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ABSTRACT

Late bloomers are massive (M, > 10'° M.,)) galaxies at z < 1 that formed the majority of their stars within ~2
Gyr of the epoch of observation. Our improved methodology for deriving star formation histories (SFHs) of
galaxies at redshifts 0.45 < z < 0.75 from the Carnegie-Spitzer-IMACS Survey includes confidence intervals
that robustly distinguish late bloomers from “old” galaxies. We use simulated SFHs to test for “false posi-
tives” and contamination from old galaxies to demonstrate that the late bloomer population is not an artifact
of our template modeling technique. We show that late bloomers account for ~20% of z ~ 0.6 galaxies with
masses of the modern Milky Way, with a moderate dependence on mass. We take advantage of a 1% overlap
of our sample with HST (CANDELS) imaging to construct a “gold standard” catalog of 74 galaxies with high-
confidence SFHs, SEDs, basic data, and HST images to facilitate comparison with future studies by others.
This small subset suggests that galaxies with both old and young SFHs cover the full range of morphology and
environment (excluding rich groups or clusters), albeit with a mild but suggestive correlation with local envi-
ronment. We begin the investigation of whether late bloomers of sufficient mass and frequency are produced
in current-generation ACDM-based semi-analytic models of galaxy formation. In terms of halo growth, we
find a late-assembling halo fraction within a factor-of-two of our late bloomer fraction. However, sufficiently

delaying star formation in such halos may be a challenge for the baryon component of such models.
Keywords: galaxies: evolution — galaxies: star formation — galaxies: stellar content

1. INTRODUCTION: STAR FORMATION HISTORIES, INDIVIDUAL
AND COLLECTIVE

The global history of star formation is constructed by mea-
suring the star formation rate (SFR) of galaxies over cosmic
time in a sufficiently large volume to contain a representative
sample of starforming galaxies. The evolution of this quan-
tity, the star formation rate density, (SFRD; Lanzetta, Wolfe,
& Turnshek 1995, Lilly et al. 1996, Pei & Fall 1995, Madau
& Dickinson 2014, hereinafter MD14), is well defined over
most of cosmic history, 0 < z < 10 (Oesch et al. 2014). Mod-
ulo corrections for starlight absorbed by dust grains and po-
tential incompleteness from galaxies fainter than—and SFRs
less than—the observation limit, the SFRD is an accurate de-
scription of the efficiency with which galaxies have grown
since a time when their stellar masses were ~1% of what they
are today. The cumulative buildup of stellar mass, recovered
from the mass function of galaxies over the same range of
epochs, is in good agreement with the integral of the SFRD
(Dickinson et al. 2003; MD14). It could be argued, then, that
the story of global stellar mass production is now reasonably
well understood, or at least well-characterized.

“Cosmic noon” is a good name for when the luminosity
of the universe peaked (as is “cosmic dawn”—first light).
However—as suggested by the title of this paper—the growth
of galaxies relates better to cosmic seasons rather than hours
of the day; i.e., a cosmic spring (3 < z < 6), summer (1 <z <
3), and autumn (z < 1). with cosmic winter yet to come.

In their comprehensive review of the history of cosmic star
formation, MD14 parameterized the rise and fall of the SFRD
as a polynomial (see MD14 Figure 9, Equation 15), a form
that provides a good fit to the data but offers no insight into
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the physical processes that control the evolution of the global
SFR, let alone the SFR histories of the individual galaxies
from which it is composed. Taking this latter step requires
a further constraint on the behavior of SFRs with epoch.
The star formation main sequence (SFMS; e.g., Noeske et al.
2007; Whitaker et al. 2012)—a now thoroughly studied corre-
lation between stellar mass and SFR at z < 6—has been the fa-
vored method for constructing SFHs that, in aggregate, repro-
duces the SFRD (e.g., Peng et al. 2010, Speagle et al. 2014, or
Tomczak et al. 2016). From the near-unity slope of the SFMS
the implication has been drawn that galaxies grow in direct
proportion to their mass, modulo the rising zero point of the
SEMS before z ~ 2—faster growth—and a rapid decline af-
ter. If the considerable scatter of the SEMS can be taken as a
series of random perturbations on otherwise smooth growth,
each galaxy can be fit by a set of conformal growth curves,
identical up to a mass scaling (e.g., Peng et al. 2010, Leitner
et al. 2012; Behroozi et al. 2013). However, since the SFMS
bends from this unity slope at its high mass end—in effect, a
general slowing of the stellar mass growth after the peak in the
SFRD—some sort of “quenching” mechanism is required to
explain the declining SFRs of evolved, massive galaxies, and
its collective manifestation in the decline of the SFRD after
z~1.5.

In a previous series of papers, Oemler et al. (2013, O13),
Gladders et al. (2013, G13) Abramson et al. (2015), Abram-
son et al. 2016, A16), and Dressler et al. 2016, D16), we have
described a different approach that evolved from O13’s iden-
tification of a fraction of massive galaxies, logM, = 10.6,
increasing in redshift up to z ~1, that require rising SFRs
around the epoch of observation (Tops). This is a notable
departure from what had long been inferred from studies of
low-redshift galaxies: almost every present-day galaxy can
be fit by a “tau-model” of exponential decline (Tinsely 1972).
013 found a fraction of these so-called “young” galaxies of
~20% by z ~ 0.8. Such galaxies had been found in previ-
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ous studies (e.g., Cowie 1996, Noeske et al. 2007), however,
the larger sample of O13 showed that their prior characteriza-
tion as starbursts was not tenable (see Figure 4 of O13). Al-
though late-rising SFHs are observed for many present-epoch
dwarf galaxies (e.g., Gallagher et al. 1984), the identification
of rising SFRs for a substantial fraction of massive galaxies
(M, > 10'9M,,) at redshifts z > 0.3 was new information for
understanding the evolution of common galaxies (see, for ex-
ample, Kelson 2014).

Responding to the inadequacy of tau-model SFHs for this
population, Gladders et al. (2013; G13) explored the idea
that individual SFHs might be better parameterized by a two-
timescale lognormal form. This idea that came from realizing
that the SFRD itself is well described as a single lognormal,
with timescales of Ty ~ 5.2 Gyr (associated with the midpoint
of mass buildup), and a characteristic duration of 5.7 Gyr.3

Abramson et al. (2015) and A16 explored the implications
of this parametric SFH model in terms of the galaxy stellar
mass function. These studies found a very good match even
up to z ~ 8, remarkable because the parameters of the G13
model relied only on data from galaxies at redshifts z < 1.
A16 expanded this to include the slope, evolution, and scat-
ter of the SFMS and other aspects of the SEFMS “grow and
quench” picture, finding again that the G13 lognormal SFHs
model accounted equally well for observations of principal
ensemble behaviors. The paper concluded that identifying a
uniquely “good” description of galaxy evolution required new
observational constraints.

Towards this end, D16 investigated individual galaxy spec-
tral energy distributions—SEDs—and their implied SFHs in
order to test the efficacy of the two approaches, which to that
point were evaluated mostly in terms of distribution functions
and scatter-plots/scaling-laws. D16 used spectrophotomet-
ric data from the Carnegie-Spitzer-IMACS study (CSI, Kelson
etal. 2014, K14) that combined broad-band photometry and
IMACS (Dressler et al. 2011) prism observations for ~20,000
galaxies in the XMM field of the Spitzer SWIRE survey (Lons-
dale et al. 2003). These data were used to construct SEDs an-
alyzed in terms of SFHs. The innovative methodology of K14
was to model the SED as the sum of 6 epochs of (constant
level) star formation, the first from redshift z =5 to 1 Gyr be-
fore the epoch of observation, Typs, followed by five 200 Myr
periods over that final Gyr. D16 defined a quantity z5fract
as the fraction of the total stellar mass generated before the
final Gyr of the observed galaxy. Using z5fract as a proxy
for the galaxy’s mean age brought attention to a population of
late-growing galaxies with a fraction of old stellar mass—i.e.,
that formed in the first SFH bin—below 50%. This popula-
tion amounted to about 20% of the sample, reminiscent of the
fraction of young galaxies found in studies cited above and
the G13 model analysis. D16 was a step beyond the earlier
work, though, because the identification of individual SFHs,
while crude, offered for the first time the possibility of dis-
criminating between the “grow and quench” and ““a diversity
of lognormals” pictures.

In this paper, we improve and refine the SFH analysis
of D16, focusing on the reality of what we called “late-
bloomers,” galaxies at z ~ 0.6 where the majority of its stellar
mass appears to have formed later than z ~ 1. (See Chauke
et al. 2018 for a recent complementary study at z = 0.6-1.)
This includes a critical look at the possibility that our earlier

3 FWHM = 2 exp(Ty — 7°) sinh(1/2 In(2) 7), where exp(t) = 1.9 Gyr.

analysis simply failed to detect large populations of old stars
because of insufficient sensitivity or the hiding of these stars
by dust. By exploiting the highest signal-to-noise (S/N) data
of the CSI XMM field and making full use of the thousands
of duplicate measurements collected in the survey, we arrive
at a improved SFH analysis, particularly with respect to the
amount of old stellar mass in what appear to be genuinely
young galaxies. Further, we add confidence intervals to the
SFHs to accurately characterize their uncertainties, and per-
form a rigorous analysis of simulated SEDs to assess the im-
pact of S/N on SFH derivations and to determine the level at
which late bloomers might be contaminated by misidentified
older objects.

With measures of confidence in our SFH fits of CSI data,
we catalog a “gold sample” of 74 galaxies with high confi-
dence SFHs and HST (CANDELS) imaging. We provide co-
ordinates and other basic data, including RGB images, SEDs,
and derived SFHs to enable other researchers to observe and
analyze these galaxies and compare their results with ours.

Indeed, new datasets and methods now make this kind of
analysis not only possible, but robust (see, e.g., Pacifici et al.
2012, 2016; Iyer & Gawiser 2017; Chauke et al. 2018). Ex-
tant and future facilities can support inferences regarding the
full diversity and character of individual galaxy growth and
so directly confront theoretical evolutionary models in their
native domain. This work joins the above cohort of comple-
mentary studies in establishing the first more-than-tentative
footholds in this new regime.

The paper is organized as follows: Section 2 reviews the
methodology of D16 in the context of the fidelity of the SEDs.
There, we define “late bloomer” (Section 2.2), and describe
improvements to the analysis made through a purposeful at-
tempt to falsify our claim that such galaxies are common and
span a wide range in stellar mass. Such careful scrutiny and
skepticism are justified by the challenge late bloomers may
present to conventional wisdom about the growth of stellar
mass. Section 3 presents our best assessment of the global
late bloomer fraction at z ~ 0.65. Section 4 presents the cata-
log of 74 galaxies with HST imaging, secure SEDs, and high-
confidence SFHs, intended to encourage tests of our results
with other techniques and analyses. Section 5.1 describes ba-
sic properties of late bloomers using larger sample of ~7600
galaxies of M, > 10'" M., with high-quality SEDs and well-
constrained SFHs to explore the late bloomer fraction trends
with stellar mass, redshift, and environment. The discussion
in Section 5.2 focuses on the compatibility of late bloomers
with a ACDM semi-analytic model of stellar mass growth,
including the implications of this work for abundance match-
ing and scaling laws as tools in studying galaxy evolution.
Section 6 distills the major conclusions of the paper and de-
scribes possible next-steps—including ongoing efforts to ob-
tain higher resolution IMACS spectra—to significantly im-
prove SFH constraints and better distinguish late bloomers
from truly old galaxies.

2. IMPROVEMENTS IN DERIVING SFHS FROM CSI
SPECTROPHOTOMETRIC DATA

The results of D16 on SFH diversity were not anticipated in
designing the CSI program. Its primary goal was to improve
on previous measurements of the fraction of passive galax-
ies as a function of redshift and stellar mass, in connection
with the question of which processes might lead star forming
galaxies to a temporary or permanent cessation of star for-
mation. Because passive populations are most luminous in
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the near-IR, the choice of a sample from the SWIRE project,
magnitude-limited by Spitzer 3.6 um imaging, yielded im-
proved sensitivity to passive populations at redshifts up to
z ~ 1.5 and thus a better measure of the evolution of their
fraction of the total galaxy population.

The goal in CSI of measuring redshifts to 2% or better—
important both for SED analysis and for distinguishing galaxy
clustering—Iled to a better method of extracting SFHs from
the combination of IMACS prism spectra and broad-band pho-
tometry. This necessarily included an accurate assessment of
star formation in the final Gyr before the epoch of observa-
tion (Tps), as distinct from earlier star formation. This in turn
lead to the parameterization of the SFH as a single early epoch
of star formation beginning at z = 5 followed by 5 epochs of
200 Myr duration in the final Gyr. Slicing cosmic history in
this way well addressed the question of whether galaxies were
passive or active and provided, for passive galaxies, potential
evidence of relatively recent star formation. Such information
that might inform the mechanism of what is commonly called
“quenching” of star formation.

The fraction of stellar mass a galaxy produced in the Gyr
before To,s Was a matter of special interest because of O13’s
study of field galaxies (in the IMACS Cluster Building Sur-
vey) that inferred rising SFHs for a growing fraction of galax-
ies at redshifts 0.2 < z < 0.8. Rising SFHs were implied
by specific star formation rates (sSFRs) that exceeded what
is allowed for constant star formation systems—the limiting
case for exponentially declining “tau-model” (Tinsley 1972).
The CSI data moved this work beyond a comparison of sSFR
distributions at different epochs to the actual identification of
galaxies with rising SFHs after z ~ 1.

In fact, such rising SFHs are implied by characteristic SFRs
that are rwice the lifetime average of galaxies (e.g., Kelson
2014, see also G13). The importance of such results is easy
missed. Even modest fractions of galaxies with late-rising
SFHs imply a break in mass rank ordering, making traditional
techniques of abundance matching an exercise that is dubi-
ous, at best. The implication that the relative positions of
galaxies within scaling relations like the SFMS do not stay
fixed vitiates any ability to connect progenitors and descen-
dants over cosmic time using scaling relation data and stellar
masses alone.

After D16, we recognized the advantage of pushing further
back in time—from 1 Gyr before Tops to 2 Gyr—effectively
separating the old from young stellar populations at z ~ 1
(given the sample (z) ~ 0.6). Figure 1 shows that the stellar
template of a 1-2 Gyr old population, essentially F stars, can
be distinguished from the template of the ~5 Gyr of old stars
that preceded it.* By adding this epoch of intermediate-age
star formation, our analysis has purchase on star formation
after z ~ 1 that occurred prior to the easily recognizable 0—1
Gyr population. Furthermore, our new model SFHs are less
likely to incorrectly ascribe star formation that is relatively re-
cent to the oldest stellar population. We discuss the 1-2 Gyr
population further in Section 2.1.

Figure 2 (top) shows our new scheme for parsing SFHs into
five age intervals: (1) constant SFR from 200 Myr prior to
Tobs; (2) 500 to 200 Myr; (3) 1 Gyr to 500 Myr; (4) 2 to
1 Gyr; (4) from z =5 to 2 Gyr before Tops. In addition to
better time resolution of SFHs back to z =~ 1, these choices

4 For a galaxy at z ~ 0.6, the difference shows up as the depth of the D4000
break (6000 < Agps < 6300A) and the slope of the continuum redward of
Aobs ~ 70004, as seen in Figure 1.
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Figure 1. Four template SEDs for solar metallicity stellar populations with a
range of ages. (left) SEDs of population unattenuated by any dust; (right) the
same SEDs but attenuated by levels of dust given in the figure. The blue line
is a young population, constant SFR from 200 Myr prior to Tops; green line,
from 1 Gyr to 200 Myr; orange line, from 2 to 1 Gyr; red line, fromz =5 to 2
Gyr before Tips. Populations 1 Gyr or younger are easily distinguished from
older populations, while 1-2 Gyr, though less distinct, has a significantly
different SED than that of constant star formation from z =5 to z =1 (or
star formation that ended earlier). Adding a 1-2 Gyr epoch of star formation
into the CSI SFH modeling enables the recovery of a longer timescale of late
star formation, as is expected given our knowledge of the SFHs of the Milky
Way and its neighbors inferred directly through color-magnitude diagrams.
Each template is normalized at rest-frame 4200 A; vertical dashed lines show
bandpasses measuring the D4000 break at z = 0.6. Even when the young
populations are highly reddened, SEDs have structure, around the Balmer
and 4000A breaks for example, that provide strong leverage on the relative
fractions of old, intermediate, and young stellar mass.

represent an improvement over the four equal-length time bins
because they are attentive to the natural timescales of stellar
populations as expressed in stellar spectra.

