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ABSTRACT

A key question in the field of galaxy evolution is: How do massive quiescent galaxies form
in the early universe? Many works have shown the existence of massive quiescent galaxies up to
redshifts of z > 3 (when the age of the universe was < 2.2 Gyr). These galaxies are puzzling because
they have been able to form massive amounts of stellar mass (log(M/Mg) > 10) in a relatively rapid
fashion, even simulations have struggled to recreate these galaxies. Therefore we are lacking some
knowledge about the formation of massive galaxies. My research has focused on understanding
the star-formation, chemical, morphological, and quenching histories of high redshift (0.7 < z <
2.5) massive galaxies using HST WFC3 grism spectra + photometry from the CLEAR (CANDELS
Lyman-o Emission at Reionization) survey. Utilizing the data from the CLEAR survey has allowed
me to study large samples (~ 100) of spectra from massive galaxies, something not currently
possible from ground-based surveys. By studying these massive galaxies at high redshift we can
better constrain their star-formation histories as the uncertainty on the timescales(and therefore the
ages) of stars and stellar populations are quasi-logarithmic. My work has touched upon topics such
as the mass - stellar metallicity relationship (showing that this relationship does not evolve with
redshift up a z = 1.7), the link between a galaxies formation redshift, and its morphology (providing
evidence that the most compact galaxies get their compact morphologies from having formed in the
early universe), and the evolution of galaxies as they cross the green valley (showing that galaxies
form more rapidly at high redshift and that fast quenching occurs more in high mass galaxies).

These works have begun to outline how massive quiescent galaxies in the early universe formed.
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2.11 Left: The 1D G102 grism 12-orbit data for the galaxy GND21156 at z = 1.251
as a function of rest-frame wavelength. The shaded regions show the locations
of prominent spectral features. The red solid line shows a model with parameters
given by the median metallicity (Z) and light-weight age (¢) derived from the
posteriors derived on each parameter. Right:The posteriors on the stellar population
parameters of metallicity and light-weighted age for the galaxy in the left panel. The
main panel shows the joint likelihood (with the 68% and 95% confidence intervals
outlined in black) derived on both parameters jointly using Equation 2.6. The
sub-panels to the right and above the main panel show the individual posteriors on
light-weighted age and metallicity. From these we derived median and 68%-tile
ranges for each parameter for each galaxy in our sample. .......................o 51

2.12 Top: Stacked spectra and posteriors for galaxies in the redshift subgroup. The
main panel shows the stacked 1D G102 grism data against rest-frame wavelength.
The sub-panels on the right show the stacked posteriors (blue:weighted stacking,
red:“stack-smooth-iterate” method ) on light-weighted age () and metallicity (2£)
derived using the method described in Section 2.5.2. The red-solid line in the main
panel shows a model with the median Z and ¢ taken from these individual-parameter
posteriors (i.e., these are not best-fit models to the stack). Bottom: Same plots for
the redshift subgroup of galaxies. ...........oouuiiiiiiiiiiiiiiii i 52
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2.14 The evolution of light-weighted age as a function of redshift. The small, colored data
points show results for the individual 1 < 2,5, < 1.8 galaxies in our sample. Large
colored data points correspond to median values derived from the stacked posteriors
for redshift subgroup as labeled. Error bars show 68% confidence intervals. Other
small (black) data points correspond to results from (3; 4; 5; 6; 7; 8). Generally,
quiescent galaxies have younger stellar populations at higher redshifts, where their
light-weighted age has nearly a constant offset from the age of the universe. This
agrees with predictions from the Millennium simulation (9), where the shaded band
shows the median and 68%-tile scatter in light-weighted ages of quiescent galaxies
1N their PrediCtionS. ... ...ttt ettt e ettt e e eeas 54

2.15 Distribution of galaxy formation redshifts. The Left panel shows the derived
formation redshifts, z7 of quiescent galaxies as a function of observed redshift. The
Right panel shows the distribution of median formation redshifts for our samples.

The formation redshift, z¢,.,, corresponds to the redshift where the galaxies had
formed more than 68% of their stellar mass (see Section 2.6.2). Here, we only
include age measurements (shown in black) from studies which measured light-
weighted ages. The quiescent galaxies at 1 < zgis,m < 1.8 in our sample have
formation redshifts zs,,, > 2 — 3 nearly independent of observed galaxy redshift. .. 55
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2.16 Left panel: Mass—metallicity relation for quiescent galaxies at 1.0 < zgism < 1.7.
The small, colored data points and error bars show the median values and 68%-
tile range for the individual galaxies in our redshift subgroups, as labeled in the
figure legend. The large colored data points show the metallicities from the stacked
posteriors for each subgroup. The thick solid line shows a linear fit to the individual
galaxies and the shaded region shows the 68%-tile bound. The dashed and dot—
dashed lines show the mass-metallicity relation for quiescent galaxies from lower
redshift samples (from SDSS at z < 0.22, (10); and z ~ 0.7 from Gall4). We
also include measurements of individual galaxies from Gall4 and (8). Right panel:
Histogram of the median metallicities for the galaxies in our 1.0 < zgi5n, < 1.7
sub-groups. The majority of the probability density lies around ~ Z,. ............... 56

3.1 V — Jversus U — V rest-frame color-color diagram (“UV J” plot) of all CLEAR
galaxies with 0.6 < zphot < 3.5 and log(Mppet /M) > 10.0. Galaxies which fall
into the quiescent wedge (upper left region in each panel) are candidate quiescent
galaxies and constitute our parent sample. The red larger points show galaxies
that satisfy our final sample selection of 0.7 < Zgism < 2.5 and log(Mgyism/Me) >
10.5 (and satisfy our X-ray and 24 pm selection, see Section 3.2.1). Blue stars
show galaxies that fail the quiescent-galaxy selection (i.e., they are star-forming
galaxies). Grey X’s mark quiescent galaxies that were rejected (mostly because
they have grism-redshits outside our final redshift range). Open grey circles show
quiescent galaxies that are rejected for falling under our final stellar-mass limit
10g(M /M) > 105, e 58

3.2 Example spectral energy distribution (SED) fits to galaxies from our sample. Each
set of bottom four sub-panels shows results for one galaxy (with CLEAR IDs
labeled). The top sub-panel shows the shape of the prior used for the SFH (median
in blue and the 68% credible region in black). The prior shown is specifically for
a galaxy at z = 1.02 with stellar mass log M /M, = 11.40 (like GSD-39170), and
changes to the redshift and stellar mass affect the span of the star-formation history
(set by redshift) and SFR normalization (set by mass); the overall shape of the
prior is the same for all galaxies. In each of the following sub-panels, the top-left
sub-panels shows a 4" x 4" F160W image centered on the galaxy. The top right
sub-panels show the full SED including the broadband photometry (purple circles)
and WFC3 grism spectra (blue line: WFC2/G102; red line: WFC3/G141) along
with median FSPS stellar population model from the posterior (black line). The
bottom figure in each sub-panel shows the derived star-formation history (SFH). The
purple lines show individual draws for the SFH, the thick red line shows the median,
and the thick black lines show the 68% credible interval. The vertical red line shows
Z50, the formation redshift (where 50% of the stellar mass had formed), and the
green-shaded region shows the 68% highest density region on z59. In Appendix B.2
we provide a hyperlink to, and a description of, an online appendix that contains
similar fits and information for all the galaxies in our sample. ........................ 76
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3.3 Comparison between the photometric and spectroscopic (grism) data for the subset
of our quiescent galaxies at 0.9 < zg,.ism < 1.1, split by their measured formation
redshift (259, where 50% of their stellar mass had formed). The two groups are
250 < 2.9 (“late” forming galaxies) and z59 > 2.9 (“early” forming galaxies). The
top plot shows the ratio of the median flux densities measured in each broadband
photometric band for the “late” forming sample to the “early” forming sample. The
biggest difference occurs at rest UV wavelengths, which indicates the “late” forming
galaxies show evidence of more recently formed stars (which contributes to the
lower z50). The bottom panel shows a ratio of their stacked combined G102 + G141
grism spectra. Dashed vertical lines show wavelengths of common spectral features.
For both the top and bottom panels we normalize the stacks/medians at 6000 - 6500
A in the rest-frame. The inset in the top panel shows a mean stack of the SFHs
for the late-forming and early-forming galaxies (as labeled). When comparing the
two SFHs we can see that the SFH of the 25y > 2.9 sub-sample has the majority of
mass formed more rapidly with a steeper decline, while the SFH of the z59 < 2.9
subsample has a more gradual decline in SFR (with more star formation in the
(S0 (LA ] 1) N 77

3.4 Size mass relation for the 0.7 < zg4m < 2.5 sample. The sizes of the points are
scaled by their >; values, and their colors are scaled by their redshift (star-forming
galaxies in the CLEAR sample are shown as blue stars with no scaling). Size mass
relations for star-forming (blue) and quiescent (red) galaxies from (11) are shown.
These span a range from (.75 < z < 2.25 where the shading becomes darker with
increasing redshift. Following the results of the simulations of (12), we add a 6%
systematic error in quadrature to the R/, values to account for flux-dependent
modeling UNCEITAINIIES.  ....oettttitt ettt ettt et e e eeees 78

3.5 Relationship between formation redshift z5y (the redshift by when 50% of the stellar
mass had formed), the observed redshift 2., and XJ; (the stellar mass surface
density within 1 (proper) kpc). (a) shows z5y as a function of log(%;) for the
quiescent galaxies in our sample. Galaxies with log 3, /(M kpc™2)) > 10 (< 10)
are shown as circles (diamonds). The color and size of the all points scales with
increasing zy,ism. Galaxies with log 31 /(Mg kpe™2) < 10 span a larger range of
z50. Galaxies with log 3y /(Mg kpc™2) > 10 favor higher formation redshifts of
250 > 3. (b) shows the change in z5¢ as a function of log(3};) using a LOWESS
algorithm with bootstrapping to estimate the 68% confidence region. (c) shows the
scatter in z5 as a function of log(X;) (using LOWESS). Galaxies with higher ¥,
tend towards higher 25, with lower scatter. (d) shows the change in z5q as function
of log(M../Mg)grism using LOWESS. Higher mass galaxies tend towards higher
250, though this relation is less steep while there is a continued rise between zs
versus the stellar-mass surface density, >;. (e) shows the formation redshift, zs,
against the observed redshift. Galaxies with log(3%;)/(Mgkpc™2) > 10 (< 10) are
indicated by red (purple) points, using a LOWESS algorithm to show the trend. We
see here that more compact galaxies (i.e., with higher ;) tend to have higher 25,
particularly for z1.25. ... e 79
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3.6 The relation between SFHs, quenching times, and stellar mass surface density (2;)
for “early-forming” galaxies (259 > 2.9). (a) shows a the mean SFH for galaxies
stacked as a function of log(X; )in bins of 0.2 dex. (b) shows the cumulative fraction
of stellar mass formed. Both (a) and (b) show that galaxies with higher log(%;)
form more stellar mass earlier with higher peak SFRs, and experience a more
rapid decline in their SFR compared to galaxies with lower ;. (c) shows the
quenching timescale () defined as the time between when the galaxy had formed
50% and 90% of its stellar mass, as a function of >;, with error bars derived from
bootstrapping. Galaxies with higher >3, have shorter quenching times. (d) shows
the effects of mergers on the SFH timescales. We randomly merged simulated
galaxies and measured the change in ¢ and 50 from major-mergers (mass ratios
>1:4; red) and minor-mergers (mass ratios <1:10; blue). The error bars show the
inter-68%-tile scatter (68% of the simulations fall in this range). ..................... 80

3.7 The formation age (t50) as a function of observed redshift, 2y for the quies-
cent galaxy sample. The formation age is the lookback time from the observed
redshift for a galaxy to its formation redshift, z59, when it had formed 50% of
its stellar mass. The symbols divide the sample into subsamples of compact
(red circles, log X1 /(Mg kpc™?) > 10) and extended sources (purple diamonds,
log 1 /(Mg kpc™?) < 10). The solid swath tracks the trend for each subsample us-
ing a LOWESS algorithm with bootstrapping. The dashed diagonal line demarcates
the age of the Universe at the observed redshfit, and the solid grey line shows the
age of the Universe minus 1.5 Gyr. At high redshift, z1.25 the galaxies’ formation
ages mostly track the age of the Universe offset by ~1.5 Gyr. At lower redshifts
the populations skew toward more recent formation, but at different redshifts. The
extended sample skews toward lower t5, at earlier times (z1.25) while the compact
galaxies skew toward lower 5 at later times (2500.9). ..o, 81

4.1 Sample selection of the parent and study sample. Panel A shows the CLEAR
sample (blue) with stellar masses from Eazy-py and redshifts measured by Grizli
and Eazy-py. We select galaxies to fit with log(M /M) > 9.8 and 0.6 < z < 2.8
(points outlined in red). For this study, we apply a mass limit corresponding to
an AB magnitude of FIOSW < 25 mag, shown as a black line in Panel B. This
limit was derived by generating a model single stellar populations formed at z
= 5 and measured what minimum mass was necessary for detection. Panel B
shows galaxies that were fit for their stellar populations with log(sSFR) < —10.5
(red points), roughly corresponding to a quiescent sample, along with the sample
mass/magnitude limit. The blue region was the sample selection for this study
(log(M /M) > 10.2 and 0.7 < zgpi5m < 1.65) chosen to maximize the amount of
low log(sSF'R (yr~')) (< -10.5) galaxies. For our sample selection, we chose to
go with a volume-limited sample (defined by this blue-shaded region in Panel B) to
make sure quiescent galaxies were properly represented at each redshift. ............ 97
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4.2 Example spectra and best-fit models (black) from our stellar population fits with
HST WFC3/G102 spectrum in blue, HST WFC3/G141 spectrum in red, and pho-
tometry in green. As the panels progress from A to D we are stepping to lower
log(sSFR (yr~')) values, as we do this the features of the spectra resemble a more
mature stellar population. .............iiiiii i e 98

4.3 The log(sSFR (yr—1)) distribution at different redshifts. We can see several evolu-
tionary changes in the samples. First, we can see that the measured log(sSF R (yr—!))
distribution is bimodal. Second, we can see that the shape of the star-forming region
is roughly Gaussian in shape. We also see that the contribution of the quiescent
region is lessened at higher redshifts and that the peak of the star-forming region
shifts to lower log(sSF R (yr~')) values at lower redshifts. We can use several of
these properties to derive Ps; and identify the galaxies which are in transition. ...... 98

4.4 An outline of how Py is derived. Note that we apply this running as a function of
redshift so this will only be applied to a portion of the sample as a time. First, we
gather the log(sSF R (yr~')) posteriors for galaxies in our redshift group, then we
stack using the weighted stacking method outlined in (13). we then fit a Gaussian
distribution to the star-forming region by identifying the higher log(sSF R (yr—1))
peak (this will be our p1), we then isolate the region log(sSFR (yr~')) > u and
from this portion we measure the 1 o value. Panel C shows the resulting fit. We
then subtract our model star-forming region from the stacked distribution to obtain
the quiescent region. The resulting quiescent region will likely contain a residual
portion of the star-forming region stemming from the inexactness of the Gaussian
fit, we remove this portion of the distribution as it is not part of the quiescent region.
Panel E shows the stacked log(sSFR (yr~!)) distribution and the summation of
our star-forming and quiescent region. We can see that it is an excellent match,
with a very slight difference seen in the star-forming region (the quiescent region is
exact by design). Py is then derived by measuring the area under the star-forming
distribution and comparing that to the stacked distribution to derive its contribution.
Panel F shows the 10%, 50%, and 90% P regions. The resulting measurement
of Pys versuslog(sSFR (yr~')) is shown in G. We can see that it is dominated by
high and low probability values with a short transitional period. ...................... 99

4.5 Evolution of Py as a function of redshift. Here we see that the majority of the
sample is dominated by star-forming and quiescent galaxies with the transitional
region occupying a smaller space. We also see that the transitional region evolves
to lower log(sSFR (yr~!)) at lower redshifts, a similar behavior to what is seen in
the evolution of the star-forming main sequence (14). ...........cooviiiiiiiiiineiaa.. 100

4.6 A comparison of our transitional galaxies to limits used in (15). By the parame-
terization outlined in (15), Star-forming galaxies lie in the blue region (and above)
while quiescent galaxies would lie in the red region (and below), therefore leaving
green valley galaxies in the white region where we have included our transitional
galaxies. Here we see agreement with the literature results. ........................... 101
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4.7 Stacked spectra of the three different P regions for our low mass sample (10.2 <
log(M/Mg) < 10.8). Panel A shows the star-forming galaxies (Ps; > 0.9) which
have clear Ha, OIII, HS, and OII emission. In Panel B we show the transitional
galaxies (0.1 < Py < 0.9) with Ha, possible OII, and several absorption features.
Panel C shows the quiescent galaxies (P > 0.1), this spectra has all the expected
features of a quiescent galaxy, 4000 A break, Balmer absorption lines, several
other metallicity absorption features (Ca HK, G, Mgb, Na). In Panel D we show
a comparison of the stacked spectra to the quiescent stacked spectra. We can see
that the star-forming and transitional samples have more UV flux and Ha emission.
We also see that other than the previously mentioned features, that the transitional
galaxy stacked spectra matches that of the quiescent galaxies, showing that these
galaxies have spectra that have features of both star-forming and quiescent galaxies. 102

4.8 Stacked spectra similar to what is seen in Figure 4.7, but for our high mass sample
(log(M /M) < 10.8). Panel A shows the star-forming galaxies (Ps; > 0.9) which
have clear Ha, OII emission, differentiating if from the low mass sample in its lack
of Hp emission and OIII. These differences are likely due to higher mass galaxies
have more evolved (older) stellar populations. In Panel B we show the transitional
galaxies (0.1 < Pyy < 0.9) with Ho and several absorption features. Panel C shows
the quiescent galaxies (F,y > 0.1), this spectrum has all the expected features of a
quiescent galaxy, 4000 A break, Balmer absorption lines, several other metallicity
absorption features (Ca HK, G, Mgb, Na). In Panel D we show a comparison of the
stacked spectra to the quiescent stacked spectra. We can see that the star-forming
and transitional samples have more UV flux, Ha emission. Like in Figure 4.7 we
see that that the transitional galaxies stacked spectra is a mixture of star-forming
and quiescent galaxy spectra features. The differences in the continuum between all
samples are less than the low mass sample (likely due to the domination of older
stellar populations), we can still see that the star-forming and quiescent samples
disagree at the marked features. .......... ... 103

4.9 Here we show the relationship between age and P, highlighting two different
parameterizations of age t;,, and ¢59. Panels A and D show the crossing ages
of each parameterization with star-forming galaxies shown in blue and quiescent
galaxies shown in red. Our transitioning galaxies are split in to high and low mass
samples (cyan diamonds and purple stars respectively). Panels B and C show the
evolution of ¢;,,, with redshift. Here we see that each of the galaxy classifications
stays at a steady percentage age of the universe while their actual ages decrease
at higher redshift. This means that galaxies transition at younger ages at higher
redshifts. Panel E shows the evolution of the crossing age (Z50) of high and low mass
quiescent galaxies. The populations have similar trends until 2,5, > 1.2. Panel
F shows the formation redshift as a function of redshift for the high and low mass
transitioning galaxies and implies that the high-mass high redshift sample formed
BTy, oo 104
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4.10 A cartoon explaining the two tracks galaxies may take to forming their quenched

4.11

Al

A2

A3

A4

morphologies. Here we show the relationship between log(X) and log(sSF R (yr—1)).

We see a clear trend in the evolution of morphology as it relates to quenching. The
purple track outlines galaxies that become more compact as they quench. We see
that this is likely the track taken by most galaxies. In orange, we show the track
galaxies which become compact before quenching take. These galaxies will likely
experience some violent event that causes the formation of a compact star-forming

galaxy. We see that this is a less taken track. ...,

Here we show how several physical properties evolve as a function of Ps¢. In Panels
A, C, and E quiescent galaxies are shown in red, star-forming galaxies are shown in
blue, and the transitional galaxies are separated in to high and low mass samples
(shown as cyan diamonds and purple stars respectively). In Panels B, D, and F
points are colored by their Py value, shown in the color bar. Panels A and B focus
on log (%), Panels C and D focus on log(M /My,), Panels E and F focus on the core
to total mass (Cy). A suggests that low-mass galaxies become more compact as they
cross the green valley, while high-mass galaxies form their compact morphologies
before quenching more often. We also see no difference in how these galaxies

evolve with stellar mass but show a significant difference in the evolution of C;. ...

The data and model fits for the first 16 of the 31 galaxies in our sample. In the
left hand panel of each subplot, the gray data points show the measured spectra
(and uncertainties). The red lines show the model fits using median values for the

parameters. The shaded regions correspond to the metallicity—age spectral features.

The right hand panel of each subplot shows the metallicity and (light-weighted) age
joint likelihoods. The legend shows the galaxy ID, and Table 2.3 gives the derived

values for each model parameter for each galaxy. ..................cooii

Same as Figure A.1 showing the remaining 15 of 31 galaxies in our dataset. ........

Distribution of the normalized residuals and the template error function. The top
panel shows ((F\ — M) / F)) as a function of wavelength for all galaxies in the
rest-frame, where F) are the observed data (e.g., the G102 spectra) for each galaxy,
M is the best-fit model for each galaxy. The bottom panel shows the smoothed
absolute normalized residuals (red, solid line; derived from the data in the top plot)
along with the smoothed relative error ((o) / F)), black dashed line, where o, are
the measured uncertainties on the data) and the derived template error function

(E()), blue solid line) as described in the teXt. ...........ccooeiiiiiiiiiiiiiinean...

Distribution of Bayes-factor evidence ((;), for each galaxy j in our sample, as a
function of SNR. Positive (negative) values of zeta; denote galaxies with evidence

against (in favor of) the BC0O3 models compared to the FSPS models. ...............
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A.6

A7

B.1

B.2

B.3

Test of our stacking method to recover a parent distribution. Panel 1 shows the true
distribution, panel 2 show the randomly selected sample from distribution, and panel
3 displays a weighted sum of the sample posteriors along with the fully processed

] 7 10 ST I8 0 T0 1 ) )

Test of our stacking method to recover a parent distribution when our parameter
space does not cover the entirety of the parent distribution. Panel 1 shows the true
distribution, panel 2 show the randomly selected sample from distribution, and
panel 3 displays the fully processed stacked posterior with and without extending

the PATAMELET SPACE. . ...\ttt ettt ettt et ettt et

An example of the stacking method applied to the light-weighted age posteriors of
our redshift group. The solid blue line shows the direct weighted sum (the result
of direct stacking in the first step of the interaction using Equation 2.11). This
yields the median and 68% confidence range illustrated by the blue dashed and
dot-dashed lines. The solid red line shows the results after iterating. Because the
iterations smooth over objects with sharply peaked likelihoods it yields a slightly
tighter (and smoother) final likelihood. The red dashed and dot-dashed lines show
the change in the median and 68% confidence range, respectively. We use the
“stack-smooth-iterate” method to derive likelihoods from the galaxies in each of our

redshift SUbGroups. . ......oooiiii i

Here we show an example of the usage of our interactive appendix (all data shown
here were discussed in the text). Using the lasso tool we select all galaxies with
log(%1) > 10.2, this population is highlighted in all plots. Additionally, by hovering

over a galaxy, we get more information about it. ................ooiiiiiiiiiiiiiii....

Example bio page for galaxy GSD-39804. When a point in Figure B.1 is clicked
it will bring up the galaxies bio page. These bio pages includes the galaxy’s

. 143
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morphology, a data table, interactive SFH, and interactive spectra with best fit model. 154

A representative plot for a figure included in our appendix. The top plot shows all
star-formation histories, plotted at their appropriate redshifts. The next plot down
shows the prior we used to fit our "non-parametric" star-formation histories. The
following plots are then the galaxy cutouts and star-formation histories for each
galaxy, with their formation redshift marked with a point, and relevant information

shown at the top of the figure (ordered by z50). «.ovvveeveieiiiiiii
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1. INTRODUCTION

The field of galaxy evolution aims to describe how galaxies form, age, quench, and passively
evolve. This is done by studying the stars that makeup galaxies. These stellar populations contain
information about the formation histories, chemical enrichment, stellar mass, and ages of galaxies.

Massive galaxies are key to the field of galaxy evolution. Their high stellar masses make
them easy to study and provide plenty of high signal-to-noise data. Therefore we have a good
understanding of the properties of massive galaxies, relative to their lower mass peers. Yet the
origins of high redshift massive quiescent galaxies are still not yet understood. Some of the questions
these galaxies produce are how do they form their high stellar masses (log(M /M) > 10) in such
a rapid fashion, what are the details of their chemical enrichment histories including how they
enrich up to Solar metallicities so quickly, and where do they get their compact morphologies
from. Simulations struggle to recreate the fractions of massive quiescent galaxies that we observe
at high redshift (18; 19), therefore something is missing in our understanding of the evolution of
massive galaxies at high redshift. By uncovering these details we can better understand the physical
processes of the early universe such as gas accretion, star-formation efficiency, feedback, and metal
production/retention (20; 21; 22).

Many works have made strides in this area of galaxy evolution, and from these studies, we
can begin to piece together what the story of the formation of high redshift quiescent galaxies is.
These galaxies form their stellar mass rapidly (23; 24; 25), leaving behind a galaxy with compact
morphology (14; 26). They are made up of old stellar populations (10; 5; 27; 13), with high (~
Solar) overall metallicity (13; 8; 28).

To study the stellar populations of galaxies we need spectral information, which we gather as
either photometric data (low sampling with high signal-to-noise) or spectral data (higher sampling
with lower signal-to-noise). Because of its higher sampling rate, spectral data is more desirable
as it is more information-dense, though currently our samples of quiescent galaxies are limited

at high redshift to small populations at the high mass end. This is because high redshift massive



quiescent galaxies are not ideal targets. They lack young stellar populations and short-lived stars
and therefore have much lower luminosities than their star-forming counterparts. In addition, the
fraction of quiescent galaxies decreases at higher redshifts going from =~ 60% at z = 0.5 to ~ 30 %
at z =2 (29; 30; 31), making collecting large samples difficult. Also, many of the optical age and
metallicity features within the spectra (such as e.g., Ca HK, the 4000 A break, Balmer absorption
lines, Mg,,) of these galaxies have been redshifted into the IR. This makes collecting spectral data
for these galaxies from the ground difficult due to the presence of a high density of telluric emission
lines (32). Collecting spectral data of the optical age and metallicity features is important because
these information-dense features are well studied and well modeled.

One solution to the limiting factors is to use the HST WFC3 grism to study the rest-frame
optical spectra from these high redshift massive quiescent galaxies. The HST WFC3 grism provides
low-resolution slitless spectroscopy with HST levels of resolution. The HST WFC3 G102 and G141
grisms have an observed frame wavelength coverage of 0.8 < A < 1.7 micron. This wavelength
window allows for coverage of the optical age and metallicity features at 0.7 < z < 2.7. The slitless
nature of the grisms means that we can collect large samples of galaxies by only observing a single
HST field. The CANDELS Lyman-«o Emission at Reionization (CLEAR) survey is a HST WFC3
G102 survey of 12 fields in GOODS North AND GOODS South with ~ 12 orbit depth per field. At
this depth, we can recover ~ 400 galaxies per field. These large sample sizes make the HST WFC3
grisms a great instrument to build large samples of spectra. The spectra are, however, low resolution
(G102: R ~ 200, G141: R ~ 100). This is not strictly negative though. Because the light is not
highly dispersed we can recover the spectra of lower mass targets. The grism spectra also benefit
from the excellent stable / accurate flux calibration from HST something that is difficult to obtain
from ground based telescopes.

The analysis of stellar populations using grism data is still a fairly new field. The goal of this
research is to use a forward modeling process to fit the stellar populations of high redshift massive
galaxies using data from the CLEAR survey. The forward modeling process, outlined in Chapter

2, 1s a way to model galaxy spectra while including all the systematics from the grism. The main



systematic we need to account for is morphological broadening (33). This effect occurs because
the grism is slitless, therefore when the light is dispersed each wavelength is recorded using the
morphology of the entire galaxy. This means that the more extended a galaxy is the more light from
one wavelength will seep into others, effectively broadening the spectra. This effect is unique to
each galaxy and roll angle, as several roll angles are used for each field as a way to identify and
remove contamination.

The tools and techniques outlined in this dissertation have allowed for the study of several
relationships at their highest redshifts yet.

