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How we infer star formation histories

z = 0 Peng+10; Brinchm
ann+04

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

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

2.2.3. Construction of the Density Field

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

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

3. STAR FORMATION

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

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

3.1. Star Formation Rates and Stellar Mass

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

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

• Take scatter plots at many 
epochs. 

• Assume galaxies follow locus 

- Produces a SFH. 

‣ The mean SFH(Mstel)…ish.

The Astrophysical Journal Letters, 754:L29 (6pp), 2012 August 1 Whitaker et al.

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

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

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

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

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

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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

The running medians and dispersions are measured for all
star-forming galaxies, and those above the mass and SFR
completeness limits are indicated with filled symbols in Figure 1
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Just add calculus (and quenching…)

• If you want a star formation history, 
just follow the flock. 

• We know how loci evolve, so we 
think we know how galaxies evolve. 

- Provided there is some way to 
creates red galaxies  

- “Quenching”

Evolution of the SFMS

Param
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The current paradigm is: “grow and quench”

• Question is:  
 
 
 
 

What stops star formation?



This has led to 
great successes!



This has led to 
great successes!

But there’s a catch!



The catch

• Zero passive galaxies descend from  
starforming galaxies at the same 
epoch! 

SDSS data

Not ancestrally related!



The catch

• Zero passive galaxies descend from  
starforming galaxies at the same 
epoch! 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Fig. 7.— ∆SFR vs. ∆Σ plots from the SFR-MS and the Σe (top) and Σ1 (bottom) quiescent structural relations as a function of redshift
for galaxies with log(M/M⊙) > 10.3. The x-axis is normalized to the zero-point of the quiescent relations to illustrate the evolution with
time. Blue and green circles indicate SFGs outside and within the 2σ scatter of ΣQ

1 (dashed lines). We refer to the latter as compact SFGs.

The relative fractions of SFGs and quiescent galaxies found within the 2σ scatter of ΣQ
e and ΣQ

1 (dashed lines) are indicated in the bottom
left. The L-shaped nature of the distributions indicate that SFGs become compact before they quench their star-formation. Moreover,
the L-shape persist across redshifts, implying a universal process of compaction followed by quenching (see Figure 8). The distributions
in the top and bottom panels are very similar; however, ΣQ

1 exhibits a tighter scatter and a much slower evolution of the zero-point. The
purple line shows the compactness threshold in ΣQ

e from B13 which is only efficient at z ! 2. A fraction of the compact SFGs selected with
∆ΣQ

1 are not compact in ΣQ
e . This indicates that those SFGs have compact cores, but have larger re than typical quiescent galaxies. Thus,

a threshold in ΣQ

1 is a more efficient selection criterion to identify compact SFGs and quiescent galaxies.

3.5. Relative distances from the SFR-MS and the
quiescent structural relations: compaction and

quenching

In this section we study the relative distributions of
galaxies with respect to the SFR-MS and the ΣQ

e,1 struc-
tural relations to identify candidate quenching galaxies
as a function of redshift. Qualitatively, this analysis is
similar to studying the distribution with respect to the
SFR- and Σ- main sequences. However, using the ΣQ

e,1

frames the selection around quiescent galaxies, searching
for SFGs with similar structural properties to them.

3.5.1. Compact SFGs as progenitors of quiescent galaxies

As discussed in the previous section, the higher nor-
malization of the quiescent ΣQ

e and ΣQ

1 relations with
respect to those of SFGs indicates that quenching is pre-
ceded by an increase in the surface density above a cer-
tain threshold. However, as shown in Figure 2, such char-
acteristic density scales with stellar mass, challenging the
simple notion of a fixed quenching threshold at a given
surface density or stellar mass (e.g., Kauffmann et al.
2003; Franx et al. 2008). In turn, the most effective qui-
escent criterion is a selection with respect to the ΣQ

e or
ΣQ

1 sequences with stellar mass, i.e., a relative offset from
the structural relations. Such relative selection includes
fewer SFGs. However, there is always overlap with quies-
cent galaxies at every redshift. A possible interpretation,
outlined in the previous section, is that those overlapping