Figure 2 also explains how the SEDs are presented in Sec-
tion 4. The constraining data are photometry in 8 broad bands
(ugrizJK,—the red boxes) and an IMACS prism spectrum cov-
ering (rest-frame) 3000-4500A (the blue trace). The solid
black line shows the best fit to the photometry and spectrum
produced through the modeling.> The five components to the
model SED are shown as template spectra at the derived flux
level for each age bin where star formation has been detected.
The templates are color-coded to match the SFRs and inte-
grated stellar mass, as shown in the enlarged left and cen-
ter boxes above the upper SED. The modeling also solves for
Ay extinction (right-center box, following Calzetti et al. 2000)
and metal abundance (not shown) for each of the stellar pop-
ulations.

The two example CSI SEDs shown in Figure 2 from the
statistical sample (see Sec 3) span the wide diversity of SFHs
found by D16. The upper example is a z = 0.62 galaxy dom-
inated by an old stellar population, the kind of galaxy that
has long been recognized in this subject. It is noteworthy,
however, that this very massive galaxy is not “quenched,” but
shows a continuing history of star formation that, in the best
fitting model, adds ~25% in stellar mass since z ~ 1. The
lower example is a z = 0.586 galaxy dominated by star for-
mation after z =~ 1. Active star formation is well detected in
both galaxies, beginning 500 Myr before Ty, and accompa-
nied by 1.3-1.5 magnitudes of extinction.

However, the “best fit” model of the SED is not the whole
story. The most important modification of our approach
since D16 is the extraction of confidence intervals for the
SFHs, which previously had been recorded only as the fit of

3> The methodology used to derive the average SFR in each bin from these
data is described in detail in K14 and D16.
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Figure 2. Two example SEDs from CSI. At the top of the figure are the 5 “age bins” (in order of decreasing age, the brown, orange, green, blue, and magenta
arrows) used to parameterize the SFH. Each SED includes: (1) the data—broad band photometry (8 red boxes; Spitzer 3.6 um fluxes were used for selection
only, not in SED fitting) and the IMACS prism spectrum (blue trace); (2) the most-likely SED fit (black line); (3) stellar templates for constant star formation
in the five color-coded age intervals; (4) logM,; (5) the metal abundance of the fit model. The thin black line is the maximum likelihood fit—the sum of the
templates, but at the lower spectral resolution of the prism data. The width of the heavier line through the prism data covers the 5%—-95% uncertainty of the fit
model. The five boxes above the SED show: (1) UVJ diagram (passive vs active SF); (2) the mean SFR over each age interval (SFH); (3) fractional stellar mass
growth; (4) extinction (Ay mag) for each age interval; (5) isophotal z-band image from CFHT Legacy Survey. The three black lines in the center box show the
confidence interval derived for stellar mass growth—5%, maximum likelihood, 95%. The top SED shows a well-constrained SFH; nevertheless, the range of
60%—-95% contribution from the old population (born 2 Gyr or more before Tops) covers both a dominant old galaxy and one that has formed stars more-or-less
constantly up to Tops. The bottom SED has a confidence interval that appears wider, but an old contribution of less than 50% (built up in ~5 Gyr compared to 2

Gyr) identifies this galaxy—with high confidence—as a late bloomer.
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maximum-likelihood (ML). Adding the bounding values that
specify the 5% and 95% confidence fits provides an essential
metric of SFH reliability. Focusing on the center box (the
stellar mass growth), we see that the SFH of the top SED
constrains the population of stars older than Typs— 2 Gyr to
between 60% to 95% of the stellar mass. In other words, our
confidence interval runs from a galaxy that is almost com-
pletely old to one that has essentially “constant star forma-
tion” from z = 5 to Tops. The 5%-95% confidence interval
for the bottom example runs from a galaxy with zero old stel-
lar population to one with as much as ~35%. Either way,
this galaxy is found to be very young, despite its Milky Way
(MW)-like mass (i.e., logM, € [10.5,10.8]).

We use these SFH confidence intervals in the following
discussion to define a class of massive galaxies that has not
been recognized: massive z ~ 0.6 galaxies whose stars formed
mainly within 2 Gyr following z ~ 1, instead of the preceding
~5 Gyr. We call these “late bloomer” galaxies.

2.1. Why Add a 1-2 Gyr Stellar Template?

Figure 1 shows that stellar populations of age <1 Gyr can be
unambiguously separated from the light of much older stars.
D16 used this as a conservative, reliable way to distinguish
young from old populations. However, from the vantage point
of galaxies observed ~5 Gyr earlier than today, with their
lower fraction of very old stars—all less than 7 Gyr old—a 2
Gyr separation of old and young populations is feasible given
sufficient S/N, as Figure 1 also shows.

There are good reasons for adding 1-2 Gyr-old stars to the
“young” category. First, separating “young” from “old” pop-
ulations at 1 Gyr made it likely that a significant fraction of
recent star formation, 1-2 Gyr before T,,s, was erroneously
credited to a population that was, on average, much older.
This is mitigated by defining old as “stars forming earlier than
2 Gyr before Top,s.” Second, the identification of late bloomers
based on populations less than 1 Gyr from T, implied an al-
most bursty history, while it is more sensible to expect this
late epoch of star formation to have lasted several Gyr (e.g.,
Chauke et al. 2018). Even if the timescale for mass growth
is as short as ~1 Gyr, this is far from the conventional situ-
ation of incremental mass growth in a burst, since the mass
growth has been sufficient to surpass the mass of old stars,
those born prior to 1 Gyr, or now, 2 Gyr. In the appendix we
show, through the analysis of simulated SFHs, that detections
of 1-2 Gyr-old populations are generally reliable, and thus an
improvement in identifying late bloomers.

2.2. The Re-Definition of a “Late Bloomer”

Based on the addition of the 1-2 Gyr star formation tem-
plate, we thus revise the definition of a late bloomer used in
D16 based on zS5fract—the fraction of mass formed earlier
than 1 Gyr before T,ps—to one based on z5fract2, the fraction
of mass formed 2 Gyr or more prior. Table 1 (see Section 4)
includes z5fract2 and recalculated z5fract values based on our
new SFHs, with the modifications described above.

Formally, we define a late bloomer as a galaxy in which
<50% of the stellar mass formed in the epoch z =5 to 2 Gyr
before Typs at the 95% confidence level; i.e.,

25fract2g5q, < 0.5 1)

Through this definition—which our simulations show leads to
the best compromise between sample purity and completeness
(see the appendix)—mass growth in the final 2 Gyr for late

bloomers exceeds that of the previous 5 Gyr. Obviously, this
implies rising SFRs (i.e., accelerating mass growth). More-
over, though, it implies SFRs are rising faster than linearly
at these epochs: if SFR o ¢, M, (1) o 12, for which it so hap-
pens that z5fract2 ~ 0.5 at z = 0.65.% This means that our late
bloomer definition is conservative—it excludes galaxies that
have substantial (though not super-linear) increases in SFR
over the final 2 Gyr. As such, our abundance estimates for late
bloomer-like systems should be higher than what we quote in
Section 3.

Although the galaxies on the other side of this divide are
dominated by star formation before z ~ 1, our data strongly
suggest that not all of these followed similar SFHs that were
at some point quenched on a <1 Gyr timescale. Rather, we see
these older galaxies as including those whose star formation
rose and and fell rapidly in the first few Gyr of cosmic his-
tory, and those that rose slowly with more-or-less continuous
star formation until z ~ 0.6—if not all the way to the present
epoch. For the purposes of the following discussion, we de-
fine old galaxies as those with z5fract2 > 0.85, and constant-
star-formation galaxies as forming 50%—-85% of their mass
before Tops — 2 Gyr (0.5 < z5fract2 < 0.85). The latter inter-
val begins with SFRs that are rising in the final 2 Gyr (not
super-linearly) and ends with SFRs that peaked before z ~ 1
and are slowly declining by z ~ 0.6.

2.3. Spectral Characterization of Late Bloomers

Outfitted with an improved toolkit for turning SEDs into
SFHs, we focused on the major issue of the relative proportion
of young to old stellar populations in our sample galaxies.

Much of the leverage for deriving a SFH from a SED rests
in the low-spectral-resolution (R ~ 30) prism spectrum, which
is particularly sensitive to young and intermediate-age popu-
lations, and the 4 broad-band photometric indices i, z, J, K
that measure the contribution from the red-giant-branch stars
of old stellar populations. (The Spitzer 3.6 um detection band
is omitted in the SED fitting to avoid selection bias.) Galax-
ies with star formation during the 2 Gyr before T,¢ (since
z = 1, for our sample) show unambiguous evidence through
the Balmer break, primarily from A stars, but also from F
stars. This signature is readily distinguishable from the contri-
bution from older stars to this spectral region, which exhibits
a strong D4000 break and other prominent features—the G-
band, Ca H&K lines and CH complexes. (This spectral re-
gion is called the “break region” in the discussion to follow.)
Massive galaxies can have substantial contributions from both
old and young stars, so the spectral resolution R ~ 30 of the
prism observations is an important advantage over broad-band
photometry SEDs in distinguishing the contributions of both
young and old populations.

The old stellar population (i.e., older than 2 Gyr at Top)
dominates the flux further into the red and infrared, so good
broad-band photometry beyond 6000 A is generally sufficient
for assessing their contribution. However, the added con-
straint of the break region may be essential if the older pop-
ulation is viewed through a dusty disk, which can further di-
minish or eliminate its signature at rest-frame A ~ 4000 A.
Since testing the reality of late bloomers depends critically on
whether or not an old stellar population can be detected, we
tested the dust attenuation issue through simulations of mock
spectra that included substantial “hidden” old stellar mass.

6 Constant SFRs imply z5fract2 = 0.7.
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These tests are summarized in the appendix and included in
our full sample result uncertainties (Section 3). The upshot is
that the impact of such hidden mass is unlikely to be dramatic,
such that the observed late bloomer abundance is accurate to
roughly +0.05 in absolute terms over a wide range of S/N,
Ay, and SFR(Tps) mixes.

2.4. Role of Duplicate Observations

CSI has a ~20% repeat observation fraction to facilitate
empirical estimates of measurement errors, which can be non-
linear functions of the observations. In general, these dupli-
cates can unfortunately not be used to test the repeatability
of binary classifications such as being a late bloomer. Such
groupings are like a biased coin toss, with the bias set by the
selection method’s purity. In our case, simulations suggest
(and the assessments below reveal) a P ~ 70% purity, which
is not close enough to unity to guarantee repeat classifica-
tions (o< P'bs) agree. Indeed, at P = (.7, we expect to repeat-
confirm only 58% of the initial late bloomer candidates.’

The proper use of repeat observations at moderate purity
is instead to characterize formal measurement errors in a
continuous—not binary—property. This is analogous to re-
peated flux measurements in noisy images: the scatter be-
tween them reflects the true underlying noise level. In the
context of late bloomers, the analogy is repeated assessments
of the amount of old stellar mass in a galaxy. The scatter be-
tween estimates reflects the noise floor on this estimate. Our
classifications should be reliable if this floor is <50%. Fortu-
nately, this is the case.

Averaged over total stellar masses 10 < logM!®* < 11, the
RMS scatter in the differences of maximum likelihood old
stellar mass fractions across duplicates is 74% =+ 2%. Assum-

ing Gaussianity, this is v/2x the formal error on a single mea-
surement, implying an acceptable 52% =+ 1% 1 ¢ noise floor
on z5fract2. If these estimates are restricted to galaxies whose
first observation implied identically zero old mass, the noise
floor—closer to a real upper limit on z5fract2 in these cases—
drops to 46% +2%.

As discussed above and in the appendix, however, we do
not select late bloomers using the maximum likelihood old
mass fractions, but their estimated 95% upper limits. For
galaxies with zero maximum likelihood old mass, we find the
mean of these limits in the second observation to be 75% +3%
(10 < logM™" < 11). For Gaussian noise, this is 1.960x the
standard deviation, implying just a 38% 4+ 1% z5fract2 1o
noise floor. Including all galaxies raises this to 48% =+ 1%.

In sum, both duplicate-based approaches support the con-
clusion that our LB selection method is accurate at the
1 6/68% level. Reassuringly, this is fully consistent with the
~70% purity we infer from simulations (see the appendix).

Comparing duplicate observations and SFHs also helped us
optimize our SED fitting, modifying the procedure described
in K14 by narrowing dust and metallicity constraints for the
oldest population. This allowed finer parameter grids, which
improved redshift estimation accuracy. Because of the sim-
ilarity in shape and location of the Balmer break in young
populations and the 4000 A break in old populations, better
redshifts led to higher fidelity SED-derived SFHs.

7 Counterintuitively, due to the commensurately higher initial false-
positive fraction, P = 70% produces the same fraction of repeat classifica-
tions as a paltry P = 30% (though many more will be intrinsically incorrect).
The purpose of Section 4 is to provide targets for new observations with po-
tentially greater selection purity/discriminatory power than our own.
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Figure 3. Late bloomer fractions at 0.45 < z < 0.75 in three different stellar
mass bins. A substantial fraction of galaxies at these epochs had recently ex-
perienced runaway growth. Open circles: Raw CSI measurements; Filled cir-
cles: Reasonable lower bounds on true LBFs based on simulations in the ap-
pendix; Open squares: Pessimistic lower bounds assuming the raw measure-
ment at logM, ~ 11 represents only false positives. The upper dashed line
trace 1-o upper bounds on the observed LBFs. The upper solid line includes
an additional +0.05 uncertainty in those upper bounds due to potential un-
certainties in the correction factors to LBFs, as derived from scatter between
different simulations of CSI data. While the filled circles trace reasonable
lower bounds on the LBFs, using plausible corrections to the measurements,
the lower dashed line is the 1-c lower bound on these corrected LBFs from
the formal errors alone. The lower solid line includes an additional uncer-
tainty of +0.05, derived from scatter between different simulations of CSI
data.

3. THE LATE BLOOMER FRACTION OF CSI GALAXIES AT z= 0.6

In this section we quantify the fraction of CSI galaxies that
were late bloomers ~6 Gyr ago. This measurement sim-
ply entails summing the weights of the relevant galaxies, de-
scribed in K14. Every galaxy’s weight is the inverse of the
completeness estimated for its magnitude, color, and local
source density, divided by the number of times a galaxy was
observed. The CSI late bloomer fraction (LBF) is therefore
the sum of the weights for galaxies with z5fract2¢sq, < 0.5
over the sum of the weights of the galaxies in the full cata-
log. In order to ensure fidelity in late bloomer fraction es-
timates, we reduced the size of the full XMM-SWIRE CSI
catalog of 50,000 high quality redshift measurements to ap-
proximately 22,000 systems with high-quality observations
and stellar masses above 101 M.

To assess the LBF’s sensitivity to sample depth, S/N, red-
shift uncertainty, and spectrophotometric quality variations,
we used seven different versions of the CSI dataset based on
different cuts in these dimensions. We fold the RMS scatter
(a few percent) between LBFs from these different selections
into the error bars in our plots. These different versions of the
catalogs are valid statistical samples with their own complete-
ness estimates as functions of magnitude, color, and source
density, with sizes ranging from 8,000 to 12,000 galaxies with
M, > 10'" M, at 0.45 < z < 0.75. For the measurements of
LBF evolution (Section 5.1.2), this sample is extended over
0.25 <z < 0.75 and is 25%-30% larger, depending on the
selection cuts.

Figure 3 shows the measured LBFs as functions of stellar
mass at (z) = 0.6 (open circles). Simulations of CSI data
described in the appendix allow us to quantify the system-
atic bias in these measurements due to contamination by false
positives (galaxies that grew less than half their mass in the
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last 2 Gyr). According to these simulations, this bias is ap-
proximately zero if late bloomers are selected using the 95%
upper limits on z5fract2—the definition we adopt (Equation
1)—with an additional uncertainty of +0.05 due to model-
to-model variations, uncertainties in the mix of quiescent and
star-forming galaxies, and uncertainties in the underlying mix
of SFRs at Tps.

The simulations also let us construct plausible lower limits
to the LBFs, with systematic contamination at levels of +0.05
for quiescent galaxies and 4-0.10 for star forming galaxies.
These plausible lower bounds are shown in Figure 3 using the
filled circles.