In this dissertation we do the following: In Chapter 2 we test how well we can recover stellar
population parameters using our forward modeling spectral energy distribution (SED) fitting tech-
nique. This was done in an effort to recover light-weighted ages and metallicities from high redshift
massive quiescent galaxies using only HS7T WFC3 G102 grism data from the CLEAR survey. In
Chapter 3 we use updated constraints (derived from fitting grism spectra + photometry) to study
the link between a galaxies formation redshift and its morphology. In Chapter 4 we characterize
galaxies as they cross the green valley on their way to quenching. We study the ages at which

galaxies begin to quench and what happens to their morphologies as they quench.



2. AGES AND METALLICITIES OF QUIESCENT GALAXIES AT 1.0 < z < 1.8 DERIVED
FROM DEEP HUBBLE SPACE TELESCOPE GRISM DATA*

2.1 Introduction

Astronomers have recently developed a general picture of the formation, chemical enrichment,
and evolution of massive galaxies (log M, /M ~ 10 — 11) from z ~ 3-4 to the present day. These
galaxies formed their stellar populations early, reaching a peak star-formation rate (SFR) at z > 2
(e.g., 34; 23; 35; 36), and quenching as early as z ~ 3 — 4 (37; 38; 39; 40; 41). Massive galaxies
continue to quench and remain in phases of quiescent evolution to lower redshift, where the fraction
of quiescent galaxies with log M, /M > 10.5 rises from ~ 30% at z ~ 2 to ~60% by z = 0.5
(29; 30; 31). Because these massive galaxies formed their stars and quenched so early, they are
testing grounds for physical processes associated with gas accretion, star-formation efficiency,
feedback, metal production and retention (20; 21; 42).

The next step is to understand in greater detail the galaxies’ star-formation and chemical
enrichment histories. These effects are all encoded in the colors and spectral features of the galaxies’
stellar populations, which allows one to constrain the ages and metallicities using features that
are sensitive to independent changes in these parameters. For example, line indexes (such as e.g.,
D,,4000, Hé 4+H~ 4, H, Mgb, [MgFe]’, [MgsFe]) have long been used to study these properties in
galaxies, and to study their evolution with mass and redshift (e.g., 43; 44; 27; 10; 5; 45; 4; 46).

Regarding the evolution of metals in galaxies, most studies have focused on the relation between
the gas-phase metallicity (usually measured from emission line ratios in active galaxies) and galaxy
stellar-mass, and their evolution with redshift (e.g., 47; 48; 49; 50; 51). It has been more difficult

to measure evolution of metallicity of the stellar populations in galaxies. The spectral absorption

*Reprinted with permission from “CLEAR I: Ages and Metallicities of Quiescent Galaxies at 1.0 < z < 1.8
Derived from Deep Hubble Space Telescope Grism Data” by Estrada-Carpenter, Vicente; Papovich, Casey; Momcheva,
Ivelina; Brammer, Gabriel; Long, James, Quadri, Ryan F.; Bridge, Joanna; Dickinson, Mark; Ferguson, Henry;
Finkelstein, Steven, Giavalisco, Mauro; Gosmeyer, Catherine M.; Lotz, Jennifer, Salmon, Brett; Skelton, Rosalind E.;
Trump, Jonathan R.; Weiner, Benjamin, 2019. The Astrophysical Journal, Volume 870, 133, Copyright 2019 by The
American Astronomical Society.



and continuum features are sensitive to both a-elements and Iron-peak elements (which dominate
the opacity in stellar photospheres). Analyzing the spectra of quiescent galaxies at low-redshift
(20.1), many studies have found that massive galaxies have Solar (or super-Solar) metallicities and
abundance ratios, with formation epochs at z > 2 (e.g. 27; 52; 10; 45; 53). (5, hereafter Gall4)
conducted one of the first studies at higher redshift (z ~ 0.7), and showed that the spectra of
quiescent galaxies with log M, /M > 10.5 are already consistent with high metallicity (Z ~ Zg),
while star-forming galaxies have sub-Solar metallicities (and require additional enrichment from
z ~ 0.7 to the present-day, see also 8). The implication is that some fraction of the massive,
quiescent galaxy population must have enriched to approximately Solar metallicities at even higher
redshift, presumably at z > 2.

To understand the evolution of massive quiescent galaxies therefore requires that we push
spectroscopic studies to higher redshift, closer to the quenching epoch of these galaxies. The reason
for this is that evolutionary changes in stellar populations occur on timescales d logt o< dt/t (see
e.g., 54). Therefore, galaxy properties change more rapidly at higher redshift (55; 56; 57; 58), and
more accurate (relative) measures of galaxy ages can be made by observing quiescent galaxies
at z > 1. The difficulty is that all the rest-frame optical spectral features used to measure both
stellar population metallicities and ages shift above ~1 for galaxies at z > 1, where studies from
ground-based telescopes are subject to higher backgrounds and a high density of telluric (night-sky)
emission lines (see, 32). Several studies have now measured galaxy metallicities at high redshift
with near-IR spectrographs on ground-based telescopes (e.g., 25; 59; 60; 61), but are often limited
to one or a few objects or require stacking. An attractive alternative solution is to take advantage of
space-based spectroscopy using, for example, the HST grisms, which have been used to study the
properties of stellar populations in distant galaxies (e.g., 62; 63; 33; 64; 65; 7; 66; 8; 67).

Here, we use deep grism spectroscopy taken with HST spectroscopy with WFC3 using the
G102 grism, covering wavelengths ~8000 Ato 11,500 A. We study the stellar populations of a
sample of massive (log M /M > 10) quiescent galaxies at 1 < z < 1.8. At these redshifts, the

G102 spectra cover crucial rest-frame optical absorption features at spectral resolution of R ~ 210,



including the strength of the redshifted 4000 A break, Balmer lines (HJ, Hv,H{), Ca HK, and
Mgb absorption features) sensitive to stellar population ages and metallicities of galaxies down to
J ~ 23 — 24 AB mag. The G102 data also provide much improved measurements of the galaxy
redshifts. We use a Bayesian method with a forward-modeling approach, whereby we simulate
stellar population models of the two—dimensional (2D) WFC3/G102 spectra using the galaxies’
accurate morphologies at the appropriate roll-angle for HST combined with the G102 spectroscopic
resolution.

One of the goals of this project is to determine the accuracy of stellar population properties
measured with lower-resolution grism data. This has important implications for the next generation
of space telescopes (JWST and WFIRST), and will allow the study of stellar populations of galaxies
in much larger samples and at higher redshifts. As we push to higher redshifts, all important age-
and metallicity-sensitive spectroscopic features shift into the IR. As we show here, even relatively
low resolution (R ~ 100 — 200) spectroscopy can recover metallicity and age diagnostics of higher
redshift galaxies (provided the spectra cover the age— and metallicity—sensitive features). This will
have a wide range of application for future space missions.

The remainder of this paper is organized as follows: In Section 2 we describe the parent sample
selection. In Section 3 we summarize the HST observations, data reduction, and spectral extraction
methods. In Section 4 we describe the G102 spectral modeling procedure, including tests to
demonstrate our ability to recover accurate stellar population parameters. We then discuss the model
fits to the G102 data for the galaxies in our sample. In Section 5 we discuss the constraints on
metallicities and (light-weighted) age for these galaxies, as well as implications for the formation,
quenching and evolution of these galaxies. In Section 6 we present our conclusions and describe
future work using this method. In the Appendices we show the model fits to the full galaxy sample,
discuss our method to derive errors on model templates, discuss the Bayesian evidence in support of
different stellar populations derived from the modeling, and we test our posterior stacking technique.

Throughout we use a cosmology with €2, = 0.3, 2, = 0.7, and h = 0.7, where Hy = 100 h

km s~ Mpc~! consistent with the recent constraints from Planck (68) and the local distance scale



of (69). All magnitudes are in “absolute bolometric” (AB) units (70).
2.2 Parent Sample and Sample Selection

The HST WFC3 G102 grism wavelength coverage (8000 < A < 11500 A) provides a wealth of
information for distant galaxies as it probes the rest-frame UV and optical range for redshifts z ~ 1
(rest-frame coverage: 4000 < A\ < 5750 A) to z ~ 1.8 (rest-frame coverage: 2850 < A < 4100
A). These wavelengths cover many age— and metallicity—sensitive spectral features, including Ca
HK, the 4000 A/Balmer break, Balmer-series lines, several Lick indices, Mgb, and some Fel lines
(though not all features are covered at all redshifts by the G102 grism, as we will discuss below).
With this in mind, we focused on a sample of quiescent galaxies selected to have low levels of star
formation compared to their past averages. By modeling the spectra of such galaxies, we are able to
constrain the galaxies’ star-formation histories (SFHs, when did they form their stars and when did
they quench?), and enrichment histories (when did they form their metals?).

The CLEAR survey includes G102 observations within the CANDELS coverage of the GOODS-
North deep (GND) and GOODS-S deep (GSD) fields (71; 72). We selected galaxies from an
augmented version of the photometric catalog from 3D-HST (16; 65) that includes photometry
from Y-band imaging (using the WFC3 FO98M and/or F105W imaging), which exists over the
majority of the GND and GSD CANDELS fields (72)!. More importantly, the WFC3 FO98M and
F105W filters provide imaging at comparable wavelengths covered by the WFC3 G102 grism, and
is important for object extraction and identifying the locations of nearby objects that may cause
spectral contamination.

The original 3D-HST data release did not include the FO98M nor F105W data in the GOODS
fields (because these have less uniform coverage, and are only available in two of the five CANDELS
fields). Because we require them for our program, we have added them to the 3D-HST photometric
catalog following the identical approach as (16). We first matched the PSFs of the FO98M and

F105W images to the detection image (using a weighted combination of the WFC3 F125W +

I All of the GND fields and most of the GSD fields are covered by F105W from CANDELS (71; 72) and from the
direct imaging associated with our grism program, see Section 3. The northern portion of the GSD overlaps with the
WFC3 ERS field (73) for which FO98M is available.



F140W + F160W images). We then reran SExtractor (v2.8.6, 74) in dual-image mode, using the
detection image to photometer sources in the FO98M and F105W images. We then inserted these
fluxes into the existing 3D-HST catalogs along with rederived photometric redshifts and rest-frame
U —V and V — J colors using EAZY (75), and stellar masses from FAST (76) (using a (77) IMF).
For details of the procedures, see (16).

It is our goal to select galaxies that are mostly devoid of star-formation, with a redshift that
places the 4000 A/Balmer break in the G102 grism wavelength coverage). We first selected a
parent sample of galaxies to have photometric redshifts (zp0) in the range 0.8 < zph0t < 2.0 and
stellar mass log(M, /M) > 10.0. This z,,. redshift range ensures that we select all galaxies
that possibly place the 4000A/Balmer break in the G102 wavelength coverage, when accounting
for errors on the photometric redshifts. Our stellar-mass constraint ensures that the spectra have
sufficient signal-to-noise for accurate modeling (see below). We filter stars from our parent sample,
using objects that have stellarity values from the 3D-HST catalog (defined by SExtractor) with
CLASS_STAR < 0.8. We remove any source with an X-ray detection (within a search radius of 05)
in the 2 Ms Chandra Deep Field-North Survey (78) and 7 Ms Chandra Deep Field-South Survey
catalogs (79).

Based on the rest-frame U — V and V' — J colors, we selected galaxies that are actively star-
forming from those in quiescent phases of evolution (compared to star-forming/active galaxies,
80; 2; 81). We selected a parent sample of quiescent galaxies from our augmented 3D-HST catalog

using the definition in (2),

(U-V) > 1.382mag,
(V—-J) < 1.65mag, and (2.1)

U-V) > 088x(V—J) +0.59

Figure 2.1 shows the U — V versus V' — J color distribution for the full galaxy catalog and for



Table 2.1: Properties of the 1 < z < 1.8 Quiescent Galaxy Sample

ID Zphot Ji25 (Mag) | Log (M, /M) | SNR
(1) (2) 3) “4) 5)
GND23758 | 0.94755] 20.5 11.0 12.3
GND37955 | 0.97+993 21.3 10.8 7.3
GND16758 | 0.997503 21.2 10.8 10.1
GSD43615 | 1.04750; 21.7 10.7 6.9
GSD42221 | 1.04F5:94 21.7 10.5 7.7
GSD39241 | 1.047505 20.9 10.9 12.4
GSD45972 | 1.0510 05 21.1 10.9 12.3
GSD44620 | 1.0810 03 22.1 10.5 4.8
GSD39631 | 1.0815:93 21.3 10.7 9.2
GSD39170 | 1.08%5:5% 20.3 11.1 20.8
GND34694 | 1.0975:53 21.0 10.9 9.9
GND23435 | 1.09+3:%¢ 225 10.3 4.4
GSD47677 | 1.10%55; 22.5 10.1 4.2
GSD39805 | 1.16%5:53 22.5 10.6 3.9
GSD38785 | 1.18%)%3 21.5 10.9 7.5
GND32566 | 1.18002 21.7 10.6 6.6
GSD40476 | 1.191593 21.9 10.6 8.6
GND21156 | 1.20%55; 20.9 11.2 15.8
GND17070 | 1.22%55; 21.2 10.9 53
GSD35774 | 1.23%5:5% 21.0 10.9 10.0
GSD40597 | 1.247003 20.9 11.0 16.3
GND37686 | 1.2775:04 21.3 10.9 8.4
GSD46066 | 1.32+3:03 21.7 10.8 3.4
GSD40862 | 1.33700; 21.7 10.9 4.9
GSD39804 | 1.367503 21.6 10.9 4.5
GND21427 | 1.48%52 22.0 10.7 2.5
GSD40623 | 1491014 223 10.8 4.7
GSD41520 | 1.64755] 22.2 10.9 3.4
GSD40223 | 1.6510 02 22.7 10.7 2.3
GSD39012 | 1.66%5:5¢ 22.6 11.1 1.8
GSD44042 | 1.671002 21.8 11.0 4.0

Table 2.2: (1) Galaxy ID number in the GND or GSD 3D-HST catalog. (2) photometric redshift
from the 3D-HST catalog; (3) observed Jo5; magnitude from the 3D-HST catalog; (4) stellar mass
derived using FAST; (5) SNR per pixel measured at 8500-10500 A in the stacked G102 spectrum.

those galaxies in our parent sample. Galaxies in the quiescent UVJ region typically have specific

SFRs (sSFRs) < 1072 Gyr~! (82), indicative of galaxies with lower current SFRs compared to their



past averages (e.g., for a galaxy with a current stellar mass 10* M, and sSFR=10"2 M, yr~*, the
current SFR is U=1 M, yr~!, whereas the SFR averaged over the past Hubble time is (¥) ~ 20 M,
yr—1). Galaxies with such low sSFR qualify as having “suppressed” SFRs (83). Past studies of the
evolution of these galaxies show they follow “passive” evolution of their mass-to-light ratios from
redshifts as high as z ~ 2 (e.g., Fum16).

From the parent sample, we further require that all galaxies fall within the CLEAR HST/WFC3
G102 coverage (which includes 12 WFC3 pointings divided evenly between the GND and GSD
fields, see Section 3). We then refit the galaxy redshifts using the G102 grism spectra themselves (as
described in Section 2.5.1 below), and kept only those galaxies with 1.0 < 2,5, < 1.8 to ensure
the G102 data cover the redshifted 4000 A/Balmer break for all galaxies (this last step does exclude
some galaxies with low SNR in the G102 data, typically (SN R) < 1.5, see below). This yields our
final sample of 31 galaxies. Table 2.1 shows the physical details of these galaxies.

For quiescent galaxies, the stellar mass limit of log M, /M > 10.0 corresponds roughly to
a magnitude limit of Jy95 < 22.7 mag at z < 1.8. For such galaxies we measure a mean signal-
to-noise ratio (SNR) in the G102 data of (SNR) ~3 per pixel, averaged over A=0.85-1.05 (see
Figure 2.2 and below). Most of the quiescent galaxies in our sample lie at stellar masses well above
this limit, where the median mass is log(M, /M) = 10.87 with an interquartile range (spanning

the 25th to 75th percentile) of log(M.,. /M) = 10.67 to 10.96.
2.3 HST WFC3/G102 Observations and Data Reduction
2.3.1 HST Observing Strategy

We use HST slitless spectroscopic data taken from the CANDELS Lyman-a Emission at
Reionization (CLEAR; HST GO 14227, PI: Papovich). CLEAR covers 12 fields in the GND and
GSD portions of CANDELS, with deep WFC3/G102 grism observations (12 orbits, when combined
with some existing data). For unresolved sources the G102 dispersion is 24.5 A/pixel ™! (for the
native WFC3 pixel scale, ~013/pixel), yielding a resolution of R ~ 210 at 1.0 .

The observations for CLEAR were taken over dates ranging from 2015 Nov 14 to 2017 Feb 19.
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Each pointing was observed for 10 or 12 orbits, with direct imaging in the WFC3 F105W (Y105)
paired with the G102 grism exposures. We followed the sub-pixel dither pattern used by 3D-HST
(84). The observations for each pointing were divided into 3 pointings of 4-orbits each (except in
GND and the ERS field) separated by 10 degrees in roll angle to mitigate collisions of spectra
from nearby objects and to avoid detector defects. In addition, we combined the CLEAR data with
existing 2—orbit—depth data from other programs. The observations in the GND were only 10 orbits,
and were combined with existing 2-orbit-depth data from the G102 from program GO 13420 (PI:
Barro). The observations in the ERS were combined with existing 2-orbit-depth G102 data from the
WEC3 ERS program (PI: O’Connell; see 73; 85).

During the scheduling of the CLEAR observations, care was taken to protect the G102 grism
data from a known time-variable background. This background is due to Hel emission from the
Earth’s atmosphere at 10830 A, which contributes to the background in the Y-band (and G102
grism) when HST observes at low limb angles (see 86; 87; 88). Following the strategy of the
Hubble Frontier Fields (88), we monitored the predicted observational ephemeris of each CLEAR
observation. We then structured the observing sequence to place the direct imaging (F105W)
observation at the end (or start) of the orbit when the Hel emission was expected to have the largest
impact, and to place the grism (G102) observation at the start (or end) of the orbit to take advantage

of the lower background levels.
2.3.2 HST Spectroscopic Data Reduction

The data reduction of the G102 spectra follow the procedures from the 3D-HST pipeline®-* (84;
65) and custom scripts®. This includes interlacing of the data to reduce pixel-to-pixel correlations
(c.f., drizzling). Following the calwf 3 processing, we inspect the images for artifacts (satellite
trails) and any regions of elevated background. Satellites typically affect a single WFC3 grism read,
and in those instances, we remove the read (or reads) containing the satellite trail. If they persisted

we masked them. We then rejected cosmic rays by using AstroDrizzle.

Zhttps://github.com/gbrammer/threedhst
3https://github.com/gbrammer/unicorn
“https://github.com/ivastar/clear
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To calibrate the G102 images we first divided them by the WFC3/F105W imaging flat field
(see 84) and then subtracted the background following the methods in (86). We then subtracted
the masked column average in each image to create the final background—subtracted images and
to remove low-level residuals not accounted for in the backgrounds. Lastly, we combined the
exposures taken at the same ORIENT using the interlacing discussed in (65). This provided stacked
grism images containing between two and four orbits of data.

From these stacked grism images we extracted 2D and 1D spectra for individual objects in our
sample defined in Section 2.2 using the procedures in (65). We required a reference direct image to
provide the positions and morphologies of each object for spectroscopic extraction. As described
by (65), the pipeline uses the direct image to identify and model the expected location of spectral
traces associated with contaminating sources, using the positions and redshifts of sources in the
input catalog (see Section 2.2).

We used the WFC3 F105W mosaics for all extractions, and for the modeling and subtraction of
contamination from nearby sources (we found that using the F105W provided the best contamination
modeling and subtraction compared to other WFC3 bands, likely because the F105W matches the
wavelength coverage of the G102 data).

Prior to stacking spectra for each object, we visually inspected the data to ensure they were not
affected by severe contamination or by other cosmetic issues. In most cases, the pipeline removed
most of the contamination from nearby sources. In rare cases we identified residual contamination
present in one of the stacks (in all but one case for our sample this affected only one ORIENT). In
this case we either discarded the contaminated stack, or if the contamination was minor, we masked
affected pixels before stacking the extracted spectra.

Figure 2.3 shows the CLEAR data for one of the galaxies in our sample (GSD 39170 with a
redshift derived from the grism spectrum of 24,5, = 1.02, see below), which shows the direct
imaging and grism data extracted from the 4-orbit depth stacks at each of the three different roll
angles (ORIENTS). This target highlights the contamination subtraction capabilities of the CLEAR

pipeline, as a contaminating source lies near our target. In one orient its spectrum falls near the
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target, and in another it lies directly over our spectrum. Using multiple orients we can characterize

the contaminating source spectrum, and subtract it from the raw data.
2.3.3 Tests of the HST G102 Grism Flux Calibration

Our study requires that the relative flux calibration of the HST WFC3/G102 grism data be
accurate as we use the continuum in our analysis of the galaxy stellar populations. In general, the
absolute flux calibration of HST is very stable with average temporal variations constrained to be less
than 1% (89), and allows us to use the continuum for this purpose. This is a significant advantage
of space-based slitless spectroscopy compared to slit-fed spectroscopy from the ground, which
suffers from systematics associated with terrestrial, astronomical, and instrumental backgrounds
(32), and partly explains why slitless spectroscopy with HST is superior in some aspects compared
to ground-based 10 m-class telescopes (65; 87), even though the current HST IR instruments operate
at lower spectral resolution.

We tested the flux calibration of the extracted grism data for objects in our sample by comparing
the spectra with the broad-band flux measurements from HST broad-band imaging. We synthesized
photometry from the grism spectra by integrating them with the HST ACS F850LP and WFC3
FO98M filters (zg50 and Yjos), as these cover wavelengths also covered by the G102 grism. Figure 2.4
shows a comparison of the (flux-calibrated) extracted G102 spectra for two objects in our sample
(GSD 39170 and GND 21156) to their broad-band photometry from our augmented 3D-HST catalog
(see Section 2). The overall agreement between the broad—band and synthesized photometry is
better than 3%.

Next, we investigated the accuracy of the relative flux as a function of wavelength (i.e., the
accuracy of the “color” of the spectra as these would impact our ability to measure stellar population
parameters, such as the ages and metallicity). The G102 grism covers wavelengths also covered
entirely by the ACS F850LP and WFC3 FO98M filters, and we therefore focus only on the subset
of objects in the GSD (ERS) that have coverage in both band-passes. Figure 2.5 compares the
Zg50 — Yoog color synthesized from the G102 data to the color measured directly by these bands

in our photometric catalog, plotted as a function of SNR in the G102 grism spectrum measured
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at 8500-10500A. Taking all objects, the median color difference is A(zg50 — Yoos) = 0.05 mag,
this is consistent with a measurement of 0.0 mag as our measured errors are larger than the offset.
Therefore we conclude that the grism flux calibration is accurate (compared to the broad-band
colors), and we consider any systematic uncertainty in flux calibration to be negligible in our

analysis.
2.4 Methods and Tests of Model Fitting

Our primary goal is to constrain the ages and metallicities of the quiescent galaxies in our
sample. Here, we describe our method to model the spectra, to fit them to the data, and to extract

posteriors of the stellar population parameters.
24.1 Forward Modeling of HST Grism Data Using Stellar Population Models

We use composite stellar population models in order to investigate the SFHs, ages, and metallic-
ities of the quiescent galaxies at 1.0 < zg,45,, < 1.8 in our sample. To generate model spectra, we
tested two sets of models: the Flexible Stellar Population Synthesis (FSPS) models (90; 91); and the
set of models from (92, BC03). The FSPS models use isochrones from the Padova stellar evolution
tracks, with the MiLeS empirical stellar library for wavelengths 3500 < A\/A < 7500 (and BaSeL
theoretical spectra elsewhere). The BCO3 models use the Padova tracks and isochrones combined
with the STELIB empirical stellar library for wavelengths 3200 < A/ A < 9500 and BaSeL spectra
elsewhere. For both the BCO3 and FSPS models we assume a (93) IMF (although this has minimal
impact on the age or metallicity constraints we infer).

While we consider both BCO3 and FSPS for our model fitting. In Appendix A.4, we find
Bayesian evidence against the BC0O3 models in favor of the FSPS models. Fum16 obtain similar
results, where they show that FSPS models provide better agreement (lower 2 values) for fits to
stacked quiescent galaxy spectra of similar resolution and rest-frame wavelength. We therefore
report results from the FSPS for the remainder of this work in light of the Bayesian evidence against
the BCO3 models.

We generated a large range of spectra from the FSPS models, spanning a range in age (t =
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0.5 — 6.0 Gyr, in steps of 0.1 Gyr), metallicity (Z = 0.1 — 1.6 Z in steps of 0.05 Z), and SFH
(7 = 0.0 — 3.0 Gyr in steps of 0.1 Gyr). Regarding the metallicity, as we fit to the full spectra,
our measurements of the metallicities are affected both by the individual elements in the spectral
absorption features and those that affect the stellar opacities that make up the continua. Since the
latter are dominated primarily by Iron peak elements (53), we expect that the “metallicity” (Z) here
is a proxy for [Fe/H]. Nevertheless, there is evidence for higher abundances of [a/Fe] in massive
galaxies at low redshift (see, e.g., 43; 27; 4; 53, and references therein) and some evidence for
this in galaxies at high redshift (60; 94). Future modeling of the abundance of individual elements
would provide more detailed insight into chemical enrichment histories of galaxies.

We assume "delayed 7" SFHs that increase linearly with time followed by an exponential decay
characterized by an e-folding timescale 7, such that the star-formation rate (SFR, W(¢)) at a given
age, t, is parameterized by W(t) o ¢ x exp(—t/7). These best represent the average SFHs of
quiescent galaxies at early and late times (e.g., 95; 96; 97; 98). In our analysis we marginalize over
7 as a nuisance parameter.

For the remainder of this work, we interpret the age using the “light-weighted” ages, (t) 1, which
have been averaged over the past SFH weighted by the luminosity of the stellar population. This is
because (t), best corresponds to the age of the stellar populations that dominate the galaxy light.
This is more robustly quantifiable than the SFH itself (see e.g., 99; 100), and best represents the age
of the stars that dominate the observed spectrum (see also Fum16). We derive the light-weighted

ages using the SFHs and (instantaneous) ages as

w7y L —t,7) (= 1) dt

0
[y w(t,r) L(t* —t,7) dt

(t(t", 7))L = (2.2)

where t* is the instantaneous age of the model. The quantity L(t* — ¢, 7) is the luminosity at an age
of t* — t, for a given SFH, U (¢, 7), measured in a given filter band (we use the SDSS ¢ band in the
rest frame).

To include the effects of dust, we attenuate the model spectra by the value A(1") using the (101)
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dust law (to be consistent with the dust measurements from 3D-HST 16).

F(/\)observed - F(/\)unattenuated X 10_0'4 k) AV)/R(V) (23)

where k() is the starburst reddening curve, and R(1/) is the total-to—selected attenuation in the
V-band, with R(V') = 4.05.

We then simulated the 2D and 1D grism spectra from using the stellar population models with
the software package Grizli (the grism redshift and line analysis software), developed by CLEAR
team member (G. Brammer)®. Grizli uses as input the stellar population model spectrum, the
galaxy redshift, and the galaxy image to correctly model the 2D grism data. For this latter step, we
use imaging from F105W (or FO98M) from CANDELS. Using the correct morphology is highly
important, as the galaxy morphology effectively “smooths” the resolution of the (slitless) grism
spectrum (referred to as “morphological broadening”, 33), which is caused by the image of the
galaxy dispersed over the range of wavelengths covered by the grism. The broadening of features is
therefore correlated to the morphology of the galaxy (and at the resolution of our data this is the
dominant effect; we can neglect the contribution from dynamical motions within the galaxy). The
correlation with morphology means the spectral resolution decreases with increasing galaxy size
(where narrow lines can be lost or smoothed over). More compact galaxies, due to their smaller
size, will produce the least morphologically broadened spectra (i.e., they will have higher spectral
resolution). This modeling process of the data is illustrated in Figure 2.6.

We further adopt an additional “uncertainty” to account for systematic errors, which could either
arise from incompleteness or inaccuracies in the stellar population models, or from systematic
errors in the data (see e.g., discussion in 99; 75). To counter this “model error” we add an additional

systematic error term (a template error function) following (75) (detailed in Appendix A.3) .