SFGs acquire quiescent morphologies while they are still
star-forming as a result of a compaction process, i.e., a
structural transformation that increases the central den-
sity and Sérsic index, and reduces the size before quench-
ing star-formation. Such an evolutionary sequence was
confirmed in Barro et al. (2013, 2014a, hereafter B13) for
SFGs at z ∼ 2. In B13, the authors used a selection on
specific SFR and relative distance to the quiescent size-
mass relation to identify compact SFGs at z ∼ 2, finding
that those galaxies have similar sizes, Sérsic indices and
spheroidal morphologies as the quiescent population.
Building on this idea, in this work we define com-

pact SFGs as those SFGs (∆SFRMS > −0.7 dex) found
within the ∼ 2× the scatter of the quiescent struc-
tural scaling relations at a given redshift, ∆ΣQ

e,1 ≡

logΣe,1 − logΣQ
e,1(z) > −2σ(logΣQ), where Σe,1 is ei-

ther the central or effective mass density, and we use
2σ(logΣQ

e ) = 0.5 dex and 2σ(logΣQ
1 ) = 0.2 dex, re-

spectively. This definition differs from previous works
where compact is an absolute term to identify the small-
est galaxies at high-z (re " 1 kpc; e.g., Cassata et al.
2011, 2013). Here, compact is a relative term referring
to the densest/smallest SFGs at every redshift. Panels A
and B of Figure 7 illustrate the selection of compact SFGs
in Σe and Σ1 (dashed line). In the x-axis we add the
zero-point at each redshift to illustrate the different time
evolution in the normalization of these relations. Panel
A shows also the compactness threshold of B13 (purple

Barro+15
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The catch
• Passive galaxies at one epoch descend from starforming galaxies at 

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

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

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

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

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

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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

The running medians and dispersions are measured for all
star-forming galaxies, and those above the mass and SFR
completeness limits are indicated with filled symbols in Figure 1
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The catch
• Passive galaxies at one epoch descend from starforming galaxies at 

earlier epochs — the SFMS need not be an evolutionary path! 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Figure 1. SFR mass sequence for star-forming galaxies has a nonlinear slope at 0 < z < 2.5 (dotted line is linear). The running medians and scatter are color-coded
by redshift, with a power-law fit above the mass and SFR completeness limits (solid lines in bottom, right panel).
(A color version of this figure is available in the online journal.)

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

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

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

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

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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

The running medians and dispersions are measured for all
star-forming galaxies, and those above the mass and SFR
completeness limits are indicated with filled symbols in Figure 1
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Rephrase the question:

What shapes star formation histories?  

(Not: “What stops star formation?”)



Our model:

• Draw inspiration from the cosmic 
SFH. 

- The Madau/Lilly diagram is 
lognormal. 

- What if galaxies also had this form? 

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) =
0.015

(1 + z)2
.7

1 + [(1 + z)/2.9]
5.6Best-fit lognormal 

 from Gladders+13



Our model:

• Every galaxy in the input data gets a 
lognormal SFH. 

- No discontinuities 

- No explicit quenching 

- No physics. 

LEA+16 (in prep.) 
Gladders+13b



Our model:

• Every galaxy in the input data gets a 
lognormal SFH. 

• I.e., just two numbers: 
 
 
 

LEA+16 (in prep.) 
Gladders+13b

T0, ⌧
half-mass-time SFH width



One model:

• Every galaxy in the input data gets a 
lognormal SFH. 

• I.e., just two numbers: 
 
 
 

G
ladders+13b

T0, ⌧

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

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

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

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

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

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

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

Galaxies are diversified!

Evolution of the SFMS

Galaxies are quenched!



These are very  
different physical pictures.



Yet…



Both reproduce:

• The <sSFR> of low mass 
galaxies from z = 7 to today. LEA+16 (in prep.)



Both reproduce:

• The evolution of the stellar 
mass function from  
z = 8 to today.

LEA+16 (in prep.)



Both reproduce:

• The evolution of the 
stellar mass function of 
quenched galaxies from 
z ≥ 2 to today.

LEA+15
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Both reproduce:

• Galaxy downsizing. LEA+16 (in prep.)

Less-massive galaxies  
formed later.



Both reproduce:

• Transition from 
“fast-track” to  
“slow-track” 
quenching.