A third, empirical, and more pessimistic approach is to as-
sume that all late bloomers in the stellar mass bin logM >
10.8 are false positives, such that the LBF in that mass bin
is identical to the contamination rate (at least for populations
with the same mix of quiescent and star forming galaxies).
By scaling the high mass LBF by the ratio of the quiescent
fraction in each bin to that at high mass, we can empirically
correct each bin for the potential contamination by false pos-
itives. These results are shown by the open squares.

Formal uncertainties in the raw measurements are estimated
through bootstrapping. Systematic uncertainties in those mea-
surements are estimated using the RMS variation in LBF de-
rived from multiple variations of the CSI catalog tailored in
different ways, such as varying S/N restrictions, prism spec-
tral quality, how well the spectra have colors that match the
photometry, etc. The dashed lines show their quadrature sum
above and below the raw measurements and plausible lower
bounds. The additional uncertainty of £0.05 due to model-
to-model variations, uncertainties in the true mix of quies-
cent and star-forming, and uncertainties in the underlying mix
of ongoing star formation rates, added in quadrature, is thus
shown by the solid lines.

Taking these measurements at face value, several striking
conclusions are readily apparent:

e Many galaxies at least doubled their stellar mass be-
tween z =1 and z = 0.6.

e About 20% of MW-mass galaxies did this, and ~30%
of galaxies at half the MW’s mass.

e More massive galaxies do this less, but, even at M, >
M*, the LBF remains ~5%-10%.

These relatively simple observations strongly confront the
basic picture, commonly held, that most galaxies in this mass
range generally grew early, with much slower rates of growth
after cosmic summer. They strongly contradict paradigms in
which galaxies are thought to simply grow along the SFMS
and quench en masse: Even modest numbers of galaxies—
to say nothing of 20%—with sustained, rapid, late growth,
as shown above, have strong consequences for analyses of
galaxy evolution that rely on the preservation of mass (and
so abundance) rank ordering.

Given the strong implications for these measurements, we
devoted great effort to simulating CSI data with the aim of
understanding how to make late bloomers “go away.” That is,
we tried to identify what fraction of CSI late bloomer iden-
tifications could be due to noise and, for example, dust ef-
fects, which could systematically hide old stellar mass and
artificially make intrinsically non-late bloomers appear as late
bloomers. The simulations allowed us to derive plausible cor-
rections to the CSI measurements, but did not in any way indi-

cate that these were substantially biased by errors in the SED-
inferred SFHs.

The upshot of this exercise is that the z ~ 0.6 LBF is highly
unlikely to be zero for galaxies with stellar masses at least
up to logM, ~ 10.8. Our most conservative assessment is
that the LBFs of galaxies with half-to-all the MW’s mass is at
least 10%—20%. Stated most plainly, roughly one-in-five of
today’s MW-mass galaxies went through an extreme growth
spurt between z = 1 and z = 0.6, having evolved only lack-
adaisically before then, and perhaps since. This is an odd
conclusion from the standpoint of SFMS-integration or abun-
dance matching, but, try as we may, we cannot avoid it.

The simulations only provided one scenario to make our
LBFs a complete procedural artifact: forcing half the stars to
have been formed in the first 1-2 Gyr, to be hidden or partially
obscured underneath the stars that formed subsequently. But
even even in these cases, the inferred SFHs from the SED
fitting represent the formation histories of the final ~5 Gyr.
The implication is that such galaxies would have had lacunal
histories: initial early “bursts,” rising again only much later
to rapidly grow the final quarter of their stellar mass in the
2 Gyr prior to z ~ 0.6. To contrive that all late bloomers—
again, 20% of MW-mass systems—grew that way seems at
least as challenging as accepting them as real late bloomers in
the sense of Gladders et al. (2013), Kelson (2014), or Kelson,
Benson, & Abramson (2016; hereafter KBA16).

4. A CATALOG OF GALAXIES WITH HST IMAGING AND SECURE
SFHS

This section provides a catalog of galaxies with high-
confidence SFHs to serve as a reference sample for com-
parison with and by other studies. The 5 square degrees of
the XMM-SWIRE field containing the sample in this paper
overlaps by ~1% with CANDELS HST imaging (Koekemoer
etal. 2011). We chose to focus on this area for our catalog
since high-resolution images of the calibrator galaxies should
be indispensable in evaluating SFHs in terms of galaxy struc-
ture and morphology, the presence of near neighbors, distribu-
tion of star formation, and notable features (for example, tidal
tails) that could be identified. Images also set the stage for
later observations and studies motivated by interesting SFHs.

To assemble a representative set of high-quality SFHs for
the catalog, we started with the statistical sample from Sec-
tion 3 restricted to the redshift range 0.45 < z < 0.75. (For
the median redshift of z = 0.6, 1 and 2 Gyr before Typs are
7~ 0.80 and z =~ 1.0, respectively.) We further reduced the
sample by cutting at (1) /N > 15pix~" (for the prism spec-
trum continuum), (2) Az < 1.5%(1+z) (+0.024 at (z) ~ 0.6),
and (3) more restrictive quality criteria on the spectral flux
calibrations. Thus, out of 230 CSI galaxies in the redshift
range of interest, these restrictions yield a sample of 128 high-
confidence CSI sources with joint CANDELS F606, F814,
and F160W ACS/WFC3 imaging with which to make RGB
images. We focus on 74 of these galaxies (with 6 duplicates)
as a “gold standard” sample below, for which confidence in
their early mass fractions is high, based on the analysis of du-
plicates, and the simulations described in the appendix.

Figure 4 is a mosaic of the 80 HST images of the 74 catalog
objects.® Figure 5 shows the corresponding SEDs for each
observation as described below. Table 1 identifies these ob-
jects by RA and DEC and provides basic data for each of the
80 observations: i-band magnitude; prism spectrum S/N; z

8 1Ds 19/28, 24/69, 48/59, 57/62, 60/67, 75/79 are repeats (Tables 1, ??).
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Figure 4. CANDELS HST images for high-confidence SFHs from this study. 80 observations of 74 galaxies with 6 repeat SED measurements (see Figure 5 and
Table 1). Images (identical for repeats) are arranged by increasing z5fract2, as is indicated by the mean value of z5fract2 (right column) for each row, expressed
as the percentage of old stellar population (rather than a fraction). Images are RBG, created from F606, F814, F160 images from WFC3; each box has a physical
scale of ~35 kpc on a side. The number in the upper right corner of each image is the catalog number in Table 1. The dots below the catalog number give the
measured stellar mass for each observation binned by factors-of-two: logM, = 10.0-10.3 (one dot), 10.3-10.6 (two dots), 10.6-10.9 (three dots), 10.9-11.2 (4
dots). The mass-weighted age in Gyr (not to be confused with commonly used light-weighted agefrom the vantage point of T, averaged over each row, is given
in the left column. Three ranges of SFH fits are indicated: (blue arrow) late bloomers—95% confidence <50% old population ; (green arrow) old, approximately

constant star formation—95% confidence >50% old population; (red arrow) old—95% confidence >70% old population. The duplicate IDs

19/28, 24/69,

48/59, 57162, 60/67, 75/79—show that SFHs place both members of the pair in the same category—Ilate bloomer, constant star forming, old galaxies.

(1o errors); logM, (5%—95% confidence interval); fractional
mass-growth history (1o errors) at 2 Gyr (i.e., z5fract2), 1
Gyr (i.e., z5fract), 500 Myr, and 200 Myr before Tops; and 12,
local galaxy number density in Mpc—> derived from the full
CSI catalog (r = 2 comoving Mpc aperture).

Figure 4 is arranged by increasing z5fract2: late bloomers
are on top with the oldest galaxies at the bottom. The sample
is not strictly speaking a random draw from the 128 possi-
bilities because it is biased to more-certain SFHs and to late

bloomers, which make up 40% of the galaxies in this “gold
sample,” compared to 20%-30% of observed galaxies over-
all (see Section 3, Figure 3. The numbers to the right of
each row give its (z3fract2) as a percentage, with mean mass-
weighted-ages on the left. All quantities are derived from the
SFHs/SEDs of Figure 5.

As the appendix explains, based on simulations, the
z5fract2 values for the late bloomers in Figure 4 can be
treated as lower limits: the 0% in the first two rows reflects



LATE BLOOMER GALAXIES: GROWING UP IN COSMIC AUTUMN 9

Paacrose = "
=M - B I 2
1 g g [
i i ke A Y S [ e e e
5 | Se 3 8
1002] §° 5 10.69
woad] 00/2%
00 10° e’ 00 100 ewiot S0 100 exaot s000 100 exiot S0 100 ot s00 100 a0t 000 100 2w’ 00 100 ewio”
Observed Wavelength (£} Observed Vavelength (&) Observed Wavelength (&) Observed Wavelength (&) Observed Wavelength (4) Observed Wavelength (£) Observed Wavelength ()

15

1

7 erg /s /em®/8]
5

s

5000 10F extof 5000 10° exiof 5000 100 exiof 5000 100 exiof 5000 100 axiof 5000 107 axiof 5000 100 2xiof 5000 10f exiof
Observed Wavelength (%) Observed Vavelength (£) Observed Wavelength (&) Observed Wavelength (&) Observed Wavelength (1) Observed Wavelength (1) Observed Wavelength (X) Observed Wavelength (3)

erg/s/cm?/8]
04

00 10F a0’ S0 100 @xiot S0 100 meiot S0 100 meiot S0 107 @eict So0 w0t aeiot 5000 100 xiot 000 10f  axio”
Observed Wavelength (B) Observed Wavelength (£) Observed Wavelength (8) Observed Wavelength (8) Observed Wavelength (1) Observed Wavelength (1) Observed Wavelength () Observed Wavelength ()
= FaacraeF = T = T = P T e T " T =
SshH I A { St WA B S LT A S T S e ] S TR T Lol I
5 *Elﬂ.mﬂ 5 ‘:E]:ﬂ.: ] e et el §2 1 Ll B § | Lo WS § | el YR 52 E,
3 1 T g Tl Sof S ] T b e 3s T T e 3. 5 e ragred o 3 R A A $ <3
3 25 | % 5 27 | % 28 | 3 29 1 Se 30 14 %
KH] §- 5l 1020 | Fal 1025] 8 10851 #° 10.81 N
% § +0.34 oogs| T3 01e] T # +01700 i
L fipe F o N 3 g (,.»TW\\ 5 M\ /ﬁg_ 2
S0 1F 2o’ S0 100 axiet S0 100 zaot S0 100 zaot S000 107 zaot S000 107 aaot 000 107 2xio” 00 107 exio”

Observed Wavelength (%) Observed Vavelength (£) Observed Wavelength (&) Observed Wavelength (&) Observed Wavelength (1) Observed Wavelength (1) Observed Wavelength (X)

105 exiot
Observed Wavelength (4)

5000 10° 2x10°
Observed Wavelength (A)

-
g
& !
B 48
Je - 10.59
3 i +02/23
w00 10° a0’ 5000 10°  exio” 00 10°  exio 000 10 axio" 5000 10 axio" S000 107 axio" 5000 107 @i’ Boo0 107 axio”
Observed Wavelength (£) Observed Wavelength (£) Observed Wavelength (£) Observed Wavelength (4) Observed Wavelength (4) Observed Wavelength (£) Observed Wavelength (&)

10.96

0z

5001 500

0 105 xaot
Obsarved Wavelength (&)

1

05

o

5000 10° ax10* 5000 10* ax10% 5000 10* ax10% 5000 10° ax10* 5000 10* ax10* 5000 10* ax10* 5000 10* 2x10* 5000 10% ex10*
Observed Wavelength (%) Observed Wavelength (%) Observed Wavelength (&) Observed Wavelength (&) Observed Wavelength (1) Observed Wavelength (8)

5000

10* 2x10* 5000
Observad Wavelength (%)

5000 00 axio®
o Observed Wavelength (X)

100 axio® 5000 100 axio® 5000 00 axio® 5000 100 exio® 5000
bservad Vavelength (£) o o

x x x 100 exio* 5000
bservad Wavelangth (£) bserved Wavelength (£) Obsarved Wavelength (4) Obsarved Wavelength (1) b

erg/s/cm?/A]

05

5, 11

5000 10° ax10* 5000 10* ax10% 5000 10* 2x10% 5000 10° ax10* 5000 10% ax10* 5000 10* ax10* 5000 10% 2x10* 5000 10% ex10*
Observed Wavelength (8) Observed Vavelenath (8) Observed Wavelength (&) Observed Wavelength (&) Observed Wavelength (4) Observed Wavelength () Observed Wavelength () Observed Wavelength ()

Figure 5. SEDs for Galaxies with HST images and high-confidence SFHs from this study. Documentation on how to read these SED plots is given in Figure 2.
The SEDs are arranged to match the images in Figure 4 and are include the image/catalog number for convenience.

non-detections of a population that may be as high as 60%. 2.4).° We encourage such new observations but are open to
However, the simulations also suggest that the late bloomer sharing our own data for use in novel, improved analyses.
sample in these figures/tables is about 75% pure, and that a

majority of the 25% contaminants that formally breach the 4.1. Morphology and Galaxy Age

z5fract2 < 0.5 bound have, in reality, 0.5 < z5fract2 < 0.6. Figure 4 is divided into three sections: 4 rows of late
These are still very young galaxies, considering that this is bloomers (the blue range), 3 rows of more-or-less constant
the fraction of mass produced in the first ~5 Gyr compared star formation (the green range), and 3 rows of the oldest
that made in just the 2 Gyr before Tobs. In any event, fu- galaxies (the red range). The main bias of the 74 galaxy cat-
ture investigations using better data with higher resultant pu- alog with respect to a random draw of the full CSI SWIRE
rity (P > 0.75) in their SFH classifications should concur catalog is only an over-representation of late bloomers at the
on about 3/4 of our late bloomer classifications (see Section ~ 30% level. Therefore, we can use this subsample to make

9 SFH reconstructions of similar quality to ours should agree at the ~60%
level.
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Figure 6. Images and SEDs for 10 galaxies with high-confidence SFHs from this study, showing the range of histories and morphologies of galaxies, from old
galaxies to late bloomers. The top three rows are for late bloomers: each galaxy has a contribution from an old population (earlier than Tops—2 Gyr) of less than
50%, at the 95% confidence level. IDs 5 and 8 appear to have “early type” morphologies and a single stellar population of age 0.5-1.0 Gyr that well fits the SED,
as discussed in the text. It is worth noting that, in the UVJ diagram (top left box), three of the six late bloomers are clearly situated in the “passive” area, showing
that this diagnostic is indicative of the most recent epoch of star formation rather than a more general indicator of long term star formation or passivity. The
galaxies in the bottom two rows have old populations of more than 50% at the 95% confidence level. The CSI SFHs for IDs 31 and 50 are more-or-less constant
in time (a diagonal line in the mass growth plot) while 74 and 70 have are dominated by old stars (>70%) with contributions of <10% of stars born within 2 Gyr
of Tohs. With respect to morphology, IDs 50 and 70 are early types, while ID 31 is clearly a spiral disk galaxy. ID 74 shows a spiral pattern, but this is apparently
due to a small fraction of stellar mass in a starforming disk, in an otherwise spheroidal, old galaxy.
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two remarkable assertions about galaxy evolution. The CAN-
DELS images in Figure 4 tell us that

1. Massive galaxies, M, > 10'°M,, come in a range of
ages, including those that formed all their stars early in
the universe, those that formed them over a long time,
but also late bloomers, which formed most of their stars
after the universe was already 6 Gyr old. There is a
trend with mass in the sense that less massive galaxies
are generally younger, but as we have found many times
in studies of galaxy evolution, all types are represented
at all masses, with differences only in the mean;

2. Galaxies of all ages come in all morphologies. There is
a trend in Figure 4 that younger galaxies are generally
more disky and the oldest galaxies are more likely to be
spheroidal, but again, for each class, all morphological
types are represented: only the mean type changes.

The first point above is made even in the first row of galax-
ies, for which no old population is detected: three have masses
close to 10! M, (IDs 1, 5, 7), and one galaxy is more massive
than the Milky Way (8). Of the 7 different galaxies in the bot-
tom row—almost entirely old stellar populations—three have
masses of ~2 x 10'M,, while 2 exceed 10'! M. In a simi-
lar vein, disk galaxies with large, presumably massive bulges
are found all over the mosaic, for example, IDs 2, 8, and 23
among the late bloomers and 53, 60, and 75 among many of
the old galaxies. Likewise, small bulge galaxies are probably
expected for late bloomers—for example, 1, 15, and 22—but
they are found all the way down the age sequence, for exam-
ple, 43, 52, 66, 74.

