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What is “galaxy evolution” + a satisfying theory thereof?

• How did a galaxy’s past cause it to have its observed properties?

- “Properties” ~ stellar mass, SFR, size, bulge-fraction, kinematics, …

• Given Q quantities in X aperture at z >> 0, I can predict the z = 0 
properties of galaxies in that aperture to Y precision.
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• How did a galaxy’s past cause it to have its observed properties?

- “Properties” ~ stellar mass, SFR, size, bulge-fraction, kinematics, …

• Given Q quantities in X aperture at z >> 0, I can predict the z = 0 
properties of galaxies in that aperture to Y precision.

- OR: We know this is not feasible because {A, B, C} and have a 
consensus, alternative, achievable goal.



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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

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

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

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

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

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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

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

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

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

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

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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t = 2010s

This is like saying: 

“What can I say about his life 
based on these pictures?”

This is 
a very stra

nge thing to do!



Have: 
Data that marginalize over histories.

Want: 
Histories that marginalize over data.



Conference Question:

What are our empirical and 
conceptual challenges?

Data are cross-sectional , 
physics is longitudinal. 

This is the issue and it’s inescapable.



Conference Question:

How bad is progenitor bias and 
can we ignore it?

There is only progenitor bias. 
We cannot (voluntarily) ignore it. 

True even at the level of SED fitting; isomorphic to “data are cross-sectional.”



Outline

• Core conceptual issues: cross-
sectional data and progenitor bias. 

• Two approaches to 
“longitudinalizing” the data. 

• Irreducible issues. 

• Paths forward.



SED-based SFH Reconstruction — “longitudinalization”

• Long history of galaxy archaeology 
from spectra (Holmberg, Tinsley, 
Sandage, Dressler, Worthey, Trager, 
Renzini, Thomas, Poggianti, Conroy…). 

• Usually inferring parameters of rigidly 
prescribed SFH forms (e.g., light-
weighted age from exponential 
models). 

• Have moved to flexible, free-form 
approaches (better). González Delgado+05



Can we longitudinalize the data? — mechanically, yes.

Pacifici+13
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Can we longitudinalize the data? — mechanically, yes.



Two main approaches to flexible SFH reconstruction:

• Trajectory libraries:

- Pacifici, Iyer (’17), Kelson, … 

‣ Tend to be χ2-like.

• Free-amplitude age bins:

- Kelson (CSI), Chauke, Leja, Morishita, …

‣ Tend to be MCMC-like.

Pacifici+12

Chauke+18
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Two main approaches to flexible SFH reconstruction:

• Trajectory libraries:

- Pacifici, Iyer (’17), Kelson, … 

‣ Tend to be χ2-like.

• Free-amplitude age bins:

- Kelson (CSI), Chauke, Leja, Morishita, …

‣ Tend to be MCMC-like.

• [Iyer+19 — 3rd way that I like a lot but don’t have time to discuss.]
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Chauke+18
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Library methods assign probabilities to large numbers of 
theoretical SFHs in one step.

Fast and readily generalized to incorporate systematics.
t/tobst/tobs

SF
R



Simulated SED SFH marginalized 
over Zstellar + dust law

Mass growth curve

Passive

Starforming



You don’t need spectra…if you have 26 (narrow) bands

68%=0.3 dex

95%=0.7 dex

}
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At 3.5 Gyr lookback

At tobs

σM=0.05 dex | σSFR=0.08 dex 
σAv=0.06 mag | σZ=0.12 dex

}
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Main problem: unstable max-likelihood reconstructions.

• Maximum likelihood tracks are 
sensitive to noise spectrum. 

- Also affects binned approaches. 

• Robust answers mean averaging 
over library. 

- Prior enters here and things get 
circular.

Dressler, Kelson, & LEA ‘18
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Main problem: unstable max-likelihood reconstructions.

• Maximum likelihood tracks are 
sensitive to noise spectrum. 

- Also affects binned approaches. 

• Robust answers mean averaging 
over library. 

- Prior enters here and things get 
circular.



Averaging returns what you knew…

• Baseline (prior) 
H=1 stochastic 
SFH distribution. 

• Each track is an 
answer. 

• P intervals are 
not tracks 
(especially for 
passive objects).

Tracks (max-like output) P intervals (avg output)



Averaging returns what you knew…and it matters.

• Results from fitting 
~1000 COSMOS 
galaxies. 

- Δt1/2=2.3 Gyr 

- Δt1/2=0.25 tHubble

Maximum likelihood Likelihood averaged

t/tobs t1/2=6.7 Gyrt1/2=4.4 Gyr
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Is a good prior the right prior?