LEA+16 (in prep.)
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galaxies took less time 
to “quench” in the past



Ours (re)produces:

• Correlations between 
chemical enrichment 
history, bulge mass, and 
sSFR. 

• “Quenching” causality is 
reversed!

LEA+16 (in prep.)
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Fig. 14.— The present-day τ !→ B/T mapping that leads to the
second row of Figure 13. Symbol colors and sizes reflect each G13
SFH’s z = 0 sSFR and M∗, respectively. The B/T assignment
guarantees the correct correlation between symbol size and y-axis
location, but trends highlighted by symbol colors are emergent.
Hence, that these show the model reproduces observed tendencies
for SF and non-SF galaxies to (1) span a range of B/T , but (2)
for the former be disky and the latter almost free of pure disks
(e.g., Schiminovich et al. 2007, Oemler et al., in preparation) is
very encouraging. It leads us to posit that short star formation
timescale is key to bulge-building, something which is testable by
replacing τ with, e.g., α-enhancement on the abscissa, here.

or diskier systems. Also, note that the distribution of ei-
ther quantity at fixed B/T is broad.
Comparing the data to the model shows that T0-

ranking (third row) poorly reproduces these trends; both
SFR/M∗ and SFR/Mdisk

∗ fall too steeply with B/T , and
loci at fixed B/T are too narrow. (This is true consid-
ering only SF galaxies, or the upper-limb of all galaxies,
as shown by the dashed black lines in all panels.) Fur-
thermore, the median B/T for non-starforming galaxies
is ∼ 15% higher than that in the data.
On the other hand, τ -ranking does a far better—albeit

imperfect—job. As summarized in the bottom row of
Figure 13, the slopes and widths of the observed trends
for SF (and indeed all) galaxies are much more faith-
fully reproduced using this method, and the median non-
starforming model B/T is also closer to what is observed.
This outcome is precisely what is expected if τ is indeed

linked to gas consumption timescales, or gas/stellar mass
surface densities as Figures 11 and 12 suggest. As such,
it deepens our sense that τ is encoding the action of a
key organizational principle in galaxy evolution.
It is important to stress that Figure 13 and the above

discussion are not intended to convince the reader that
there is, in reality, a 1:1 mapping between τ and a
galaxy’s present-day B/T . Neither are we suggesting
that we have found—or even attempted to find—an ac-
curate description of the data using the G13 model. How-
ever, we are suggesting that a model with no physics com-
bined with extremely simple prescriptions to extend it to
domains very far from anything it was intended to de-
scribe can yield highly suggestive results.
We believe that this fact alone is both important and

informative. However, the results in Figure 13 combined
with the phenomenological resemblance of τ ’s relation-

ship to the SFMS and that of the above phenomena em-
boldens us to posit that we are not looking at a mere
description of the data in these cases, but in fact an
explanation. That is, τ—or some optimal combination
of T0 and τ we have yet to discover—is not only corre-
lated with, but in fact controls (to an important extent)
the eventual gas/stellar surface density, bulge fraction,
or size of a galaxy, and therefore its probability of being
“quenched” at any epoch/as a function of time. As such,
we will use what we have learned to make a prediction.
Figure 14 shows the G13 model mapping between τ

and B/T as functions of a galaxies present-day stellar
mass (symbol size) and sSFR (symbol color). As de-
manded, low-τ objects have high-B/T and vice versa,
but the shape of this relationship and its coloring are
telling. The steepness at the low-τ end—dominated by
more-massive, more-passive galaxies—is reminiscent of
the spread in B/T s exhibited by early Hubble type ob-
jects (CITE). Meanwhile, the shallower trend at higher-
τ shows the general diskiness of all late-type starforming
galaxies today, though they span many morphological
subclasses (which perhaps reflects a range of formation
timescales). Furthermore, this mapping leads to some
high-B/T SF galaxies, but no (very) low-B/T passive
ones. The latter is true even though there are plenty of
dead objects at masses dominated by pure-disks. These
last subtleties are observed facts (e.g., Schiminovich et al.
2007 and Oemler et al., in preparation); that our model
produces them along with the grosser trends mentioned
above further supports its validity.
Because τ describes a formation timescale, it should