The point is that galaxies encompass SFHs that are very
fast, very slow, or very late in a way that is correlated to mass
and morphology, but not in a strong way. Simple models that
predict the appearances of galaxies, old to young, tell only
part of the story.

4.2. Ten Examples of Late Bloomers and Their Elders:
Images and SFHs

Figure 6 provides images and SEDs for 10 galaxies: 6 late
bloomers and 4 old, 2 of which are have long-term, contin-
uing star formation. Along with the two SEDs of Figure 2
and its discussion in Section 2, this figure will help the reader
interpret the compendium of 80 SEDs for the 74 cataloged
galaxies in Figure 5.

Among the 6 selected late bloomers, we see a variety of
SFHs, but all developed after z ~ 1, and for each the enve-
lope of “allowed” SFHs is very narrow. By definition, none
have a detected old stellar mass fraction of > 50% as an up-
per limit, but in these 6 examples, even within the 95% con-
fidence interval, there is no evidence for a stellar population
that formed earlier than To,s — 2 Gyr (the brown rectangle
is not present). However, we reemphasize that this does not
preclude the presence of a sizeable old population: our sensi-
tivity to <10'°M,, is borderline, and less than 3 x 10° M, in
old stars is very unlikely to be detected, as the discussion in
the appendix explains. All 6 late bloomers show considerable
star formation in the 1-2 Gyr and 0.5-1.0 Gyr populations
(orange and green) or both, suggesting that these are galaxies
with a several-Gyr history of star formation, as opposed to a
few-hundred Myr burst. One late bloomer is passive at Typg
and—of the five that are starforming—SFRs have mainly de-
clined in the last 0.5 Gyr. All are dusty, with measurable,

sometimes large extinction at all ages <2 Gyr. Four of the 6
are disk galaxies (for the four rows of late bloomers in Fig-
ure 4, 17 of 24 are), and all of these have small-to-moderate
bulges.

The most striking feature of this group of late bloomers
comes from IDs 5 and 8, both massive galaxies that would,
by appearance, normally be considered early types. These ap-
pear to be entirely composed of A stars (the green 0.5-1.0 Gyr
population). Only a single young stellar template is required
for a very good SED fit. This suggests a remarkable SFH, to
be sure, but perhaps more remarkable is the amount of stel-
lar mass involved: ~10'' M, of gas was turned into stars in
approximately 1 Gyr. (An all-green SFH solution is likely
consistent with star formation over ~2 Gyr, whose mean age
is that of the green age bin, but this is hardly less surpris-
ing.) As we saw in the statistical sample discussed in Section
3, if these massive, spheroidal galaxies with a sudden stel-
lar buildup after z ~ 1 are not common, neither are they rare.
Based on this small sample, 3 others—a total of 5 of the 24
late-bloomers in Figure 4—appear to have the same morphol-
ogy and whiter “color” that distinguish them as a different
kind of system from the redder images of spheroidal galaxies
identified as truly old, visual evidence that these are a differ-
ent kind of system.

In summary, not only is it remarkable that there are mas-
sive galaxies that make most of their stars around z ~ 0.8,
but moreover, some of these have the the “early” morphology
associated with old, massive galaxies, and certainly not asso-
ciated with a large amount of young stars. “Late bloomers”
already land in the “unexpected” category, we think, but arriv-
ing in many morphological types adds to a puzzle, which must
be solved—if understanding galaxy evolution is the goal.

For IDs 50 and 74, the two examples of more-or-less-
constant star formation, the presence of multiple epochs of
star formation is the common feature of this type.'® Of the
two, one is very actively forming stars but the other is not—it
appears to be an old galaxy (and old looking, too) that had a
MWs mass of gas dumped on it in the last Gyr or so, which
it promptly turned into stars. “Accretion” seems more than
an understatement, but neither does this resemble a major
merger, given the large gas fraction required.

The two very old galaxies in the bottom row are more than
95% old, but each shows signs of a small amount of late star
formation—a late “frosting,” and a heavy one at that. For
galaxy 74 the star formation is ongoing and a prominent spi-
ral pattern is seen, but it seems likely that the bulk of the stel-
lar mass is spheroidally distributed, with a thin disk hosting
the brief return to life of this galaxy. Galaxy 70 is an ex-
ample of what we would likely call, looking back from the
present epoch, a completely old galaxy, suggesting that late
episodes of significant star formation 5-6 Gyr ago were com-
mon for these as well (see also, e.g., Treu et al. 2005). Nei-
ther of these galaxies will have been passive for all of its life
up to “today”—i.e., they will have left the quiescent region
of the UVJ diagram after initially entering it—something that
deserves more investigation with larger samples that include
morphologies.

5. DISCUSSION

10 Our data and methods probably cannot determine if the absence of one
or two of the four late time intervals that make up the 2 Gyr before Tops is
real—see, e.g., the missing 1-2 Gyr bin of IDs 31 and 50, or the 200-500 Myr
bin of 31. Either object could have had a continuous star formation history.
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Figure 7. Lognormal SFH fits for the 10 galaxies in Figure 6. The dot-
dashed black line is the cosmic SFR density. The six late bloomers (blue-
to-green lines) have the form that is unique to a two-parameter SFH model
(like the lognormal). They peak at late times, after z = 1, but form their
considerable stellar masses in 1-2 Gyr, in stark constrast to the SFRD and the
SFHs of old galaxies. Two of the 4 old galaxies in Figure 6, IDs 70 and 74,
peak early—near or before the SFRD peaks. ID 74 appears in its lognormal
parameterization to have a very extended history of star formation, but this is
probably an artifact of significant star formation at Ty,; such bimodal SFHs
are poorly described by a lognormal. ID 50 is an example of a galaxy whose
SFH is approximately constant. ID 31 appears to rise well after the SFRD
peak, but its star formation history is broad and might have been called a late
bloomer if observed 1-2 Gyr earlier. A .
In this section, we begin with a phenomenological descrip-

tion of late bloomers in the broader context of what is known
about the evolution of MW-like galaxies. We then ask how
late bloomers fit into the dark matter halo/ACDM picture via
a comparison to a semi-analytic model. This is only a short
introduction to what could be a complex and broad-reaching
challenge: What aspects of the widely accepted picture of
halo and stellar mass growth—and the agents of abatement
that lead to a “cosmic winter” of galaxy building—are actu-
ally physically illuminating.

5.1. Late Bloomers: What, When, Where, How, and Why?

For newly recognized phenomena, these simple interroga-
tives define a traditional first step towards understanding. In
this section, we review the state of the subject of late bloomer
galaxies as we now see it.

5.1.1. “What?”

The “what” of late bloomers rests on the reliable determi-
nation of SFHs that are not part of the canon—i.e., do not cor-
respond to those generated by integrating scaling laws such as
the SEMS. The direct implication is that a significant fraction
of presently MW-mass (and probably greater) galaxies expe-
rienced most of their star formation in the “cosmic autumn”
instead of “cosmic spring” or “summer,” something that has
not been recognized from studies of present-epoch galaxies
(though cf. Marinez-Garcia et al. 2017). From a theoreti-
cal perspective, late bloomers might be outside expectations
if their growth in stellar mass departed substantially from the
growth of their dark matter halos, as judged from, e.g., ACDM
N-body simulations. In this context, late bloomers could be
galaxies whose SFHs are delayed with respect to their dark
matter halo growth. Section 5.2 discusses the above questions
in more detail.

5.1.2. “When?”

The “when” of late bloomers is best approached by find-
ing a way of characterizing their exceptional SFHs. Our pa-
rameterization of SFHs as lognormals is such an approach.
While lognormal SFHs may be an approximation and subject
to alteration by late processes like galaxy mergers and baryon
accretion, the success of this model in reproducing the “bulk
properties” of galaxies demonstrates its suitability as a start-
ing point (G13, A16).

In Figure 7 we show fits to lognormal SFHs for the 10
galaxies of Figure 6, obtained by solving for the (Ty, T) pairs
that best reproduces each systems’ total mass at the end of the
five CSI SFH bins. The two old galaxies, 74 and 70, show
small Ty but long 7, not far from a traditional exponential
model (Tinsley 1972). Our measurements are upper limits—
Ty could be earlier and T shorter—since our ability to age-date
loses sensitivity before the peak in the SFRD at z ~ 2. We are
on firmer ground in the case of more-or-less-constant star for-
mation, ID 50, whose timescales are within our effective time
horizon.

The SFHs that are best captured by a lognormal parame-
terization are the 6 late bloomers (and perhaps one marginal
case, ID 31): these are well constrained by the best-measured
star formation rates, <2 Gyr old populations, and the mini-
mal to less-than-equal contribution from an old population.
Thus, at these stellar masses, the long Ty, short T values for
late bloomers are the distinguishing features of this type (see
Figure 4), a combination of values that may or may not be
consistent with a conformal galaxy growth model.!!

We know, from the adequacy of simple declining exponen-
tial models to fit the the SFHs of local galaxies, that late
bloomers are essentially extinct today, at least for galaxies
more massive than 10'°M.. By this we mean that, if mea-
surements are made for z ~ 0 galaxies to focus on star for-
mation that occurred since 2 Gyr before the present epoch
(z = 0.16), there should be no late bloomers; i.e., no galax-
ies with a substantial fraction of the stellar mass formed dur-
ing that period. The decline of the late bloomer population
from ~20% at z ~ 0.8 to near zero today was first docu-
mented in O13 and confirmed in the D16 study. Figure 8
shows this result from the CSI sample for this study. At
z=0.7,0.6,0.5,0.4,0.3, the LBF noticeably declines from
~30% to <5% at the MW’s current mass of logM, ~ 10.7.

Note that the LBF at logM, ~ 10.2 and z ~ 0.7 is about
twice that at z ~ 0.4 (2 Gyr later) for logM, ~ 10.6 . Hence,
a meaningful fraction of late bloomers will go on to double
once more over the course of their lives, growing 0.6 dex in
4 Gyr.

It is worth distinguishing this signal from the very different
question of whether we could recognize that a present-epoch
galaxy was a late bloomer at z ~ 0.6 (i.e., was a descendant
of one of the CSI systems). That answer is probably no: with
present techniques based on integrated stellar populations, it
would be very difficult to recognize that a z ~ 0 galaxy had its
major star formation 6 Gyr ago rather than 8+ Gyr ago. For
this reason—and the near-zero z ~ 0 LBF—we should not be
surprised that there has been no hint of late bloomer SFHs

11 Mathematically, late bloomers can also come from galaxies with long Ty
and long 7; i.e., delayed but monotonically rising SFHs. However, we believe
the objects illustrated in Figure 7 are more representative of this phenomenon
at the approximate mass of the Milky Way. This is because, for example,
constraints from the evolution of the galaxy stellar mass function suggest
such systems do not maintain the necessary super-linearly rising SFRs for
many Gyr after z ~ 0.6 (e.g., Moustakas et al. 2013).
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Figure 8. The dependence of the late bloomer fraction (LBF) on mass and
redshift. The LBF declines with increasing mass but also with decreasing
redshift: later than z ~ 0.3, late bloomers effectively disappear at log M, > 10.

from studies of present-epoch galaxies.'?

Are there late bloomers at higher redshift, z > 1.0, for exam-
ple? G13’s original lognormal realization suggests that short
T SFHs spread from the earliest times (starting with old galax-
ies like IDs 74 and 70) through the SFRD peak, all the way to
7z~ 0.3, but disappear at lower redshifts (consistent with Fig-
ure 8. In principle, CSI data at z = 1 should be able test this,
but beyond z > 1.2, our data will not be able to answer this
question: The break region redshifts out of the optical, and
in any case we imagine that the shorter age of the universe
would make it very difficult to distinguish long 7 from short ©
for galaxies with Tp approximately that of the peak in cosmic
star formation. The takeaway is that massive late bloomers
probably cover the whole of cosmic history up to a few Gyr
ago, even if, operationally, they are hard to distinguish as a
separate class of objects at z = 1.

5.1.3. Where?

Figure 9, left, shows the distribution of galaxy overdensi-
ties around secure late bloomers (LBs) and non-late bloomers
(NLBs) for the full CSI sample, measured in 1 Mpc aper-
tures.!> From this perspective the “environments” of LBs ap-
pear similar to those of NLBs, with mean densities differing
by only ~25%. Figure 9, right, shows the correlation of mean
local galaxy density with the scales over which they are mea-
sured; NLBs live in regions with slightly higher density on
scales at least to 8 projected comoving Mpc.

Some part of this signal is due to the fact that the galaxies
least likely to be late bloomers—elliptical galaxies and other
passively evolving systems—are known to live in the densest
regions (Dressler 1980) and are the most strongly clustered
(Davis & Geller 1976, Loveday et al. 1995). We can remove
this signal by eliminating all galaxies in the upper quartile in
projected galaxy density (X|mpc, orange dashed line). Figure
10 presents the results.

12 However, galaxies near enough to produce HR diagrams—e.g., the
PHAT study of M31’s disk (Dalcanton et al. 2012)—may offer such an op-
portunity.

13 Note: the Az = +0.02 (1 + z) redshift range in which projected galaxy
densities are computed has a comoving length of ~300 Mpc, much larger
than the transverse size of the volumes these density measures probe.
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Figure 9. (a) (thick lines) Distributions of local projected galaxy densities
within projected radii of 1 comoving Mpc and Az £ 0.02(1 + z) around late
bloomers and non late bloomers. Cumulative distributions are shown us-
ing the thin lines. Orange vertical line marks the 75th percentile of the full
distribution of galaxy densities. Mean local densities for late bloomers and
non-late bloomers are shown by the blue and red vertical lines, respectively.
(b) Mean local projected galaxy densities around late bloomers and non-late
bloomers as a function of project scale over which densities are measured.
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Figure 10. (a) Mean local projected galaxy densities around those late
bloomers and non-late bloomers with Xjppc less than the 75th percentile
(orange line in Figure 9) as a function of project scale over which densi-
ties are measured. Late bloomers and non-late bloomers live in neighbor-
hoods with similar numbers of neighbors. (b) Measuring densities of non-late
bloomer neighbors, we see that late bloomers prefer not to livearound non-
late bloomers, and that non-late bloomers prefer to live around each other.
This homophily of galaxy SFHs either reflects long-term exposure to similar
environmental forces, or different sets of initial conditions that set ensembles
on paths to beingearly or late forming.

The remaining LBs now appear to inhabit almost exactly
the same environments as ordinary, starforming galaxies (see
blue and violet lines in Figure 10a). One might therefore con-
clude that, in the general field, LBs do not live in particularly
interesting places. However, this is not the case: When one
measures environments by counting only the NLB galaxies—
the systems generally thought of as “normal,” with SFHs that
began their decline at z 2> 1—a very different signal emerges.

Figure 10b shows that late bloomers avoid non-late
bloomers. Although, projected on the sky, LBs do not live
in regions specially marked as over- or under-dense in all
galaxies, late-growing galaxies nevertheless do live in special
places: ones with markedly fewer NLBs (starforming or not).

Two implications stem from this finding. One is simply
(again) that LBs are a real phenomenon, not some noise-
selected subset of the normal galaxy population.

The second is more profound: galaxy SFHs trace environ-
mental histories. Moreover, since z5fract2 depends on the
SFR averaged over the first >4 Gyr-wide bin, they do so over
long timescales. Though they may have just as many neigh-
bors, late bloomers do not grow up in non-late bloomer neigh-
borhoods; those neighborhoods apparently do not foster, and
have never fostered, LB behavior (see also O13).

In sociology, “homophily” is the tendency of individuals
to form relationships with other, similar individuals. In as-
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tronomy, “red galaxies cluster” is an example of homophily.
Here, however, we are encountering homophily not as a func-
tion of present attributes, but historical ones. The signal in
Figure 10b suggests that galaxy childhood and/or inheritance
matters: Either star formation behavior and performance over
Hubble timescales reflects (1) prolonged childhood exposure
to similar environmental factors, or (2) accumulated biases
towards early or late growth inherited from initial conditions
(e.g., KBA2016). We cannot yet say, specifically, what these
factors/biases are, but they would seem to be poorly encoded
by the overdensities inhabited at Tops (e.g2., Mo & White
1996). Halo mass at T, must also be a poor proxy under
either scenario, outside of the most clustered halos hosting
the most quiescent NLBs. Only once you have the SFHs can
you tease out these key facts.

