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Workshops are great for brainstorming

• I’m going to raise a lot of questions.  

• I don’t know the answers, but I think 
they can help guide our discussions. 

• If you disagree, yell out or rebut in 
your talk. 

- (I can take it!)



My Big Question:



Why are you here?



Because SCIENCE!



Because SCIENCE!

(Who gave this guy a talk?)

…duh



What do you want 
to learn?
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The SFMS helps most when we’re aware of what we’re 
asking it to do

• To infer galaxy progenitors/descendants?

• To learn about SF physics?

• To induce mathematical properties of SF histories?

• A phenomenological global model constraint?

Do you want:



Knowing aims sharpens ideas of  
how to explore the SFMS 

and to what detail.



This is because 
the SFMS is a tricky dataset!



• “Cross-sectional,” correlated information.

The SFMS = the instantaneous vs time-integrated SFRs of  
different galaxies at different times

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

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

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

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

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

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

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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

The running medians and dispersions are measured for all
star-forming galaxies, and those above the mass and SFR
completeness limits are indicated with filled symbols in Figure 1
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t = 1890s 1920s

1980s 2010s

These data are 
formally akin to 
what goes into 
the SFMS.
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bang!



Let’s explore: How do we get a “typical” SFH?

• We know how families looked at 
different times. 

• We infer from that how family 
members changed over time.

Evolution of the SFMS

Fits from
 W

hitaker+12

grow quench
Past

Present

Sociologically:
Nature is subtly but profoundly different. 

Nature is longitudinal,  
not cross-sectional.



We can watch  
as individual humans 

grow and change 
over time …
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GALAXIES DO 
THIS, BUT WE 
CAN’T SEE IT!
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the ensemble at diff. 
times, these present 

as a “sequence.”
(Nature “forward models.”)
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Questions unaffected by the above

• To infer galaxy progenitors/descendants? 

• To learn about SF physics…at a given epoch? 

• To induce mathematical properties of SF histories? 

• A phenomenological global model constraint? 

- What is the model for? What are its assumptions? What do they control?

Do you want:

?

← Ask me later!



Let’s explore some  
basic (i.e., extreme) models.



[Log-]Normal Galaxy Evolution 3

FIG. 2.— G13 generates one lognormal SFH (colored lines at left; scaled by 10× for visibility) for each galaxy in a volume-complete sample so as to reproduce
their measured sSFRs [right; SDSS sSFR distribution overlaid (Brinchmann et al. 2004)], and the cosmic SFRD(z ≤ 8) (solid black and dashed grey curves, left).
Input galaxies span redshifts shown by the shaded vertical band. We assume (1) the functional form of the SFHs, and (2) that non-SF galaxies can have any SFR
below some detection threshold (0.05M⊙ yr−1; Figure 9, Equation A3, G13). Parameterizing the SFHs allows them to be projected to arbitrary lookback times.
Any form can be used, but some are better than others (Section 4.3, Appendix A, G13). The choice of the lognormal was motivated mainly by the shape of the
cosmic SFRD (Figure 1). There is an 0.3 dex sSFR calibration offset between the B04 SDSS measurements and those used to constrain the G13 model. This is
within systematic uncertainties (Figure 3) and is applied for visualization purposes in relevant comparisons (Figures 10, 11).

that abrupt discontinuities—be they upwards in the form of
starbursts, or downwards in the form of rapid quenching—
would not yield insights into the principal forces driving SFHs
(Dressler et al. 2013; Abramson et al. 2013).

Instead, a new understanding of smooth, long-timescale
growth modes was required. Since O13 showed that previous
τ/delayed-τ models for these would not lead to such under-
standing, a new SFH form was needed.

G13 provided such a form and universalized the above con-
clusions into a general description of galaxy evolution.