also correlate with, e.g., α-element enhancement (or,
again, perhaps Hubble type). As such, we encourage
other investigators to assemble such data and compare
their observations to this trend. We also suggest that,
now or in the (not-too-distant) future, advanced SPS
synthesis modeling may allow reliable determinations of
τ . Hence, we also encourage others to run such spec-
tral/SED fitting using lognormal SFHs and compare
their results to this diagram (or to assemble the relevant
data when such technology is more robust). We also en-
courage numerical simulators to produce some version of
this diagram (at any epoch) to provide a similar predic-
tion from which deeper physical causes can perhaps be
identified.
We finalize our own physical interpretation in our Dis-

cussion, below.

4. DISCUSSION

EPS vs NBODY AGREEMENT at ICs and
z=0. GOOD TREND BUT SCATTER.
The phenomenological slog above was intended simply

to persuade the reader that the G13 model—just a col-
lection of ∼ 2000 lognormal SFHs—is sufficiently good
at reproducing sufficiently many observations across suf-
ficiently diverse domains and sufficiently long stretches
of time that its deeper physical and intellectual conse-
quences are worth serious consideration.
There are three such consequences:

Astrophysical: Galaxy growth trajectories are
mainly free of large discontinuities, and are sub-
stantially determined by initial conditions. Or...

Metaphysical: Current data can be described

Redder galaxies are 
bulgier because they 
formed rapidly.
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← decreasing SF timescale← increasing α-enhancement?

LEA+16 (in prep.)



Our model:

• Every galaxy in the input data gets a 
lognormal SFH. 

• I.e., just two numbers: 
 
 
 

LEA+16 (in prep.) 
Gladders+13b

T0, ⌧
half-mass-time SFH width

What sets these 
galactic clocks?



We don’t understant star formation histories!
• We do not have a unique descriptive paradigm. 

- Clocks? 

- Explicit quenching? 

• We don’t know… 

- how individual galaxies grow in time. 

- if mean trends reveal forces differentiating individual SFHs. 

- which global phenomena best-set a galaxy’s fate. 

• Kelson: “We don’t even know if these are knowable!”



We need different data.



JWST will reveal physics 

• PROS: 

- Deep, high resolution spectroscopy 

- Covers effectively all of cosmic time 

• CONS: 

- Narrow FOV 

‣ No environmental information 

‣ Little context.



JWST will reveal physics 

• Will provide: 

- words; 

- the rules of grammar; 

- perhaps sentences. 

• Will not provide narrative.



WFIRST will reveal the story

• Must situate physics revealed by 
JWST for small samples in a global 
narrative. 

• WFIRST will do that.



WFIRST will reveal the story

• Fine tomography + spatially 
resolved spectroscopy over huge 
areas will provide the narrative of 
galaxy evolution. 

- Will allow true progenitor 
connections via, e.g., metallicity 
gradients. 

- Will test environmental implications 
of above paradigms.



How WFIRST will finish the story

• Trick: isolate progenitors 

- Gradients 

- Tomography 

• Test paradigms 

- Environmental trends? 

- Reionization sources?
Wuyts+11



How WFIRST will finish the story

• Trick: isolate progenitors 

- Gradients 

- Tomography 

• Test paradigms 
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How WFIRST will finish the story

• Trick: isolate progenitors 

- Gradients 

- Tomography 

• Test paradigms 

- Environmental trends? 

- Reionization sources?
LEA+16 (in prep.)



We can do this! HST proves it!

• “Technology 
demonstration” is 
underway. 

- Being led across town  
by T. Treu and M. Malkan 

- And up the street by  
A. Dressler.