• Using a prior that reproduces 
population properties will give you 
population-like evolution when 
fitting individual objects. 

- Precisely what we set out to avoid!

Kelson ‘14

Leja+18



Is a good prior the right prior?

• Using a prior that reproduces 
population properties will give you 
population-like evolution when 
fitting individual objects. 

- Precisely what we set out to avoid!

Kelson ‘14

(It is in fact what we are trying to solve for.)

Leja+18



SF
R

Bin methods optimize the amplitudes of stellar templates 
of known age to find a single SFH (or covariance matrix).

Morishita, LEA+19

More intuitive, interpolatable, easier-to-flatten priors.

Dressler, Kelson,  
LEA+18
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What is the question we want to ask?

• What are the real SFHs of galaxies? 

- Highly dependent on priors. 

• What is the historical information 
content of an SED? 

- Less dependent on priors…

Leja+18
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What is the question we want to ask?

• What are the real SFHs of galaxies? 

- Highly dependent on prior. 

• What is the historical information 
content of an SED? 

- Less dependent on priors…

Leja+18



Shifts from “measure SFHs” to build the progenitor 
selection function.

• What is the lookback fidelity horizon of an SED-based SFH 
inference as a function of data and observed parameters? 

• Build the hypercube:  
 

t
recov

(sSFR,Z⇤,Zgas

,AV |data)
<latexit sha1_base64="GoxX82Q4Rla0upjsLFZY3/Apsdk="></latexit>



What is the “loss of signal” time as a function of galaxy 
properties?
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How do you know when you’re right?
SF

R

lookback time



metallicity AV log sSFR

26 bands of photometry @ S/N = 100.

How do you know when you’re right?

= SFH “recovered”



Outline

• Core conceptual issues: cross-
sectional data and progenitor bias. 

• Two approaches to 
“longitudinalizing” the data. 

• Irreducible issues. 

• Paths forward.



Conceptual

Operational

• Do we care about a random galaxy’s history? 

• Can physically meaningful galaxy classes be constructed? 

• If it comes down to minutae, is it worth it? 

- Do you want to care about magnetized dust? 

• What if the necessary data is forever too costly?

Meta questions:



Meta questions

• Given that galaxies share fuel 
supplies, is it appropriate to 
define a galaxy outside of an 
ensemble?

Galaxy 1 Galaxy 2

Causally  
connected region

Gas parcel
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Meta questions

• Given that galaxies share fuel 
supplies, is it appropriate to 
define a galaxy outside of an 
ensemble? 

• Also mergers…

A
ngeles-A

lcázar+
16

At z = 0, perhaps half of a galaxy’s mass 
came from imported materials.

Stars grown in-house

Stars imported from elsewhere
SFHs are intrin

sica
lly correlated.



Conference Question:

How close are we to matching 
progenitors to progeny?

I really, truly, do not know. 
We could be there already or it could be informatically impossible.



Outline

• Core conceptual issues: cross-
sectional data and progenitor bias. 

• Two approaches to 
“longitudinalizing” the data. 

• Irreducible issues. 

• Paths forward.



Ways forward

• Add SED-independent constraints.  

- Velocity dispersions 

‣ Upper limits on old, invisible mass. 

• Population-level historical inferences. 

- Global SFH class fractions 

- Environmental trends w/ SFH type 

‣ Gross structural—SFH connections may still challenge theory.



young galaxies
not young galaxies

Dressler, Kelson, LEA ‘18
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There are population signals that require SFH inferences.



Train codes on stellar CMD reconstructions

• Stellar CMDs are gold standard for 
SFH reconstruction. 

- e.g., Dalcanton+12, Weisz+14. 

• E.g., SDSS-V will give us IFUs of dwarf 
galaxies with known CMD-derived 
SFHs. 

• We should compare inferences. If 
favorable, maybe we’re fine. 

- Ruiz-Lara+15 is only work I know that’s 
done this; results are encouraging… age
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• Stellar CMDs are gold standard for 
SFH reconstruction. 

- e.g., Dalcanton+12, Weisz+14. 

• E.g., SDSS-V will give us IFUs of dwarf 
galaxies with known CMD-derived 
SFHs. 
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- Ruiz-Lara+15 is only work I know that’s 
done this; results are encouraging…
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For the industrious…

• A thorough (machine learning) attempt to understand how noise as 
a function of wavelength affects SFH inferences would be useful. 

• Double-blind tests are the best way to rebut what I have said. 

- Team A generates SEDs using many SPS codes + assumptions based on 
blinded SFHs. 

- Team B infers SFHs from those SEDs using own method + assumptions. 

- Unblind and compare input to output SFHs. 

‣ If solution space is mappable, I will be happy again!