2.2. Construction: A [Log-]Normal “Model” of
Galaxy Evolution

G13 recognized that the Universe’s SFH—the evolution of
the cosmic SFR density (SFRD; e.g., Madau & Dickinson
2014)—is well described by a lognormal in time (Figure 1).
That is:

SFRD(t) =
AUni
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where T0, τ are the SFH’s half-mass-time and width [in units
of ln(time)], and A is a scaling factor. G13 then asked a simple
question: What if galaxy SFHs shared this same functional
form? The ubiquity of lognormals in nature (Limpert et al.
2001) endorsed such a move.

To explore this question, G13 took 2094 local galaxies
from the Sloan Digital Sky Survey (SDSS; York et al. 2000)
and Padova Millennium Galaxy and Group Catalog (PM2GC;
Calvi et al. 2011) and assigned them lognormal SFHs by
fitting for the 2094 (T0,τ) pairs that best reproduced each
galaxy’s observed (M∗, SFR) while ensuring that the ensem-
ble of SFHs summed to the SFRD as far back as the data al-

lowed (z ≤ 8; see Figure 2).8

G13 and Appendix A present technical details, but the
above discussion captures the model’s essence: a continuum
of smooth SFHs that rise and fall naturally over loosely con-
strained timescales and peak at loosely constrained times. No
physical prescriptions govern these model trends, only the ob-
served nature of the Universe’s SFH and the end-states of a set
of real objects.

In this sense, G13 is not a “model” at all, but a realization of
possible lognormal SFHs for a sample of galaxies. As such,
all physics must be inferred from the resulting (T0,τ) distri-
bution, or read into the form of the SFH. Sections 3.2, 3.3,
and 4 revisit this point.

2.3. Previous Descriptive Successes

In G13, we showed that the model naturally reproduced the
population of galaxies O13 found to have both late-peaking
and narrow SFHs, something impossible to do using τ or
delayed-τ SFH parameterizations (Figures 2, 9; O13). This
encouraged us that the G13 model represented not only an
improved description, but perhaps a physically meaningful
worldview.

Further encouragement has come as the model unexpect-
edly continues to reproduce a wide range of observations it
was neither constrained by nor intended to describe. We ex-
plore most of these results below, but review here what we
have demonstrated to date:

• Constrained only by the cosmic SFRD and z ≈ 0 in-
put galaxies, G13 (Figure 7) showed that the model
faithfully reproduced sSFR distributions at four epochs
stretching back to z = 1. As O13 did for τ/delayed-

8A for each galaxy is set such that
$ tobs

t0
SFR(t)dt = Mobs

∗ / f , where f is

a SFR '→ Ṁ∗ conversion factor (0.7 for a Salpeter IMF).

Gladders+13 lognormal SFHs (from the movie)

• Every galaxy in the input data gets a 
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• Constrained only by the cosmic SFRD and z ≈ 0 in-
put galaxies, G13 (Figure 7) showed that the model
faithfully reproduced sSFR distributions at four epochs
stretching back to z = 1. As O13 did for τ/delayed-

8A for each galaxy is set such that
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SFR(t)dt = Mobs

∗ / f , where f is

a SFR '→ Ṁ∗ conversion factor (0.7 for a Salpeter IMF).
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MW-mass progenitors can come from a lot of different 
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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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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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Corollary: What does the mean SFH mean?

Cross-sectional 
inference

SF/passive 
Longitudinal 
trajectories LEA+15

All same mass today…  

over half on SFMS…

If we want to identify progenitors/descendants,  
we must think about what 3rd parameter  

we should ID them by.



G13 assumptions:

1. SFHs are smooth. 

2. All SFHs have the same form(!) 

3. SFHs rise and fall, and rise faster than they fall.  
(Could we have built this model at z = 3?)



Kelson ’14, Kelson+16 model

• Opposite assumptions to G13. 

• SFHs are anti-smooth! 

- Entirely composed of discontinuities 
on arbitrary timescales. 

• SFHs do whatever! 

• No SFHs have the same form! 

- There *is no form*!
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Which parts of the SFMS signal 
are “special”?



What are “minimum” requirements?