Shttps://github.com/gbrammer/grizli
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2.4.2 Fitting Grism Models to Grism Data

In what follows we describe fitting the 1D spectral models derived from Grizli and the stellar
populations to the 1D G102 data for each galaxy. Because we are considering only a small number
of parameters at present, we generate models over a grid of parameter values. We derive a x>
goodness-of-fit measurement for each combination of model for the G102 data, and we then

calculate a likelihood distribution using the following,
P(D|©) o exp(—x*/2) 24)

where D is the data and O is the set of parameters we consider. We derive the joint probability

density function using Bayes’ theorem
P(©|D) x P(D|®)P(O) (2.5)

where P(©) represents prior information. Here we assume “flat” priors over the parameter range
(see discussion in 100); for metallicity, (light-weighted) age, SFH, and redshift. For the dust
attenuation, we use a prior derived by fitting a skewed Gaussian to the distribution of A(V") values
derived from broad-band photometry from 3D-HST for galaxies in our redshift and mass range. We
then marginalize to get posteriors on individual parameters. For example, given © = (X, Y, Z), we

would derive the posterior on parameter X as,
P(X) = // P(X,Y,Z|D)dZ dY (2.6)
v Jz

In the sections that follow, we test the ability of our method to recover model parameters using
simulated data. We first test the results for model stellar populations in different redshift ranges
(Section 2.4.2.1). Next, we test the accuracy of recovered stellar population parameters for models
fit to simulated data with and without the spectral continua (Section 2.4.2.2). As a result of these

tests we concluded a best practice to (1) sub-divide galaxies by redshift so that the G102 spectra
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cover different spectral features which allows us to study systematics resulting from differences in
rest-frame wavelength coverage, and (2) fit the full spectrum including the continua as this provides
the most accurate constraints on the stellar population parameters. Following these tests we apply
these methods to (re-)measure galaxy redshifts from the G102 grism data (Section 2.5.1). We then fit

the grism data to derive stellar population parameters for the galaxies in our sample. (Section 2.5.2).
2.4.2.1 Tests using Simulated Data in Different Redshift Ranges

We tested our ability to measure meaningful constraints on model parameters of galaxies at
different redshifts. We selected (direct) images and redshifts from four real galaxies in our sample,
and input models with 6 different combinations of parameter values spaced throughout a plausible
range of values; t = 1.9 to 4.5 Gyr, Z = 0.42 to 1.32 Z, and a delayed SFH with 7 = 0.5 Gyr.
In all cases, we simulated model spectra, as illustrated in Figure 2.6. For the simulated “data” we
added real noise measured from extracted the G102 spectral data.

We then fit the simulated model data using the method described in Equations 2.4-2.6, fixing
redshift to the true value and setting A(V')= 0. We repeated these simulations 1000 times (for each
set of “truth” parameters) to generate likelihoods for the accuracy of the recovered parameters. One
limitation of this simulation is that model spectra exactly match the (simulated) “data”, but this
allows us to determine the limitations of the fitting procedure in the idealized case before applying
it to real data. We then derived posteriors on the model parameters.

Inspecting our results, we identified four natural redshift ranges which probe different rest-frame
spectroscopic features, and therefore have slightly different systematics in the results from the fitting.
These redshift ranges have medians of approximately z = 1.1, 1.2, 1.3, and 1.6, and correspond
to where the different age— and metallicity—sensitive spectral features shift in and out of the grism
wavelength coverage, as illustrated in Figure 2.7. At all redshifts (1.0 < zgism < 1.8) the G102
spectra contain the 4000 A/Balmer break, which provides constraining power on the ages and
metallicities of the stellar populations.

Figure 2.8 shows the measured distributions on (light-weighted) age (¢) and metallicity (Z) for

simulated models, for one combination of “true” (light-weighted) age ¢ =2.5 Gyr and metallicity
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Z =1 Zg, in each of the four redshift bins (we obtain similar results for other combinations of age
and metallicity, but show these as they are close to the values we derive for the real data for the
galaxies in our sample).

In what follows we qualitatively describe the fits in each subgroup for one set of parameters.
This set was chosen as it represents a region of the parameter space we expect to be well populated.
We quote values for fits of spectra with SNR = 10 (as an example of how well “good” spectra can
constrain parameters), though we find that we are able to recover the parameters accurately down to
SNR ~ 3.

For the first redshift subgroup, (1.00 < zg.sm < 1.16), the G102 data cover wavelengths
that probe features out through Mgb. Unlike the Balmer lines, which are mostly age dependent,
including the Mgb feature provides improved constraints on metallicity. The age constraints are
also reliable, but suffer from the lack of spectral coverage the rest-frame U-band data.

The second redshift subgroup, (1.16 < zgism < 1.30), includes features out through Hj3. The
lack of Mgb could make constraining metallicity more difficult, but with a better defined 4000 A
break and coverage of the rest-frame U band these data probe the shape of the rest-frame U-B
continuum and yields relatively accurate constraints on the age and metallicity.

The third redshift subgroup, (1.30 < zgism < 1.45), contains galaxy spectra that lack coverage
of Mgb and HJ3, but still contain the G+H~ features. The constraints on the age are aided due to
stronger presence of the rest-frame U—B continuum.

The fourth subgroup is our highest redshift group, (1.45 < 2g4pism < 1.70). The most prominent
features of the group are the 4000 A break and the large amount of U—B continuum. This group
differs from the group by having the H., feature in a noisy region of the spectra.

For the all groups, we are able to recover the metallicities and light-weighted ages with typical
uncertainties of 0(Z)~0.30 Z. and o(t)~0.3 Gyr (0(t)~0.2 Gyr for ) respectively. The tighter
constraint seen in the age measurement is an artifact of the definition of SNR. We use the SNR per
pixel, averaged over 8500—11,500 A. For z ~ 1.6, this observed wavelength range mostly covers

the U band, and the portion around (and above) the rest-frame 4000 A/Balmer break has much
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higher S/N.

When taking all redshift subgroups, and parameters into account, Figure 2.8 indicates there
may be a slight bias in light-weighted age and metallicity on the order of ~ +10% and ~ —10%,
respectively (for SNR > 5). However, these biases are small relative to the constraints we derive on

these parameters for each galaxy. We therefore make no attempt to correct these.
2.4.2.2  Tests Using Simulated Data with and without Continua

We performed an additional test to determine the importance of fitting to the galaxy spectra
including the continuum and fitting with the continuum divided out. Although we show in Sec-
tion 2.3.1 that the flux calibration is not a significant source of error, past studies frequently remove
the continuum, allowing for fits directly to the stellar population features, and mitigating against
uncertainties in flux calibration (91, Fum16). However, there is information in the continuum as it
is the superposition of the photospheres of the composite stellar populations, whose characteristics
depend strongly on age, metallicity and SFH. As we have determined that the HST flux calibration
is both accurate and stable, including the continuum provides important information for the model
fits.

For our test, we removed the continua (on the models and simulated “data”) by dividing the
spectra with a third order polynomial fit, masking out regions with possible emission or absorption
features except for the 4000 A break. We then fit the models to the data, derived likelihoods, and
marginalized over parameters to derive posteriors.

Figure 2.9 compares the recovered parameters derived by fitting simulated spectra with and
without the continuum. The abscissa in both the top and bottom panels show the difference between
the true value and the derived median value. We smooth the distribution of points with a kernel
density estimator to derive the likelihood. While we recover, on average, the true value for both
cases, using the continuum provides a tighter and more symmetric distribution, with improved
results. Formally, using the continuum, we derive median and 68% confidence intervals for the
offset in metallicity and light-weighted age as AZ. = —0.0137033 Z, and At. = —0.267052 Gyr.

Using fits to data where the continuum has been divided out, we derive AZ,,. = —0.013%032 Z,
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and At,, = —0.08"0 % Gyr. For the case that includes fits to the full spectra (i.e., including the
continua and all absorption features), the offsets and uncertainties are smaller (and the posterior is

more symmetric). We therefore fit to the full spectra in our analysis of the galaxies in our sample=.
2.5 Results

2.5.1 Measuring Redshifts from the Grism G102 Data

It is important to have accurate redshifts when modeling the galaxy stellar populations. We
therefore re-derived galaxy redshifts, 2,5, by fitting the model grism spectrum to the data, using
an iterative method. We firstly fit 24,5, Over a coarse grid of model parameters to estimate its value.
We secondly fit 2,5, Over the full set of parameters but limiting the range of redshifts. These two
steps saved computation time by a factor of ~25.

For the first 2y, iteration, we generated models with fixed 7 = 100 Myr over a coarser
grid of metallicities and ages, with a very fine grid of redshift (Az = 0.001) over a range of
0.8 < z < 2.0. For the galaxies in our sample, the choice of 7 does not affect the measurement of
Zgrism for 7 < 500 My for the quiescent galaxies in our sample. We fit using the set of parameters

© = (Z,1, 24rism ), and then marginalize to obtain a posterior on z,;sm,

P(Zg”"igm) = /Z/P(Z,t’ Zgrism) dt dZ (27)
t

From the P(z) we derive median values and a 68%-tile range on 2, for each galaxy. These
median values are used in our full model fitting (below) to set the redshift range used (where we fit
OVer a range Zpedian + dz with dz = 0.02 (which spans the peak and majority of the probability
mass in redshift space for galaxies in our sample). Table 2.3 reports the median and 68% confidence
interval on zy,s,, from these fits. The grism-derived redshifts have typical uncertainties ¢.0.004,
and are significantly improved compared to the broad-band-derived photometric redshifts with

0, ~ (0.02 — 0.11 (see Table 2.1 and Figure 2.10). Similar results are seen in (65)
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2.5.2 Measuring Stellar Population Parameters from the CLEAR G102 Data

To constrain the stellar population parameters for the galaxies in our sample, we generated a
large range of spectra from the FSPS models. Our parameter space consists of metallicity, age, and
SFH (ranges defined in Section 2.4.1), the redshift range described in Section 2.5.1, and a range of
dust attenuation of 0.0 < A(V')/mag < 1.0.

As discussed above, the use of delayed-7 SFHs is justified by the fact that our sample consists of
quiescent galaxies, where the light-weighted ages are typically many times the e—folding timescale.
Such SFHs are motivated by studies that find galaxy SFRs rise at early times and decline at later
times (e.g. 95; 100; 97; 102). We note that using other parameterizations of the SFH would change
the stellar—population ages and metallicities by <0.1 dex (see e.g., Gall4). Our tests using purely
exponentially declining SFHs (e.g., SFR(t) o exp(—t/7)) results in (light-weighted) ages younger
by ~15% compared to the results here using delayed-7 models. This would push the formation
redshifts of the galaxies in our sample to later epochs, but the effect is systematic and would not
effect our overall conclusions.

We fit the models to each galaxy individually. For each galaxy, we generate the suite of 2D
model spectra using the galaxy’s FI0SW (or FO98M) image and extract a 1D spectrum as illustrated
in Figure 2.6. We then fit the models to the data for each galaxy using Equations 2.4 to 2.6, where we
marginalize to generate posteriors on each parameter. We then derive median and 68% confidence
intervals on each parameter. Table 2.3 lists these values for each galaxy in our sample; including
fits to the (lighted-weighted) age, metallicity, 7, 24ism, and dust attenuation.

Figure 2.11 shows an example fit for one galaxy in our sample. The model has the median
values derived for the stellar population parameter posteriors (i.e., this is not the best fit model, but
instead is the model with metallicity and light-weighted age matching the median of the posterior
distributions). The right panel of Figure 2.11 shows the corresponding joint posterior on (light-
weighted) age and metallicity, P (¢, Z) and individual parameter posteriors, P(t) and P(Z). This
figure also shows the benefits of using the light-weighed age rather than the instantaneous age.

Based on our tests, the light-weighed age is best at breaking the metallicity— age degeneracy and we
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see an anti-correlation in the joint P(¢, Z) posteriors. As a result, the distributions on the individual
parameters (Z and t) are more symmetric and well constrained. In Appendix A.2 we show similar
plots for all the galaxies in our sample, along with their respective median fit models, and metallicity
and age joint likelihoods.

We observe possible HS emission in 3 of the galaxies (<10%) in our sample. When this residual
Hp emission is present we mask out this region when fitting. We have also refit all the galaxies in
our sample, removing the central region of H/3, and find no measurable impact on the parameter fits
(in 11 out of 18 galaxies), with random (i.e., not systematic) changes of <10% in the median fits on
parameters in the other cases. We therefore make no correction for Hf (or other nebular) emission.

Although it is our goal to derive model fits solely from the G102 grism data for each galaxy
in this study, we have compared the best-fit model fits from our analysis to available broad-band
photometry (from 16). A quantitative comparison yields limited information as the best-fit models
do not capture the full range of allowable parameter values, but they do offer guidance to the
fidelity of the model parameters. We find that the broad-band photometry and best-fit model fits
span the same range of color across out to longward of (rest-frame) 1 in 70% of cases, and this is
improved to nearly 100% when we fix the dust content in the models to be A(V') = 0 mag. Because
we marginalize over dust attenuation here, our uncertainties include this information. We plan to
explore this more fully in a future work, using all available grism and broad-band data to constrain

the stellar populations of galaxies.
2.5.3 Stacked Results for Galaxies in Redshift Subgroups

To derive parameter constraints for all galaxies in each redshift subgroup, we adapt the “stack-
smooth-iterate” technique discussed in (103). This allows us to combine the posterior likelihoods,
P(Z) and P(t), derived from each individual galaxy, placing constraints on the subgroups as a
population.

The steps in our “stack—smooth—iterate” method are as follows. We explain the steps in greater

detail below.

1. Sum the posteriors using weights to remove large peaks from the summed distribution.
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2. Apply a prior derived from the previous iteration (the prior is flat on the first iteration).
3. Smooth the distribution to remove smaller residual peaks.

4. Set this smoothed distribution as the new prior.

5. Iterate until asymptotically reaching the parent distribution.

The process begins by deriving the weights, w;. To do this we take the inverse variance derived
by a jackknife process. The jackknife begins by summing the posteriors to create a distribution
Y(©)

1
Y(©)=-— P(©|D); 2.8
(©) =~ Z (01D) 28)

where n is the total number of posteriors. We then quantify the effect a single posterior has on Y (©)

by leaving it out of a newly summed distribution Y (©);

- 1 JFi
Y (©), = — Z P(6|D); (2.9)
J
We then calculate the weights w; to be
1

(2.10)

w; =

Jo(Y(©): = Y(©))de

Here we find the variance between Y (©) and Y (©);, where we excluded the ith posterior and
integrated over ©. The advantage of weighting in this way is that the weights naturally handle
individual P(©|D); that are sharply peaked (e.g., a distribution approximately that of a d-function),
as this would otherwise dominate an average of the subgroup distributions.

We then stack our posteriors using a weighted sum

_ >wiP(8|D)iP(©)
Jo 2oiwiP(©]D); P(©)dO

P*(0) 2.11)

P(©) is a prior on ©, which is derived from the data itself (i.e., P(O) is flat in the 1st iteration, then
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taken as P(©) = P*(O) on successive iterations, see below).

We then iterate to calculate P*(O) from Equation 2.11. On each iteration (including the first)
we smooth the P*(©) distribution using local linear regression (104) to remove any residual peaks.
While the choice of smoothing algorithm is not as important, the smoothing step is important
because it will remove any peaks on the distribution that the weights did not. During the iteration
process these residual peaks (because it is a multiplicative process) will begin grow and shift the
distribution.

Once smoothed we set P(0©) = P*(0©) , and iterate. In this way we derive the prior P(©) from
the data itself. (Note that we apply this “prior” only to derive the stacked likelihood here, and not
to alter the likelihoods for individual galaxies derived above.) After several iterations P*(©) will
converge to reach a distribution, which is an estimate of the parent distribution of the sample. We
emphasize that these are approximations of the parent distributions, and larger sample sizes would
more reliably recover these distributions. Appendix A.5 describes our tests to check the accuracy of
this method to recover a true known parent distribution.

Figures 2.12 and 2.13 show the stacked spectra and models with the median parameters from
the stacked posteriors for the galaxies in each of our redshift subgroups. The stacked spectra are
the weighted average of the spectra for each galaxy in each subgroup: we first shift these all to the
rest-frame, then average, weighting by the inverse variance as a function of wavelength for each
spectrum. Each figure shows the “median” model, which is the stellar population with parameters
equal to the median light-weighted age and metallicity from the stacked parameter posteriors (i.e.,
these are not best fits). Nevertheless, the agreement between the model spectra and the data is high.
This gives us confidence that the models reliably represent the data and therefore inform us about
the stellar population parameters for these galaxies.

From the stacked posteriors we derive median and 68%-tile ranges on the light weighted
ages and metallicities for the galaxies in the different redshift subgroups. Based on our tests (in
Appendix A.S5) we interpret the 68%-tile distributions as an estimate of the intrinsic scatter in parent

distribution of the population. Table 2.5 lists these values as well as the mass range and number of
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galaxies for each redshift subgroup.

Table 2.3: Measured parameters for individual galaxies from this work

ID Zgrism | Metallicity | Age T A(V)
(Zo) (Gyr) (Gyr) (Mag)
) (2) (3) 4) 5) (6)
GNDI6758 | 1.015%0105 | 1.23%035 | 3.56T070 | 0.31505; | 0.065002
GSD39241 | 1.01740005 | 1.247032 | 3.7470:12 | 0.27707% | 0.1750 49
GSD42221 | LOISTE | 1207020 | L2470k | 0.26%058 | 0,200
GSD43615 | 1.020%0002 | 1.1270:3% | 3.8670%% | 0.27707 | 0.4810:70
GSD39170 | 1.023%000; | 1407057 | 3.42%05 | 0487055 | 0047003
GND37955 | 1.02740905 | 1.24702% | 2.6770:50 | 0.68703; | 0.637032
GSD45972 | 104170005 | 0.73%093 | 3.48%550 | 0.277079% | 0.08%010
GSD39631 | 1.057+0¢0% | 0.6470350 | 3.56 500 | 0.25707% | 0.197013
GSDA7677 | 11174002 | 1055042 | 3.117042 | 0.302059 | 0.3020+
GND23435 | 1.139% 0007 | 0.73%0%4 | 2.2370%0 | 0.347057 | 0.38%9%
GND34694 | 1.14510005 | 1.127030 | 2.217077 | 0.18%033 | 0.257013
GND32566 | 1.148%0000 | 1.15%04; | 2117065 | 054705 | 0.36%0%
GND23758 | 1.161% 0105 | 0.60%0%5 | 2.105035 | 1.02505; | 0.90%017
GSD38785 | 1.169%0:005 | 0.80%035 | 2477050 | 0.437055 | 0.207032
GNDI7070 | 1175%0%% | 1097041 | 210700 | 0347038 | 0157018
GSD40476 | 1.209%5005 | 0.51%652 | 1.83%05 | 0.227055 | 0.44707
GSD40597 | 1.22140005 | 1.2270730 | 2.4970:3; | 0.637059 | 0.20%015
GSD35774 | 1.227 000 | 1.28T0%; | 1.65%0%5; | 0.12%005 | 0.57105
GSD39805 | 1.243%0:0% | 1.06%050 | 2105055 | 0.595030 | 0.40%02)
GND21156 | L249%0% | 0.83048 | 220505 | 026702 | 0317010
GND37686 | 1.256% 000, | 0.58%057 | 3105063 | 0.2370% | 0.49%0:38
GSD46066 | 1.32670 002 | 1.04705% | 3.487030 [ 0.187017 | 0.447025
GSD40862 | 1.328%0005 | 1155095 | 2.52500 | 0.19%075 | 0455058
GSD39804 | 1.333%000: | 0.94703¢ | 3.17H050 | 0.2170:38 | 0.28%0%5
GSD44620 | 1.33450100; | 0.801p38 | 0.961058 | 0.222033 | 0.622052
GSD40623 | 14137005 | 1.02%03; | 3.0870%0 | 0.16%517 | 0.2770 )5
GND21427 | 1.506% 07055 | 0.9170%¢ | 2.4370:65 | 0.257075 | 0.407057
GSD40223 | 1.595%0002 | 0.81%040 | 1.8240428 | 0471033 | 0.48702]
GSD41520 | 1.605°0%%2 | 097015 | 108705 | 0187015 | 0737010
GSD39012 | 1.612%0:050 | 0.7570% | 1.877025 | 0457057 | 0427053
GSD44042 | 1.61275705 | 1.28%055 | 2.33705% | 0.477555 | 0.22745:3

Table 2.4: (1) Galaxy ID number in the GND or GSD 3D-HST catalog; (2) measured grism redshift;
(3) median metallicity; (4) median light-weighted age; (5) median e-folding time for delayed 7 SFH;
(6) median A(V) for Calzetti dust law; all measurements provided with 68% confidence intervals;
horizontal lines show the galaxies in each of the separate redshift subgroups
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Table 2.5: Measured parameters for each redshift subgroup

Redshift group | Metallicity Age Mass Range | Sample Size
(Zo) (Gyr) | (log(M./Mc)) N)
(1) (2) 3) 4 S)
1167528 132407 10.1-11.1 12
1.057532 122406 | 10.6-11.2 9
1.007531 131406 | 10.5-11.0 5
0.957947 | 2.0+£0.6 | 10.7-11.1 5

Table 2.6: Values on (light-weighted) age and metallicity correspond to the median and 68%
confidence range for each parameter, which we interpret as an estimate of the intrinsic scatter in
the subgroup (see text); The columns show (1) Redshift of the sub-group of the stacked posteriors;
(2) metallicity; (3) light-weighted age, (4) Mass range of the galaxies in each of the samples; (5)
number of galaxies in each redshift sub-group.

2.6 Discussion

Our dataset and analysis allow us to explore the correlations between stellar mass, (light-
weighted) age, and metallicity in galaxies at z > 1, much closer in time to the galaxies’ quenching
time. We can use these to constrain both the SFHs and enrichment histories of these galaxies. In the
sections that follow, we interpret the results of our modeling.

It is important to note that throughout (unless otherwise specified) all ages correspond to “light
weighted” ages (see above) as these are better constrained because they correspond to the stellar
populations that dominate the light in the galaxies’ spectra (when weighted by their luminosity).
These are related to the parametric form of the SFHs through Equation 2.2, and different choices
in this can impact the (light-weighted or mass-weighted) ages by ~0.4 Gyr (e.g., 102). We will

explore the effects of different SFHs in a future work.
2.6.1 The Ages and Metallicities of Quiescent Galaxy Populations from z ~ 1.1 to 1.6

Generally, our modeling of the quiescent galaxies from to favor (light-weighted) ages of ~2—4
Gyr (with age increasing with decreasing redshift) and near Solar metallicities. Here, we comment
on the values and quality of the model fits.

For each redshift subgroup, Figures 2.12 and 2.13 show the stacked posterior on the age and
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metallicity. The model fits in the Figures have metallicity and age equal to the median value from
these stacked posteriors (that is, these are not best fit models to the stack). Rather, the posteriors
are derived by stacking the posteriors of the individual galaxies in each redshift subgroup using the
method in Section 2.5.2, and the data are the stacks of the individual galaxies (weighted by their
inverse variance). The agreement between the models and data match is qualitatively quite good.

The subgroup has median parameter values of 7 = 1.16 £ 0.29 Z, t;, = 3.2 £ 0.7 Gyr
(Figure 2.12 top panel). The regions around HS and Mgb are particularly well reproduced by the
model. This may be expected as the S/N of the data are highest in those regions and these features
are age and metallicity sensitive. The model agrees well with the data at bluer wavelengths, but it
does not capture all the apparent features. For example, the data show possible absorption at Hj that
is not reproduced in the model. However, the G102 grism has less sensitivity at these wavelengths,
reflected by the larger uncertainties on the data in this part of the spectrum, and the spectral regions
at bluer wavelengths constrain the models less. Furthermore, we would have expected stronger Ho
absorption to be accompanied by stronger Hvy absorption, which is not seen in the data (providing
additional constraints on the models).

The sample has median parameter values of Z = 1.05 £ 0.34 Zg, t;, = 2.2 £ 0.6 Gyr
(Figure 2.12 bottom panel). Qualitatively, we see excellent agreement between the model and data,
especially in the regions from the 4000 A/Balmer break out past Hf3, and these features drive the
constraints on the model parameters.

The sample has median parameter values of Z = 1.00 & 0.31 Z and t;, = 3.1 & 0.6 Gyr
(Figure 2.13 top panel). The 68%-tile confidence intervals on light-weighted age and metallicity are
as tight as those at and samples (see Table 2.5), implying the shape of the continuum has important
constraining power even as important features (like HS and Mgb) shift out of the wavelength
coverage. Most of the information constraining the models comes from the wavelength region of
the 4000 A break to the rest-frame B-band, where the S/N is highest.

The sample has median parameter values of Z = 0.95 £ 0.39 Z, and t;, = 2.0 £ 0.6 Gyr

(Figure 2.13 bottom panel). The 68%-tile range on the light-weighted age is nearly as tight as for
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the lower redshift subgroups. The metallicity measurements place this group as slightly sub-solar,

with a fairly broad 68%-tile range.
2.6.2 On the Star-Formation and Quenching Histories of Quiescent Galaxies at z > 1,

Figure 2.14 shows the measured (light-weighted) ages as a function of redshift for the galaxies
in our sample. The Figure shows the median values and 68% confidence intervals on the ages for
each quiescent galaxy in our sample, as well as the ages derived from the stacks for each redshift
subgroup. Generally, galaxies in our sample have ages 2 — 4 Gyr, where there is a trend that higher
redshift galaxies have younger ages. In Figure 2.14 we also compare the (light-weighted) ages for
the galaxies in our study to some other studies in the literature that also report ages. Comparing
our derived age measurements to many other studies is complicated by the fact that there are
different definitions and conventions of “age”. There are three widely used definitions of age:
the instantaneous age of the stellar population model; mass-weighted ages, and light (luminosity-
)weighted ages (we use the latter here). For a given (declining) SFH , the instantaneous age is the
oldest as it measures the time since the onset of star-formation. Mass—weighted and light-weighted
ages will be younger than instantaneous ages as they average over the mass (or light) of stars that
continue to form after the initial burst of star-formation. As discussed above, the light-weighted
ages are more robust against uncertainties in the SFH. For this reason we only show other results
for light-weighted ages in Figure 2.15 as they are most directly comparable to the ones here.

The ages we derive for the galaxies in our sample tend to be larger than some other values for
galaxies at similar redshift taken from the literature (cf. 6; 3; 7). This may result from systematic
effects owing to different definitions of age in previous studies, and the fact that we treat the
metallicity as a free parameter. As seen in the right panel of Figure 2.11, the metallicity—age
degeneracy shows that lower metallicity solutions push the median age higher (consistent with the
offsets between our work and most literature studies). For example, (102) allow the metallicity to
be free and find similar (mass-weighted) ages for quiescent galaxies in the same redshift range as
our sample here.

Interestingly, the light-weighted ages we derive are consistent with predictions of (r—band
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light-weighted) from the semi-analytic model (SAM) based on the Millennium simulation from (9).
Figure 2.14 shows the 68% scatter in ages from galaxies from this SAM selected to be quiescent
(defined by sSFR< 10719 yr~1). This implies that the quenching epochs predicted in the models are
consistent with the results we derive here for our sample. (We plan a more detailed comparison in a
future study.)

Figure 2.14 also shows that the light-weighted ages of the quiescent galaxies in our sample
have a nearly constant offset from the age of the Universe at the observed redshifts of the galaxies
in our sample. This implies the galaxies all quenched at approximately the same time in the past.
Figure 2.15 illustrates this by showing the formation redshift 2., for each galaxy in our sample
(and showing galaxies from the literature for comparison). Indeed, the galaxies in our samples show
a near constant formation redshift, z¢., > 2.5.

We can relate 2, to the amount of stellar mass the galaxies had formed at this formation time.
This requires integrating the SFHs, accounting for the light-weighted ages and mass losses from
stellar evolution. This is not straight-forward: for example there is no analytical solution (to our
knowledge) to the integral in Equation 2.2, owing to the dependence of L(t* — t) on light-weighted
age, metallicity, and SFH. However, we can make an approximation as the ages of the quiescent
galaxies in our samples are all in the regime where t* > 7 (where ¢* is the instantaneous age of
the model and 7 is the e-folding time constant of the SFR). In this case we compare (¢(t*, 7)), (the

light-weighted age) to (t(¢*, 7)) (i.e., the mass-weighted age), which we define as

C o ety (-t dt
(t(t", 7)) = U@ (2.12)

For the case where t* > 7 it will always be the case that

(", 7)) < (t(t*,71)). (2.13)
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For the case t* > T, it can be shown that for delayed-7 SFHs, equation 2.12 reduces to
t{t*>71,7)) =~ t" —27. (2.14)

That is, the light-weighted age is always less than the (mass-weighted) age because for our galaxy
sample the stellar populations fade monotonically. This leads to an upper bound on the light-
weighted age, (t(t*, 7)),

(t(t*, 7)) <t —2r1. (2.15)

Empirically, we find that Equation 2.15 holds for (¢(¢t*, 7)), > 1.5 Gyr, and t* > 47. For younger
light-weighted ages, there is a bias of <15% (so long as t* > 47 is satisfied).