Summary

1. Data are cross-sectional, physics is longitudinal — Cohorts ≠ populations; progenitor bias is 
everywhere. 

2. SED fitting = longitudinalization, but priors re-inject cross-sectional info. 

1. Libraries are fast but discrete, binning is slow but has easier-to-understand priors. 

3. Do we want to know real SFHs (✗) or measure an SED’s info content (✔)? 

1. Systematics (IMF, isochrone, dust law) must be controlled: dynamic ranges are small. 

2. Progenitor bias in look-back association and data-independent match fractions may hinder learning. 

4. Can a galaxy be defined outside of an ensemble? How make a “class”? 

5. Ways forward — bulk historical data (SFH fractions, environments) and non-SED constraints 
(velocity dispersions), resolved CMDs; double-blind studies, machine learning noise + 
goodness-of-fit studies.



Conference questions + my answers:

1. What are the empirical and conceptual challenges facing the field of SFH inference? 

• Data are cross-sectional but physics is longitudinal. This is the issue and it is 
inescapable. 

2. How bad is progenitor bias and can we ignore it? 

• There is only progenitor bias. We cannot (voluntarily) ignore it. This is true at all levels
—including SED fitting—and is a restatement of the fact that data are cross-sectional. 

3. How close are we to matching progenitors to progeny? 

• I do not know. We could be there already, or it could be informatically impossible. 

4. Do we need spectroscopy? 

• Probably not, but may be most efficient way to req’d SED coverage. Low res is fine.
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Meta questions that will persist…

• Do we care about a galaxy’s 
SFH? 

• If not, how do we build a 
meaningful class of galaxies?
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Meta questions that will persist…

• Do we care about a galaxy’s 
SFH? 

• If not, how do we build a 
meaningful class of galaxies?
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At some point, we must integrate over a 
volume of some space.  

— 
This will inject (progenitor biased) cross-
sectional info, contaminating the class.
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Issues remain, however.

• SED systematics:

- IMF

- Dust

- Isochrones

- AGB winds… 
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Issues remain, however.

• SED systematics:

- IMF

- Dust

- Isochrones

- AGB winds… 

Ok! Then let’s settle for:
t
recov

(sSFR,Z⇤,Zgas

,AV |data; IMF, isochrone,dust law,stellar library, . . .)
<latexit sha1_base64="I2cm4or0HcaehuZT4vEuTDM7uyk="></latexit>
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Issues remain, however.

• SED systematics:

- IMF

- Dust

- Isochrones

- AGB winds… 

• How do you know when you’re right?

Ok! Then let’s settle for:
t
recov

(sSFR,Z⇤,Zgas

,AV |data; IMF, isochrone,dust law,stellar library, . . .)
<latexit sha1_base64="I2cm4or0HcaehuZT4vEuTDM7uyk="></latexit>
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“Connecting the dots”

• Reconstructions match a lot of 
progenitors (perhaps 10—20% of a 
high-z sample). 

- All ensembles overlap in cross-
section! 

• Low contrast on what sample is 
“correctly” matched as a fn. of 
observed parameters.



“Connecting the dots”

• Reconstructions match a lot of 
progenitors (perhaps 10—20% of a 
high-z sample). 

- All ensembles overlap in cross-
section! 

• Low contrast on what sample is 
“correctly” matched as a fn. of 
observed parameters.



Δt = 3.7 Gyr



Δt = 3.7 Gyr



Accessible-ish dynamic range is not big

• A lot of growth happens in a small amount of dex.
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Accessible-ish dynamic range is not big

• A lot of growth happens in a small amount of dex.
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But, library methods cannot search outside the prior, are 
non-interpolatable, and sensitive to noise spectra.

• Can only recover “books” from the library. 

• Books are not parametrized, and so cannot be interpolated over. 

- Problematic at high-S/N.



They must be very large to have sufficient SFH density to 
recover probability contours given any arbitrary SED input.

• Can only recover “books” from the library. 

• Books are not parametrized, and so cannot be interpolated over. 

- Problematic at high-S/N.
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Similar galaxies at one epoch are not similar at others!
12 Abramson et al.

FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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Cross-sections are more convenient than longitudinal 
samples, but that doesn’t make them right.

• Selection: observed properties. 

• Description: parametrizable loci. 

• Completeness: arbitrarily high 
mass limits at all epochs. 

• Good for: population studies.

• Selection: unobserved properties! 

• Description: solving for this! 

• Completeness: lower masses at 
higher redshifts! 

• Good for: cohort studies.

Cross-sectional Samples Longitudinal Samples

😀 😥



Theory deals with the same galaxies changing over time.