Grism Lens-Amplified Survey from Space



Paving the way

• GLASS is showing 
WFIRST grism will 
enable spatially 
resolved spectroscopy 

- Hα maps @ z ≤ 1.9 
for individual 
objects

Spatially Resolved SFR in cluster galaxies 5

FIG. 2.— Two examples of the procedure followed to derive H↵ maps. Upper panels: MACS1423-00446, bottom panels: MACS0717-00596. a and b refer to
the two distinct PAs of the same galaxy. Panels 1a and 1b show the rest-frame flux-calibrated galaxy 2D spectra, after the sky background and the contamination
have been subtracted. The dashed horizontal black lines show the y-position of the continuum. The box shows the position of the emission lines. Panels 2a and
2b show the rest-frame 2D spectra after the continuum has also been subtracted. Panels 3a and 3b show the map of the galaxy in the light of the H↵ line. Panels
4 show the two maps overplotted as contours on an image of the galaxy in the FW475 filter. Blue and red lines represent different levels of ⌃SFR, as described
in Fig.5. The arrows indicates the direction of the cluster center. See text for details.

stellar population. We correct our size estimates for the point
spread function (PSF) of our observations. We estimate the
mean full width half maximum (FWHM) in each band by tak-
ing the average of the FWHM of 5 stars. We then subtract in
quadrature the PSF (=FWHM/2.355) from the sizes. The val-
ues we obtain are ⇠0.0300 in the F475W, and ⇠0.05500 in the
F110W and G102 filters. We note that the PSF correction is
generally much smaller than the sizes we observe therefore
the impact of the correction is negligible.

We note that more robust measurements are currently un-
derway for the entire GLASS sample and will be presented in
a forthcoming paper.

3.3. SFRs and EW(H↵)s
From the H↵ maps we also derive SFRs. We use the conver-

sion factor derived by Kennicutt, Tamblyn & Congdon (1994)
and Madau, Pozzetti & Dickinson (1998):

SFR[M� yr�1] = 5.5⇥10�42L(H↵)[ergs�1]

valid for a Kroupa (2001) IMF. We compute both the sur-
face SFR density (⌃SFR, M� yr�1 kpc�2) and the total SFRs
(M� yr�1), separately for the spectra coming from the two

PAs and then we combine them taking the mean values. Er-
rors are summed in quadrature. The total SFRs are obtained
summing the surface SFR density within the Kron radius4 of
the galaxy.

There are two major limitations when using H↵ as SFR es-
timator: the contamination by the [NII] line doublet, and un-
certainties in the extinction corrections to be applied to each
galaxy.

To correct for the scatter due to the [NII] contamination, we
apply the locally calibrated correction factor given by James
et al. (2005). As opposed to previous works which considered
only central regions, these authors developed a method which
takes into account the variation of the H↵/[NII] with radial
distance from the galaxy center, finding an average value of
H↵/(H↵ + [NII])= 0.823. This approach is appropriate given
our goal to investigate extended emission.

The second major problem when deriving SFR(H↵) is the
effect of dust extinction. Star formation normally takes place
in dense and dusty molecular clouds, so a significant fraction
of the emitted light from young stars is absorbed by the dust

4 Kron radii are measured by Sextractor from a combined NIR image.

Vulcani+15



Gas-phase metallicity gradients

• Multiple strong lines for: 

- gas-phase metallicity 
gradients & dust maps 

- Balmer decrements for dust 
corrections 

‣ Necessary for good SFRs! 

GLASS metallicity gradients 3
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Fig. 1.— Grism spectra for the arcs of interest show multiple spa-
tially extended emission lines which can be used to derive metallicity
maps. From left to right, each row shows the F140W direct image,
G102 grism spectrum, and G141 grism spectrum. In all cases the es-
timated contamination has been subtracted from the spectra. Strong
source continuum is apparent for arc 14.1. Red contours show the ob-
ject segmentation maps derived using the direct images, and mapped
to emission lines of interest in the grism spectra using the redshift of
each source (left to right: [O ii] ��3727, [Ne iii] �3869, H�, H�, [O iii]
�4959, [O iii] �5007). The redshift is z = 1.855 for all cases shown
here.

HST image

1 arcsecond

[O II]

   10-17 erg s-1 cm-2
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[Ne III]
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Fig. 2.— HST image (top right; RGB: WFC3/F160W,
WFC3/F110W, ACS/F814W) and emission line maps of arc 4.1. The
typical flux uncertainty in each pixel is 2⇥10�18 ergs s�1 cm�2 (1�).

the spectrum of arc 14.1 shown in Figure 1). In such cases
we treat the region where [O iii] �5007 and H� overlap as
missing data.