5.1.4. “How?”

“How” can be approached in many ways, but we think the
heart of the question is this: How can major star formation
in ~one-fifth of massive galaxies be postponed by billions of
years compared to their peers?

The obvious appeal is to major mergers, but two argu-
ments push back on this possibility. First, as established by
a number of studies using a variety of techniques (e.g., Bell
et al. 2006; Williams et al. 2011; Man et al. 2016) the major
merger fraction at these epochs is only about 6%, less than
1/3 of the CSI LBF estimate. Second, such mergers would
have to be extremely gas rich/entail systems with quite low
M., /Mhao- Recall: our SEDs and SFH inferences are sensi-
tive to the mass present before the late bloomer “episode.”
Hence, to explain MW-mass late bloomers in which little or
no old stellar mass is detected (not atypical; see Figure 4),
two ~ 10'> M, halos that are mostly gaseous would have
to merge. Given that effectively all results from abundance
matching show such haloes having, on average, the highest
stellar mass fractions (e.g., Moster et al. 2013; Behroozi et al.
2013a), this scenario seems highly unlikely. Assuming an 0.2
dex scatter in M, /Mp,1, (Behroozi et al. 2013b), and that the
MW’s M, ~ 10'%7 M, is representative, our M, ~ 10'° M,
detection threshold corresponds to a more-than-3 ¢ low-side
outlier for a given halo mass, far too rare to account for the
late bloomers.

While it is true that dark matter halos show a range of col-
lapse times—the result of a spread of initial densities at a fixed
mass—a doubling of collapse times for a fraction of ~20%
of ~10'>M,, halos may not comport with current ACDM
simulations (see Section 5.2). If not, baryonic physics is
the only plausible agent. Indeed, the importance of “feed-
back” in modeling galaxy evolution has grown rapidly in this
decade, particularly as a feature needed by the simulations to
retard or stop the growth of massive galaxies (to match the
observed mass function) when plenty of gas remains to fuel
star formation. By expelling gas into a galaxy’s halo, winds
driven by vigorous star formation and/or supernovae, or pow-
ered by AGN outbursts fed by gas inflow, could suppress star
formation—temporarily or permanently.

The problem of invoking feedback to explain late bloomers
is that such influences are least expected here. Late bloomers
have formed a smaller fraction of stars for their halo mass, so
feedback from star formation is minimized, and galaxies that
have had little stellar mass growth are not good candidates for
large supermassive black holes. This does raise an interest-
ing and answerable question: what is the incidence of Seyfert

nuclei in late bloomers compared to “normal” populations?
Again, the most remarkable feature of this phenomenon is
that, with <10'© M, of mass in old stars, how do these sys-
tems retain 10'° < Mgy < 10'' M, of gas to z ~ 1, some 6
Gyr after the big bang, and then begin to form stars at furi-
ous rates of 10-100 M, yr—!, long after their elders passed
through that phase. How, indeed?

5.1.5. “Why?”

At the heart of the “why” of late bloomers, we think, is
the fundamental question of what processes shape the SFHs
of galaxies—all galaxies. The reigning paradigm has been
“grow and quench,” the idea that stellar mass grows along
global scaling laws, such as the SFMS, until some feedback
mechanism sharply curtails star formation, or ends it alto-
gether. The picture is widely accepted, even in the absence
of a uniquely successful model for the quenching mecha-
nism. Furthermore, ensemble properties of galaxies—for ex-
ample, mass functions and fractions of active versus passive
galaxies—provide very weak constraints, easily satisfied by
very different models (A16; KBA16). Sufficient numbers of
individual examples of galaxies in the act of quenching are
not identified, and models and predictions of what observa-
tions might be discriminating are not offered.

Quenching, to be meaningful, is by definition a short
timescale process that requires an event that alters the course
a galaxy would otherwise take. There is scant evidence for
this at low redshift. Most SDSS “green valley” galaxies
are not recently-quenched galaxies from the “blue cloud,” as
had been suggested (e.g. Faber et al. 2007): expected UV
color evolution and spectral features (strong Balmer absorp-
tion without star formation) is seen in only a few percent of
the population (Schawinski et al. 2014; Dressler & Abramson
2015; Rowlands et al. 2018). In fact, green valley galaxies
are evolving slowly towards the red sequence, as star forma-
tion slowly ebbs. Acknowledgement of this fact has led to the
introduction of an oxymoronic “slow quenching” to describe
what is certainly better characterized as galaxy evolution over
a Hubble time.

Perhaps, as originally suggested, massive galaxies at high
redshift truly quench—rapidly—but a “smoking gun” re-
quires the identification of a mechanism and its observa-
tion. An appropriate alternative is one that invokes Hubble-
timescale processes—which, by definition, become rapid at
high-z—to shape the SFHs of all galaxies, like the lognor-
mal model we have developed (G13, D16, A16). As with
quenching, the success of this model has been largely judged
by its ability to reproduce the mean properties of galaxy pop-
ulations through cosmic time. However, as we have shifted
our focus to the SFHs of individual galaxies (D16 and this pa-
per), we believe that this richer data set moves the discussion
from “why do galaxies quench?” to “why do galaxies follow
a Hubble-time-scale form?” (See also Pacifici et al. 2016.)
For both rapid and slow forming galaxies we see a common
theme: galaxies grow as long as their gas fractions are high
and fall as stellar mass overtakes available gas for further star
formation. However, the critical physics that translates this
observation into a lognormal or similar SFH remains elusive.

We suggest that late bloomers are key to understanding
what shapes star formation histories because they are simply
non-existent within grow and quench scaling law-driven pic-
tures, but they are clearly real. The “why” of late bloomers is,
then, their role in properly and fully describing the histories
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Figure 11. Theoretical halo (orange) and galaxy (purple) z5fract2 values
(left axis) and LBFs (right axis) based on the GALACTICUS semi-analytic
model. Orange and purple horizontal arrows highlight the halo and galaxy
model LBFs, respectively, while the black/gray solid horizontal bands show
the CSI empirical results (see Figure 3). Only model halos harboring galaxies
above the CSI completeness limit in the empirical analysis—logM, > 10—
are considered. Binomial uncertainties show the 95% model confidence in-
terval. GALACTICUS’ halo LBF is consistent with the empirical lower-limit:
its galaxy LBF with the best observational estimate at ~1 ©.

of star formation for all galaxies. Any model that does not
produce late bloomers must be incomplete, but models in that
category should view late bloomers as an opportunity to learn
about and/or tune the physical inputs to their star formation
prescriptions. What is clear is that late bloomers are a new,
potentially strong constraint on future simulations and theory
of galaxy growth.

5.2. Late Bloomers, Dark Matter Halos, and the Grow and
Quench Paradigm

In this section, we consider the late bloomers we have found
at ~20% abundance in our z ~ 0.6 sample in the context of a
semi-analytic model of galaxy evolution in a ACDM universe.
Three issues that stand out are: (1) Are a significant fraction of
~10'2 M, dark matter halos still assembling at z < 1? (2) Are
theoretical prescriptions used to model baryon evolution able
to delay stellar mass growth with respect to halos? (3) What
implications do the late bloomers have for established meth-
ods of inferring galaxy SFHs from global scaling laws (and
quenching prescriptions)? Below, we address these questions
in order. Our results are based on the well-tested GALACTICUS
semi-analytic model by Benson 2012. They are robust to res-
olution at least over minimum halo masses of 10°-1010 Mo,
the .xml input file from which they were derived is appended
as an ancillary data file.

5.2.1. “Late” Halo Growth at Milky Way Scales

An obvious question to ask when trying to understand late
bloomer galaxies in the ACDM framework is whether a sim-
ilar number of halos also doubled in mass so rapidly at these
redshifts. If so, at least the diversity in halo growth trajecto-
ries could encompass that in galaxy SFHs.

To answer this question, we ran GALACTICUS in a ‘“stan-
dard” DM+baryons mode (revision 6169:394a64c6b493; see
Knebe et al. 2018), tracking 3000 halos. We then selected all
489 halos at z = 0.65 harboring galaxies with M, > 1010 M.
We identified their most massive progenitor 2 Gyr earlier
(z =1.08) and defined z5fract2y, as the ratio of the progeni-
tor to descendant masses. We repeated this calculation for the
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Figure 12. Halo vs. galaxy z5fract2 from the GALACTICUS SAM. Points are
colored by gas fractions—Mgys /(Mgas + M )—at Tops minus 2 Gyr (z & 1).
Dashed/solid black lines show the median/1 ¢ spread, respectively, in bins of
0.1 dex in z5fract2y,,. Late blooming galaxies tend to be gas rich, though late
blooming halos can host gas-poor galaxies (perhaps suggesting these are not
analogous to the actual halos of CSI late bloomers). The fraction of objects
is printed in each galaxy—halo (non-)LB quadrant.

corresponding galaxies. Figure 11 shows the results.

The cumulative distributions in that plot reveal that, while
most halos only grew ~20% (in agreement with the tradi-
tional vision of massive galaxy growth), 8%—15% of those
harboring CSI-detectable galaxies did indeed double in mass
in the 2 Gyr preceding Tops (95% confidence). These num-
bers rise to 11%—17% when examining the simulated galax-
ies themselves. These fractions are at most a factor of ~2
away from the CSI observations, suggesting that at least the
number of halos is sufficient to account for the late bloomer
phenomenon, and global baryonic prescriptions are capable
of producing them. As such, the existence of these objects
was predictable from numerical modeling, though we are un-
aware of any works that drew attention to them. Certainly,
there does not seem to be a compelling reason to rule-out late
bloomers from a dark matter assembly perspective (see also
Giocoli et al. 2012).

5.2.2. Connecting Galaxy to Halo Growth

Though there may be sufficient late-blooming halos and
galaxies in GALACTICUS, the question remains as to the phys-
ical connection between these two entities; i.e., is halo assem-
bly sufficient to account for the timing of galaxy growth, or is
there something else at play (Section 5.1.4)? Figure 12 plots
z5fract2 vs. 75fract2y,, to investigate this link.

While there is a weak trend in the expected sense—late-
growing galaxies are more likely to occupy late-growing
halos—the scatter evident in this diagram is extreme: galax-
ies might span 40% in z5fract2 at fixed halo assembly history
(to the extent it is encoded by z5fract2y,,,,). As such, baryonic
effects are playing a substantial role in late bloomer forma-
tion beyond what can be accounted for by the halo histories.
This finding echoes results from Diemer et al. (2017; see their
Figure 9), though we note no late bloomers were found in that
analysis of the ILLUSTRIS hydrodynamical simulation (Vo-
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gelsberger et al. 2014), suggesting (perhaps unsurprisingly)
that assessing the above baryonic effects will no doubt be sen-
sitive to the specifics of the modeling.

Nevertheless, a clue to the nature of such phenomena that
is hopefully so macroscopic as to be insensitive to such de-
tails lies in the color coding in Figure 12. This shows galaxy
gas fractions, Mg,s/(Mgas 4+ M.) (an observable, in princi-
ple), at Tops — 2 Gyr. Predictably, objects with the highest
gas fractions—60%—-80%—are much more likely to be late
bloomers at fixed halo assembly history than galaxies with
the lowest. Indeed, examining the M.—Mhy, relationship (not
shown) reveals that non-late blooming galaxies in late bloom-
ing halos (top-left corner of Figure 12) live in abnormally
massive halos for their stellar mass. This suggests they are
centrals of assembling groups—i.e., the high environmental
density tail we excluded when discussing LB environments in
Section 5.1.3. As such, they would typically be passive, con-
sistent with their below-average gas fractions in GALACTICUS.
Though substantial scatter persists even here, this kind of
statement would represent meaningful input by modelers as
to how, where, and why observers might find late bloomers at
other epochs or along other axes: if quantitative predictions
for, e.g., the mean and scatter in gas temperatures or molecu-
lar fractions, local environments, bulge-to-disk ratios, or kine-
matics were made, these would be testable by future targeted
observations or surveys. Other useful inputs include the AGN
fraction among late bloomers, their metallicity distributions
(stellar and gas-phase), and areas of parameter space that are
certainly forbidden under ACDM halo assembly. Correct pre-
dictions in any of these veins would go a long way towards
reassuring the community that a model captured something
fundamental about galaxy evolution that qualitatively distin-
guished it from others with diverging answers.

5.2.3. Implications for Scaling Law-Based Inferences

Independent of their physical implications, we believe that
the late bloomers demonstrate a central, mathematical fact
that the community must recognize if we are to gain a mean-
ingful sense of the narrative of galaxy evolution. Simply, late
bloomers cannot be described by any model based on abun-
dance matching or the integration of scatter-free scaling laws
(e.g., the SFMS). These consequences follow from the fact
that late bloomers break mass rank ordering; i.e., though they
may occupy the same bin at T as equal-mass systems with
constant (or even linearly increasing) SFHs, they were arbi-
trarily less massive 2 Gyr in the past. As such, they must
have jumped over all galaxies in the intervening mass bins to
reach the endpoint at which they were identified. If mass—
halo or stellar—is taken as the controlling parameter for an
object’s growth rate—as it is in abundance matching or SFMS
integration—this phenomenon obviously cannot occur.

The implications of this fact could not be more profound:
if relative positions on scaling relations do not stay fixed, the
above methods become effectively useless for identifying—
let alone characterizing—the progenitors or descendants of
any galaxy, or even mass-limited sample. Of course, by defi-
nition, they are accurate in the mean. However, if, as we find,
fully 1-in-5 systems are not only “outliers” here, but contra-
dictory of the methods by which the mean is defined, it is clear
not only that the “average galaxy” is unrepresentative of im-
portant physics, but that approaching the problem from this
vantage point mathematically forbids even the recognition of
this fact, to say nothing of illuminating its causes (A16).

This is not to claim that this issue has so far been

unknown—Torrey et al. (2017), for example, perform a de-
tailed investigation of the size and character of the effect of
mass/abundance rank-order breaking based on numerical sim-
ulations. Studies of this kind provide important insights as
to where and when galaxies ”jump” each other, and statisti-
cal corrections to account for this phenomenon. We encour-
age further efforts in this vein, but the claim we are mak-
ing here is that understanding its physical causes/making and
testing potentially discriminating theoretical predictions with
more global ramifications depends on actually identifying the
galaxies that are doing it: late bloomers. Only in this way can
we hope not only to learn the amount of SFH diversity, but
understand why galaxies take the paths they do through that
envelope.

Regardless, the implication from late bloomers on rank-
order breaking suggests that further attempts to combine stel-
lar and halo mass functions and SFR scaling laws (of any
depth and redshift) will not be edifying. Instead, attention
must be paid to inferring appropriately complex SFHs from
the SEDs that the above exercises would otherwise have re-
quired (Pacifici et al. 2016; KBA16; Iyer & Gawiser 2017,
and Abramson et al. 2017 provide steps in this direction).

6. SUMMARY AND FUTURE WORK

The principle goal of this paper has been to make a com-
pelling case for the reality of late bloomers, massive galax-
ies that built the majority of their mass at a time when most
galaxies were in notable decline. Toward this end, the paper
contains five major sections:

e A description of changes made in our spectral fitting
program to improve its sensitivity to late bloomers and
to provide SFH confidence intervals to assess the like-
lihood that a galaxy fits that classification;

e The first robust measurement of the late bloomer frac-
tion from individual galaxy SEDs, showing 1-in-5
present-day MW mass systems (more or less depending
on epoch and mass) belong to this class. We encourage
new, higher-quality observations to verify this finding
and are open to sharing our data for novel/improved re-
analyses.

e A catalog of galaxies with high-confidence SFHs, im-
ages, and basic data that can be used as a standard sam-
ple for independent studies by others employing differ-
ent methods;

e A discussion of the implications of late bloomers in the
context of numerical models of structure growth that
include prescriptions for star formation, and for pop-
ular ideas about galaxy evolution, such as the SFMS,
quenching, and abundance matching;

e An appendix with a detailed description of the simu-
lated SFHs to test the sensitivity of our methodology to
detecting old stellar populations as a function of S/N
and in the presence of dust extinction.