Diemer, LEA+17time
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Quotes from Leja

• These show how: 

- It’s impossible to escape injecting 
cross-sectional info. 

- Testing theory is ~circular. 

- We may have info, be able to access 
it, and still be unable to do anything 
with it.
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The data do matter!



The data do matter!



How do you know when you’re right?
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How do you know when you’re right?



Iyer, Pacifici+19

• Binning in fractional mass intervals 
and spline-interpolating between 
them (I think). 

• Looks promising…

Iyer+19



Abundance matching ignores or marginalizes that out

• If samples at the same number 
density evolve into each other, 
galaxies must maintain mass rank 
ordering. 

- An extreme and unwarranted 
demand.
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• If samples at the same number 
density evolve into each other, 
galaxies must maintain mass rank 
ordering. 

- An extreme and unwarranted 
demand.

Milky-Way-Like and Massive-Galaxy Progenitors at 0.5 < z < 3.0 3

 	 MWs
	 MGs
 	 MWs

 MGs

Fig. 1.— Progenitors of the Milky Way (MWs) and local mas-
sive galaxy (MGs) extracted by Eqs. (1) and (2) (dashed and solid
lines) shown with blue dots and red circles, respectively. The lim-
its of 90 and 75% sample completeness for star-forming (SFGs,
blue) and quiescent galaxies (QGs, red) are indicated on the or-
dinate. A randomly selected sample for each population is de-
picted in each redshift bin, composited with F814W (blue), F125W
(green) and F160W (red) of the HST imaging data. The stel-
lar mass and star-formation rate (SFR) of each sample, which
are taken from the 3D-HST catalog, are shown in the inset in
unit of logM� and logM�yr�1. All the samples are available at
http://www.astr.tohoku.ac.jp/⇠mtakahiro/mori15apj/mori 15 rg
b.pdf. We follow MWs and MGs to z ⇠ 3, where they had (only)
⇠ 7% and 29% of their present day masses (⇠ 4.6 ⇥ 1010M� and
1.5⇥ 1011M�), respectively.

especially for galaxies at the edge of observation fields, at
nearby bright stars, in satellite trails, and in ⇠ 50 pixel
circular dead pixels on the WFC3/IR detector (referred
to as ”Death Star” by the 3D-HST team). We visually
exclude those erroneous galaxies.
The selected progenitor galaxies are shown in Fig. 1,

with a randomly selected galaxy at each sample bin.
The sample is 90–95% complete for galaxies with M⇤ >
1010M� out to z = 2.5 (van der Wel et al. 2014). It is
noted that the adopted criteria are su�cient to fully in-
clude the blue star-forming galaxies with M⇤ ⇠ 109M�
at z ⇠ 3, while some of red quiescent counterparts might
be missed. However, since blue galaxies are dominant
in numbers at higher redshift when the constant cumu-
lative number density method is applied (van Dokkum
et al. 2013), the sample completeness is large enough for
our purpose. We show 90 and 75% sample complete-
ness limits for star-forming (SFGs, blue) and quiescent
galaxies (QGs, red), which are derived in van der Wel et
al. (2014), in the figure.

2.2. Selection of the MW and MG Progenitors

We follow the constant cumulative number density cri-
terion derived by van Dokkum et al. (2013) and Patel et
al. (2013a) to select, at each redshift, galaxies that are
supposed to become the MW-like and massive galaxies
at z ⇠ 0. By using the constant number density for each
redshift, van Dokkum et al. (2013) derived the stellar
mass growth equation as a function of redshift for MWs
(n ⇠ 1.1⇥ 10�3 Mpc�3),

log(M⇤/M�) = 10.66� 0.045z � 0.13z2, (1)

and Patel et al. (2013a) for MGs (n ⇠ 1.4⇥10�4 Mpc�3),

log(M⇤/M�) = 11.19� 0.068z � 0.04z2, (2)