1) Only know the cosmic SFRD             2) Only use a random number generator

NOTE: This is a “stochastic” SFH! It has  
random \dot{SFR}, not random SFR!

(and non-negativity)

dSFR

dt
= max{N(0,1),�SFR(t)}



Case 1 — Only matching the cosmic SFRD
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Case 1 — Only matching the cosmic SFRD

σMS= 0.28 dex!
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Case 2 — totally stochastic (non-negative) SFHs
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Case 2 — totally stochastic (non-negative) SFHs
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SFMS zeropoint falls as 1/t SFMS scatter is constant 
in time



Summary: What do we want from the SFMS?
• SF physics? Mass growth? Generic SFH characteristics? 

- In what instances does cross-sectionality make our conclusions really assumption dependent? 

• Which parts of the SFMS are special? Generic? 

- What can we not learn elsewhere? 

• How will we know when we’re getting stuff “right”? 

- What are our tolerances (50%, 2x, etc.)? 

- What motivates those thresholds? 

• Assumptions are powerful! 

- What, e.g., is due to galaxies maintaining mass rank-ordering, or scatter is short bursts…?

(Didn’t talk about this)}



Extra Slides



What about SF physics at tobs?



Is our goal to find physics or narrative?

• Looking at spatially resolved SFR(r) 
for two, z ~1.4 galaxies. 

• The top galaxy is on the SFMS, 
but its pieces are not! 

• The bottom galaxy is also on the 
SFMS, and so are its pieces. 

- Should we treat these systems the 
same since they’re on the SFMS…?
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Is our goal to explain SF physics?

• When did this galaxy “quench”?

8 Abramson et al.

FIG. 5.— Left: the sample on the size–mass plane. Points are coded by
sSFR with 1D re used in this analysis shown as circles and 2D SExtractor
half-light radii as crosses. van der Wel et al. (2014)’s starforming/passive
z = 1.25 relations are shaded in blue/orange, with the HST resolution limit in
black. Right: the M⇤(r < 2.5kpc) fraction (⇠B/T )–mass plane. Black/grey
circles show results assuming lognormal/delayed exponential SFHs, with the
z = 0 50% expectation range (similar z ⇠ 2; Lang et al. 2014) shaded pink.
Dotted purple/thin orange lines show magnification effects/uncertainties.

timal, INNER, MIDDLE, and OUTER extractions based on de-
layed exponential or lognormal SFHs.

Broad priors are placed on the SFH parameters and other
SED outputs (e.g., emission line equivalent widths and AV ).
Best-fit values are the medians of the resultant multinest
posterior distributions, with the 16th and 84th percentiles as
their formal uncertainties. Full parameter covariance infor-
mation is also output and used when necessary—e.g., when
reconstructing the resolved SFHs themselves.

4. RESULTS

We present our results in order of “increasing resolution.”
Section 4.1 characterizes the sample’s spatially integrated
properties at the epoch of observation (tobs). Section 4.2
breaks each system into its radially resolved components, an-
alyzing these also at tobs. Finally, Section 4.3 projects these
components back and forth in time using the lognormal SFH
fits described above, characterizing the development of each
galaxy over multiple epochs.

All quantities quoted hereafter are corrected for lensing
magnification and incorporate the associated uncertainties.

4.1. Integrated Properties at tobs

4.1.1. Gross Appearance; Mass, Size, Color, Structure

Table 2 lists the sample galaxies’ basic integrated proper-
ties; i.e., their monolithic descriptions. At 10.6 . logM⇤ .
11.2, the systems are massive. As total M⇤ estimates are con-
sistent across of SFH choices, we occasionally plot the means.