Our conclusion is that late bloomers at redshifts 0.45 <
7 < 0.75 are real and that they represent a significant minor-
ity population of galaxies that grew to Milky Way mass and
above by the present epoch. The abundance of late bloomers
declined rapidly beginning at z ~ 0.3 and became extinct (for
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massive galaxies) by the present epoch. Comparing with the-
oretical work on galaxy SFHs suggests that a late-assembling
population of dark matter halos available to host late bloomers
is ~10%, consistent with our lower bound to the fraction of
late bloomers, arrived at by assuming that all ~10'! M., ex-
amples are false positives. However, it remains puzzling how
such halos would have avoided star formation for ~5 Gyr and
reached z ~ 1 with enough available gas to fuel the relatively
rapid onset of star formation seen in late bloomers.

This idea of a diverse SFHs, including this ~20% fraction
that grew late and rapidly, but also declined relatively soon
thereafter, is at odds with the prevailing paradigm of an or-
dered, conformal set of SFHs quenched internally by a mass-
related process or externally through environmental agents.
Because the paradigm employs the SEMS to infer SFHs and
“abundance matching” to relate the growth stellar mass with
respect to dark matter halos, this picture has had considerable
impact in the study of galaxy evolution—the existence of late
bloomers will be important to understanding the limitations of
this approach. We have, therefore, devoted most of this paper
to examining the basic methods that underlie the discovery
of late bloomers, and used synthetic SFHs and simulations
to demonstrate that our work is sound. We believe we have
made this case sufficiently well that it will be insufficient for
others to simply dismiss late bloomers as the result of some
unknown difficulty in spectral synthesis, but instead require
observations and analyses purposed at testing our results and
finding possible mistakes or errors. To support this effort, we
have provided a 74-galaxy sample with high-confidence SFHs
with basic data and HST images.

Our work suggests several obvious possibilities for future
observations that will clarify many of the issues raised in
this paper. First, our modeling of late bloomers is built on
spectral templates that have higher resolution than the ~30 A
prism spectroscopy used in the CSI study. As such, we
can predict with confidence what higher resolution spectra of
late bloomers should look like, both for the confirmation of
Balmer absorption lines from younger stars and from metal
lines from older populations. We are following up the cata-
log sample presented here with IMACS observations at ~10 A
resolution and expect that others testing our results will likely
obtain such improved data.

A second opportunity is investigate the nature of the
stochastic component of SFHs as judged by the fraction of
late bloomers that are passive at Tops. This unambiguous ob-
servation should yield insights into the duty cycles of episodes
of vigorous star formation. This will be especially interesting
extended over the redshift range 0.3 < z < 1.0 that our CSI
data cover well for the kind of analysis we present here.

Finally, towards understanding where late bloomers fit in
the context of most galaxies that accomplished the majority of
their star formation before z = 1, it will be important to inves-
tigate such properties as AGN incidence, indicators of major
mergers or accretion events, and local environment that may
hold clues to the late blooming of this remarkable population.

The authors thank the scientists and staff of the Las Cam-
panas Observatories for their dedicated and effective support
over the many nights of the CSI Survey. We also thank
A. Benson for valuable assistance in running and understand-
ing his numerical model. We especially appreciated Simon
Lilly’s fair-minded consideration of late bloomers as exam-
ples of physics outside his paradigm of galaxy evolution—this

paper was encouraged by his challenge to convince him of the
reality of late bloomers. Lastly, we are grateful to the referee
for a careful reading and thoughtful report, which asked for
additional information that both strengthens our results and
should also help readers better understand our methodology
and approach.
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APPENDIX
HOW MANY LATE BLOOMERS ARE IMPOSTERS?

An important goal of this paper has been to compute the global fraction of galaxies that formed at least half their stars between
z=1and z ~ 0.6. In this appendix we show, quantiatively, how observational noise drives the best-fit solutions away from the
intrinsic growth trajectories of the galaxies. We also show how to compensate for such problems without unnecessarily imposing
priors on the early growth histories of galaxies, something which could bias the inferred z5fract2 distribution.

Why Simulations Are Needed To Inform Selection and Statistical Corrections

The principal side effect of observational noise is to diminish one’s ability to detect old stars, especially when the SED is
dominated by young(er) stars. For example, if young stars produce 90% of a galaxy’s light, then, at S/N <10 at a handful of
wavelengths, one has virtually no purchase on the old stellar component. This issue is the chief reason why parameterized SFHs
are seen by many to be so useful: they bring along prescribed (and proscribed) amounts of stellar mass according to implicit
preconceptions of galaxy growth. Obviously, the problems only get worse when young stars produce yet more light, or at earlier
cosmic times, when younger galaxies are more common. Inferences about their properties from SEDs will become increasingly
dependent on input assumptions about prior growth.

In terms of S/N and information content, we have in CSI independent flux measurements at &(10?) wavelengths, with most
of the data discussed in this paper at S/N >> 10. Theoretically, we retain statiscially meaningful leverage on the old stellar mass
in CSI with v/N ~ 10, even when young stars make up ~ 90% of the light.

In practice, however, degeneracies arise between dust and the ages of older stars that may lie underneath younger stellar
populations: the residual light from such brighter stars might be too noisy to disentangle the effects of reddening from age. Given
the complexities of these degeneracies in the data, we must assess their effects through simulations.

More concretely, galaxies that did grow late may have SEDs that appear optimally fit by histories with earlier growth, and vice
versa. One strategy, then, would be to identify the metrics by which one identifies as many late bloomers as possible, with the
greatest completeness. However, such a strategy may be plagued by many false positives. In particular, the SEDs of galaxies that
grew most of their mass early but also had sufficient numbers of young or intermediate age stars, when subject to observational
noise, could be falsely identified as late bloomers. A balance must be struck between the purity of the samples identified as late
bloomers and its completeness.

We prefer a strategy that minimizes (or at least mitigates against) false positives, even at the expense of inadequately capturing
the census of true late bloomers. Obtaining non-zero, but believable, lower bounds on late bloomer fractions already provides
strong, negative implications for common approaches to galaxy evolution, for example, the use of mean growth trajectories and
abundance matching. Clearly, the identification of a sample that is, say, 95% complete but only 10% pure is not very useful.
Ideally, its much mores sensible to construct samples that are simultaneously > 50% complete and > 50% pure'*. Only through
simulations of the data can one hope to verify such procedures.

When certain classes of noisy SEDs may have diminished fractional sensitivity to old stellar mass, one faces two choices for
how to proceed:

1. Include strongly constrained early star formation histories as priors in SED fitting, at least for (relatively) early times; or

2. Impose minimal SFH priors and use the broad confidence limits that arise from the increase in noise while maintaining
(empirical) ignorance about the underlying nature of (early) growth trajectories.

The former has been an attractive approach in the community, with parameterized SFHs commonly in use to mitigate the larger
uncertainties in any weighing of old stellar mass. In order to use maximum likelihood estimates of z5fract2, they must first be
derived using priors that adequately reflect the true underlying distribution of growth histories. Unfortunately, inputing what
one thinks is the true underlying distribution of growth histories is prone to lead z5fract2 distributions that resemble the starting
assumptions. Hence, the appropriate choice of strategy must be (2).

With such an approach, many noisy SEDs may not statistically require the presence of any old stellar mass, but simultaneously
the best-fit stellar population parameters ought still be accompanied by increasingly broad confidence intervals for z5fract2. By
definition, when the fraction of old stellar mass is increased for such galaxies to levels at which goodness-of-fit metrics depart
from optimality, these levels of old mass can be considered as (nearly) “maximum-old-mass” models—as the z5fract2 values are
then pushed (nearly) as high as possible without statistically violating the constraints of the data.

We desire simply a census of the number of galaxies in CSI that have no more than half their stellar mass in old stars. Thus,
for our application, the true nature of early growth trajectories is unimportant, so long as we can place (strong) upper limits
on the old mass present in the galaxies we identify. For example, we are not particularly interested in distinguishing between
galaxies that have 10% of their mass in old stars from those that have 20%—they are equally interesting to us cosmologically

14 Erring on the side of purity is prudent anytime one believes their target

population is small; i.e., when there is a risk that selected samples will be dominated by false positives unless the selection fidelity is good.
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and astrophysically. Similarly, by first trying only to find galaxies that grew at least half their stellar mass in the last 2 Gyr, one
can relegate to a later date the more detailed questions about which grew 70% and which grew 85%, why they did so, and maybe

even how.

It is in this context that we now proceed to demonstrate that the best-fit z5fract2 values do not serve our purposes for quantifying
how many galaxies grew most of their stellar mass after z = 1, and that the best way to select late bloomers is to use their 95%

upper confidence limits on z5fract2.
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Figure Al. Rows show example observations for different mock galaxies from Models A (top two rows) and D (bottom two rows) at §/N = 20pix~!. The
bottom row is for a mock galaxy with half-solar metallicity. Each simulation uses 100 mock galaxies observed 100 times to probe how inferred SFH confidence
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mass growth independent of later SFRs. By definition, the non-Markovian stochastic SFHs from Kelson (2014),' fit the bill

perfectly—they are scale-free and have stochastic increments that are zero in the mean. Furthermore, the 1/f noise in these
SFHs provides a realistic match to the SFMS and its scatter, as well as a diversity of shapes similar to that seen in real galaxies
and hydrodynamic simulations (see Kelson 2014; KBA16). Using these as a basis of our simulated CSI data provides a broad
range of intrinsic z5fract2 properties and a broad range of ongoing SFRs from quiescence through the vigorous rates of growth

seen at intermediate redshift.

The first step was to turn these mock SFHs into SEDs using the Flexible Stellar Population Synthesis models (Conroy, Gunn,
& White 2009), fixed (solar) metallicity, 5 < S/N < 80 for the prism spectra, and variable amounts of dust reddening. In addition
to histories generated in a manner consistent with Kelson (2014), we also simulated mock galaxies in which arbitrary amounts of
ancient stellar populations were added, allowing for different levels of dust reddening for the old stars compared to that covering
the stellar populations that grew over a more extended period of time. The point of this is to vary the amount of old mass that
is potentially difficult to detect or even hidden under the noise, contriving situations that bracket what is empirically unknown to

help us construct sensible bounds on the fractions of galaxies that grew late.

15 Specifically, we use those with H = 1; see Kelson (2014); KBA16).
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The simplest runs assume zero dust reddening (Model A), with others having more complexity, such as random screen redden-
ing between 0 < Ay < 1 mag independent of mock galaxy properties (Model B), or random screen reddening up to a maximum
Ay set by the SFR at T,,s normalized to a maximum of Ay = 2 mag (Model C). Another set solely used histories that have
SFR = 0 in their final 30 Myr timestep to help compare sensitivities to z5fract2 in both star-forming and passive mock galaxies
(Model D).

The first three simulations (Models A—C) are built on an unbiased random sampling of Kelson (2014) growth trajectories, and
therefore have intrinsically high LBFs of 46%, and (apparent) quiescent fractions (QFs) of ~ 15%—derived from inferred sSFR
in the last 200 Myr bin (classification by UVJ selection results in a QF of ~ 17%).

Model D has a low intrinsic LBF of 7% because it is comprised of stochastic SFHs with zero ongoing SFR; these histories have
a long SFR coherence time. The “observed” 200 Myr sSFRs imply a QF of ~ 87% (UV/J classification implies a QF of 95%).

We also ran a fifth model—Model E—identical to Model B except in that 25% of the mass is added as very old stars hidden
with Ay =2 mag. This test probes the extent to which old stellar mass that only modestly impacts galaxy SEDs may bias
measurements of the early mass fractions. It has a a similarly low QF to Model B, despite the significantly lower intrinsic LBF.

These simulations test sensitivity to the relative amounts of old stellar mass at a range of S/N and broad levels of dust reddening.
In such models the old stellar populations may be more attenuated than is realistic, though as starforming disk galaxies are seen
edge on, the effects of dust reddening on integrated colors can be significant (Patel et al. 2012). Having greater amounts of dust
mixed with the old stars than is present in the starforming disks, however, is an infrequent occurance, even though our stellar
population fitting certainly can model such mixtures.

Figure A1 shows examples of such mock SED observations in a manner similar to the presentation of CSI data in Figure 5.
Qualitatively, late-time mass fractions are generally consistent with the true values from the input SFHs. Table 2 summarizes
CST’s ability to quantitatively select galaxies that grew more than half their stars in the 2 Gyr prior to observation from the
five sets of simulations. For each set we provide the “observed” quiescent fractions (again using the 200 Myr age bin from the
best-fit SED), as well as the intrinsic LBF of the set, followed by the measured LBFs using selection of LBs by z5fract2,,; <
0.5 and z5fract2ysq, < 0.5. Both reddening and noise change the ability to detect/identify late bloomers quantitatively but not
qualitatively. Serious degradation in the ability to reliably identify late bloomers occurs once the S/N < 10 per pixel, for reasons
already elucidated.

The Four Questions

Having run hundreds of SFHs at many S/N, Ay, etc., according to the above schemes, we can now answer The Four Questions:
1. What metrics can be used to robustly measure the late bloomer fraction?
2. How accurate are the observed late bloomer fractions?
3. How pure is the late bloomer selection?
4. What are the chief contaminants in an observationally selected late bloomer sample?

Metrics for Measurement of LBF — Selecting late bloomers using z5fract2,;;—the maximum likelihood z5fract2 estimates—
always over-estimates what (and which) fraction of the population grew most of their mass in the last 2 Gyr. Too many galaxies
that did not grow so late have best-fit SED parameters that identify too little early stellar mass due to noise in the data and the
way it reduces the statistical significance of pixels that deviate from the fit by young and intermediate-aged stellar populations.
Thus, there is too little information present for the best-fit solutions to encode sufficient amounts of old stars.

A more probabilistic approach, whereby the 95% upper limit is used to select late bloomers with a threshold of z5fract2¢sq, <
0.5, yields significantly more accurate LBFs, with significantly improved purities. Answer No. 1 is thus: When there are late
bloomers, we can count them most robustly using a selection of z5fract2q¢s5q, < 0.5.

LBF Measurement Accuracy— While the measurements of late bloomer Fractions using the Maximum Likelihood selection are
always too high, the selection by 95% upper confidence limits appears not to overestimate the LBF by more than a few percent.
The presence of dust appears to diminish the ability to classify ~10% of galaxies, for which the noise and resulting covari-
ances/degeneracies between reddening and old stellar mass simply produces confidence intervals that are too broad for robust
late bloomer identification, even if their z5fract2,,; values would have led to inclusion. We would much rather lose late bloomers
and underestimate the true LBF if it means strengthening the empirical evidence for this populations that challenges “established”
concepts and approaches such as the preservation of mass rank-ordering. Answer No. 2 is thus: Our measured late bloomer Frac-
tions appear only to require small corrections. In detail, we estimate corrections for the quiescent and star-forming fractions of
galaxies separately, thus creating a weighted correction based on the QF in bins of stellar mass and redshift

LB Selection Purity— In parentheses in Table 2 we also list the “purity” of late bloomer samples selected using a given criterion;
1.e, z5fract2y;; < 0.5 or z5fract2gsq, < 0.5. In the models that most closely mimic the actual CSI sample—Models A—C—these
numbers are ~75%; i.e., 3/4 of observational LB identifications should be physically meaningful. Answer No. 3 is thus: Most
of the late bloomers that are selected truly grew more than half their mass in the last 2 Gyr. And while we are confident that
our selection of individual late bloomers has this level of purity, the question of how many of our catalog entries in Section
4 will be verified by subsequent follow-up, on an object-by-object basis, will follow that of strongly biased coin flips, with
results that depend sensitively to the purity with which the follow-up observations can measure the amount of old stellar mass
in galaxies dominated by young stellar populations. If follow-up techniques have similar purity to that probed by CSI in this
paper, ~ 75% purity, then these follow-up observations will re-identify only 75% x 75% + 25% x 25%, or 62.5% of our late
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bloomers as late bloomers. If follow-up techniques can provide an ability to identify late bloomers with >95% purity, then
75% % 0.95% +25% x 05%, or 70% of the individual galaxies we identified as late bloomers would be reidentified as such. In
detail, and as discussed below, we also estimate purities for the quiescent and star-forming fractions of galaxies separately, and
create a weighted purity based on the QF in bins of stellar mass and redshift.