where we convert the stellar mass with Kroupa (2001)
IMF (M⇤,K) into one with Chabrier IMF (M⇤,C) through
log(M⇤,C/M�) = log(M⇤,K/M�) � 0.04 (Cimatti et
al. 2008). The equations above are both derived with
the mass functions of Marchesini et al. (2009) for high-z
galaxies, but at z ⇠ 0 the former adopts the one of Mous-
takas et al. (2013), while the latter of Cole et al. (2001).
The di↵erence between the two mass functions is negli-
gible for the stellar mass range in the present study, and
does not a↵ect the sample selection. According to the
equations, expected stellar masses are log(M⇤/M�) ⇠
9.51, 9.79, 10.04, 10.25, 10.40, 10.49, and 10.57 for MWs
and log(M⇤/M�) ⇠ 10.68, 10.79, 10.89, 10.96, 11.00,
11.07, and 11.10 for MGs, respectively, at hzi ⇠ 2.8, 2.4,
2.0, 1.6, 1.2, 1.0, and 0.7. 6 Although the redshift bins
have di↵erent numbers of sample (all bins include > 80
for MWs and > 10 for MGs), the sample numbers are
large enough to gain high S/N and for the following sta-
tistical discussion. The numbers of galaxies used for the
stacking are summarized in Table 1. It should be noted
that there is di↵erence in the sample numbers of F125W
and F160W, both of which are thought to have similar
observation depth and field coverage. By visually check-
ing the imaging data, we find the di↵erence originates
from the satellite trails and bad pixels on the detector in
either filter. In addition, some galaxies are hidden under
the sky background at shorter wavelengths, due to the
“K-correction,” especially at higher redshift. We exclude
such galaxies from the final sample.
Since galaxies could change their ranks for several rea-

sons (e.g., major merging and quenching), we cut the
sample with a range of 0.2 dex in the stellar mass (see
Leja et al. 2013). Although some of previous studies
adopted di↵erent number densities for the progenitor se-
lection (Leja et al. 2013; Ownsworth et al. 2014), we ver-
ified that adopting such number densities do not change
our results. The sample in this study is selected with
box of z and M⇤, as well as previous studies, rather than
in curved box where stellar mass criteria evolve continu-
ously with redshift. Although the sample selection with
box could bias the sample if the box size is large, in
the present study we find no significant di↵erence in the
median values of the parameters (redshift, stellar mass,
and SFR) between the two selection criteria. The me-
dian values for M⇤, z, and SFR are also summarized in
Table 2.

3. METHODOLOGY

Here we introduce the method of radially resolved SED
fit, or radial SED, to derive the stellar mass and rest-
frame colors for each pixel of the galaxy radial profiles.
We also visually summarize the contents in this Section
in Fig. 2.

3.1. Data Assessment

We use the imaging data of WFC3/IR (science, weight,
and exposure images) reduced by the 3D-HST team

6 All the galaxies used for stacking are exhibited at
http://www.astr.tohoku.ac.jp/⇠mtakahiro/mori15apj/mori 15 rg
b.pdf.
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar

LBs	  violate	  the	  assump0on	  on	  which	  SFMS	  integra0on	  
and	  abundance	  matching	  are	  based!
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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FIG. 11.— Colored points: G13 predictions for the locations of galaxies that actually evolve into today’s MW-mass systems in sSFR–M∗ space at z = 3, 2,
and 1 (from left; stars, squares, circles, respectively). Color coding reflects each SFH’s τ value. In this longitudinal view, a clear relationship emerges between
τ and sSFR: galaxies with compressed histories (small-τ) start high on the SFMS and then fall below it, while galaxies with extended histories (large-τ) remain
at or slightly below its midline. This correlation—reminiscent of observed and simulated trends with gas and/or stellar surface density (Ostriker & Shetty 2011;
Genzel et al. 2015; Tacchella et al. 2016; Zolotov et al. 2015)—vanishes when the full SFMS is plotted (Figure 10, bottom). This is because galaxies that will
not evolve into MW-mass systems cohabit the locus with true progenitors at all M∗ (grey diamonds). Those systems display different τ trends depending on their
destination, so mixing them with true MW-mass progenitors washes-out the signal shown by the colored points here. We replot all loci in all panels (faded) to
show the full time evolution of the SFHs/SFMS [cf. Tacchella et al. (2016), Figures 2 (right) and 7].

Note, however, how much real estate is covered by what
will ultimately be galaxies of comparable stellar mass: At
z = 3, such galaxies span more than a factor of 30 in M∗.
This number is not inconsistent with theoretical results based
on abundance-matching. Using the tool supplied by Behroozi
et al. (2013a), we find the 2-σ spread of halo masses to be a
factor of ∼ 16 for the z = 3 progenitors of today’s MW-mass
halos [Mhalo(z = 0) ≃ 1012 M⊙; e.g., Watkins et al. 2010].
This grows to a factor of ∼ 18 in stellar mass assuming a 0.2
dex scatter in M∗(Mhalo) (Behroozi et al. 2013b). Given those
estimates, the factor of ∼ 30 suggested by the model seems
not so large as to to rule it out on number-density conserva-
tion grounds (i.e., by requiring a wildly high merger rate).