The galaxies also span a range of star formation states:
0.1 . SFR/M� yr�1 . 40. These and all following SFR esti-
mates are based on the lognormal SFH fits, not emission lines.
We do this for four reasons: (1) self-consistency with evo-
lutionary projections (Section 4.3); (2) we are interested in
representative mass growth rates, which presumably change

FIG. 6.— The sample on the spatially resolved SFR–M⇤ plane. Starform-
ing/passive systems are plotted at left/right (as in Figure 4). Solid sym-
bols/filled lines show lognormal results are plotted as; open symbols/dashed
lines show delayed exponentials (Section 3). Bars denote 2-s upper limits;
arrows show (M⇤,SFR)(t) unit vectors averaged over tobs±1 Gyr. Grey shad-
ing shows the Whitaker et al. (2014) z ⇠ 1.25 SFR “main sequence” (SFMS);
blue/orange blocks show the location of z = 0 Milky Way-mass starform-
ing/passive progenitors (see text). Resolved properties (colored circles) gen-
erally support inferences similar to those from integrated metrics (grey) with
telling differences: lognormal SFH results can elevate galaxies’ position on
the SFMS relative to any of their components (00451 2’s fall entirely off the
locus), questioning the physical utility of the SFMS; i.e., x and y sums of the
portions of galaxies that actually produce stars.

FIG. 7.— 00451 2’s resolved mass–excitation diagram. AGN activity—as
defined at z ⇡ 0—is clear from the INNER/optimal estimates, but vanishes at
larger-r, where, despite the active black hole, MIDDLE and OUTER regions
persist in forming ⇠10–25 M� yr�1 combined (Figure 6).

on timescales longer than the ⇠107 yr on which H II regions
evolve; (3) the relevant lines—Ha , [N II], Hb , [O III]—are
blended, which, by biasing, e.g., dust corrections, reduces
the meaningfulness of line-based SFR estimates; (4) it lessens
ambiguities introduced by active galactic nuclei (AGN), likely
present in one object (Section 4.1.2).

Figure 2 shows the sample’s integrated spectrophotome-
try. IDs 00900 1 and 00451 2 are revealed to be starform-
ing galaxies by their Ha emission and UV fluxes. These
systems also have prominent disks with spiral arms and no-
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Is our goal to explain SF physics?
• Galaxy SFHs look very different if plotted on a mass vs. time axis. 

- Which do we care about when thinking about what controls how galaxies form stars?
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Δt = 3.75 Gyr



What would I call “robust” (or at least “consensus”)?
• The SFMS has fallen (monotonically) over (all) time. Doubt this is informative. 

• It has had two slopes since at least z~2. The low-mass one is definitely steeper, and probably 
consistent w/ unity for most of cosmic time. The high mass one may evolve, but this may be 
degenerate with evolution in the break-over mass. This is probably informative. 

• The intrinsic scatter does not change by more than 0.1 dex at most (all) masses (and times). This is 
probably informative. 

• Many SFHs rise and fall, and fall for longer than they rise (G13, A16, Ciesla16). This is probably 
informative. 

• 1/t is an important timescale. This is not informative, BUT… 

- I.e., Constant SFHs are some kinda physical limit — Unclear if this is informative but I hope so. 

• This is a diffusion problem. This is mathematically interesting.



From a reverse-engineering perspective:  
How do we connect the dots?

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

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

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

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

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

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

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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

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

2

W
hitaker+12

lo
g 

St
ar

 F
or

m
at

io
n 

Ra
te

log stellar mass

time

• Scatter makes integrating cross-sectional strongly assumption-
dependent.



From a reverse-engineering perspective:  
How do we connect the dots?

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

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

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

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

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

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

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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

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



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

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

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

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

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

3. THE STAR FORMATION SEQUENCE

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

3.1. Quantifying the Star Formation Sequence

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

• Mass rank-ordering can be violated all the time without 
“breaking” the SFMS. 

- Put otherwise: perhaps no galaxy has had the “mean” history 
inferred from integrating the SFMS, which assumes galaxies 
maintain rank-ordering.



Different (T0,τ) combinations make different galaxies

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

• I.e., just two clocks: 
 
 
  T0, ⌧

half-mass-time SFH width

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

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

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

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

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

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

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

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

1) Only know the cosmic SFRD + assume lognormals.