Chief LB Contaminants — Importantly, although the purity is never 100%, in almost all cases, the majority of LB false-positives
have intrinsic values 0.5 < z5fract2 < 0.6. Even for mock galaxies observed at the limit of z5fract2¢sq, ~ 0.5, $75% of these LBs
grew more than 40% of their mass in the last 2 Gyr. Answer No. 4 is thus: Integrating over the broad range of possible intrinsic
Z5fract2 values (which is unknown in a data set), between 50% and 75% of the contaminants have z5fract2 < 0.6, with half of
the remaining contaminants having grown at least a third of their stellar mass in the last 2 Gyr. In other words, almost all of
these galaxies are young, even if not late bloomers by our conservative definition. Whether or not such systems are meaningfully
distinct from “true” LBs is a topic we encourage other authors to explore.

Corrections to Observed Late Bloomer Fraction by Type

Table 3 dissects the mock observations further, given the modest dependence of LBF accuracy and LB purity on the mix of
star-formation activity in Models A—E. Table 3 lists the measured LBFs and purities for mock galaxies classified as star-forming
and quiescent (again using their 200 Myr sSFRs). In principle, the statistics in Table 3 can be used to construct corrections to any
measured LBFs if one takes into account the mix of quiescent and star-forming galaxies in a given sample.

For example, at intermediate redshifts in CSI, ~70% of galaxies at log M, > 10.8 are quiescent. For such galaxies, the models
indicate we should observe an LBF of ~0.05, with approximately zero systematic error. For the ~30% of galaxies in that mass
range that are star-forming, perhaps they are similar to the galaxies classified as star-forming in Model D, only that there are a
few more of them (to lower the apparent QF from 87% to 70%). Table 3 suggests that we would observe an LBF of ~0.39 for
the star-forming ensemble, even though the intrinsic LBF may be lower by ~ 0.07.

These estimates of systematic errors by galaxy or SED type let us construct systematic corrections to the CSI late bloomer
fractions, ALBF, in each mass or redshift bin: QF x ALBFg + (1 — QF) x ALBFs, the mean of the systematic offsets between
the measured and intrinsic LBF for quiescent and star-forming galaxies, weighted by the observed quiescent and star-forming
fractions.

We can check if this approximation is valid by testing whether we can obtain, approximately, the right LBFs using a similar
weighting. For galaxies at logM > 10.8, with QF ~ 0.70, one expects to measure an LBF of 0.70 x 0.06+0.30 x 0.39, or ~ 0.16
—roughly the fraction presented in Figure 3 (though the intrinsic value may be more like ~0.11 depending on the true mix of
SFHs). At higher redshifts, the SFMS moves up (e.g., Whitaker et al. 2014), suggesting that the star forming population will be
more vigorous, perhaps more consistent with histories in Models A—C. If there is little-to-no dust attenuation in those galaxies,
one might expect the LBF to approach 0.70 x 0.06 4 0.30 x 0.50, ~ 0.19 —consistent with the measurements in CSI’s higher
redshift slices (Figure 8).

Similar calculations hold for intermediate (10.4 < logM, < 10.8) and lower masses (10.0 < logM, < 10.4). The observed QF
in the former is ~50%, so one expects an observed LBF of 0.50 x 0.064-0.50 x 0.43, or ~ 0.25 — what we see. At lower masses,
the QF is ~ 25%, suggesting an LBF of 0.25 x 0.06 4+ 0.75 x 0.43, or ~ 0.34 — again, what we see in CSI. One can take these
rough agreements with the observed LBFs either as indicating that the suites of Kelson (2014) SFHs are a good match to those
of real galaxies, or that the simulations can accurately be used to estimate (systematic) uncertainties and (systematic) corrections
to the observed LBFs in CSI. We only require the latter.

Thus, our simple recipe for correcting CSI measurements of LBFs utilizes the fact that, according to Model D in Table 3, the
measured LBF is overestimated by about +0.04 for quiescent galaxies, and about 4-0.07 for starforming ones. Thus we might
expect the CSI measurement of LBF at logM > 10.8 to be overestimated by 0.70 x 0.04 +0.30 x 0.07, or ~ 0.05. In the next two
lower mass bins, the equivalent corrections are 0.50 x 0.044-0.50 x 0.07, or ~ 0.055, and 0.25 x 0.04 4+ 0.75 x 0.07, or ~ 0.063,
respectively. We take these values as corrections to our LBFs for estimating plausible lower bounds. We adopt a systematic
uncertainty of £0.05 in all of the LBFs quoted in this paper.

Simulation Examples: Model C

In the tables above, we see that the selection by z5fract2qsq, is significantly more conservative. While obtaining the correct
LBF to within £0.05 in the full samples of Models A, D, and E, it significantly underestimates the LBF in Models B and C.
There, more galaxies apparently scatter out than scatter in, with dust reddened young or intermediate SEDs admitting more old
stellar mass than is intrinsically present. Here we explore such effects graphically to illustrate what kinds of objects scatter in and
out of the LB classification.

Figure A2 quantitatively shows for Model C the measurements of mass in stars formed before z = 1 relative to the mass
measured at the epoch of observation (z = 0.6). While these plots present a simple analysis of 10* mock observations at S/N = 40
per pixel, the basic picture only degrades significantly once one reaches S/N = 10. Overall these mock observations show that
we can place strong constraints on the fraction of old stellar mass for individual galaxies.

Panels (a—c) — show example SFHs for mock galaxies in the simulations. Red, blue, and violet code trajectories for logM* /M. <
—10.5, —10.5 < logM.. /M, < —10, and log M. /M, > —10, respectively, where M, = [ M. dt. Note: these sSFRs reflect SFR on
a ~30 Myr timescale because the stochastic SFHs have 200 timesteps.

Panel (d)— shows the 100 growth trajectories using the same color coding. The Kelson (2014) non-Markovian stochastic SFHs
naturally produce starforming and quiescent galaxies at a ratio of ~5:1 (in their final 30 Myr timestep), which also holds in the
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Figure A2. Summary of the Model C simulations of mock galaxies at z = 0.6 observed at S/N = 40 per pixel. These simulations include simple screens of dust
reddening in which the attenuation, Ay, is randomly selected uniformly up to an amount set by its ongoing SFR, with the entire population of Ay normalized to a
maximum Ay = 2 mag. (a-c) Mock SFHs generated using the formalism of Kelson (2014) for use in simulating CSI’s ability to accurately measure the amounts
of old stellar mass in systems. Red trajectories have low star formation activity at the epoch of observation, blue intermediate, and violet high. (d) Integrated
growth trajectories for the 100 mock galaxies used in the simulations. (e) Distributions of measured best-fit (maximum likelihood, ML) z5fract2 for the 100
observations of each of 100 mock galaxies observed. Dark gray vertical bars extend over the 16th-84th percentiles of the ML measurements for each galaxy. The
light gray extend over the 5th-95th percentiles. Blue circles show the median ML measurement for each mock galaxy, skewing to lower and lower values as the
amount of old mass present decreases. Red circles show the median of the 95% upper limits derived from each mock measurement. Noise in the data skews the
distribution of ML measurements such that the typical values are biased low. (f) Distribution of restframe UVJ diagram for the mock galaxies. The quiescent
galaxy fractions are shown, measured using UV J classification or classification by SSFR as measured by the last 200 Myr age bin. The quiescent fraction of
this batch of simulated galaxies is ~ 16%, low compared to the ~ 40% quiescent fraction in CSI for galaxies at logM > 10. Here the simulation also has a high
intrinsic late bloomer fraction of 46%, underestimated by our z5fract29s¢, selection criterion. Blue contours trace galaxies selected thusly to be late bloomers.
Red contours show the distribution of the remaining galaxies. The grayscale in the background is the distribution of galaxies at z ~ 0.6 in CSI with stellar masses
logM > 10. The mock galaxies reproduce the general morphology of the “quiescent clump” and star forming sequence, suggesting that simulations such as these,
agnostic to assumptions about the forms of early SFHs, can provide a useful proxy for getting at systematic issues in SED fitting and estimates of early mass
fractions. (g) Distribution of true z5fract2 values given different z5fract2gsq, or z5fract2,,; thresholds when selecting late growing mock galaxies. Blue circles
trace the median true value of selected galaxies when using the ML z5fract2 measurements. Black dashed lines trace the 5th, 16th, 25th, 75th, 84th, and 95th
percentiles. Red circles and solid black lines trace the equivalent percentiles when selecting late bloomers using z5fract2qsq, instead of the maximum likelihood
values. Selecting late bloomers using z5fract2ysq, results in a purer identification of galaxies that grew the bulk of their stellar mass late. (h) Growth trajectories
for the mock galaxies with observations that led to their selection as late bloomers. Shaded regions show the 5th, 16th, 84th, and 95th percentiles of these growth
trajectories, to highlight the range of mass fractions captured by our LB selection criteria. An additional solid black line traces the 50th percentile.

late bloomer population. Hence, while most late bloomers are star-forming at Ty, quite a few are not. Having simulations with
both star-forming and quiescent LBs among the broad diversity of possible SFHs is critical for revealing what kind(s) of LBs we
can reliably identify in CSI, or conversely whether CSI can help determine the duty cycles and frequencies with which galaxies
may exit and/or enter the quiescent zone of, for example, the UVJ diagram.

Panel (e¢)— shows the distribution of best-fit, z5fract2,,; estimates for each galaxy. Since each mock galaxy was observed 100
times, we have a well defined distribution of constraints on the mass present by z = 1 for each one. Each vertical light (dark)
gray bar extends over the 5M—95™ (16""-84™) percentiles of the z5fract2y; distributions for each mock galaxy. Blue filled circles
show the medians. Below z5fract2,,,. <0.5 it becomes increasingly difficult to detect and measure the presence of old stars using
our techniques unless one has S/N 2100 per pixel. At the typical CSI S/N, galaxies with low intrinsic fractions of stellar mass
older than 2 Gyr are increasingly driven towards best-fit measurements containing identically zero old stars, and with increasing
frequency.

That said, red circles in Figure A2e mark the medians of the 95% upper confidence limits on z5fract2 for each galaxy. When
the best-fit solutions are consistent with zero old stars, our methodology maintains broad confidence limits, accurately reflecting
the increased uncertainty on the old stellar mass so as to capture at least the potential for old stars to be present.

We again conclude that the right approach in CSI is to use the 95% z5fract2 upper-limits to identify LBs. These problems are
likely to be generally applicable, hence classification by best-fit SFH properties should be performed with great caution.

Panel (f)— shows the distribution of “observed” UVJ colors for these mock galaxies in comparison to the UVJ colors of CSI
galaxies at z ~ 0.6 and log M, > 10. Blue contours to trace the mock LBs as classified by z5 fract29s54, < 0.5; red contours trace
the rest. The quiescent clump is consistent with CSI’s because those galaxies have very low intrinsic Ay, matching the dust-free
mock galaxies. However, the star-forming mock galaxies in Figure A2 do not span the full range of CSI colors because this does
require dust reddening (see Patel et al 2010).
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Figure A3. Summary of the Model D simulations. Panels as in Figure A2.

Panel (g)— schematically traces the distributions of true z5fract2 given different z5fract2qsq, and z5fract2,,; observational selec-
tion thresholds. Perfect inferences of SFHs, and thus perfect ability to identify late bloomers, would trace the orange, diagonal,
unity line. Observational noise results in errors and uncertainties in the inferred SFHs, quantified here as an increasing dispersion
and (upward) bias in true z5fract2 values as the amount of old mass inferred from the SED fits decreases.

Blue circles trace the median true value of selected galaxies using z5fract2,,; . Black dashed lines trace the 5, 16%, 251, 75%,
84 and 95™ percentiles. Selecting late growing galaxies by z5fract2,,; < 0.5 produces a sample where ~75% intrinsically have
z5fract2 £0.6, and another 20% of reach up to z5fract2 ~ 0.85.

The red circles and solid black lines trace the equivalent percentiles using z5fract2ysq,, instead. Here ~84% of galaxies with
measured z5fract2ysq, < 0.5 intrinsically have z5fract250.6, and another ~10% reach z5fract2 ~ 0.75. Thus, selection of late
bloomers by z5fract2qsq, results in a purer sample.

Panel (h)— uses selection by z53fract2qsq, to identify galaxies as (probable) LBs and shows their growth trajectories. The black
lines trace the 5th, 16th, 50th, 84th, and 95th percentiles, to better illustrate the small fraction of the sample that are not true LBs.
Identifying nontrivial samples of galaxies at z < 1 that have had such growth histories is a major challenge to notions that most
normal and massive galaxies formed their stars and quenched early, leaving open the question of how such galaxies lingered for
so long before experiencing rapid late-time growth. Furthermore, such galaxies break analytical approaches to ensemble galaxy
evolution that do not explicitly account for the leap-frogging of subpopulations past others in their mass growth.

Simulation Examples: Model D

Figure A3 shows the same information but for Model D—mock galaxies with SFR(7ps) = 0. Overall these mock observations
show that we can place strong constraints on the fraction of stellar mass already in place by z = 1 for individual passive galaxies.
Even for mock galaxies where we have “observed” z5fract2qsq, ~ 0.5, 84% of such objects intrinsically have z5fract2 < 0.6.

Identifying nontrivial samples of quiescent galaxies at z < 1 that have had such growth histories allows us to better probe the
dynamism hidden in the histories of galaxies that are largely viewed as “red and dead.” Measuring the late bloomer fractions in
seemingly quiescent populations also quantifies the extent to which galaxies enter the red sequence and stop growing new stars
for the remainders of their lifetimes.

Simulation Examples: The Effects of Subsolar Metallicities and Lower Signal-To-Noise Ratios

When S/N ratios are insufficient to simultaneously constrain both the ages and metallicities of stellar population, SED fitting
procedure(s) can produce results skewed by any input priors on stellar population metallicity—which in CSI are biased towards
solar. To test the sensitivity of CSI’s ability to select late bloomers over a range of metallicities, we ran three variants of Model
(C)— with stellar populations having solar metallicity, half-solar metallicity, and quarter-solar metallicity. Figure A4 recreates
the final four panels of Figure A2 for these simulations at the three metallicities, and at S/N = 40. The UVJ diagrams (b,f, and
j) are, however, presented with violet contours that trace (75% of) the late bloomers in CSI. For comparison, the blue contours
trace the distribution of mock galaxies that were selected by our fitting procedures to be late bloomers. Table 4 summarizes the
key statistics from these simulations and for additional S/N ratios than are displayed in these figures.

The key takeway from the simulations that vary metallicity and signal-to-noise ratio is that estimates of late bloomer fractions
are only mildly sensitive to the range of signal-to-noise ratios being considered in the samples used in this paper. In contrast, our
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methodology for estimating a population’s late bloomer fraction is sensitive to the metallicity(ies) of the underlying stellar pop-
. Quantitatively, if the stellar populations in all galaxies selected by CSI as late bloomers had quarter-solar metallicity,
then our analysis of their spectra makes 33% — 50% more of them appear as late bloomers than are currently present. However,
given past work on the ages and metallicities of galaxies at these epochs (see, e.g., Gallazzi et al. 2014) or the distributions of
UVIJ colors that are observed (see Panels b,f, and j). there is no evidence to suggest [Fe/H]
metallicities for a majority of the late bloomers identified by CSI. These simulations indicate that the effect is ~ 20% when the
underlying galaxies identified as late bloomers have stellar populations with metallicities that are half-solar, i.e. bringing any

ulations!®
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~ —0.6 dex is representative of the

observed estimate of 25% down to 20%—a systematic error within our already stated levels of uncertainty.
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Figure A4. Summary of the effects of metallicity using Model C at S/N = 40. Each row is analogous to panels (e-h) of Figure A2, with the exception of the UVJ
diagrams which now only show (blue) the distribution of mock galaxies selected to be late-bloomers after SED fitting, and (violet) the contour containing 75%
of the late-bloomers in CSI with stellar masses above 10'0 M. Top row shows the results for solar metallicity stellar populations. Center row shows the results
of our template fitting when the galaxies have half-solar metallicity stellar populations. Bottom row shows the results of our template fitting when the galaxies

have quarter-solar metallicity stellar populations.