The stellar—mass formed for a SFH parameterized as a “delayed-7"" model is then
t !
M(t,7) =m(t,7) C / te U ar (2.16)
0

where m(t, 7) is the fractional mass loss function (and depends on age, SFH and stellar population
model). C' is a constant we can solve for by setting ¢ = t* and M (t*,7) = M, (the measured
stellar mass).

Substituting in the value for C' leads to

m(t,7) Mys [L ¢ e /™ dt’
M(t| My, t*,7) = (t,7) Mobs Jo

Com(tr,T) 2 (1 — e T[4t /7)) (2.17)

Using the approximation for (t(t*, 7)), < t* — 27, we find a lower limit on the stellar mass formed
at (t(t*, 7)) (called the “quenching mass”, M),

0.6 m(27,7) Mps
m(t*,7) (1 — e t"/7[1 + t*/7])

Mg > M(t=27) = (2.18)
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Finally, again applying the limit of £* > 7, we can approximate M, to be

(27

Mg > 0.6 x mt—ﬂ X Moy (2.19)

m(t*, 7)

The values of m are determined by the stellar population model, including the effects of the IMF.
For a Salpeter IMF Mg > 0.68 M, and for a Chabrier IMF Mg > 0.75 M. Therefore, for the
assumed SFHs, the galaxies in our sample would have formed ~70% of their stellar mass by the
redshift that corresponds to their light-weighted ages, which we define as z¢yypy, -

Both z7p and M are related to the assumed star-formation history. To test how different
parameterizations for this affect our light-weighted ages, we refit our galaxies with both 7 and
delayed 7 models. The only effect seen on the light-weighted ages was a systematic shift (delayed 7
models produce lower light-weighted ages). Using 7-models rather than delayed-7 models increases
the light-weighted ages and shifts the formation redshifts to 2, > 4.

Compared to the galaxies in our sample, quiescent galaxies at lower redshifts have lower
formation redshifts (see Figure 2.15, and 3; 4; 5; 6; 7; 8, although a direct comparison is complicated
by the different definitions of “age” in some studies). This is likely a consequence of progenitor
bias, where the progenitors of quiescent galaxies at z < 1 are a mix of quiescent galaxies and some
star-forming galaxies at z > 1 (that quench at later time). Because some fraction of the population
is star-forming at higher redshift, they will be younger at lower redshift and shift the mean formation
redshift lower. Similarly, quiescent galaxies could become “younger” if they accrete enough mass
through minor (dry) mergers of (quenched) lower mass galaxies with younger ages (see discussion
in 4).

Our results imply there should exist a population of massive quiescent galaxies at redshifts as
high as z > 3. Indeed, candidates of such galaxies have been identified (e.g., 45; 105; 37; 38; 106),
where recent spectroscopic confirmation shows the rest-frame optical light strong Balmer absorption
features (i.e., dominated by A-type stars), indicative of recent quenching (39; 40).

We can gain insight into the evolution of these objects by comparing the (comoving) number
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densities of these massive galaxy candidates at z > 2 to those in our sample. Figure 2.15 shows
that roughly one-third of our sample experienced early quenching, with 275 > 3. (37) measure
a number density when considering all massive galaxies (log M, /My > 10.6) at 3 < z < 4 of
5.1 x 107° Mpc—3. We can compare this to number density of quiescent galaxies in our sample
(1 < Zgrism < 1.8) with log M /M > 10.85 (the higher mass here is needed to account for the
~ 30% growth expected as our estimates of the "formation redshift", z(, correspond to the point
where our galaxies had formed 70% of their mass). Using this mass limit we find a number density
of 1.3(+0.2) x 10~* Mpc~3, where the uncertainty is purely Poissonian. Taking one-third of this
number density (to account for the one-third of objects that quenched at z7y > 3), this is consistent
with the measured number density from (37), but it requires that ~all of the massive galaxies at
z > 3 quench to account for the galaxies with high 27, in our sample.

The rest of the galaxies quench at lower redshift (2 < z < 3, see Figure 2.15). Integrating the
galaxy stellar mass functions from (30), we find that quiescent galaxies with log M, /M. > 10.6
have a number density of 1.3 x 10~* Mpc~—3. These are equal to the density number we derive
for quiescent galaxies in our sample, showing we can account for all the population of quiescent
galaxies we observe at 1 < z < 1.8 (not even accounting for uncertainties or from changes in stellar

mass through mergers, but see below). This evidence supports the z7, values we derive.
2.6.3 The Mass—Maetallicity Relation for Quiescent Galaxies at z > 1

The CLEAR WFC3 G102 data allows us to measure stellar metallicities for quiescent galaxies
at z > 1. Because our sample is closer (in redshift) to the epoch when the galaxies quenched, we
can better constrain their enrichment history.

Figure 2.16 shows the mass-metallicity relation for the quiescent galaxies in our sample at
1 < zgrism < 1.7. The figure shows evidence that (1) quiescent galaxies at this redshift have near
Solar Metallicities, and (2) that a mass—metallicity relationship for these quiescent galaxies is nearly
unchanged from the z ~ 0.1 to z > 1.

The mass-metallicity relation for z ~ 1 — 1.7 quiescent galaxies is either flat (no dependence)

with stellar mass or slightly increasing with stellar mass. We fit a linear relation to the data of the
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form,

log(Z./Zs) = Alog(M, /10" My) + B (2.20)

for all the 1 < zgsn < 1.7 galaxies in our sample. This yielded a fit with A = 0.15 % 0.13,
B = 0.08 + 0.03, with a covariance, 045 = 0.002, which is illustrated as the shaded area in the
figure.

The zero-point and shallow slope of the mass-metallicity relation show that the galaxies in
our sample are consistent with Solar metallicity. Furthermore, Figure 2.16 shows that the stacked
posteriors of galaxies in each redshift subgroup are strongly clustered around Solar metallicities,
and that the distribution (histogram) of median metallicities for all the galaxies in our sample are
likewise peaked around Solar metallicities. Therefore, we interpret this as strong evidence for
Solar-metallicity enrichment in quiescent galaxies at z ~ 1 — 1.7.

In contrast, there is no evidence for evolution in the slope and zeropoint of the mass-metallicity
relation for quiescent galaxies from 1z1.7 to z ~ 0.2. Figure 2.16 shows that the measurements
for galaxies at z < 0.22 from SDSS (10) and at z ~ 0.7 (Gall4) are consistent with the same
mass-metallicity relation we infer at z > 1. (Similar results are found by 25; 59; 8). This is
consistent with the assertion that these galaxies enriched rapidly while they formed their stars up to
Solar metallicities, they have evolved passively since.

At higher redshift, z > 2, there is some evidence that massive (log(M,. /M) > 11.0) quiescent
galaxies include objects with ~Solar (and super-Solar) metallicities, as well as objects with less
(sub-Solar metallicity) enrichment (60; 61; 67), with (in at least one case) evidence for super-Solar
[a/Fe] enrichment (e.g., 60). This could imply that at these epochs we are seeing the quenching of
the cores of galaxies, which may evolve to higher metallicity at later times through mergers (see
below, and discussion in Kriek et al. 2016). However, current constraints at z > 2 are based on only
a few (four) galaxies (highlighting the difficulty of these measurements) and larger galaxy samples
are required.

Similarly interesting would be to study the evolution of the metallicity ([Fe/H]) and the o-

element enrichment ([«/Fe]) in our galaxies. This is clearly an important problem given that
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massive quiescent galaxies at low redshifts show evidence for [a/Fe] > 0 (e.g., 52; 53), with some
recent evidence at high redshift (e.g., 60; 94). This is likely related to their short SFHs combined
with delay times in of Type Ia supernovae (e.g., 107; 108). Given that the z ~ 1 — 1.7 quiescent
galaxies in our sample likely have similar histories to those at z ~ 0 (see discussion below), we

may expect them to be similarly a-enriched. We plan to study this in a future work.
2.6.4 Implications for Enrichment and Quenching of > > 1 Quiescent Galaxies

Star-forming galaxies show a (gas-phase) mass-metallicity relation that evolves strongly with
redshift. This contrasts strongly with the (lack of) evolution in the mass-metallicity relation for
quiescent galaxies we find out to 1.0 < z < 1.7. For example, the mass-metallicity relation for
galaxies from SDSS at z ~ 0.1 derived from nebular emission lines shows that the gas-phase
metallicity rises quickly with mass, and is Solar (or exceeds Solar) for the most massive galaxies
(with stellar masses log M, /Ms > 10.5, 47; 109). This evolves with redshift: at z ~ 2.3 the
metallicities of star-forming galaxies at log(M,/M)=10.5 are lower by about a factor of ~2
compared to z ~ 0.1 (110; 49; 51, although this depends slightly on systematics owing to different
metallicity indicators), and by about a factor of ~3 at z ~ 3.3 (50). This evolution persists even for
absorption-line studies, where Gall4 report a similar offset in the stellar metallicity for star-forming
galaxies at z ~ (.7 at fixed stellar mass (in contrast to their mass-metallicity relation for quiescent
galaxies which shows no evolution to z ~ 0.7).

What does it mean that the metallicities of quiescent galaxies at 1 < z < 1.7 all favor near Solar
metallicities? The lack of evolution in their mass-metallicity relation means that the progenitors of
the galaxies in our sample presumably also had Solar metallicities at the time of quenching, z7g > 2..
However, this makes their star-forming progenitors strong outliers in metallicity, offset from the
gas—phase mass-metallicity relation observed at z ~ 2.3 and z ~ 3.3 for galaxies with stellar
mass log M, /Mg > 10.5 (50; 51, see above). Observationally, there are few (if any) star-forming
galaxies at these masses and redshifts with Solar metallicity that are candidates for the progenitors
of the quiescent galaxies in our sample (this is assuming metallicity indicators used for quiescent

and star forming galaxies are consistent, which is unclear).
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Insight may be garnered from theory. In simulations of galaxies at these redshifts, the slope and
scatter of the gas—phase mass-metallicity relation is a result of the combination of gas accretion,
gas fraction, feedback, and metal-retention efficiency (20; 42). The slope of the gas-phase mass-
metallicity relation is a result of mass-dependent gas accretion and feedback, resulting in lower
metal retention efficiency for lower mass galaxies. This reproduces the observed evolution of the
gas-phase mass-metallicity relation (e.g., 42).

The simulations show that at z ~ 2 the mean metallicity of massive galaxies is sub-Solar.
However, the distribution extends to higher values and some galaxies have roughly Solar metallicity
(42). One explanation is that gas accretion has ceased in these galaxies (or slowed down, possibly
as the galaxies are in the act of quenching, see below), and/or their metal retention efficiencies are
higher (related to the fact that their escape velocities are larger), making it easier for them to enrich
to higher metallicities faster. Interestingly, the lack of evolution in the observed mass-metallicity
relation for quiescent galaxies out to z > 1 could mean that these processes of galaxy quenching
are redshift independent, which would set a requirement on simulations.

Why is it then that quiescent galaxies observed at nearly all redshifts have Solar metallicity?
It could be that obtaining Solar metallicity is a symptom of the processes that lead to quenching
and be related to the observational differences between quiescent and star-forming galaxies. One
way to correlate the build-up of metals to quenching is by connecting the metal retention efficiency
to galaxy feedback and galaxy size (111; 112). Quiescent galaxies are known to have smaller
effective radii compared to mass-matched star-forming galaxies (113), and this observation has led
to theories such as the process of “compactification”, which relates sizes sizes to quenching (e.g.,
114; 115). Such scenarios could also lead to a natural connection between the high Solar metallicity
and quenching in galaxies: as galaxies become more compact, the increase in their mass- and
SFR-surface densities leads to stronger feedback, likely pushing the galaxy beyond the quenching
point (116; 115); the increase in their escape velocities and SFR leads to higher metal production
and retention (117; 42). This is a plausible explanation for our observations, but it remains to be

seen if simulations can reproduce the detailed values and evolution. For example, one prediction if

36



the metal enrichment occurs prior to quenching is that more compact star-forming galaxies should
likewise have higher metallicity (consistent with some results for galaxies in the SDSS, see 117).
We plan to test this at higher redshift in a future study.

Regardless, if the Solar metallicities in our sample are correct, then their progenitors must
exist somewhere. Some may be related to the compact star-forming galaxies discussed above
(115). It is also possible that the time for galaxies to enrich from ~1/3-1/2 Z to Zg is very
short-lived, in which case they may be very rare in surveys. For example, if quenching is tied to
the process of “compaction”, the timescales could be < 1 Gyr (118), such that finding metal-rich
star-forming galaxies in this stage is rare. This “rapid” phase would also be consistent with high
[a/Fe] abundances (e.g., 60, and we plan to test for this in future work). However, as surveys of
z > 2 galaxies become larger (24), we expect them to include examples of this population.

Another possible explanation for the lack of metal-rich star-forming progenitors is that current
samples of spectroscopically studied galaxies at z ~ 2 and 3 contain components of metal-enriched
gas, but only in regions with heavy dust obscuration. In this case, the (rest-frame optical) spectra
only probe the lower-metallicity gas (possibly diluted by recent inflows of pristine gas), yielding
a mass-metallicity relation biased low. Alternatively, it may be that current spectroscopic studies
of star-forming galaxies lack the progenitors of the quiescent galaxies in our samples entirely
because the former are completely attenuated by dust. Massive, dusty star-forming galaxies are
known to exist (e.g., 23; 119; 120), with the space densities that connect them to quiescent galaxies
(37; 121). Some dusty star-forming galaxies are observed to have compact gas reservoirs (122; 123),
which likewise make them candidate progenitors to quiescent galaxies at lower redshifts. Future
observations at at (rest-frame) near-IR to far-IR wavelengths (such as with the James Webb Space
Telescope [JWST] and the Atacama Large Millimeter Array [ALMA]) may identify this galaxy
population (and/or the higher- metallicity gas components in galaxies at these redshifts, see previous
paragraph). It may also be possible to resolve these regions of high metallicity through higher
angular resolution studies (e.g., with the Giant Segmented Mirror Telescopes [GSMTs] combined

with adaptive optics).
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2.7 Summary

In this work we used deep HST spectroscopy to constrain the metallicities and light-weighted
ages of massive (log M. /M > 10), quiescent galaxies at 1.0 < z < 1.8. We selected 32 galaxies
from existing HST and multi-wavelength imaging in the GOODS-N and -S fields also covered
by our deep, 12—orbit WFC3/G102 grism pointings from CLEAR. For redshifts 1.0 < z < 1.8
the data cover important stellar population features in the rest-frame optical, including the Ca HK
feature, 4000 A break, Balmer lines, Mgb, several other Lick indices and Fel Iron lines, which
are sensitive to stellar population age and metallicity. All galaxies are selected to have rest-frame
optical colors (U — V and V' — J) indicative of quiescent stellar populations, so that we can use the
HST grism data to study the relation between galaxy star-formation and enrichment histories and
galaxy quenching.

We developed a method to forward model stellar population models, combining the grism disper-
sion model with the galaxy morphology to model accurately the galaxy spectra and contamination
from spectra of nearby sources. We extracted 1D spectra from these models so they match the 1D
spectra measured from the data. We validated this method by fitting these models to simulated data
from which we are able to recover stellar population ages and metallicities. We showed that there are
four redshift subgroups with median redshifts, , , , , which contain different spectral features in the
G102 wavelength coverage, and we discussed the systematic differences and statistical uncertainties
in the results for stellar population parameters for galaxies that fall in these redshift subgroups.

We then fit the suite of stellar population models to the 1D G102 grism data for each galaxy in our
sample, taking into account the galaxies’ morphologies to correctly model the grism resolution. We
first re-fit for galaxy redshifts using the grism data, and find small corrections from the photometric
redshifts derived from broad-band photometry. The grism redshifts yield an accuracy of o, ~ 0.005
compared to the typical photometric redshift from broad-band photometry, o, ~ 0.02 — 0.10. Using
the grism redshifts, we then fit the models to derive posterior likelihood distributions for metallicity
and light-weighted age for each galaxy. We considered two sets of stellar population models: FSPS

and BCO03, but we argue the FSPS models are a better representation for these galaxies based on

38



evidence from Bayes Factors derived from the fitting these models to all the galaxies. We then stack
the posteriors for light-weighted ages and metallicities from the fits of stellar population models to
each galaxy in each of the four redshift subgroups to derive constraints on the stellar population
parameters for the galaxy populations.

Because we are observing the quiescent galaxies closer to their quenching epoch, our results
place tighter constraints on their formation history than has generally been possible. Considering the
full range of SFHs in our models, we derive light-weighted ages for the galaxies at 1.0 < z < 1.8
that correspond to a “formation” redshift of 27y > 2, with approximately one-third of the sample
showing 27y > 3. We show that for the SFHs, these formation redshifts correspond to the epoch
when the galaxies had formed formed > 70% of their stellar mass. The implication is that quiescent
galaxies formed the bulk of their stellar mass early. This connects them to recently identified
quiescent galaxies at redshifts as high as z ~ 3 — 4 (e.g., 39; 40).

We derive constraints on the metallicities of the quiescent galaxies at 1.0 < z < 1.8, which
show that these massive galaxies had enriched rapidly to approximately Solar metallicities as early
as 270 ~ 3. We also show that a mass-metallicity relation exists for 1 < zg.is, < 1.7 quiescent
galaxies, and that this is consistent with no evolution from z ~ 1.7 to z < 0.1.

Logically, the star-forming progenitors of these galaxies must have been similarly enriched
to approximately Solar metallicities prior to quenching. Because there are few galaxies (at any
mass) at z ~ 2 — 3 with Solar gas-phase metallicities, the progenitors of the quiescent galaxies
would be outliers in existing samples. This means there is something special about galaxies on the
verge of quenching in the high redshift Universe: either they are more compact with higher metal
retention efficiencies (possibly these are the blue-compact galaxies seen at 2 > 2), very short lived
phases (< 1 Gyr), or their progenitors are deeply attenuated by dust which current surveys (that
select in the rest-frame optical, i.e., /{-band or /K'-band) are biased against. It also may be that
some combination of these effects are in play. The key to understanding the quenching of quiescent
galaxies observed at 121.7 will be to identify their Solar-metallicity star-forming progenitors at

z > 2 — 3. Such studies will be possible in the future with JWST, ALMA, and the GSMTs.
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Figure 2.1: Distribution of rest-frame V' — J and U — V colors of the galaxies in the GND and
GSD galaxy samples. The green—shaded regions show the distribution of all galaxies in the parent
catalog with 0.8 < zph0t < 2.0, CLASS_STAR < 0.8 from SExtractor, and log(M, /M) > 10.0
(the two-dimensional shows all galaxies in this redshift and mass range, smoothed using an (1)
kernel density estimation). The polygon delineates “quiescent” galaxies (upper left region) from
“star-forming” (everywhere else) using the definition of (2). Red points mark the sample of quiescent
galaxies used here (these galaxies satisfy our selection requirements and fall in fields covered by the
deep HST/WFC3 G102 spectroscopy). Unfilled points mark the sample of galaxies which were
covered in the data and met most of the selection requirements, but were rejected from the final

sample.
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Figure 2.2: The average Signal-to-Noise ratio (SNR) measured in the HST/WFC3 G102 grism data
for the galaxies in our samples as a function of galaxy stellar mass. For each galaxy, we measured
the average SNR per pixel in the 1D spectrum over wavelengths 8500 < A < 10500 A. For the
majority of galaxies the average SNR is >3 per spectral pixel, where our tests show we are able to
derive “good” physical constraints on the galaxy stellar population parameters.
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Figure 2.3: Example of HST imaging and spectroscopy for one object in our sample. The panels
show the extracted F105W direct image and 2D G102 grism spectra for object GSD39170. The data
are taken at three different PAs (ORIENT=142, 122, and 92 deg, as labeled). In each direct-imaging
panel, the arrow shows the direction of the spectroscopic dispersion in the associated G102 image.
Each panel contains a stack from four orbits at each PA, and shows the spectrum both before and
after the subtraction from nearby sources (modeled during the the extraction process).
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Figure 2.4: Example comparison of the flux-calibration of our 12-orbit depth 1D G102 grism spectra
(blue) to the broad-band photometry (red) from our 3D-HST catalog (that includes available zgs,
Y105, or Yygs data) for two objects in our sample. Black points show the synthesized 2g50, Y105, and
Yo9s measurements from the grism data. The horizontal bars on the photometric points show the
FWHM of the broad-band filter transmission curves. Vertical error bars show the 1 sigma errors.
Filters included in the top panel are the F775W, IA767, IA797, F814W, 1A827, 1, IA856, zg50, Yoos,
and Y75 bandpasses. The filters included in the bottom panel are the F775W, 1, zg50, Z, and Y75
bandpasses.

44



1.0t
0.6}
02F 1!

YA ., B i

~0.2}

Alzgs0 — Yoos]

- O - 6 [ L L L L | L L L L | L L L L | L L L L | L
0 ) 10 15 20
<SNR per pixel>
Figure 2.5: Difference between the zg59 — Yyos color derived from broad-band photometry and the

color in those bands synthesized from the G102 spectra, plotted as a function of the G102 SNR
measured at 8500-10500 A. Here we can see the residuals are consistent with zero.

45



30F ‘
251
~<20F .
L
15 L ] * '
Redshifted
1ol FSPS Model
05 8500 8500 9000 9500 10000 10500 11000 F105W Galaxy Morphology

Observed frame Wavelength (A)

|—l—'

l Optimal extraction along

e spatial direction to include

instrumental resolution

Foward Modeled Grism Spectrum

Extracted 1D Model Spectrum

056000 8500 9000 9500 10000 10500 11000

Observed frame Wavelength (A)

Figure 2.6: Flow chart of the forward modeling process for the G102 spectra. Top row shows the
input, observed frame spectrum with the native resolution of the stellar population synthesis model
(in this case FSPS; top left panel). This is then convolved with the Y-band (F105W or FO98M)
imaging (second right panel) and G102 grism resolution to produce an accurate model of the 2D
G102 spectrum for this galaxy for this stellar population model (illustrated in the middle row).
We then optimally extract a 1D spectrum for this model, which now includes an accurate G102
spectroscopic resolution (that includes the morphological broadening appropriate for each galaxy).
For each galaxy we build a suite of these models over a range of stellar population parameters,
which we then fit to the observed spectra for each galaxy.

46



CaHK HS GtHy __HE Mgb

11

z-1.2

LI__::::,::::,::::,:::: i

- z~1.3

~ . . z716
3000 3500 4000 4500 5000 5500
Restframe Wavelength (A)

Figure 2.7: Comparison of redshift subgroups. Each panel shows the portion of the rest-frame
spectrum covered by the G102 in each redshift subgroup. Important age— and metallicity—sensitive
spectral features are labeled.

47



o
N
o
—
1

|
o
N
ol
—
1

o
N
ol
—
1

|
o
N
o
T
1

5 10 15 20
SNR + ¢

Figure 2.8: Illustration of the distribution of fits on stellar population parameters derived from fits to
simulated data. This was done for each redshift subgroup as a function of SNR (shown with a slight
offset (¢) for readability). Fits shown here are in relation to simulated spectra with “true” values
t =2.5 Gyr and Z =1 Z, . Because the G102 spectrum probes different portions of the rest-frame
spectrum, the accuracy of the derived parameters changes as the important features shift across the
grism coverage.

48



— continuum

N
o
—_—
|

=== no continuum

i — continuum
0.8 i no continuum
S|
|s_ 0.6 i
>
9 _
04 i
a |
0.2 i
0.0L—

At (Gyr)

Figure 2.9: Comparison of parameter distributions from fitting with and without the continuum.
The top panel shows the posteriors on the metallicity distributions. The bottom panel shows the
light-weighted age distributions.
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Figure 2.10: Comparison of our photometric redshifts derived from the deep CLEAR G102 spectra
(2grism) to those derived from broad—band photometry from 3D-HST (2,,:). The median offset
between the two redshifts (Az ~ 0.01) is marked by a red line and the 68% scatter intervals
(—0.07 < Az < 0.04) are bounded by cyan lines. Empty circles mark the rejected sample; this
includes the sample of galaxies rejected after fitting 2g,s,.
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Figure 2.11: Left: The 1D G102 grism 12-orbit data for the galaxy GND21156 at z = 1.251 as a
function of rest-frame wavelength. The shaded regions show the locations of prominent spectral
features. The red solid line shows a model with parameters given by the median metallicity () and
light-weight age () derived from the posteriors derived on each parameter. Right:The posteriors
on the stellar population parameters of metallicity and light-weighted age for the galaxy in the
left panel. The main panel shows the joint likelihood (with the 68% and 95% confidence intervals
outlined in black) derived on both parameters jointly using Equation 2.6. The sub-panels to the
right and above the main panel show the individual posteriors on light-weighted age and metallicity.
From these we derived median and 68%-tile ranges for each parameter for each galaxy in our

sample.
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Figure 2.12: Top: Stacked spectra and posteriors for galaxies in the redshift subgroup. The main
panel shows the stacked 1D G102 grism data against rest-frame wavelength. The sub-panels on
the right show the stacked posteriors (blue:weighted stacking, red:“stack-smooth-iterate” method )
on light-weighted age (t) and metallicity (£) derived using the method described in Section 2.5.2.
The red-solid line in the main panel shows a model with the median Z and ¢ taken from these
individual-parameter posteriors (i.e., these are not best-fit models to the stack). Bottom: Same plots
for the redshift subgroup of galaxies.
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Figure 2.13: Same as Figure 2.12 for galaxies in the (top) and (bottom) galaxy subgroups.
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Figure 2.14: The evolution of light-weighted age as a function of redshift. The small, colored data
points show results for the individual 1 < 2,5, < 1.8 galaxies in our sample. Large colored data
points correspond to median values derived from the stacked posteriors for redshift subgroup as
labeled. Error bars show 68% confidence intervals. Other small (black) data points correspond
to results from (3; 4; 5; 6; 7; 8). Generally, quiescent galaxies have younger stellar populations
at higher redshifts, where their light-weighted age has nearly a constant offset from the age of
the universe. This agrees with predictions from the Millennium simulation (9), where the shaded
band shows the median and 68%-tile scatter in light-weighted ages of quiescent galaxies in their
predictions.
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Figure 2.15: Distribution of galaxy formation redshifts. The Left panel shows the derived formation
redshifts, z79 of quiescent galaxies as a function of observed redshift. The Right panel shows
the distribution of median formation redshifts for our samples. The formation redshift, 2,
corresponds to the redshift where the galaxies had formed more than 68% of their stellar mass
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formation redshifts z¢,,, > 2 — 3 nearly independent of observed galaxy redshift.
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Figure 2.16: Left panel: Mass—metallicity relation for quiescent galaxies at 1.0 < zgpi5m < 1.7.
The small, colored data points and error bars show the median values and 68%-tile range for the
individual galaxies in our redshift subgroups, as labeled in the figure legend. The large colored
data points show the metallicities from the stacked posteriors for each subgroup. The thick solid
line shows a linear fit to the individual galaxies and the shaded region shows the 68%-—tile bound.
The dashed and dot—dashed lines show the mass-metallicity relation for quiescent galaxies from
lower redshift samples (from SDSS at z < 0.22, (10); and z ~ 0.7 from Gal14). We also include
measurements of individual galaxies from Gall4 and (8). Right panel: Histogram of the median
metallicities for the galaxies in our 1.0 < 2,56, < 1.7 sub-groups. The majority of the probability
density lies around ~ 7.
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3. EVIDENCE FOR EARLY FORMATION OF THE MOST COMPACT QUIESCENT
GALAXIES AT HIGH REDSHIFT*

3.1 Introduction

One of the major outstanding questions in galaxy evolution is “how do massive quiescent
galaxies form?”. These galaxies exhibit many extreme traits: compact morphologies (e.g. 14; 11),
indications of rapid formation histories (including [a/Fe] enhancement and high star-formation
rates [SFRs] at early times) (e.g., 23; 25; 24; 28), old stellar populations (10; 27; 5; 13), and high
overall metallicity (Z ~ Z3) (13; 8; 28).

Multiple theories have been proposed to explain the inability of massive galaxies to continue
star-formation. A very important difference in these models is the timescale of quenching (e.g.,
124). Studies in this area have led to the identification of “fast” and “slow” evolutionary paths,
which describe the relative rate of quenching (115; 125; 126).