SFH types that emerge from the Case 1 Minimal Model



SFMS evolution in Case 1 Minimal Model



Case 1.5 — Random lognormals; screw the SFRD
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Opposite models *basically* agree on the SFMS, etc!
Kelson, LEA+16



Upshot:

• How do we want the SFMS to falsify in our models? 

• What is the SFMS telling us that is other observations can’t and our 
modeling assumptions don’t impose? 

• Are we trying to understand the “mean history?” Do we know how 
to interpret this given possible SFH diversity? How can we use the 
SFMS to understand that?



But! There are tests! The SFMS can help!
• Models do make divergent predictions and break down in different ways. 

- G13 requires age gradients at all Mstel; K14 doesn’t. 

- G13 is “anti-copernican”; unclear we could’ve built it at z > 3… 

• K14 cannot produce declining mean SFR(t); i.e., the SFMS zeropoint’s 
faster than 1/t evolution at z < 2 (though there’s a handle in the model 
that we think may do it).  

- Same is true re: SFMS slope break-over mass. 

• How can the SFMS help falsify YOUR model…?
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FIG. 10.— From left: G13 model projections onto the sSFR–M∗ plane at z ∈ {2,1,0}. Density contours—5, 16, 50, 84, 95% of max—roughly highlight the
SFMS. For comparison’s sake, SFMS fits from Whitaker et al. (2014, dashed) and Abramson et al. (2014, dotted line) are overplotted in grey. Colors in the
top and bottom panels reflect the mean T0 and τ values of SFHs in 0.2×0.2 dex boxes, respectively. Rainbows at fixed M∗ (top) reveal that the age gradients
seen in Figure 9 (top-right panel here) persist to z = 2, implying that long-term SFH differentiation is and has always been a major source of the SFMS scatter.
Interestingly, τ shows no such cross-sectional stratification, suggesting that SF timescale is not a source of σSFMS. However, this apparent decorrelation is due to
the mixing on the SFMS of SFHs terminating at different M∗(z = 0) at all M∗(t). This washes out real longitudinal trends in τ that are critical to diversifying true
evolutionary lineages (Section 3.3; Figures 11, 12, 13). An 0.3 dex cross-calibration offset has been applied to the G13 sSFRs in all panels (see Figure 2). This
Figure is analogous to Figure 2 of Tacchella et al. (2016), left.

in the data on the (theoretical) time-evolution of individual
galaxies (Section 2.5)—we need not limit ourselves to cross-
sectional snapshots to learn from G13. Indeed, we need not
limit ourselves to data at all.

In this Section, we first show how moving out of the frame
of the data reveals new physical insights. We then apply those
insights to a new observational space—galaxy bulge mass
fractions—and obtain surprisingly accurate results. If these
exercises do not illustrate successes of the G13 model, they
provide good avenues by which to assess its ultimate validity.

3.3.1. A Longitudinal View of τ

Figure 10 (bottom) shows no trend of τ at fixed mass along
the SFMS. Yet, this presentation has limited virtue in eluci-
dating the role of τ in the differentiation of galaxies—and
therefore the physics driving it—because not all equal-mass
galaxies on the SFMS are evolving towards the same destina-
tion (Section 3.2.1). When galaxies that will ultimately evolve
to a similar final mass are selected a priori, the G13 τ trends
change dramatically.

Figure 11 shows the evolution of all SFHs terminating near

the Milky Way’s (MW’s) stellar mass (10.6 ≤ logM∗ ≤ 10.8)
that had logM∗(z = 3) ≥ 9 (to simplify the illustration). At
early times, there is a clear preference for systems with low
τ—i.e., narrow SFHs—to lie high on the SFMS, while those
with high τ—elongated SFHs—lie low. At late times, though,
this trend reverses, such that low-τ galaxies lie well below
their high-τ counterparts. So, if such true progenitors could be
isolated, what appeared as a decorrelation in cross-sectional
data would transform into a clear trend.