16 To avoid this sensitivity, the §/N ratios should be >> 40 per pixel at the

resolution of CSI.
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Table 1

Properties of CSI Galaxies in CANDELS/UDS

Panel RA DEC i S/N z log Msx®P Fractional Growth History ny
# (mag) (M)  (@2Gyr)* (1Gyn)® (0.5Gyr) (0.2Gyr) (Mpc™3)
17- 13- 0.018 0.04 0.00 0.04 0.01 0.01
1 2:17:4894 -5:13:12.4 2194 17 0.6527008 10.00700% 0.007000 0.737095 0.84700) 0.95150  5.04
2 2:17:57.09 -5:11:005 20.56 54 0.526%005 10.377001 0.007000 0747028 0.877000 0.871003  1.53
17 19- 0.012 0.01 0.00 0.02 0.02 0.00
3 2:17:4338 -5:12:33.0 20.97 35 0656;8_8% 10.34;8_% 0.00;8_88 0'4928'% 0‘89288% 0'9328'8% 6.02
4 2:16:5544 -5:09:01.5 21.06 32 0.604Tp007 10.587002 0.007000 0.007005 0987052 1.00700) 1.9
5 2:17:37.05 -5:12:267 21.94 18 0.65670 07 10.027007 0.00000 0.001030 0.98709% 0.99100)  6.17
6 2:16:58.33 -5:07:524 21.24 40 0.6327500% 10.577003 0.007060 0.21%00¢ 0.97F000 0.97F001  2.92
17 .07 0.001 0.02 0.00 0.02 0.00 0.00
7 217:11.68 -5:07:42.7 22.18 15 071428‘889 10 24;8'8‘? 0'0028'88 0.76;8%? 0‘9828‘8? 098;8'88 1.47
8 2:17:54.10 -5:12:49.9 19.96 31 0572;8;8}é 10 69;8:8% 0.00:—8:8(8) 0.00;8:99 0'99:8%? 1'0018:8? 1.16
9  217:37.81 -5:14:233 21.62 15 068418;8}g 103818:8% 0.0018;88 0'0018322 0.9818:31 0'9818:894’ 2.64
10 2:16:59.33 -5:16:23.7 2120 30 0668;8:8(])% 101318:8% 0'0018:8? 0'0018:8(5’ 0'7518%8 0'7518:83 291
11 2:17:2741 -5:15:220.8 2034 36 045818:883 10 2518:8% 0.0018;88 0.93 00 0'9818:89‘) 0'9818286 1.52
12 2:17:0065 510316 2125 37 0.634T00 100118:8‘1‘ 0'0018:8? 0.31 %050 0'7918:81 09318286 3.16
13 2:17:29.56 -5:15:33.3 21.58 25 065818:8(1)2 104418:8? 0,0018;88 0'0518:% 0'9318:?2 09618;8? 231
14 2:17:47.17 -5:08:46.3 21.46 19 060018%1% 10 1918:8% 0'0018:88 0.0618:%, 047618:% 09918:?9 1.33
15 2:16:53.85 -5:16:15.6 20.98 57 075418:882 100518:8{ 0.0018;88 0'0018:?%’ 0‘0018:88 0'4018:88 1.36
16 2:16:56.46 -5:12:57.4 20.76 126 0.5067g00s 10431000 0.007000 0.007055 1007000 1.001000  0.32
17 2:17:18.69 -5:14:00.9 21.46 20 0.590700°0 10.171040 0.007070 0.08077 093090 0.93700; 245
18 2:17:0549 -5:12:44.7 21.60 39 0.60870007 10.25T0¢% 0.00T000 0.705001 0.957000 0.9670%0  2.09
17 13- 0.021 0.03 0.22 0.07 0.07 0.03
19 2:17:22.99 -5:13:23.4 21.94 19 065638.8%8 10 21;8'82 0‘0018-‘1’%’ 0'7428'?% 0.87%68 0.92}8_8{ 336
28 21 0642;8:8(1)3 10 25;8:82 0’4318:33 0‘43;31‘;?; 0‘9718:?5 09718:8% 3.63
20 217:1141 515564 2090 57 0676150y 104718:8‘3‘ 0'00183%) 0247051 0'7918:88 09618:88 2.65
21 2:17:42.14 -5:13:56.1 22.55 17 067610010 10227003 0.0670¢ 0.98700: 1.001000 1007000 4.97
22 2:16:57.42 -5:14:453 21.89 20 0.67070055 10.197003 0217035 0.781005 0.9010Y 0.95700)  2.41
16 10- 0.004 0.04 0.16 0.17 0.00 0.00
23 2:16:58.70 -5:10:282 21.38 46 0.642F70¢ 10.327007 0.3270,5 0.3210¢40 1.00%g00 1.007000  2.66
24 2:17:0427 -5:13:259 2220 20 0.704790%, 10317005 0347018 0347020 0.814007 0.9970(Y  1.62
0.007 0.03 0.01 0.02 0.00 0.00

69 35 0682;8_8(1J§ 10.47;8_6% 0.90;8.gg 0'9028'% 1.00;8846 100;8'88 2.09

25 2:16:59.73 -5:10:35.1 22.31 21 0.654%001 1026799 0.361027 0.617008 1.001000 1.007000  2.80

26 2:16:59.16 -5:12:56.7 20.42 40 057870 10447000 0361030 0.36703, 0.997005 0.997001  1.00

27 2:17:12.00 -5:09:12.9 21.91 23 0.640700% 10.207003 0387037 0.66700% 1.001000 1.005000  2.75

29 2:17:38.68 -5:15:53.0 20.77 23 0.60410010 10.85100; 0507021 0507020 0.887012 1.007500  3.38
17 -09- 0.032 0.03 0.22 0.22 0.12 0.00

30 2:17:44.51 -5:09:10.1 21.39 16 0.7627g0% 10817002 0501025 0.507077 0.88%(25 1.0010¢)  0.67

31 2:17:43.30 -5:14:044 20.59 25 0.640700% 10427000 050709 0.507098 0.96700) 0.961001 545

32 2:17:33.01 -5:13:14.0 22.01 34 0.63470507 10327090 0.5170 1% 0.72759% 1.00759% 1.007390 650

33 2:16:5827 -5:11:02.7 21.84 28 0.65870000 10457000 0537033 0.53703; 1.00700% 1.007000  2.98
17 19- 0.011 0.01 0.02 0.02 0.00 0.00

34 2:17:3433 -5:12:444 2191 26 0640;888% 10‘28$8'82 0.57}8_%g 0'5728'62 100;8'88 1.00;8_88 6.52

35 2:17:0339 -5:09:40.9 2022 56 050418:8% 10.7218;88 06018:% 0.80;8;?? 1.0018;88 10018;88 0.52

36 2:17:3354 -5:15:33.9 2170 39 05907008 10.03707, 0.6100 0.617000 1.0070%0 1.00T000  3.00

37 2:17:2570 -5:12:437 2110 18 0.674700)8 10.63700 0.62704T 0.697037 0.991000 0.99000  2.30

38 2:16:5547 -5:11:10.3 2220 18 0.66470h0 10277000 06210 0.747097 1.007098 1.007000  3.38
17 -19- 0.012 0.02 0.01 0.01 0.00 0.00

39 2:17:2941 -5:12:254 2229 29 0.650F0012 10.197002 0.63109) 0.63799) 1.007000 1.00T000  4.62

40 2:17:5328 -5:09:27.8 21.15 19 0.6447001% 10.247007 0.631002 0.637002 0.8170 0.947001 2,05

41 2:17:31.26 -5:12:17.2 21.10 52 0.60010005 10.5610) 0.6510%¢ 0.6510% 1.0075:99 1.007500  3.07
16- .19 0.007 0.02 0.03 0.03 0.00 0.00

42 2:16:55.69 -5:12:482 20.99 48 0.6387(0] 10.63701¢ 0.657005 0.657005 1.007008 1.00T500  3.01

43 2:17:24.12 -5:15:56.1 2048 68 0.4407000¢ 10287008 0.65T0 08 0.92700; 0.937001 0937001 1.73
17 11 0.012 0.01 0.07 0.07 0.18 0.00

44 217:5557 -5:11:547 2214 16 0.63270¢;3 10.36700¢ 0.671057 0.67705) 0.8170:5 1.007000 2.1

45 2:17:33.67 -5:12:04.1 20.62 44 0.69870000 10.957000 0.691093 0.6970% 1.007000 1.00T000 244
17- 19- 0.012 0.01 0.07 0.07 0.07 0.00

46 2:17:05.65 -5:12:55.0 2139 40 0632;8'863 1057;8'8{ 0’7138'85‘; 0'7128'83 088;8.88 1.00;8_88 2.53

47 2:17:21.06 -5:08:56.7 20.60 40 060418:882 1071l8:83 071l8268 0.71%10 1'00l8:88 10018:88 1.24

48 2:17:27.08 -5:09:50.5 21.21 41 061018:8% 10'5918:?? 0'7218:?% 0'7218:85 1'0018:88 100;8;88 1.53

59 43 0.588Tp00e 10.537001 0.82700c 0.87T00r 1.007000 1.007000 131

49 2:17:38.00 -5:13:09.9 2140 49 0.6427000% 10.57T007 0731007 073709 1.007009 1.007000  6.78

50 2:17:33.78 -5:14:01.9 20.61 38 0.662705% 10.97T000 0.737092 0.737092 0.9075-1% 1.007000  4.96
17 13- 0.010 0.06 0.18 0.18 0.00 0.00

51 2:17:36.61 -5:13:342 21.64 19 0.64870007 10727008 0747008 0747008 1.007007 1.007000  6.10

52 2:17:2559 -5:13:31.4 2039 45 0.63070000 10.9670% 0757019 075701 0.99700F 1.00%000  4.95
.17 -15- 0.003 0.03 0.05 0.05 0.00 0.00

53 2:17:1446 -5:15:46.0 20.56 67 0.68610003 11017007 0777005 077003 1.001000 1.00%000  1.71

54 2:17:0828 -5:16:11.6 21.46 36 0.6827001% 10.657002 078700 0781003 1.00100Y 1.007000  2.39

55 2:16:54.22 -5:14:56.4 1990 154 0.6247000% 11.247000 0.797000 0.791000 0.87100) 1.007000  2.24
17- -08- 0.011 0.01 0.07 0.01 0.00 0.00

56 2:17:09.69 -5:08:53.8 21.44 38 0.634700; 10547000 0797000 0.897T00: 1.007000 1.00T000  2.80

57 2:17:4333 -5:13:30.6 21.21 23 0.64070000 10.80700% 079700 0.7910:0 1.00t000 1.007000  5.31
0.012 0.04 0.08 0.00 0.00 0.00

62 3206307000 10.8070% 0.831008 0.947040 1.001000 1.007080 541

25
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Table 1 — Continued

Panel RA DEC i S/N b4 log M Fractional Growth History ny
# (mag) (Mz) 2Gyn® (1Gyn* (0.5Gyr) (0.2Gyr) (Mpe ™)

58 2:17:2893 -5:13:17.9 21.28 30 0.604700% 10.69700! 0.81700% 0.8170% 1.007092 1.001000  4.57
17 -00- +0.002 -+0.01 +0.00 +0.00 -+0.00 —+0.00
o HITILED SOX0LO 2055 0 Dovil (Dorst (Toaw Doam 10U 00R 2o
. —0.007 ~—0.09 7Y -0.05 7Y —0.05 Y —-0.00 Y —-0.00 :
61 2:17:38.95 -5:13:052 21.11 31 0.6527900 10787000 0837008 0.83700% 1.00700) 1.001000  6.37
17 14 +0.006 +0.08 +0.04 +0.09 +0.00 —+0.00
i e e i i i
65 2173668 513412 2259 25 064270000 10047001 0851008 5508 1 ggib0 | o0rb8 55
66 2173186 -5:09:577 2014 64 04987000 10047001 (g7i08l (g i08 BB o008
68 2173417 513393 1980 132 04387000 10937001 0.007007 1007080 1.00+0H0 1 00r08 o5
s e : . —0.003 7--0.07 7Y-0.02 Y —-0.00 H—-0.00 . 0.00 :
70 2:17:38.16 -5:13:19.1 20.80 56 0.63470000 10931061 0.92100¢ 0.977001 1.007500 1.007000  6.39
17 13- +0.007 +0.02 +0.01 +0.01 +0.01 —+0.00
s R e K R ks B
s it . . —0.008 T —-0.09 7Y —-0.04 *7~-0.03 *7~-0.03 *29-0.01 .
73 2:17:0622 -5:13:17.8 20.23 75 0.6227000% 11197001 0.947000 0.947000 0.997001 1.00T000  2.32
74 2:17:29.02 -5:15:49.1 21.57 27 0.772700% 10.67700 0.967001 0.967001 0.967001 0.967001  1.40
17 18- -+0.001 -+0.02 +0.04 +0.00 -+0.00 —+0.00
T TS 33 9T 18 DeerbB 1 LaBbl coccad Ol ovam o
76 2173632 51011 2140 32 049270000 1045700 0061080 o008 | gob8 oot
71 2172991 508441 2123 27 04907001 1050700 0.06+00 00600 100000 1 oor0H 133
it SO . . —0.010 Y —0.12 7Y -0.04 7Y -0.02 Y -0.03 Y —0.00 .
78 2:18:01.19 -5:08:22.4 21.07 53 0.56470005 10751000 0.97+090 0.97+0:99 1,000 1.007300  1.80
80  2:17:45.53 -5:10:06.9 21.76 16 0.518T0(10 10.3370%% 0997000 0.997000 0.99700) 1.00700) 142

Note. — Confidence intervals reflect formal/random errors only.

4 Formal errors on stellar masses are typically 0.03-0.05 dex.

Systematic uncertainties can be up to 0.1-0.3 dex, based on our simulations of CSI data using synthetic star formation histories.
€ 5fract2

z5fract

Table 2
True and Recovered LBFs and Purity® of Selection of Simulated Data

Model QF LBF LBFML(PML) LBFQS% (P95%)
(A)Ay =0 0.15 0.46 0.58(0.70) 0.43(0.76)
(B) maxAy = 1 0.15 0.46 0.49(0.69) 0.35(0.76)
(C) max(Ay) o< logM,—g 0.15 0.46  0.49(0.69) 0.37(0.75)
(D) M,—g6 =0, Ay =0 0.87 0.07 0.15(0.44) 0.11(0.55)
(E)3:1mixof B+ Dead 0.17 0.27 0.41(0.46) 0.28(0.51)

2 Fraction of observations selected to be late bloomers for which the mock galaxy intrinsically had z5fract2 < 0.5. The majority of false positives have
z5fract2 < 0.6.
b Quiescent SFH defined as M = 0 in the final 30 Myr timestep.

Table 3
Late Bloomer Fractions and Purity? of Selection in Simulated Data by Star Forming
Activity
Star Forming® Quiescent”

Model LBF LBFML LBF95% LBF LBFML LBF95%

(A) 053 0.67(0.70) 0.50(0.77) 0.06 0.07(0.42) 0.05(0.44)
(B) 053 055(0.71) 0.40(0.77) 0.06 0.11(0.31) 0.06(0.40)
(C) 053 057(0.70) 0.43(0.76)  0.06 0.07(0.41) 0.04(0.39)
(D) 032 0.47(0.64) 0.39(0.74)  0.02 0.09(0.24) 0.06(0.31)
(E) 032 0.46(0.48) 0.32(0.52) 0.00 0.11(0.00) 0.06(0.00)

4 Fraction of observations selected to be late bloomers that indeed had z5fract2 < 0.5. The majority of false positives have z5fract2 < 0.6.
b Distinction between quiescent or star-forming based on the measurement of the 200 Myr age bin in the mock SED fitting. Imperfect correspondence between
observed SSFR on 200 Myr and intrinsic 30 Myr SSFR leads Model D to contain some mock galaxies that could thus be classified empirically as “star forming.”
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Table 4
The Effects of §/N Ratio and Uncertain Metallicity on True and Recovered LBFs and
Purity? with Simulated Data using Model (C)

S/NRatio [FC/H] LBF LBFML(PML) LBF95%(P95%)

40 00 046 049(0.69)  0.37(0.75)
40 03 046 0.66(0.60)  0.54(0.67)
40 0.6 046 0.73(0.59)  0.61(0.63)
20 00 046 0.50(0.65)  0.35(0.69)
20 03 046 0.69(0.56)  0.54(0.61)
20 0.6 046 0.79(0.52)  0.65(0.55)
10 00 046 0.54(0.61)  0.34(0.66)
10 03 046 0.69(0.53)  0.51(0.59)
10 0.6 046 0.84(0.47)  0.67(0.49)

2 Fraction of observations selected to be late bloomers for which the mock galaxy intrinsically had zSfract2 < 0.5. The majority of false positives have
z5fract2 < 0.6.
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