The slow path applies to galaxies that quench their star-formation by experiencing a gradual
slowdown in their gas accretion rates combined with the consumption or heating of their existing
gas (as may be the case in the Milky Way, 127).

These galaxies can have compact morphologies if they formed in the early universe (when
densities were higher, e.g. 125) or if they undergo (secular) compaction events or dissipative mergers
(114; 125; 128).

The fast path normally requires a fast-acting compaction event (i.e., major mergers, extreme
disk instabilities). This can drive extreme star-formation and/or supermassive black hole accretion,
the feedback from which quenches star-formation. Due to higher gas fractions, the fast quenching
path may be more common in the early universe (114; 129).

The key difference in the physical processes of quenching is the speed at which it occurs. This

*Reprinted with permission from “CLEAR II: Evidence for Early Formation of the Most Quiescent Galaxies at High
Redshift” by Estrada-Carpenter, Vicente; Papovich, Casey; Momcheva, Ivelina; Brammer, Gabriel; Simons, Raymond;
Bridge, Joanna; Cleri, Nikko J.; Ferguson, Henry, Finkelstein, Steven L.; Giavalisco, Mauro; Jung, Intae; Matharu,
Jasleen; Trump, Jonathan R.; Weiner, Benjamin 2020. The Astrophysical Journal, Volume 893, id.171, Copyright 2020
by The American Astronomical Society.
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can be studied using constraints on the galaxies’ star-formation histories (SFHs). Quenching can
be correlated with galaxy morphology if the quenching mechanism involves reorganization of the
galaxies’ stellar component (such as compaction), or a natural consequence of “inside-out” growth
combined with disk fading e.g., (130)). Therefore, deriving the SFHs and comparing them to the
morphologies of galaxies has the potential to constrain the quenching mechanisms.

Here, we aim to constrain the SFHs of a large sample of massive quiescent galaxies (log M, /M., >
10.5) at z1 and study these as a function of morphology. Throughout we use a cosmology with

Qo =10.3,Q40=0.7,and Hy = 70 km s~* Mpc ™.

3.2 Data
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Figure 3.1: V — J versus U — V rest-frame color-color diagram (“UV J” plot) of all CLEAR
galaxies with 0.6 < zyhot < 3.5 and log(Mpnet /M) > 10.0. Galaxies which fall into the quiescent
wedge (upper left region in each panel) are candidate quiescent galaxies and constitute our parent
sample. The red larger points show galaxies that satisfy our final sample selection of 0.7 < zgism
< 2.5 and log(Mgism /M) > 10.5 (and satisfy our X-ray and 24 ym selection, see Section 3.2.1).
Blue stars show galaxies that fail the quiescent-galaxy selection (i.e., they are star-forming galaxies).
Grey X’s mark quiescent galaxies that were rejected (mostly because they have grism-redshits
outside our final redshift range). Open grey circles show quiescent galaxies that are rejected for
falling under our final stellar-mass limit log(M,. /M) > 10.5.

We use data from the CLEAR survey (a Cycle 23 HST program, PI: Papovich), which consists
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of deep (12 orbit) HST/WFC3 G102 slitless grism spectroscopy covering 0.8 — 1.2 within 12 fields
split between the CANDELS GOODS-North (GN) and GOODS-South (GS) fields (see, 71; 72; 13).
These fields overlap with the 3D-HST GOODS fields (65), which provide shallow (2 orbit depth)
slitless G141 grism coverage from 1.1 — 1.65 . The galaxies of interest lie at 0.7 < zgjsm < 2.5,
where our spectral coverage includes many metallicity and age features. These include the 4000 A
break, Balmer lines (Hd, Hy, Hf3, Ha), Ca HK, Mgb, and other absorption features. We also utilize
the broadband photometry available (using an updated catalog from (16) that includes photometry
in the Y'-band from HST/WFC3 in FO98M or F105W, see (13) and CLEAR collaboration, in prep).
The broadband photometric data spans 0.3—-8 (rest-frame UV to near-IR) allowing for better SFH
constraints. We include all bands available in (16) (now including the WFC3 FO98M and F105W
data), with the exceptions of the MOIRCS J, and Suprime-cam /, Z-bands in GOODS-N, and with
the exceptions of the ISAAC JH K, the ESO/WFI [-band, and the IA768, IA797 filters in GOODS-
S. These bands consistently showed large biases in the flux calibration (up to 0.3 mag) compared to
residuals between the galaxies’ data and our best-fit models. While these flux-calibration offsets
were consistent with those reported by (16), we found very larger scatter, which made their flux
calibration uncertain. In all cases the excluded bands are significantly shallower than other bands
that cover these wavelengths (by up to 1 — 1.5 mag), and excluding these bands had no impact on
our final fits.

Figure 3.2 shows examples of the full data coverage for the broadband photometry and grism
spectroscopy. We used the Grism redshift & line analysis software Grizli' for spectral extractions
and grism forward modeling. For our analysis, we include all HST/WFC3 grism data available.
The primary dataset is from CLEAR, but we include additional WFC3/G102 data from GO 13420
(PI: Barro) and Faint Infrared Grism Survey (FIGS) (131) when these overlap with galaxies in the
CLEAR fields, as these additional data help to reduce contamination and increase the overall signal
to noise of the grism data. Due to the nature of grism data there are instances when the spectra of

our galaxies show residual contamination from the spectra of nearby objects (especially in the case

Thttps://github.com/gbrammer/grizli
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that the nearby objects are significantly brighter in flux). For our sample, we visually inspected the
individual beams of each object. In cases where we observed any residual contamination, we either
removed those beams or masked the residual emission. This affected individual beams in 9% of
the objects in our sample. The residuals from contamination subtraction are frequently worse in
the G141 spectra. This is primarily due to the fact that these data are taken with only a single HST
ORIENT. Therefore the contamination (collisions from the spectra of nearby galaxies) is modeled
in only a single role angle, where multiple role angles improve the correction by modeling the
galaxy spectra at independent locations (see discussion in, e.g., 13). In part, this was one reason
that we included in our models additional (nuisance) parameters that allow for a bias or tilt to the
grism data (see Section 3.3.1). The residuals from contaminating spectra are less severe in the G102
spectra, which include multiple orbits (at least 3 ORIENTS). As discussed below, we include with
this Paper an online, interactive appendix that shows the data for each of the galaxies in our sample,
see also Appendix B.2.

For our analysis below, we also make use of MIPS 24 data for the GOODS-N and GOODS-S
fields from the GOODS Spitzer Legacy program (PI: M. Dickinson, see, 132). We use here an
updated catalog derived from photometry derived using prior source positions from Spitzer/IRAC
(using the same procedures and methods identical to that of (132); [H. Inami and M. Dickinson,

private communication]). These catalogs are also discussed in (127).
3.2.1 Sample Selection

Following (13), we select quiescent galaxies using a rest-frame (U — V')—(V — J) color-color

diagram (UV J) selection (see 81),

S
|
S
v

0.88 x (V — J) + 0.59,
U-V)>13 (V-J) < 16[00<z<L15],
U=-V)>13 (V-J) < 15[15<z<20], 3.1)

U=V)>12 (V—J) < 1420<z<3.5]

60



as seen in Figure 3.1. For our parent sample we select galaxies with 0.6 < 2z, < 3.5 and
log(Mpnot /M) > 10.0 using updated photometric redshifts (zpn0t), stellar masses (Mppot), and
rest-frame colors derived from the broad-band photometry derived from EAZY-py?. Our parent
sample then consists of 174 candidate quiescent galaxies using these selection criteria. These are
shown in Figure 3.1, subdivided by photometric redshift. We use the redshifts from the broad-band
data to select the parent sample even when we have redshifts from grism data using the Grizli
extractions (zgi,i). This is because it is possible for Grizli to misidentify emissions lines, which
occur either in low signal-to-noise data, or in cases where objects have residual contamination (e.g.,
emission lines from nearby objects which are removed post extraction as explained in Section 3.2).

We therefore use the EAZY-py fits to the broad-band data to define our initial sample (from
Zphot and the rest-frame U — V and V' — J colors) and then subsequently refine our sample using
the fits to the broad-band photometry and both the G102 and G141 grism data from our analysis
below (zgism, see Section 3.3 below). Here, we provide some comparisons between the different
redshifts. Comparing our adopted redshifts (zgism ) to either those from Grizli (zg,i,1) or to those
from the broad-band photometry alone (zp10t), the difference is small. We find a small scatter for
the redshifts derived from the grism data, with o (2gizi — Zgrism) ~ 0.008. Fewer than 8% of the
galaxies (13 of 174) show differences in redshift as large as |Zgriz11 — zgrism\ > (0.2, and this appears
to be the result of the misidentification of weak emission lines where the grism data is noisy. The
difference between our adopted redshifts (2gism) and those from the broad-band photometry alone
(Zphot) have larger scatter, o (Zphot — Zgrism) ~ 0.03, but this is consistent with the uncertainty of the
photometric redshifts derived from broad-band photometry compared to spectroscopy (see, e.g.,
133; 16; 134).

We then apply a secondary sample selection using the results from our new stellar population
fits to the broad-band data and grism data (see Section 3.3 below). First we remove 12 galaxies
that had poor quality grism spectra, either because they had low SNR ( < 1 pixel '), had severe

contamination from nearby objects, and/or fell near the edge of the WFC3 grism field (where they

Zhttps://github.com/gbrammer/eazy-py

61



had <30% spectroscopic coverage in the grism data). We then refine the selection to include only
galaxies with 0.7 < Zgrigm < 2.5 and log(Mgyism/Me) > 10.5, where the gri sm subscript denotes
quantities deriving using our fits to the broad-band photometry and G102+G141 grism data (see
Section 3.3). The redshift range is used to ensure that the HST/WFC3 G102+G141 data include
important rest-optical spectral features that are sensitive to age and metallicity (see below), while
the stellar mass limit corresponds to (approximately) a volume limited sample limited in stellar
mass 10g(Mgrism/Me) > 10.5 over this redshift range for our SNR requirement. Furthermore, the
bias and scatter between the stellar masses from EAZY-py (used for the parent sample) and the
grism-derived method (used for the final sample) are small (0.07 dex and 0.05 dex, respectively)
so this does not affect our final sample which uses a higher stellar-mass limit. We then removed
X-ray sources by cross-matching our catalog with sources with < 0.5 within any source in the the
2 Ms Chandra Deep Field-North Survey (78) and 7 Ms Chandra Deep Field-South Survey catalogs
(79). We also incorporate morphological information using results from Sersic-fits, derived using
GALFIT (135), from (11). We remove galaxies with a fit quality flag of 3 (or “no fit”). Finally
we limit our sample to a stellar mass surface density (3;) of log(%;) > 9.6 to remove potential
satellites. The final sample passing all our selection criteria includes 98 quiescent galaxies. We
show these as large red symbols in Figure 3.1.

Several previous studies (e.g., 6; 136) have shown that the UV J selection of quiescent galaxies is
susceptible to contamination from dust-reddened star-forming galaxies. We tested for this possibility
in our own sample by cross-correlating the sources in our catalog against those in the MIPS 24
data for these fields. Of our 98 quiescent galaxies we find matches for 15 of our galaxies within
0.5. Because the MIPS 24 pm point-spread function (FWHM ~6) is substantially larger than that
of HST/WFC3 (FWHM = 02) we inspected the sources visually using the HST/WFC3 images
(F125W, F160W bands), Spitzer/IRAC images (3.6, 4.5, 5.8, 8.0 um bands) and MIPS 24 ;m
image. From this, we determined that 9/15 of the 24 pm detections are likely a result of flux from
nearby sources (as evidenced from the fact that the nearby neighbor is brighter in the IRAC data).

We therefore do not remove these galaxies from our sample. In the remaining 6/15 of the 24 ym
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sources, only two have SNR(24um) > 5. For completeness, we keep these galaxies in our sample,
however, we find that excluding them has no impact on our conclusions as they span a range of
stellar mass surface density and formation redshift see below). In addition, all our galaxies have
derived specific SFRs (sSFR; averaged over the last 100 Myr) from the broad-band photometry and
grism data of log(sSFR/yr~!) — 10.2, consistent with them being quiescent as they all lie at least
1.5 dex below the star-forming main sequence (137). Therefore, even if these objects have obscured
star-formation or AGN, it is not a significant contributor to the light dominating the HST grism data
and photometry, which instead appears to originate from passively evolving stellar populations.

3.3 Methods
3.3.1 Modeling the Stellar Populations and Star-Formation Histories

To constrain the stellar population parameters of our galaxies we build on our forward modeling
technique described in (13), previously applied solely to WFC3/G102 grism data.

We use Flexible Stellar Population Synthesis (FSPS) models (e.g., 91), using a combination of
MILeS and BaSeL libraries and assuming a Kroupa initial mass function (138), to fit our SEDs.

We have updated our methodology to use the dynamic nested sampling algorithm engine from
Dynesty (139). This allows us to model additional parameters, and take advantage of improvements
in computational speed and parallelization. Dynesty allows us to include additional (nuisance)
parameters to handle possible systematics which arise when fitting the two spectroscopic data
sets (deep G102 and shallow G141 grism spectra) and broadband photometry simultaneously. We
include a parameter allowing for an additional linear slope applied to the grism data (to account
for corrections to the contamination subtraction). We also introduce parameters to account for
correlated noise terms in the grism data described in (140). Our methods will be described fully
in a future paper (V. Estrada-Carpenter et al. in prep), where we will apply this method to the full
CLEAR sample to study the co-evolution of star-forming and quiescent galaxies.

Here we applied this method to all the quiescent galaxies in our parent sample (Section 2.1). We
use the WFC3 G102 + G141 data, and broad-band photometry (see Section 2).

In this study we focus on the SFHs of quiescent galaxies at 0.7 < 2455, < 2.5. We adopt a
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“non-parameteric" SFH parameterization (141), which include parameters to describe the SFR in
10 time bins and allows for much greater flexibility in the SFHs. The time bins are wider at larger
look-back times (further in the past), except for the last (oldest) time bin, which is slightly smaller
to allow for more dynamic range in the SFH. We allowed the time spanned by the full SFH to vary
(however the fractional amount of time spanned in each time bin is fixed, see discussion in (141)).

Our full stellar population models have 23 fitted parameters: metallicity (Z), age, SFH (10
total parameters), redshift, dust attenuation (assuming a Milky Way model (142)), stellar mass
(log(M./My)), and 8 nuisance parameters (1 tilt parameter and 3 correlated noise parameters for
each of the two grism spectra). The choice of prior on the SFH is important (as each prior has its
own systematics), and should be motivated by properties of the sample. We use the continuity prior
for our SFHs, as this has the effect of weighting towards SFHs that evolve more smoothly (see
discussion in Section 2.2.3, 141).

We then applied this method to all the quiescent galaxies in our parent sample (defined in
Section 2.1) using the WFC3 G102+G141 grism data and the broad-band photometry in these fields
(see Section 2). For each galaxy, we derive posteriors on each parameter in the model. To generate
constraints on our SFHs, we randomly draw from the posteriors generating 5000 realizations of
the SFH, we then derive the median SFH and 68%-tile range. Figure 3.2 shows examples of fits
and constraints on the SFHs for three galaxies in our sample. For each galaxy, we show 1000
individual SFH draws, the median SFH, and the 68%-tiles. Each case in this figure illustrates
galaxies with qualitatively different SFHs, including one galaxy with evidence of early formation
and rapid quenching (GSD 39170), one with evidence for early formation with a slowly declining
SFR (GND 21156), one with evidence for a early, nearly constant SFR, followed by slow quenching
(GSD 40862), and one with what is possibly a burst of star-formation at a look-back time of ~ 0.5
Gyr (GSD 24569). These are characteristic of the galaxies in our sample. In addition, we provide
with this Paper an interactive appendix with the fits and constraints on all the galaxies in our sample,
see the information and hyperlink in Appendix B.2.

We define the “formation” redshift, 250, of a galaxy by integrating the SFH to the redshift where
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the galaxy had formed 50% of its stellar mass.

We define the 68%-tile on z5o from the SFH using the highest density region (the smallest region
that contains 68% of the probability density, 17). The constraints on z5q are illustrated for the three
galaxies in Figure 3.2.

To understand to what extent the galaxy photometric or spectroscopic features are driving these
differences in formation redshift, we inspected a subsample of galaxies at redshifts 0.9 < zg,ism
< 1.1. We limit our sample to this redshift interval so that our SFHs will have similar look-back
times and the data will have similar features present in the spectra. We then split this sample into
“early” forming galaxies (z59 > 2.9) and “late” forming galaxies (259 < 2.9), normalize the data at
rest-frame 6000 — 6500 A, and stack them (Figure 3.3).

Figure 3.3 shows that the “late” forming galaxies exhibit a flux excess at A < 5500 A, which
increases into the rest-UV. The gradient is largest around the 4000 A-break in the ratio of the grism
data (around the G+H~ feature), implying younger stellar populations exist in the “late-forming”
250 < 2.9 subsample. This is borne out in an inspection of other features as well. For example,
the ratio shows “negative” fluctuations at the locations of all the Balmer lines (Ha, H3, H~, and
(possibly) Ho). This is consistent with the differences in the subsamples being stellar populations
with ages of 1 Gyr, where we expect such absorption to be strongest (i.e., dominated by A-type
stars). Furthermore, the stacked SFHs of the subsamples (inset panel in Figure 3.3) show that the
“early” forming galaxies have high SFRs at early times, peaking at z > 4, followed by a relatively
steep decline. In comparison the “late” forming galaxies show more extended star formation that
peaks at z ~ 2.5 — 3 followed by a gradual decline. We conclude the excess flux density in the data
at rest-frame UV/blue wavelengths drive the fits to require more recent star formation in the “late”

forming galaxies compared to the “early” forming galaxies.
3.3.2 Measuring Compactness

We parameterize galaxy compactness using the stellar mass density within 1 pkpc (proper kpc),
Y1 (e.g. 143). X has advantages for quantifying compactness as it uses information about the total

surface-brightness profile and is less sensitive to uncertainties and correlations in quantities such
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as Sersic index (n) and effective radius, Ry /7, (144). Furthermore, using ; is less susceptible to
color gradients that can impact quantities such as the half-light radius (e.g., 145; 146).

We define X2 using the measured (total) stellar mass and the measured surface-brightness profile,

1 kpc

oo 0 IX(T‘) 27r dr LGALFIT M*
YT X Ix(r) 2nrdr Ly (1 pkpe)?

(3.2)

where Ix(r) is the Sérsic profile measured in bandpass X from (11). The ratio of the integrals
measures the fraction of light within 1 pkpc compared to the total light. The ratio Lgapprr/ Lphot
corrects for differences in the total magnitude from the GALFIT fits and the measured total
photometry. M, is the total stellar mass from our fits. To account for changes in rest-frame
wavelength, we use the surface-brightness profile measured in the WFC3/F125 (.J125) bandpass for
galaxies at g5, < 1.5 and those measured in the WFC3/F160W (H 60) bandpass for galaxies at
Zgrism > 1.5 (see 11).

Figure 3.4 shows the relation between the effective radii (major axis) and stellar masses for the
galaxies in our samples (i.e., the size-mass relation). The size (hue) of the data points are scaled
by the ¥ (zgism) values. Galaxies with the largest >, (highest compactness) tend to sit at the
high-mass/low-size end of the distribution. This is to be expected as J; is derived based on both the
stellar mass and the surface-brightness profiles (which depends on R, ;). Furthermore, we see no
significant correlation between ¥; and zgism (the redshift measured from our WFC3/G102 + G141
grism data): galaxies with the highest (and lowest) >J; among our sample span a range of observed

redshift.
3.4 Results
34.1 Compact Galaxy Formation

Figure 3.5a shows the main result of our study: galaxies with compact stellar mass surface bright-
nesses log(%;) /(Mg kpe™?) > 10.25 favor almost exclusively earlier 25 values (25 > 3). Among
the subsample of objects that fall in this “ultra-compact” region (defined by log(3;) /(M kpe™?) >

10.25) there are no examples of galaxies with lower formation redshifts. Recall that all the galaxies
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in Figure 3.5 are classified as “quiescent” using the same (UV'J) selection criteria, and have no
explicit selection by galaxy morphology. Therefore, it is striking that the SFHs of the most compact
galaxies, as defined by >J;, disfavor low formation redshifts, z5y. We find the same conclusion if we
define “quiescent” using a selection of sSFR < 10711 yr=1,

Figure 3.5b reinforces the observation that the stellar mass surface density, >y, is related
to the formation epoch z5y. Here we smooth z59 as a function of X; using locally weighted
scatterplot smoothing (LOWESS) and see that the relationship monotonically rises as a function
of compactness. Figure 3.5c shows that the standard deviation in z5, of the sample changes as a
function of compactness (using LOWESS as well), reinforcing that the dynamic range of zs is
dependent on ;.

Figure 3.5d shows z5 as a function of log (M, /M) 4rism using LOWESS. Galaxies with higher
stellar masses do tend to have earlier z5, than lower mass galaxies, though this relationship seems
to plateau for log(M. /M) g4rism11, Where 25y increases more slowly for increasing stellar mass
(dz/dlog(M) ~ 1.2). In contrast, there is a steeper relation between 25, and >1: dz/dlog(3;) ~
2.7 for log(%,) /(Mg kpc™?) > 10. Therefore, while 25 is correlated with both stellar mass and
stellar-mass surface density, the trend is stronger with the latter.

The preference for early formation of the most compact galaxies does not appear to be due to
redshift selection effects. The galaxies in our sample do span a range of observed redshift, and if
there is a correlation between observed redshift and formation redshift, then this could account for
our findings. Figure 3.5e shows this is not the case. The distribution of z5, for quiescent galaxies
shows that the more compact quiescent galaxies tend towards higher formation redshifts, z5y. This
separation is most pronounced for redshifts 21.25 (Figure 3.5¢). At higher redshifts, z1.25, there
is no difference in the distribution of 25y and observed redshift. A larger sample of high redshift
galaxies would be necessary to see if the separation observed at z1.25 extends to higher redshift.

We also considered (and rejected) the possibility that our >; values are dependent on color
gradients. For the sample with 2., < 1.5 we recalculated X, using the H-band surface-brightess

profile fits (from 26). The >; values change by <5% implying the stellar surface densities for
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r < 1 pkpc are robust to color gradients observed to affect the effective radii of galaxies (e.g.,
145; 146).

There is also no apparent bias between >; and SFH. The derivation of SFH constraints and
the measurement of >.; are almost entirely independent. The stellar-mass surface density stems
from the morphological surface brightness profile. While the morphological profile can affect the
spectroscopic resolution of the HST/WFC3 grisms (galaxies with more compact morphologies
have higher resolution, see 33; 13), this is mild for the galaxies in our sample (the spectroscopic
resolution changes by a factor of 2). Moreover, as shown in Figure 3.3 the differences in the spectral
energy distributions of “early” and “late” forming galaxies extends through the full broadband
photometry. Therefore, our results show that ultra-compact massive quiescent galaxies had at least

50% of their stellar-mass in-place at 23.
3.4.2 Quenching Timescales

The main question that arises from our results is what specific properties of galaxies drive the
lack of ultracompact quiescent galaxies with 25y < 3?7 There are measurable differences in the
SFHs of galaxies as a function of log(X;). Figure 3.6a shows the mean SFHs for all galaxies with
250 > 2.9 as a function of log(X;). In this figure, each curve corresponds to the mean SFH within a
0.2 dex bin of log(X; )centered on the value illustrated by the color bar. The peak SFR increases
with log (%), and the shape of the SFH varies with 3;. Galaxies with lower >3, have a flatter overall
shape to their SFHs with a more gradual decline in SFR.

These differences in the SFH with >3, for the 25, > 2.9 galaxies are evident in the time evolution
of the cumulative fraction of stellar mass, illustrated in Figure 3.6b. Qualitatively, both Figures 3.6a
and B show that galaxies with the largest stellar-mass surface densities (2J;) formed their stellar
mass more rapidly and at earlier times compared to galaxies with lower ;.

We can quantify this point by defining a “quenching timescale”, t¢, as the time (in Gyr) needed
for the SFH to form 50% of the mass to 90% of the mass (tg = t59 — tgo, illustrated in Figure 3.6b).
Figure 3.6¢c shows the t( values as a function of > for the galaxies with 259 > 2.9, with errors

derived from bootstrapping. There is an apparent (anti-)correlation between stellar-mass surface
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density, 3; and quenching timescale, ¢g. Galaxies at lower 3 (log 31 /(Mg kpe™2) < 10.0) have
to1.4 Gyr. In contrast, galaxies with the highest stellar mass surface density (log 2 /(Mg kpe™2) >
10.2) have shorter quenching times, with ¢ o~ 1.2 — 1.4 Gyr. The faster quenching timescales of
the ultra-compact (log 1 /(M kpc=2) > 10.25) sub-sample indicates that these galaxies have an

overall more rapid SFH with faster quenching (shorter ¢).
3.5 Discussion

The main finding of our study of the broad-band photometry and HST/WFC3 grism spectroscopy
of quiescent galaxies at 0.7 < 24ism < 2.5 is that they show evidence for a relation between their
SFHs (e.g., formation redshifts, z59), and their morphologies parameterized by their stellar-mass
surface density within 1 (proper) kpc, ; (Figure 3.5). Galaxies with high %1, (log ¥ / (M, kpc™2)
> 10), typically have higher 25, values, where ultra-compact galaxies with log 31 /(M kpc™2) >
10.25 all have 250 > 2.9. They are "early forming". Less compact galaxies (log 31 /(Mg kpe™2) <
10) on the whole have lower average formation redshifts, but they span a wide range, z50 ~ 1 — 8.
Galaxies with higher >J; show SFHs that have higher peak SFRs at earlier times, with more rapid
quenching times. Both the shorter quenching times and earlier z5, values for ultracompact galaxies

suggests that these properties are a symptom of the physics related to galaxy quenching.
3.5.1 Our Results in Context

Our findings reinforce some earlier studies (e.g., 147; 148; 144; 46), which found evidence
of older ages in compact galaxies when compared to extended galaxies. Likewise, some studies
found that compact galaxies also show evidence of quenching more rapidly (115; 128; 149).
In addition, many of our galaxies have relatively high formation redshifts (z505), suggesting
they may be the descendants of quenched galaxies recently identified at high redshift (z23) (e.g.,
37; 38; 150; 39; 40; 151; 152; 153). Indeed, quiescent galaxy candidates at 3 < z < 4 have very
compact sizes (154), consistent with idea that these galaxies have high >; and could be among the
progenitors of the early-forming galaxies in our sample.

Our conclusions depend on the reliability of the SFH constraints. To gauge this, we compared
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our results to other studies of massive galaxies at similar redshifts. These broadly show a correlation
between stellar mass, and shorter, more intense formation periods at higher redshift (97; 40; 140;
155).

Our results are in line with these studies, where we do see a trend between z5y and stellar mass

(Figure 3.5d).
3.5.2 Implications for the Evolutionary Paths of Quiescent Galaxies

A key new result is evidence for a trend between (increasing) stellar-mass surface density, 1,
and (higher) formation redshift, z5,, for galaxies in our sample. The “early-forming” galaxies

(z50>2.9) have quenching timescales (f¢) that decrease with increasing >J; (Figure 3.6).
3.5.2.1 On the Origin of Early-Forming Galaxies with High ¥,

The origin of galaxies with high stellar mass surface density (log 2, /(Mg kpc™2) > 10.25) at
higher z5, is expected as a consequence of the gravitational collapse of galaxies at high redshift (to
overcome the cosmic background density, e.g., (125; 130)).

(125) show simulations where the earliest forming quiescent galaxies achieve central stellar
densities of log p(< 1 kpc) /(Mg kpe™) > 10 by z > 5.

Other explanations for high >; seem less likely. Mergers seem insufficient as major mergers
are expected to leave >; roughly unchanged, while minor mergers can decrease Y., (see (156) and
below). These galaxies are also unlikely to be the product of the “compaction” (e.g., 114; 115) or
from gas-rich mergers (e.g., 125). These processes should be more frequent at later times, where
we do not observe any galaxy with log 2, /(M kpc?) > 10.25 and z5p < 2.9. Compaction events
or major gas-rich mergers for these galaxies are either rare or are unable increase the mass surface

density to log 3y /(Mg kpc?) > 10.25.
3.5.2.2  On the Origin of Early-Forming Galaxies with Low ¥

There are two possibilities to explain the existence of galaxies with both high formation
redshift (z5 > 2.9) and lower 21 (log ¥ /(M kpc™2) < 10.25). These galaxies could form

with intrinsically lower X2, but this is unexpected given the arguments above. Alternatively, these
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galaxies may form the bulk (50%) of their stellar populations at z > 2.9 with high 3J;, but then
experience evolution that reduces ;. This could come from the adiabatic expansion through mass
losses from late stages of stellar evolution (e.g. 26; 128). However, this becomes more efficient at
later times, and there is only ~4 Gyr between z ~ 2.9 and z ~ 1 for this to manifest. (125) show
the central density within 1 kpc of an early-forming compact quiescent galaxy at z ~ 5 declines by
0.1 dex by z ~ 2. Furthermore, it is unclear why this affects only some of the ultracompact galaxies
when stellar evolution should impact all.