On reflection, this trend must be present: If a galaxy is
to reach a given final mass before others do, it must grow
rapidly early on—surging ahead of its eventual peers (middle
panel)—and then stop, moving from a high to low position
on (and then off) the SFMS. However, this trend is not ap-
parent in the data because galaxies that will ultimately evolve
into systems of different final masses commingle with the true
evolutionary cohort and obliterate this signal (grey diamonds
in Figure 11).13

13The SFMS is a train: people in different cars can get off at the same
station, and people in the same car can get off at different stations. Figure
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FIG. 10.— From left: G13 model projections onto the sSFR–M∗ plane at z ∈ {2,1,0}. Density contours—5, 16, 50, 84, 95% of max—roughly highlight the
SFMS. For comparison’s sake, SFMS fits from Whitaker et al. (2014, dashed) and Abramson et al. (2014, dotted line) are overplotted in grey. Colors in the
top and bottom panels reflect the mean T0 and τ values of SFHs in 0.2×0.2 dex boxes, respectively. Rainbows at fixed M∗ (top) reveal that the age gradients
seen in Figure 9 (top-right panel here) persist to z = 2, implying that long-term SFH differentiation is and has always been a major source of the SFMS scatter.
Interestingly, τ shows no such cross-sectional stratification, suggesting that SF timescale is not a source of σSFMS. However, this apparent decorrelation is due to
the mixing on the SFMS of SFHs terminating at different M∗(z = 0) at all M∗(t). This washes out real longitudinal trends in τ that are critical to diversifying true
evolutionary lineages (Section 3.3; Figures 11, 12, 13). An 0.3 dex cross-calibration offset has been applied to the G13 sSFRs in all panels (see Figure 2). This
Figure is analogous to Figure 2 of Tacchella et al. (2016), left.

in the data on the (theoretical) time-evolution of individual
galaxies (Section 2.5)—we need not limit ourselves to cross-
sectional snapshots to learn from G13. Indeed, we need not
limit ourselves to data at all.

In this Section, we first show how moving out of the frame
of the data reveals new physical insights. We then apply those
insights to a new observational space—galaxy bulge mass
fractions—and obtain surprisingly accurate results. If these
exercises do not illustrate successes of the G13 model, they
provide good avenues by which to assess its ultimate validity.

3.3.1. A Longitudinal View of τ

Figure 10 (bottom) shows no trend of τ at fixed mass along
the SFMS. Yet, this presentation has limited virtue in eluci-
dating the role of τ in the differentiation of galaxies—and
therefore the physics driving it—because not all equal-mass
galaxies on the SFMS are evolving towards the same destina-
tion (Section 3.2.1). When galaxies that will ultimately evolve
to a similar final mass are selected a priori, the G13 τ trends
change dramatically.

Figure 11 shows the evolution of all SFHs terminating near

the Milky Way’s (MW’s) stellar mass (10.6 ≤ logM∗ ≤ 10.8)
that had logM∗(z = 3) ≥ 9 (to simplify the illustration). At
early times, there is a clear preference for systems with low
τ—i.e., narrow SFHs—to lie high on the SFMS, while those
with high τ—elongated SFHs—lie low. At late times, though,
this trend reverses, such that low-τ galaxies lie well below
their high-τ counterparts. So, if such true progenitors could be
isolated, what appeared as a decorrelation in cross-sectional
data would transform into a clear trend.

On reflection, this trend must be present: If a galaxy is
to reach a given final mass before others do, it must grow
rapidly early on—surging ahead of its eventual peers (middle
panel)—and then stop, moving from a high to low position
on (and then off) the SFMS. However, this trend is not ap-
parent in the data because galaxies that will ultimately evolve
into systems of different final masses commingle with the true
evolutionary cohort and obliterate this signal (grey diamonds
in Figure 11).13

13The SFMS is a train: people in different cars can get off at the same
station, and people in the same car can get off at different stations. Figure
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The SFMS may trace the history 
of zero galaxies.