Regardless, Figure 11 depicts a simple encapsulation of
the model’s core astrophysical proposition: the interesting
physics in galaxy evolution is revealed by contractions of
factors of 30 in M∗ to eventual factors of < 2. Because
“mean-based” techniques such as SFMS integration (Peng
et al. 2010; Leitner 2012) average over that process, these
approaches may neglect critical parts of the story, blinding
themselves to sources of galaxy diversity beyond quenching.
In the extreme, the G13 model suggests that there is little-
to-no astrophysical utility in describing the “average” SFH of
galaxies at fixed M∗(t).

A final note in this vein: Examining a plot similar to Fig-
ure 11 but color-coded by T0 shows less (or no) vertical strat-
ification, but instead greater differentiation along the mass
axis. This trend is also expected—more-massive galaxies
at any epoch should have earlier half-mass times almost by
definition—but it is orthogonal to that seen in the full G13
SFMS (Figures 9, 10 top). Again, this fact emphasizes the
limitations of using that locus as a window on true evolution-
ary lineages.

3.3.2. Towards Physics

10 (bottom) tracked the train and revealed a τ jumble. Figure 11 tracks only
passengers going to the same stop and correspondingly reveals a meaningful
trend. If a third parameter were found that mapped better to “time on train”
than M∗(t), τ should correlate with that in a 3D version of Figure 10.

When examined from the perspective of galaxies that will
evolve into similar-mass systems, Figure 11 shows τ to be a
potentially important hook for physics. Figure 12 attempts
to clarify this by moving into the frame of the SFMS. Here,
we show the offset of each SFH from the SFMS midline as
a function of τ at z ∈ {3,2,1}. The points are coded now
by M∗(z), revealing how close they are to “quenched” (more-
properly “finished,” since the mathematical condition is M∗ =
Mfinal

∗ ) at any epoch.
The trend described in the previous Section is more obvi-

ous here: galaxies with extended SFHs—large τ—sit near
the mean SFMS (∆MS = 0), while those with narrow SFHs—
small τ—occupy all positions across it, with M∗ being the
determining factor. The tail of low-τ high-M∗ galaxies drift-
ing below the SFMS (to the left) at any epoch might be in-
terpreted as quenching, but G13 suggests it is better seen as
a direct consequence of the fact that, if a galaxy is to reach
its final mass early, it must have a compressed SFH (Wellons
et al. 2015).

The most interesting objects are those with low-τ and low-
M∗ (bottommost blue points in Figure 12). These objects are
rapidly shooting across the top of the SFMS in Figure 11. This
behavior is potentially instructive.

If we make the reasonable assumption that τ—the “span” of
the SFH—to some extent reflects gas consumption timescales,
which are perhaps set by gas surface densities (or, in a glob-
ally averaged sense, filling factors Kennicutt 1998; Bigiel
et al. 2008; Genzel et al. 2010; Ostriker & Shetty 2011), this
Figure is evocative of the findings of Genzel et al. (2015),
Tacchella et al. (2016), and compatible with those of Zolotov
et al. (2015, see their Figures 12, 13). That is, galaxies with
compressed SFHs are those that consume gas rapidly perhaps
because it is in an extremely dense configuration.

This scenario, which hearkens back to Holmberg (1965, see
his Figure 6), naturally explains trends from, e.g., Franx et al.
(2008), Williams et al. (2010), Fang et al. (2013), (Omand
et al. 2014), and Barro et al. (2015): Dense starforming galax-
ies evolve rapidly, so, at any timestep, those galaxies that ap-
pear to be quenching will be dense and leave dense stellar
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Can use SFR(t) bins and MCMC, but…

• Lots of free parameters (a mass and metallicity for each bin). 

• Highly time-resolution dependent. 

• Chunky at low-z (fine at high-z).



H=1 fractional Brownian 
motion!



Another approach is to build a library that spans the 
outcomes of the bin fitting

• Create a sufficiently dense SFH basis set such that any observed SED  
can be matched at any time. 

• Don’t want to impose too many mathematical priors here or you will 
bias your SFH reconstructions. 

• How do you get an unbiased, easy to generate, dense set of SFHs…



I thought “stochastic” = “random”…



Random Stochastic

Not true! Stochasticity is the integral of randomness.



Examples:
• Brownian motion. 

• The Nile flooding. 

• Various price trends in stocks 
and other goods. 

• Rainfall, temperatures, pressures 
time series. 

• Thickness of tree rings. 

• Sunspot numbers. See Mandelbrot & van Ness (1968)



A stochastic process is one  
whose derivative is random,  

not the process itself. 



(In)formally:

Starting with an arbitrary continuous function f (x), its derivative is  
limit h → 0: [ f (x + h) − f (x)] /h.

In stochastic math, one writes f at discrete times t and t + ∆t, but 
rather than taking limit ∆t → 0, let ∆t remain arbitrarily large, then 
replace the property of continuity with a description of the 
discontinuities (e.g., by parameterizing the distribution of their 
amplitudes).