One important clue comes from the correlation between (longer) quenching times, ¢g, and
(decreasing) ¥;. The early-forming galaxies (with 259 > 2.9) and lower 3, (log 31 /(M kpc?) <
10.25) have longer quenching times, compared to galaxies with log 3, /(M kpc?) > 10.25 (see
Figure 3.6¢).

An explanation for this correlation is that all early-forming massive galaxies begin with high >:;.
Galaxies then experience a unique assembly history, where the frequency, orbital configuration, and
distribution of mass-ratios of mergers and accretion events dictates the change in ;. (156) show
minor mergers (mass ratios 1:10) can decrease >.;, while major mergers (mass ratios greater than
1:4) leave >; mostly unchanged.

Minor mergers involve high-mass and low-mass systems. The latter have more prolonged
SFHs (see Section 3.5.1). We tested how this would impact the formation times ¢5, (corresponding
to 259) and the quenching time ¢ using a series of simulations. We simulated galaxy SFHs as
“delayed-7" models (e.g., 13) using the correlations between SFH and stellar mass (see above). We
then randomly “merged” galaxies of different mass ratios, summing their SFHs to simulate the
effects of mergers on the integrated SFH. Figure 3.6d shows the results. Major mergers have little
effect on neither 5, nor ¢, which change by <0.25 Gyr (recall that ¢ = t9p — t50). Minor mergers,
on the other hand, have little effect on 75y (change by 0.2 Gyr) but can extend the SFHs with an
increase in tgg, making ¢ longer with a scatter of up to ~ 2 Gyr. Therefore, minor mergers provide
a mechanism to increase the scatter in ¢ with only a small change in 25 (the redshift corresponding

to t5), and decrease X2 (156), which is consistent with the observations.

71



3.5.3 On the lack of “Early-Forming” Galaxies at low-redshift

Figure 3.5e shows an absence of quiescent galaxies at lower observed redshifts (z4pi5m < 0.9)
and early formation times, 257 > 4. We considered several reasons that could explain this absence,
some systematic to the data/analysis and others physical.

One potential systematic reason (which we ultimately reject) could be that galaxies at lower
redshifts lack (grism) spectroscopic coverage in the rest-frame UV, and this could limit our ability to
constrain the current SFRs in those cases. The WFC3 G102 grism covers >0.8 pm, corresponding
to 4000 A in the rest-frame for z ~ 1 galaxies. We therefore tested if this could limit our ability
to identify objects with early star-formation at these observed redshifts. We simulated the spectral
energy distribution of a quiescent galaxy at z = 0.8 with early quenching, with 25y = 8. We then
perturbed the photometry and grism data for this object by the measured uncertainties, and repeated
the model fitting using our procedures applied to the real CLEAR galaxies. In this case we reliably
recover this z5q value, within a 68% confidence interval of 4 0.15 Gyr. Therefore it appears that if
galaxies at z = 0.8 with z5¢ > 4 existed in our dataset we would identify them as such.

One other systematic reason for the lack of objects with zgism < 0.9 and 259 > 4 could be that
the CLEAR data sample a relatively small volume. For example, the comoving volume probed
by our study is ~8 times larger for 1 < z < 2.5 than 0.7 < z < 1.0, and these objects with early
formation and lower observed redshift may simply be rarer at these redshifts. Future studies using
larger datasets should be able to test this systematic more fully.

Alternatively, the rarity of early-forming quiescent galaxies (z50 > 4) at z < 0.9 could be
indicative of how these galaxies evolve. Building off the discussion above (Section 3.5.2.2) we
expect that quiescent galaxies grow in size through mergers, and this evolution depends on the
galaxies’ individual assembly histories. Our toy model argues these mergers both lower >; and
decrease z5y and that the magnitude of both affects should grow with time. We therefore can predict
that galaxies with early quenching observed at lower redshift would have lower (measured) 25, and
lower X, and this effect should become more pronounced with decreasing redshift.

Interestingly, our results support this interpretation. Figure 3.7 shows the relationship between
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formation age, t59, and observed redshift z. Here, t5, is the lookback time between the observed
redshift and the formation redshift z5, for each galaxy. In the figure we split our quiescent galaxies
into samples of compact and extended based on log 3 /(M kpc2) > 10 or < 10, respectively
(see Figure 3.5). Both the compact and extended galaxies have similar evolution at 21.25: their
quenching time, ¢ is (on average) roughly 1.5 Gyr delayed from the Big Bang (and this is consistent
with the currently earliest known galaxies with older stellar populations, 39; 41; 152; 153).
However, the trend between observed redshift and ¢5, for the extended and compact quiescent
galaxies diverges at observed redshifts of 21.25. Here the extended galaxies show lower ¢35y (at
fixed observed redshift) compared to the compact galaxies. This could be a result of the hypothesis
that the extended galaxies have experienced more frequent growth due to minor mergers, causing a
faster decrease in 2J; (making them “extended” as described in Section 3.5.2.2) and in ¢59. However,
the subsample of quiescent galaxies at z < 0.9 in our sample remains small, and larger samples will

be needed to confirm these trends.
3.6 Conclusions

In this paper we constrain the star-formation histories of quiescent galaxies at 0.7 < z < 2.5
and correlate these with galaxy masses and morphologies, using “non-parametric’ star-formation
histories and a nested sampling algorithm. We derived constraints for the formation and quenching
timescales for a sample of nearly 100 quiescent galaxies with deep HST grism spectroscopy and
photometry from the CLEAR (CANDELS Lyman—« Emission at Reionization) survey. In addition
to the results presented here, we provide in Appendix B.2 a hyperlink to, and a description of, an
online appendix that contains similar fits and information for all the galaxies in our sample. Our

conclusions from this study are as follows.

1. The galaxy formation redshifts, 25y (defined as the point where they had formed 50% of their
stellar mass) range from z59 ~ 2 (shortly prior to the observed epoch) up to 25y ~ 5 — 8. We
correlate the formation redshifts with the stellar-mass surface densities, log ¥ /(M kpe™?),

where X, is the stellar mass within a 1 pkpc (proper kpc).
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2. Quiescent galaxies with the highest stellar-mass surface density, >3; > 10.25, show a minimum

formation redshift: all such objects in our sample have z57 > 2.9.

3. Quiescent galaxies with lower surface density, log ¥ /(M kpc™?) = 9.6 — 10.25, show a
range of formation epochs (z59 ~ 1.5 — 8), implying these galaxies experienced a range of

formation and assembly histories.

4. We argue that the surface density threshold log ¥, /(M kpc™2) > 10.25 uniquely identifies

galaxies that formed in the first few Gyr after the Big Bang

We then discuss the implications this has for galaxy formation and quenching. Based on our
data, the ultracompact quiescent galaxies (log X1 /(M kpe™2) > 10.25) appear to identify galaxies
with early formation (259 > 2.9) and a lower fraction of mergers (at the time they are observed, see
Section 3.5.2.2). If these exist in the present Universe, they could be compact cores of galaxies. It
could be instructive to identify objects with high density cores, and study their ages, abundances,
and gradients. Additional simulations would be useful both to understand the formation and the
evolution of these galaxies, and if later time processes (such as adiabatic expansion or mergers)
destroy them. Alternatively, it may be that examples of these objects still exist in the present-day
Universe. If so, the most compact passive galaxies today may host the oldest stellar populations and
be the remnant of these bygone eras.

We favor the conclusion that stochasticity in the mergers/accretion history of lower-mass early-
forming galaxies (2590 > 2.9) explains the relation between the quenching timescale and stellar mass
surface density: the lower X (log /(Mg kpc=2)10.1) and longer quenching times (tg > 1.4 Gyr)
of these galaxies is a result of their history of (minor) mergers.

The formation redshift, z5o (or age, t50) can be reduced through subsequent evolution through
minor mergers and this can lead to both galaxies with high 25, and lower stellar-mass surface
densities as well as account for the lack of observed galaxies at 0.9 with early formation times
(high t5y). The obvious caveat to this interpretation is that we have neglected the contribution of

“progenitor bias” (see, e.g., 157) whereby newly quenched galaxies are continuously becoming
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“quiescent” at later times. As the more recently-quiescent galaxies will (by definition) have lower
t50 and likely have lower Y.;, they can also contribute to the trend seen between observed redshift
and quenching time (¢5() in Figure 3.7 (though see, e.g., 114; 115; 125). Ultimately, it is likely that
both the effects of early formation plus minor mergers and progenitor bias are at work. This makes
an interesting prediction that spatially resolved studies should see variations in the SFH (or possibly
abundance histories) as a function of galactic radius in these galaxies. This may be testable with
data from either the James Webb Space Telescope (JWST) or 25-30 m-class telescopes.
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Figure 3.2: Example spectral energy distribution (SED) fits to galaxies from our sample. Each set of
bottom four sub-panels shows results for one galaxy (with CLEAR IDs labeled). The top sub-panel
shows the shape of the prior used for the SFH (median in blue and the 68% credible region in black).
The prior shown is specifically for a galaxy at z = 1.02 with stellar mass log M /M = 11.40 (like
GSD-39170), and changes to the redshift and stellar mass affect the span of the star-formation
history (set by redshift) and SFR normalization (set by mass); the overall shape of the prior is the
same for all galaxies. In each of the following sub-panels, the top-left sub-panels shows a 4" x 4"
F160W image centered on the galaxy. The top right sub-panels show the full SED including the
broadband photometry (purple circles) and WFC3 grism spectra (blue line: WFC2/G102; red line:
WEFC3/G141) along with median FSPS stellar population model from the posterior (black line). The
bottom figure in each sub-panel shows the derived star-formation history (SFH). The purple lines
show individual draws for the SFH, the thick red line shows the median, and the thick black lines
show the 68% credible interval. The vertical red line shows z5q, the formation redshift (where 50%
of the stellar mass had formed), and the green-shaded region shows the 68% highest density region
on z59. In Appendix B.2 we provide a hyperlink to, and a description of, an online appendix that
contains similar fits and information for all the galaxies in our sample.
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Figure 3.3: Comparison between the photometric and spectroscopic (grism) data for the subset of
our quiescent galaxies at 0.9 < 2g4.55m < 1.1, split by their measured formation redshift (z59, where
50% of their stellar mass had formed). The two groups are z59 < 2.9 (“late” forming galaxies) and
z50 > 2.9 (“early” forming galaxies). The top plot shows the ratio of the median flux densities
measured in each broadband photometric band for the “late” forming sample to the “early” forming
sample. The biggest difference occurs at rest UV wavelengths, which indicates the “late” forming
galaxies show evidence of more recently formed stars (which contributes to the lower z5). The
bottom panel shows a ratio of their stacked combined G102 + G141 grism spectra. Dashed vertical
lines show wavelengths of common spectral features. For both the top and bottom panels we
normalize the stacks/medians at 6000 - 6500 A in the rest-frame. The inset in the top panel shows
a mean stack of the SFHs for the late-forming and early-forming galaxies (as labeled). When
comparing the two SFHs we can see that the SFH of the 257 > 2.9 sub-sample has the majority of
mass formed more rapidly with a steeper decline, while the SFH of the 257 < 2.9 subsample has a
more gradual decline in SFR (with more star formation in the recent past).
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Figure 3.4: Size mass relation for the 0.7 < 2gsm < 2.5 sample. The sizes of the points are scaled
by their >; values, and their colors are scaled by their redshift (star-forming galaxies in the CLEAR
sample are shown as blue stars with no scaling). Size mass relations for star-forming (blue) and
quiescent (red) galaxies from (11) are shown. These span a range from 0.75 < z < 2.25 where
the shading becomes darker with increasing redshift. Following the results of the simulations of
(12), we add a 6% systematic error in quadrature to the R, , values to account for flux-dependent
modeling uncertainties.
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Figure 3.5: Relationship between formation redshift 25 (the redshift by when 50% of the stellar
mass had formed), the observed redshift zy,s,, and X; (the stellar mass surface density within
1 (proper) kpc). (a) shows z5q as a function of log(3J;) for the quiescent galaxies in our sample.
Galaxies with log 31 /(M kpc™2)) > 10 (< 10) are shown as circles (diamonds). The color and
size of the all points scales with increasing zy,;s,,. Galaxies with log /(M kpc™2) < 10 span
a larger range of z5,. Galaxies with log ¥, /(M kpc=2) > 10 favor higher formation redshifts of
250 > 3. (b) shows the change in z5, as a function of log(X;) using a LOWESS algorithm with
bootstrapping to estimate the 68% confidence region. (c) shows the scatter in z5q as a function of
log(%) (using LOWESS). Galaxies with higher ¥; tend towards higher z5, with lower scatter. (d)
shows the change in z5, as function of log(M, /M) rism using LOWESS. Higher mass galaxies
tend towards higher z5,, though this relation is less steep while there is a continued rise between
z50 versus the stellar-mass surface density, 2. (e) shows the formation redshift, z5,, against the
observed redshift. Galaxies with log(%;)/(Mgykpc ?) > 10 (< 10) are indicated by red (purple)
points, using a LOWESS algorithm to show the trend. We see here that more compact galaxies (i.e.,
with higher >J;) tend to have higher z5, particularly for 21.25.
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Figure 3.6: The relation between SFHs, quenching times, and stellar mass surface density (22;) for
“early-forming” galaxies (z59 > 2.9). (a) shows a the mean SFH for galaxies stacked as a function
of log(X;)in bins of 0.2 dex. (b) shows the cumulative fraction of stellar mass formed. Both (a) and
(b) show that galaxies with higher log(3J;) form more stellar mass earlier with higher peak SFRs,
and experience a more rapid decline in their SFR compared to galaxies with lower ;. (c) shows the
quenching timescale () defined as the time between when the galaxy had formed 50% and 90%
of its stellar mass, as a function of X1, with error bars derived from bootstrapping. Galaxies with
higher >, have shorter quenching times. (d) shows the effects of mergers on the SFH timescales.
We randomly merged simulated galaxies and measured the change in ¢ and t5, from major-mergers
(mass ratios >1:4; red) and minor-mergers (mass ratios <1:10; blue). The error bars show the
inter-68%-tile scatter (68% of the simulations fall in this range).
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Figure 3.7: The formation age (Z59) as a function of observed redshift, zg.sm for the quiescent
galaxy sample. The formation age is the lookback time from the observed redshift for a galaxy
to its formation redshift, 259, when it had formed 50% of its stellar mass. The symbols divide the
sample into subsamples of compact (red circles, log ¥, / (M, kpc ™) > 10) and extended sources
(purple diamonds, log 31 /(M kpc™?) < 10). The solid swath tracks the trend for each subsample
using a LOWESS algorithm with bootstrapping. The dashed diagonal line demarcates the age of
the Universe at the observed redshfit, and the solid grey line shows the age of the Universe minus
1.5 Gyr. At high redshift, z1.25 the galaxies’ formation ages mostly track the age of the Universe
offset by ~1.5 Gyr. At lower redshifts the populations skew toward more recent formation, but at
different redshifts. The extended sample skews toward lower ¢5, at earlier times (z1.25) while the
compact galaxies skew toward lower ¢, at later times (2500.9).
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4. CLEAR: STUDYING GALAXIES AS THEY CROSS THE GREEN VALLEY

4.1 Introduction

Current work in the field of galaxy evolution has begun to outline the formation and quenching
pathways of high redshift massive quiescent galaxies (e.g., 126; 13; 28; 158; 159; 15). The goals
of this area of study are to understand how the star-formation, chemical, morphological, and
quenching histories of galaxies evolve with redshift. By studying galaxies at high redshift, which
have quenched their star-formation, we can better constrain these formation history properties as the
uncertainty on stellar timescales is quasi-logarithmic which translates to logarithmic uncertainties on
galaxy ages. Therefore, by studying galaxies closer to their formation epochs (at younger absolute
ages) the uncertainties are smaller in an absolute sense. This is an area of study which has benefited
much from modern telescopes, instruments, and methods as these galaxies become difficult to study
at high redshift due to lower luminosity’s due to the domination of older stellar populations, smaller
sample sizes as the fraction of quiescent galaxies shrinks at higher redshifts (29; 30; 31), and a high
density of telluric emission lines contaminating the rest-frame optical in ground based telescopes
(32).

The story of the formation of high redshift massive quiescent galaxies cannot be completely told
in by quiescent galaxies alone. There is a gap in our understanding of these galaxies which exist
and stems from the gaps between quiescent and star-forming galaxies. These two populations have
comparatively bimodal properties such as morphology and age. By studying galaxies that are in
transition from star-forming to quiescent we can study what happens when galaxies cross the green
valley, what properties change during this journey, and what properties are seemingly set before
they transition.

Transitioning galaxies are difficult to identify as their number densities are much smaller than
their quiescent and star-forming peers, this is because galaxies cross the green valley fairly quickly

(160; 161). In this work we develop a novel approach to identifying transitioning galaxies by
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deriving the probability that a galaxy is star-forming, Ps; using the shape of the specific star-
formation rate (sSFR) distribution with a large sample (~ 500) massive galaxies (log(M /M) >
10.2) at 0.7 < z < 1.65. In Section 4.2 we describe our data and sample selection. In Section 4.3 we
outline our fitting methodology and development of Ps;. In Section 4.4 we discuss our modeling of
P,y and how it compares to literature results. In Section 4.5 we describe the implications of the
evolutionary properties we see within the transitional galaxies. Finally in Section 4.6 we summarize
our results. Throughout this work, we assume a cosmology with €2,, o = 0.3, 2,9 = 0.7, and

Hy=70kms .
4.2 Data

For this work, we use data from the CLEAR (CANDELS Lyman—a Emission at Reionization)
survey which includes HST WFC3/G102 grism spectra, HST WFC3/G141 grism spectra, and
photometry (see 13; 158) Our parent sample selection consist of massive galaxies (log(M /M)
> 9.8), using masses from derived from Eazy-py! within a redshift range of 0.6 < z < 2.8 using
Zgrism Measurements from Grizli?> and Zphot from Eazy-py. We use both redshift measurements
as the z,,,,, measurements accurately recover redshifts for emission-line galaxies while the z,,,
measurements would add back quiescent galaxies which were mismeasured by Grizli (see 158). We
then exclude any galaxies which do not have HST/WFC3 G102 coverage. Finally, we exam the 1D
spectra for every exposure by eye to look for any residual contamination, where we either remove it
(if possible) or exclude the galaxy if it is too contaminated. We are then left with a sample of 1390
galaxies. These galaxies were all then fit for their stellar populations using the methods described
in Section 4.3. We then remove any galaxies from our sample which have X-ray detections likely
from AGN ((78; 79), and Simons et al. in prep). Our parent sample selection is shown in Figure 4.1
Panel A, where the CLEAR sample is shown in blue and galaxies which match our parent sample
selection criteria with red outlines.

Several cuts are then applied to our parent sample using our stellar population fits. As we are

Thttps://github.com/gbrammer/eazy-py
Zhttps://github.com/gbrammer/grizli
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interested in the sSFR distribution we are careful to select a sample with a complete representation
of high and low sSFRs, therefore we use a volume-limited sample. To do this we found the minimum
stellar mass needed for a detection of Y p1951 = 25 AB mag (magnitude limit used for extraction in
the CLEAR dataset) by modeling a single stellar population formed at z = 5. Figure 4.1 Panel B
illustrates how we chose our final sample. Here we show galaxies with log(sSFR (yr—!)) < 10.5
(as these are the galaxies we are likely to miss in our sample) as red points, our measured minimum
mass needed for our volume-limited sample is shown as a black line, and our final selection window
is shown as the blue shaded region. This region was selected as it maximizes our sample of quiescent
galaxies (log(sSFR (yr~')) < 10.5) resulting in a selection window of log(M /M) > 10.2 and

0.7 < zgrism < 1.65, with a sample of 454 galaxies.
4.3 Method

Our approach to deriving the stellar populations of our galaxies is to use the forward modeling
approached outlined in (13) using flexible SFHs from (141) and the nested sampling algorithm
Dynesty (139), as briefly mentioned in (158). Utilizing the full capacity of the CLEAR data set
allows us to simultaneously fit HST WFC3/G102 grism spectra, HST WFC3/G141 grism spectra, a
set of photometry that covers rest-frame UV to IR.

As our sample covers quiescent and star-forming galaxies we take slightly different (though
consistent) approaches to fitting these disparate galaxies. The reason for the slightly different
approach to fitting for quiescent and star-forming galaxies has to do with different approaches
to fitting metallicity, dust, redshift, and SFH (which are outlined below). First, we use a UVJ
color-color diagram (80; 2; 81) to classify galaxies as star-forming and quiescent using rest-frame
colors derived from Eazy-py and the UVJ parameterization from (81). With our galaxies classified
we can then move on to our fitting utilizing the Flexible Stellar Population Synthesis (FSPS) models
(91), with MILeS and BaSeL libraries and assuming a Kroupa initial mass function (138)

Our approach to fitting spectra and photometry simultaneously is to assume that the flux
calibration of the photometry is truth, but allow the grism spectra to be scaled along with the models.

This is because different approaches were used in extracting the photometry and grism spectra,
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therefore one should assume that there is some flux offset between the two. Additionally, we are not
fitting emission lines, so when present we mask them out, this was done for each galaxy individually.

The parameters we fit for are stellar metallicity (Zs), SFH span (tspqr, - Gyr), stellar mass formed
within SFH time bins (M), log(M /M), redshift (z), dust (A,), and a set of nuisance parameters
(outlined in (158) and include parameters to account for under/over corrections from contamination
subtraction, and correlated noise in the grism data). We fit metallicity differently for quiescent and
star-forming galaxies because metallicity values measured from star-forming galaxies are highly
uncertain. Therefore we apply a metallicity prior for star-forming galaxies (derived from (5)) which
evolves with stellar mass, while we use a Gaussian prior for quiescent galaxies. SFH span is the
total span (in Gyrs) of our SFHs with the maximum value set by redshift. For our SFHs we use
the flexible SFHs from (141) utilizing the continuity prior. The difference in our approach for
quiescent and star-forming galaxies is the amount of time-bins we employ, using 10 time-bins for
the quiescent sample and 6 for star-forming galaxies. This is mostly driven by computer run time as
our SFHs accounted for the majority of the run time (reducing our run time by 50%). We justify this
decision because quiescent galaxies had most of their star-formation at large lookback times and
therefore having more time-bins adds more temporal resolution at early times, while star-forming
galaxies formed most of their stars more recently and therefore do not need the higher temporal
resolution at early times. For redshift, we set the value for star-forming galaxies while we fit for
the redshift for the quiescent sample. The reason for this is that we mask the emission lines of
our star-forming galaxies, which doing dynamically would have added too much to the run time,
additionally the presence of emission lines added more confidence to the Grizli measured redshifts.
For dust, we use milky way model (142) for our quiescent galaxies and a Calzetti model (101) for
star-forming sample, as these models are more appropriate for their respective samples.

There are several parameters which we derive post fitting, these include light-weighted age
(tiwa - GYT), t50 (lookback time to when the galaxy formed 50% of its mass - Gyr), tgy (lookback
time to when the galaxy formed 90% of its mass - Gyr), t, (quenching timescale, t5 - too - Gyr),

50 (formation redshift - redshift when galaxy formed 50% of its mass), zgq (redshift when galaxy
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formed 90% of its mass), and log(sSFR (yr~')) (averaged over the last 1X10® yr - log(yr—!)). We
derive light-weighted age using the output from our Dynesty run, recreating each model selected
during fitting and measuring its t;,,, we then extract P(t;,,,) using the same weights used by Dynesty
to extract posteriors. tsg, too, ty, Zs50, Zoo, and log(sSFR (yr~1)) are measured from our SFHs which
are generated by sampling our posteriors for tg,,,, SFH time bins, and log(M /M) 5000 times.
From our generated sample we measure our SFH to be the 50th percentile at each lookback time
and are also able to measure the inner 68th percentile.

Figure 4.2 show the HST WFC3/G102 grism spectra (blue), HST WFC3/G141 grism spectra
(red), and photometry (green) for four different galaxies with their best fit models (black). Each of
the galaxies here represents different types of galaxies (e.g. star-forming, transitioning, quiescent).
We can see here that our fitting approach fits the grism spectra + photometry well, and do so for all

types of galaxies.
43.1 P

Most methods to classify galaxy formation activity end up using a bimodal approach, either
classifying galaxies as star-forming and quiescent. This approach is fine for the general population of
galaxies as most galaxies show traditional traits of either star-forming or quiescent galaxies. Where
these approaches fail is in classifying galaxies that have ambiguous traits. For most classification
schemes galaxies that are in transition from star-forming to quiescence sit at the separating line, and
are often treated as contamination in either sample.

Our approach here is to assign to each galaxy its probability of being star-forming, ;. Most
galaxies fall into traditional quiescent and star-forming roles, these galaxies will therefore lie
at the extremes of our probability distribution as there is little ambiguity to their star-formation
activity status. Where we will benefit is in identifying galaxies that do not easily fall into traditional
quiescent or star-forming roles, galaxies which (depending on the selection criteria) could fall into
either classification, therefore this method excels in selecting galaxies that are crossing the green
valley.

To estimate Ps; we use the shape of the log(sSF R (yr~!)) distribution. Figure 4.3 illustrates
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how the sSFR distribution evolves with redshift. Here we show the log(sSFR (yr~')) distribution
for three redshift bins(A: 0.7 < zgpiem < 1.0, B: 1.0 < 2gpi6m < 1.25, C: 1.25 < 2gpiem < 1.65). In
Figure 4.3 we see that the peak of the star-forming region evolves to lower values at lower redshifts,
indicating an evolution in the star-forming main sequence. In addition, we see that the quiescent
portion of the distributions lessons at higher redshifts. As shown in Figure 4.3 the shape of the
measured sSFR distribution is bimodal. The true shape of the sSFR distribution is likely not bimodal
and is instead a distribution with a long tail (162), the bimodality of the measured sSFR distribution
comes from the inability of SED fitting codes to measure extremely low SFRs. These codes fail to
recover SFRs for galaxies with low or no star-formation, and the expectation values will be scattered
to higher values of SFR. This upward scatter is code dependent, and in testing our fitting code (by
fitting mock spectra with SFRs = 0 M /yr) we found that they scattered up to log(sSFR (yr—1))
values with a mean of -12 with a variance of ~ 0.6 dex. While this upward scattering is problematic
the values of the scattered up points are still squarely in the quiescent region of the sSFR distribution.
These upward scattered points create the "bump" seen in the quiescent region of the distribution.
In the end these upward scatter points will not be a problem in our modeling as our results are not

affected by these points.
4.3.2 Modeling the sSFR Distribution and Measuring P

Here we will outline how we model the log(sSF R (yr~!)) distribution and how we use this to
derive P,¢. We provide Figure 4.4 as guidance through the process. Step 1) is to gather galaxies
within a certain window of lookback time. Since the log(sSFR (yr~!)) distribution evolves with
redshift we derive P,y in bins of redshift. Here we chose a lookback time window of 1.5 Gyrs as it
provides samples that are just large enough to provide a "smooth" measurement. We then apply
a weighted stack (see 13) to the log(sSF R (yr—')) posteriors, generating the log(sSFR (yr—1))
distribution for that sample. Step 2) is to then model the star-forming region as a Gaussian function,
Dss(log(sSEFR (yr~"))). This was done by identifying the peak of the star-forming region (this was
our /. value), selecting log(sSF R (yr~')) > p, and measuring the 1 o value from this region. Step

3) we then subtract the model of the star-forming region from the log(sSFR (yr~—')) distribution
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leaving behind the quiescent region, D (log(sSFR (yr~'))). As can be seen in Figure 4.4 Panel
D the resulting quiescent region does contain some residual probability at higher values, this is
the result in the inexactness of the Gaussian function to model the star-forming region, and as this
probability is from the star-forming region we can simply remove it. Panel E shows how well we
can recover the log(sSFR (yr~!)) distribution with only a slight offset seen in the star-forming
region (which ultimately does not affect our measurements). With our two regions, we can now

measure P;¢(log(sSFR (yr~'))) using the following function.

r = log (sSFR), 4.1)

fa:JreD ,
Py(z) = —— A 4.2)
() [ Dyg(at)da' + [ + D, (x")dz!