4. GRAVITATIONAL LENSING MODEL

An accurate gravitational lensing model is essential for re-
constructing the source plane morphology of lensed galax-
ies, and for combining the information from the multiple
images. As one of the Frontier Fields, the gravitational
lensing potential of J0717 has been modeled by several
groups using a variety of techniques, and the results are
publicly available9. We compared the results of all mod-
els for which we could derive deflection angle maps at the
redshift of interest (those of Bradač, CATS, Sharon, and
Zitrin) to assess which is best suited to the purposes of this
work. We note that those models are aimed at produc-
ing a global description of the cluster and therefore their

9 http://www.stsci.edu/hst/campaigns/frontier-fields/

accuracy in the vicinity of the lensed images of interest is
expected to vary significantly between them. The Sharon
version 2 model (Johnson et al. 2014) produced the best
results for our images, yielding the most precise inversion.
The precision of the inversion was evaluated by comparing
for each set of multiple images the promixity of the inferred
source position, and the agreement beetween source plane
flux and morphology. However, even the best global model
produced significant residual di↵erences between the recon-
structed sources, requiring an additional step, as described
in the next paragraph.
In order to take full advantage of the multiple images of
each arc system, we have developed a novel technique to
align all images in the source plane. This allows us to re-
duce the lensing-related uncertainties and combine the data
from multiple images to increase the signal-to-noise ratio of
emission line maps. The full details of our methodology will
be presented by Wang et al. (2014, in prep); here we give
only a brief overview. Essentially, we are considering the
global cluster model as an approximate first solution and
we are seeking corrections to the potential to improve the
reconstruction. We assume that the corrections are small
and can thus be described by a local correction to the lens-
ing potential up to the first two orders of derivatives. The
first order term consists of a correction to the deflection
angle for each image. The second order term yields correc-
tions to the shear and convergence. The procedure has thus
five free parameters per image. The optimal parameters are
found by requiring the source plane reconstructions of each
set of multiple images to be as similar to each other as pos-
sible. We note that a direct byproduct of this formalism is
a correction to the magnification of each image.
We have applied this method to the arc systems 3, 4, and
14, using the least distorted (i.e., least magnified) image
of each system as a reference. Figure 3 shows multiple
images of arc 14 reconstructed with and without the lens
model corrections to illustrate the advantage. The source
plane positions are o↵set by ' 0.003 ' 3 kpc using the origi-
nal model, while the model corrections produce consistent
positions and morphologies for all three reconstructed im-
ages. The second order correction is thus su�cient for our
purposes. In all cases the correction is relatively small,
amounting to < 5% of the total lensing deflection angle.
In the following analysis we combine emission line maps
from multiple images in the source plane in order to in-
crease the measurement precision. However, including less
highly magnified images provides a marginal improvement
at the cost of degraded spatial resolution. We therefore
use arcs 3.1+3.2, arc 4.1 only, and arcs 14.1+14.3 to opti-
mize resolution and sensitivity. Final results are consistent
with measurements from individual images, as well as with
results derived from the original lens model. Combining
multiple images improves the precision in metallicity gra-
dients by an impressive factor of ' 2⇥ for arcs 3 and 14 by
enabling finer spatial sampling and detection of more ex-
tended low surface brightness emission. We derive a conser-
vative uncertainty of 13% RMS in the magnification factors
(prior to second order correction) by comparing measured
flux ratios of multiple images with model-predicted magni-
fication ratios. This error is not propagated in the following
analysis, however it is small compared to other sources of
uncertainty and has no e↵ect on the results.

5. PHYSICAL PROPERTIES

Jones+15 
z = 1.85

W
ang+ (in prep) 

z = 1.25



Stellar metallicity gradients

• Absorption line gradients 

- Can connect gas-phase 
metallicity gradients @ 
high-z 
to stars at low-z. 

- Very powerful 
evolutionary tests!

GLASS PRELIMINARY



WFIRST will reveal the story

• Fine tomography + spatially 
resolved spectroscopy over huge 
areas will provide the narrative of 
galaxy evolution. 

- Will allow true progenitor 
connections via, e.g., metallicity 
gradients. 

- Will set the paradigms.