Kelson, Benson, & Abramson (2016)



Be ignorant of specific events but not 
about their statistical distribution.



Part of the distributional knowledge can be about 
temporal correlations
• There can be non-Markovian stochastic processes. 

- In Brownian motion, each jostle is independent of the last 

- This is not generally the case. 

• The correlations—related to the power spectrum of the random 
perturbations—are characterized but the “Hurst Parameter,” H 

- H = 1/2 — Markovian/Brownian Motiona 

- H > 1/2 — Positive correlations (rises breed rises, etc.) 

- H < 1/2 — Anticorrelations (rises breed falls, etc.)







Kelson (2014)



Lots of things happen when this switch is flipped

• If you know the spectrum of perturbation amplitudes, stochastic 
processes behave deterministically in the ensemble! 

- Again, think about Brownian Motion: 

‣ The mean (0) and RMS (root[t]) in particle displacements is very predictable. 

• These ensemble predictions hold and scale as a function of H; 
i.e., kind of correlation.



Kelson (2014)



You can then use data to solve for H

Kelson (2014)







v = a t 

Sigma is like an acceleration…



If sigma is an acceleration, we can use Newton

• Just “GMm/
r^2-it” 

• Baryonic infall 
onto DM 
haloes at and 
only at one 
epoch: zstart!



Mandelbrot & van Ness (1968)

 It is obvious that, in the case of … H ≠ 1/2, difficult 
statistical problems are raised by the task of 

distinguishing the linear trend from the nonlinear 
“trends” just described. In reality, fBm falls outside 
the usual dichotomy between causal trends and 

random perturbations.



An of H=1 stochastic ensemble observed at 2 epochs



UVJ diagrams from H=1 stochastic SFHs



New approaches to SED fitting are enabling powerful 
things…

Kartheik Iyer+17
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Longitudinal 
visions of 

galaxy 
evolution



I was convinced that library methods were better due to speed, 
ease of adding dimensions, and flexibility of what can be in the library.

SED from COSMOS SFH marginalized 
over Zstellar + dust law

Mass growth curve



…and a lot of it is happening here!
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ABSTRACT

We present coarse but robust star-formation histories (SFHs) derived from spectrophotometric data of the
Carnegie-Spitzer-IMACS Survey, for 22,494 galaxies at < <z0.3 0.9 with stellar masses of 109Me to 1012Me.
Our study moves beyond “average” SFHs and distribution functions of specific star-formation rates (sSFRs) to
individually measured SFHs for tens of thousands of galaxies. By comparing star-formation rates (SFRs) with
timescales of 10 , 1010 9, and 108 years, we find a wide diversity of SFHs: “old galaxies” that formed most or all of
their stars early,galaxies that formed stars with declining or constant SFRs over a Hubble time, and genuinely
“young galaxies” that formed most of their stars since z=1. This sequence is one of decreasing stellar mass, but
remarkably, each type is found over a mass range of a factor of 10. Conversely, galaxies at any given mass follow a
wide range of SFHs, leading us to conclude that(1) halo mass does not uniquely determine SFHs,(2) there is no
“typical” evolutionary track,and (3) “abundance matching” has limitations as a tool for inferring physics. Our
observations imply that SFHs are set at an early epoch, and that—for most galaxies—the decline and cessation of
star formation occurs over a Hubble time, without distinct “quenching” events. SFH diversity is inconsistent with
models where galaxy mass, at any given epoch, grows simply along relations between SFR and stellar mass, but is
consistent with a two-parameter lognormal form, lending credence to this model from a new and independent
perspective.

Key words: galaxies: evolution – galaxies: star formation – galaxies: stellar content

1. STAR-FORMATION HISTORIES:CONFORMALOR
DIVERSE?

Large data samples of galaxy photometry are now available
from the present epoch back to ∼1 Gyr after the Big Bang.
Hundreds of studies have described and analyzed these data in
terms of luminosity, mass, and structural evolution, relying on
trends between such quantities that assume a considerable
uniformity of the growth of stellar populations, and by
implication, of dark-matter halos.

Several considerations, including N-body simulations, the
well-populated trend of cosmic star-formation rate (SFR)
density as a function of redshift (Lanzetta et al. 1995; Pei &
Fall 1995; Lilly et al. 1996; Madau & Dickinson 2014), and the
characterization of the controversially named “star-formation
main sequence” (SFMS;Noeske et al. 2007; Whitaker et al.
2012)—showing a correlation between stellar mass and SFR at
every epoch—have guided many studies in the crafting of
mean evolutionary tracks, whose nature might lend insight into
the phenomena driving the evolution of individual galaxies
(e.g., Whitaker et al. 2014).