The Py; values as a function of log(sSF R (yr~')) are shown if the Panel G of Figure 4.3. As can
be seen, here much of the space is dominated by values of 0 or 1 (quiescent or star-forming) with a
short transitional period. These results mirror what is seen in most studies, that the transition from
star-forming to quiescent is short-lived.

While P;; might seem like a complex idea, at its core Ps; is just a remapping of log(sSFR (yr~1))
which accounts for the evolution of the star-forming main sequence and focuses on galaxies in
transition. As this is an unorthodox approach we wish to outline some of the parameterizations
we will be using in this paper. Our goal here is to describe the star-formation activity of galaxies
continuously with P, though we still see it fit to group galaxies into larger groups. We define
quiescent galaxies as galaxies with a low probability of being star-forming (P, < 0.1). Star-forming
galaxies will therefore be defined at galaxies with a high probability of being star-forming (Psy >
0.9). Galaxies which are crossing the green valley will be defined as galaxies with 0.1 < Py < 0.9,

we justify our selection of these values in Section 4.4.
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4.4 Results
4.4.1 P,y Measurement

Our measurement of Py is shown in Figure 4.5. Our method (which is outlined in Figure 4.4)
is applied running as a function of redshift. In Figure 4.5 we color code our results as indicated, but
generally, quiescent galaxies are shown in red, star-forming galaxies are shown in blue, and galaxies
in transition are shown in green. We see here (as was also shown in Figure 4.5) that the distribution
of log(sSFR (yr~'))is dominated by Ps; &~ 0 or & 1 with only a brief transition period 0 < Ps; <
1. We see in Figure 4.5 that the transitional period evolves with redshift to lower log(sSFR (yr—1))
values at lower redshift. This evolution is likely influenced by the evolution of the star-forming
main sequence which shows a similar trend.

In Figure 4.6 we compare our transitional region to a result from literature. Here we compare to
the parameterization of the green valley from (15) where a star-forming galaxy is defined as a galaxy
with sSFR > (1/3)ty(Z), where t;;(Z) is the age of the universe at a given redshift, and a quiescent
galaxy is defined as a galaxy with a sSSFR < (1/20)ty(Z), therefore everything within (1,/20)ty(Z)
< sSFR < (1/3)ty(Z) lies in the green valley. In Figure 4.6 we compare the green valley from (15)
to our selection of 0.1 < Py < 0.9, we see that the two regions agree nicely and we will therefore
use the inner 80 percentile region to signify our green valley. That our parameterization of the green
valley follows the analytical form used in (15) nicely is not by design and is rather a point to how

well our approach of using P, does at characterizing galaxies.
4.4.2 Stacked Grism Spectra

Beyond grouping galaxies by their log(sSFR (yr~!)) we also wish to see what the spectra of
these different groups look like (star-forming - transitional - quiescent), we show this in Figures
4.7 and 4.8. Moving forward in the paper we will break our sample into two mass bins, low-mass
galaxies (10.2 < log(M /M) < 10.8) and high-mass galaxies (log(M /M) > 10.8) as a way to
examine the effect stellar-mass has on galaxies which are crossing the green valley.

Here we stack galaxies using a weighted mean. The weights are derived from two values added

89



in quadrature. The first values are the measurement errors derived from the Grizli extractions, the
second is a weight derived from jackknifing as outlined in (13). This process down weights the
effect outlier spectra have on the stack. We normalize the spectra in the rest-frame region of 5400 <
A < 5800 A using the best fit FSPS models. In both Figures 4.7 and 4.8 the four panels refer to: A
star-forming galaxies, B transitional galaxies, C quiescent galaxies, D residual spectra defined as
(type stacked spectra) / quiescent galaxies stacked spectra.

Panel A in Figures 4.7 and 4.8 show the star-forming galaxies stacked spectra. We see that both
the low-mass and high-mass sample stacks have strong Ha emission as well as OII emission present.
The lower mass sample contains OIIl and H/3, though these two lines are not present in the higher
mass sample, likely due to older/longer lived stars dominating the stellar populations. Panel B in
Figures 4.7 and 4.8 show the transitional galaxies. These galaxies also have strong Ha emission
as well as OII emission present, though these galaxies also have several deep Balmer absorption
features and the presence of the 4000 A break. The main difference seen between the higher and
lower mass galaxy stacks is that the lower mass galaxies have many more Balmer absorption lines
present with Hy and HJ visible, also the region blueward of the 4000 A break is steeper in the
higher mass galaxies, again pointing towards an older stellar population. These transitional galaxies
share the traits of star-forming and quiescent galaxies. Panel C shows the quiescent galaxies, these
spectra are very similar having the traditional markings of quiescent spectra (4000 A break, Balmer
absorption lines, no Ha emission). Again the difference between the stacks seems to stem from the
higher mass populations having older stellar populations. Panel D shows the residual spectra for the
different galaxy groups. Here the quiescent galaxies stacked spectra are used as the control so we
only see it as a flat line. We can see in both Figures 4.7 and 4.8 as galaxies decrease in Py several
changes begin to happen. Ha decreases in strength until it’s completely gone at lower P values.
We also see a decrease in the UV flux again pointing towards the disappearance of the shorter-lived

stellar populations.
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4.5 Discussion

Using P; we can track the galaxy populations as they cross the green valley, by doing this we

can begin to outline what sorts of quenching tracks are preferred at higher redshifts.
4.5.1 Age

First, we looked at how Py is related to age. In Figure 4.9 Panels A and D we focus on two
types of age parameterizations, light-weighted age (¢;.,,) and t59. ¢, 1S @ measure of age weighed
by the light in a photometric band, here we use the Sloan Digital Sky Survey g-band. This value
is derived directly from our stellar population fitting. 5, is the lookback time to when the galaxy
formed half its mass, measured from our flexible SFHs. 5 is related more to the formation redshift
of a galaxy while ?;,,, 1s related more directly to the spectra, as a result #;,,, is much better at
separating galaxies by formation activity and is more correlated to sSFR.

Figure 4.9 shows how galaxies evolve with age as they cross the green valley. Panel A (D) shows
the relationship between Py and t;,,, (t50) for galaxies at 0.9 < 2445, < 1.1, focusing on a narrow
range of redshift so as to remove any evolutionary effects. In both Panels A and D we see a clear
track showing the relationship P;; has with age, showing clearly as galaxies age they hit a certain
value then begin to transition. We can see by the spread of the transition galaxies that this event
is short-lived, We also see that the ages that galaxies cross the green valley are generally uniform.
Therefore by tracking this crossover age we can better understand how galaxies are quenching.
Here we focus on the two parameterizations of age because of the properties they each have. As
tiwe Separates each type of galaxy more cleanly we can use it to study the general trends seen in all
populations, but since t5y as a concept is easier to understand (as it is simply related to the formation
redshift) we can use this property to make more definite statements.

Figure 4.9 Panels B and C show the relation between t;,,, and redshift. In both panels, we show
the entire sample colored by their P values (as shown in the color bar, as well as trend lines, for the
quiescent (red), transitioning (green), and star-forming (blue) galaxies, derived using a LOWESS

algorithm and bootstrapping. In Panels B we show t;,,/tU and see that all three different types
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of galaxies have a ~ flat relationship with redshift. This means that the transitioning population
exists for some fraction age of the universe, and therefore quiescent galaxies (with a low probability
of star-formation) are typically 45% the age of the universe, transitioning galaxies are ~ 30% the
age of the universe, and star-forming galaxies are at around 15% the age of the universe. While
this trend seems consistent with redshift (at least over our redshift range) the implication from B is
the age properties of what defines what a galaxy is changing with redshift which is seen in Panel
C. We see that all groups are younger at lower redshift, while this is expected this implies that
the transition from star-forming to quiescent happens at younger ages at higher redshifts, this is
likely an indication of evolution in the formation rates of galaxies, meaning that at higher redshifts
galaxies are forming faster.

In Figure 4.9 Panels E and F we see how the transition age (here ?5,) evolves with redshift for
our low-mass (purple stars) and high-mass (cyan diamonds) samples. We find that the low-mass
samples transition at higher redshift with younger ages. To illustrate this we a LOWESS algorithm
with bootstrapping to estimate the trend with a 68% confidence interval as outlined in (158). We
see that the trend monotonically falls at higher redshifts. We see that the high-mass sample follows
along with the low-mass sample until a redshift of 2y, > 1.2 where it flattens. This suggests that
high-mass galaxies at higher redshifts may prefer a more rapid formation pathway. This is backed
up by Panel E where we see the formation redshifts. Again we see that the two mass samples follow
closely at lower redshifts but the higher redshifts 2,5, > 1.2 high-mass galaxies have higher
formation redshifts. Taking the full Figure 4.9 into consideration, what we can gather from these
results is that all massive galaxies (log(M /M) > 10.2) have formation timescales that evolve with
redshift such that higher redshift galaxies form their mass at a more rapid pace. This pace slows
down as a function of redshift and allows for star-forming galaxies at low redshift to have similar
ages (11,4) to high redshift quiescent galaxies. We also see that there is a mass dependency on
this relationship such that higher mass galaxies prefer faster formation routes as well at least (in
our sample) til a zg,;s, < 1.2 where they evolve similarly. There may be several reasons for the

trends we see. One reason could be that rejuvenation (when a quiescent galaxy resumes forming
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stars) may be more common in high-mass / high-redshift galaxies. This would result in a galaxy
with an already old population (i.e. high ¢5,) leaving the quiescent regime, though (as discussed in
(158)) this frosting of star-formation would not be enough to impact ¢5y. Another possibility would
be galaxies that have an initial burst of formation but never quite quench. These galaxies would
have high 5, values, but as they never fully quench would still be forming stars at high enough of
a rate to place them in the transitional region. Future work could be to compare our results with

simulations to see if these populations exist, and what formation histories they possess.
4.5.2 Morphologies

One big area of discussion is the evolution of the physical properties of galaxies as they evolve
and quench. Several studies have shown (115; 163) an apparent change in morphology as a function
SFR. What is shown in these works is that as galaxies quench their morphologies become more
compact. This can be shown by comparing the X;, stellar mass surface density - as defined in
Chapter 3, values of star-forming and quiescent galaxies. In general star-forming galaxies are
more extended, and therefore have lower >; values. We illustrate this in Figure 4.10 which shows
log(X;) versuslog(sSEFR (yr—')) showing that quiescent galaxies have compact morphologies,
while star-forming galaxies have a much greater range and have much more extended profiles.
The main question we can address with our novel approach is when does this apparent change in
morphology happen. Is it while the galaxy is star-forming or does this occur while the galaxy is
quenching and therefore in the transitional phase.

Figure 4.10 is a cartoon that shows the relationship between log(3;) and log(sSFR (yr™1)),
and tracks which outline how galaxies travel through this space. In purple, we outline how galaxies
would evolve if they become more compact as they quench. We can see in Figure 4.10 that most
galaxies seem to take this track. In orange, we show the track galaxies would take if they had
become compact before quenching. These galaxies would likely experience some violent event that
would cause the formation of a compact star-forming galaxy. We see in Figure 4.10 that this is a
track less taken as compact star-forming galaxies are rare.

If a galaxy’s morphology is set before the galaxy transitions then we should expect that the
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galaxies crossing the green should do so with a flat trend with log(X;), but if the change occurs
during the transition then we should see a slope in the relationship between log(%;) and P, ;. What
we find is a mixture of both. We see in Figure 4.11 Panel A that the lower-mass sample becomes
more compact as it crosses green valley (dlog(X;) = 0.4) while the higher-mass sample has a flatter
relationship (dlog(X;) = 0.2) using a linear fit to illustrate this point. This outcome suggests that
both pathways of morphological evolution are valid, but the pathway which changes the morphology
before transitioning may be more common in high-mass galaxies.

One complicating factor is that log(3) is highly correlated with stellar mass. Therefore this
trend may be driven more by a change in stellar mass than morphology. We therefore look at the
relationship between log(M /M) and P in Figure 4.11 Panel C. What we find here is that both
the lower-mass and higher-mass samples increase in stellar mass as they cross the green valley. This
suggests that the trend seen with log(X;) is not driven by stellar mass. This is further backed up
with Figure 4.11 Panel D which shows log(M/My) versuslog(sSF R (yr~')) where we see that
there is no relationship between the two values.

We also look at the mass-independent compactness of a galaxy using the core-to-total mass ratio

(Cy) in Figure 4.11 Panel E, where C; is defined as

4.3)

C, is aratio of the core mass (defined as the mass within 1 kpc and derived from ;) to the total
stellar mass. What we find here is that as the lower-mass galaxies cross the green valley their C;
value increases, while the C; values of higher mass galaxies stay the same. This means that the
relationship in Figure 4.11 Panel A likely stems from a change in morphology. A key question,
therefore, is what is causing lower-mass galaxies to become more compact as they cross the green

valley. The clue for this may be in simulations but is beyond the scope of this work.
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4.6 Conclusion

In this work, we use a novel approach to identify galaxies that are transitioning from star-forming
to quiescent for a sample of massive galaxies (log(A/Mg) > 10.2) at 0.7 < zgpism < 1.65 from the
CLEAR survey using stellar population fits utilizing a forward modeling approach. Our approach to
finding these transitioning galaxies uses the shape of the log(sSF R (yr~')) distribution to generate
a probability of whether a galaxy is star-forming, ;. We apply this method running as a function
of redshift to account for the evolution of the log(sSF R (yr~')) distribution.

We find that the transitional phase for galaxies goes to higher log(sSFR (yr—!)) values at
higher redshifts. This evolution is likely linked to the evolution of the star-forming main sequence
(14).

We also compare our estimation of the transitional phase with estimates from the literature and
find that our values agree with green valley estimates from the analytical approach used in (15).
The agreement seen here displays how well our approach works as our results are derived using the
log(sSFR (yr~')) distribution while the analytical approach from (15) is derived from color-color
relationships. This comparison guided our classification of quiescent - transitional - star-forming
galaxies.

Studying the stacked grism spectra we find that transitioning galaxies show spectral features of
both typical star-forming and quiescent galaxies. Using P,y we see how spectral features evolve as
galaxies cross the green valley.

We also find that the crossover age shifts to younger ages at higher redshifts, suggesting that
higher redshift galaxies follow more rapid formation channels. This is also evidence that there is an
evolution in which quenching mechanisms dominate as a function of redshift. We also see evidence
that rejuvenation may be more common in high-mass at high redshift.

Finally, we study the evolution of morphology as a function of Ps;. The goal here is to
understand when galaxies form the compact morphologies seen in quiescent galaxies. We find that
most galaxies compact while they cross the green valley, but high-mass galaxies show evidence that

they may have higher occurrences of compact morphology formation before quenching. We will
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expand on this work by studying the evolution of morphologies in simulations.
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Figure 4.1: Sample selection of the parent and study sample. Panel A shows the CLEAR sample
(blue) with stellar masses from Eazy-py and redshifts measured by Grizli and Eazy-py. We select
galaxies to fit with log(M /M) > 9.8 and 0.6 < z < 2.8 (points outlined in red). For this study,
we apply a mass limit corresponding to an AB magnitude of F105W < 25 mag, shown as a black
line in Panel B. This limit was derived by generating a model single stellar populations formed at z
= 5 and measured what minimum mass was necessary for detection. Panel B shows galaxies that
were fit for their stellar populations with log(sSFR) < —10.5 (red points), roughly corresponding to
a quiescent sample, along with the sample mass/magnitude limit. The blue region was the sample
selection for this study (log(M/Mg) > 10.2 and 0.7 < zgism < 1.65) chosen to maximize the
amount of low log(sSFR (yr~')) (< -10.5) galaxies. For our sample selection, we chose to go with
a volume-limited sample (defined by this blue-shaded region in Panel B) to make sure quiescent

galaxies were properly represented at each redshift.
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Figure 4.2: Example spectra and best-fit models (black) from our stellar population fits with HST
WFC3/G102 spectrum in blue, HST WFC3/G141 spectrum in red, and photometry in green. As the
panels progress from A to D we are stepping to lower log(sSF R (yr~!)) values, as we do this the
features of the spectra resemble a more mature stellar population.
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Figure 4.3: The log(sSF R (yr—')) distribution at different redshifts. We can see several evolution-
ary changes in the samples. First, we can see that the measured log(sSF R (yr~—')) distribution is
bimodal. Second, we can see that the shape of the star-forming region is roughly Gaussian in shape.
We also see that the contribution of the quiescent region is lessened at higher redshifts and that the
peak of the star-forming region shifts to lower log(sSF R (yr~!)) values at lower redshifts. We can
use several of these properties to derive Ps; and identify the galaxies which are in transition.
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Figure 4.4: An outline of how P, is derived. Note that we apply this running as a function of
redshift so this will only be applied to a portion of the sample as a time. First, we gather the
log(sSFR (yr~')) posteriors for galaxies in our redshift group, then we stack using the weighted
stacking method outlined in (13). we then fit a Gaussian distribution to the star-forming region
by identifying the higher log(sSF R (yr~')) peak (this will be our y), we then isolate the region
log(sSFR (yr~')) > p and from this portion we measure the 1 o value. Panel C shows the resulting
fit. We then subtract our model star-forming region from the stacked distribution to obtain the
quiescent region. The resulting quiescent region will likely contain a residual portion of the star-
forming region stemming from the inexactness of the Gaussian fit, we remove this portion of the
distribution as it is not part of the quiescent region. Panel E shows the stacked log(sSFR (yr—'))
distribution and the summation of our star-forming and quiescent region. We can see that it is an
excellent match, with a very slight difference seen in the star-forming region (the quiescent region is
exact by design). Py is then derived by measuring the area under the star-forming distribution and
comparing that to the stacked distribution to derive its contribution. Panel F shows the 10%, 50%,
and 90% P regions. The resulting measurement of P versuslog(sSF R (yr~!)) is shown in G.
We can see that it is dominated by high and low probability values with a short transitional period.
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Figure 4.5: Evolution of F;; as a function of redshift. Here we see that the majority of the sample is
dominated by star-forming and quiescent galaxies with the transitional region occupying a smaller
space. We also see that the transitional region evolves to lower log(sSFR (yr~!)) at lower redshifts,
a similar behavior to what is seen in the evolution of the star-forming main sequence (14).
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Figure 4.6: A comparison of our transitional galaxies to limits used in (15). By the parameterization
outlined in (15), Star-forming galaxies lie in the blue region (and above) while quiescent galaxies
would lie in the red region (and below), therefore leaving green valley galaxies in the white region
where we have included our transitional galaxies. Here we see agreement with the literature results.
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Figure 4.7: Stacked spectra of the three different P,; regions for our low mass sample (10.2 <
log(M /M) < 10.8). Panel A shows the star-forming galaxies (Ps; > 0.9) which have clear Ha,
OIII, Hp3, and OII emission. In Panel B we show the transitional galaxies (0.1 < Py < 0.9) with
Ha, possible OII, and several absorption features. Panel C shows the quiescent galaxies (Ps > 0.1),
this spectra has all the expected features of a quiescent galaxy, 4000 A break, Balmer absorption
lines, several other metallicity absorption features (Ca HK, G, Mgb, Na). In Panel D we show a
comparison of the stacked spectra to the quiescent stacked spectra. We can see that the star-forming
and transitional samples have more UV flux and Ho emission. We also see that other than the
previously mentioned features, that the transitional galaxy stacked spectra matches that of the
quiescent galaxies, showing that these galaxies have spectra that have features of both star-forming
and quiescent galaxies.
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Figure 4.8: Stacked spectra similar to what is seen in Figure 4.7, but for our high mass sample
(log(M /M) < 10.8). Panel A shows the star-forming galaxies (P,; > 0.9) which have clear Ho,
OII emission, differentiating if from the low mass sample in its lack of H3 emission and OIII. These
differences are likely due to higher mass galaxies have more evolved (older) stellar populations.
In Panel B we show the transitional galaxies (0.1 < Py < 0.9) with Ha and several absorption
features. Panel C shows the quiescent galaxies (Ps¢ > 0.1), this spectrum has all the expected
features of a quiescent galaxy, 4000 A break, Balmer absorption lines, several other metallicity
absorption features (Ca HK, G, Mgb, Na). In Panel D we show a comparison of the stacked spectra
to the quiescent stacked spectra. We can see that the star-forming and transitional samples have
more UV flux, Ha emission. Like in Figure 4.7 we see that that the transitional galaxies stacked
spectra is a mixture of star-forming and quiescent galaxy spectra features. The differences in the
continuum between all samples are less than the low mass sample (likely due to the domination of
older stellar populations), we can still see that the star-forming and quiescent samples disagree at
the marked features.
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Figure 4.9: Here we show the relationship between age and Py highlighting two different parame-
terizations of age t;,,, and t59. Panels A and D show the crossing ages of each parameterization with
star-forming galaxies shown in blue and quiescent galaxies shown in red. Our transitioning galaxies
are split in to high and low mass samples (cyan diamonds and purple stars respectively). Panels B
and C show the evolution of ¢;,,, with redshift. Here we see that each of the galaxy classifications
stays at a steady percentage age of the universe while their actual ages decrease at higher redshift.
This means that galaxies transition at younger ages at higher redshifts. Panel E shows the evolution
of the crossing age (t59) of high and low mass quiescent galaxies. The populations have similar
trends until 2y, > 1.2. Panel F shows the formation redshift as a function of redshift for the high
and low mass transitioning galaxies and implies that the high-mass high redshift sample formed
early.
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Figure 4.10: A cartoon explaining the two tracks galaxies may take to forming their quenched
morphologies. Here we show the relationship between log(X;) and log(sSFR (yr~!)). We see a
clear trend in the evolution of morphology as it relates to quenching. The purple track outlines
galaxies that become more compact as they quench. We see that this is likely the track taken by
most galaxies. In orange, we show the track galaxies which become compact before quenching take.
These galaxies will likely experience some violent event that causes the formation of a compact
star-forming galaxy. We see that this is a less taken track.
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Figure 4.11: Here we show how several physical properties evolve as a function of F;;. In Panels
A, C, and E quiescent galaxies are shown in red, star-forming galaxies are shown in blue, and the
transitional galaxies are separated in to high and low mass samples (shown as cyan diamonds and
purple stars respectively). In Panels B, D, and F points are colored by their P value, shown in the
color bar. Panels A and B focus on log(3; ), Panels C and D focus on log(M /M), Panels E and
F focus on the core to total mass (C;). A suggests that low-mass galaxies become more compact
as they cross the green valley, while high-mass galaxies form their compact morphologies before
quenching more often. We also see no difference in how these galaxies evolve with stellar mass but

show a significant difference in the evolution of C;.
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5. SUMMARY AND FUTURE DIRECTIONS

Here we have used a forward modeling process to fit the stellar populations of massive galaxies
from the CANDELS Lyman-o Emission at Reionization (CLEAR) survey. The work here has
allowed us to study several relationships at their highest redshifts yet.

Using HST WFC3 G102 grism spectra from the CLEAR survey we tested the ability of this
data type to be used to study the stellar populations of massive quiescent galaxies. Our results show
that grism data does have the capability to recover stellar population properties, showing that these
data will be important for future space-based missions like the James Webb Space Telescope and
the Roman Space Telescope. In addition, we studied the mass-stellar metallicity relationship to the
highest redshift yet. We found that the relationship does not evolve as a function of redshift (up to z
= 1.7).

In our second paper, we expanded our dataset to include HST WFC3 G102 grism spectra, HST
WFC3 G141 grism spectra, and photometry. This expansion allowed us to increase our redshift
range. In this work, we studied the relationship between a galaxy’s morphology and its formation
redshift. We found that the most compact galaxies all formed at high formation redshifts, such that
none of the most compact galaxies in our sample had z5, values below 257 < 2.9. We also showed
that galaxies with more extended morphological profiles had extended star-formation histories.

In our last paper, we focused on a sample of transitional galaxies by developing a novel approach
to categorizing a galaxy by formation activity by deriving its probability of being star-forming.
We found that our method matched well with the literature results and that our parameterization
of the green valley evolved with redshift such that at higher redshifts the green valley had higher
log(sSFR (yr—')). We found that galaxies at higher redshift have more rapid formation, and
favored faster quenching mechanisms. In addition, we found that most galaxies change their apparent
morphologies as they cross the green valley, but higher-mass galaxies form their morphologies

before quenching more often than lower-mass galaxies.
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APPENDIX A

A.1 Bayesian Evidence Between the Stellar Population Models
A.2 Results of fitting stellar population models to all sample galaxies

In this appendix we show the spectra for each galaxy along with the model fit from our analysis.
In Figure A.1 and A.2 we show the 1D G102 grism data for all the galaxies in our sample. The red
line in each figure shows the “median" model fit, the stellar population model with parameter values
equal to the median values in Table 2.3. For each galaxy, the figures also show the joint posterior on

the (light-weighted) age and metallicity from the stellar population model fitting.
A.3 Template Error Function

To calculate our template error function we first find the best-fit model to the data for each

galaxy (see Section 2.4.2). We then calculate a likelihood, £, of the form

L x

\/21_7r$ exp (—2%/(25%)) (A.1)

where © = F\ — M the difference between the data and model, and s = \/ op, 4 (E(X)F))? is the
sum (in quadrature) of the errors on the data (05, ) and the “template error function”, £/(\). We then

take dL/dE(\) = 0, and solve to find

oo = (B ()

where the first term is the normalized residuals and the second term is the normalized error. We

then follow the steps outlined in (75) to derive E()).
The top panel in Figure A.3 shows the distribution of (£ — M) / F), for all of our spectra. The

bottom panel shows absolute median of this distribution as a function of wavelength, and shows
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the contributions from photometric uncertainties, and the error function, F(\). For wavelengths
longward of 3500 A, there is only a small template error function (~5%). At shorter wavelengths,
below ~3500 A, the template error function increases to as high as 30%, and may result of model
uncertainties in the rest-frame UV. We include this error function in our fits, but in practice this has
little effect on our results (as the data for rest-frame 3500 A typically have lower S/N, so contribute

little to the probably density).
A.4 Bayesian Evidence Between the Stellar Population Models

In this study we performed model fits using two sets of composite stellar population synthesis
models, those from FSPS and BCO3 (see Section 2.4.1). In our analysis we favored results from
FSPS, for the reason that it better fits the rest-frame wavelength region probed by the G102 data
for our sample, approximately, 3000 < Aest/ A < 5800. Similar results are found by Fum16 for
quiescent galaxies at different redshifts with similar rest-frame wavelength coverage. Here, we use
Bayesian evidence to support our use of the FSPS models in our conclusions.

We followed the description of the model selection process describe in (164, see also Kass &
Raftery 1995). We used the results from the fit of each set of models (BC03 and FSPS) to each
galaxy in our sample using the same range of age and SFH parameters. For FSPS we use the
same metallicity griding we use in our fitting, while for BC0O3 we use several of the metallicities
made available (Z =[0.02, 0.2, 0.4, 1.0, 2.5] Z ) . To compare the models, we consider all
parameters, O, as nuisance parameters. Marginalizing over the full parameter space includes
probability contributions from all possible combinations of parameters for a given model, and the
ratio of these then contains information about the relative probability for one model compared to
the other. We may use this to derive the “odds” that favor one model over the other using the ratio
of the model posteriors:

Pim|D) _ P(Dlmi) =~ P(m)

P(ma|D) ~ P(Dlms) -« P(my) (A.3)

for the different stellar population models, m and ms, where m; is the i-th model (e.g., 1=FSPS,

2=BC03). In Equation A.3, the term on the left-hand side is the ratio of posteriors (‘“Posterior
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Odds”). On the right-hand side, the last term is the ratio of priors (“Prior Odds”), and the first term

is the so-called “Bayes Factor” (e.g., 165; 166), defined as

P(D[my)

B Factor = B3 = —————=
ayes Factor 12 P(Dlmy)’

(A4)

where the values P(D|m, o) are the normalizations of the posteriors for each model, derived by

marginalizing the posteriors over the full set of parameters,

P(D]mm) :/ P(D\@,mw) P(@\ml’g) do. (AS)
©

Conceptually, the Bayes factor is the ratio of the normalizations of the posteriors. A model that
produces an overall better fit (over the full range of parameters, ©) will yield a higher normalization,
and the ratio of these normalizations then indicates whether one model generally fits the data better,
and is thus favored.

