- WFIRST+JWST will see it!

• Further tests: identifying age spreads at fixed stellar mass. 
- We say lots should exist, even for starforming systems.

• Big Question: How much diversity really exists? 
- May be that there really is only one growth history for starforming disks… 

★We have the tools to address diversity in SFHs, now we must see how much there is and 
what it’s a function of (e.g., environment). 
★ Read ours and Dan’s papers!
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