However, it has been difficult to use such data to go beyond
average properties and average evolutionto measuring the star-
formation histories (SFHs) of individual or classes of galaxies.
Such data would inform to what degree galaxies follow similar
growth histories, offset or scaled in cosmic time, or whether

there is agenuine diversity in SFHs that is nonconformal. That
is, they could demonstrate whether measured SFHs fail to
conform to scenarios wherein the evolution of scaling relations
controls (as opposed to reflects) galaxy growth (Peng
et al. 2010 Leitner et al. 2012; Behroozi et al. 2013), by
crossingor not appearing as offset orscaled versions of each
other in mass ortime. Such data could also determine if the
significant scatter in the SFMS represents fundamental, long-
term diversity in SFHs—generating an illusion of uniform
growth patterns—or isonly a distracting perturbation ofphy-
sically informative “average tracks.”
The fundamental problem is that theavailable data, includ-

ing integrated mass functions over most of cosmic time, are
unable to uniquely “connect the dots” between one epoch and
another: the galaxies at later epochs are not necessarily the
decendants of earlier galaxies observed to follow a similar
trend. Abramson et al. (2016) havein particular emphasized
the ambiguity of the presently available diagnostics by showing
that models in which galaxy growth is conformal over
massand those that show great diversity of SFHsare both
able to pass the observational tests that thepresent data
provide. The promise of “average SFHs” to elucidate important
physical processes in galaxy evolution has arguably blinded us
to the possibility that more physics will be learned from their
diversity than from their sameness.
This ambiguity can be broken by measuring the SFHs of

individual galaxies, but this has provenvery difficult to do,
particularly because—from our vantage point in the local
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result of improbably short Tmax (less than 1 Gyr—an
artifact of the fitting procedure), which biased the SFRs
high. Figure 1 would have included a small fraction of these
inflated SFRs; the correction we made (by redistributing the
Tmax < 1 Gyr values in the range < <Tmax1 2.5 Gyr)
lowers only these highest SFRs—there is no effect on the
SFHs with rising SFRs, our principal interest. In Section 4
we sidestep this covariance problem by switching from
SFRs to comparing the ratio of “old” and “young”
stellar mass.

Figure 1 shows, then, that a substantial population of
galaxies in the lower two panels are genuine cases where no
“old” star formation (SFR1) has been detected (in effect, an
upper limit of ∼5×109 Me in “old” stellar mass, as we
discuss in Section 4). It is this population of “young galaxies”
that O13 inferred and required, based on comparisons of sSFR
distributions from < <z0 1.
This, then, is the crux of this paper, to show specific cases—

thousands—where in situ growth after z=1 dominates the
stellar mass. These are not simply cases of “downsizing,” that

Figure 1. Star-formation histories from the CSI Survey, plotted aslog SFR in Meyr
−1 against cosmic time T, the age of the universe. The four panels are for

different ranges in total stellar mass: (upper left) log M*=11.0–12.1; (upper right) log M*=10.5–11.0; (lowerleft) log M*=10.0–10.5; (lower right) log
M*=9.0–10.0. Each panel shows SFHs characterized by log SFRs at three epochs, for 60 randomly selected galaxies (in steps of 0.01 in redshift), out of the
thousands that span the sample’s redshift range, < <z0.3 0.9. Each SFH has three measurements of SFR: (SFR1,red dots) z=5 (T=1.2 Gyr) to 1 Gyr
before Tobs (star formation not normally filling the full time); (SFR2,green dots) 1 Gyr to 200 Myr before Tobs; and (SFR3,blue dots) 200 Myr to Tobs. The
dots are placed at the appropriate age of the universe for the mean of each star-formation epoch;for example, the green dot of SFR2 is placed at T=Tobs–
600 Myr. Typical 1σ errors in log SFR are 0.17, 0.27, and 0.22 for SFR1, SFR2, SFR3, respectively. As described in the text, the progression from the highest-
mass (upper left) to the lowest-mass (lower right) galaxies shows a clear trend of SFHs that start early,with high SFRs that soon decline, toward an increasing
fraction of galaxies with little or no early star formation that we refer to (following O13) as “young galaxies” (not just the frosting, but the cake!). The latter
dominate the SFHs in the lower right panel of log M=9.0–10.0 Me: these are observed to have rising SFRs since z=1, during which time most of their
stellar mass was produced. There is considerable diversity in each mass range;in fact, examples of falling, constant, and rising SFHs can be found in every
panel.
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Galaxy evolution is not about how things look, but how 
they once looked — need data are in the right “units.”
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