We quantified this using the definition of the Bayes-factor evidence (¢) (166), which is related
to the Bayes factor by, (; = 21In By, ;. Here the subscript j corresponds to each galaxy in our
sample. We then sum over all (; to measure the significance of the Bayes factor evidence. If both
models (m; o) fit the data equally well then Y(; = 0. A positive sum of the Bayes factor evidence
(3¢ > 0) shows evidence in favor of model 1 (m;), while a negative sum of the Bayes factor
evidence (3¢ < 0) shows evidence towards model 2 (my). (166) provide significance statements
based on value of the Bayes factor evidence, which we adopt here.

We computed the Bayes factor for the FSPS and BCO3 models for each galaxy in our sample,
and then derived the overall Bayes factor evidence (the distribution of values are shown in Figure
A.4). Summing over (; for all j galaxies, we derived X ¢ = 164. This corresponds to “very strong”
evidence (defined as > ¢ > 10) against BCO3 in favor of FSPS for the galaxies in our sample.
We note that the grid of FSPS models is much finer in metallicity than BCO03, and this could be
a driving factor. We therefore recomputed the Bayes factor evidence using a set of FSPS models

with the same metallicity griding as for BCO3. In this case we derive ¢ = 96, which is still “very
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strong” evidence for FSPS compared to BCO3, and argues that for the galaxies in our sample the
FSPS models provide a better overall fit to the data. For these reasons we adopt the FSPS for the

conclusions in this study.
A.5 Testing the “Stack—-Smooth-Iterate’” Method to Combine Parameter Likelihoods

Here we test the stacking method described in Section 2.5.2 to see how well it reproduces
a known true parent distribution. This process is illustrated in Figure A.5. The test is done as
follows: (1) We take a parent (Gaussian) distribution (shown in the first panel of Figure A.5). (2) We
randomly draw from it several data points (here we use 12 samplings to approximate a sample size
similar to what we have in our redshift subgroup) with random errors (this is similar to a situation
where some galaxies constrain their parameters better than others): this is illustrated in the middle
panel of Figure A.5. (3) Then we iteratively stack our sample posteriors to recover an approximation
of the parent distribution following the method of Section 2.5.2. This is illustrated in the right panel
of Figure A.5. In that panel, the blue curve shows the recovered distribution after performing the
weighted summation (the first step in the stacking process, which is identical to a weighted stack of
the likelihoods). After the first step, the weighted distribution contains sharp peaks from objects
with highly constrained likelihood functions. If these sharp peaks are not removed the iteration
process will tend to follow the peaks, and the final product will be highly skewed. The red curve
shown in panel 3 is the final product of the iterative stacking process. This included 20 iterations,
although even a few iterations (~5) produce a good approximation of the correct distribution (and
subsequent iterations approach an estimation of the truth distribution asymptotically). With a fixed
sample size, n=12 in this case, the algorithm may converge to some estimate, but this will not be the
true distribution. Convergence to the true distribution is only expected as the sample size gets larger.

One of the limitations of the stacking process described above is that it can fail in cases where
the parameter space does not fully encompass the parent distribution (90% of the probability). When
this occurs much of the probability mass will lie at the edge of the parameter space, and when
the iterative stacking is applied the resulting distribution is driven to the edge (as seen in panel

3 of Figure A.6). In order to resolve this we extend the parameter space artificially during the
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stacking process. This allows the distribution to fold over during the stacking process, preventing
the distribution from sticking to the edge. This extended-iterative stack better reproduces the median
value (though it often underestimates the confidence intervals).

Figure A.7 shows the outcome of this “stack-smooth-iterate” process applied to our data for
the galaxies in our sample. Here we see the differences between the weighted sum and iterated
stack. There is a very slight shift in the median, ~ 5% for metallicity and ~ 1% for light-weighted
age. The 68% confidence ranges are slightly tighter by ~ 40% for metallicity and ~ 10% for
light-weighted age. The reason that the iterated distribution is “tighter” is that the presence of
sharply peaked likelihoods from individual galaxies are smoothed in successive iterations as the
method converges. We apply this method to all the galaxies in each of our redshift groups (, , , ) to

derive probability density functions parameters for each population.
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Figure A.1: The data and model fits for the first 16 of the 31 galaxies in our sample. In the left hand
panel of each subplot, the gray data points show the measured spectra (and uncertainties). The red
lines show the model fits using median values for the parameters. The shaded regions correspond to
the metallicity—age spectral features. The right hand panel of each subplot shows the metallicity
and (light-weighted) age joint likelihoods. The legend shows the galaxy ID, and Table 2.3 gives the
derived values for each model parameter for each galaxy.
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Figure A.2: Same as Figure A.1 showing the remaining 15 of 31 galaxies in our dataset.
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Figure A.3: Distribution of the normalized residuals and the template error function. The top panel
shows ((F\ — M) / F),) as a function of wavelength for all galaxies in the rest-frame, where F), are
the observed data (e.g., the G102 spectra) for each galaxy, M is the best-fit model for each galaxy.
The bottom panel shows the smoothed absolute normalized residuals (red, solid line; derived from
the data in the top plot) along with the smoothed relative error ((o) / F)), black dashed line, where
o, are the measured uncertainties on the data) and the derived template error function (F(\), blue
solid line) as described in the text.
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Figure A.4: Distribution of Bayes-factor evidence (;), for each galaxy j in our sample, as a function
of SNR. Positive (negative) values of zeta; denote galaxies with evidence against (in favor of) the
BCO03 models compared to the FSPS models.
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Figure A.5: Test of our stacking method to recover a parent distribution. Panel 1 shows the true
distribution, panel 2 show the randomly selected sample from distribution, and panel 3 displays a
weighted sum of the sample posteriors along with the fully processed stacked posterior.
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Figure A.6: Test of our stacking method to recover a parent distribution when our parameter space
does not cover the entirety of the parent distribution. Panel 1 shows the true distribution, panel
2 show the randomly selected sample from distribution, and panel 3 displays the fully processed
stacked posterior with and without extending the parameter space.
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Figure A.7: An example of the stacking method applied to the light-weighted age posteriors of our
redshift group. The solid blue line shows the direct weighted sum (the result of direct stacking in
the first step of the interaction using Equation 2.11). This yields the median and 68% confidence
range illustrated by the blue dashed and dot-dashed lines. The solid red line shows the results after
iterating. Because the iterations smooth over objects with sharply peaked likelihoods it yields a
slightly tighter (and smoother) final likelihood. The red dashed and dot-dashed lines show the
change in the median and 68% confidence range, respectively. We use the “stack-smooth-iterate”
method to derive likelihoods from the galaxies in each of our redshift subgroups.
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APPENDIX B

B.1 Data Tables

We report here the catalog for the galaxies in the sample used here. These include two tables.
Table B.1 reports values for each galaxy derived without the analysis of the grism data (including
galaxy ID numbers, coordinates, photometric redshift, photometric masses, and circularized radii).
Table B.2 reports values derived from our fits to the photometry and grism data here (including
redshifts, masses, specific star-formation rates, dust attenuations, stellar-mass surface densities,

quenching timescales, and formation redshifts).
B.2 Interactive Online Model Fits for the Galaxy Sample

We include with this paper an interactive appendix, which shows the properties and model fits
for all the galaxies in our sample. The appendix is available here: interactive online appendix'. At
this link the reader can see galaxy properties on multiple plots simultaneously (Figure B.1), and also
access individual galaxy morphology, photometric and spectroscopic data and model fits (Figure
B.2). The user can interact with the star-formation history, and spectral energy distribution. The
online material also includes a hyperlink to show all galaxy SFHs and morphologies ordered by

2502 on a single figure (Figure B.3).

Table B.1: Catalog Properties of Quiescent Galaxy Sample

ID RA DEC Zphot lOg(MphOt) Reff
(deg, J2000) | (deg, 72000) (log M) | (kpo)
(1) (2) 3) 4) 5) (0)

GND-29879 | 189.254227 | 62.291579 | 0.692%! |  10.9 1.120.18
GSD-41147 | 53.081634 | -27.717718 | 0.700% |  10.8 1.460:99

! Also available at https://vince-ec.github.io/appendix/appendix
2 Also available at https://vince-ec.github.io/appendix/fullfig
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GSD-47140
GSD-46001

GND-27006
GND-22358
GND-36838
GND-37186
GND-13774
GND-32108
GND-23459
GND-24795
GND-14158
GND-29183
GND-24177
GND-23081
GND-22213
GND-33453
GND-23758
GND-22246
GND-26673
GND-27951
GND-37340
GND-12793
GSD-38191

GSD-39850
GND-36161
GSD-19148

GND-22363

53.131853

53.120312

189.263714
189.081040
189.251622
189.243199
189.179829
189.277164
189.310355
189.202555
189.192218
189.245464
189.343191
189.334875
189.201365
189.264307
189.217983
189.220896
189.279210
189.226202
189.289100
189.236022
53.141108

53.173100

189.201410
53.164983

189.169647

-27.687304
-27.691486
62.275807
62.251545
62.344526
62.349892
62.211733
62.305097
62.258286
62.264622
62.212927
62.287267
62.262053
62.255800
62.252076
62.314325
62.260352
62.252424
62.274483
62.281984
62.352859
62.205604
-27.732652
-27.724355
62.336077
-27.819326
62.251296
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0.730:01
0.720:31
0.719:03
0.8205-02
0.800:05
0.800:07
0.835:01
0.82091
0.860-01
0.850:01
0.875:01
0.945-02
0.919:03
0.900:05
0.885:01
0.885:05
0.89003
0.875:01
0.92003
0.949:92
0.885:01
0.960-33
0.975:01
0.960:01
0.925-03
0.975:01
0.995:05

10.8
11.2
10.8
10.7
10.8
11.0

10.7
11.0
10.9
10.6
10.6
11.0
11.2
11.2
10.7
11.2
11.1
10.8

11.0
10.9
10.7
10.7
10.7
11.5
10.7

2.91)22
3.009:89
11194
1.669-52
1.460:22
1.68083
1.780:4%
177083
1.999-38
23104
2.9192!
0.740-99
4.709-33
2.2359:47
1.100:41
2.450-47
7.960-04
3.58)-22
3.228:(2)‘51
3.549:23
1.750:42
2.560-4
1.270:98
0.9195%
1.2095-08
3.900:21

1.009-97




GND-27185
GSD-42221

GND-16758
GND-12078
GSD-39170
GSD-43615

GND-22633
GSD-39241

GSD-39631

GND-37955
GND-37210
GSD-45972
GSD-44620
GSD-29928

GND-30358
GND-23857
GSD-47691

GND-21724
GND-37325
GND-22027
GND-34694
GND-38102
GND-28451
GND-20432
GND-17746
GSD-39805

GSD-40476

189.242059
53.079234
189.162357
189.166744
53.041826
53.093057
189.161700
53.042327
53.042169
189.337824
189.252761
53.115984
53.249645
53.154965
189.299204
189.070894
53.273156
189.063257
189.251371
189.065790
189.147840
189.339219
189.247715
189.362767
189.049436
53.163237
53.108262

62.277510
-27.711869
62.224840
62.202054
-27.725868
-27.7707368
62.252923
-27.726209
-27.7725928
62.371137
62.350806
-27.693568
-27.702048
-27.768904
62.293310
62.259299
-27.681599
62.248675
62.351582
62.249816
62.323647
62.375874
62.282931
62.242309
62.228979
-27.724724
-27.721924
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1.040:92
1.035-02
0.98501
0.999-31
1.035-01
1.035-01
1.009-03
1.035-01
0.995-02
0.985:91
1.045:92
1.03%51
1.095-03
1.095-01
0.949-92
1.150:01
1.125:01
1.105:02
1.195:03
1.149:92
1.075:02
1.245:0
1.149:92
1.149:92
1.16992
1.155:0%

11868

11.2
10.8
11.1
10.7
114
10.9
10.7
11.1
11.0
11.0
11.2
11.1
10.7
11.7
10.6
10.6
11.2
11.0
10.6
10.9
11.1
10.7
10.7
11.1
11.1
10.8
10.9

1.720:89
5.149-39
1.450:89
1.995-3
3.200:2
1.50083
1.409:89
223042
2.240:18
3.170:22
2.670859
8.360:3
411531
6.508;3{
1.170:98
1.620:84
523035
2.699:20
0.818:85
1.680:4%
4.620-38
0.585-95
1.019:97
1.15357
1.320-3¢
2.330-4¢

113705




GSD-37828
GSD-40597
GND-34419
GND-13191
GND-14713
GND-17070
GSD-38785
GND-21156
GSD-35774
GND-37686
GSD-40862
GSD-46066
GSD-39804
GSD-45775
GND-36530
GSD-40623
GND-24345
GND-16574
GND-21427
GSD-40223
GSD-39649
GSD-42487
GSD-38843
GSD-39012
GSD-41520
GSD-44042
GND-33775

53.158121
53.148451
189.311828
189.217041
189.236333
189.268086
53.168249
189.239409
53.158775
189.274474
53.048020
53.061039
53.178423
53.158558
189.275620
53.130480
189.244758
189.233886
189.368121
53.124956
53.059630
53.116396
53.107039
53.064240
53.152726
53.104570
189.188648

-27.734502
-27.7719472
62.320264
62.207326
62.214608
62.226445
-27.7727300
62.247548
-27.7742385
62.360820
-27.719743
-27.693501
-27.724640
-27.694968
62.340723
-27.7721152
62.261225
62.223678
62.247344
-27.722957
-27.725792
-27.712701
-27.7729749
-27.727621
-27.716251
-27.705421
62.315319
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1.209:02
1.239:01
1.209:91
1.289:02
1.23093
1.249:01
1.149:04
1.219:92
1.235-01
1.280:02
1.349:02
1.320:02
1.36991
1.379:92
1.399:93
1.439:02
1.350:93
1.509:93
1.500:92
1.660:92
1.669:9%
1.699:92
1.619:94
1.629:94
1.649:02
1.819:02

16558

10.7
11.4
10.8
10.8
10.8
11.3

11.4
11.3
11.2
11.2
11.2
11.2
11.4
11.1
11.1
10.6
10.7
11.0
11.0
10.9
11.0
10.6
11.3
11.2
11.4
10.7

1.09g:03
179963
0.718:05
L7706
1.51083
0.830:07
3.435:38
2.880:55
6.350:07
184002
2.710:5%
174903
0.840:51
13.685:5
6.060:31
2.215.8
0.49:03
0.775:03
2.340:88
106905
0.740:05
0.650:07
1.310:53
1.62002
1.20969
2.195:83

0.605:05




GSD-42615 | 53.127414 | -27.712062 | 1.673:93 11.2 1.03997
GSD-41148 | 53.127925 | -27.718885 | 1.793%2 11.4 2.190- 44
GND-33780 | 189.202025 | 62.317153 | 1.92):9¢ 11.6 5.799:37
GND-17735 | 189.060905 | 62.228977 | 1.90%:92 11.1 1.099:98
GND-19850 | 189.090085 | 62.239244 | 1.85092 10.9 0.809.97
GSD-24569 | 53.158798 | -27.797153 | 1.903%2 11.0 0.520:94
GSD-24315 | 53.162991 | -27.797654 | 2.01392 10.7 0.420:94
GND-14132 | 189.190249 | 62211662 | 2.013:93 11.1 1.1199
GSD-43572 | 53.142153 | -27.707427 | 2.05%:03 11.2 3.14938
GND-21738 | 189.210937 | 62.248818 | 2.113:93 114 1.199:49
GND-32933 | 189.156358 | 62.309106 | 2.133:94 10.7 1.0694
GND-17599 | 189.121464 | 62.228903 | 2.123% 11.0 0.369-01
GSD-44133 | 53.110407 | -27.703706 | 2.093%? 10.4 1.59943
GND-23018 | 189.277544 | 62.254617 | 2.250:93 11.3 2.399-47
GSD-48464 | 53.144819 | -27.682470 | 2.340:93 11.4 2.08): 8

Table B.1: (1) catalog ID number (matching those in (16)); (2) right ascension; (3) declination; (4)
photometric redshift; (5) stellar mass from Eazy-py; (6) circularized effective radius (derived from
(11) and defined as rv/b/a, where r is the radius of the semi-major axis in kpc, b/a is the axis ratio)

Table B.2: Derived Properties of Quiescent Galaxy Sample

ID Zgrism log(Mgism) | log sSFR Ay log(%1) to 250
(log M) | (logyr™) | (mag) | (log Mg kpc™?) | (Gyr)

(6] 2) 3) C)) S) (6) D | ®

GND-29879 | 0.7119:391 | 10.8099% | —12.294 | 0.220% 9.999:93 1.304 | 1.69-2

GSD-41147 | 0.7303:092 |  10.74392 | —11.654 | 0.2092 9.96092 2.593 | 2.192

GSD-47140 | 0.7315:59% | 10.70%:05 | —12.052 | 0.00352 9.715:04 1.994 | 2.8)2

GSD-46001 | 0.7325:001 | 11.10393 | —11.79% | 0.43041 10.059:0 1.893 | 1.99%
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GND-27006
GND-22358
GND-36838
GND-37186
GND-13774
GND-32108
GND-23459
GND-24795
GND-14158
GND-29183
GND-24177
GND-23081
GND-22213
GND-33453
GND-23758
GND-22246
GND-26673
GND-27951
GND-37340
GND-12793
GSD-38191

GSD-39850
GND-36161
GSD-19148

GND-22363
GND-27185
GSD-42221

0.7430 601
0.7799.992
0.7999003
0.8040:001
0.8499-501
0.8559-004
0.858(001
0.858) 005
0.9113:595
0.9330-50%
0.9370.003
0.9380-001
0.9380-501
0.9399 004
0.9415-092
0.9425:051
0.9420-501
0.9430-504
0.9450 601
0.953:003
0.9770505
0.9800-001
0.9815:0%%
0.9825:001
1.0045:003
1.0169053

1.0160004

10.88%04
10.709:03
10.73:04
10.919:92
11.029:92
10.6603
10.939:92
10.849-93
10.58%52
10.509:03
10.969:32
11.15%:92
11.199:92
10.629:94
11.199:93
11.059:0%
10.725:9%
11.199:93
110139
10.869-92
10.609:02
10.673:52
10.730:04
11.399:92
10.68391
11.1199

10.680.2

—12.055
—11.6%-2
—12.458
—11.99¢
—12.441
—11.20-3
—12.202
—11.99:3
—11.303
—11.50:3
—12.205
—12.202
—12.202
—12.203
—11.954
—12.20-2
—11.991
—12.304
—12.451
—11.452
—11.607
—12.304
—11.75:3
—12.692
—11.992
—11.8%5

—11.65-3
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0.269-34
0.189-28
0.039-49
0.019-99
0.019:94
0.339:5
0.419-38
0.009-97
0.009-92
0.459:38
0.008:8%
0.175:32
0.019:99
0.18925
0.499:33
0.009-92
0.075:49
0.099-43
0.020:92
0.149-2
0.219-24
0.049:33
0.009-9¢
0.183:41
0.019:92
0.350:5

0024

10.139:93
9.77001
9.945:04
10.050.93
10.149:93
9.720:04
10.01002
9.73003
9.715:03
9.83003
9.930:03
10.25%:93
10.400.93
0.72003
10.130.98
10.049.92
0.82303
10.200.93
10.179.02
0.91343
9.76003
9.975:03
0.91342
10.38003
0.94903
10.280.04

07258}

3.09:3
3.192
3.69:5
2.492
2.802
2.604
3.193
1.804
1.99:1
2.207
3.759:3
4.289
5.412
3.222
3.304
5.2+7
2191
8.1}
3.75:2
2.75-2
2.85-2
2.301
2.604
2.95-2
3.794
3.09:2

3.18::}L




GND-16758
GND-12078
GSD-39170
GSD-43615

GND-22633
GSD-39241

GSD-39631

GND-37955
GND-37210
GSD-45972
GSD-44620
GSD-29928

GND-30358
GND-23857
GSD-47691

GND-21724
GND-37325
GND-22027
GND-34694
GND-38102
GND-28451
GND-20432
GND-17746
GSD-39805

GSD-40476
GSD-37828

GSD-40597

1.0169-991
1.0169-902
1.018%-901
1.0219-901
1.0229-906
1.0249-903
1.0299:003
1.0309:94
1.0403:502
1.0419:901
1.0830:904
1.0985-9%1
1.1049-905
1.1219931
1.1279:902
1.133%:09%
1.1369:3%
1.1419:904
1.1420:093
1.1455-008
1.1489-901
1.1490-908
1.1529-908
1.1560:917
1.2129:908
1.213%-902

12199401

10,9803
10.800.2
11.40002
10.8802
10,7203
11.110:02
10.9032
11.060.04
11.12002
10.94001
10.72002
11.6799!
10,5002
10.5302
11.000.03
10.800.2
1053004
10.830.3
11.15004
10,563
10.62002
10.949.94
11.060.04
1064094
10.749:02
10.61093

11.15002

—11.753
—10.999
—12.50¢
—11.801
—10.803
—11.953
—12.991
—12.002
—12.203
—11.99%
—11.833
~12.103
—12.6)%
—11.693
—11.50%
—11.8)3
—11.203
—12.003
—11.453
—11.794
—11.754
—11.804
~12.105
—12.003
—12.8)¢
—11.953

—12.494
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0.560:57
0.275:48
0.020:07
0.390:33
0.875:%%
0.26(:39
0.255:35
0.235:52
0.000-63
0.005:02
0.050:01
0.350:3¢
0.035:07
0.00g:05
0.369:30
0.250:15
0.630- 1
0.005:50
0.32035
0.0090
0.020:91
0.190-%3
0.350:2¢
0.085:55
0.250-33
0.235:49

0527

10.079:96
9.899-93
10.379:93
9.999-94
9.799-98
10.159-93
9.989:03
9.950-95
10.19393
9.77%:93
9.809-93
10.499-93
9.77%:94
9.64%-93
9.870:94
9.920-94
9.820-94
9.93%-94
9.919:96
9.91904
9.830-93
10.149:93
10.249-9
9.709:94
9.959-08
9.850-93

10.210:03

2.504
2.15:2
6.413
5.798
2.698
3.99:3
4.207
4.9%9
3.493
4.5%3
6.9}
5118
2.59-2
3.204
2.954
2.95:3
2.603
3.154
3.30%
2.80-5
2.504
4718
5.415
5.307
2.494
3.3%4

2.48:%




GND-34419
GND-13191
GND-14713
GND-17070
GSD-38785
GND-21156
GSD-35774
GND-37686
GSD-40862
GSD-46066
GSD-39804
GSD-45775
GND-36530
GSD-40623
GND-24345
GND-16574
GND-21427
GSD-40223
GSD-39649
GSD-42487
GSD-38843
GSD-39012
GSD-41520
GSD-44042
GND-33775
GSD-42615
GSD-41148

1.2219:093
1.2219913
1.2280%-004
1.2380:904
1.2419918
1.2549-002
1.2575:003
1.2599:901
1.3330:99%
1.3330:003
1.3399:904
1.3520-905
1.3629:993
1414909
1.415%:012
1.4569-093
1.472%-039
1.5999:904
1.6035-992
1.6059:991
1.6119:996
1.6129-90¢
1.6149:901
1.6163-993
1.652%-9%5
1.7550:904

1.7630003

10.699-03
10.689-04
10.795-01
11.159:02
11.019:%
11.309:02
11.219:01
11.119:93
11.119:92
11.109:02
11.099:02
11.283:%3
11.0209
11.049:92
10.579:0%
10.583:0%
10.929:02
10.875:03
10.759:02
10.949:03
10.549:04
11.15092
11.083:02
11.229:03
10.599:05
11.033:9%

11.220.04

—12.202
—11.50%
—11.503
—12.004
—11.003
—11.333
—12.003
—12.257
—10.95%
—12.501
—11.553
—11.3%1
—11.35%
—12.19
—11.603
—11.792
—11.404
—11.303
—12.192
—11.694
—12.192
—11.701
—11.603
—11.19%
—11.30¢
—12.30%

—11.85%
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0.019:91
0.573%3
0.009-92
0.009-92
0.219-39
0.33):38
0.029:93
0.03%:97
0.459:39
0.009:5%
0.349:37
0.08):83
0.009:5%
0.0595%
0.009:53
0.18)-33
0.319:32
0.419:8
0.299-3
0.429-39
0.319:49
0.499:38
0.249-39
0.638:?;
0.250-32
0.009:3}
0.338:3%

9.996.04
9.880:04
9.93003
10.360:04
9.775:03
10.249:03
10.129:93
10.230:03
9.906,03
10.209:3
10.353:94
9.745.04
10.033:03
10.009:03
9.92:03
9.89:04
10.069-03
10.069-02
10.049:32
10.25093
9.695:03
10.209:93
10.299:04
10.249:04
9.92604
10.260:04

10.210:04

2.204
2.35-2
3.504
4.35-8
3.3%8
3.497
3.604
3.50:2
3.202
6.50-5
3.09:2
5.80-5
3.3591
9.312
4.99:¢
3.153
2.7%1
4.4%3
3.204
3.152
4.30%8
7.412
4.15%
3.304
4.09-3
6.3%:9

4.18:2




GND-33780 | 1.8765018 | 11.375:03 —11.69% | 0.000:85 10.195:04 0.70% | 4.003
GND-17735 | 1.8760:5% | 11.080:53 —11.353 | 0.179% 10.26003 0.93% | 3.3)3
GND-19850 | 1.876000% | 10.81963 —12.19% | 0.009-052 10.09953 1.203 | 4.5
GSD-24569 | 1.90155%0% | 10.83%5% —11.653 | 0.24%3 10.200:93 0.703 | 2.953
GSD-24315 | 1.9883:093 | 10.549-92 —11.502 | 0.41952 9.935:03 0.693% | 2.992
GND-14132 | 2.0173:085 | 11.025:03 —11.3%3 | 0.000:03 10.18%53 1.052 | 4.504
GSD-43572 | 2.05705935 | 11.05053 —11.055 | 0.31933 9.885:02 1.092 | 5.449
GND-21738 | 2.0925:00% | 11.195-05 —11.957 | 0.073.8% 10.360 09 1.0 | 5.813
GND-32933 | 2.1319512 | 10.71353 —10.352 | 0.3603¢ 9.945-01 1154 | 4.693
GND-17599 | 2.1400:505 | 10.88053 —12.097 | 0.165:27 10.30953 0.8)3 | 4.492
GSD-44133 | 2.18459% | 10.615:03 —10.755 | 0.330:35 9.620:04 0.991 | 3.60
GND-23018 | 2.3020917 | 11.24%5% —10.8)1 | 0.070:62 10.15093 0.703 | 7.6
GSD-48464 | 2.3495:0% | 11.225-93 —10.793 | 0.349-39 10.31953 0.8)3 | 4.992

Table B.2: (1) catalog ID number (matching those in (16)) and line-matched to those in Table B.1;
All other quantities are derived from the model fits to the full grism and photometric dataset. (2)
redshift; (3) stellar mass; (4) specific star-formation rate (where the SFR is the time averaged over
the previous 100 Myr of the SFH); (5) dust attenuation Ay value for a Milky Way dust law; (6)
stellar mass surface density within 1 kpc, log(%;); (7) quenching timescale defined as t5q - tog, the
difference between the time when the galaxy had formed 50% (t50) and 90% () of its stellar mass;
(8) formation redshift (where the galaxy had formed 50% of its stellar mass); Note that we are
using a highest density region to estimate our parameter fits, this reports the mode and smallest
region containing 68% of the probability (17). Therefore if the mode of the probability distribution
function is peaked at the bounds on the parameter, then the uncertainty will also be zero beyond
that bound. This is the case for some values of Ay, for example, where the mode of the distribution
function is Ay =0.0 mag (and the lower 68%-tile uncertainty is likewise 0.0 mag).
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Figure B.1: Here we show an example of the usage of our interactive appendix (all data shown
here were discussed in the text). Using the lasso tool we select all galaxies with log(3;) > 10.2,
this population is highlighted in all plots. Additionally, by hovering over a galaxy, we get more
information about it.
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Figure B.2: Example bio page for galaxy GSD-39804. When a point in Figure B.1 is clicked it will

bring up the galaxies bio page. These bio pages includes the galaxy’s morphology, a data table,
interactive SFH, and interactive spectra with best fit model.
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Figure B.3: A representative plot for a figure included in our appendix. The top plot shows all
star-formation histories, plotted at their appropriate redshifts. The next plot down shows the prior
we used to fit our "non-parametric” star-formation histories. The following plots are then the galaxy
cutouts and star-formation histories for each galaxy, with their formation redshift marked with a
point, and relevant information shown at the top of the figure (ordered by z5().
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